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ABSTRACT

The liver is a vital organ which is responsible for a wide range of functions. End-stage liver
diseases have a very high morbidity and mortality due to associated complications, and liver
transplantation represent the only current effective treatment. However, organ transplantation
i1s hampered by the scarcity of donors, thus, over the past years, new alternative approaches
have been explored to answer this need.

Hepatic cell therapy has been used to recover and stabilize the lost metabolic functions due to
different diseases. However, despite its promising results, it has not been considered as a
definitive treatment because the scarcity of cells and the low cell engraftment and survival of
the transplanted cells.

Tissue-mimic cell culture methods, which promote liver-specific functions for a long period,
are promising tools for liver tissue engineering. They are based on the use of biomaterials as
three-dimensional cell culture platforms that try to recapitulate cell-cell and cell-matrix
interaction. They can mimic the composition and stiffness of the liver extracellular matrix, by
the combination of a protein and a polysaccharide, as a strategy to promote hepatic functionality
of cultured cells. Furthermore, if biomaterials are injectable, they result very advantageous, as
they allow the homogeneous encapsulation of cells, the scalability of the in vitro culture by
bioprinting and the implantation of the cell-biomaterial construct by minimally invasive
surgeries for liver regeneration. The aim of this Master Thesis is the development of biomimetic
injectable hydrogels based on the combination of gelatin and hyaluronic acid and two
crosslinking chemistries, to explore the optimal for cell encapsulation and liver tissue
engineering. In part I we study the suitability of enzymatically crosslinked hydrogels
(previously developed in my bachelor thesis) for the encapsulation of primary human
hepatocytes. We found an enhanced hepatic functionality (ureogenesis, albumin secretion and
activity of drug metabolic enzymes (P450)) when the hepatocytes were within the hydrogels
than in monolayer, which makes this system very promising for the future. Part II is dedicated
to optimize the synthesis conditions of hydrogels based on the covalent reaction between
aldehyde groups of oxidized hyaluronic acid (0HA) and amino groups of gelatin (Gel) through
imine bond formation. Experiments demonstrate that 100 mg/mL solutions of oHA and Gel
mixed at a ratio oHA: Gel 1:3 produce stable hydrogels. Furthermore, hydrogel crosslinking
with fibroblasts is not cytotoxic, as most of the cells remained alive after 1 and 7 days of culture,
with adequate level of metabolic activity after 7 days within the hydrogel. This system is
advantageous over the enzymatically crosslinking, as no catalyzer is used and the buffer to
dissolve the hydrogel precursors molecules is more cell friendly. Future experiments with
human hepatocytes could allow us to propose it as a good alternative for the tissue engineering
of liver.

Keywords: liver tissue engineering, injectable hydrogels, hyaluronic acid, gelatin, tyramine
conjugates, oxidized polysaccharides and hepatic functionality.
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RESUMEN

El higado es un 6rgano vital responsable de una amplia gama de funciones. Las enfermedades
hepaticas en fase terminal tienen una morbilidad y mortalidad muy alta debido a las
complicaciones asociadas, y el trasplante de higado representa el unico tratamiento efectivo
actual. Sin embargo, el trasplante de drganos se ve obstaculizado por la escasez de donantes,
por lo que en los ultimos afios se han estudiado nuevos enfoques alternativos para responder a
esta necesidad.

La terapia celular hepatica se ha utilizado para recuperar y estabilizar las funciones metabolicas
perdidas debido a diferentes enfermedades. Sin embargo, a pesar de sus resultados
prometedores, no se ha considerado como un tratamiento definitivo debido a la escasez de
células y al bajo nivel de injerto celular y supervivencia de las células trasplantadas.

Los métodos de cultivo de células que imitan el tejido, promoviendo funciones hepdticas
especificas durante un largo periodo, son herramientas prometedoras para la ingenieria de
tejidos hepaticos. Se basan en el uso de biomateriales como plataformas de cultivo celular
tridimensional que tratan de recapitular la interaccion célula-célula y célula-matriz. Pueden
imitar la composicion y la rigidez de la matriz extracelular del higado, mediante la combinacion
de una proteina y un polisacarido, como estrategia para promover la funcionalidad hepatica de
las células cultivadas. Ademas, si los biomateriales son inyectables, resultan muy ventajosos,
ya que permiten la encapsulacion homogénea de las células, la escalabilidad del cultivo in vitro
por bioimpresion y la implantacion del constructo célula-biomaterial mediante cirugias
minimamente invasivas para la regeneracion del higado. El objetivo de este Trabajo Final de
Master es el desarrollo de hidrogeles inyectables biomiméticos basados en la combinacion de
gelatina y acido hialurénico y dos quimicas de reticulacion, para explorar la 6ptima para la
encapsulacion de células y la ingenieria tisular de higado. En la parte I estudiamos la idoneidad
de los hidrogeles reticulados enzimaticamente (desarrollados previamente en mi Trabajo Final
de Grado) para la encapsulaciéon de hepatocitos humanos primarios. Encontramos una
funcionalidad hepatica mejorada (ureogénesis, secrecion de albumina y actividad de enzimas
del metabolismo de farmacos (P450)) cuando los hepatocitos estdn en los hidrogeles que en
monocapa, lo que hace que este sistema sea muy prometedor para el futuro. La segunda parte
estd dedicada a optimizar las condiciones de sintesis de los hidrogeles basada en la reaccion
covalente entre grupos aldehido de acido hialurénico oxidado (oHA) y grupos amino de la
gelatina (Gel) mediante la formacion de enlaces imina. Los experimentos demuestran que
disoluciones de 100 mg/mL de oHA y Gel mezclados en una proporcion oHA:Gel 1:3 producen
hidrogeles estables. Ademas, el entrecruzamiento del hidrogel en presencia de fibroblastos no
es citotoxico, ya que la mayoria de las células permanecieron vivas después de 1 y 7 dias de
cultivo, con un nivel adecuado de actividad metabodlica después de 7 dias en el hidrogel. Este
sistema es ventajoso sobre el reticulado enzimdaticamente, ya que no se utiliza ningun
catalizador y el tampon para disolver las moléculas precursoras del hidrogel es mas favorable
para las células. Los futuros experimentos con hepatocitos humanos pueden permitirnos
proponerlo como una buena alternativa para la ingenieria tisular del higado.

Palabras clave: ingenieria tisular de higado, hidrogeles inyectables, 4cido hialurénico,
gelatina, conjugados de tiramina, polisacaridos oxidados y funcionalidad hepatica.
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RESUM

El fetge és un organ vital que és responsable d'una amplia gamma de funcions. Les malalties
hepatiques en fase terminal tenen una morbilitat i mortalitat molt alta a causa de les
complicacions associades, i el trasplantament de fetge representa I'inic tractament efectiu
actual. No obstant aix0, el trasplantament d'organs es veu obstaculitzat per I'escassetat de
donants, per la qual cosa en els Ultims anys s'han estudiat nous enfocaments alternatius per a
respondre a aquesta necessitat.

La terapia de cel-lules hepatiques s'ha utilitzat per a recuperar i estabilitzar les funcions
metaboliques perdudes a causa de diferents malalties. No obstant aixo, malgrat els resultats
prometedors, no s'ha considerat com un tractament definitiu a causa de 1'escassetat de cél-lules
1 el baix nivell d'empelt cel-lular i supervivencia de les cel-lules trasplantades.

Els métodes de cultiu de ceél-lules que imiten el teixit, promovent funcions hepatiques
especifiques durant un llarg periode, son eines prometedores per a l'enginyeria de teixits
hepatics. Es basen en 1is de biomaterials com a plataformes de cultiu cel-lular tridimensional
que tracten de recapitular la interaccio cel-lula-cel-lula i cel-lula-matriu. Poden imitar la
composicid 1 la rigidesa de la matriu extracelul-lar del fetge, mitjangant la combinaci6é d'una
proteina 1 un polisacarid, com a estratégia per a promoure la funcionalitat hepatica de les
cel-lules cultivades. A més, si els biomaterials son injectables, resulten molt avantatjosos, ja
que permeten I’encapsulament homogeni de les cél-lules, 1'escalabilitat del cultiu in vitro per
bioimpresié 1 la implantacid del constructe cel-lula-biomaterial mitjangant cirurgies
minimament invasives per a la regeneracio6 del fetge. L'objectiu d'aquest Treball Fi de Master
¢s el desenvolupament d'hidrogels injectables biomimetics basats en la combinaci6 de gelatina
1 acid hialuronic 1 dues quimiques de reticulacid, per a explorar 1'0ptima per a I’encapsulament
de cel-lules 1 l'enginyeria tissular de fetge. En la part I estudiem la idoneitat dels hidrogels
reticulats enzimaticament (desenvolupats préviament en el meu Treball Fi de Grau) per a
I’encapsulacié d'hepatocits humans primaris. Trobem una funcionalitat hepatica millorada
(ureogénesi, secrecid d'albumina i activitat d’enzims del metabolisme de farmacs (P450)) quan
els hepatocits son en els hidrogels que en monocapa, la qual cosa fa que aquest sistema siga
molt prometedor per al futur. La segona part esta dedicada a optimitzar les condicions de sintesi
dels hidrogels basats en la reacci6 covalent entre grups aldehid d’acid hialuronic oxidat (oHA)
1 grups amino de la gelatina (Gel) mitjangant la formacié d'enllagos imina. Els experiments
demostren que solucions de 100 mg/mL de oHA i Gel mesclats en una proporcié oHA:Gel 1:3
produeixen hidrogels estables. A més, la reticulacio de I'hidrogel en presencia de fibroblastos
no ¢és citotoxic, ja que la majoria de les cel-lules romanen vives després d'1 1 7 dies de cultiu,
amb un nivell adequat d'activitat metabolica després de 7 dies a 1'hidrogel. Aquest sistema ¢€s
avantatjos sobre el reticulat enzimatic, ja que no s'utilitza cap catalitzador i el tamp6 per a
dissoldre les molécules precursores de 1'hidrogel és més favorable per a les cél-lules. Els futurs
experiments amb hepatocits humans poden permetre'ns proposar-ho com una bona alternativa
per a l'enginyeria tissular del fetge.

Paraules clau: enginyeria tissular de fetge, hidrogels injectables, acid hialuronic, gelatina,
conjugats de tiramina, polisacarids oxidats i funcionalitat hepatica.
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ABBREVIATURE INDEX
ACLF — Acute-on-Chronic Liver Failure
ALD — Alcoholic Liver Disease
ALF — Acute Liver Failure
BSA — Bovine Serum Albumin
CFDA — 5(6)-Carboxyfluoresceine Diacetate
CF-KRB — Calcium-Free Krebs Ringer Buffer
CS-AT — Chitosan-graft Aniline-Tetramer

CYP’s — Polymorphic Cytochrome P450 Enzymes
DMEM - Dulbecco’s Modified Eagle’s Medium
dPBS — Dulbecco’s Phosphate Buffered Saline
ECM - Extracellular matrix

EDC — 1-Ethyl-3-(3-dimethylaminopropyl)carbodiimide
ELISA — Enzyme-Linked ImmunoSorbent Assay
ESLD — End Stage Liver Diseases

EWC — Equilibrium Water Content

FBS - Fetal Bovine Serum

GAG’s — Glycosaminoglycans

Gel-Tyr — tyramine conjugate of Gelatin

H>0> — Hydrogen Peroxide

HA — Hyaluronic Acid

HA-CA — Catechol-modified Hyaluronic Acid
HA-Tyr — tyramine conjugate of Hyaluronic acid
HCI — Hydrochloric Acid

HCT — Hepatic Cell Therapy

HRP- Horseradish Peroxidase

1PSC’s — Induced Pluripotent Stem Cells

KCI — Potassium Chloride

LSPC’s — Liver Stem Progenitor Cells

MES — 2-(N-Morpholino)Ethanesulfonic Acid
MSC’s — Mesenchymal Stem Cells

MWCO — Molecular Weight Cut-Off
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mTG — microbial transglutaminase

