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Abstract

Today, one of the challenges for the pharmaceutical industry is to develop accurate in
vitro liver models to improve the predictability of preclinical studies, in particular the
study of the toxicity and efficacy of drug candidates. In recent years, tissue engineering,
a multidisciplinary approach to develop tissues, has led to the development of new cell
culture methods. Among them, cell cultures in 3D or in perfusion allowed to obtain hep-
atic activities similar to those observed in vivo. The objective of this thesis is to combine
these two cell culture methods to create an even more accurate in vitro liver model. To do
so, we are seeking to develop an alginate cryogel integrated into a microchip with me-
chanical properties adaptable to those of the liver depending on the physiological state
to be reproduced (healthy or pathological liver).

In the first part, we develop and characterize the alginate cryogel at the micro-
scopic and macroscopic level, outside (cylindrical samples) and then inside the biochip.
Three parameters are studied here: the cryopolymerization temperature, the alginate
concentration and the quantity of cross-linking agents. Mechanical properties, porosity,
absorption, pore interconnectivity and flow resistance are analyzed.

The second part aims to culture liver cells within this new device. For this fea-
sibility study the HepG2/C3A cell line is used. The results show viable and functional
cells (albumin production, APAP transformation). In addition, we observe a 3D tissue
structure, which is maintained after removal of the alginate cryogel.

The last part aims to complexify the hepatic model, in particular by co-cultures. To
get closer to the sinusoid structure, liver cells are cultured with endothelial cells (HUVEC)
according to two approaches. In addition, the possibility to follow circulating tumor cells
(MDA-MB-231) in the system is studied.






Resume

L'un des enjeux de l'industrie pharmaceutique aujourd’hui est de développer des mod-
eles de foie in vitro fideles pour améliorer la prédictivité des études précliniques, notam-
ment 1’étude de la toxicité et de 1'efficacité des médicaments candidats. Ces derniéres
années, l'ingénierie tissulaire, approche multidisciplinaire pour développer des tissus, a
mené au développement de nouvelles méthodes de culture cellulaire. Parmi elles, les
cultures de cellules en 3D ou en perfusion ont permis d’obtenir des activités hépatiques
similaires a celles observées in vivo. L'objectif de cette these est de combiner ces deux
méthodes de culture cellulaire pour créer un modele de foie in vitro encore plus fidele.
Pour cela, nous cherchons a développer un cryogel d’alginate intégré en micropuce avec
des propriétés mécaniques adaptables a celles du foie en fonction de I'état physiologique
a reproduire (foie sain ou pathologique).

Dans la premiére partie, nous développons et caractérisons le cryogel d’alginate
au niveau microscopique et macroscopique, a I'extérieur (échantillons cylindriques) puis
a l'intérieur de la biopuce. Trois parametres sont étudiés ici : la température de cry-
opolymérisation, la concentration d’alginate ainsi que la quantité d’agents réticulants.
Les propriétés mécaniques, la porosité, 1’absorption, l'interconnectivité des pores et la
résistance au flux sont analysés.

La deuxiéme partie vise a cultiver des cellules hépatiques au sein de ce nouveau
dispositif. Pour cette étude de faisabilité la lignée cellulaire HepG2/C3A est utilisée. Les
résultats montrent des cellules viables et fonctionnelles (production d’albumine, transfor-
mation d’APAP). De plus, nous observons une structure tissulaire 3D, qui se maintient
apres retrait du cryogel d’alginate.

La derniére partie a pour but de complexifier le modele hépatique, notamment par
des co-cultures. Pour se rapprocher de la structure du sinusoide, des cellules hépatiques
sont cultivées avec des cellules endothéliales (HUVEC) selon deux approches. De plus,
la possibilité de suivre des cellules tumorales circulantes (MDA-MB-231) dans le systéeme
est étudiée.
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Introduction

The "bioartificial liver" program within BMBI laboratory consists in the optimization of
liver functions thanks to reconstructed liver tissues using multiple tissue engineering
approaches. This program is directed since several years at UTC by Dr. C. Legallais,
one of my supervisor, research director at CNRS and expert in liver tissue engineering.
On the one hand, the culture of liver cells in microbioreactors, i.e. biochips, introduced
by Dr. E. Leclerc, showed improved cellular responses in terms of biotransformation
after the administration of drugs or toxic substances. On the other hand, the culture
of hepatocytes, individually or in the form of aggregates within alginate beads resulted
in the development of a suitable extracorporeal bioartifcial organ. Most of this work,
carried out in bioreactors, has highlighted the critical role of the "cell microenvironment"
in biological responses such as cell-cell interactions, cell-matrix interactions, the effect of
shear stress on cells induced by a perfusion, etc.

To better understand the impacts of the microenvironment on liver cells and more
broadly on liver tissue regeneration, we aim here at implementing and investigating the
culture of hepatocytes in cryogel-based matrices integrated in microfluidic devices. Dr.
S. Bencherif, my PhD co-supervisor, recruited as CNRS researcher at BMBI in 2015 and
currently associate professor at Northeastern University, is expert in such scaffolds. We
therefore propose here a strategy to prepare and evaluate a new generation of liver-on-
chip, which should combine the advantages of 3D culture and of perfused microsystems.
As complex in vitro model, it can potentially be used for drug screening or as a platform
to better understand phenomena occurring in native or pathological liver tissues.

This PhD thesis was initially supported by the Ligue contre le Cancer (comité de
’Oise) and rapidly integrated the PIA RHU iLite (Innovations in liver tissue engineering)
program led by Prof. ]-C. Duclos Vallée (Centre Hépatobiliaire, Villejuif). A specific work
package, under the supervision of Prof. B. Lepioufle (ENS Cachan) is dedicated to liver-
on-chip and its applications. Meanwhile, we also join another research consortium led
by Dr A. Treizebré at IEMN, dealing with the in vitro modeling of circulating tumor cells’
behaviour in the liver. These different collaborations allowed us to evaluate the system
we developed for different applications.

The PhD manuscript is divided in six chapters. The first one brings the gen-
eral context justifying the development of liver models for the pharmaceutical industry.
Chapter 2 proposes a review of the literature on engineered in vitro liver models. The
chapter 3 describes the materials and methods. In chapter 4, we justify how we design
the cryogel-integrated microchip taking into account physical and mechanical properties.
Chapter 5 is dedicated to the biological proof of concept using a human hepatic cell line,
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HepG2/C3A. In the last chapter, we finally propose to evaluate the potential of the new
microchip in different conditions that bring it closer to the applications: culture of pri-
mary human hepatocytes, co-culture of HepG2/C3A with endothelial cells, and finally
behavior of circulating breast tumor cells in the system.
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Chapter 1

Liver and drugs, a close relationship

1.1 Drug development

Every year, tens of thousands of molecules are tested in pharmaceutical and biotechno-
logical companies for their potential to treat diseases. However, only a handful of these
candidates will end up in our pharmacies years later. It is estimated that out over 10
000 discovered compounds, only one is approved as a market drug after 10 to 15 years

process.

1.1.1 A long, difficult and costly process

The development of a new drug follows a long process that extends over several years.
It is divided into several stages from research to market (Figure 1.1) [1]-[3].

e Drug discovery: this step takes place in laboratories. Thousands of molecules are
tested on a biological target and those presenting the best potential of interest are

selected for the following steps.

e Preclinical testing: to predict potential safety problems, pharmaceutical and tox-
icological studies are conducted on in vitro or in vivo models, on animals. These
studies are mandatory prior to initiate clinical phase. Once the studies performed,
an application for approval to conduct clinical studies is submitted to the regula-
tory body. In the United States of America (USA), the application, called an Inves-
tigational New Drug application (IND), has to be submitted to the Food and Drug
Administration (FDA). In the European Union (EU), each state is governed by its
own regulatory body therefore the application can be done to one or several states.

e Clinical trials: at this stage, studies are performed on human subjects with increas-
ing number. Trials are divided into 3 phases:
- Phase I aims to study the safety and the pharmacokinetics of the drug candidates.
This involves testing them on 20 to 80 healthy subjects.
- During phase II, the therapeutic activity of the drug is investigated, in particular
dose response relationship and dose range, called PK/PD studies (pharmacokinet-
ics/pharmacodynamics). This involves testing 100 to 300 subjects with the targeted
condition.
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Chapter 1. Liver and drugs, a close relationship

- The goal of phase IIl is to confirm and validate the previous results by monitoring
the side effects. It involves 1000 to 3000 subjects with the targeted condition.

Marketing authorisation: in case of successful clinical trials, a marketing authoriza-
tion application is submitted to the regulatory authorities. In the USA, the New
Drug Application (NDA) is reviewed by the FDA. In the EU, 4 pathways are possi-
ble: the centralized process for designated drugs through the European Medicines
Agency (EMA), the national process, the mutual recognition that extends the ap-
proval in one state to another one and the decentralized procedure with simultane-
ous approval in several states.

Manufacturing/Post approval: also known as phase IV, this stage corresponds to
pharmacovigilance. This involves monitoring the side effects that could be associ-
ated to the drug on the whole population.

Drug discovery

Preclinical testing

Toxicology / Pharmacology

studies
Investigational Mew Drug (IND) . - Application for each state to its
application to the FDA . designated regulatory body
Clinical trials

Phase |
Safety / Pharmacokinetics

Phase Il
PK/PD studies

Phase 1l Marketing Autorisation (MA) application:
Confirmation of results 1. Centralized process through the EMA
. ! for designed drugs

2. Application to the designated
New Drug Application (NDA) to Marketing authorisation - national body within a single EU state
the FDA 3.  Mutual recognition: after approval in
' . ’ a single state, application for mutual
recognition in all states via the EMA
4. Decentralized process: simultaneous

Post approval -HHenes "
application in multiple EU states

Pharmacovigilance

\ 10-15 years /

FIGURE 1.1: Drug development process in the USA and in the UE.
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1.1. Drug development

This drug development process takes up to 10 to 15 years to be achieved. More-
over, the number of drug candidates decreases considerably as the stages go on. The
attrition rate is high: about 63% of compounds pass the preclinical phase, 48% of them
transition from Phase I into Phase II, 29% from Phase II to Phase III and 67% will be sub-
mitted to market application [4]. Thus, it is estimated that only 6% of the drug candidates
will successfully reach the drug market. This attrition rate is mainly due to a lack of ef-
ficacy and safety (Fig. 1.2) [5], [6]. This leads pharmaceutical industries to spend several
millions of dollars per drug, a cost that is continuously increasing [7]-[9]. As clinical tri-
als are the most expensive stages in the drug development, it has become financially and
temporally relevant to investigate in a more reliable way to determine efficacy and, in
particular, potential toxicity of drug candidates during preclinical phase [10].
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FIGURE 1.2: Reasons for attrition. PK: pharmacokinetics [5].

1.1.2 Drug safety

After a first selection during the drug discovery phase, the drug candidates must pass
various tests to guarantee security. These safety tests are performed during preclinical
phase. They are composed of toxicological and pharmacological studies in order to reveal
any potential danger and any side effects of the drug candidates.

Toxicology

As a drug can have diverse effects on the organisms, different types of toxicological stud-
ies must be conducted.

The acute toxicity, aims at determine the median lethal dose corresponding to the
dose required to kill half of the animals. It also evaluates the maximum tolerated concen-
tration corresponding to the No-Observed-Adverse-Effect Level (NOAEL). These tests
are performed with single dose and last for at least 14 days to observe adverse effects.
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The chronic toxicity assesses the adverse effects of the drug on a long term expo-
sure. It determines the nature, the frequence or the evolution of these effects. These tests
are performed with repeated doses at low concentration and over at least 6 months in
Europe.

The effects on the reproduction are also assessed. Male and female fertility tests
are performed. In the same way, other complementary assessments may be conducted
such as embryonic development, peri and neonatal toxicity.

The mutagenic potential is determined by gene mutation and chromosomal aber-
ration tests. The carcinogenic potential is evaluated over 2 years on animals with the

maximum tolerated dose.

Pharmacology

Pharmacological studies must be done in order to further deepen the knowledge around
the drug, study its efficacy, determine its mechanism of action and thus the drug /or-
ganism interactions. They are separated into pharmacodynamics, analyzing the effects
of the drug on the body, and pharmacokinetics, analyzing the effects of the body on the
drug. These two studies are closely linked since some drugs become toxic only after their
transformation by the organism. In doing so, the drug pathway in the body has to be fol-
lowed and is composed of 4 phases: absorption, distribution, metabolism, and excretion
(ADME)(Fig. 1.3).

Absorption
How will it get in?

Medicine
g

Metabolism
How is it broken down?

Li o
ver Distribution
Where will it go?

Transporters

Excretion
How does it leave?

FIGURE 1.3: Schematic representation of the ADME process [11].

The absorption is the process by which a drug reaches the bloodstream from its de-
livery site. This step involves the passage of biological barriers that protect the organism
against xenobiotic substances. The adsorption depends on the mode of administration

(oral, subcutaneous, intravenous...) and on the galenic form (solution, capsule...).
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1.2. The liver: an essential organ in the metabolism of xenobiotics

Once the drug is in the bloodstream, it can reach any organs rapidly by being trans-
ported throughout the body and especially its effector site. The distribution depends on
various factors: the blood flow in the organ, the vascular permeability, the drug affinity
for the tissue and the local pH. Thus, the drug distribution is unequal in the body and
the highly perfused organs receive more drug quantities like the heart or the liver.

As a xenobiotic, the drug is transformed by the organism to be eliminated. The
metabolism is performed by different organs such as lungs, kidney, intestine but mainly
by the liver. In this organ it is the enzymatic reactions called phase I and II which in-
tervene in the biotransformation of the drug. The products of these transformations, the
metabolites, can be either inactive, toxic or with another drug activity.

The excretion is the final step of the drug path in the body. It leads to the elimi-
nation of the xenobiotic from the body. It is mainly excreted via the urine and feces. In
the first case, the obtained metabolites return to the bloodstream and are filtered by the
kidney. In the other case, they are excreted in the bile and go then to the intestine. They
can also be excreted in saliva, lungs in expired air...

The safety of drugs is thus estimated by these different studies. However, after
approval and marketing, a higher number of patients are exposed to the drugs than in
clinical studies, leading to the discovery of rare toxic effects, including hepatotoxicity
[12], [13]. Drug induced liver injury (DILI) is a non negligeable adverse reaction: it is
estimated that DILI is responsible for approximately 50% of acute liver failure in the
United States and in Western Europe (Table 1.1) [14]. Due to its high vascularization and
its xenobiotic activities, the liver is the principal organ in interaction with the drugs. In
addition, as it is also an essential organ for the proper functioning of the human body, a
damage to it can lead to serious complications.

Causes Germany United Kingdom United States
Drugs 29 68 52
Hepatitis virus (A, B, E) 22 8 11
Other 28 7 19
Unknown 21 17 18

TABLE 1.1: Causes of acute liver failure in Europe and in the USA [14].

1.2 The liver: an essential organ in the metabolism of xenobi-
otics

1.2.1 Structure

Weighing around 1.5 kg and measuring about 15 cm wide, the liver is one of the largest
organ of the human body but also one of the most essential. Located in the abdomi-
nal area, just below the diaphragm, it is easily recognizable by its brown colour and its
smooth sponge-like texture.
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Chapter 1. Liver and drugs, a close relationship

From a macroscopic view, the liver is composed of two parts, a left and a right
lobes separated by the falciform ligament and held together in a thin capsule called Glis-
son’s capsule. Highly vascularized, the liver receives about 2 L/min of blood via two
main vessels: the hepatic artery and the portal vein. Around 70% of the volume comes
from the portal vein that carries a blood low in oxygen but rich in nutrients after pass-
ing through the digestive system, the pancreas and the spleen. The last 30% comes from
the hepatic artery that carries oxygen-rich blood from the aorta. The blood from both
vessels mixes and is distributed through the liver by a network of capillaries called sinu-
soids. Blood is collected out of the liver by the hepatic vein and continues its cycle in the
human body. The macroscopic anatomy of the liver is described in the figure 1.4.

From a microscopic view, each lobe is composed of several hepatic lobules, the
functional unit of the liver [15], [16]. These lobules present a hexagonal shape with a
well-organized structure. At each lobule’s corner, a branch of the hepatic artery, a branch
of the portal vein and a bile duct form the portal triad. The blood flows in the sinusoids
from the portal triad to the central vein, located at the centre of the hexagon, and then
to the hepatic veins. During its flow through the sinusoids, exchanges with cells take
place resulting in blood’s composition changes. Thus, the lobule is commonly divided
in 3 zones according to the Rappaport acinus model (Figure 1.4) [17]. The first one, the
periportal zone, is the closest to the portal triads and so corresponds to a blood rich
in oxygen, nutrients and xenobiotics. At the opposite the third one, the closest to the
central vein, called the pericentral zone, corresponds to a blood poor in oxygen, nutrients
and xenobiotics. Between them, the transitional zone is the zone 2 corresponding to an
intermediary. This structural zonation leads also in a functional zonation that is detailed
later. Bile flows through bile canaliculi in parallel to blood but in the opposite direction
that is to say towards the bile duct of the portal triad. Then, bile leaves the liver by the

common hepatic duct and joins the gallbladder to be stored.

Falciform
ligament Portal triad

Left lobe /

Hepatic vein

Right lobe
Portal vein

Hepatic artery

Common
Gallbladder  Bile duct

Central vein

FIGURE 1.4: Liver anatomy and schematic representation of two hepatic
lobules and their zonation: 1)periportal zone, 2)intermediate zone, 3)cen-
trilobular zone. Adapted from [18], [19].
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1.2. The liver: an essential organ in the metabolism of xenobiotics

1.2.2 Cells and organization

The liver is composed of different cell types. Hepatocytes represent with 60% the great
majority and constitute the parenchymal cells of this organ, ensuring its functional part.
The non-parenchymal cells (NPC) are in majority liver sinusoidal endothelial cells (LSEC),
Kupffer cells and hepatic stellate cells (HSC) [20], [21]. All these cell types are present in
the hepatic lobules and well organized around the sinusoid as shown in the figures 1.5
and 1.6.

The sinusoid is composed of LSEC which are the specific endothelial cells of the
liver. Without organized basal lamina and presenting open pores with diameters around
100 nm, called fenestrae, they allow the exchanges of molecules between the blood on
one side and the hepatocytes on the other. They also play a role in inflammatory reac-
tions as they can detect pathogen-associated molecular patterns. It has been shown that
they participate in the establishment of the liver microarchitecture and in the guidance of
hepatocytes proliferation during liver regeneration.

In the sinusoid lumen, lining the walls, the Kupffer cells are the macrophages of
the liver. They destroy any bacteria flowing through the sinusoid by phagocytosis but
also cellular debris such as old red blood cells or hemoglobin that are broken down into
bilirubin. They can modulate the activities of hepatocytes by secreting the cell signaling
protein cytokines.

In the other side of the sinusoidal barrier are the HSC, also known as Ito cells.
These pericytes cells are located in the space of Disse that separates the sinusoid from
the hepatocytes. They store most of the vitamin A and can also secrete cytokines to mod-
ulate the inflammatory response. Moreover, they are involved in the liver regeneration
process.

The hepatocytes are separated from the sinusoid by the space of Disse. They are
organized in plates of one cell thick and form by joining their membrane an intercellu-
lar space which is the bile canaliculi. These cubical cells are polarized [22]: their basal
membrane is on the space of Disse side and their apical membrane is exposed to the bile
canaliculi. They are involved in the majority of the metabolic functions and ensured the

xenobiotic activity of the liver.

1.2.3 Functions

Although the liver is known from centuries, its functions remain partially understood.
The number of functions is generally estimated around 500 comprising molecule’s pro-
duction or degradation, storage and blood detoxification. The liver plays a major role in
many metabolic processes which makes it a particularly complex and essential organ to

maintain normal physiological activities [25].
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FIGURE 1.5: Reconstitution of a part of an hepatic lobule. Adapted from
[23].
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FIGURE 1.6: Schematic representation of the structure of a sinusoid.
Adapted from [24].

Major metabolic activities

The liver is involved in different metabolisms including that of carbohydrates, lipids,
proteins, amino acids necessary for the human body to function.

It synthesizes glycogen from glucose (glycogenesis) and stores it but can also
achieve the reverse process by breaking glycogen into glucose (glycolysis) ensuring a
regulation of blood glucose level in the body. In the absence of glycogen, it is able to
synthesize glucose from lactate, glycerol or some amino acids (gluconeogenesis).

Concerning lipid metabolism, it plays an important role in cholesterol synthesis
but also in production and breakdown of triglycerides, lipogenesis and lipolysis respec-
tively, into glycerol and fatty acids.

It is responsible of a lot of proteins and amino acids synthesis and degradation.
For example, it synthesizes the albumin, a blood transport protein, that carries fatty acids,
drugs and others molecules to the liver itself.
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1.2. The liver: an essential organ in the metabolism of xenobiotics

The liver has many other functions essential for the human body. It plays an im-
portant role in the digestive system as it is the only one to synthesize bile, required for the
digestion. One step of the red blood cells degradation is performed by the liver. It trans-
forms the bilirubin (glucuronidation), breakdown product of the hemoglobin, which is
then excreted into the bile or the blood. During the degradation of amino acids, ammo-
nia, a toxic substance at high concentrations, is produced. It is the liver which transforms
it into a harmless metabolite, the urea. It can store vitamins, especially vitamin A which
is stored almost only in the liver.

Due to liver zonation, the hepatocytes do not perform functions in the same way
all along the lobule. Depending on their position between the periportal zone and the
perivenous zone, the cells are specialized in some functions only. This functional zona-
tion is described by an ascending or descending gradient of activity (Figure 1.7) [26].

Periportal zone Perivenouszone

o
e

Lipogenesis

Bile acid
synthesis

FIGURE 1.7: Liver functions and their zonation in the sinusoid. Adapted
from [27].

Xenobiotic activities

In addition to accomplish all these metabolic activities, the liver is the principle organ
which achieves xenobiotics'metabolism, corresponding to the breakdown of foreign sub-
stances present in the body. This phenomenon is also known as the biotransformation.
It is composed of the phase I and 1I, called the functionalization and the conjugation re-
spectively.
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The first one, the functionalization phase, aims at transforming the xenobiotic sub-
stances in more hydrophilic molecules. To do so, the main reactions performed by the
liver are oxidation, reduction and hydrolysis. They lead to metabolites with commonly
hydroxyle (-OH), amine (-NH;) and carboxyle (-COOH) functional groups. Oxidation
is performed in majority and is catalyzed by the cytochrome P450 monooxygenase, also
called CYP450. Among them, the CYP3A4 is the most present in the liver. The obtained
metabolites can then continue the process of biotransformation.

The conjugation phase aims to transform the substances into soluble substances
by the conjugation of charged groups like sulfate, glutathione, glucuronic acid, acetyl
or methyl. The substrates are generally the metabolites obtained after the functionaliza-
tion phase but can also be substances which were already hydrophilic enough and did
not have to go through the phase I. These reactions are catalyzed by different enzymes
of the transferase group (Table 1.2). The most common reaction is the glucuronidation
which conjugates the metabolite with glucuronic acid thanks to the glucuronyltransferase
(UGT). Two main other reactions are the sulfatation with the sulfotransferase (SULT) and
the glutathione conjugation with the Glutathione S-transferase (GST).

Once the metabolites sufficiently soluble, they are mainly eliminated by passing
into the blood and then the kidneys (urea) but can also be eliminated by the bile (faeces),
the lungs (exhaled air), saliva...

Enzyme family Abbreviation Reaction
Cytochrome P450 CYP oxidation
N-Acetyltransferase NAT acetylation
UDP-glucuronosyltransferase UGT glucuronidation
Glutathione S-transferase GST glutathione conjugation
Sulfotransferase SULT sulphation

TABLE 1.2: Principle enzymes of phase I and I

Like the metabolic functions, the xenobiotic activities depend on the different
zones of the hepatic lobule. The xenobiotic metabolism is thus higher in the perivenous
zone (Fig. 1.7).