NaCl — Sodium Chloride

NAFLD — Non-alcoholic Fatty Liver Disease
NalO4 — Sodium Periodate

NaOH — Sodium Hydroxide

NH;0OHCI — Hydroxylammonium Chloride
NH4"— Ammonium

NHS — N-Hydroxysuccinimide

NPC’s — Neural Progenitor Cells

OCT - Optimal Cutting Temperature

oHA-Gel — Oxidised hyaluronic acid and gelatin hydrogels
oHA - oxidised Hyaluronic Acid

PEG — Polyethylene Glycol

PEG-DA — Dibenziladehyde-terminated Poly(Ethylene Glycol)
PLGA — Poly(Lactic-co-Glycolic Acid
PNIPAM - Poly(N-isopropylacrylamide)

PSF — Penicillin-Streptomycin-Fungizone

RGD — Cell attachment sequence

SCW’s — Schwann Cells

SDS — Dodecylsulphate Sodic

w — Mass of water per unit mass of dry polymer
mTG - Transglutaminase

TMB - 3,3',5,5'-Tetramethylbenzidine

TNBSA - 2.4,6-Trinitrobenzene Sulfonic Acid
t(HA-Gel) — Tyramine conjugate hydrogels
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1. MOTIVATION

I was first interested in tissue engineering after I suffered an anterior cruciate ligament injury.
After the surgery, my surgeon told me about tissue engineering, and I have been fascinated ever
since. This gave me an extra motivation to choose a career specialisation with the focus on
tissue engineering. Last year I finished the degree on biomedical engineering, and I could work
in the development of hydrogels as supports for hepatic tissue engineering during my Bachelor
Thesis. This period provided me with an invaluable experience and convinced me to start a
research career. I decided to continue exploring the same topic, as the results I obtained were
very promising. The present Master Thesis is the result of our last research in which the
hydrogels I developed during my bachelor period were explored as suitable matrices for the
culture of primary human hepatocytes. Furthermore, alternative hydrogels that do not need
catalysers to react are here presented, with similar composition but different crosslinking
reaction. This system was developed in international collaboration and thanks to a summer
internship of two months I could made in Germany in the lab of Prof. Thomas Groth, my second
co-tutor. During the time I was with him I learnt to work in a different lab, out of my comfort
zone, in a foreign language, and could enjoy the experience and the little satisfactions the
science sometimes brings.

The Master studies allowed me to explore other interesting fields, but among them, the one I
liked the most was again tissue engineering. This year the course was focused on how to bring
research products to the market, which was very interesting to learn.

Nonetheless, my motivation will not end with this project, and I will try to consolidate my
research studies in a future pre-doctoral period to become PhD.

During the Master’s Thesis I acquired the following knowledge:

e Synthesis and fundaments of self-crosslinkable hydrogels

e Physical characterisation: Equilibrium water content and gel content
e Human primary hepatocytes and fibroblasts culture

e Functional assessment of encapsulated cells

e Immunohistochemistry techniques

e C(lassification of medical devices

e Risk analysis of medical devices
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2. OBJECTIVES

Tissue engineering applied to liver tissue is a consequence of the major limitations that exist
today: the increased mortality associated to patients with end-stage liver diseases, the increment
of the incidence of these diseases in recent years and the shortage of donor organs.

Hydrogels have been widely used for other tissues and different pathologies and the potential
of injectable hydrogels has been evident since their discovery thanks to the applicability by
non-invasive surgeries. In the case of hepatic tissue, research has focused on the use of
hydrogels as three-dimensional cell culture matrices, stem cell differentiation platforms and in
vitro models for drug screening. In liver tissue engineering is very important to find materials
able to stimulate the hepatic functionality of the cells once they have been encapsulated, as well
as to overcome the limitations of cell therapy such as the low cell engraftment in the host liver.
The idea is to look for alternatives to liver transplantation that allow the recovery of lost
functions or help keeping the patient alive while a liver donor is available.

Injectable hydrogels are implanted in aqueous solutions compatible with cells and are able to
crosslink and become solid within the body with cells in them encapsulated. This allows the
cells to better target the tissue and the place of interest. The hydrogel matrix mimics the
extracellular matrix (ECM) of the tissue and provides three dimensionality to the cells
enhancing hepatic functionality. If the composition of the 3D hydrogels has components of the
native ECM the hepatic environment for the hepatocytes is better recreated and the therapy will
have better outcomes. Consequently, in this study we explored two crosslinking chemistries to
combine hyaluronic acid and gelatin to propose them as injectable hydrogels for liver tissue
engineering, since both components are present in the extracellular matrix of the tissue.

Thus, the main purpose of this project is to compare two different ways to synthesize injectable
hydrogels for human hepatocytes culture. The first system is an enzyme-mediated crosslinking,
which was characterised in my Bachelor Thesis and checked with a cell line. It is here explored
as a suitable matrix for the encapsulation of primary human hepatocytes to move forward to a
more realistic application. The second system is an auto crosslinking method based on the
reaction of amino and carboxylic groups forming a Schiff’s base, free of catalysers. It is
proposed as an alternative of the enzymatic hydrogel. As this system is new, the aim of this part
was to optimise the synthesis to find compositions compatible with cells. The cell culture
experiments with this second hydrogel were performed with fibroblasts, as a proof of concept
before starting with hepatocytes. The aim is to characterize equilibrium water content, gel
content and biological performance by cell culture. Functionality of encapsulated hepatocytes
was characterised by analysing the activity of drug metabolism enzymes, ureogenic capacity
and albumin secretion. Viability of encapsulated fibroblasts was assessed to proof the
cytocompatibility for the second method. It is worth mention that my intention was to
encapsulate liver cells in the second system, activity that was interrupted due to the current
pandemic situation. The results here presented correspond to the experimental work done from
the last summer (July 2019 when I did my summer internship in Germany) until the lockdown,
March 2020.
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3. BACKGROUND

Tissue engineering is the part of the science that explores new ways to treat and deal with the
current limitations of the medicine in terms of damaged tissues or organs. It is based on three
main pillars acting together within damaged tissues for their proper regeneration: cells, scaffold
and signalling. They are selected according to the tissue, trying to mimic the natural
environment found in the healthy organism.

The liver is one of the most relevant organs within the body, being the main metabolic centre,
with vital functions such as metabolism, bile production, plasma protein synthesis,
detoxification, vitamin storage, glycolysis, and gluconeogenesis. Nowadays, there is not an
effective treatment against end-stage liver diseases, and only liver transplantation is considered
as an effective treatment. However, the shortage of organs, the high incidence of complications
and the long-term immunosuppressive therapy lead to look for alternative therapies to face these
challenges.

In this introduction, fundamental concepts such as the liver anatomy, the alternatives for liver
transplantation, the hydrogels that are considered as scaffolds for liver regeneration and the
necessary concepts for the chemistry I followed in this Master thesis will be explained.

3.1. Liver

The liver is the biggest internal organ inside the body, which weighs around 1.5 kg. Located in
the upper right and part of the left abdominal quadrants, it is formed by two main lobes called
right liver and left liver and two smaller lobes called quadrate and caudate (Adrian, 2020). The
four lobes are also divided into 8 anatomical lobes. Not only its functions make the liver a
special organ, but its blood supply is also unique and comes from two different pathways: portal
vein and hepatic artery, providing a 75% and 25% of the total blood volume, respectively (Kalra
et al., 2018) (Figure 1).
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Figure 1.Schematic representation of the liver anatomy: lobes, vasculature and bile ducts from the
gallbladder. (Davoodabadi et al., 2018)
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The hepatic vascular system is represented by the portal vein, the hepatic vein and the hepatic
artery with their respective subunits (i.e. central vein, terminal hepatic vein and hepatic
arteriole) and the bile ducts coming from the gallbladder (Figure 1). In a hepatic lobule three
ducts are found, forming the “portal triad”: the bile duct, the hepatic arteriole and the portal
vein. On the other hand, in all lobes there is a central vein. The blood flows from the portal triad
in order to feed hepatocytes and remove waste substances. All these central veins come from
the hepatic vein (Bismuth, 1982).

Hepatocytes are the major cell type of the liver and represent approximately 80% of hepatic
volume. Additionally, the liver is composed by other parenchymal (cholangiocytes) and non-
parenchymal cells (Kupffer cells, liver sinusoidal endothelial cells and hepatic stellate cells)
that also play important functions in the liver. Hepatic sinusoids are described as cords that
connect all the hepatocytes to each portal triad and the terminal central vein (Figure 2). The
portal triad is a structure formed by three different tubules: bile duct, portal vein and hepatic
arteriole, located in one of the sinusoid sides. The branch of the hepatic artery supplies the
nutrients and oxygen required by the cells. The diffusion occurs through the fenestrated
endothelial cells allowing a better blood perfusion. Besides, there are cells which are lining this
sinusoid, the endothelial cells which have little fenestrations to allow a better blood perfusion
(Gerber et al., 1987; Krishna et al., 2013). Between the hepatocytes and the endothelial cells
there is the space of Disse (Figure 2). It is the microenvironment where hepatic stellate cells,
better known as “Ito cells™, are located. (Kordes et al., 2015; Héussinger et al., 2019).
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Figure 2. Representation of the organisation of hepatic sinusoid structures and hepatic cells: hepatocytes,
hepatic stellate cells (HSC), endothelial cells and Kupffer cells (KC). (Puche et al., 2013)

Hepatocytes have polygonal shape and sizes between 25 to 40 um. In addition, their functions
depend on their location within the organ, due to the gradient of nutrients and oxygen which is
produced at the hepatic sinusoid (Wardle, 1987). Among liver functions, metabolism, and
transport of drugs, ureogenic capacity and protein synthesis and secretion are particularly
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relevant for regenerative medicine purposes. The principal ones are summarised in Table 1,
differentiating among distinct cell types.

Table 1. Hepatic cells and their functions

Cell type Function References

Ureogenesis*, detoxification*®, protein synthesis and
secretion*, gluconeogenesis, glycogen synthesis from

Hepatocyt Trefts et al., 2017
epatocyles lactate, bile formation, glycolysis, ketogenesis and (Trefts et al, )
glutamine formation.
Secretion of lipoproteins, cytokines and growth
Hepatic stellate cells  factors; immunoregulation, role on liver development, (S. L. Friedman,
(Tto cells) retinoid metabolism (vitamin A), enzymes for 2008)
detoxification, pH regulation and generation of

Endothelial cell Protective barrier, cellular communication, (Margreet De

ndothelial cells cooperation and signal exchange to coordinate the Lecuw et al., 1990)
Bili ithelial

thary eprthelia Bile secretion and absorption of ions, amino acids, (Tabibian et al.,

cells . .
. glucose and bile acids. 2013)
(cholangiocytes)
Phagocytosis of particulate debris, removal of bacteria
fi 1 taboli fi ilirubi tak
Kupffer cells rom blood, r.ne abo .1srn 0 1r.0n and bilirubin, up ake (Wardle, 1987)
and catabolism of lipoproteins and defense against
virus.
Pit cells Natural killer activity. (Wisse et al., 1997)

*Functions assessed in this Master Thesis. We evaluated 8 isoforms of P450 enzymes, the ureogenic capacity and
albumin secretion of human hepatocytes.

Detoxification is a process associated with the liver metabolism that facilitates the elimination
of determined substances like drugs or xenobiotics. In general, the process consists of making
the molecules more soluble to improve its excretion by the kidneys. This process comprises
three different phases mediated by different enzymes. Phase I enzymes, located in the cytosol
of the cells, convert the target molecule into a more polar one by adding new functional groups
that increase their hydrosolubility. There are two families of phase I enzymes: cytochrome P450
(CYP) and Flavin-Containing Monooxygenase enzymes. Phase II enzymes perform the
covalent bonding of phase I-metabolites to increase the hydrosolubility with a decrease of its
pharmacological activity or toxicological effects. Both enzymes improve the renal or biliary
excretion, which is considered phase III, but not all the substances require to pass through both
phases (Olinga et al., 2008; Jancova et al., 2010) (Figure 3).
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Figure 3. Schematic representation for drug metabolism in liver mediated by enzymes. Drawing made by the
author of this Master Thesis.

Ureogenesis is defined as the capacity to convert nitrogenated substances into urea, due to a
metabolic process called “urea cycle”, starting the conversion in the mitochondria and finishing
at the cytoplasm. During the cycle the amino acids or NH4" molecules are metabolised and are
removed from the body by the kidneys through the urea (Atkinson et al., 1984). Hepatocytes
are also responsible for the 85% of the circulating protein volume, being albumin the most
abundant (55% of the total). Albumin is essential since it is the transporter molecule of
hormones, drugs and enzymes. Hepatocytes also synthesise other relevant proteins such as
blood coagulation proteins (Tennant, 1958; Trefts et al., 2017).

At a microanatomological level, the liver cells are organised in polyhedral structures, mainly
with hexagonal shape, called hepatic lobules and where the cells are arranged in cords radiating
from the central vein (Figure 4).
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Figure 4. Scheme from hepatic lobule. Drawing made by the author of this Master Thesis
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On the other hand, there is a complementary description of the hepatic microanatomy, it is
called liver acinus. Divided in 3 zones, it is based on the gradient of nutrients and oxygen in the
hepatic sinusoids, the hepatocytes which are closer to the portal triad are receiving blood with
higher concentrations of these substances than the ones closer to the central vein. This fact leads
to hepatocytes with the same genome to express it differently and subsequently to carry
different functions (Figure 5).
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Figure 5. Schematic representation of sinusoid and the “metabolic zonation” concept. (Trefts et al., 2017)

Liver extracellular matrix (ECM) plays a relevant role in cell behaviour providing mechanical
support, enabling cell-cell contacts and promoting cell differentiation, migration and
proliferation (Baiocchini et al., 2016). It is commonly described by two different histological
units, capsule of Glisson and stroma. Glisson’s capsule is a dense connective tissue composed
of collagen type I that surrounds the external surface of the liver and some of the main blood
circulatory structures like the central veins and branches from hepatic artery (Walker, 1966).
Stroma is the extension of Glisson’s capsule, presented along the sinusoids and formed by
collagen type III. The liver’s ECM is composed by other molecules: collagen type IV and V
with laminin are found on the basement membrane of bile ducts and vessels. Other
glycoproteins apart from laminin are also found in the connective tissue of the liver ECM, like
fibronectin and tenascin in the basal membrane and the perisinusoidal space (Gerber, 1987).

Proteoglycans or also called glycosaminoglycans (GAG’s) such as hyaluronic acid (HA),
heparan sulphate, dermatan sulphate, keratan sulphate and chondroitin sulphate are quite
relevant (Bedossa et al., 2003). These GAG’s have a discontinuous distribution between the
sinusoidal endothelium and hepatocytes. Only heparan sulphate is found in the basement
membrane (Maher et al., 1993). Despite all GAGs in the liver ECM are important, HA is the
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only one that is not sulphated and the only one negatively charged. It has special properties. For
instance, HA molecules strongly interact with water molecules, retaining them when
deforming, which confers stiffness. HA regulates cell aggregation, cell migration, cell motility
and growth factor responsiveness (Allison et al., 2006). In addition, HA contributes to keep cell
morphology and the hepatic phenotype in a better way than monolayer cultures (Deegan et al.,
2016).

3.2. Liver diseases

Over the last century, hepatic diseases have been a challenge for the medicine. Different liver
pathologies like acute liver failure (ALF), acute-on-chronic liver failure (ACLF) or metabolic
pathologies, also known as end-stage liver diseases (ESLD) can lead to liver transplantation.
These medical conditions imply a high cost to the health care systems and, despite the promising
therapeutic approaches, liver transplantation remains as the main effective treatment (Tolosa et
al., 2016). Damage to the liver is either caused by a trauma or an acute disease in a short term,
or the slow effect over the years of chronic diseases. The most common medical end for ESLD
is cirrhosis when the scar tissue replaces healthy liver until the liver cannot work properly. The
most common diseases which can lead into an ESLD are different types of chronic viral
hepatitis, diseases related with an increased level of triglycerides and inherited metabolic
disorders (Table 2).

Table 2. Hepatic pathologies classified by types

Type of disease Metabolic Viral Acquired disorders
Wilson disease Hepatitis B Acute liver failure
Goase complex deficit Hepatitis C Acute-on-chronic liver
failure

Glycogen storage (Type I)  Autoimmune hepatitis Non-alcoholic fatty liver

Urea cycle defects - Alcoholic fatty liver

Refsum disease - -

Metabolic disorders are medical conditions with a genetic origin. They have a negative effect
over a protein or an enzyme that inhibit one or several metabolic processes, leading into a lack
of functionality. These are developed during the first months after birth, but the incidence is
relatively low with 1 every 800 child (Pico et al., 2008). The most relevant metabolic disorders
are Wilson’s disease, glycogen storage type I disease, defects on urea cycle, hemochromatosis
and deficit on factor VI.

Wilson’s disease is an inherited disorder with recessive autosomal behaviour. Through the
blood and targeting the brain and the liver, the copper starts to store in these tissues and would
induce toxic damage to the organism. Glycogen storage disease (type 1) has the same autosomal
behaviour, but it affects the metabolism of carbohydrates. This causes a lack on the G6Pase
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complex, which carries processes like the glycolysis or gluconeogenesis, characterised by
hypoglycaemia due to the extra storage of glucose in certain tissues such as the liver or the
kidneys. Finally, hemochromatosis is similar to Wilson’s disease, where the iron is stored
instead of copper; although, the medical complications are related with cardiac dysfunctions
(Taddei et al., 2009). The common fact among different metabolic diseases is the need of
replacing one single function, which is lacking on the liver. Since the only curative treatment
considered at present is the liver transplantation, the research is looking for non-invasive
therapies, and, hepatic cell therapy can contribute to this objective. For example, regarding with
inborn metabolic liver diseases, only replacing a 5-10% of the liver mass would be enough to
correct the metabolic pathology (Struecker et al., 2014).

Regarding viral liver diseases, there are three distinct types of hepatitis disease. Hepatitis C is
considered the major cause of chronic hepatic damage in the world. Therefore, it is one of the
main reasons for liver transplantation. After virus infection, the body starts an intermediate
immune response that induces the destruction of liver cells, ending in fibrosis. Nowadays, there
is an effective treatment which eradicates the virus in 60% of the cases and reduces cirrhosis in
more developed cases. Despite this, the cases and deaths keep increasing due to poor efforts to
detect and treat hepatitis C (Poynard et al., 2003). Hepatitis B damages chronically the liver as
well, but it has less cases worldwide. The people who is carrier of the virus (which means
positive to the surface antigen) for more than 6 months have more probabilities to develop
cirrhosis and liver cancer, and at the end they need a liver transplant. There are different ways
to treat this pathology, but inferferon that is a drug with antiviral, antiproliferative and
immunomodulatory effects, induces liver disease remission in a specific group of the cases (Lok
et al., 2001). There is a final type of hepatitis that is not closely related with the presence of a
virus, or not directly, called autoimmune hepatitis. It is characterised by mononuclear-cell
infiltration into the tissue, reaching the parenchyma and causing necrosis that can finally lead
to cirrhosis and require a liver donor (Krawitt, 2006). It is not exactly known what triggers
autoimmune hepatitis, although there is evidence that has relationship with some types of virus
such as measles virus, cytomegalovirus, hepatitis and Epstein-Barr. Other authors suggest that
it can be developed after the intake of some drugs that replicates the autoimmune hepatitis, but
it is still unclear.

Finally, among the most predominant liver diseases is liver steatosis, which can be defined as
the increase of triglycerides in the hepatic tissue over 5% of the liver mass. When the origin is
not based on an exacerbated alcohol consumption and even without any indicator of hepatitis,
is known as ‘“non-alcoholic fatty liver disease (NAFLD)”. The symptomatology is not
significant, any sign of liver disease, just slight complications like fatigue, sensation of fullness
or discomfort on the upper right side of the abdomen. Therefore, diagnosis requires a
combination of non-invasive and invasive test, being the liver biopsy the most sensitive,
because allows analysing the lipidic content in the hepatocytes (Angulo, 2002; Bellentani et al.,
2010; Clark et al., 2009; Matteoni et al., 1999). If the disease has an ethology based on an
unusual alcohol consumption it is called “alcoholic liver disease (ALD)”. The spectrum of the
disease is the same. NAFLD can be a simple steatosis or a serious cirrhosis. The diagnosis is
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different depending on the clinical evidence of alcoholic overconsumption and test which can
indicate liver abnormalities (Madayam et al., 2018; O’Shea et al., 2010). Despite both diseases
have different origins, they lead into the same disease spectrum. Both, the less harmful
consequence (hepatic steatosis) and the worst clinical complication (cirrhosis) are now only
cured by organ transplantation.

3.3. Alternatives to liver transplantation

Liver transplantation is the unique effective treatment for ESLD that have a huge economic
impact on the health care systems (Tolosa et al., 2016). Due to the low number of liver donors,
the demand surpasses the offer and it is not possible to reach all patients. According to the
European Liver Transplant Registry, 127,646 liver transplantations were performed in the
period between 1968 and 2013. The patients must wait months, even years, till a compatible
liver is available, and the mortality in the waiting list is increasing. Criteria to classify the
patients and asses the priority to receive the liver were implemented, which consist of features
such as the age, previous pathologies and life-quality expectance. In addition, this type of
surgery is really invasive and harmful, causing a huge damage on the patients, even though not
all patients survive after the surgery due to the complications like fibrosis.

The science has been putting all the efforts in this field, towards the exploration of new
alternatives, which allow facing all the inconveniences produced by the liver transplantation
surgery or the scarcity of donors. These alternatives are not based on the removal of the whole
liver. One of the surgical alternatives is Liver Donor Liver Transplantation, based on the
transplant of a hepatic split from a donor to the patient after a partial hepatectomy. This split
should carry the minimum functionality to ensure the patient survival. Although this option is
commonly rejected due to the inherent risks for the donor. The success of the transplant is
regulated by the mass ratio between the donor graft and patient’s liver, it is required to
transplant a minimum of 5% of the liver’s patient mass in order to obtain enough functionality
(Thalheimer et al., 2002).

Despite these invasive alternatives, non-invasive treatments like extracorporeal liver support
systems, liver-directed gene therapy, xenotransplantation or cell therapy have been also
proposed. But not all of them are really promising because of different limitations. For example,
xenotransplantation produces immune response with a hyperacute rejection of the graft.
Although immunosuppression can be used, it has many drawbacks. Other alternatives like gene
therapy have shown to be more successful, but the effect is not sufficient to be considered as
an effective treatment (Thalheimer et al, 2002; Sgroi, et al., 2009). Among the different
alternatives proposed, hepatic cell therapy emerged as the most promising one.

3.3.1. Hepatic cell therapy

Nowadays, hepatic cell therapy (HCT) is considered a promising option to stabilise and recover
the functions lost in cases of ALF and ESLD, or in patients where liver transplant is not a
suitable option. The procedure is quite simple and based on the transfusion of donor cells to the
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damaged tissue in order to regenerate or replace it. It reduces the potential risks inherent to liver
transplantation, the mortality associated to the disease and allows the preservation of the native
liver, reasons why it is worth researching (Alwahsh et al., 2018).

Various cell sources such as human hepatocytes, immortalised cells, adult and embryonic stem
cells, tumor-derived and cell-derived hepatocyte-like cells have been suggested to be used in
cell therapy (Lee et al., 2015). The first attempts were based on the use of primary human
hepatocytes due to their compatibility and functionality, although one of the major limitations
is the lack of proliferation that does not allow their in vitro expansion before the infusion.

From a clinical point of view, transplantation of human hepatocytes could signify an alternative
to whole organ transplantation for correcting genetic disorders that result in metabolically
deficient states, in ALF or ESLD, or for maintaining liver function in patients who do not meet
the clinical eligibility criteria to be candidates for liver transplantation due to different reasons
(i.e. advanced age, other diseases or cardiovascular factors). The wider application of cell
transplantation would imply lower patient morbidity, improved quality of life and better
survival rates (Tolosa et al., 2016). Hepatocyte transplantation has been clinically applied in
pediatric patients with liver-based inborn metabolic disorders (i.e. Crigler-Najjar disease,
Wilson’s Disease, tyrosinemia, urea cycle defects and CPS1 deficiency) and has been also
suggested as a metabolic support in patients with ALF or ACLF, which could serve as a bridge
to liver transplantation (Hansel et al., 2014). Moreover, patients with ESLD and no indication
of LT could benefit from cell therapy which could delay disease progression (Soltys et al.,
2017). Although clinical studies have clearly established a proof of principle for this therapy as
a treatment for patients with acquired or inherited liver disease, there are still some specific
limitations, which, if overcome, could greatly enhance the efficacy and implementation of
HCT.