A well-known example of this metabolic activity is the biotransformation of the ac-
etaminophen, also known as paracetamol or APAP. It is one of the most commonly used
drug for the treatment of pain and fever around the world. Its biotransformation implies
several pathways leading to different metabolites (Fig. 1.8). Indeed, after the uptake of
the APAP by the hepatocytes, a competition occurs between the phase I and phase II en-
zymes since the molecule can be directly processed by the transferases. In majority the
drug is transformed in inactive metabolites by conjugation with different groups: 52 to
57% of APAP-glucuronide (APAP-GLUC) and 30 to 44% of APAP-sulfate (APAP-SULF)
[28]. A minority of APAP, 5 to 10%, is however transformed into an active metabolite, N-
acetyl-p-benzoquinone imine (NAPQI), by oxidation with CYP. This metabolite is highly
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reactive and is responsible for hepatotoxicity leading to liver necrosis [29]. It is detox-
ified by its conjugation to glutathione (APAP-GSH). The obtained metabolites are then
either excreted in the blood or in the bile. A small part of APAP, less than 5%, is excreted
unchanged in the blood.

Although commonly used and presenting a safety profile, APAP is not without
danger. In developed countries, it represents the majority of DILI: 75% for the United
States, 84% for the United Kingdom and 52% for Germany [14]. Indeed, hepatotoxicity
can occur in case of overdose or in case of abusive uptake in at-risk populations. In case
of excessive intake of APAP, the available stock of glutathione, necessary for the trans-
formation of NAPQI into APAP-GSH in the phase II, decreases. The NAPQI is thus not
transformed anymore, leading to hepatotoxicity.

Phase 0 Phasel Phasell Phaselll
Uptake Functionalization Conjugation Excretion

v

Hepatotoxicity

HEPATOCYTE % GST

NAPQI ————""> APAP-GSH
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FIGURE 1.8: Schematic representation of APAP metabolism.

In case of a liver damage, the consequences are usually severe due to the loss of
liver ability to perform physiological functions. As hepatotoxicity is often the cause of
failure to obtain marketing authorization or even development stoppages by the phar-
maceutical industries, it thus appears necessary to predict any potential adverse effects
of the drug candidates on the liver, and preferably before clinical trials. It is therefore
important to have experimental models during the preclinical phase which are able to
determine the toxicity and pharmacology of drug candidates that could lead to hepato-

toxicity.
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1.3 From in vivo to in vitro models

To perform the different toxicological and pharmacological tests, experimental models
are used in laboratories. They can be classified into 3 groups: in vivo, in silico and in vitro.

1.3.1 In vivo issues

Animal experiments are traditionally used in the pharmaceutical and chemical industry,
or in basic toxicological sciences, to evaluate the effects of a chemical on the organism.
In general, the effects observed during these experiments are assumed comparable to the
ones observed with Humans. It is expected that biotransformations will be performed in
the animal’s liver. Thus, systemic or organ toxicity are assessed since the molecule tested
and its metabolites are released in the whole blood circulation. However, the current

trend is to limit the use of these in vivo studies for several reasons.

Due to criticisms and the pressure from public opinion on the welfare of animals
these last years, supervision of animal tests has been increased. In this way, about 60
years ago, the principles of the 3Rs were developed by Russel and Burch [30] and still
provide today a framework on the use of animals in scientific research [31], [32]:

e Reduction: methods which minimize the number of animals used per experiment.
It is mandatory to estimate the number of animals required by statistical analysis,
not to perform non-essential experiments, not to conduct experiments that have

already be done.

e Refinement: methods which minimize animal suffering and improve welfare. The
experimenter have to use non invasive methods if possible, to perform appropriate
euthanasia methods. An enrichment of the living environment of animals is also

required like the presence of congeners, the possibility to hide or to distract.

e Replacement: methods which avoid or replace the use of animals. If alternatives
methods to animal experimentation exist, they must be used. These methods must
have been tested and validated beforehand.

In Europe, animal experimentation is regulated and harmonized by several texts.
Among them, the European directive 2010/63 published in 2010 imposes the application
of the 3R rule, diversifies the categories of protected animals and recommends the use of
alternative methods [33].

In France, regulation, governed by the Rural Code, is supplemented by a pro-
cedure by an authorization of scientific experience procedure involving animals. The
project is studied by an ethics committee: the experimenters must justify their experi-
mental choices, have received a training in animal experimentation, the research estab-

lishment must have an approval. If alternative methods exist, they should be used. The
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final authorization is delivered by the ministry of research.

In addition to ethical issues, animal models present also scientific limitations. Due
to the difference among species, animals may represent poor relevance to human biol-
ogy: it has been shown that about half of the drugs that caused liver damage during
clinical trials did not show any damage in animal models in vivo [34]. This is reinforced
by the fact that the way animals are housed and handled can affect their physiology and
behaviour which could result in distorted data [35]. Moreover, animal experimentation

is often costly and time-consuming.

Although the animal experiments present some issues, they are still used to pre-
dict and evaluate the toxicity, pharmacology and adverse effects of drugs. Reduction and
refinement are today achieved relatively easily by statistical analysis and environment
adapted to animals’ needs respectively. Replacing animals that is to say in vivo exper-
iments in general will be difficult in a near future, but alternative methods are under
development and complete now some of the in vivo studies. These methods represent
a key challenge for the pharmaceutical industry and a part of last years research was
devoted to develop and validate them.

1.3.2 Alternative models

The alternative methods to in vivo models can be divided in 2 groups: the in vitro and the
in silico ones.

In silico models

In silico systems are based on mathematical and bioinformatics modeling. They rely on
current physiological knowledge and toxicity databases but are also continuously en-
riched by data obtained from in vivo and in vitro experiments. These models are usually
used as a first filter on the drug candidates by predicting their toxicity and their ADME
properties [36], [37]. Thus, they represent a strategic challenge for the pharmaceutical
industry in particular to reduce the substantial costs of drug development.

One of the used models is the Quantitative Structure-Activity Relationship (QSAR).
This type of models establishes molecular relationships between chemical structures. It
assumes that molecules with similar chemical properties will have similar biological ef-
fects. These relations are mainly used to predict drug efficacy but can also be used in
toxicology as they predict the carcinogenicity and mutagenicity of molecules [38]. How-
ever, when the structure-activity is complex, the predictivity is poor [39].

Besides QSAR, others models have been developed to study the pharmacology of
a molecule in the body. Known as Physiologically based pharmacokinetics (PBPK), these
computational models predict the ADME phases. They are usually multi compartment

models: an organ, a group of organs or tissues is modelized by a compartment which is
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itself linked to other compartments. The connections between compartments follow the
physiology and the compartments are regulated by equations respecting the principles
of mass transport, fluid dynamics and biochemistry. These models allow predicting the
concentrations in the different compartments and therefore the organs that will be most
exposed. The advantage of this method is the possibility of extrapolating the results ac-
cording to the route of administration, exposure duration and doses of the drug. It is also
possible to transpose the model to other species or to study the inter-individual differ-
ences [40].

The advantages of these in silico models are the speed and the low cost procedures.
However, their reliability rely on the quality of the data obtained from the experiments
on which they are based.

In vitro models

The in vitro models correspond to the use of organism’s components like tissues, cells
or molecules, out of their biological context. The aim of these models is to obtain first
biological responses and to extrapolate them to Humans, representing thus a predictive
power. Thus, in vitro models are more and more used for research but also for drug de-
velopment and safety. In this way, during the last years, several in vitro liver models
have been developed to study biotransformation pathways and to predict cell-drug in-
teractions or hepatic toxicity [41]-[43]. Today, some of them are used in preclinical phase,
and can present different degrees in complexity regarding both structure and functions.

The simplest in vitro models are the so-called liver fractions. They are obtained
after centrifugations and can be used to study the biotranformation of drugs. Among
them, human liver microsome contains vesicles of endoplasmic reticulum of hepatocytes.
It thus contains almost only CYP and UGT enzymes. In the same way, Human liver
cytosol contains enzymes but from phase II: NAT, GST and SULT. Human liver S9 fraction
is composed of both microsomal and cytosolic fractions. It is therefore useful to study the
entire biotransformation pathway by the production of metabolites by phase I or II and
also the combination of both.

Another possible in vitro model is the cell culture. The use of liver cell lines or
primary hepatocytes allow having a view at the cellular level and so more complete than
the previous ones. The cell lines are by their nature available in large quantities but lack
of some metabolic enzymes. On the contrary, the primary hepatocytes have a strong
resemblance with in vivo human liver but are difficult to culture.

To have an overall view, liver slices or isolated perfused liver can be used by keep-
ing intact the cellular tissue architecture. The first method is performed thanks to high-
precision tissue slicers that allows producing slices of a few hundred micrometers. The

perfusion of liver is a more complicated model and performed only with animal livers.
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The table 1.3 summarizes the in vitro liver-based models. The choice of the method
is determined by the question to be answered. It is thus usual to use different in vitro

models to assess the safety of a drug.

Model system

Advantages

Disadvantages

Human liver
microsomes

- Low cost

- Simplicity in use

- Study of interindividual
variations

- Unsuitable for quantita-
tive measurements

- Only CYP and UGT en-
zymes

Human liver
cytosol

- Biotransformation study
of NAT, SULT and GST en-
zZymes

- High enzyme activity

- Study of interindividual
variations

- No CYP and UGT en-
zymes

Human liver S9

- Contain phaseIand Il en-
zymes

- Study of interindividual
variations

- Lower enzyme activity
than in microsomes and
cytosol

2D culture of
liver cell lines

- Easy to culture

- Stable enzyme expres-
sion levels

- Unlimited amount of
cells available

- Lack of phenotypic char-
acteristics

- Low phase I and II en-
zymes expression level

- Difficulty of metabolites
detection

2D culture of
primary
hepatocytes

- Well established and
characterized

- Cryopreservation possi-
ble

- Phase I and II enzymes

- Drug  transporters
present

- Enzyme inducible

- Isolation complicated
and time consuming

- Cell damage during
isolation

- Lack of non hepatocyte
cells

- Interindividual variation

Liver slices

- Intact cellular tissue ar-
chitecture and interactions
- Morphological studies
possible

- All cell types

- Inadequate penetration
of the medium

- Damaged cells on the
edges

- Short viability time

- Expensive equipment

Isolated perfused
liver

- Best representation of in
vivo situation

- Possibility to collect and
analyze bile

- 3D architecture

- All cell types

- No human liver available
- Labor intensive

- Poor reproductibility

- Really short functional
integrity

TABLE 1.3: Summary of commonly used in vitro hepatotoxicity model sys-

Around the world, specific organizations were created to evaluate, validate and

tems [41]-[43].
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coordinate the implementation of these alternative methods. The European Centre for
the Validation of Alternative Methods (ECVAM) in Europe and the Interagency Coordi-
nating Committee on the Validation of Alternative Methods (ICCVAM) in the USA are the
organisms that coordinate the evaluation of alternative methods and promote them. To-
day, several alternative methods are approved and commonly used in preclinical phase,
in particular for the eye irritation and the hepatotoxicity [44]. They can be used as partial
or complete replacements for animal experiments. If an alternative method exists for the
question to be answered, it is mandatory to use it. However, the approved alternative
methods remain few, do not concern all organs and are restricted to some tests.
Although some in vitro liver models exist and were approved, they have short
integrity or they cannot fully perform liver-specific functions, limiting their relevance
especially in predictive toxicology. Indeed, the use of hepatocytes in vitro presents major
limitations: the cells are generally grown on 2D surfaces and in static conditions, which
are very far from their physiological context. This results in the partial or total loss of the
structure and functions they normally present in the organism, in particular regarding
the biotransformation pathways. The limitation of these models implies a limitation of
predictive studies for pharmaceutical industries. The toxicity and lack of efficacy of drug
candidates are thus detected late, during the clinical phase, resulting in a high attrition
rate. It is therefore necessary to develop new in vitro models closer to the physiological
conditions of the liver. To overcome this, tissue engineering is a promising way. This
field aims at developing biological substitutes of tissues or organs for in vitro studies or
in vivo implantation by combining engineering methods and cell culture. It allows getting
closer to an environment that mimics the in vivo conditions and so to the in vivo behavior

of cells.
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Current research on tissue
engineered liver models

As stated in the first chapter, understanding the physiological and pathological processes
in this complex organ is limited with the 2D classical in vitro liver models. These knowl-
edge appear nevertheless mandatory to improve drug development strategy and to avoid
facing attrition in the latest stages for apparently promising molecules. Considering these
limitations, research has recently focused on the design and validation of new in vitro
liver models involving different cell types and innovative culture methods to get closer
to the in vivo environment. They rely on tissue engineering, a quite recent interdisci-
plinary field, as defined by Langer and Vacanti in 1993 “ Tissue engineering applies the
principles of biology and engineering to the development of functional substitutes”. First
introduced to replace damaged tissues, tissue engineering is now a recognized tool in cell
biology and finds applications in predictive toxicology. Primary cells, cell lines, stem cells
but also co-cultures of different liver cell types are used as biological components. Engi-
neering is dedicated to the design of novel cultures methods, 2D planar cultures in sand-
wiches or micropatterned surfaces, but also 3D cultures as spheroids, in tuned scaffolds,
after bioprinting or in perfusion systems. More recently, the advantages in microflu-
idics and microfabrication led to the design of specific perfused microsystems, called “
microchips”, also known as “biochips” or “organ on chips”, that attempt to mimic the

sinusoid architecture of the liver.

2.1 Cells

Three major hepatocytes’sources are currently available for tissue engineered liver: pri-
mary cells, cell lines and pluripotent stem cell (embryonic, adult or induced). They
present pros and cons depending on the type of model developed and its application
(Table 2.1). Morever, hepatocytes can be cultured alone or with non-parenchymal cells to

reproduce the complexity of the liver, as seen in the previous chapter.

21.1 Primary cells

Primary cells are considered today as the most relevant for in vitro models since they
come directly from the liver. They can be of human or animal origin.
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Primary human hepatocytes (PHH) are usually obtained after human liver biop-
sies or from non-transplantable organs. The hepatic tissues are treated with collagenase
and centrifuged to isolate hepatocytes which can be used fresh or cryopreserved. They
contain all the cellular machinery and are therefore considered as the gold standard for
xenobiotic metabolism and toxicity studies. They exhibit many liver characteristics such
as phase I and II enzyme activities, metabolic activities such as albumin synthesis and
ammonia detoxification. In 2D in vitro culture, hepatocyte’s phenotype cannot be main-
tained longer than 72 h, which does not make them suitable for mid/long term studies
[45], [46]. However, PHH are very sensitive to culture methods and it has been shown
that hepatic functions can be maintained for a longer period of time if cultured in a suit-
able environment. An appropriate media formulation, the use of matrices, the contact
with a flow, the growth with other cell types help to reduce the loss of hepatic functions
[47]. Despite their important functional features, primary hepatocytes present several
limits that cannot be neglected. Once isolated, they rapidly lose their liver-specific func-
tions, phenotype and polarization making them unsuitable for long-term studies. More-
over, their inability to proliferate in vitro, associated to a limited availability and high
costs have to be taken into account. In addition, the donors” variability and their collec-
tion from liver disease patients potentially treated with drugs, result in a large variation
of cell responses.

Primary hepatocytes from rats and mice are also employed in the pharmaceutical
industry. Like PHH, they exhibit many liver characteristics such as metabolic and xeno-
biotic activities. Moreover, animal hepatocytes are more easily available and less expen-
sive than PHH. However, due to interspecies differences, the variations in metabolism
between humans and animals impact relevance of these in vitro liver models as it does in
vivo [34].

2.1.2 Cell lines

A cell line is a cell population, homogeneous and stable in time, which can infinitely
divide making them immortal. They usually come from cancer cells taken from a patient
that have subsequently undergone, if necessary, a mutation in the genes involved in the
regulation of the cell cycle. They are well characterized, easy to handle and can be grown
over extended periods. In addition, they are less expensive and easy available compared
to PHH [48]. They preserve some hepatocyte’s characteristics but present a lack or very
low expression of some metabolic enzymes. The mutations they underwent to become
immortal may also have altered some of their functions [49], [50]. Therefore, their use is
limited for xenobiotic metabolism studies. In addition, although they divide infinitely,
the expression of their genes changes during their successive divisions thus losing some
of their characteristics. However, they remain a popular in vitro cell model. They provide
higher reproducibility of results than those obtained with primary hepatocytes [51]. They
are also interesting for a first evaluation of new cell culture devices.

Among the different liver cell lines, HepG2 is one of the most commonly used. It
is derived from a human hepatocellular carcinoma and constitutes a well-characterized
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hepatocyte cell line. These cells secrete liver plasma proteins such as albumin and can
transform many xenobiotic compounds [51]. However, gene expression levels of en-
zymes, especially phase I, are lower than those of human hepatocytes making them in-
appropriate for pharmacokinetic studies [52]-[54]. These cells are still widely employed
because of their metabolic stability, allowing a good reproducibility of results and long-
term culture. One of the subclones of this cell line, called HepG2/C3A, has interesting
properties such as high albumin production. HepG2 cell line is therefore not completely
representative of PHH but because they are easier to maintain they are frequently used
in various studies and offer an approximation of hepatic functions.

Another interesting cell line is HepaRG, a human bipotent progenitor cell line
coming from a hepatocholangiocarcinoma. These cells can differentiate toward two dif-
ferent cell phenotypes: hepatocyte-like and cholangiocyte-like cells, using dimethyl sul-
foxide (DMSO). These cells present similar characteristics to those of hepatocytes and
biliary cells. They have been shown to express phase I and II enzymes and to secrete
liver plasma proteins [51], [55]. Therefore they represent a valuable alternative to PHH
for drug metabolism and xenobiotic toxicity studies since they retain a correct enzymatic
activity while possessing the proliferative capacities of cell lines [56], [57]. However, the
use of DMSO and the long culture process are disadvantages that have to be taken into
account when developing a new model with these cells.

2.1.3 Stem cells

Stem cell derived hepatocytes represent a new alternative of liver cell source. Stem cells
come from embryos, fetuses, umbilical cords or individuals. They are nevertheless dif-
ficult to collect and can face ethical issues. Only induced pluripotent stem cells (iPSCs)
are mentioned here. They can be obtained from somatic cells following protocols initially
described by Yamanaka [58]. Like other pluripotent stem cells, they can be maintained
in undifferentiated states or differenciated into several cell types including hepatocytes
[59]. Therefore, they could provide a limitless supply of hepatocytes. They present many
hepatocytes features like morphology and functions including drug metabolism and al-
bumin secretion. However, it seems that their differentiation into mature hepatocyte-like
cells is not complete since they express lower levels of enzyme activity and hepatic gene
expression than PHH [60], [61]. Progress in differentiation protocols and cell culture have
shown to provide more functional hepatocytes [62]. Therefore, iPSC represent a promis-
ing source for toxicity assessment and drug metabolism studies [63]. Nevertheless, the
culture of stem cells is expensive, time-consuming and difficult due to their high sensi-

tivity.

2.1.4 Co-cultures

In order to obtain an in vitro liver model as close as possible to the in vivo situation, ad-
dition of NPC to hepatocytes is essential. Although these cell types do not represent the
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Cell Type Advantages Limitations
Liver intrinsic S cp
e . Losing liver specific
characteristics, including . .
. ) function; unsuitable for
Primary hepatocytes phase I and II metabolic

(human, rat)

enzyme activity, glucose
metabolism, ammonia,

long-term; high cost;
donor variation, difficult
isolation

detoxification

Drug reaction are
inaccurate; low metabolic
competence and rapid

Unlimited lifespan; easily
manipulated; stable

Hepatic-derived cell lines phenotype; essential for

(HepG2, HepaRG) drug metabolism and loss f)f expres.si.cm of
toxicity response liver-specific
enzymes / transporters
A stable source of
hepatocytes; liver
organoid; stable functions Hardly manipulated;
iPSCs derived including albumin required specific induce
hepatcocytes secretion, liver-specific factor; high cost;

gene expression, urea insufficient maturate
production and metabolic

activity

TABLE 2.1: Advantages and limitations of cell types used in in vitro liver
models [64].

functional part of the liver, they play a key role in hepatocyte responses due to the re-
lease of an array of inflammatory mediators, growth factors, and reactive oxygen species
[65], [66]. It has been shown that co-cultures of liver cells improve functions of hepato-
cytes, increase their sensitivity to drugs and their longevity [67]. In particular, LSEC have
shown to increase and maintain phase I enzyme activity, whether with primary cells or
cell lines [68], [69]. Kupffer cells influence hepatocyte function in response to an inflam-
matory stimulus and can respond to hepatocyte stress and damage from hepatotoxins
leading to side effects associated with DILI [70], [71]. Hepatic stellate cells have an im-
portant role in cellular communication between hepatocytes and LSEC which impacts on
their morphology [72]. Therefore, there are several evidence that the addition of NPC
in in vitro liver models can improve their structure, function and response, allowing to
provide more predictive results to drug metabolism.

2.2 Engineering strategies

To overcome the poor viability and the reduction of major liver functions observed in
classical 2D cultures, different approaches have been proposed: 2D culture models in
more complex configuration than Petri dish, 3D culture models to reproduce 3D mor-
phology and organization of cells in vivo but also perfused systems to mimic the high
vascularization of the liver. They allow culturing cells in specific environments that get
closer to the in vivo conditions. The main approaches are detailed below.
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2.21 Micropatterning

The photolithography process used in microelectronics industry for microfabrication is
interesting for biology since it allows the production of micrometric structures. This
method has therefore been adapted to perform cell patterning [73]. A substrate coated
with photoresist is irradiated through a stencil-like photomask possessing the geometri-
cal pattern to be transferred. Solvent is then used to wash the unpolymerized photoresist,
revealing the pattern on the substrate. Silane chemistry is then performed to allow cell
adhesion on the pattern. A similar result can be obtained by soft lithography: the mi-
crofabrication process is used to design a patterned soft material, usually polydimethyl-
siloxane (PDMS), which is then employed as a stamp or mask to pattern a substrate with
cell-adhesive proteins (Fig. 2.1) [74], [75]. These methods allow culturing one or two cell
types in a specific spatial organization.

UV light

chrome mask

‘ coal stamp with ECM

photoresist i

11

ECM
silicon wafer

stamp c

tissue culture

develop substrate

polymerize PDMS
PDMS

\ ‘ incubate with nonadhesive

nonadhesive

!

‘ peel stamp ‘ seed cells

FIGURE 2.1: Schematic of micropatterning process. PDMS stamps are gen-

erated by photolithography (left column) and, using these stamps, ECM

proteins are printed onto tissue-culture substrates upon which cells are
seeded [74].

cells

Micropatterning is mostly used to study cell-cell interactions. Co-cultures of pri-
mary hepatocytes with fibroblasts leads to improved hepatocyte functions, such as al-

bumin and urea synthesis, compared to hepatocytes cultured alone and depend on the
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configuration of the micropatterned areas and on the cells ratio [76]-[78]. Hepatocytes
retain also phase I and II metabolism, canalicular transport and sensitivity to hepatotoxic
compounds for several weeks [79]. In the same way, co-culture of primary hepatocytes
and Kupffer cells improves hepatic cell functionalities [80]. IPSCs derived hepatocytes
can also be used in micropatterned cell cultures and show results similar to PHH [81].
Micropatterned cell culture allows miniaturizing tissues, controlling cell-cell in-
teractions and improving hepatocyte functionality. Moreover, it offers the possibility
to study drug metabolism [82]. Despite these interesting features, the micropatterning
method quickly finds its limits. The cells are patterned on flat surfaces leading to 2D
monolayers formation that is far from the in vivo conditions. Moreover, the precise seed-
ing of the second cell type is difficult as some cells could adhere on the first cell type.