Not only basic research has been working towards HCT, there is a company called Promethera
(Belgium) which has been doing clinical trials on phase I/I. They used Heterologous Human
Adult Liver-derived Progenitor Cells with trademark HepaStem, derived from MSC’s from the
parenchymal fraction of a non-transplantable liver. The aim of Promethera studies were the
evaluation of the safety and dosage of the cell therapy on paediatric patients with urea cycle
deficit. The results showed a safe cell therapy administration and any rejection to HepaStem.
Despite the good results, several patients presented adverse events related with the
hospitalization, immobilization and prolonged transhepatic characterisation. They confirmed
the tolerability on these patients, allowing to study deeper on HepaStem (Smets et al., 2019).

Cells used in HCT are mainly infused in three different ways: intrasplenically, through the
portal vein or ectopically. The intrasplenic procedure was chosen because the spleen is
connected to the liver by the splenic vein. Additionally, the portal vein is also a way to infuse
the cells to the hepatic sinusoids, because is the main vein of the liver and is a direct pathway
to the liver sinusoids. These ways are underpinned on the translocation of the cells from portal
pedicles to the liver microenvironment, disrupting the endothelial cells and moving through the
space of Disse till the adjacent host hepatocytes. However, the transplanted hepatocytes are

30



DEVELOPMENT OF BIOMIMETIC INJECTABLE HYDROGELS FOR HEPATIC CELL CULTURE

cleared from these areas sometime later, so it supposes a relevant drawback to consider. In
addition, a complication commonly found after the infusion is the thrombosis at the portal vein,
which can lead into liver failure and portal hypertension. Finally, the ectopic infusion considers
allocating the cells on an ectopic place, for example, intraperitoneal cavity, lung parenchyma,
pancreas, the kidney capsule, etc. Ectopic transplantation provides more space for donor cells,
even allows distinguishing between host hepatocytes from donor hepatocytes (Ohashi, et al.,
2001; Sgroi et al., 2009; Deward et al., 2014).

Despite the potential and the good results of the clinical approaches, important limitations have
been observed, including low functionality after transplantation, complex isolation, effects on
the cells after cryopreservation, low engraftment and the lack of an unlimited source of
functional cells. These limitations lead to not consider cell therapy as a definitive replacement
for liver transplantation, but it has been possible to improve the quality of life of patients who
are on the wait list for a donor.

Regarding the cell sources, at present, treatment is limited by the scarce availability of suitable
donor liver tissue for hepatocyte isolation. Livers with severe steatosis, prolonged cold
ischaemia time, older donors that make the tissue unsuitable for organ transplantation are
currently the main sources of human hepatocytes (Bhogal et al., 2011; Allameh et al., 2012).
The quality and viability of hepatocytes obtained from these livers are often poor and not
sufficient for their clinical application. On the other hand, the isolation procedure is the first
cause of hepatocyte injury, probably due to oxidative stress. In addition, cryopreservation and
thawing procedures can adversely lead to both structural and metabolic damage of hepatocytes,
which often renders them unsuitable for clinical use (Stéphenne et al., 2010).

The lack of primary hepatocytes has led to explore alternative cell sources which provide an
unlimited number of readily available cells. At the moment the generation of induced
pluripotent stem cells (iPSC’s) that have proliferation capacity and that can be also
differentiated to a variety of phenotypes is being investigated as a promising alternative. iPSCs
possess the unique properties of hepatic differentiation, self-renewal and in vitro expansion
which makes them a very promising cell source for generating large-scale production of suitable
functional hepatocyte-like cells (Figure 6). Despite the fact that, hepatocyte like cells-derived
from iPSCs have been proved in different animal models of liver disease, up at the moment
they have not been applied in humans because some important issues regarding their safety and
efficacy should be firstly addressed (Chiang et al., 2015).
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Figure 6. Scheme for hepatic iPSC cell differentiation and gene editing for cell therapy. (Chun et al., 2010)

Another major limitation of hepatic cell therapy is the low engraftment of cells, since the final
outcome depends on the hepatocytes grafted to the host liver. After 1-2 days from cell delivery,
around 80-90% of the population is cleared due to immune system clearance, which produce
only short-term effects of HCT. Because of this, the outcome is always partial or transitory and
the application of the therapy does not change the need of a liver donor. Different experimental
techniques, based on pre-conditioning the recipient’s liver, have been proposed to improve
engraftment after cell transplantation. On the one hand, vasodilator drugs have been widely
used for this purpose, the most used are nitroglycerine and phentolamine. For instance,
nitroglycerine reduces consequences of the HCT like ischemia and inflammation. It has been
tested on rodent animal models where cells reached zone II from the liver acinus avoiding to
be stacked at the periportal zone (zone I) (Slehria et al., 2002; Bahde et al., 2013). Another of
the alternatives proposed is to generate a regenerative stimulus in the recipient’s liver by
temporary embolization of the portal vein or liver irradiation. This is based on the concept
where two different cells with diverse proliferating rate grow in the same tissue, the one with
higher rate will lead to the death of the other one. Thus, when the liver is irradiated the host
hepatocytes stop to grow and allow the ones which come from the donor to attach and
proliferate, in humans this rates are quite low but still being enough to have differences and be
an improvement in HCT (Hughes et al., 2012; Yamanouchi et al., 2009).

Nonetheless, tissue engineering is looking for alternatives where the patient would not need to
be prepared before the treatment. In fact, the idea is to increase the delivery and attachment of
the cells by using different tissue engineering approaches.

3.3.2. Liver tissue engineering

Liver tissue engineering comprises the use of biomaterials as hydrogels, decellularized organs,
extracorporeal devices that mimic the functions of the organs and scaffolds, which can be
created manually or using of bioprinters, to implant cells for the regeneration of the liver.
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Decellularized organs bring the opportunity to use the native tissue as a scaffold, preserving the
3D organisation of the liver ECM. The benefits of this practice are the composition of the
scaffold, which is biologically equal, and the 3D architecture that plays a relevant role to
maintain the phenotype of hepatic cells. However, the low availability of organs to create those
decellularized scaffolds limits the clinical approaches. Different researchers have used this
approach, showing promising results in mice models with human liver ECM and human hepatic
cells (Mazza et al., 2017; Perez et al., 2017). On the other hand, the use of extracorporeal
devices is quite interesting, but limited, since its clinical applications are not into the
replacement or treatment of the liver, and it is considered as an external support.

Other solutions that propose the combination of HCT with biomaterials are for instance based
on injectable delivery matrices, microspheres for cell encapsulation or patches. These platforms
are not only destined for cell therapy, but also for in vitro modelling. Among these proposals,
the most promising one is the use of injectable matrices they can overcome the low engraftment
of cells. Theoretically, they are proposed to mimic the liver extracellular matrix composition
and modify the properties to control parameters such as the crosslinking time, stiffness, cell
attachment, etc. In addition, injectable matrices provide the 3D environment to the cells,
facilitating the spatial organisation of cells and the newly secreted matrix to preserve cell
phenotype, functionality and viability. Commercial injectable matrices as Matrigel® are good
alternatives because of the good in vitro and in animal model performances, but difficult to
transfer to humans for the presence of proteins derived from mouse tumours. Then, tissue
engineering is proposed as an alternative to liver transplantation and is considered as an
improvement of cell therapy to be used in the future (Suuronen et al., 2008; Perez et al., 2017).

34. Injectable hydrogels for liver tissue engineering

The essence of life is polymeric, almost all the components form the human body are polymers.
Then, the use of polymers in medicine has sense, especially when these polymers are biological
and can be degraded by the organism when they have realized their function. Hydrogels were
among the first polymeric biomaterials used in humans, mainly due to the role of water in them.
They are able to swell large amounts of water without dissolving, being the water mass fraction
in them within the range of 90% to 99%. They can be synthetic or made of biological
macromolecules (Kopecek, 2007). Peppas precisely defined them as follows: “Hydrogels are
water-swollen, cross-linked polymeric structures containing covalent bonds produced by the
reaction of omne or more comonomers, physical cross-links due to chain entanglements,
association bonds including hydrogen bonds or strong van der Waals interactions between
chains or crystallites bringing together two or more macromolecular chains” (Peppas et al.,
2000).

Hydrogels have more advantages compared with other biomaterials thanks to their ability to
better interact with the host tissue. Properties such as the water content, the consistency that
goes from soft to elastic hydrogels and low interfacial tension, provides excellent features to be
used within the human body. The focus of this project is about biological hydrogels, they are
mainly composed by either proteins, polysaccharides or a combination of both. Also, it is well
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known that the ECM of the tissues regulates processes like cell adhesion, protein synthesis and
secretion, cell migration, distribution of growth factors, ions and drugs. The processes are
regulated either by the mechanical properties and the composition of the ECM. Then, it is
feasible to affirm that biological hydrogels made with a mixture of proteins and polysaccharides
can reproduce this ECM behaviour if the composition is mimicked (Ratner et al., 1976; Lieleg
etal., 2011).

One way to classify hydrogels considers if the hydrogel is formed before or during the use in
the organism, and according to this they are called “pre-formed” and “in-situ / injectable”.
Injectable hydrogels allow focusing on non-invasive approaches due to its nature, they can fill
or adapt its shape to the defect or the tissue where it is going to be injected and often they
crosslink with the host ECM of the surrounding healthy tissue. The objective is to introduce in
the organism an aqueous solution containing the precursor macromolecules together with the
cells; then crosslinking of the hydrogel takes place in the tissue defect and the matrix increases
its consistency and mechanical properties after a determined time, which depends on
composition and nature of the crosslinker. The process where the liquid compound becomes
solid after a certain time is called crosslinking, the molecules start to attach between them by
physical or chemical interactions. Crosslinks between chains or molecules has a direct effect
on the physical properties such as viscosity, increased strength and toughness, elasticity,
insolubility of the polymer, etc.

Table 3. Some examples of hydrogels of the two main types. (Bahram et al. , 2016)

Type of crosslinking Examples References

PLGA-PEG-PLGA

Physical crosslinking (Zentner et al., 2002)

PNIPAM (Stimuli responsive) (Feil et al., 1993)

Elastin-like polypeptides (Urry, 1992)
Alginate/Ca?* (Self-assembly) (Van Vlierberghe et
al., 2011)

Hyaluronic acid-Gelatin

Chemical crosslinking (enzyme mediated)

(Sanmartin-Masia, et
al., 2017)

Collagen-Hyaluronic acid
(Carbodiimide)

(Wang et al., 2009)

Chitosan-Hyaluronic acid
(Aldehyde-Amine)

(Tan et al.,2009)

Fibrin
(enzyme mediated)

(Stabenfeldt et al.,
2012)

Table 3 shows some examples of hydrogels of the two main types, physical or chemical
(Overstreet et al., 2012). Firstly, physical hydrogels are formed when the mixture is exposed to
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temperature, pH or other environmental factors, triggering a response which makes the
hydrogel pass from liquid to solid by non-covalent interactions. On the other hand, chemical
crosslinking is based on covalent bonds between molecules, this provides higher stability to
degradation and better mechanical properties (Bahram et al., 2016).