2.2.2 Sandwich and layer-by-layer

The sandwich configuration consists in culturing cells, usually primary hepatocytes, be-
tween two layers of gel composed of proteins from the ECM such as collagen or Matrigel” ™.
This method mimics the general organization of cells that are in rows in the hepatic lob-
ules and thus allows reducing cytoskeletal changes and stabilizing cell-cell contacts.

This technique results in improved hepatocytes characteristics: it has been shown
that sandwich cultures promote the development of bile canaliculi and the polygonal
shape usually observed in vivo with cellular polarization [83], [84]. Moreover, it keeps
hepatocytes functionality: phase I and II enzymes are preserved and respond to drugs
induction for several weeks [85], [86]. It also enables to maintain polarized cells with
functional basolateral and apical domains that mediate cell uptake and biliary efflux [45],
[87]. For hepatocytes and endothelial cells co-cultures, two sandwiches, one above the
other, can be made. This configuration reproduces the physical separation between the
two cell types normally performed by the space of Disse [88] (Fig. 2.2 A).

To go further, a similar approach, known as layer-by-layer, has been developed
consisting in stacking layers of cells and matrix alternately. To do so, thermally respon-
sive polymers, such as poly(N-isopropylacrylamide), are used: they are hydrophobic at
37 °C allowing cell adhesion and growth but become hydrophilic at 20 °C permitting the
detachment of cell sheets when confluence is reached [89], [90]. Patterned cell sheets are
created on thermally responsive surface, detached by decreasing the temperature and
transferred on another monolayer with a gelatin-coated manipulator [91] (Fig. 2.2 B). In
the same way as sandwich cultures, hepatocyte specific functions were improved with
this method.

The characteristics of sandwich culture make it an interesting model for hepatotox-
icity and hepatobiliary drug transport studies [92]. Moreover, layer-by-layer technique
offer the possibility to perform co-cultures and to assemble as many layers as desired.
However, cell functions are only stable for short duration, therefore long-term hepatotox-
icity assessments is generally limited and expression of the genes responsible for many
liver-specific functions decreases over time [93]. In addition, hepatocytes are sensitive
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to variation of ECM layers leading to variation in outcomes and the number of layers is

limited by oxygen and nutrients diffusion.
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FIGURE 2.2: Schematic illustrations of sandwich and layer-by-layer cell
culture method. (A) Hepatocytes and liver sinusoidal endothelial cells
(LSEC) coculture configurations in sandwich collagen gel [88]. (B) Hep-
atocytes (Heps) and endothelial cells (ECs) layer-by-layer procedure with
temperature responsive culture dish (TRCD) [91].
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2.2.3 Spheroids and beads

The hepatic cells can be cultured as aggregates, called also spheroids, with a size of about
200 pm in diameter. They can be generated using primary cells, cell lines or stem cell
derived hepatocyte-like cells. Different methods such as hanging drop or culture plastic
wares with non adhesive surface have been developed to aggregate cells [94], [95]. The
hanging drop technique consists in depositing drops of medium containing hepatic cells
onto the underside of the lid of a Petri dish. When the lid is inverted, the drops stay
by surface tension and gravity concentrates the cells forming thus spheroids. Spheroids
can also be formed by seeding cells in wells made of non adhesive plastic or coated with
agarose films or hydrophobic polymers. As they cannot attach on the surface, cells spon-
taneously form spheroids after a few days. This technique can be performed under static
or rotating conditions.

The culture in spheroids exhibits several beneficial features. It promotes cell-cell
interactions leading to morphological characteristics of well differentiated hepatocytes.
Cell polarity and structures similar to bile canaliculi can be observed [96], [97]. Be-
sides maintaining cellular phenotypes, spheroid culture improves viability, especially for
PHH, and functionality compared to classical cultures in monolayers or suspensions. The
phase I and II enzymes of xenobiotic metabolism are maintained for culture periods of
several weeks [98]. When cultured in dynamic conditions like in bioreactors, nutrient
and oxygen exchanges are optimized improving liver-specific-functions [99]. Therefore,
spheroid culture is a promising method for in vitro liver model to study liver functions
but also drug biotransformation and DILL

Hepatocyte culture in aggregates can also be carried out in beads. For this, cells
are encapsulated in matrices that allow oxygen and nutrients to pass through, such as
alginate. Within these beads, cells form aggregates enhancing viability and functionality
in the same way as spheroids described previously [100], [101]. One of the advantages
of this method is the possibility to cryopreserve encapsulated hepatocytes for several
months and preserve their hepatic functions once unfrozen [102], [103]. This method is
particularly interesting for cell transplantation [104].

Although spheroids exhibit several beneficial features, their size is difficult to ho-
mogenize and has to be limited: necrosis can occur in the center of spheroids bigger than
200 ym due to lack of oxygen and nutrients. Moreover, although their organization al-
lows them to retain part of their phenotype, it is non-representative of the in vivo one

since cells are randomly distributed [94].
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FIGURE 2.3: Schematic of spheroids generation methods. (A) Hanging
drop, (B) cell culture on non-adhesive surface, (C) rotary cell culture sys-
tem and (D) cell encapsulation in alginate beads. Adapted from [94], [100].

2.24 Polymer based scaffolds

In a similar way as beads, scaffold-based models were developed to provide structural
support to cells. More than a passive scaffold, these structures attempt to mimic the ECM
and thus can play a major role in cell phenotype which depends on the microenvironment
[105].

Scaffold-based systems consist in seeding cells on 3D matrix composed of natu-
ral or synthetic materials. On the one hand, natural substrates such as collagen, fibrin
or hyaluronic acid ensure biocompatibility and cell-matrix interactions. On the other
hand, synthetic ones such as poly(vinyl alcohol) or poly(ethylene glycol) offer more re-
producibility between batches since they are synthesized. They are rather inert but can
be coated or functionalized with ECM proteins. These polymers are cross-linked to form
hydrogels, a 3D network that enables high water content, that are mainly used in tissue
engineering as they mimic the mechanical properties of soft tissues [106]-[108]. PHH
or hepatic cell lines cultured in scaffolds composed of one or several polymers sustain
their metabolism such as albumin synthesis, urea secretion, CYP activity [109], [110].
However, cultures are limited by medium diffusion since hydrogels exhibit nanoporous

structure which does not foster medium circulation.
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Macroporous hydrogels have thus been developed in response to such limitation:
they exhibit interconnected porous network and large pore size. Different methods can
be used to obtain them such as freeze-drying, porogens leaching, gas foaming and cryo-
gelling (Fig. 2.4) [111]. Freeze-drying process consists in successive freezing and drying
stages of already cross-linked hydrogel. The formation of pores can also be made during
the polymer cross-linking by the presence of particles, gas or ice crystals that are elim-
inated after. The most common used methods are freeze-drying and cryogelling since
they avoid the need for porogen removal and their pore size is tunable by freezing tem-
perature [112], [113]. Similar results to those of hydrogels were observed [114]-[116].
Moreover, macroporous hydrogels allow uniform spatial cell distribution and cell migra-
tion.

Despite the advantages of scaffold-based culture, it lacks of reproducibility since
the methods used create pores with random shape and spatial distribution. In addition,
the bulk and local mechanical properties have important impact on cell behaviour and

thus must be measured and tuned.
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FIGURE 2.4: Various techniques and their respective successive steps for
the fabrication of macroporous hydrogels. Scale bar = 100 ym. Adapted
from [111].
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2.2.,5 Bioprinting

The development of 3D printing technology had led to a new cell culture method: the
bioprinting. This process consists in the fabrication of 3D structures using precise layer-
by-layer deposition of biological materials, called bioink, with spatial control thanks to
computer-aided manufacturing. It allows 3D cell culture within complex 3D biomimetic
architectures. This technology is particularly interesting for organs with repetitive struc-
tures such as the liver [117].

The bioink is composed of cells and biomaterials. Natural polymers such as algi-
nate, hyaluronic acid or gelatin are commonly used in liver bioimpression but synthetic
ones are also used as they offer more tunable mechanical properties such as polyethy-
lene glycol [118]. They can also be used in different combinations to respond to needs.
Indeed, the bioink must meet several criteria including biocompatibility, liver-close struc-
tural and mechanical properties but also printability [119]. The main methods used in 3D
bioprinting are inkjet, extrusion and laser-assisted bioprinting [120]-[122] (Fig. 2.5). The
first one produces bioink droplets by thermal or acoustic mechanism whereas the extru-
sion method consists in producing continuous bioink filament by pressure systems. The
last one is more complex as the bioink is deposited after laser pulse on bioink layer.

A Inkjet bioprinter | B [ Microextrusion bioprinter ] C [ Laser-assisted bioprinter
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FIGURE 2.5: Bioprinting techniques. (A) Inkjet, (B) microextrusion and (C)
laser-assisted bioprinting [120].

L.

Different studies showed that 3D bioprinting improves functions and long-term
culture of primary hepatocytes. Albumin expression as well as drug-induced enzyme
activity were found to be higher over several weeks in bioprinted cultures than 2D cul-
tures [123], [124]. Moreover, iPSCs have been successfully printed during their differen-
tiation process into hepatocytes and were found to be viable and express hepatic mark-
ers for several weeks [125]. When printed with non-parenchymal cells, phenotypic and
functional enhancements have been observed in particular morphological organization,
product secretion and liver-specific gene expression [126].

In addition to enhanced cellular response, 3D bioprinting is a promising technol-
ogy thanks to correct spatial resolution, reproducibility and design flexibility. It allows
printing structures with high complexity, approximating thus tissue composition, both
in cell types and architecture. However, it requires a high amount of cells, which should

be able to survive under shear stress caused by the bioprinting process. Moreover, it
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is difficult to obtain mechanical properties of printed liver consistent with the ones of
the native liver. In addition, in order to overcome size limitations, sufficient vascular-
ization must be ensured for long-term viability. Such technology is still at its premises,
and would request additional work on the above mentioned elements before producing

complex organs or tissues.

2.2.6 Perfusion systems

Although the previous methods allow the maintenance of hepatic phenotypes and func-
tionality, they fail in ensuring perfusion of the culture medium. As a result, the poor
diffusion-based oxygen supply limits the size of the engineered tissue. Hemodynamics
and shear stress have been shown to have important effects on hepatic functions [127],
[128]. In addition, pharmacokinetics studies request to deliver the dose of substances fol-
lowing specific concentrations profiles. Therefore, systems providing perfusion, known
as bioreactors, have been developed to support liver function [129] but also to provide
continuously nutrients and oxygen to cells.

Among the various bioreactors, membrane-based and entrapment-based systems
are commonly used. The first one is composed of hollow fibers made of semipermeable
membranes which acts both as a selective barrier for biological molecule and as a scaf-
fold for cell attachment. The hepatocytes can be located either in the lumen or in the
extraluminal space, cell culture medium flowing in the cell-free space (Fig. 2.6). The
entrapment-based system consists in encapsulating spheroids in semi-permeable beads
which are then inserted in a column and exposed to perfusion. Both of these bioreactors
promote cell viability and function [130], [131]. Primary hepatocytes are generally used
but can be replaced by IPS cells which exhibit cell maturation and maintain hepatocytes
features such as cell morphology but also phase I and II enzymes and functional genes
comparable to PHH [132], [133]. Although these bioreactors are today mainly intended
as extracorporeal supply for acute liver failure patients, they can also become relevant in
vitro models when scaled down [134].

The development of microfabrication and microfluidic technologies at the end of
the 20th century has provided another perfusion system to culture cells called microchips
or biochips. A silicon substrate mold is etched by photolithography to obtain microstruc-
tures such as microchannels and recovered by a liquid polymer. Once the polymer cross-
linked, it is demolded and laminated with another piece of polymer or glass slide to
generate a closed microchip which is then perfused. Polydimethylsiloxane (PDMS) is
the most commonly used polymer as it gathers several advantages: biocompatibility,
optical transparency, high oxygen permeability and low cost. An interesting feature of
microchips is the wide possibilities of microstructuration, therefore different designs are
deployed such as microchannels [135] or microchambers [136], [137] with tangential flow.
More complex designs mimicking the sinusoidal organization have also been studied
[138]. Primary hepatocytes cultured in these models have shown not only the maintain-
ing of viability and functions but also the correlation between in vitro and in vivo toxicity
data demonstrating the potential use of these devices for drug testing [138], [139].
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FIGURE 2.6: Schematic representation of hollow fiber [131].

In addition to flow environment, microchips represent an essential step in research
thanks to their several advantages: low cost, well defined microenvironment with con-
trolled geometry, adjustable flow rate, use of minimal cells and reagents. Moreover,
the promising results obtained for cell cultures within microchips have led to a signif-
icant amount of research. The microchips have been enhanced and a new approach has
emerged: the organ-on-chip.

The different cell culture strategies described here are summarized in the follow-
ing table 2.2.

2.3 Liver on chip

Cell culture in microchips has shown overall enhancement in hepatocyte viability and
functionality. Thus, more complex microfluidics systems have been built and combined
with some of the promising cell culture methods previously described to develop liver-
on-chip. These models can bring together some in vivo tissue structures, functions, bio-
chemical cues and mechanical environment. Among the large variety of microchips de-

veloped up to now, only the most representative ones are described below.

2.3.1 Liver on chip sandwich and layer-by-layer

Sandwich cultures can be combined with a perfusion system in order to add flow to the
spatial organization in hepatic rows.

Sandwich culture can be integrated in microchips where a laminar flow immedi-
ately overlay the cells [140]. The results show that primary hepatocytes are more sensi-
tive and consistent over time than in static culture. To get closer to the in vivo conditions

where the hepatocytes are not in direct contact with the blood circulation, microfluidic
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- Co-cultures with spatial
organization
-1 f h -
. . mprover ent ofhepato- _Hp cultures
Micropatterning  cyte functions

- Study of cell-cell interac-
tions

- Cell seeding precision

Sandwich and
layer-by-layer

- Co-cultures assembly

- Improvement of hepato-
cyte functions

- Study of hepatobiliary
drug transport

- Short duration of cell
functions

- Impact of ECM layers
variations on cells

- 3D cell organization
- Cell-cell interactions
- Improvement of hepa-

- Spheroid size limitation

Sphe;;);jz and tocyte viability and func- and variations
tions - Random distribution
- Maintenance of cell phe-
notype
- 3D structural support - Lack of reproducibility
POIZE?;O?gsed - Improvement of hepato- - Impact of mechanical
cyte functions properties on cells
- 3D organization - High amount Of, cells .
- Shear stress during print-
- Improvement of hepato- ing
Bioprinting cyte funct19n§ . - Size limitations if no vas-
- Reproducibility larizati
- Design flexibility curarization
- Difficulty to control me-
chanical properties
i Co.n tinuous oxygen and - _ Non specific binding of
. nutrients supply .
Perfusion . molecules to materials
- Cell viability and func- .
systems - Perfusion systems re-
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TABLE 2.2: Summary of engineering strategies to develop in vitro liver

models.

devices with membrane have been developed. The microchips are composed of two com-
partments separated by a porous membrane: the lower one with the cell sandwich and
the upper one where the culture medium circulates [141] (Fig. 2.7). Moreover, endothe-
lial cells can be seeded in the top of the membrane to mimic the liver sinusoid [142].
The cultures are maintained for several weeks and the hepatocytes cultured under flow
exhibit higher albumin synthesis, urea secretion and CYP activity compared to static cul-
tures. Moreover, hepatocytes show a well-connected cellular network with formation of
bile canaliculi. In addition to medium cell culture flow, mimicking the blood circulation,

some microchips are equipped with a second channel under the cell culture area and in
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the opposite direction to mimic the bile flow [143].

Culturing cell sandwich in microchip allows performing culture under flow which
increases the hepatic cell function and extend the cell viability over time. The membrane
protect the cells from shear stress but at high flow rate, reduced albumin and urea secre-
tion have been observed [141].
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FIGURE 2.7: Cross-sectional view of microfluidic device with hepatocytes
in sandwich configuration [141].

2.3.2 Liver on chip with 3D spheroids

Since spheroids are interesting structures to maintain hepatocytes in vitro, culturing them
in microchips have been implemented. This requests to adapt the microchip design, to
avoid them to be swept out of the device with the flow.

To culture spheroids already formed in microchip, they are generally introduced in
specific chambers or microchannels that are continuously perfused. However, spheroid
retrieval and transfer in microchip is laborious, it is therefore preferable to form the
spheroids directly in the microchip. Such method is not widely used except for some
co-cultures of different organs such as liver spheroids with pancreatic microtissues [144].

The formation of spheroids inside microchips is easy and is mainly performed
with emulsion-based techniques and microwells or U-shaped microstructures (Fig. 2.8)
[145]. The first technique consists in encapsulating cells in oil or hydrogel by generating
emulsion droplets which are then trapped in wells for culture. Another method is the
introduction of a cell suspension in a microchip containing wells. After several minutes,
cells deposit on wells bottom and the excess of cells is rinsed out of the microchip by the
flow. The trapped cells create spheroids that keep growing with a continuous supply of
culture medium. In the same way, a U-shape microstructure can also be used to trap the
suspended cells.

Hepatocyte spheroid culture in microchip present a high cell viability in dynamic
conditions in microchip compared to static conditions after several days of culture [146].
Moreover, they exhibit more hepatocyte-specific characteristics according to gene expres-
sion profiles in dynamic conditions [147].

In addition to improved hepatic functions, spheroid-based liver on chip provides

size control. However, the capacity to retrieve the cultured spheroids is limited or even
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impossible: a high flow rates can be applied but can affect cell viability. Moreover, it is
not adapted to high-throughput screening as a large number of microwells is needed.
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FIGURE 2.8: Spheroid formation process in a microwell-based microchip:

(A) Introduction of a cell suspension. (B) Cell deposition. (C) Cul-

ture medium flows through the microchip. (D) Spheroid formation (E)
Spheroid culture under a perfusing flow [145].

2.3.3 Liver on chip 3D bioprinting

Liver on chip based bioprinting gather the previous approaches as it is possible to print
any culture design, whether sandwich, patterns or scaffolds [148]. Using adapted bioink
compositions, it is possible to print in microchip tissue constructs composed of several
cell types and substrates which are heterogeneous, a key characteristic difficult to obtain
in microfluidic systems.

Bioprinting cell structure directly on microchips is the most commonly used method.
Once printed the cell structure is covered by PDMS layer to close the microchip [149] (Fig.
2.9). Some bioreactors can also be developed to keep a direct access to cells [150]. Cell vi-
ability and metabolic functions were maintained several weeks in perfusion culture and
these systems have shown to be reliable for drug toxicity evaluation.

To go further, the microchip can be printed in the same way as cells in one-step
fabrication [151]. Bioprinting the microchip along with cells allows perfect fitting and
therefore avoids any leaks or non-perfused areas. It has been shown that albumin and
urea liver functions were significantly enhanced on the liver on chip.

Combining microchips with 3D cell culture methods represents a new advance
in engineered liver models. However, it seems that one strategy has not been yet tried
without using bioprinting method: scaffold based liver on chip.
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Inkjet cell |
printing

Microfluidic chlp

FIGURE 2.9: Inkjet bioprinting in a microchip [149].

The different liver on chips described here are summarized in the following table
2.3.

Strategies Advantages Disadvantages
- Structure close to a sinu-
soid
Liver on chip s - Few cells
sandwichand | Extended viability and Not adapted to high

functions compared to
layer-by-layer classic sandwich throughput

- Size control

- Extended viability and
functions compared to
classic spheroids

Liver on chip 3D
spheroids

- Not adapted to high
throughput

- Capacity to construct
complex 3D structures
Liver on chip 3D - Possibility to use various
bioprinting cell types and biomaterials
- Reliable for drug toxicity
evaluation

- Printing accuracy
- Properties of printed bio-
materials limited

TABLE 2.3: Summary of liver on chip models.

2.4 Thesis project: a new generation of liver on chip

The two main approaches used in tissue engineering, 3D cell culture and perfused cell
culture, have improved cells” functions of in vitro liver. In the BMBI laboratory, these ap-
proaches have also been explored. On the one hand, our lab pioneered the culture of hep-

atic cells in microchips, based on the previous achievements of Eric Leclerc in Fujii and
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Sakai Lab (LIMMS/CNRS-IIS UMI 2820). With cell lines and primary cells, we demon-
strated that genomic, proteomic and metabolomic responses were enhanced in terms of
biotransformation compared to standard culture [152], [153]. On the other hand, the cul-
ture of liver cells in aggregates within alginate beads resulted also in an improvement of
their functions [154]-[156].

Although these cell culture methods improved hepatic activities, they are still not
satisfactory since cell functions remain partial. In order to accumulate the benefits of the
3D and perfused cell culture, new methods combining these two approaches should be
explored. To our knowledge, such studies do not seem to have been done, except for the
culture of spheroids in microchips. Therefore, the thesis project consists in developing
a new in vitro liver model combining 3D cell culture and perfused cell culture to get
closer to in vivo conditions. This model should improve the reliability of cell responses
and therefore be used in pharmacology to predict any toxicity or lack of efficacy of drug
candidates. Using the knowledge and skills present in the laboratory, we decided to use

the microchip developed in our team in which an alginate cryogel is integrated.

2.4.1 Microchip used

The microchip is made in polydimethylsiloxane (PDMS), a silicon widely used for mi-
crofluidic devices and in particular those used for biomedical applications [157]. Indeed,
this polymer is cheap, optically clear which allows microscopic observations, biocompat-
ible and gas permeable ensuring cell gas exchanges. Although PDMS is inert, it is easy to
coat with proteins to create interactions with cells. Moreover, a wide variety of microchip
design can be created thanks to the easy PDMS molding process.

A first design of the microchip was made in 2004 and the final one was patented
in 2010 [158]. The microchip is composed of 2 faces, corresponding to 2 different wafers.
The lower face is microstructured at the inlet and outlet with microchannels to distribute
homogeneously the cell culture medium, and microstructured between them with mi-
crochambers separated by microchannels to allow cell culture. It is composed of 15 rows
composed themselves of 9 microchambers. The corresponding dimensions are shown in
the figure 2.10. The upper face is not microstructured. The total height inside the mi-
crochip is around 200 ym, 100 ym depth for each face, the cell culture surface around 2
cm? and the volume about 40 yL. This design allows a uniform distribution of the cell cul-
ture medium, a reduction of the shear rate on the cells and a homogeneous distribution
of the cells in the micro-chambers.

The microchip was used for hepatic cell cultures and showed encouraging results.
First experiments with HepG2 showed, in addition to good attachment and proliferation,
higher cell metabolism rates such as albumin production, glucose and glutamine con-
sumption than in static condition [137], [159]. Moreover, transcriptomic analysis demon-
strated that phase I and II enzymes were up-regulated [160]. The response to different

drugs were also studied like acetaminophen [152], [161]. In the same way, investigations
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FIGURE 2.10: Microfluidic device. (A) Photo of a microchip. (B) Pho-
tomasks used to fabricate top and bottom layer molds. (C) Geometry and
dimensions of the microstructured bottom layer.

on primary rat and human hepatocytes were performed. Studies on the biotransforma-
tion of different drugs and on the expression levels of genes involved in xenobiotic activ-
ity highlighted the higher functionality of cells [162]-[165].