Injectable hydrogel matrices have been proposed as cell supports that can solve the problems
of the low engraftment of cells in cell therapy as they can in situ crosslink with the cells in them
entrapped close to the host tissue. During the last decades they have been used for a variety of
target tissues. They were used for central nervous system cell therapy; the approach was based
on delivering neural progenitor cells (NPC’s) and Schwann cells (SCW’s) into the damaged
area. The defects on the brain are variable on size and shape, then injectable biological
hydrogels were considered the best option (Pakulska et al., 2012). Compounds like Matrigel®,
which contains collagen and laminin, were used in animal models with improved NPC’s
survival after delivery against conventional cell therapy with good outcomes (Jin et al., 2010).
In addition, SCW’s survival with Matrigel® was also studied and the results showed a survival
over 36% of transplanted cells (Patel et al., 2010). Other authors have created compounds trying
to mimic the brain ECM with fibrin/fibronectin and they obtained even better results than with
collagen matrixes. This reaffirms the relevance of mimetic hydrogel compositions to obtain
better cell responses and regeneration (King et al., 2010). Other authors have been using
injectable hydrogel for cardiac cell therapy. The hydrogel was composed by chitosan-graft-
aniline tetramer (CS-AT) and was chemically crosslinked in presence of dibenziladehyde-
terminated poly(ethylene glycol) (PEG-DA), thanks to the reaction of amino groups of the CS-
AT and the aldehyde of the PEG-DA. The cells used were the immortalised cell line of myoblast
from rat (C2C12). Results showed a rapid self-healing ability, good viability and proliferation,
concluding that injectable hydrogels were a key point on the success of the cell therapy (Dong
etal., 2016).

Injectable hydrogels have been also important as supports for HCT. Several authors have
published very interesting studies. For instance, it was at the King’s Collage in London where
the firsts human hepatocytes were encapsulated into alginate microbeads. The crosslinking
method was based on the ionic interaction between alginate and Ca®*. They performed in vivo
experiments in animals with promising results regarding cell viability, human albumin
expression/secretion and no immune response (Jitraruch et al., 2014). Other authors proposed
a catechol-modified hyaluronic acid (HA-CA) as injectable matrix to improve HCT. This
modification has been reported as non-cytotoxic and does not provoke inflammatory response.
They also proved how catechol groups helped to attach the hydrogel to the tissue surface
through interactions with surface proteins, allowing to inject the matrix to the defected tissue.
The hydrogel, previously seeded with human hepatocytes, was injected and placed on top of
the liver lobe. After 2 weeks, cells were well distributed along the matrix and just at the third
day human albumin was detected that was considered an index of cell survival and
functionality. In addition, when the injection was performed after a partial hepatectomy, human
albumin was found further than 2 weeks in blood serum (Shin et al., 2015). The results
confirmed the potential of injectable matrixes for HCT support.
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3.5. Hyvaluronic acid

Hyaluronic acid, also known as hyaluronan. is a glycosaminoglycan. Formed by two
monosaccharide units that are N-acetylglucosamine and D-glucuronic acid linked by a B1,3-
glycosidic bond (Figure 7). Each disaccharide unit is linked to the other by B1,4-glycosidic
bonds and repeated up to 10* times (Turner et al., 2007). In addition, hyaluronic acid is
biocompatible, and is present in almost all ECM from the human organism playing key roles in
cell signalling transduction, stimulation of angiogenesis, modulation of inflammatory response
and interaction with cell receptors and wound healing, specifically on ECMs with large amounts
of hyaluronic acid. Also, it is metabolised and synthesized by a lot of cell types and tissues by
common physiological processes (Darr et al., 2009; Zhou et al., 2012; Turley et al, 2002).
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Figure 7. Chemical structure of the hyaluronic acid. (Allison et al., 2006)

Hyaluronic acid is considered one of the most promising molecules due to its biocompatibility
and degradation within the body. It can form itself hydrogels by hydrogen bonds between its
own carboxylic groups and N-acetyl groups, one of the reasons for its high stiffness (Ortega et
al., 2012). One of the main drawbacks is that most of crosslinking chemistries are cytotoxic,
such as those based on the use of divinylsulfone or in esterification reactions, provoking cell
death. That is why new crosslinking methods have been proposed in order to overcome this
toxicity, methods like enzyme-mediated, disulfide or thiol-reactive are non-toxic ways to create
hydrogels (Darr et al., 2009; Khanmohammadi et al., 2016).

Among the applications of the hyaluronic acid into medicine and tissue engineering, the first
steps were injecting it into joints to improve lubrication and in cosmetic surgery (Friedman et
al., 2002; Kim et al., 2001). Applications for brain demand ECM-like scaffolds, and hyaluronic
acid was recognised as an important compound on brain formation. Then, for traumatic brain
damaged HA was used, modified with polylysine on his side chains and crosslinked using 1-
Ethyl-3-(3-dimethylaminopropyl)carbodiimide (EDC) chemistry. It was tested on animal
models with neuronal cells from neonatal rats with promising results about cell ingrowth and
angiogenesis. (Tian et al., 2005). Other authors claim the relevance to mix hyaluronic acid with
collagen to create scaffolds by EDC crosslinking, in order to promote better outcomes and
improve the use of neural stem cells from animal as well. The outcomes were excellent
achieving in vitro differentiation of neuronal stem cells to neuronal cells (Wang et al., 2009).
In addition, drug delivery systems have been using hyaluronic acid modified with tyramine,
producing an injectable compound that can be crosslinked iz vivo in the presence of the enzyme
horseradish peroxidase. This allows to have a more efficient control of the drug supplied and
better directed therapies (Kurisawa et al., 2005). Moreover, injectable hydrogels for cartilage
defects have been developed. The possibility to fill the defect with non-invasive surgery was
an attractive idea. Hybrid compositions of oxidised hyaluronic acid with aldehyde groups that
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react by Schiff’s base linkage with chitosan modified with amino groups have been proposed.
The in vitro results demonstrated that this combination formed a suitable injectable hydrogel
for chondrocyte culture that promoted cell survival and supported cell attachment (Tan et al.,
2009).

3.6. Gelatin

Gelatin (Figure 8) is a protein derived from collagen, obtained by partial hydrolysis of collagen.
It has the same composition of amino acids as collagen, the propellers obtained by hydrolysis
contain heterogeneous mixtures of 300 to 4000 amino acids. Therefore, gelatin could retain
protein domains of collagen that regulate or establish cell differentiation, cell adhesion and cell
growth. Gelatin was reported to be non-cytotoxic and biocompatible, which led to its wide use
and characterization. Gelatin can be obtained mainly from animals such as pigs, bovine and
fish, there are a variety of protocols for extracting the gelatin and the quality depends on them
(Zhou et al., 2012; Rose et al., 2014).

o} 0 0 0 OH

| H |l w Il |

O—N—(|3H—O— —(|3H—C—N—CH—C—N

. ‘ﬁ CH, H CH, g T
mN—?H—C—N—CH—C—N (i;HQ CH, lclz— —CH—ﬁ—N
|
CHs c!;H2 c=o0 © O

| Can
NH 0O- I
I 0
(!3=NH2
NH,

Figure 8. Chemical structure of gelatin. (Kommareddy et al., 2007)

Based on the process for the obtention, there are two types of gelatin either as Type-A or Type-
B. If the collagen was under acidic treatment gelatin Type-A is obtained and if the treatment is
alkaline Type-B is obtained. Each one has a different isoelectric point (pl), acidic treatments
provide a pl between 7 and 9, then alkaline treatments between 4.8 and 5.0 (Kommareddy et
al., 2007). Other relevant characteristic from the manufacture to obtain gelatin is the Bloom
strength, considered as a measurement of gelation properties and stiffness. It is an index that
stands for the renaturation degree from the gelatin and henceforth it is correlated with the ability
to adopt big molecule conformations. The results on the characterisation showed that higher
Bloom values describe stiffer hydrogels as well as more insoluble compounds reflected on the
swelling degree (Bigi et al., 2004).

Gelatin can form a physical hydrogel below the melting point (= 23°C), which is reversible,
meaning that at higher temperatures (for instance the body temperature) it becomes liquid.
Mechanical properties of gelatin hydrogels depend on its bloom value, type of gelatin, the
concentration and the crosslink methodology, and in general they are very poor compared to
other hydrogels. That is why crosslinking of gelatin with other compounds can be a good
strategy to enhance its mechanical properties. Gelatin is usually crosslinked mainly by chemical
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reactions, for example reactions with carbodiimides, divinylsulfone and glutaraldehyde (Grover
etal., 2012; Alarake et al., 2017).

Despite the low mechanical properties, it has been widely used in tissue engineering, most of
the times combined with other molecules. For example, it has been used for ocular tissue
engineering due to the softness of the tissue, alone or mixed with chitosan, as is the case of
limbal epithelium or corneal stroma regeneration (Rose et al., 2014). It has been proposed as a
matrix for cartilage regeneration, resembling one of the components of the tissue ECM. In this
case it also is proposed alone, microcarriers with trade mark Cultisphere® for cell and substance
delivery (Sommar et al., 2010), or mixed with chitosan to create scaffolds to implant isolated
chondrocytes (Xia et al., 2004). Bone tissue regeneration has also been using gelatin, despite
the low mechanical properties (Liu et al., 2009). These examples confirm the inherent potential
that gelatin has for tissue engineering purposes, especially when it is combined with other
molecules that improve the mechanical properties.

3.7. Crosslinking methods used in this study

The aim of the Master Thesis has been to compare two different crosslinking methodologies
for human hepatocytes cell culture. One is based on enzyme-mediated crosslink of tyramine
conjugates of hyaluronic acid (HA-tyr) and gelatin (Gel-tyr) by horseradish peroxidase (HRP)
and hydrogen peroxide (H20>), and the other is based on Schiff’s base linkage between oxidised
hyaluronic acid (0HA) and non-modified gelatin (Gel).

In the first systems, a first reaction allows producing tyramine conjugates of HA and Gel,
obtained through a modification of the chains of both components, mediated by EDC and N-
Hydroxysuccinimide (NHS), by reacting the carboxylic groups with the amine groups of
tyramine. This modification allows a subsequent crosslinking reaction by oxidation of the
phenol groups of grafted tyramine in the presence of HRP and H20.

The combined hydrogels have chains of gelatin crosslinked to other gelatin chains, crosslinks
between two HA chains or combined crosslinks between one Gel and HA, as observed in Figure
9. Peroxidase-catalysed oxidation reactions are common in the human body, for example in
melanin formation, and this crosslinking is not cytotoxic for cells (Kurisawa et al., 2005).
Henceforth, this hydrogels will be called t(HA-Gel) to differentiate them.
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Figure 9. Chemical scheme for enzyme-mediated crosslinking of t(HA-Gel) tyramine conjugates. Scheme
modified from (Poveda-Reyes et al., 2016)

In the second system we use Schiff’s base reaction because it is non-cytotoxic and easy to
produce. The chemical reaction occurs between aldehyde groups, previously created in
hyaluronic acid by oxidation, and amino groups of the gelatin. The reaction is spontaneous,
does not need a catalyser, and occurs by mixing both components forming an imine bond to
from a Schiff’s base (Figure 10) (Cordes et al., 1962). Recent literature reports about the use of
Schiff’s base to create injectable hydrogels of Gel and HA; both molecules where modified,
hydrazide-modified (NH>) gelatin and oxidised-modified (-CHO) hyaluronic acid (Hozumi et
al., 2018). Hereafter, this hydrogels will be called as oHA-Gel hydrogels.
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Figure 10. Chemical scheme for Schiff's base crosslinking for aldehyde groups. Drawing made by the author
of the Master Thesis
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4. JUSTIFICATION

During the last years, medicine and engineering have started to settle bases for a common
research to solve the limitations of the current medicine. Biomaterials have been a complete
innovation and have allowed the improvement of a myriad of medical products. New families
of biomaterials have appeared on the demand for alternative cell therapy treatments. Injectable
hydrogels are very promising biomaterials for their ability to be implanted by minimally
invasive surgeries, the homogeneous encapsulation of cells by non-cytotoxic reactions and the
good integration with host tissue.

The current project aiming hepatic tissue engineering is focused on biopolymers inspired in the
composition of the hepatic extracellular matrix, which is mainly composed of collagen type I
and glycosaminoglycans, in minor amounts. The molecules selected were gelatin, derived from
collagen type I, representing the protein component, and hyaluronic acid as the
glycosaminoglycan component. The proportion was selected according to previous
experimentation, being the major component hyaluronic acid to provide mechanical stiffness
and hydration, to ensure the diffusion of molecules to the encapsulated cells. Gelatin confers
cell adhesion thanks to the presence of RGD sequences. Both components in the same
polymeric matrix have already been used as chondrogenic matrices stimulating the
chondrogenic differentiation of mesenchymal stem cells (MSC’s).