2.4.2 Alginate cryogel as 3D scaffold

Alginate, a polysaccharide from brown algae, is widely used since several years in biomed-
ical applications thanks to its physicochemical properties, biocompatibility and ease of
gelation [166]-[168]. Composed of f-D-mannuronate (M) and a-L-guluronate (G) monomers,
this copolymer is frequently ionically cross-linked with cations like Ca?*. However, this
type of bonds results in alginate gels with mechanical properties difficult to control. To
overcome this, we performed a covalent cross-linking with chemical agents to obtain algi-
nate hydrogels. However, the hydrogels usually exhibit a nanoporous structure but is not
satisfactory for cell culture. Indeed, it is better to use scaffold with large pores to promote
cell infiltration and to increase surface area for cell attachment. Different techniques have
thus been developed to create macroporous hydrogels like gas foaming, freeze-drying or
porogen leaching. In the project, we used a recent technique called cryopolymerization
to obtain macroporous hydrogels.

The covalent cross-linking of alginate hydrogels was performed with the adipic
acid dihydrazide (AAD), a symmetrical molecule with primary amines at each end, and
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the 1-Ethyl-3-(3-dimethylaminopropyl) carbodiimide (EDC), a commonly used activa-
tion agent of carboxylic groups. The chemical reaction that occurs between alginate and
the AAD and EDC cross-linkers is described in figure 2.11. In summary, the carboxylic
group of alginate monomers M and G are first activated by EDC (O-acylisourea). This
molecule can then react in 3 different pathways producing desired and undesired prod-
ucts. The reaction with AAD leads to the creation of amide bonds by the coupling of the
primary amines of AAD to the activated carboxylic groups of alginate monomers, result-
ing to the desired product alginate amide. In the same way, the reaction with alginate
monomers leads to alginate amide by passing through an intermediate product, the acid
anhydride. The undesired reaction is the rearrangement of the O-acylisourea that leads
to the stable N-acylurea and not to alginate amide. To obtain a covalently cross-linked
alginate gel, the AAD must be bound to alginate by its two amine groups located at its

extremities.
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FIGURE 2.11: Schematic representation of alginate covalent cross-linking
with AAD and EDC agents.

The macroporous structure of alginate scaffold was created by cryopolymeriza-
tion. The materials obtained by this technique, called cryogels, represent a great interest
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for biomedical applications thanks to their physical and chemical stability, their inter-
connected macroporous structure and ease of formation compared to other macropore
forming techniques [111], [169]-[172]. An overview of the process is described in the
figure 2.12. The alginate solution containing the cross-linkers is placed at subzero tem-
perature. During the freezing, a phases separation occurs: the chemical agents are in an
unfrozen state and the aqueous phase is frozen in the form of ice crystals. The alginate
polymerization occurs in the unfrozen state, around the ice crystals, that act as porogens.
The melting of the ice crystals at ambient temperature gives then rise to macropores. The
size of the pores depends thus of the size of the ice crystals. At very low temperatures
the ice crystals are small because they do not have time to grow resulting in small pore
size. On the contrary, at low temperatures near zero, cristals have time to grow resulting
in higher pore size.

Alginate solution Ice crystals

Freezing

FIGURE 2.12: Overview of the cryopolymerization process to obtain algi-
nate cryogel. Adapted from [173].

2.4.3 Objectives

This project aims at developing an alginate cryogel integrated microchip as a new in
vitro liver model. It should approach the healthy but also the pathological (cirrhosis,
metastasis) liver conditions to be used in pharmacology. This represents an important
issue for the pharmaceutical industry which lacks reliable models to study toxicity and
efficacy during the preclinical phase.

The theoretical design of the alginate cryogel integrated microchip is represented
in figure 2.13. In order to develop such a model, some specifications must be fulfilled:

- Scaffold should present interconnected pores whose size is in the range of 100
pum to limit hydraulic resistance and allow cell seeding

- Perfusion should be possible with limited resistance to flow to avoid pressure
build up in the microfluidic device

- The scaffold’s mechanical properties should be tunable to mimic a healthy or
pathological liver tissue

- Cell anchorage and reorganization in the microchip should be ensured by the
material itself or an adequate coating/functionalization.
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FIGURE 2.13: Illustration of the alginate cryogel integrated microchip.

To reach these aims, the project is divided into different steps corresponding to the

following chapters:

e Alginate cryogel integrated microchip for liver tissue engineering: implementa-
tion and physical characterization
Covalent alginate cryogel is first prepared and characterized out of the microsys-
tem. The effects of freezing temperature on mechanical properties, pores size and
morphology are studied. In particular, the parameters to obtain interconnected and
macro size pores are defined in order to let the flow going through when placed in
the microfluidic device. The alginate cryogel is then integrated inside the microchip
where it is characterized regarding its structure and resistance to flow. Finally, in

order to culture cells inside the device, two possible ways are investigated.

e Proof of concept: human liver cancer cell line HepG2/C3A culture in alginate
cryogel integrated microchip
HepG2/C3A, a well recognized and widely employed cell line, is chosen to start the
biological study. First, microscopic observations and cell viability are performed.
Metabolic activities are then studied by measurement of glucose and albumin quan-
tities. The xenobiotic activity is also assessed by the biotransformation of APAP.
The results are compared to cell culture in the cryogel-free microchip. Finally, the
possibility to remove the alginate cryogel during the cell culture was tested.

e Towards a complex liver model: primary human hepatocytes and co-cultures
In order to explore the different possibilities offered by this novel of liver on chip,
preliminary experiments were performed. First, primary human hepatocytes were
cultured: cell viability and metabolic activities were studied. Then, co-cultures
were performed: HepG2/C3A with HUVEC in order to reproduce the liver sinu-
soid and HepG2/C3A with MDA-MB-231, a breast cancer cell line, in order to study
extravasation and metastases mechanism.
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This thesis is part of the university hospital research project Innovations for Liver
Tissue Engineering (iLite - PI Prof. JC Duclos-Vallée) which aims at producing "mini
livers". The option of combining 3D scaffold and microfluidics is one of the different
methods that have been considered in this large project. This work is also funded by the
"Comité de 1'Oise de la Ligue contre le Cancer", in view of developing novel approach to
study the impact of cytotoxic drugs on liver tissues.
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Chapter 3

Materials and methods

3.1 Materials

Acid adipic dihydrazide (AAD), alginate lyase, bovine serum albumin (BSA), 1-Ethyl-3-
(3-dimethylaminopropyl)carbodiimide (EDC), fluoresceinamine isomer I, 2-(N-morpholino)
ethanesulfonic acid (MES), acetaminophen (APAP), paracetamol beta-D-glucuronide (APAP-
GLU), paracetamol sulfate potassium salt (APAP-SULF), sodium bicarbonate were pur-
chased from Sigma-Aldrich. Alginate manucol LKX was purchased from FMC Biopoly-
mer. G4RGDSP was purchased from Peptide 2.0 (Table 3.1).

Product CAS Number
AAD 1071-93-8
Alginate Manucol LKX 9005-32-7
Alginate Lyase 9024-15-1
BSA 9048-46-8
EDC 25952-53-8
Fluoresceinamine, isomer I 3326-34-9
G4RGDSP /
MES 4432-31-9
APAP 103-90-2
APAP-GLU 16110-10-4
APAP-SULF 32113-41-0
Sodium Bicarbonate 144-55-8

TABLE 3.1: References of chemical products.

Alexa Fluor 488 Phalloidin, DAPI, Donkey anti-Mouse IgG (H+L) secondary anti-
body, Alexa Fluor 488 conjugate, Vybrant’™ Dil Cell-Labelling Solution, Vybrant™ DiO
Cell-Labelling Solution were purchased from Invitrogen. MEM Eagle w: EBSS, w/o: L-
Glutamine, w: 2.2 g/L NaHCO3, Penicillin-Streptomycin, Stable Glutamine (200 mM),
HEPES Buffer 1 M, were purchased from PAN BIOTECH. MEM Non-Essential Amino
Acids Solution (100X), PBS, pH 7.4 (1X) [-]CaCl, [-[MgCl,, Sodium Pyruvate 100 mM
(100X), Trypsin EDTA 0,25% (1X) were purchased from Gibco. HBM (Hepatocyte Basal
Medium with UltraGlutamine-1), HCM SingleQuots were purchased from Lonza. Anti-
collagen I antibody (mouse) was purchased from abcam. Collagen I, rat tail was pur-
chased from Corning. ViaQuant’ Far-Red Fixable Dead Cell Stain Kit was purchased
from Genecopoeia. Human Albumin ELISA Quantitation set was purchased from Bethyl
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Laboratories. LDH CytoTox 96 Non-Radioactive Cytotoxicity Assay was purchased from
Promega. Glucose (GOD-POD) kit was purchased from Thermo Scientific.

Pump tubing, 2-stop, PharMed ®BPT, 0.89 mm ID, Masterflex® Adapter Fittings
were purchased from Cole-Parmer. Tubing PTFE, 0.8 mm ID x 1.6 mm OD was purchased
from Fisher Scientific. Peristaltic pump IPC-N 24 was purchased from ISMATEC.

3.2 Alginate cryogels

3.2.1 Synthesis

Alginate powder (Alginate Manucol LKX, FMC Biopolymer) at (G/M) ratio of (30-40/60-
70) was dissolved in 2-(N-Morpholino) ethanesulfonic acid (MES) solution (50 mM, pH
6) at 1 and 2% (w/v) overnight with gently continuous stirring. After dissolution, for 1
mL of 1% alginate solution, 1.2 mg of AAD was added and mixed with a vortex following
by 2.7 mg of EDC for a (AAD:EDC) ratio of (1:1). Different alginate concentrations and
(AAD:EDC) ratios were used (Table 3.2). Immediately after mixing, the solution was
distributed in cylindrical molds (8 mm diameter, 6 mm height) or within microchips and
stored at subzero temperature (-20 °C, -50 °C, -80 °C) overnight. The alginate cryogels
were then thawed at room temperature and washed 3 times in MilliQ H>O to remove any
unreacted chemicals. They were incubated in a sodium carbonate solution (0.1 mM, pH
8.2) for 20 min to promote hydrolysis of EDC-activated carboxylic groups. Finally, the
samples were washed 3 times with MilliQ H,O.

Sample names Alginate (w/v) AAD (mg) EDC (mg)

1% (1:1) 1% 12 27
1% (1:2) 1% 12 54
1% (1:3) 1% 12 81
2% (2:2) 2% 24 54

TABLE 3.2: Summary of alginate concentrations and (AAD:EDC) ratios
used for alginate cryogel preparation.

3.2.2 Mechanical properties

Cylindrical samples of alginate cryogels (8 mm diameter, 6 mm height) were used to
measure the mechanical properties by uniaxial compression test. First, the samples were
incubated in PBS solution at 37 °C overnight. Using a mechanical testing system (Syn-
ergie 400, MTS system) with a 2 N load cell, the samples were then compressed in PBS
solution at a rate of 3 mm/min up to 67% of deformation. The Young’s modulus was then

obtained by measuring the slope of the stress-strain curve in the first 10% deformation.

3.2.3 Physical properties

Cylindrical samples of alginate cryogels (8 mm diameter, 6 mm height) were used to mea-

sure the degree of pore connectivity (DC) and the swelling ratio (Qxs). The samples were
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hydrated in PBS at 37 °C overnight. Then the hydrated mass (m;) and the dehydrated
mass (my,), obtained after wicking the samples on absorbent paper, were measured. The
samples were then washed with water and lyophilized to measure the dried mass (m;)
(Fig. 3.1). The DC and Q) were finally calculated as follows:

DC = (my,-my,)/m;y, x 100
Qum = (my-my)/my

The DC represents the volume of interconnected pores, expressed as a percentage
of the total volume. The Qs represents the quantity of total water absorbed, expressed
as a number of times that the sample can take its weight in water.

A B C

— Alginate polymer —— Hydrated alginate polymer Water

FIGURE 3.1: Schematic representation of alginate cryogel structure. (A)
Hydrated, (B) Dehydrated and (C) Dried alginate cryogel.

3.2.4 Microstructure analysis

Cylindrical samples of alginate cryogels (8 mm diameter, 6 mm height) were prepared.
The samples were first lyophilized (Alpha 1-2 LDplus, CHRIST) and then observed using

scanning electron microscopy (SEM) (XL 30-ESEM FEG, Philips, The Netherlands). The
pore size was measured from the SEM images using the software Image].

3.2.5 Aminofluorescein functionalization

A solution of 1 mL of MES solution (50 mM, pH 6), 12 uL aminofluorescein (1 mM) and
2.7 mg of EDC were mixed and injected inside the alginate cryogel-integrated microchips.
After overnight incubation, the samples were washed with PBS and finally observed un-
der confocal microscopy (Zeiss LSM 710).

3.2.6 RGD functionalization

Alginate powder (Alginate Manucol LKX, FMC Biopolymer) at (G/M) ratio of (30-40/60-
70) was dissolved in MES buffer (50 mM, pH 6) at 1% (wt/v) overnight with gently con-
tinuous stirring. After dissolution, 40 mg of sulfo-N-Hydroxysuccinimide (NHS) and
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60 mg of EDC were mixed for 1 mL of 1% alginate solution. Then, 25 mg of amine-
terminated G4RGDSP were added and the solution was kept under continuous stirring
overnight to let the reaction proceed. The resulting G4RGDSP grafted alginate was first
purified by precipitation in acetone and then dried in a vacuum oven overnight. The

polymer was purified a second time by several washes with water.

3.2.7 Collagen coating

A collagen type I from rat tail (Corning Life Science) at 0.3 mg/mL was injected in the
alginate cryogel and incubated for 2 h at 37 °C. The alginate cryogel was then washed
with PBS.

3.2.8 Collagen staining

The collagen was labeled by immunofluorescence. The sample was first incubated in
a mouse anti collagen I antibody solution (1/500, abcam) for 2 h at room temperature.
After washing with PBS, the cryogel was then incubated in an anti-mouse Alexa Fluor
488 conjugated solution (1/500, ThermoFisher) for 2 h at room temperature. Finally, the
sample was washed with PBS and observed using epifluorescence microscopy.

3.3 Microchip

3.3.1 Fabrication

The step of mold fabrication was performed by the "Laboratoire d’analyse et d’architecture
des systemes" in Toulouse. The microstructure of the microchip was first designed on
computer and transferred on a specific paper used as a photomask. To create the mold, a
thin slice of silicon, called wafer, was coated with a photosensitive resin thanks to a spin
coater. After heating at 95 °C for 30 min, photolitography was performed: the wafer was
exposed to ultraviolet rays through the photomask allowing the exposed resin to cross-
link. The non cross-linked resin was then removed with a developer bath. Finally, the
obtained molds were dried with nitrogen.

The polydimethylsiloxane (PDMS) (SYLGARD 184 kit, Dow Corning) was mixed
with a cross-linking agent at 10:1 (w/w) and poured on the molds, 10 mg and 5 mg for
the top and bottom layers respectively. After degassing PDMS under vacuum bell, the
molds were heated in an oven at 70 °C for 2 h. Once the PDMS cross-linked, layers were
unmolded. The top layer was then perforated with a 2 mm puncher to create the inlet
and the outlet of the microchip. The two replica were then sealed together after an air
plasma treatment for 1 min. Finally, the microchip was cut with a custom made puncher
to standardize its shape.

At this step, the microchips can be filled with alginate solution to obtain the cryo-
gel. After cross-linking, the excess of cryogel located in the inlet and outlet holes were

removed with tweezers.
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3.4. Cell culture

Finally, silicone tubes with a polypropylene connector (Luer, diameter 1.6 mm,
Cole Farmer) were inserted in the inlet and outlet holes. They were sealed to the mi-
crochip with PDMS. The microsystem was then placed in the oven at 70 °C for the
cryogel-free microchips and in the incubator at 37 °C overnight for the alginate cryogel-

integrated microchips to prevent the cryogel from drying out.

3.3.2 Hydrodynamic characterization

The resistance to flow of the microchip was characterized by a setup composed of a
pressure controller (MFCS™-EZ, Fluigent) and a flowmeter (Flow Unit type M model,
Fluigent) (Fig. 3.2). The pressure P required at the inlet of the microchip to reach the
desired flow rate Q at the outlet was measured.

Q
Pressure P
controler e Flow meter ————

FIGURE 3.2: Scheme of the hydrodynamic measurement set up.

3.4 Cell culture

3.4.1 HepG2/C3A

The HepG2/C3A is a clonal derivative of HepG2, a human hepatocyte cell line coming
from a hepatocellular carcinoma. They come from ATCC (reference CRL-10741).

The HepG2/C3A cells were cultured at 37 °C in a 5% CO, supplied incubator
in a T75 culture flask. The culture medium consisted of Minimum Essential Medium
(MEM, Gibco) completed with 10% fetal bovine serum (FBS, Gibco), 2 mM L-Glutamine
(PAN BIOTECH), 0.1 mM nonessential amino acids (Gibco), 1 mM sodium pyruvate
(Gibco), 1% HEPES buffer (PAN BIOTECH) and 100 units/mL penicillin-streptomycin
(PAN BIOTECH). The medium was changed every two days. At confluence, the cells
were detached with 0.25% trypsin EDTA (Gibco) for 10 min and seeded at 20 000 cells/cm?.

3.4.2 Primary human hepatocytes

The PHH used are cryopreserved cells. They come from Biopredic (reference HEP701LN).

The PHH were not cultured in culture flask T75 but directly in the microchips at
37 °Cina 5% CO; supplied incubator. The culture medium consisted of hepatocyte basal
medium (HBM™M Basal Medium, Lonza) completed with hepatocyte culture medium
supplements (HCM™ Kit SingleQuotsTM Kit, Lonza) containing 2% FBS, ascorbic acid,
albumin, free fatty acids, hydrocortisone, recombinant human Epidermal Growth Factor
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(rth EGF), transferrin, insulin, gentamicin and amphotericin. After the adhesion phase,
corresponding to the first 24 h after seeding, the medium was replaced by serum free

medium.

3.4.3 HUVEC

The HUVEC is a cell line of endothelial cells from the umbilical cord. They come from
ATCC (reference CRL-1730).

The HUVEC were cultured at 37 °C in a 5% CO, supplied incubator in a T75
culture flask. The culture medium consisted of endothelial basal medium (EBM™M-2
Endothelial Cell Growth Basal Medium, Lonza) completed with endothelial cells sup-
plements (EGM™M-2 Endothelial SingleQuots™ Kit, Lonza) containing 2% FBS, ascor-
bic acid, heparin, Insulin-like Growth Factor (IGF), hydrocortisone, human Epidermal
Growth Factor (hEGF), recombinant human Fibroblast Growth Factor (rh FGF), Vascu-
lar Endothelial Growth Factor (VEGF), gentamicin and amphotericin. The medium was
changed every two days. At 70-80% of confluence, the cells were detached with 0.25%
trypsin EDTA (Gibco) for 10 min and seeded at 20 000 cells/cm?.

344 MDA-MB-231

The MDA-MB-231 is a human breast cell line coming from an adenocarcinoma. They
come from ATCC (reference HTB-26) and have been transfected with Green Fluorescent
Protein (GFP) by the pSUPER neo.GFP vector in the INSERM U908 laboratory at Lille.

The MDA-MB-231 cells (ATCC, reference HTB-26) were cultured at 37 °C in a
5% CO; supplied incubator in a T75 culture flask. The culture medium was the same
as the HepG2/C3A medium which consisted of Minimum Essential Medium (MEM,
Gibco) completed with 10% fetal bovine serum (FBS, Gibco), 2 mM L-Glutamine (PAN
BIOTECH), 0.1 mM nonessential amino acids (Gibco), 1 mM sodium pyruvate (Gibco),
1% HEPES buffer (PAN BIOTECH) and 100 units/mL penicillin-streptomycin (PAN BIOTECH).
The medium was changed every two days. At confluence, the cells were detached with
0.25% trypsin EDTA (Gibco) for 10 min and seeded at 20 000 cells/cm?.

3.5 Cell culture in alginate cryogel-integrated microchip

To avoid any high pressure inside the microchip, which could cause alginate cryogels
tears, all the solution injections were gently performed with a 200 uL micropipette.
3.5.1 Perfusion devices: IDCCM and bubble trap

Bubble trap system

The bubble trap system (MEDICOLAB) was a cylindrical glass reservoir (volume of 2
mL). It was composed of a plug on the top and of two holes: an inlet at the mid-height
and an outlet at the bottom (Fig. 3.3 A). The bubble trap system was connected to a
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3.5. Cell culture in alginate cryogel-integrated microchip

microchip and to the peristaltic pump with tubings and connectors (Fig. 3.3 B). The
culture medium flowed from the top to the bottom to avoid any air bubbles in the mi-
crochip. Each microchip was independently connected to one bubble trap with its proper
microfluidic circuit. To maintain this system in an upright position, it was placed in a
homemade PDMS support.

B > Microchip

Plug
/

Qutlet

Peristalticpump Tubings

FIGURE 3.3: Bubble trap system. (A) Photo of the device. (B) Schematic
representation of the microfluidic circuit.

IDCCM device

The device Integrated Dynamic Cell Cultures in Microsystems, called IDCCM, was de-
veloped in the laboratory and patented in 2011 [174], [175]. It was a manufactured poly-
carbonate box, the size of a 24-well plate, composed of a top layer and a bottom layer
separated by a silicon seal (Fig. 3.4 A). The bottom layer was composed of 24 holes al-
lowing to connect the microchips on one side and of 24 wells, one over each hole, on the
other side. Each microchip was connected to 2 wells (volume of 2 mL per well) thanks to
connectors. Up to 12 microchips could be used simultaneously and independently with
one IDCCM device. The top layer was composed of 24 holes to connect the tubes. The
box was tightly maintained closed by a metal clamping system (Fig. 3.4 B). The microchip
perfusion was ensured by a peristaltic pump integrated to the microfuidic circuit (Fig. 3.4
C). Thanks to a plexiglass support, the IDCCM device could be placed on the peristaltic
pump (Fig. 3.4 D).
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A Top layer B Top view
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FIGURE 3.4: IDCCM device. (A) Photos of the IDCCM components. (B)

Photos of the IDCCM device connected to 12 microchips and closed with

the metal clamping system. (C) Schematic representation of the microflu-
idic circuit. (D) Photo of the whole IDDCM device.

An evaporation of cell culture medium was observed with the IDCCM device and
the bubble trap system. This phenomenon is well known in microfluidics because of the
very small volumes used [176]. It was already observed in the previous study of Dr.
Baudoin [177] with the bubble trap system. It was estimated to 300 yL/24h. To take into
account this evaporation, all volumes of the medium samples were measured.

3.5.2 HepG2/C3A culture

The culture was performed with the IDCCM device connected to 12 microchips: 6 1%
(1:1) alginate cryogel-integrated microchips and 6 cryogel-free microchips. The experi-
ment was performed during 6 days (Fig. 3.5).
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At day 0, prior to use, the microchips were sterilized using 70% ethanol for 15 min.
After washing with PBS, the microchips were coated with collagen I and then washed
with cell culture medium. The HepG2/C3A were detached from the culture flask with
0.25% trypsin EDTA (Gibco) for 10 min and seeded in the microchips at a density of
500 000 cells/biochip (10 million cells/mL). The microchips were placed in a 5% CO,
incubator at 37 °C overnight to allow cell adhesion.

At day 1, the 12 microchips were plugged to the IDCCM device which was then
connected to a peristaltic pump (ISMATEC, ISM 939) with PharMed BPT tubings of 0.89
mm inner diameter (Cole Parmer). The wells of the IDCCM device were filled with 2
mL of cell culture medium (4 mL per microchip). The whole device was placed in the
incubator at 37 °C with 5% CO, under perfusion at 10 L /min.

At day 2, 4 and 6, the culture medium was changed. Each culture medium sample
was collected and stored at -20 °C for further analysis (glucose and albumin quantifica-
tions). Moreover, cell viability assays and SEM observations were performed.

The xenobiotic activity was assessed by APAP biotransformation. At day 2, 4 and
6 the cells were exposed to APAP (100 uM). After 24h of exposure, the culture medium
was collected and the APAP metabolites were quantified by mass spectrometry.

After use, the IDCCM device and tubings were washed with SDS at 2% (Sigma)
for 1 h and then washed with deionized water. Once analyzed, the microchips were
discarded.

Time (days)
* Microchip * Covalent Cross- * Sterilization
Fabrication linking of Alginate * Collagen Coating
* HepG2/C3A
Seeding
< > €
Static Dynamic
Cell Culture Cell Culture

FIGURE 3.5: Experimental steps of HepG2/C3A cell culture in the alginate
cryogel-integrated microchip.
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3.5.3 PHH culture

The culture was performed with the IDCCM device with 1% (1:1) alginate cryogel-integrated
microchips. The experiment lasted 15 days (Fig. 3.6 A).

At day 0, prior to use, the alginate cryogel-integrated microchips were sterilized
using 70% ethanol for 15 min. After washing with PBS, the microchips were coated with
collagen I and then washed with cell culture medium. The PHH were thawed and seeded
in the microchips at a density of 500 000 cells/biochip (10 million cells/mL). They were
placed in a 5% CO; incubator at 37 °C overnight to allow cell adhesion.

At day 1, the 24 microchips were plugged to IDCCM devices that were then con-
nected to peristaltic pumps (ISMATEC, ISM 939) with PharMed BPT tubings of 0.89 mm
inner diameter (Cole Parmer). The wells of the IDCCM devices were filled with 2 mL of
cell culture medium (4 mL per microchip). The whole devices were placed in the incuba-
tor at 37 °C with 5% CO; and perfused at 10 uL/min.

Atday 2, and every odd-numbered day thereafter, the culture medium was changed
by APAP free culture medium. From day 4, and every even-numbered day thereafter, the
cell culture medium was changed by culture medium with APAP (15 uM). Each culture
medium sample was collected and stored at -20 °C for further analysis (albumin and
LDH quantifications).

At day 7 and 15, cell viability assays were performed.

After use, the IDCCM devices and tubings were washed with SDS at 2% (Sigma)
for 1 h and then washed with deionized water. Once analyzed, the microchips were
discarded.

3.5.4 HepG2/C3A and HUVEC co-culture

The culture was performed with the bubble trap system with 1% (1:1) alginate cryogel-
integrated microchips. The co-culture was performed during 5 days with the HepG2/C3A
medium culture (Fig. 3.6 B). Two options were performed.

Option 1: sequential seedings

At day 0, prior to use, the microchips were sterilized using 70% ethanol for 15 min.
After washing with PBS, the microchips were coated with collagen I and then washed
with cell culture medium. The HepG2/C3A were detached from the culture flask with
0.25% trypsin EDTA (Gibco) for 10 min and seeded in the microchips at a density of
500 000 cells/biochip (10 million cells/mL). The microchips were placed in a 5% CO,
incubator at 37 °C overnight to allow cell adhesion.

At day 1, each microchip was connected to a bubble trap system, connected to
a peristaltic pump (ISMATEC, ISM 939) with PharMed BPT tubings of 0.89 mm inner
diameter (Cole Parmer). The bubble trap systems were filled with 2 mL of cell culture
medium. The whole microfluidic circuit was placed in the incubator at 37 °C with 5%
CO; and perfused at 10 L /min.
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Once the HepG2/C3A cells occupied the cryogel, they were labeled with DiO
(Vybrant DiO Cell-Labelling Solution, ThermoFisher) by following the manufacturer’s
instructions. The medium was replaced by a solution of alginate lyase to remove the
cryogel. Then, HUVEC were detached from the culture flask with 0.25% trypsin EDTA
(Gibco) for 10 min and labeled with Dil (Vybrant Dil Cell-Labelling Solution, ThermoFisher)
by following the manufacturer’s instructions. They were seeded at 700 000 cells/biochip.

After 5 days of co-culture in dynamic conditions, the microchip were observed
under confocal microscopy.

Option 2: simultaneous seedings

At day 0, prior to use, the microchips were sterilized using 70% ethanol for 15
min. After washing with PBS, the microchips were coated with collagen I and then
washed with cell culture medium. HUVEC and HepG2/C3A were detached from their
culture flasks with 0.25% trypsin EDTA (Gibco) for 10 min and labeled with DiO (Vy-
brant DiO Cell-Labelling Solution, ThermoFisher) and Dil (Vybrant Dil Cell-Labelling
Solution, ThermoFisher) respectively by following the manufacturer’s instructions. They
were seeded at a ratio of 2:1 HepG2/C3A:HUVEC (Imillion:500 000) cells/biochip.

After 5 days of co-culture in dynamic conditions, the microchip were observed
under confocal microscopy.

After use, the bubble trap system and tubings were washed with SDS at 2% (Sigma)
for 1 h and then washed with deionized water. Once analyzed, the microchips were dis-
carded.

3.5.5 HepG2/C3A and MDA-MB-231 co-culture

The culture was first performed in well plates and then in 1% (1:1) alginate cryogel-
integrated microchips. The experiment was performed during 6 days in well plates and
4 days in microchips (Fig. 3.7).

Concerning the well plate experiments, at day 0, HepG2/C3A were detached from
the culture flask with 0.25% trypsin EDTA (Gibco) for 10 min and seeded in the wells at
a density of 20 000 and 200 000 cells/cm?.

At day 1, MDA-MB-231 were detached from the culture flask with 0.25% trypsin
EDTA (Gibco) for 10 min and seeded in the wells at a density of 1 000 cells/cm?.

At day 2, 4 and 6, the culture medium was changed and cell viability assays
were performed. Cell counting of the different cell types was then carried out with a
Malassez’hemocytometer after 0.25% trypsin EDTA treatment for 10 min.

Concerning the microchip experiments, at day 0, prior to use, the microchips were
sterilized using 70% ethanol for 15 min. After washing with PBS, the microchip were
coated with collagen I and then washed with cell culture medium. The HepG2/C3A
were detached from the culture flask with 0.25% trypsin EDTA (Gibco) for 10 min and
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FIGURE 3.6: Experimental steps of cell cultures in the alginate cryogel-integrated microchip. (A) PHH cell culture. (B) HepG2/C3A

and HUVEC co-culture.
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seeded in the microchips at a density of 1 million cells /biochip (20 million cells/mL). The
microchips were placed in a 5% CO, incubator at 37 °C overnight to allow cell adhesion.

At day 1, MDA-MB-231 were detached from the culture flask with 0.25% trypsin
EDTA (Gibco) for 10 min and seeded in the microchip at a density of 1 000 cells/microchip.

At day 2 and 4, cell culture medium was changed and cell viability assays were

performed.
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FIGURE 3.7: Experimental steps of HepG2/C3A and MDA-MD-231 co-
culture in the alginate cryogel-integrated microchip.

3.5.6 Alginate lyase

To remove the alginate cryogel, alginate lyase (Sigma) was first diluted in culture medium
at 10 mg/mL. The culture medium in the bubble traps or in the wells of the IDCCM
device was then replaced by the alginate lyase solution. The systems were then placed in
the incubator at 37 °C for 1 h under perfusion at 10 yL/min. After breaking down of the

alginate cryogel, the solution was replaced by culture medium.

3.6 Cell culture analysis: imaging

3.6.1 Cell viability

The microchips were first washed with PBS and then incubated with a Via Quant’™ Far-
Red Fixable Dead Cell Stain Kit (GeneCopoeia) for 30 min at room temperature. After
washing with PBS, the samples were fixed in a 4% paraformaldehyde (PFA) solution
(VWR) for 10 min at room temperature. Samples were then permeabilized with a 0.1%
TritonX-100 solution for 5 min and blocked with a 1% Bovine Serum Albumin solution
(Sigma) for 30 min. Actin and nuclei staining were performed using Alexa Fluor 488
Phalloidin (1/1000, Thermofisher) and DAPI (1/200, Sigma) respectively. The samples

77



Chapter 3. Materials and methods

were finally washed with PBS before visualization using confocal microscopy (Zeiss LSM
710).

3.6.2 Confocal and epifluorescence microscopy

Microchips were observed using either confocal (Zeiss LSM 710) or epifluorescence (Leica
DMI6000 B) microscopy in the days following their staining. Single images or stacks of
200 pm were performed (Fig. 3.8). The fluorescent dyes used are listed in table 3.3.

Name Abs/Em (nm) Color Target
DAPI 358461 Blue Nucleus
Alexa Fluor 488 Phalloidin 495/518 Green Cytoskeleton
Far-Red 650/665 Red Dead cell
Fluorescein 490/520 Green Alginate

Vybrant DiO Cell-Labelling 484/501 Green HepG2C3A
Vybrant Dil Cell-Labelling 549 /565 Red HUVEC

TABLE 3.3: Fluorescent dyes used in imaging.
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FIGURE 3.8: Confocal microscopy imaging. (A) Representation of a mi-
crochip view under confocal microscopy (B) Top view representation of
confocal images.
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3.6.3 Scanning electron microscopy

The microchips were first washed with PBS. Cell were then fixed with a 4% PFA solution
for 10 min at room temperature. After PBS washing, small slices of microchips were cut
with a scalpel. The slices were observed on the transverse view using SEM (XL 30-ESEM
FEG, Philips, The Netherlands) (Fig. 3.9).
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FIGURE 3.9: SEM imaging. (A) Representation of the microchip slice
cutout for SEM imaging (B) Cross-sectional representation of a microchip
slice to be observed by SEM.

3.7 Cell culture analysis: quantification

3.7.1 Albumin

Albumin was quantified in the medium samples using an ELISA sandwich technique
(Human Albumin ELISA kit, Bethyl Laboratories). First, the 96-well plate was coated
with 100 uL of a goat anti human albumin antibody diluted (1/100) in a carbonate buffer
(0.05M, pH 9.6) for 1 h at room temperature. After five washing with a washing solution
(50 mM Tris, 0.14 M NaCl, 0.05% tween, pH 8, Sigma), 200 uL of a blocking solution (50
mM Tris, 0.14 M NaCl, 1% BSA, pH 8, Sigma) was added to each well. After an incuba-
tion of 30 min at room temperature, the wells were washed with the washing solution
five times. The samples and the standards diluted in a 0.1% tween solution were then
prepared. 100 uL were added to each well and incubated for 1 h at room temperature.
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After five washing, 100 yL of a HRP conjugated goat anti human albumin antibody so-
lution diluted (1/50 000) was incubated for 1 h at room temperature. After five washing,
the peroxidase was revealed with 100 uL of a citrate buffer (0.05 M, pH 7.4) completed
with o-Phenylenediamine dihydrochloride (OPD) and H,O,. After 5 to 15 min protected
from light at room temperature, the reaction was stopped with 100 uL of sulfuric acid
(0.18 M). The absorbance was then measured with a microplate reader at 492 nm (Spark
10M, TECAN).

3.7.2 Glucose

Glucose was quantified in the medium samples using two successive enzymatic reactions
performed by a chemistry analyzer (INDIKO, ThermoFisher) with the GOD-POD system
glucose reagents kit (ThermoFisher). The glucose was first transformed in glucono-delta-
lactone and hydrogen peroxide by the glucose oxidase (GOD). Then, in presence of perox-
idase (POD), the hydrogen peroxide reacted with 4-aminoantipyrine and phenol to form
a red quinone imine. The absorbance of the obtained colored solution was measured at
510 nm.

3.7.3 Lactate dehydrogenase

Lactate Dehydrogenase (LDH) was quantified in the medium samples using the Cyto-
tox96 kit (Promega). Culture medium samples were placed in a 96 well plate, 50 uL per
well. Then, 50 uL of the Reagent Solution containing lactate, nicotinamide adenine dinu-
cleotide (NAD+) and iodonitrotetrazolium (INT), were added to each well and incubated
at room temperature for 30 min. LDH catalysed the reduction of NAD+ to NADH in the
presence of lactate. INT was then reduced into formazan, a red dye, thanks to the pres-
ence of NADH. The reaction was stopped by 50 uL of the Stop Solution. The formazan
concentration that is proportional to the LDH one was finally measured with a microplate
reader at 492 nm (Spark 10M, TECAN).

3.7.4 APAP metabolites

The resulting metabolites of APAP biotransformation, APAP-GLUC and APAP-SULE,
were quantified by mass spectrometer. An Agilent QQQ 6460 mass spectrometer with
a jet stream electrospray ion source and an Agilent 1200 series fast resolution LC sys-
tem (Wilmington, DE) were employed to detect APAP and its metabolites in the culture
medium samples. MassHunter software was used for system control, data acquisition,
and data processing. LC separation was performed on an Agilent poroshel C18 reverse
phase column (100 mm x 4.6 mm i.d., 2.6 um particle size) with a gradient program at a
flow rate of 1 mL/min. The mobile phase A consisted of 100% HPLC grade water with
0.1% formic acid and mobile phase B consisted of 100% HPLC grade acetonitrile. The
gradient started with 2% solvent B, held at 2% B for 1 min before being increased to 20%
B then increased to 95% in 1 min and was then held at 95% B for 2 additional minutes.

The column was re-equilibrated with 2% B for 3 min. Total run time was 12 min with a
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10 uL injection volume. The mass spectrometer was operated in positive and negative
jet stream ESI modes. Nitrogen was used as a nebulizer, turbo (heater) gas, curtain, and
collision-activated dissociation gas. The capillary voltage was +3800 V and +3500 B. The
ion source gas temperatures were 350 °C with flows of 12 L/min. Jetstream gas temper-
atures were 350 °C with flows of 12 L/min. APAP and metabolits were measured by
selective reaction monitoring (SRM). Figure 3.10 lists the optimal mass spectrometric set-
tings (frag mentor and collision energy) for each quantifying and qualifying transition.
The calibration curve was performed with internal calibration using 0.5 ym APAP-D4 in
acetonitrile. The samples are prepared by taking 20 uL of medium and adding 80 uL of
the internal standard solution to the actenotrile in a 1 mL glass vial, then centrifuged for
5 min at 13500 rpm before being transferred from a vial with a 200 pL glass insert.

Scan Segments
Cpd Name ISTD? Prec lon MS1 Res Prod lon MS2 Res Dwell Frag (V) CE(V) CellAcc Polarty
v
APARP D2 Yes 158 UnitEnh 114 Unit'Enh 20 80 8 7 Positive
(B400) (6400)
APAP Mo 152.07 Unit'Enh 110.1 Unit/Enh 20 80 12 7 Positive
(B480) (6400)
APAP Mo 152.07 Unit'Enh 85.1 Unit'Enh 20 80 32 7 Positive
(B480) (480
APAP Mo 230.1 Unit'Enh 150 Unit'Enh 10 120 2 7 Negative
SULF (2400) (6400)
APAF Mo 230.1 Unit/Enh 107 Unit/Enh 10 120 20 7  MNegative
SULF (@400) (6400)

FIGURE 3.10: Mass spectrometric settings.

3.8 Statistical analyses

Group data are presented as mean +/-SE. The data analysis were performed with one-
way or two-way ANOVA using the GraphPad Prism 5 statistical software. Values of p <
0.05 were considered statistically significant.
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Chapter 4

Alginate cryogel integrated
microchip for liver tissue

engineering: characterization

The first part of this work concerns the study of the biomaterial, i.e. the alginate cryo-
gel, that we propose to implement in the microfluidic device. As seen in chapter 2, the
scaffold used as a 3D extracellular matrix plays an important role for 3D cellular organi-
zation. Starting from alginate material that is currently used in the laboratory for hepatic
cell microencapsulation into microporous beads, we aim at producing a cryogel whose
macroporosity would promote a 3D cell structure. As cells/scaffold interactions impact
cells” behaviour and functions, it is essential to characterize the cryogel itself, considering
both the macroscopic and microscopic levels.

First, the physical properties and microscopic structure of alginate cryogel are
evaluated. The scaffold is then integrated into the microchip where its perfusion is stud-
ied from a hydrodynamic point of view. Finally, in order to achieve further cell cultures
in the cryogel-integrated microchip, two methods, coating and functionalization, are ex-

plored to ensure cell adhesion.

4.1 Alginate cryogel characterization

In this part, we choose to perform all the characterizations on cylindrical samples of
alginate cryogels. Indeed, after implementation in the microchip, some of the scaffold’s
properties are not accessible anymore. The effects of three major parameters on cryogels
properties are studied: temperature of polymerization, alginate concentration and cross-
linking ratio. The aim is to understand these parameters on the biomaterial’s mechanical

and physical properties and to select the best conditions for cell culture in the microchip.

4.1.1 Cryopolymerization: choice of the freezing temperature

Cross-linking alginate at subzero temperatures (T < 0 °C), a mechanism known as cry-
opolymerization, allow the fabrication of ice-templated cryogels. Once the cross-linking
reaction complete, the biomaterial is brought to room temperature, leading to the melting
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of the crystals, therefore creating pores. As shown in the bibliography study, these cryo-
gels present remarkable and tunable properties, including an interconnected and macro-
porous network. Among the different reaction parameters, the cryopolymerization tem-
perature is an important one that determines the size of the ice crystals and consequently
the size of the pores. At very low temperatures, the ice crystals do not have time to grow
and remain small leading to a scaffold with small pores. On the contrary, at tempera-
tures close to 0 °C, a structure with larger pores is achieved as the ice crystals have time
to develop. Thus, different cryopolymerization temperatures (-20 °C, -50 °C, -80 °C) are
tested to tune pore size. Cylindrical samples are prepared with a 1% (w/v) alginate con-
centration, in the presence of a cross-linking agent ratio AAD:EDC of 1:1. They are kept
overnight at sub-zero temperature to let the reaction proceed. After cross-linking, the
resulting cryogels are thawed at room temperature.

The resulting alginate cryogel cylinders are shown in figure 4.1. The samples cross-
linked at -20 °C present a well defined cylindrical shape. In contrast, those cross-linked
at-50 °C and -80 °C cannot maintain their shape and collapse under their weight. In this
case, polymerization is likely not to be complete. Extending the cross-linking time to a
few days does not change the results. The cryopolymerization temperature is thus set at
-20 °C for further studies.

-20 °C -50 °C -80 °C

FIGURE 4.1: Photographs of cylindrical 1% (w/v) (1:1) alginate-based

cryogels cross-linked at various subzero temperatures. (A) Side view. (B)

Top view. (1:1) represents the (AAD:EDC) cross-linkers ratio. Scale bar =
10 mm.

4.1.2 Mechanical properties

The mechanical properties of the liver differ according to its physiological state. The
Young’s modulus (YM) of a healthy liver is below 4 kPa and increases in case of fibrosis
[178], [179]. The more advanced the fibrosis, the higher the YM, ranging from 8 kPa to
15 kPa (Fig. 4.2). In order to mimic as closely as possible the liver physiological microen-
vironment, the scaffold should exhibit mechanical properties close to those measured
in vivo. Depending on the physiological state to be reproduced, the scaffold YM need
thus to be adjusted. It is therefore interesting to design cryogels with tunable mechanical
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properties. For this purpose, two parameters can be tuned: alginate concentration and
AAD:EDC cross-linkers ratio.

Cirrhosis
Severe fibrosis
Moderate fibrosis O
Healthy liver 010 1315 kPa
7-8
(+]
25

FIGURE 4.2: Evolution of the liver Young’s modulus depending on its
physiological state.

The alginate concentration cannot vary over a large range since the viscosity of al-
ginate solutions rapidly increases rapidly with concentration. A too high viscosity ham-
pers the homogeneity of the final solution that contains the cross-linkers and results in
an inhomogeneous cryopolymerization that should be avoided. This limitation has been
observed for solutions above 2% alginate (w/v). Therefore, two alginate concentrations
are studied here: 1% and 2% (w/v).

Concerning the cross-linkers, we use AAD in excess, so that only EDC amount
leads to cross-linking changes. Increasing EDC quantity increases the number of covalent
bonds between the alginate chains and leads therefore to higher cross-linking. Although
the variation of the (AAD:EDC) ratio does not change the protocol, it has been observed
that the cross-linking occurs more quickly with the quantity of EDC increases. Three dif-
ferent (AAD:EDC) ratios are studied here: (1:1), (1:2) and (1:3).

Compression tests are performed on cylindrical alginate cryogels. Plotting the
stress-strain curves reveals two types of mechanical behaviour shown in figure 4.3. The
type "A" curve is observed for the 1% (1:1) (w/v) and 2% (w/v) (2:2) alginate samples. It
corresponds to a typical stress-strain curve of porous scaffold with a linear elastic region
(1) followed by a plastic one (2) and finally a densification phase (3) [180]-[182]. The type
"B" curve, where the breaking point is reached, is observed for the 1% (w/v) (1:2) and
(1:3) alginate samples.

The resulting YM obtained from the stress-strain curves are shown in figure 4.4.
Cryogel at 1% (w/v) (1:1) displays lower mechanical properties than 2% (w/v) (2:2) cryo-
gels, with YM of 1.5 £ 0.6 kPa vs. 6.8 &+ 2.4 kPa, respectively. Similarly, increasing the
amount of cross-linking agent increased the YM with much more significance. The 1%
(w/v) (1:2) cryogel has a YM of 16.4 £ 4.1 kPa, more than 10 times higher than 1% (w/v)
(1:1) alginate samples. Alginate at 1% (w/v) (1:3) is even stiffer with a YM of 29.4 + 3.6
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FIGURE 4.3: Stress strain curves obtained by compression test on cylin-

drical alginate cryogels. (A) Typical curve obtained for 1% (1:1) and 2%

(2:2) samples with 1: elastic region, 2: plastic region, 3: densification. (B)
Typical curve obtained for 1% (1:2) and 1% (1:3) samples.

kPa. Therefore, increasing either alginate concentration or AAD:EDC ratio results in an

increase of the alginate cryogel’s mechanical properties. The YM obtained are in a very

wide range, showing that it is possible to adjust the mechanical properties. Moreover,

the YM of

the alginate cryogels at 1% (w/v) (1:1) and 2% (w/v) (2:2) are similar to that of

a healthy liver tissue while alginate cryogel at 1% (w/v) (1:2) is in the range of a cirrhotic

liver tissue. The alginate cryogel at 1% (w/v) (1:3) is too rigid to be compared to any liver

states. To mimic the other states of the liver, it seems recommended to slightly vary the
EDC content.
A B I KKk |
* % I 1
10 A 40-
< =
< 8- g
" = 30-
=2 E
ER E
] 'g 204
= 3- b
»n n
o)) o
104
> >
0- . 04 2
1(1:1) 2(2:2) 1(1:1) 1(1:2) 1(1:3)
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FIGURE 4.4: Young’s modulus of alginate cryogels measured by com-
pression test. (A) Variation of alginate concentration. (B) Variation of
(AAD:EDC) ratio. (1:1), (1:2), (1:3) and (2:2) represent the (AAD:EDC)
cross-linkers ratio. Values represent mean and SD (n=8). Data were an-
alyzed using one-way ANOVA: ** p < 0.01, *** p < 0.0001 (n=8).
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4.1.3 Degree of connectivity and swelling ratio

It is important for the cryogels to maintain the main property of hydrogels, i.e. the high
water uptake capacity. The high water content is a key parameter for cell to ensure a large
cell culture medium volume compared to that of the material and help to reduce dead
volumes thanks to diffusion.

In order to characterize the samples, two properties are studied: the degree of
pore connectivity (DC), corresponding to the volume of interconnected pores and the
swelling ratio (Qy1), corresponding to the water uptake. They are measured by weighing
cylindrical alginate cryogels in hydrated, dehydrated and dried states (Fig. 4.5). The
obtained values for the DC and the Qj; are shown in figure 4.6 and 4.7 respectively.

Hydrated Dehydrated Dried

FIGURE 4.5: Photographs of cylindrical alginate cryogels in hydrated, de-
hydrated and dried states. Scale bar = 5 mm.
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FIGURE 4.6: Degree of pore connectivity of alginate cryogels. (A) Variation

of alginate concentration. (B) Variation of AAD:EDC ratio. (1:1), (1:2), (1:3)

and (2:2) represent the (AAD:EDC) cross-linkers ratio. Values represent

mean and SD (n=8). Data were analyzed using one-way ANOVA: * p <
0.05, *** p < 0.0001 (n=8).