Liver transplantation is the unique curative treatment for end stage liver diseases. The systems
here presented are intended as alternatives to liver transplantation or can be used in patients
waiting for a liver donor. They pretend to overcome the low cell engraftment of the current
hepatic cell therapy. The lack of cell attachment in cell therapy produces a loss of 80% of
transplanted cells after 2-3 days of injection. We hypothesise the hydrogels here developed will
provide three-dimensionality to the cells in them encapsulated and keep them in the host tissue
by the entanglement of the hydrogel with the surrounding tissue.

The aim of the project was to compare two different ways of synthesizing injectable hydrogels.
One is based on the use of tyramine conjugates (hyaluronic acid and gelatin) in order to produce
enzyme-mediated crosslinks by non-cytotoxic reaction. The other is based on the oxidation of
polysaccharides (hyaluronic acid), modifying its carboxylic groups into aldehyde groups, able
to spontaneously react with the amino groups present in the proteins (gelatin) producing the
crosslinking by non-cytotoxic reaction.

In this document we present the synthesis and some characterisation of both hydrogels. We
evaluated the functionality of human hepatocytes encapsulated in the enzymatically crosslinked
hydrogels by ureogenic capacity, albumin expression and CYP’s activity. For the oxidised-
polysaccharide hydrogels we optimized the synthesis and checked their suitability to
encapsulate cells with human fibroblasts, evaluating the cell viability and metabolic activity.
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5. REGULATION

The regulations in which the experimental part of this work is framed, are extracted from the
National Institute of Safety and Health at Work. The experiments will be governed by Royal
Decrees and Laws related to the handling and storage of biological and chemical substances
and waste.

- Law 31/1995 of 8 November 1995 on the Prevention of Occupational Risks.
- Law 14/2007 of 3 July 2007 on the biomedical research

- ROYAL DECREE 833/1988, of 20th July, approving the Regulations for the execution of
Law 20/1986, the basic law on toxic and hazardous waste.

- ROYAL DECREE 374/2001, of 6th April, on the protection of the health and safety of
workers against risks related to chemical agents at work (Article 5.3).

- ROYAL DECREE 374/2001, of 6 April, on the protection of the health and safety of workers
against risks related to chemical agents at work.

- ROYAL DECREE 485/1997, of 14 April, on minimum requirements for safety and health
signs at work (Annex [.2; II.1; II1.3).

-ROYAL DECREE 664/1997 of 12 May 1997 on the protection of workers against risks related
to exposure to biological agents at work (BOE 124, 24 May 1997, pp. 16100-16115)

- ROYAL DECREE 374/2001, of 6 April, on the protection of the health and safety of workers
from the risks related to chemical agents at work (Articles 5.2.c, 7.4.c).

- ROYAL DECREE 614/2001, of 8 June, on minimum requirements for the protection of the
health and safety of workers from electrical risks.

- ORDER ESS/1451/2013, of 29 July, establishing provisions for the prevention of injuries
caused by cutting and sharp instruments in the health and hospital sector.

- Royal Decree 53/2013, of 1 February, establishing the basic rules applicable to the protection
of animals used in experimentation and other scientific purposes, including teaching

- Order ECC/566/2015, of 20 March, establishing the training requirements to be met by
personnel handling animals used, bred or supplied for experimental and other scientific
purposes, including teaching.

- UNE-EN ISO 14971 “Application of risk management to medical devices”

- Regulation (UE) 2017/745 (Medical devices)
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5.1. Classification by Regulation (UE) 2017/745

To commercialize an injectable hydrogel we need to find its classification in the “Regulation
(UE) 2017/745” according to 4 possible categories: class I (low risk), class Ila (medium risk),
class IIb (medium risk with high invasive potential) and class III (high risk). This allows to
correctly apply the legislation regarding the documents and tests which are necessary to bring
a cell therapy product to the market.

Following the annex VII from this regulation, the rule 7 says “All surgically invasive devices
intended for short-term use are classified as class Ila unless they...”, also, rule 8 says “All
surgically invasive devices intended for long-term use are classified as class IIb unless they...”.
At this point, the difference between the rules is the time the device is within the body, the
degradability of the injectable hydrogel proposed remains unclear. It would be difficult to
classify, but both rules match in this fact “unless they have a biological effect or are wholly or
mainly absorbed in which case they are classified as class III”. On the other hand, it is also
classified as “class III”” by the rule 18, which is also included in the special rules. It says, “All
devices manufactured utilising tissues or cells of human or animal origin, or their derivatives,
which are non-viable or rendered non-viable are classified as class I11”. Based on this we can
conclude that the injectable hydrogels we propose here are considered class I1I (high risk).

5.2. Risk analysis by UNE-EN ISO 14971

Injectable hydrogels would also have to be assessed in terms of inherent risks of the device, by
following the UNE-EN ISO 14971 it is possible to do different analysis. After the analysis, the
risks which belongs to the device have to be controlled, allowing to modify the device in a safer
way. The following table explains the semi qualitative parameters used for the risk analysis
(Table 4 and Table 5).

Table 4. Probability and risk matrix

Probability Impact
Grade Value Grade Value
1 Exceptional 1 Insignificant
2 Rare 2 Minor
3 It is probable 3 Moderated
4 Quite probable 4 Major
5 Highly probable 5 Catastrophic
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Table 5. Risk severity matrix according the probability and impact

Probability 5 | Moderated High

Probability 4 | Moderated | Moderated High

Probability 3 Low Moderated High High

Probability 2 Low Moderated Moderated Moderated High

Probability 1 Low Low Low Moderated Moderated
Impact 1 Impact 2 Impact 3 Impact 4 Impact 5

Once defined the different grades of probability and impact, the next table gathers the risks, the
values of impact and probability and the safe design proposed for the hydrogels (Table 6). The
final risk is obtained by multiplying the value of probability.

Table 6. Risk analysis for hydrogels on hepatic cell therapy

Risk Probability | Value (Prob) Impact Vahe (Imp) Total risk Safe desing
Fast degradation 6 Degradation tests in
Rar Moderated 3
of the hydrogel € oderate (Moderated) |human body conditions
Calculus of the
crosslinking time in
Occlusion of 10 human body conditions
vein after Rare 2 Catastrophic S (High) and after the cell
crosslinking therapy an exploratory
exam to discard
occlusions
Use of natural
Eyetogecl 5 polyn::r: which form
oduce forei E tional Catastrophi 5
ESHESmGCL| -SSR i (Moderated) | the ECM from the
body reaction :
target tissue

The risks have been selected in the case of a hypothetical application on the human body, at the
moment there is no evidence of hydrogels supporting hepatic cell therapy in humans.
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6. METHODOLOGY

6.1. Part I: tyramine crosslinked hydrogels

6.1.1. Reagents

The following substances, materials and reagents were used for the part I which is dedicated to
the synthesis of tyramine conjugated t(HA-Gel) hydrogels, the viability test and the
functionality tests carried on them with human hepatocytes.

t(HA-Gel) hydrogel synthesis required porcine gelatin (type A, gel strength 300), hyaluronic
acid from streptococcus, horseradish peroxidase (HRP) type IV, hydrogen peroxide (30% w/w
in H203), tyramine hydrochloride (Tyr-98%), 2-(N-morpholino)ethanesulfonic acid (MES -
99%), N-hydroxysuccinimide (NHS - 98%), dialysis membranes 12.400 MWCO and 3500
MWCO, hydrochloric acid, sodium hydroxide, potassium chloride, sodium dihydrogen
phosphate, HEPES salt, sodium chloride, glucose solution 1 M, bovine serum albumin (BSA),
Hoescht 33342 and propidium iodide, were all purchased from Sigma-Aldrich (USA). N-(3-
Dimethylaminopropyl)-N'-ethylcarbodiimide (EDC) was obtained from Iris Biotech GmbH
(Germany).

On the other hand, for cell viability assay and hepatic functionality testing trypsin, F12 cell
culture medium, L15 cell culture medium, cell culture flasks and Dulbecco’s phosphate
buffered saline (dPBS) purchased from Gibco, ThermoFisher (USA), were needed. P48 well
plates were bought from VWR (USA). L-Glutamine and fetal bovine serum (FBS) were
purchased from Biochrome AG (Germany). Bicarbonate 1 M was obtained from Grifols
(Spain). Penicillin-streptomycin-fungizone (PSF) was purchased from Promocell (Germany).
QuantiChrom kit was obtained from Bioassay System (USA). ELISA human albumin kit was
obtained from Bethyl Laboratories (USA).

Calcium-Free Krebs Ringer Buffer (CF-KRB) used on t(HA-Gel) hydrogel synthesis was
handmade, and all the components were obtained from Sigma-Aldrich (Germany). The buffer
1s composed by milliQ water adding 5 mM of potassium chloride, 25 mM of HEPES salt, 1
mM potassium dihydrogen phosphate and 115 mM sodium chloride. In addition, for primary
hepatocyte cell culture a specific culture medium explained in the annex was prepared.

6.1.2. Synthesis of HA-Tyr

The procedure to obtain tyramine grafted hyaluronic acid was described by Sakai (Sakai et al.,
2014), based on the same chemistry as Kurisawa applied for tyramine grafted gelatin (Kurisawa
et al., 2005). During the reaction, the carboxylic groups (-COOH) of the hyaluronic acid are
activated and linked to the amine groups (-NH2) of the tyramine, forming amide bonds, as
observed in Figure 11.

44



DEVELOPMENT OF BIOMIMETIC INJECTABLE HYDROGELS FOR HEPATIC CELL CULTURE

OH
NH,
Na* HN
é OH
s . e EDC/NHS = I
o QoH ~ + —_— o RQH e
OH OH pH 5.75 OH OH
o = OH 2 n

Hyaluronic acid Tyramine

Figure 11. Tyramine grafting on hyaluronic acid chains through EDC/NHS chemistry (Poveda-Reyes et al.,
2016).

Before starting the reaction for the tyramine grafting, the molecular weight of pristine
hyaluronic acid was reduced by acidic degradation. For this, a solution of HA was firstly
performed by dissolving 500 mg of hyaluronic acid in 50 mL of milliQ water, stirring for 24 h
at 4 °C. Then, the pH was adjusted to 0.5 by the addition of HCI, and acidic degradation took
place for 24 h at 37 °C. In this step, the molecular weight was reduced from 1.2 MDa to 350
kDa (Poveda-Reyes et al., 2016). After this, the pH was adjusted to 7 by adding NaOH and the
product was purified by dialysing against deionized water for 3 days with a membrane of 3500
MWCO. Water was changed 3 times per day. At that point, low molecular weight HA solution
was frozen at -80 °C for 24 h and then freeze-dried for 3-4 days.

20 mL of a solution of low molecular weight HA was performed by adding 100 mg of HA in a
mQ water solution containing 175.3 mg of sodium chloride (NaCl), 1.08 mg of MES (acting as
a pH stabilizer) and 0.3 mL of NaOH, adjusted to pH 5.75 before adding HA. The solution was
kept in agitation at room temperature for 4 h.

Once dissolved, 85.64 mg of HCI-Tyr were added, stirring at room temperature for 20 min, and
the solution was again adjusted to a pH of 5.75. After this, 47.77 mg of EDC and 2.87 mg of
NHS were added, with agitation at 37 °C for 24 h. In this step the grafting of tyramine molecules
onto the hyaluronic acid chains took place. The amounts of reagents were selected respecting
the same molar ratios as in (Poveda-Reyes et al., 2016); 2:1 for Tyr:COOH, 1:1 for
EDC:COOH, 1:2 for EDC:Tyr and 1:10 for NHS:EDC.

The solution was purified for 2 days using a 3500 MWCO dialysis membrane. The first day
against a 150 mM NaCl solution and the second day against distilled water. The solution was
then frozen at -80°C and subsequently freeze-dried for 4 days.

The particularity of the HA tyramine grafting is that all the processes must be carried out with
the containers covered with aluminium foil since it is photosensitive.