The DC are higher than 70% for all the samples. However, the DC of 2% alginate
cryogel is lower than the one of 1%, 70% =+ 7% and 92% =+ 1% respectively. Thus, alginate
cryogels have a high DC and increasing the concentration of alginate appears to increase
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Swelling

1(1:1) 2(2:2) 1(1:1) 1(1:2) 1(1:3)

Alginate (% w/v) Alginate (% w/v)

FIGURE 4.7: Swelling ratio of cylindrical alginate cryogels. (A) Variation of

alginate concentration. (B) Variation of (AAD:EDC) ratio. (1:1), (1:2), (1:3)

and (2:2) represent the (AAD:EDC) cross-linkers ratio. Values represent

mean and SD (n=8). Data were analyzed using one-way ANOVA: * p <
0.05, ** p < 0.01, *** p < 0.0001 (n=8).

the DC. However, increasing the (AAD:EDC) ratio does not seem to influence this prop-
erty. The obtained values for the three different (AAD:EDC) ratios are quite similar as
they are all between 85% and 92%.

Regarding the Qy, 1% alginate cryogel exhibits a ratio of 133 4 20, which is higher
than 97 + 16 for 2% alginate cryogel. In the same way, 1% (1:1) alginate cryogel has
a higher Qy than 1% (1:2) and 1% (1:3) alginate cryogel: 133 4 20, 107 + 21 and 81
+ 12 respectively. Thus, increasing the alginate concentration or the (AAD:EDC) ratio
decreases the water uptake of the cryogels.

The variations of the DC and the Qy values show that the physical properties of
the alginate cryogels change according to the alginate concentration and cross-linking.
A modification in the macroscopic properties is probably due to a microscopic change.
It is thus important to study the samples at this level in order to propose a multiscale

analysis.

4.14 Morphology

In order to perform 3D cell cultures, the alginate cryogels must exhibit a porous struc-
ture. Moreover, the pores should be of macro-sized and interconnected to allow the cell
dispersion within the scaffold but also the supply of nutrients and the removal of waste.

To study the structure of the alginate cryogels, the samples are observed under
scanning electron microscopic (SEM) (Fig. 4.8). SEM images of 1% (w/v) (1:1) and
2% (w/v) (2:2) alginate cryogels show highly porous structures. Large and intercon-
nected pores with irregular shapes are observed. However, this structure is not present
for 1% (w/v) (1:2) and (1:3) alginate cryogels. Both conditions do not seem to create
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pores. Therefore, increasing the (AAD:EDC) ratio causes the loss of the porous struc-
ture whereas increasing the alginate concentration does not seem to change it. These
observations confirm and explain the previous results obtained during the mechanical
characterizations: the 1% (w/v) (1:2) and (1:3) alginate cryogels have a stress-train curve
different from that typically observed for porous scaffolds, which appeared to lack in
these cases.

Although the variation of (AAD:EDC) ratio was an interesting way to modulate
the mechanical properties of the scaffold, it does not allow maintaining a macroporous
structure, in the conditions we have investigated. Therefore, the 1% (w/v) (1:2) and (1:3)

alginate cryogels are not selected for the next steps of the project.

1% (1:1)

2% (2:2)

1% (1:2)

1% (1:3)

FIGURE 4.8: SEM images of alginate cryogels depending on the alginate
concentration and on the (AAD:EDC) ratio. Scale bar = 200 ym.
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To study the microstructure in more details and to determine if there is any dif-
ference between the 1% and 2% (w/v) alginate cryogels, the pore size is measured for
sample (Fig. 4.9). The size of the pores is quite heterogeneous: it ranges from 20 ym up
to 340 pum for both alginate concentrations. However, the distributions seem to follow a
Gaussian curve centered around 100 ym. The mean pore size is 95 + 48 ym and 109 + 64
um for 1% and 2% alginate respectively, corresponding to macropores. Besides, the dif-
ference between the pore sizes is not significant meaning that the alginate concentration

does not influence this feature.
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FIGURE 4.9: Pore characterization of alginate cryogels. (A) Pore size distri-

bution and (B) average pore size of alginate-based cryogels. (1:1) and (2:2)

represent the (AAD:EDC) cross-linkers ratio. Values represent mean and
SD (n=4, N=10).

4.2 Implementation of alginate cryogel in the microchip

In this part, we study if the selected conditions, i.e. 1% (w/v) (1:1) and 2% (w/v) (2:2),
are still suitable when the alginate cryogel is integrated within the microchip.

To obtain such a cryogel-integrated microchip, the alginate and cross-linking agents
solution is injected in the microchip and the same cryopolymerization process is applied

in situ.

4.2.1 General characterization

After cryopolymerization, the microchip is observed under optical microscope (Fig. 4.10).
The microsystem 3D structure is visible and easily recognizable with its squares and ar-
rows. The alginate cryogel is also easily visible corresponding to the filaments. They are
well distributed, occupying all the available space, from the inlet to the outlet. However,
it is difficult with this method to be sure that the alginate cryogel occupies the microchip
from the bottom to the top, including the space available between the microstructures.
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Alginate (% w/v)

L 4

2 (2:2)

FIGURE 4.10: Microscopic observation of cryogel-free and alginate-based
cryogel-integrated microchips. (1:1) and (2:2) represent the (AAD:EDC)
cross-linkers ratio. Scale bar = 300 ym.

In order to observe the alginate cryogel across the whole height of the microchip,
alginate is tagged with aminofluorescein after its cross-linking. The samples are then
observed under confocal microscopy performing stacks from the bottom (0 ym) to the
top (200 ym) of the microchip (Fig. 4.11). From 0 ym to 100 ym, corresponding to the
lower face (microstructured), the porous structure of the alginate cryogel can be observed
ensuring its location inbetween the microstructures of the microchip, here in a square.
From 100 ym to 200 ym, corresponding to the upper face (not microstructured), the algi-
nate cryogel is also present with a porous structure. Thus, the alginate cryogel occupies
the entire height of the microchip including the space between the microstructures and
maintains a macroporous structure when formed in situ.

. | | | | ox:

Opm 50um 100um 150um 200um

FIGURE 4.11: Confocal images of fluorescently-labeled 1% (w/v) (1:1)
alginate-based cryogel-integrated microchips at various depths. (1:1) rep-
resents the (AAD:EDC) cross-linkers ratio. Scale bar = 150 ym.

4.2.2 Hydrodynamic characterization

The alginate cryogel occupies the whole volume of the microchip. Although the pores
are large and interconnected, the presence of the cryogel can lead to an inhomogeneous
perfusion and an excessive pressure on cells. To investigate the additional resistance to
flow that might be induced by this structure filling spaces that are classically free, the

91



Chapter 4. Alginate cryogel integrated microchip for liver tissue engineering:

characterization

pressure applied at the inlet of the microchip to reach the target flow at the outlet is
monitored in an open loop circuit (Fig. 4.12). The flow rate varies from 5 uL to 30 uL,

corresponding to the range usually applied for cell culture in this microfluidic system
[162], [183].
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FIGURE 4.12: Hydrodynamic characterization of cryogel-free and alginate-
based cryogel-integrated microchips (n = 3).

We propose to use Darcy’s law to describe the fluid flow through the porous cryo-
gel structure which is in the microchip. According to this law, the flow rate Q is propor-
tional to the difference of pressure Ap, between the inlet and the outlet of the microchip,
as defined by the following equation:

with Q the flow rate, k the permeability of the medium, A the cross-sectional area, i the
dynamic viscosity of the fluid, L the length of the samples and Ap the pressure drop. A
linear regression passing through the origins can therefore be calculated for each operat-
ing condition. The design of the microchip itself resulted in a very poor resistance to flow,
under the tested flow rates. The Darcy’s law fits well with the experimental data (linear
regression of Fig. 4.12). The calculated slopes are 2.06, 1.74 and 1.18 mbar/uL.min for
2% (2:2), 1% (1:1) alginate cryogel-integrated and cryogel-free microchips respectively.
These slopes are inversely proportional to the permeability of the corresponding alginate
cryogel which is the only variable as the cross-sectional area, the dynamic viscosity and
the length remain unchanged.

The inlet pressures measured for cryogel-free microchips are lower than those
measured for cryogel-integrated microchips. Therefore, integrating the cryogel within
the microfluidic device results in an increase of resistance to flow. Besides, we can ob-
serve that the permeability is lower for 2% (w/v) (2:2) than for 1% (w/v) (1:1) alginate
cryogel-integrated microchips. The permeability of the cryogel appears thus to be related
to alginate concentration: the higher the alginate concentration, the lower the hydraulic
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permeability. However, this additional resistance remains acceptable within the work-
able flow rates used for cell culture: at 10 pxL/min, the pressure needed is 15.8 mbar
and 23.9 mbar for 1% (w/v) (1:1) alginate cryogel and 2% (w/v) (2:2) alginate cryogel
respectively.

In order to perform cell culture, the condition with the lowest inlet pressure is
preferred to ensure a correct microfluidic circulation and to avoid excess pressure on
the cells. The 1% (w/v) (1:1) alginate cryogel is thus selected as it exhibits the lowest
resistance to flow. Moreover, as seen in the previous sections, this cryogel presents all the
characteristics of a macroporous hydrogel. In the next steps of the study, all the alginate
cryogel-integrated microchip are realized with the 1% (w/v) (1:1) condition.

4.3 Modification of alginate cryogel for cell culture

The composition and charge of the alginate do not promote cell adhesion. It is there-
fore essential, as for any non adherent surface, to add proteins or peptides allowing the
cell adhesion on the scaffold. In doing so, we investigate two methods in the following
sections: the cryogel functionalization with the arginine, glycine and aspartate (RGD)
peptide and the cryogel coating with collagen.

4.3.1 RGD functionalization

The RGD peptide is an amino acid sequence that mediates cell binding. It is found in
different proteins of the ECM such as fibronectin or laminin [184], [185]. It can thus be
used to allow cells attachment to a scaffold. We choose to functionalize alginate before
its cross-linking with the G4RGDSP peptide, as described in chapter 3. The RGD grafted
alginate was then cryopolymerized inside the microchip to obtain the cryogel. Thereafter,
HepG2/C3A were seeded at 1 million cells/microchip and cultured for 4 days to study
the cryogel/cells interaction. They are observed under epifluorescent microscope (Fig.
4.13).

Phase contrast Fluorescence Merged

FIGURE 4.13: Observation of HepG2/C3A cultured in RGD grafted algi-
nate cryogel-integrated microchip at day 4 using fluorescence microscopy.
Cytoskeleton (green) and nucleus (blue). Scale bar = 200 pym.
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After injection, the cells appear individually distributed in the microchip. How-
ever, at day 4, aggregates can be distinguished. Only a few cells are likely to adhere on
the alginate cryogel and then proliferate or attach to the others forming thus aggregates.
The cells that did not bind to the scaffold are probably flushed out of the microsystem
with the flow.

The RGD quantity grafted to the alginate is rather low, about 2.3% (w/w), as this
peptide is expensive. This could explain the small number of cells that successfully ad-
here on the scaffold. Moreover, the cross-linking is performed after the functionalization,
the RGD sequence may thus be inaccessible to the cells depending on its configuration
during the alginate cross-linking. This probably further decreases the number of avail-
able peptides for cell binding.

4.3.2 Collagen coating

The alginate cryogel was coated with collagen type I after its cross-linking inside the
microchip to allow cell adhesion. Consequently, HepG2/C3A were seeded at 1 million
cells/microchip and cultured for 4 days to study the cryogel/cells interaction. They were
observed under epifluorescent microscope (Fig. 4.14).

Phase contrast Fluorescence

FIGURE 4.14: Observation of HepG2/C3A cultured in collagen coated
alginate cryogel-integrated microchip at day 4 using fluorescence mi-
croscopy. Cytoskeleton (green) and nucleus (blue). Scale bar = 200 ym.

After injection, the cells are individually distributed in the microchip. At day 4,
several individual cells are still present in the alginate cryogel. It seems that the majority
of them are bound to the scaffold as they did not go away with the flow.

The amount of cells that successfully bound to the alginate cryogel suggests a high
quantity of collagen available for the cells. Moreover, as the coating is performed after
the cryogel cross-linking, the collagen adsorbed on the alginate remains accessible. The
collagen was stained to observe the coating as shown in figure 4.15. The coating seems to

be quite homogeneous on the alginate cryogel.
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FIGURE 4.15: Collagen coated alginate cryogel-integrated microchip ob-
served using fluorescence microscopy. Immunostaining: collagen (green).
Scale bar = 200 pm.

These results demonstrate that RGD functionalization fosters the aggregation of
cells into spheroids whereas collagen coating results in a homogeneous cell growth. This
is probably due to a larger amount of binding sites available on the collagen-coated algi-
nate cryogel compared to the RGD functionalized one. Since the collagen coating allows
a homogeneous cell growth, it has been chosen for the following of the study.

4.4 Discussion and conclusion

Previous studies have shown that 3D organization of liver cell, either in soft gels or as
spheroids, improve their long-term culture and functions compared to conventional cul-
tures, as seen in chapter 2. The same positive effects have been observed when cells are
submitted to moderate flow in microchips. Combining these approaches, 3D spheroids
and medium perfusion, gave rise to a novel culture concept, namely spheroids-on-chip.
Here, our aim is to introduce another innovative culture concept, through the per-
fusion of a gel in a microchip. To the best of our knowledge, it is the first attempt to
design, fabricate and validate such a system, combining 3D scaffold and medium perfu-
sion. This new culture concept could meet the expectations of the pharmaceutical indus-
try, regarding both the amount of cells to use and the maintenance of biological functions.

Based on the literature and our expertise, we choose alginate as material for the
scaffold. Alginate can be cross-linked to form hydrogels, hydrophilic polymeric networks
capable of absorbing large amounts of water or biological fluids. Such hydrogel scaffolds
are non-toxic and have been widely used for soft tissue reconstruction [106], [107]. How-
ever, hydrogels are typically mesoporous, leading to an unfavorable microenvironment
that entraps and constrains encapsulated cells, and ultimately preventing their cellular
organization in 3D. To overcome this limitation, we propose to perform its cross-linking
at subzero temperatures (T < 0 °C), a mechanism known as cryopolymerization, allow-
ing the fabrication of ice-templated scaffold. The alginate hydrogels used in biomedi-

cal applications are mainly ionically cross-linked. Their properties can be modified by

95



Chapter 4. Alginate cryogel integrated microchip for liver tissue engineering:

characterization

changing the alginate concentration but also the cation used for its gelation and its con-
centration [186]. However, these hydrogels are unstable in time. To avoid this, a chemical
cross-linking with AAD and EDC is proposed in our study, following protocols described
in chapter 2 and 3. Operating conditions should be adjusted to obtain the most adapted
alginate scaffold for implementation in microsystems.

In this part, we thus first focus on the effect of the temperature, the alginate con-
centration and the amount of cross-linking agents on the physical and mechanical prop-

erties of the porous scaffold. Table 4.1 summarizes this study.

Alginate Concentration 1% (w/v) 1% (w/v) 1% (w/v) 2% (w/v)
AAD:EDC ratio 1:1 1:2 1:3 2:2
YM (kPa) 15+06 164+41 294436 68+24
DC (%) 92+£1 82+£2 90 £3 70+£7
Oy 133+20 107£21 81412 97 £ 16
Mean Pore Size (um) 95 £ 48 ND ND 109 + 64
Hydraulic Resistance (mbar/yL.min) 1.74 ND ND 2.06

TABLE 4.1: Summary of alginate cryogel properties. ND: No Data.

In view of adjusting the pore size, the first parameter to play with is the freezing
temperature so as to modify the size of ice crystals. Unfortunately, the alginate cryogels
prepared at -50 °C and -80 °C collapse unlike those obtained at -20 °C. The kinetics of
the reaction with the EDC is probably the limiting factor: the lower the temperature, the
slower the reaction is. At -50 °C and -80 °C, the reaction is so slow that cross-linking is
not complete, even after a few days. We therefore set the freezing temperature at -20 °C
in agreement with literature data where cryogelation with EDC is classicaly performed
in the range of -10 °C to -20 °C.

We then focus on alginate concentration and cross-linkers ratio, in link with realis-
tic operating conditions such as alginate viscosity and reaction kinetic. We first measure
the mechanical properties of the cryogels. This parameter is important to mimic various
physiological and physiopathological states of the liver, as already explained, but also
because the substrate stiffness has an impact on liver cell response [187], [188]. As ex-
pected, the YM of the cryogel increases with alginate concentration [189]. Interestingly,
changing the AAD:EDC ratio (increasing the amount of EDC) affects much more the scaf-
fold stiffness. Henderson et al. observe the same trends with hyaluronic acid cryogels
cross-linked with EDC but to a lesser extent (YM from 1 to 10 kPa) [190]. Using 4 couples
of parameters allow us to tune the cryogel YM from 1 to 30 kPa, which are relevant to
mimic healthy and cirrotic liver tissue. To get YM corresponding to fibrosis, we suggest
to vary the AAD:EDC between 1 and 2, rather than changing the alginate concentration.
Increasing the alginate concentration over 2% is not recommended because of the high
solution viscosity that is then difficult to homogenize and inject in the microchip.

We also check that the basic characteristics of cryogel are maintained. On the one

hand, the Qy; decreases with alginate concentration and amount of crosslinking agent
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EDC, but remains high, meaning that the cryogel keeps its water/culture medium up-
take properties. Similar results have been observed with hyaluronic acid cryogels cross-
linked with EDC: the more densely cross-linked gels show less swelling in the same way
as more concentrated polymer gels [190]. On the other hand, the DC also decreases with
alginate concentration but is not affected by the AAD:EDC ratio. Concerning the mi-
crostructure of cryogels, the porosity is essential not only for the nutrients diffusion and
waste removal but also for the future integration of the scaffold within a microchip. Large
and interconnected pores are required to let the flow go through. We observe that an in-
crease in cross-linkers results in a change of morphology and especially a loss of porosity.
Therefore, the 1% (w/v) (1:2) and 1% (w/v) (1:3) alginate cryogel are finally excluded.
The interconnected structure and pore size of 1% (w/v) (1:1) and 2% (w/v) (2:2) alginate
cryogels, ranging from 20 ym to 340 um, correspond to scaffolds used for liver tissue en-
gineering. Tripathi et al. synthesized at sub-zero temperature an agarose-chitosan scaf-
fold whose pore size is in the range of 10 ym to 120 ym [191]. In the same way, Glicklis
et al. developed a physically cross-linked alginate sponges by the freeze-drying method
that display a highly porous structure with interconnected pores and pore sizes ranging
between 100 ym to 150 um [115]. One can also cite the work of the group of Kumar. Dif-
ferent composition of cryogels are studied, such as agarose-alginate with a macroporous
interconnected structure and pore size of 122 m [192]. However, these cryogels present
low Qp; and high mechanical stiffness, up to 73 kPa, making them less suitable for liver
tissue engineering.

To summarize these results, an increase in alginate concentration maintains the
porous structure but the mechanical properties remain limited; on the contrary, an in-
crease in cross-linking agents significantly increases the mechanical properties but to the
detriment of the structure’s porosity, which is lost. Based on these results, it seems that
a compromise between alginate concentration and cross-linkers ratio must be found to
reach adapted mechanical properties while maintaining cryogel features. The parameters
selected for cryogel preparation were 1% and 2% alginate concentration with propor-
tional AAD:EDC ratio, i.e. 1:1 and 2:2 respectively. These cryogels have a macroporous
structure and their mechanical properties correspond to a healthy liver. However, we
did not succeed to find parameters consistent with diseased liver tissue while maintain-
ing a macroporous structure. To achieve this, alginate concentrations between 1% and
2% (w/v) should be tested with AAD:EDC ratio between 1:1 and 1:2. As the ranges are
very narrow, a high degree of precision is required. Another possibility could be the com-
bination between two polymers, such as alginate with agarose, a polymer forming rigid
structures [192].

After characterizing and selecting the cryogels, we work on their integration in the
microchip used in the laboratory. The cryogel appears to fill completely the microchip.
As the system is subsequently perfused, it is essential to characterize the resistance of
cryogels to flow. Under working flow rates, i.e. from 0 #L/min to 30 uL/min, we ob-
served that increasing alginate concentration increases the flow resistance of the cryogel.
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Tripathi et al. confirm that the cryogel’s permeability decreases as the polymer concen-
tration increases [192]. To reduce the resistance to flow, the design of the microchip could
be changed. Indeed, the current design is only 200 ym high with microstructures up to
mid-height. Preliminary investigations with unstructured microchip are not successful
as tearing of the alginate cryogel is sometimes observed. Therefore, it seems that at least
few microstructures are needed to act as anchor points for the cryogel and thus prevent
it from tearing during perfusion.

In order to culture cells in the cryogel-integrated microchip, we finally explore two
methods to get the cells to adhere to the alginate, an inert polymer. The functionalization
with RGD peptide leads to a spheroid cell growth whereas collagen coating leads to a
homogeneous cell growth.

The spheroids culture is the most widespread in the literature and the formation
of spheroids achieved here is comparable to some studies. Yan et al. cultured primary
hepatocytes on polystyrene porous fibrous scaffold grafted with galactose and RGD. The
cell infiltrated the structure more than 100 ym and aggregated into 3D clusters after a
few days [193]. It may be noted that the culture of spheroids is feasible in porous scaf-
folds without any peptide grafting. Rat hepatocytes seeded in porous alginate scaffold
aggregated within 24 h and reached an average diameter in the range of the structure’s
pore size [115]. However, spheroids in these studies are not grown under perfusion. We
choose here to validate the classical protocol of collagen coating.

Although the use of collagen allowed cell adhesion, we are aware that this protein
could not be the most suitable for a final cryogel-integrated microchip. Indeed, collagen
is a protein abundantly found, up to 50%, in the ECM of a fibrous liver [194]. A coating
of fibronectin, the main ECM component of the liver, could therefore be preferable and

should be investigated in further studies.

In this first part, we establish the proof of concept for the integration a porous 3D
cryogel into a microchip. We hypothesize that such combination would be valuable for
liver tissue engineering. This will be investigated in the next chapters. However, we can
already here propose some additional studies that should be performed to improve this
device.

The design of the microchip should allow a homogeneous distribution of the flow
as previously shown by [159]. However, the integration of a porous structure may disturb
this flow by creating preferential paths. Thus, some areas might be more irrigated than
others, which leads to heterogeneity in cell culture. In order to go further in this study, the
formation of preferential paths in the cryogel-integrated microchip should be evaluated.
If the design of the microchip is no longer suitable in the presence of cryogel, a new
design could be studied to limit any preferential paths.

We demonstrated that the cryogel-integrated microchip can be used to culture cells
in two different ways: homogeneous and spheroid cell growth. In the same way, the Ku-
mar’s group developed a 3D porous cryogel, composed of alginate and gelatin, allowing
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to perform these two culture cell types depending on the cross-linking agent [195]. The
synthesis with glutaraldehyde leads to a homogeneous cell growth whereas the synthe-
sis with EDC, without any grafted peptide, leads to a spheroid cell growth. Although
we choose homogeneous cell growth by collagen coating in the following of the study, it
could be interesting to investigate the spheroid cell growth, with or without RGD func-
tionalization.
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Chapter 5

Feasibility study : human liver cancer
cell line HepG2/C3A culture in
alginate cryogel integrated microchip

The second part of this work focuses on the culture of hepatic cells in the alginate cryogel-
integrated microchip described in chapter 4. As seen previously, getting close to the
in vivo conditions, that is to say creating a perfused 3D environment, should allow a
more relevant cellular response. However, it is first necessary to ensure that cells can
live and be functional within this device. Therefore, the well-known hepatic cell line,
HepG2/C3A, is chosen for this feasibility study. Cell culture is performed in microchips
containing the alginate 1% (w/v) (1:1) cryogel that has been previously selected and in
cryogel-free microchips in order to compare the cellular response between these condi-
tions.