6.1.3. Synthesis of Gel-Tyr

The grafting of tyramine in the gelatin is also due to the reaction of the carboxyl groups (-
COOH) in its chains and the amine groups (-NH>) of the tyramine, as observed in Figure 12.
The procedure was adapted from that of Kurisawa (Kurisawa et al., 2005).
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Figure 12. Tyramine graft on gelatin chains through EDC/NHS chemistry (Sakai, 2009).

We used the same molar ratios as Poveda-Reyes (Poveda-Reyes et al., 2016), 2:1 for
Tyr:COOH, 2:1 for EDC:COOH, 1:1 for EDC:Tyr and 1:10 for NHS:EDC.

First, 0.4 g of gelatin were dissolved into 20 mL of mQ water (20 mg/mL) and then 195.24 mg
of MES were added to stabilize the pH. The solution was stirred for 30 min at 60 °C. After that,
113.13 mg of tyramine hydrochloride were added and stirred for 20 min at room temperature.
The pH was adjusted to 6 by adding drops of a 0.1 M solution of NaOH. Subsequently, 7.36
mg of NHS were added and stirred for 30 min, before adding 122.8 mg of EDC. This solution
was left 24 h at 37 °C under stirring.

After the tyramine grafting was completed, the product was purified by dialysis against
deionized water with a membrane of 12400 MWCO for 2 days and changing the water 3 times
per day.

Finally, the tyramine conjugate of gelatin (Gel-Tyr) was frozen during 24 h at -80 °C and then
freeze-dried for 3 days for further use.

6.1.4. Formation of t(HA-Gel) hydrogels

The ratios and volumes chosen were proved as the optimal system in my Bachelor thesis.
Hydrogels synthesized with F12 culture media as the solvent, shown a remarkable shear
modulus 459 Pa and a gelation time of 13 min. On the other hand, HepG2 cells were cultured
within them to prove their potential with good outcomes in terms of cell viability and
ureogenesis as a functionality test.

Hydrogels were prepared with volumetric hyaluronic acid-gelatin ratio of 80/20 (HA-Gel). As
gelling media, F12 culture medium was used, due to its compatibility with cells. Precursor
solutions of gelatin and hyaluronic acid were prepared by dissolving the previously prepared
products, Gel-try and HA-tyr, in F12 at 2% w/v.

Whereas gelatin dissolution was prepared at 37 °C for 40 minutes, hyaluronic acid was
dissolved at 4 °C a minimum of five hours before the hydrogel preparation. They were mixed
in the volumetric proportion 80/20 HA-Gel to obtain the hydrogel mixture once the pure
components were dissolved.

Crosslinking was performed by adding 10% volume of F12 culture media (respect the total
volume of the hydrogel) with 12.5 U/mL of horseradish peroxidase enzyme and 10% volume
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of F12 culture media with 20 mM of H20». The hydrogels were left for 30 minutes until cross-
linking reaction was completed. The aspect of the hydrogels can be seen in Figure 13. Hydrogel
droplets of a total volume of 100 puL. were prepared for the cell culture.

Figure 13. Example of t(HA-Gel) (80/20) hydrogel after crosslinking.

6.1.5. Equilibrium water content

The hydrogels were characterised by the amount of water they absorbed after 24 h of immersion
in an aqueous solution of dPBS. The results were expressed in two ways, by the mass of water
per unit mass of dry polymer (w, %) and the equilibrium water content (mass of water per unit
mass of the hydrogel, or water mass fraction within the swollen hydrogel, EWC, %).

t(HA-Gel) hydrogels were prepared on homemade cylindrical agarose moulds and after 1 h of
crosslinking, they were transferred to a p24 well-plate and 500 uL of dPBS were added to cover
them. After 24 h of swelling they were weighed (ws) and weighed again after a freeze-dry step
to obtain their dry weight (wq4). The following equation (equation 1) determines w (Sanmartin-
Masia et al., 2017):

We — W,
w=——"%%100 (1)
Wq

Equation 1. Mass of water per unit mass of dry polymer. (Sanmartin-Masia et al., 2017)

Equilibrium water content was determined in the same way, but using equation 2 (Yang et al.,
2016):

Ws — Wy

S
Equation 2. Equilibrium water content equation (Yang et al., 2016)
6.1.6. Primary hepatic cell culture

Liver samples were obtained in agreement with the rules of the hospital’s Ethics Committee.
Human hepatocytes were isolated in the Hepatic Cell Therapy Unit from IIS La Fe from whole
cadaveric livers using a two-step collagenase perfusion technique. Cellular viability was
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assessed by the dye exclusion test with 0.4% trypan blue. Hepatocytes were seeded and cultured
as previously described in detail (Bonora-Centelles et al., 2010). Only hepatocytes with a
viability >75% were cryopreserved. They were pelleted and suspended at a density of 107 viable
cells/mL in ice-cold CellBanker cryopreservation medium. The freezing protocol consisted in
ten segments from 4.0 °C to -140.0 °C by using a controller-rate freezer. Then, cells were stored
in liquid nitrogen at -196 °C. For thawing, cryovials were quickly placed at 37 °C for 1-2
minutes and resuspended in 18 mL of pre-warmed biopsy medium, which is mainly composed
by two different base media Williams E and F12 (Annex 1 for composition), supplemented with
10% FBS. Cells were centrifuged at 50 xg for 5 min and resuspended in 5 mL of sterile dPBS.
After thawing, cellular viability was assessed by the trypan blue test and the total cell number
determined by counting the cells in a Neubauer chamber.

Inside each hydrogel 200.000 cells (cell density 2 x 10° cells/mL) were introduced and
crosslinked as explained in the point 6.1.4. Once the mixture of liquid hyaluronic acid and
gelatin was prepared and filtered with 0.2 pm pore size filters for sterilization, the pellet with
the cells required for each hydrogel was resuspended into the t(HA-Gel) solution already
containing the required amount of HRP. A drop of 100 uL was poured on the bottom of cell
culture wells. Then, the required amount of H2O> was added and the hydrogels were left until
complete crosslinking (30 min approximately). 450 mL of biopsy cell culture medium were
added in each well of a p48 well-plate. In addition, the control 2D was performed seeding
human hepatocytes cultured in p24 well plates with a collagen/fibronectin coating at the same
cell density 2 x 10° cells/mL on each well plate.

Culture medium was replaced every two days. Moreover, after the first 24 h of cell culture
instead of simply including veal serum, it was mixed with Dexamethasone 1077 M.

6.1.7. Viability test: live dead assay

As a measure of viability, hydrogels containing the cells were incubated with two fluorescent
probes: Hoechst 33342 and propidium iodide. Hoechst is a permeable DNA intercalation agent
and stains all the cells with an emission wavelength in blue and propidium iodide is a non-
permeable stain which mark the DNA of dead cells with an emission wavelength in orange. To
perform the staining, cells were incubated with biopsy medium containing Hoechst and
propidium iodide in at 1.5 pg/mL for 30 min at 37 °C in dark.

After incubation with fluorescent probes, cells were imaged using the INCELL 6000 Analyzer
system (GE Healthcare, USA). In order to acquire enough cells (>500) for the analysis, 12 fields
per well were imaged. The 20X objective was used to collect images for the distinct
fluorescence channels. Dyes were excited and their fluorescence was monitored at the
excitation and emission wavelengths with appropriate filter settings. The collected images were
analysed using the INCELL analysis Workstation module that allows the simultaneous
quantification of subcellular structures, which are stained by different fluorescent probes and
measure the fluorescence intensity associated with predefined nuclear and cytoplasmic
compartments.
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After this, the image analysis starts with a background correction, which is always applied
before quantifying the number of cells. In addition, cell nuclei are chosen as size reference,
which is obtained through a Top-Hat algorithm where things bigger than the size reference are
not taken into account for the analysis. The total number of cells is quantified using the Hoechst
probe and a cell exclusion is performed with the Propidium probe to obtain viability.

Thus, data is provided through the software interface for calculate the cell viability percentage.

6.1.8. Functionality tests

It is necessary to test the most important hepatic specific functions to prove the influence of the
environment and its potential for human hepatocytes cell culture. It was decided to evaluate:
ureogenic capacity, secretion of proteins (albumin) and the metabolic activity of cytochromes.

« Functionality tests: ureogenic capacity

The ureogenic capacity was assessed by the exposure of human hepatocytes to NH4" and
analysing the amount of urea produced. After 1 and 7 days of cell culture the culture media was
removed and 250 pL of a Hepes saline solution with a final concentration of 1 mM of calcium
chloride and 2 mM of ammonium chloride were added to each well. Cells were incubated for
120 min at 37 °C, and then, the medium was removed and centrifuged for 5 minutes at 5000
rpm to discard aggregates. Then, the cleaned supernatant was transferred to another Eppendorf
and frozen at -20 °C till the evaluation.

A standard curve with urea was prepared to quantify the results, following the kit instructions
(Bioassys Kit: QuantiChrome). 1/5 of the standard (50 mg/dL) is diluted in H>O to obtain a use
solution of 0.1 mg/mL. By mixing different volumes of the use solution with water the urea
calibration curve could be obtained. Final concentrations of this curve ranged between 0.00 and
4.00 mg/mL, as shown in (Table 7).

Table 7. Calibration curve proportions for urea assay

Volume 0L 5L 10pL  20puL 30puL 40 puL

Urea 0.1 mg/mL 0.0 pg/mL 0.5 pg/mL 1 pg/mL 2 pg/mL 3 pg/mL 4 pg/mL

Deionized water 50 pL 45uL  40pL 30pL  20uL  10pL

The absorbance of the different solutions containing urea was recorded to build the standard
curve (Figure 14). The linear adjustment was used to quantify the samples (Equation 3).

[abs] = (0,06914 * [urea]) + 0,1805 (3)

Equation 3. Experimental equation for urea calculation
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0.6- Y =0.06914*X + 0.1805
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Figure 14. Urea standard curve to quantify ureogenesis.

The samples were thawed and centrifuged at 8000 rpm for 3 min and 50 pL of the supernatant
were pipetted into a well of a p96 plate. For the blanks, the same volume was pipetted in other
wells, consisting of NH4Cl in saline Hepes that is the solution previously used for the incubation
of the cultured hydrogels.

Two reagents A and B, non-specified composition, were used to produce a colorimetric change
on the solution, by the reaction of the o-phthaladehyde/primaquine with urea (Jung et al., 1975;
Zawada et al., 2009). A 1:1 solution of the reagents was prepared, taking into account that there
is a 20 min window of stability of the mixture. 200 pL of this solution were added to each well,
and kept at room temperature for 30 min, protecting the plate from light to avoid interference.

Samples were measured in the spectrometer at 520 nm, obtaining the absorbance. By using the
standard curve and taking into account the time the reagents were in presence of the cells, we
could calculate the ureogenic capacity of hepatocytes in pg/min.

e Immunohistochemistry: albumin expression

Immunohistochemistry allowed assessing albumin expression of cells within the hydrogel
quantitatively. We obtained cryo-cuts from the hydrogels before the immune assay.

After the cell culture the media was removed and washed with dPBS (1X). 200 pL of formalin
(4%) were added and samples were kept for 20 minutes under an extraction hood. After this
fixing step, the formalin was removed, and hydrogels were washed twice with dPBS (1X). The
samples can be sealed with parafilm in a mixture of dPBS (1X) and 0.02% azide and be used
later.

The following step consists of immersing the samples in a sucrose solution (30%) overnight at
4 °C (initially the samples can float, but they will eventually deposit). Then, the hydrogels were
soaked in Optimal Cutting Temperature (OCT) medium and frozen at -80°C. Cuts between 8
and 12 um were performed on the cryostat (Leica CM 1950, Leica Biosystems, Germany) at -
20 °C, placed into glass slides and stored at -20 °C.
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The OCT was removed by washing once with formalin (4%) and twice with dPBS (1X). The
perimeter of the sample was marked with a hydrophobic marker so that the antibodies could
later be incorporated onto the slide without spillage. Triton (x100) at 0.5% dPBS was added for
20 min followed by 3 washings with dPBS (1X).