First, the cell viability and organization within the microchip are studied up to 6
days in culture. The metabolic functions are then characterized by albumin and glucose
quantifications. Moreover, the xenobiotic activity of the cells is assessed by APAP expo-
sure. The synthesis of ECM and the possibility to remove the alginate cryogel are finally
considered in the last part of the chapter.

5.1 Cell viability and structure

HepG2/C3A cells are seeded at 500 000 cells/microchip and cultured for 6 days with a
10 uL/min perfusion (see 3.5.2). Determining the cells viability and proliferation in the
alginate cryogel-integrated microchip is the first step in this feasibility study.

The cell viability is assessed with a dead cell staining assay at day 2, 4 and 6.
The samples are observed under confocal microscopy and stacks images are performed
from the bottom to the top of the microchip for each condition: cryogel-free and cryogel-
integrated microchip (Fig. 5.1). The images show a negligible amount of dead cells (red),
meaning that most of them remain viable in both conditions. Cell proliferation is obvi-
ous from day 2 to 6 but a difference in the cell distribution between both conditions can
be noticed. Indeed, in the cryogel-free microchips, cells are located in the lower part,
between 0 and 100 ym from the bottom: they line the microstructures. In the microchip
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with alginate cryogel, cells are found over the whole height of the microchip, from 0 to
200 pum as they occupy the 3D cryogel. Cells” density appears to be lower in the presence
of alginate cryogel, but this is most likely due to a “volume effect” since they are not
concentrated on a specific level.

Under optical microscope, it is difficult to distinguish the 3D cell structures (Fig.
5.2). In the cryogel-free microchips, HepG2/C3A cover the collagen-coated surfaces as
seen during the viability assay and form a dense confluent layer comparable to that ob-
served in classical 2D culture. Their distribution is less clear in cryogel-integrated mi-
crochip since we observe microstructures, alginate filaments and cells at the same time.

SEM observations of samples’cross-sections are also performed to better under-
stand cell 3D organization (Fig. 5.3). The images confirm the previous results: without
alginate cryogel, the cells cover the microstructures and proliferate “layer-by-layer” but
are not able to colonize the whole thickness of the microchip, i.e. to reach the top sur-
face. In the cryogel-integrated microchip, they are located from the bottom to the top of
the microchip, forming a tissue-like structure. Moreover, we can observe spaces/holes
corresponding to the cryogel’s pores and by which the cell culture medium goes through.

5.2 Metabolic activities

The previous results are encouraging but cell functionality needs to be studied. Indeed,
the high viability of the cells does not ensure that they are functional. Especially for hepa-
tocytes, it is known that culture conditions influence functions. Here, we focus on glucose
consumption and albumin production, , as first assays regarding the physiological func-
tionality of HepG2/C3A. The cell culture medium is stored at each medium change, i.e.
at day 2, 4 and 6, for quantifications. Before providing and analyzing the results, we
would like to point out two specificities of such culture in microfluidic devices.

Since work volumes are very small, any changes have to be considered to ensure
the results” accuracy. In order to take into account the phenomenon of medium evapo-
ration and some occasional leaks, the total volume is measured at each sampling (Table
5.1). At the milliliter scale, the variations cannot be neglected. This volume is then used
to calculate the different amounts released or consumed.

Microchip N  Vpup (mL) Vpgy (mL)  Vpge (mL)

1 3.75 3.85 3.80

Cryogel 2 3.70 3.90 3.80
free 3 3.00 3.10 3.45

4 3.10 3.55 3.50

1 3.65 3.80 3.82

1% (w/v) (1:1) 2 3.60 3.90 3.96
alginate cryogel 3 3.40 3.60 3.75
4 3.10 3.40 3.40

TABLE 5.1: Volume measured for each microchip at day 2, 4 and 6 (Initial
volume: 4 mL).
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Cryogel-free 1% w/v (1:1) alginate-integrated

FIGURE 5.2: Microscopic observations of HepG2/C3A cultured in mi-
crochip at day 6. Scale bar = 200 ym.

Cryogel-free 1% w/v (1:1) alginate-integrated

FIGURE 5.3: Cross-sectional SEM images of HepG2/C3A cultured at day
6. Scale bar = 100 ym.

Results are generally normalized by cell number in order to compare data. How-
ever, cell counting is difficult to perform in 3D culture, in the presence of a scaffold, and
even more when it is within a microchip. We perform cell counting after alginate lyase
and trypsin treatment (Table 5.2). Although the cell numbers obtained for the cryogel-
free microchip show a cell proliferation, it is lower at day 2 and 4 than the initial num-
ber of cells seeded (0.5 million). Moreover, the results obtained for the alginate cryogel-
integrated microchips are not consistent with the microscopic observations. Overall, the
cell number seems to be much lower than reality. Since the number of cells is not known,
the following quantifications cannot be normalized by cell number and are expressed in
quantity per hour.
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Microchip N Cell nbrp,, (10°) Cell nbrpays (10°) Cell nbrp,ye (10°)
Cryogel 1 0.172 0.102 1.396
free 2 0.1 0.308 1.62
1% (w/v)(1:1) 1 0.254 0.456 0.528
alginate cryogel 2 / 0.329 0.569

TABLE 5.2: Cell number counted with a Malassez’s hemocytometer at day
2,4 and 6 (Initial cell density: 0.5 million cells/microchip).

5.2.1 Glucose consumption

The consumption of glucose in the cell culture medium ensures that cells present a metabolic
activity since the glycogenesis is negligeable for HepG2/C3A cell line. The results ob-
tained are shown in figure 5.4.

The glucose consumption significantly increases in both conditions from day 2 to
6: 46 ng/h to 69 ng/h for cryogel-free microchip and 41 ng/h to 53 ng/h for alginate
cryogel-integrated microchip. No significant difference is observed between both condi-
tions. The increase of glucose consumption may be generally related to an increase of the
cellular activity or of the cell number. However, since the HepG2/C3A cell line is sta-
ble regarding glucose consumption, the higher glucose consumption at day 6 than day
2 can be attributed to cell proliferation. These results confirm the previous observations
showing this effect.
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FIGURE 5.4: Glucose consumption of HepG2/C3A cells cultured in

cryogel-free and 1% w/v (1:1) alginate cryogel-integrated microchips at

various time points (2, 4 and 6 days). Values represent mean and SD (n=4).

Data were analyzed using two-way ANOVA: * p < 0.05, * p < 0.01, ** p <
0.001.
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5.2.2 Albumin production

Albumin synthesis and release is one of the major hepatocytes’ function. This function is
also present in the HepG2/C3A cell line and can thus be used as a marker of metabolic
activity. The albumin synthesis over the days is presented in figure 5.5.

In the same way as glucose consumption, the albumin production increases from
day 2 to day 6. Although no significant difference is found between both conditions,
the albumin production seems slightly lower when the cells are cultured in the alginate
cryogel-integrated microchip. Indeed, at day 2, the albumin production is measured at
116 &+ 30 ng/h and 84 & 37 ng/h for cryogel-free and alginate cryogel-integrated mi-
crochips respectively. At day 6, the albumin production in the cryogel-free microchips is
463 + 247 ng/h which is lower than the one in the cryogel-integrated microchips mea-
sured at 352 &= 232 ng/h. However, these results depend a lot on the number of cells in
the microfluidic device which can vary from one microchip to another.

Albumin Production (ng/h)
F-9
o
o

200+ T
T i Cryogel-free
0 .i . mm 1% w/v (1:1) alginate-integrated
2 4

Time (day)

FIGURE 5.5: Albumin production of HepG2/C3A cells cultured in cryogel-
free and 1% w/v (1:1) alginate cryogel-integrated microchips at various
time points (2, 4 and 6 days). Values represent mean and SD (n=4). Data
were analyzed using two-way ANOVA: * p < 0.05, ** p < 0.01, ** p < 0.001.

In order to normalize the albumin results, the albumin production is divided by
the glucose consumption. Indeed, the latter represents an estimation of cell proliferation
and is thus related to the cell number. The corresponding results are shown in figure 5.6.

The ratio between albumin production and glucose consumption increases over
time. At day 2, it is estimated at 2.7 £ 0.9 and 1.9 & 0.4 for the cryogel-free and cryogel-
integrated microchips respectively. At day 6, both ratios are at 6.4. Although the results
are not significant, it seems that the ratio is initially slightly lower in presence of algi-
nate cryogel but then increases over time, up to reach the same level as the alginate-free

condition.
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FIGURE 5.6: Albumin production over glucose consumption of

HepG2/C3A cells cultured in cryogel-free and 1% w/v (1:1) alginate

cryogel-integrated microchips at various time points (2, 4 and 6 days). Val-

ues represent mean and SD (n=4). Data were analyzed using two-way
ANOVA: * p < 0.05, ** p < 0.01, ** p < 0.001.

5.3 Xenobiotic activity: APAP biotransformation

The biotransformation activity of liver cells is essential to follow since it is one of their
main functions. Although HepG2/C3A cell line expresses lower phase I enzymes than
human hepatocytes, its xenobiotic activity can be evaluated. It is assessed by exposing
the cells to acetaminophen (APAP) (100 uM) during 24h every two days. The metabolites
(see Fig. 1.8), APAP-SULF and APAP-GLU, are then measured in the cell culture medium
to evaluate the biotransformation. APAP-GSH is not quantified since it is in minority, as

seen in chapter 1. The results are presented in figure 5.7.

In both conditions, APAP biotransformation occurs, corresponding to about 50%
of the initial exposure. Only APAP-sulfate, one of the metabolites, is significantly de-
tected. No statistically significant differences are observed between both conditions.
Only residues are detected for APAP-glucuronide.
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FIGURE 5.7: APAP and its metabolites quantification from HepG2/C3A

cells cultured in cryogel-free and 1% (w/v) (1:1) alginate cryogel-

integrated microchips at various time points (2, 4 and 6 days). (A) Bio-
transformed APAP. (B) APAP-sulfate.

5.4 Alginate cryogel removal

The alginate cryogel is used as a scaffold to perform 3D cell culture. The previous results
have shown that this objective has been achieved, the cells being located over the entire
height of the biochip. In order to let the cells completely free of their organization, it
is necessary to remove the scaffold. Since this one is covalently cross-linked, we use
alginate lyase, an enzyme that breaks down alginate, and which is not toxic to cells (Fig.
5.8).

After the removal of the alginate cryogel, the cells are observed under confocal
microscope (Fig. 5.9). The images show that the HepG2/C3A are still in the microchip
and that the 3D structure remains intact. Moreover, some pores can be distinguished.

In order to observe more precisely the 3D structures, SEM is performed on slices of
microchip (Fig. 5.10). The previous observations are confirmed: 3D cell structures remain
intact after alginate lyase treatment and the cells occupy the space from top to bottom of
the microchip. Therefore, it seems that the cells neo-synthesized their own ECM allowing
them to keep the 3D structure.
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Before After

FIGURE 5.8: Microscopic observations of cryogel-integrated microchip be-
fore and after by alginate lyase treatment. (A) Without cells (B) With
HepG2/C3A cells at day 6. Scale bar = 200 ym.

FIGURE 5.9: 3D reconstruction of HepG2/C3A cells inside mcirochip after
alginate cryogel removal. Cytoskeleton (green). (A) Maximum intensity
projection (B) Transverse view. Scale bar = 100 ym.
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FIGURE 5.10: Cross-sectional SEM images of HepG2/C3A cell culture at
day 6 after removal of alginate cryogel. Scale bar = 100 ym.

5.5 Discussion and conclusion

As already stated, we propose here a novel microfluidic device to culture hepatic cells
organized as a 3D structure and even as a tissue under perfusion conditions. The objec-
tive is to bring together the potential of macroporous scaffold, to host the cells, and of
microfluidic device to promote mass exchanges and induce mechanical (shear) stimuli
on the cells.

First, we succeeded in maintaining HepG2/C3A viable, proliferative and func-
tional during 6 days in perfusion in the cryogel-integrated microchips, the cryogel-free
microchips being considered as controls. Cells are likely to adhere to any available sur-
face. In the cryogel-free microchips, they grow mostly on the collagen-coated PDMS
microscructures, leading to “semi-3D” organization. Very interestingly, in the cryogel-
integrated microchips, they are able to spread all over the 3D alginate structure made
available by the presence of very large pores achieved by the cryopolymerization pro-
cess. After alginate lyase application to degrade the polymer, this 3D “tissue-like” orga-
nization remains stable, showing that the cells have produced their own ECM as support.
One can thus consider that this environment will be much closer to in vivo situations. The
cryogel could be used as a temporary scaffold to obtain 3D cell structures. To the best of
our knowledge, no structures like this have been designed and evaluated before.

Using freeze-drying techniques, the Cohen’s team demonstrated that alginate gels
shaped as macroporous “sponge” helped hepatocytes to reorganize in spheroids [115].
More recently, Kumar’s group synthesized cryogels of poly(AN-co-NVP) and poly(NiPAAm)-
chitosan with pore size from 20 to 100 pm, that can be perfused in medium size biore-
actors for bioartificial liver application [116]. HepG2 cells appear organized as small
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clusters/aggregates in the structure. In our case, the spheroid organization could proba-
bly be achieved if the alginate cryogel is not coated with collagen. This could be further
investigated with primary cells.

If we compare basic metabolic activities (glucose consumption, albumin synthe-
sis, APAP biotransformation), we cannot demonstrate any improvement induced by this
novel culture method compared to our standard microchips. This is not really surprising,
considering the cells employed. HepG2/C3A are cells with limited metabolism com-
pared to primary hepatocytes. We choose them as the classical first model widely de-
scribed in the literature. Their behavior is very stable over the passages, which helps
in a primary analysis and avoids huge variability always observed with primary cells
(see next chapter for an example). Many authors, including our group, showed that glu-
cose consumption is rather constant, while albumin synthesis reaches a peak after a few
days. Our data completely fit with these observations. Our results are difficult to com-
pare with literature since they are not normalized by the cell number. It should also be
noted that the microsystems we use were designed to obtain optimized functions with
these HepG2/C3A cells: our group demonstrated the benefit of the design compared to
classical 2D culture, at the genomic, proteomic and metabolomic levels, probably due to
the combined effect of structure and perfusion. It might thus be difficult to improve even
more these features with such cells [159], [160].

The perfusion of the cryogel by the culture medium at a slow flow rate does not
seem to affect cells” adherence and activities. The use of microfluidic chip allows the cul-
ture of a relevant number of cells under a continuous flow. This makes them interesting
in predictive toxicology, for instance to mimic the admininistration phase of a drug, as
for APAP that recirculate during 24 h in the circuit. The culture of liver cells in perfused
microsystems has been reported in 2D [141], [196], as monolayers, semi 3D [159] or in 3D
as spheroids [146]. In all cases, hepatocytes cultured under flow exhibit enhanced func-
tional response. However, the cells” 3D organization or their functions might be hindered
by limited diffusion and transport of nutrients towards cells far from the main flow. A
recent study reported by Zhang et al. shows an organ on chip composed of an elastomer
scaffold surrounding a microchannel [149]. Primary rat hepatocytes were seeded into the
scaffold area and cultured for 7 days. Cells were present throughout the scaffold and
secretion of urea was higher than that of collagen sandwich control. In our systems, the
presence of large pores favored the perfusion, resulting in very low-pressure loss, ensur-
ing a homogenous flow and thus convective mass transfer within the device.

However, the resistance of the microchips to flow, characterized in the previous
chapter, might lead to unequal perfusion in the IDCCM device. We qualitatively observe
differences in the hydraulic resistance during cell proliferation, highlighted by unequal
volumes in the inlet and outlet chambers of the IDCCM. This suggests that the flow rates
are not similar from one microchip to another. This observation is not so surprising since
these variations among microchips exist due for example to handmade microchip fabrica-
tion or random alginate cryogel structure. It would thus be useful to design experimental
set-ups able to achieve this follow-up, both qualitatively and quantitatively.
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For further studies, some other improvements could be performed. A key point to
overcome is the normalization of the biochemical results by cell number. Cell counting
is known to be challenging in scaffold and even more when integrated in a microchip.
However, this data is essential to compare results with literature. the relevance of DNA
quantification should probably be analyzed, making sure that it does not interact with
alginate.

Another difficulty, which could be rapidly be encountered, is imaging of cells.
Indeed, 3D structures are not easy to observe in situ, unless confocal microscope is avail-
able. The thickness of the microchip is also a limitation to image the samples by limiting
the focal length. Therefore, it would be useful to equip the microchip with on line sensors
that could contribute to the daily follow-up of the culture.
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Chapter 6

Towards a complex liver-on-chip:
primary human hepatocytes and
co-cultures

The third part of this work consists in exploring some potential applications of the mi-
crofluidic device, that we had in mind at the beginning of the PhD or that emerged from
new collaborations. In the previous chapters, we have demonstrated that the alginate
cryogel integrated microchip is suitable for HepG2/C3A culture under dynamic condi-
tions. Although this first step is mandatory as proof of concept, we are aware that in
vitro liver models and studies should be preferably performed with primary human hep-
atocytes (PHH). In parallel, it would be interesting to upgrade the model by performing
co-cultures that mimic in vivo situations.

In the first part of this chapter, PHH seeding and culture in the device is evaluated
by cell viability assay and metabolic functions measurements. This work is part of the
WP6 “Liver in Chip” of the PIA Ilite program. Co-cultures are then investigated. The
first type deals with the co-culture of HepG2/C3A with endothelial cells, so as to get
closer to the liver sinusoidal structure. The second one is to follow up the behavior of
circulating tumor cells in the microfluidic device, as model for metastasis mechanism in
the liver. This latter part is motivated by the participation of BMBI lab in a project funded
by Canderopole Nord-Ouest (P.I. A. Treizebré from IEMN).

6.1 Primary human hepatocytes culture

6.1.1 Context

PHH are still considered as the gold standard in the pharmaceutical industry as explained
in chapter 2. They are preferred to study liver biology and function, DILI and liver dis-
eases since they retain both phases I and II enzyme activities that are essential for the
transformation of xenobiotics. However, maintaining viable and differentiated hepato-
cytes in vitro is still a major challenge in vitro. Cell-cell interactions, cell-matrix interac-
tions, but also mechanical stimuli are key elements for the maintenance of hepatocytes’

phenotype. The cryogel-integrated microchip has been initially designed to ensure such
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environment, which needs to be evaluated with the dedicated cells. This work has been
partially performed during the internship of Margaux Broussard, a BSc student at "Ecole
Supérieure de Biologie, Biochimie, Biotechnologies (ESTBB)" (Lyon).

6.1.2 Preliminary results

Non plateable cryopreserved PHH are used for the culture in cryogel-integrated mi-
crochip. They are seeded at 500 000 cells/cm? right after thawing and cultured for 15
days in the IDCCM device, as described in chapter 3. Half of them were exposed to
APAP. After one day in static culture after cell injection, classical microscopy shows that

the cells are quite homogeneously located in the microchips (Fig. 6.1).

FIGURE 6.1: Microscope observations of PHH cultured in microchip at day
2. Scale bar = 200 ym.

Perfusion starts at day 2. Some microchips are unplugged from the perfusion de-
vice to perform a qualitative cell viability assay under confocal microscopy. The figure 6.2
shows that hepatocytes are present in the 3D structure. They present a cubic morphology
and are plurinucleated, which corresponds to PHH’s morphology within a tissue. How-
ever, a fraction of the cells is dead. At day 4, half of the microchips are exposed to APAP
(15 M) following the protocol described in Figure 3.6. The cell viability is assessed later
during this APAP exposure period (Fig. 6.2). At day 7 and 15, most of the cells seem to be
dead, although some clusters remain stained in green corresponding to viable aggregates

To follow up cellular activity over time, the synthesized human albumin is mea-
sured in the supernatant for each perfused microchip (Fig. 6.3). The results differ from
one microchip to another, so that no global can be identified. However, despite the prob-
ably high mortality, some albumin is produced and its amount even slightly increases
from day 3 to 15, in a range from 20 ng/h to 40 ng/h, or remains stable around 30 ng/h.
In some microchips, albumin production falls down to 0 ng/h at day 7, probably corre-
sponding to cells” death (red curve). Only one microchip presents a significant increase
in albumin synthesis over time (green curve). As many cells are probably dead, we can-
not normalize the albumin production by the number of cells. Moreover, the exposure
to APAP did not seem to affect PHH viability and activity since the albumin production

114



6.1. Primary human hepatocytes culture

Day 2

Day 15

FIGURE 6.2: Confocal microscope observations of cell viability assay of
PHH cultured in microchip at day 7 and 15, dead cell (red), cytoskeleton
(green), nucleus (blue). Scale bar = 200 pm.

rates are in the same range. Based on these results, the analysis of APAP metabolites is
thus not performed.

To study cell mortality in more details, lactate dehydrogenase (LDH) release is as-
sessed. LDH concentration measured in the cell culture medium decreases over the days
for each microchip: the cell damage mainly occurs at the beginning of the experiment
(Fig. 6.4 A). The microchips in which albumin production falls down to zero (red), cor-
responding to cell death, do not release LDH on day 9: if all the cells were dead in the

115



Chapter 6. Towards a complex liver-on-chip: primary human hepatocytes and
co-cultures

1201 1201

-

o

o
1

100

(=]
o
1
[=2]
o
1

Albumin production (ng/h)
» )
s <

Albumin production (ng/h)
[=2]
(=]

N
[=]
1

Time (day) Time (day)

FIGURE 6.3: Albumin production of PHH cultured in cryogel-integrated
microchips at various time points. (A) Cells not exposed to APAP (0 yM)
(B) Cells exposed to APAP (15 uM).

previous days, LDH could not be released anymore. However, at day 3, these microchips
contain a lower LDH quantity than the ones whose albumin production remains stable or
even slightly increased (grey). To assess whether cell mortality occurs in the first 2 days,
LDH is additionally quantified at day 2 (Fig. 6.4 B).
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FIGURE 6.4: Absorbance of LDH assay of PHH cultured in cryogel-
integrated microchips at various time points. (A) From day 3 to 9. (B)
At day 2.

We observe that LDH related absorbance is much higher than in the next days, but
are surprised about the low values exhibited in the “red” microchips, i.e. those where
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cell death is very high. Therefore, we postulate that most of the cells probably die during
the first day post seeding, and that the realeased LDH is already washed out at day 2, for
these cultures. It is thus important in the future to closely monitor cell mortality in the

post-seeding period.

6.1.3 Discussion and conclusion

Culturing PHH in vitro because of their high sensitivity to the environment and their
rapid dedifferentiation if they lose their polarity. We also face this difficulty in this pre-
liminary study. In addition, we choose to use non plateable PHH, to save costs but also
to evaluate their capability to form aggregates or to rearrange themselves in the cryogels.
It may be noted that these cells are usually discarded or used in suspension for a few
hours, in toxicology studies, but are not recommended for long-term culture. It is thus
difficult to compare our results with those in the literature.

PHH’s viability is low from the beginning of culture in the cryogel-integrated mi-
crochip, as shown by dead cell assay and LDH release. We also observe a large variability
in the albumin production in link with the status of the cells, with synthesized amounts
much lower than others found in the literature [197]. In our group, Jellali et al. obtained
an average albumin production rate of 1000 ng/h/106cells, with the original microchip
geometry devoid of cryogel but also high quality PHH [164].

Nevertheless, some functions can be maintained in spite of a very low number
of remaining cells. APAP exposure corresponds to rather low dose and not surprisingly
does not shown specific additional toxicity. Due to the low number of cells, we decide
not to perform the follow-up of its metabolites in the supernatant, which was an initial
goal of the study.

Although disappointing, performing this preliminary work shows that such a cul-
ture is feasible, provided that the initial huge cell mortality can be prevented. We nev-
ertheless manage to maintain some viable cells in the cryogel. For the next experiments,
we propose to work on several axes: i) use high quality PHHSs that are able to adhere on
a culture support, or use fresh primary rat hepatocytes; ii) improve the thawing/seeding
procedure: cells are cryopreserved in DMSO, which is toxic in classical cultures. Ad-
ditional washing before cell inoculation in the microsystems, or preliminary short 2D
culture could be of help to avoid the initial necrosis and withdraw the dead cells that can

release in situ toxic factors; iii) let the cells reorganize before starting perfusion.
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6.2 Co-culture of HepG2/C3A and HUVEC

6.2.1 Context

This part represents a first attempt to mimic a liver sinusoid (Fig. 1.6), based on the initial
hepatocyte 3D structure reproduced in our cryogel-based microfluidic device. It has been
shown in chapter 2 that hepatocytes co-cultured with endothelial cells improve their hep-
atic protein synthesis and detoxification activity [198]. Ideally, liver sinusoidal endothe-
lial cells (LSEC), characterized by very specific fenestrations allowing mass transfer from
the blood stream to the hepatocyte compartment, should be used. Unfortunately, they are
not easily available, difficult to isolate and their phenotype is unstable in vitro [199], [200].
Therefore, several studies have used another endothelial cell type, i.e. human umbilical
vein endothelial cells (HUVEC).

Not expensive and easy to isolate, they are widely used in in vitro studies. PHH
or HepG2/C3A, co-cultured with HUVEC, exhibit higher albumin production, urea syn-
thesis but also drug metabolism compared to monocultures [201], [202]. In addition to
improve liver functions, co-cultures have an impact on the cellular organization. HUVEC
and hepatocytes interact together, migrate and can create sinusoid-like structures [198],
[203].

In order to improve the liver functions of our cryogel-integrated live-on-chip, co-
culture of HepG2/C3A with HUVEC is performed. In this feasibility study, we will focus
on the HUVEC interactions with the 3D cellular structure structure formed by the hepatic
cells in the perfused cryogel.

6.2.2 Preliminary results

To perform the co-culture, two approaches are followed: seeding of both cell types could
be either concomitant or sequential. Prior to the 3D conditions, the co-culture of HepG2/C3A
with HUVEC is first evaluated in multi-well plates. To track them, both cell types are la-
belled with specific dyes: a red one for the HUVEC and a green one for the HepG2/C3A
cells.

The first method consists in culturing the HepG2/C3A cells for several days and
then seeding the HUVEC. Two situations were studied in multi-well plates: HUVEC
seeding on confluent and non-confluent HepG2/C3A cell layers (Fig. 6.5). After 5 days
of co-culture, HUVEC behaviour depends on the initial situation. If HepG2/C3A are
not at confluence, HUVEC adhere on the free well surface and then, in contact with
HepG2/C3A, form protrusions and sprout into them. On the contrary, if HUVEC are
seeded on a confluent HepG2/C3A layer, they hardly adhere and proliferate on it. After
these first investigations, the co-culture is then performed within the cryogel-integrated
microchip. The HepG2/C3A are first seeded at 500 000 cells/microchip and cultured
during several days in order to proliferate and produce their own ECM. The alginate
cryogel is then removed with alginate lyase and finally 700 000 HUVEC are injected in
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the microsystem. After 5 days of co-culture, some HUVEC are likely to adhere to the
HepG2/C3A cells (Fig. 6.6).

Phase contrast Fluorescence Merged

FIGURE 6.5: Co-culture of HepG2/C3A with HUVEC seeded at different

time in multi-well plates, observations at day 5 using epifluorescence mi-

croscopy. (A) Low HepG2/C3A density and (B) High HepG2/C3A den-
sity. HepG2/C3A (green), HUVEC (red). Scale bar = 100 um.

FIGURE 6.6: Co-culture of HepG2/C3A with HUVEC seeded at different
time in the cryogel-integrated microchip, observations at day 5 using con-
focal microscopy. HepG2/C3A (green), HUVEC (red). Scale bar = 200 ym.

The second method consists in simultaneous seeding of HepG2/C3A and HU-
VEC. According to the literature, we apply the ratio of 2:1 HepG2/C3A:HUVEC [204].
After 5 days of co-culture in multi-well plates, cells are confluent and a well-defined

structure can be observed: the HUVEC form tubular-like networks through the HepG2/C3A

clusters (Fig. 6.7). However, when seeded both at the same time in the cryogel-integrated
microchip, the structure appears to be lost: the previously observed organized network
of HUVEC is not present (Fig. 6.8). Nevertheless, both cell types are randomly and ho-
mogeneously distributed on the alginate scaffold.

119



Chapter 6. Towards a complex liver-on-chip: primary human hepatocytes and
co-cultures

Phase contrast Fluorescence

FIGURE 6.7: Co-culture of HepG2/C3A with HUVEC simultaneously
seeded in multi-well plates, observations at day 5 using epifluorescence
microscopy. HepG2/C3A (green), HUVEC (red). Scale bar = 100 ym.

FIGURE 6.8: Co-culture of HepG2/C3A with HUVEC simultaneously

seeded in the cryogel-integrated microchip, observations at day 5 using

confocal microscopy. HepG2/C3A (green), HUVEC (red). Scale bar = 200
pm.

6.2.3 Discussion and conclusion

In order to design a complete liver-on-chip exhibiting all the functionalities of this or-
gan, the culture of hepatocytes with NPC represents a significant step forward. As one
of the major hurdles in bioengineering remains tissue’s vascularization, the addition of
endothelial cells is often foreseen to promote neovascularization. Moreover, this cell type
plays an important role when culturing hepatocytes under dynamic condition by protect-
ing them from the shear stress resulting from the flow. In this study, the improvement of
our device is evaluated through the co-culture with HUVEC. Our objective is to form a
3D network of hepatocyte-like cells covered by endothelial cells, as a simplified sinusoid.

The question addressed here deals with the seeding protocol: concomitant and
sequential seedings are studied to determine which one best promotes self-organization
during the proliferation phase. In 2D culture, the simultaneous seeding appears promis-
ing since HUVEC are able to form a network that we do not observe following the se-
quential protocol. This network has also been described by Chiew et al. in multi-well
plates [204]. However, we point out the relative difficulty of HUVEC to adhere and pro-
liferate onto HepG2/C3A monolayer, a phenomenon that has not been reported in the
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literature.

The application of the simultaneous seeding protocol in the cryogel-based mi-
crochip is rather disappointing: after 5 days of co-culture, we can not reproduce the
results obtained in 2D: no specific structure could be observed. Both cell types are ran-
domly distributed without many cell-cell interactions. In contrast with the 2D observa-
tions, the sequential co-culture in 3D appears more promising. Some HUVEC are likely
to adhere on the pre-formed HepG2/C3A tissue. Nevertheless, it is difficult to say if they
formed protrusions as observed in multi-well plates. In order to enhance the adhesion
of HUVEC onto HepG2/C3A and mimic the space of Disse between the hepatocyte and
the endothelial cells, a coating with proteins of this specific ECM could be performed on
HepG2/C3A cells before HUVEC seeding. This method was carried out by Inamori et al.
that coated hepatocyte spheroids with collagen I to obtain HUVEC-covered hepatocyte
spheroids instead of HUVECs invaded hepatocyte spheroids [203].

The preliminary results generated during this co-culture between HepG2/C3A
cells and HUVEC are promising and deserve further investigation. Although the sequen-
tial seeding has shown better cellular organization after 5 days, both co-culture methods
should be performed on the long term to observe any specific structures formation. This
model could be used to closely mimic the structure of the sinusoids. Moreover, it could
become a study model of the hepatocellular carcinoma angiogenesis since this mecha-
nism is crucial for tumor growth and is the target of some promising therapies against
liver cancer [205], [206].

6.3 HepG2/C3A and MDA-MB-231: an example of study for cir-

culating tumor cells

6.3.1 Context

The liver is the main organ in contact with xenobiotics but also with circulating tumor
cells (CTCs). These cells come from a tumor in a specific organ from which they man-
aged to reach the blood or lymphatic circulation. They can thus spread into the human
body and generate new tumors, called metastases, distant from the primary one. The
organ distribution is not random: depending on the primary tumor location, principal
sites of metastasis have been identified [207]. Lungs, brain, bone and in particular liver
are the main ones. This organ specific pattern is due to favorable interactions between
the metastatic tumor cells and the organ microenvironment, known as "seed and soil"
theory [208]. The mechanism for dissemination of CTCs is complex and diverse and its
understanding is essential to find possible therapeutic interventions. Indeed, metastasis
remains the cause of 90% of deaths from primary tumors [209].

The process of metastasis is composed of different steps [209], [210]. First, the pri-
mary tumor grows, cells invade the stromal tissue surrounding the tumor and activate
the angiogenesis process in order to get blood supply that support their metabolic needs.
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The resulting new blood vessels are closed to the cancer cells, and intravasation can oc-
cur: cancer cells cross the vessel wall and enter the circulation. Some of the CTCs survive
into the body’s circulatory system despite the immune system and shear stress, and cir-
culate in the body until they are stopped. This usually happens in the capillaries which
trap CTCs by size restriction and where they have been attracted by chemo-attractant
molecules. They adhere to the vascular wall and can then begin extravasation: they leave
the circulation by crossing the vessel wall. Cancer cells finally initiate their growth and
colonize the new site thus developing metastasis.

The liver is one of the privileged sites for the development of metastasis due to
its important vascularization and its numerous sinusoids but also due to its favorable
microenvironment [211]. However, the metastasis process in this organ is not well un-
derstood yet. To this end, different research teams are working on one or more steps
of this process including the team of Dr C. Lagadec (Inserm U908) at "Institut pour la
Recherche contre le Cancer - Oscar Lambert" at Lille [212]. They study the extravasa-
tion step of breast CTCs in the liver, one of the specific organs along with lungs, brain
and bones. Together with Dr A. Treizebré, from "Institut d’Electronique, de Microélec-
tronique et de Nanotechnologie" (IEMN-UMR 8520), they developed a research program
aiming at following the extravasation process in a microfluidic device that mimic the
endothelial barrier [213], [214].

We decided thus to combine our efforts in the framework of a research project led
by Dr Treizebré and funded by the “Cancéropole Nord Ouest (2019-2020)". One of the
goals of the project, directly in link with my PhD thesis, is to evaluate the feasibility of
following the behavior of CTCs in our biomimetic liver system. This study was partially
performed during the internship of Solene Rousseau, a UTC student in bioengineering.

6.3.2 Preliminary results

When CTCs cross the liver endothelial wall, they reach the space of Disse where they can
come into contact with hepatocytes and colonize the tissue. To recreate this process and
study the interactions in our microsystems, we use a human breast cancer cell line, MDA-
MB-231, that the team of Dr. Lagadec has transfected with GFP for imaging studies.

The parameters of the co-culture of HepG2/C3A and MDA-MB-231 are first eval-
uated in multi-well plates. The objectives are to fix the composition of the co-culture
medium, the time course and respective concentrations for cell seeding. After analysis
of both culture media employed by Dr Lagadec and our team, it appears that classical
HepG2/C3A culture medium can be employed. The hepatic cells are first seeded at low
and high density, 20 000 cells/cm? and 200 000 cells/cm? respectively. After adhesion,
breast CTCs are inoculated at a density of 1 000 cells/cm? and the evolution of the co-
culture is monitored under epifluorescent microscope after a cell viability assay (Fig. 6.9).
HepG2/C3A cells adhere, proliferate and become confluent in both conditions, although
mortality seems slightly higher for the high density condition. The MDA-MB-231 cells,
in green, exhibit different behaviours depending on the HepG2/C3A cell density: at low
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density (Fig. 6.9 A) they succeed to adhere and seem to proliferate contrary to high den-
sity (Fig. 6.9 B) where they do not adhere and die. However, their morphology is not the
one usually observed, they are spherical instead of being elongated with pseudopods.

Day 2 Day 4 Day 6

FIGURE 6.9: Epifluorescent microscope observations of HepG2/C3A cells

seeded at different densities in well plates co-cultured with MDA-MB-231

cells seeded at 1 000 cells/cm? at day 2, 4 and 6. (A) HepG2/C3A seeded

at 20 000 cells/cm? (B) HepG2/C3A seeded at 200 000 cells/cm?. Far-Red
Fixable Dead Cell (red), GFP (green). Scale bar = 200 ym.

In order to confirm the microscopic observations, cell counts are performed for
each cell type in co-culture and alone as a control 6.10. On the one hand, the HepG2/C3A
proliferation in co-culture is similar to that of the control (without CTCs) for both densi-
ties. On the other hand, the number of MDA-MB-231 cells in co-culture is much lower
than that of the control: at day 6, it is 3 times lower in the low HepG2/C3A cells den-
sity condition and almost equal to zero in the high HepG2/C3A cells density condition.
Therefore, these results confirm the previous microscopic observations: the HepG2/C3A
cells density seems to influence MDA-MB-231 cells adhesion and further proliferation.
At low HepG2/C3A cells density, the breast cancer cells proliferate but at HepG2/C3A
cells high density they do not succeed to adhere and die.

A preliminary study is consequently performed in the alginate cryogel-integrated
microchip in order to evaluate the suitability of this device to study the metastasis mech-
anism. HepG2/C3A cells are first seeded at 1 million/microchip and then MDA-MB-231
cells at 1 000 cells/microchip following the protocol established in chapter 3. The co-
culture is maintained for 4 days and observed under epifluorescent microscope after a
cell viability assay (Fig. 6.11).

At day 1, HepG2/C3A cells are located all over the microchip. The MDA-MB-231
cells can be observed inside the microchip and appear spherical, just after their seed-
ing. One day after, the presence of green areas suggests that some MDA-MB-231 cells
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FIGURE 6.10: Cell counting of HepG2/C3A cells at 20 000 cells/cm? and
200 000 cells/cm? and MDA-MB-231 cells at 1 000 cells/cm? in co-culture
and their respective control.

Day 1 Day 2 Day4

FIGURE 6.11: Epifluorescent microscope observations of HepG2/C3A cells

seeded at 1 million in microchip alginate 1% (1:1) co-cultured with MDA-

MB-231 cells seeded at 1 000 cells/microchip at day 1, 2 and 4. Far-Red
Fixable Dead Cell (red), GFP (green). Scale bar = 200 ym.

have proliferated. However, at day 4, we distinguish different intensities of green ar-
eas. The most intense are probably MDA-MB-231 cell clusters. The other spots can be
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attributed either to MDA-MB-231 cells located at another level in the microchip or to
auto-fluorescence from PDMS.

6.3.3 Discussion and conclusion

Although the formation of metastasis in specific organs have been recognized for many
years, this phenomenon is still not well understood. Metastasis formation is a highly
complex mechanism that involves a wide variety of mediators, including growth fac-
tors, cytokines and adhesion molecules. For example, some interactions between breast
CTCs and their target organs have been discovered: lungs, brain, bones and liver secrete
chemokines whose receptors are highly expressed in cancer cells leading to their migra-
tion to these sites [215]. Microcirculation and resulting shear conditions play probably an
important role too. New tools mimicking the full microenvironment are needed to study
these interactions in detail and further develop host-directed anticancer therapies. They
are currently only few studies dealing with this type of approach. We can only cite the
group of Wells and Griffith in Pittsburgh, using hygrogels to co-culture an hepatic tissue
with CTCs in view of understanding dormancy [216]

Before studying the possibility to use the cryogel-integrated microchip, the two
cell types used, HepG2/C3A and MDA-MB-231 cells, are first co-cultured in multi-well
plates. The microscopic observations show that the breast CTCs do not seem to be able
to adhere on HepG2/C3A cells, but only to the plastic support. These observations are
confirmed by cell counting: the number of MDA-MB-231 cells decreases over the days
probably due to cell culture change. They are thus washed out of the wells. We did not
find in the literature any report regarding such a co-culture. Receptors responsible for
MDA-MB-231 adhesion might not be present on the membrane of HepG2/C3A. In addi-
tion, it has been shown that during the process of extravasation, a release of chemokines
by different cellular actors leads to the development of an inflammatory microenviron-
ment. This induces the upregulation of some receptors present on the LSEC. For example,
the intercellular adhesion molecule 1 (ICAM-1) receptor is activated by the tumor necro-
sis factor alpha (TNF-«), thus allowing the fixation of circulating cancer cells bearing the
ligand of this receptor. Since this receptor is also present on hepatocytes, an activation
with TNF-x might be necessary [217]. However, we are also aware that chemokines are
only one part of the complex metastasis mechanism and that other factors are involved.

The introduction of MDA-MB-231 cells in the cryogel-integrated microchip con-
taining HepG2/C3A cells is then performed. Very interestingly, and in contrast with 2D
culture, breast CTCs remain in the microchip despite the perfusion. They probably ad-
here to PDMS or alginate coated with collagen, i.e. the biomimetic extracellular matrix,
or remain trapped in the pores of the cryogel. In the same way as before, this experiment
should be probably performed in an inflammatory environment and all the necessary
factors to induce metastasis cascade. However, this preliminary experiment shows that
MDA-MB-231 cells can be successfully injected in the cryogel-integrated microchip al-
ready occupied by the hepatic cells.
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To conclude, the cryogel-integrated microchip could be an interesting tool to study
breast CTCs mechanisms, as well as potential therapies. Indeed, under appropriate con-
ditions that induce the metastasis cascade, cell behaviour could be studied in 3D. More-
over, in case of a co-culture between hepatocytes and LSEC, the complete mechanism
of extravasation could be reproduced with breast CTCs circulating in the microfluidic
system. In such perfused systems, the effect of cytotoxics on the tumor, but also in the
surrounding healthy tissues could be analyzed. These first promising results regarding
the proof of concept deserve thus to be persued in more ambitious projects.
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Obtaining liver’s in vitro relevant model remains a key challenge today. Despite the abun-
dant literature in the field, rapidly growing in the last years, none of the proposed ad-
vanced techniques has been successfully translated to routine tests in the pharmaceutical
companies yet, and animal experiments are still considered as the gold standard. Indeed,
the current in vitro liver models do not reproduce the complete set of features necessary
to maintain a functional tissue. This results in poor reliability and accuracy, especially for
predictive toxicology or drug metabolism studies. The development of a liver model that
mimics in vivo conditions as closely as possible is therefore crucial. In this thesis project,
we developed a cryogel-integrated microchip, gathering therefore the cell culture in 3D
and in perfusion in a bioinspired approach.

First, we designed and characterized the 3D scaffold, i.e. alginate cryogel, at
the microscopic and macroscopic levels. By varying the alginate concentration and the
AAD:EDC ratio, we were able to obtain cryogels with tunable mechanical properties,
ranging from those of a healthy to a pathological liver. The study of the porosity, the
degree of pore connectivity, the swelling ratio but also the flow resistance in the mi-
crochip showed that the cryogel properties change with the alginate concentration and
the AAD:EDC ratio. These results led us to choose only one condition for the cryogel-
integrated microchip.

Then, the proof of concept of this new microchip was performed with the human
hepatocyte cell line HepG2/C3A. We demonstrated the viability and proliferation of cells
in the cryogel-integrated microchip and their 3D distribution in the device. Basic hepatic
functions, albumin synthesis and APAP biotransformation, were found to be close to
the standard cryogel-free microchip. This similarity was expected since HepG2/C3A
behavior is rather independent from 3D culture conditions. Very interestingly, applying
alginate lyase to remove alginate cryogel did not alter the 3D cell structures, leading to a
highly porous 3D liver tissue.

Finally, during this PhD framework, we had the opportunity to explore several
ways to upgrade this new device for its further use to understand physiological and
pathological processes occurring in the liver. The culture of the gold standard cells, i.e.
PHH, is not straightforward and will need improvement to propose a model for hepa-
totoxicity or drug metabolism studies. The complexification of the HepG2/C3A model
with HUVEC, as an example of non parenchymal cells, showed promising results, es-
pecially on the sequences of co-culture to be performed. This is a first step towards a
biomimetic liver sinusoid, in which endothelial cells will be in direct contact with the
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flow, while hepatocytes are entrapped into an extracellular matrix. A preliminary study
of the interaction between liver cells with breast tumor cells highlighted the potential of
the device for such investigations involving circulating cells.

This thesis project has thus led to the development of an innovative model of per-
fused liver, with a functional 3D structure that can be used for the pharmaceutical in-
dustry as a healthy and pathological model. The results shown here only correspond to
the first characterizations of the device and many improvements can be proposed for the
next stages.

Concerning the healthy liver model, the next step is to successfully grow PHH. The
proof of concept has been done here with a cell line, but the first attempts to culture PHH
were not successful. The protocol should be improved to culture such sensitive cells.
Moreover, in order to be used as a new in vitro liver model, a reliable method to count
cells in the device should be found. DNA quantification should be tested, ensuring that
the alginate does not adsorb DNA. The biological studies need to be further investigated.
Cell polarity could be observed by immunostaining of transporters (MRP2, OATP) for
example. Proteomic and genomic analysis could also be performed to study in more
details the cell activity in this new device.

Concerning, the pathological models, in particular the cirrhotic liver, new condi-
tions varying alginate concentration and AAD:EDC ratio should be tested. Indeed, we
succeeded in this work to develop a cryogel with tunable mechanical properties but the
one close to pathological liver rigidity did not exhibit a porous structure. Therefore, a
balance between alginate concentration and AAD:EDC ratio should probably be found.
Another possibility could be to use alginate with another polymer such as agarose which
allow to create rigid structures. Concerning the metastatic model, the next step is to in-
ject the CTC in the circulating cell culture medium to mimic the process of extravasation.
Moreover, to faithfully reproduce this process, the sinusoidal model must be improved.
The adhesion of endothelial cells should thus be enhanced. A coating with molecules
of the ECM could be performed on the 3D structure formed by the hepatic cells. This
sinusoidal model is essential to have a metastatic model but it could also be used in the
healthy and cirrhotic liver models.

Concerning the device itself, a study of fluid mechanics inside the cryogel-integrated
microchip should be performed to understand the perfusion in details and identify its
main parameters. This would enable a better characterization of local velocities, pres-
sures, shear stresses, preferential paths, and dead zones. Some parameters such as the
pore size and the stiffness of the alginate cryogel should probably be adapted once more
to optimize the perfusion. In the same way, the design of the microchip plays a role on
the flow distribution and could be adapted accordingly.

Another improvement deals with the perfusion platform, the IDCCM. It was orig-
inally designed for "empty" microchips. The addition of the cryogel inside of these mi-
crofludic devices and the resulting resistance to flow do not allow an optimal use any-
more. Actually, it could be interesting to develop a new perfusion system gathering the
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advantages of both devices we used here, i.e. IDCCM and bubble traps. It should meet
several criteria: observable under microscope during the experiment and directly per-
fused like the bubble traps system but also easy to handle with a microchip support and
an easily measurable circuit volume like the IDCCM device. In addition, the integration
of a pressure controller would be a great improvement to control the flow rate through
the cryogel-integrated microchips. In the same ways, oxygen, glucose or lactate sensors
could be integrated to improve the culture follow-up.

The work presented here has enabled to take a new step towards the realization
of a liver-on-chip. In the future, it could represent a reliable in vitro model for predictive
toxicology and therefore improve the drug development process. Moreover, it could be
used as a physiological and pathological liver model. In the development of personalized
medicine, it could also be an interesting tool against liver cancers.

Beyond the liver, this cryogel integrated microchip represents a new cell culture
system, in a 3D and dynamic environment, and could be adapted to other cell types and

therefore other organs.
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