A blockade with BSA (3%) on dPBS (1X) was firstly performed to decrease the possible
background staining due to non-specific antibody binding. It was incubated for 1 hour at room
temperature and the BSA was removed. Primary albumin antibody (goat anti-human) diluted
to 1% in dPBS/BSA was added and incubated overnight at 4 °C. The following day three
washings were performed with PBS/BSA and Tween (0.1%), to remove the excess of primary
antibody and to avoid protein-protein interactions that would cause background. Subsequently,
secondary antibody (Donkey anti-goat 488) was added to the sample, diluted in dPBS/BSA at
1% and incubated in the dark at room temperature. It will interact with the goat-anti-human
antigen attached to the albumin and give rise to fluorescence. Then, the secondary antibody was
removed, washed with dPBS/BSA (1%) once, and incubated with Hoechst for 5 minutes to
mark the DNA of human hepatocytes. Finally, each sample was washed twice with dPBS/BSA
(1%) mixed with Tween (0.1%) and covered until imaging with the INCELL 6000 analyser
device. 20x pictures of each staining were taken and mounted with Adobe Photoshop software.

e Functionality tests: albumin secretion

Protein synthesis and secretion is a specific hepatocyte function. We quantified the secretion in
3D structures and compared to 2D cell culture. ELISA (Enzyme-Linked ImmunoSorbent Assay)
method was used following the protocol provided by the manufacturer, Bethyl Laboratories
Inc.

First, 100 pL of the blank (dilution buffer) and the samples (culture medium) were added to the
wells (run in duplicate). To prepare the standard solution and standard curve, 500 ng hAlbumin
was reconstituted with 1 mL of 1X Dilution Buffer C, provided in the kit.

Table 8. Calibration curve proportions for human albumin assay

hAlbumin
500
ng/mL

500 167 55.6 18.5 6.17 2.06 0.69 0
ng/mL ng/mL ng/mL ng/mL ng/mL ng/mL ng/mL ng/mL

After this, 7 Eppendorf were prepared, one for each standard curve, the solution represents the
top point 500 ng/mL and the last tube which contains 300 uL of 1X Dilution Buffer C represents
the blank. The middle points were obtained preparing serial dilutions 1:3 starting from the top
(Table 8). Then, the plate was covered and incubated at room temperature for 1 h.

Subsequently, the adhesive cover was removed, and the plate washed four times with 1X Wash
Buffer. Then, 100 uL of anti-albumin detection antibody were added to each well, properly
mixed by tapping the well plate and covered again with adhesive for an incubation at room
temperature for 1 h. After this, the cover was carefully removed, and the wells washed four
times again with 1X Wash Buffer. Then, 100 uL of HRP solution A were added to samples and
blank, and an adhesive cover was attached. Samples were incubated for 30 min at 20-25 °C, and
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then, washed four times with 1X Wash Buffer. Subsequently, 100 pL of 3,3'5,5'-
Tetramethylbenzidine (TMB) substrate was added and the enzymatic reaction was incubated at
room temperature and for 30 min in the dark, turning the solution into blue. The plate was not
covered during the incubation. To stop the reaction, 100 uL of Stop Solution was poured in
each well and the plate tapped to mix, the blue colour changed from blue to yellow. After this,
and within the next 30 min the absorbance was measured on a plate reader at 450 nm. Finally,
the albumin secreted by the cells was quantified according the standard curve shown in Figure

15.

4-
Y = 0,4337*X - 0,2879
3] R%=0.936

Absorbance

Concentration (ng/mL)

Figure 15. Example of the standard curve for human albumin assay.

o Functionality tests: cytochrome P450 (CYPs) activity

Primary hepatic cells can carry basic and advanced functions, but the metabolic activity is one
of major ones. The evaluation of CYPs activities starts preparing a cocktail of 8 substrates of 8
different specific isoforms of CYPs (table 9). These substrates will be metabolised by each
specific isoform in the cells, and the quantity of metabolites produced will be determined and
are indicative of the activity of these CYPs. The cocktail was prepared according the
concentrations presented in the protocol made by Lahoz (Lahoz et al., 2007).

Table 9. Cocktail of substrates to evaluate metabolic activity

CYyp Substrate Final concentration Metabolite

1A2 Phenacetin 10 pM Acetaminophen
2A6 Coumarin 5uM 7-HO-Coumarin
2B6 Bupropion 10 uM HO-Bupropion
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2C19 Mephenytoin 50 uM 4’-HO0-Mephenytoin
2C9 Diclofenac 10 uM 4’-HO-Diclofenac
2D6 Bufararol 10 uM Hydroxybufuralol
2E1 Chlorzoxazone 50 uM 6-HO-Closzoxazone
3A4 Midazolam 5uM 1’-H0-Midazolam

First, each 5 pL of the cocktail of substrates was blended with 1 mL of Hepes saline, taking
200 pL to prepare a blank of AL4. After this, culture media is removed and 200 pL of the
Hepes-AL4 mixture was poured, incubated for 20° and 120’ at 37 °C. Subsequently, each
sample was collected at the time marked, then, it was centrifuged for 3 min at 5000 rpm. Finally,
the samples were transferred to an Eppendorf and frozen at -80 °C until evaluation. The final
evaluation was carried by the Analytic Service from the IISLAFE, which used the Ultra
Performance Liquid Chromatography-Mass Spectrometer (UPLC-MS/MS) methodology to
assess the hydroxylation of the substrates which indicates the activity of Phase I enzymes. The
activity for each specific isoform was referred as pmol of the metabolites produced in the period
of incubation.

6.2. Part II: oxidised polysaccharide hydrogels

6.2.1. Reagents

Sodium hyaluronate (Mw ~1.2 MDa) was provided by Kraeber & Co GmbH (Germany).
Sodium periodate (NalOs > 99.8%) was purchased from Sigma Aldrich (Germany).
Spectra/Por® dialysis membrane (MWCO 3.5 kDa), sodium hydroxide (NaOH), hydrochloric
acid (HCI) and potassium chloride (KCIl) were obtained from Carl Roth GmbH & Co KG
(Germany). Hydroxylammonium chloride was purchased from Merck KGaA (Germany).
Dulbecco’s Modified Eagle’s Medium (DMEM) and Bicarbonate Buffer for cell culture were
obtained from Lonza (Belgium). Fetal Bovine Serum (FBS) and trypsin were received from
Biochrome AG (Germany). Penicillin-streptomycin-fungizone (PSF) was purchased from
Promocell (Germany). 2.4,6-Trinitrobenzene Sulfonic Acid (TNBSA) was bought from
ThermoFisher (USA).

6.2.2. Synthesis of oHA

This second type of hydrogels is based on the use of oxidised hyaluronic acid and their ability
to spontaneously react with amine groups. The oxidation process was carried out with sodium
periodate that is able to open HA rings and give rise to two aldehyde groups, as observed in
Figure 16. The protocol was adapted to hyaluronic acid, following the previous literature
(Gomez 2007; Khorshidi, 2016).
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Figure 16. Scheme of the formation of oxidized hyaluronic acid (0HA) from non-oxidised hyaluronic acid
(nHA) (Su et al., 2010)

Firstly, 1 g of hyaluronic acid was dissolved in 200 mL mQ water adding the hyaluronic acid
slowly, avoiding the aggregation. Approximately this step took from 2 h to 3 h. After it was
completely dissolved, 0.63 g of NalO4 were added. It is possible to obtain different oxidation
degrees depending on the proportion of sodium periodate. In order to obtain a theoretical 100%
oxidation degree, a percentage of 120% of NalOy related to the amount of HA was added. The
percentage means the moles of NalO4 that make react with the moles of HA. According to that
we used 1.2 moles of NalO4 per 1 mol of HA. The solution was stirred for 72 h at room
temperature. Subsequently, the oxidised HA (oHA) was dialysed for 3 days changing the water
twice per day. It was freeze-dried for 24 h for further use.

6.2.3. Oxidation degree of oHA

Oxidation degree was characterized because it gives an indication of the susceptible
crosslinking points the polysaccharide has. The most common procedure to obtain the oxidation
degree is by titration. A solution of oHA is put in contact with hydroxylammonium chloride
(NH3OHCI) that reacts with the aldehyde groups of the oHA releasing HCI (as observed in
Figure 16). The moles of HCI are equal to the moles of aldehyde groups. The titration consists
in calculating the volume of a NaOH solution of known molarity necessary for the sample (oOHA
dissolved in NH3OHCI) to reach the pH of a previously prepared blank.

R,C=0 + NH,0OH-Cl = R,C=NOH + HCI+H,0

Figure 17. Chemical reaction of hydroxylammonium chloride with oHA.

The blank was prepared by mixing 25 mL of mQ water with 20 mL of a 0.4 M aqueous solution
of hydroxylammonium chloride. The pH of this solution was determined. The samples were
prepared by dissolving 60 mg of oHA in 25 mL of mQ water and adjusting the pH to 7 with
NaOH 0.01 M. Then 20 mL of hydroxylammonium chloride 0.4 M were poured and stirred for
3 h at room temperature. When this hydroxylammonium is poured into the sample, the solution
has a lower pH than the blank due to the release of HCl, which is quantified in the following
titration.
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Figure 18. Scheme of titration procedure setup. Drawing made by the author of the Master Thesis

The lab equipment of Figure 18 was prepared for the titration, consisting of a pH-meter, a Pyrex
glass containing the sample, a magnetic stirrer and a buret. The buret was cleaned with NaOH
0.01 M, because it is the reagent used to titrate the sample. The buret was filled with NaOH
0.01 M, which was slowly poured into the sample until the pH of the sample was equal to that
of the blank. The volume of poured NaOH solution provided the moles of NaOH, that are equal
to the moles of aldehyde groups within the samples, connected with the oxidation degree. A
minimum of 3 samples per batch were measured.

The final calculation required to obtain the oxidation degree consists of dividing the
experimental number of aldehyde groups by the absolute theoretical number of aldehyde groups
(Equation 4). This last value stands the maximum number of aldehyde groups which can be
present in the case of 100% oxidation degree, the CHO absolute theoretical concentration was
previously calculated by the group of Prof. Groth.

Experimental CHO concentration (m_ol)
Oxidation degree = e 100 (4)
Absolute theoretical CHO concentration (T)

Equation 4. Experimental oxidation degree equation.

6.2.4. Primary amino group quantification

Amino group content of gelatin is relevant for hydrogels formation because they need to be
available to react with the aldehyde groups of oHA to achieve successful gelations. We

55



DEVELOPMENT OF BIOMIMETIC INJECTABLE HYDROGELS FOR HEPATIC CELL CULTURE

measured three types of type A gelatin from porcine skin (characterized to their bloom value)
to select the best. The three different bloom values were 80, 175 and 300.

The method used to quantify gelatin amino groups is by the reaction of this groups with the
compound 2,4,6-Trinitrobenzene Sulfonic Acid (TNBSA) (Figure 19). When both components
are blended, an orange colour starts to appear into the solution, measuring the absorbance of
the mixture in a spectrophotometer and depending on the amino content the absorbance will
change. The protocol used is from the company ThermoFisher Scientific.
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Figure 19. Chemical reaction of TNBSA with an amino group to produce coloured derivates. Image
obtained from Sigma-Aldrich protocol.

All the dilutions were done with the same reaction buffer that would be used in the hydrogel
formation, 0.1 M bicarbonate buffer. The calibration curve was done with lysine. Lysine was
dissolved in bicarbonate buffer at different concentrations ranging from 2 pg/mL to 20 pg/mL.
Gelatin was dissolved in the buffer, but with different range of concentrations, from 20 pg/mL
to 200 pg/mL, due to the minor quantity of amino acids. The TNBSA reagent was prepared at
0.01% (w/v) in bicarbonate buffer.

To 0.5 mL of gelatin or calibration curve sample, 0.25 mL of TNBSA were poured and properly
mixed. They were incubated for 2 h at 37 °C. Then 0.25 of SDS at 10% (w/v) and 0.125 mL of
1 N HCl were added and the absorbance at 335 nm was measured on an ultraviolet/visible
(UV/VIS) spectrophotometer (Specord200, Analytik Jena AG, Jena).

Three replicates per samples were measured.

6.2.5. Formation of hydrogels (oHA-Gel)

Before defining the concentrations of hydrogel precursor solutions and buffer, thanks to
previous experimentation at different conditions (results not published) we could obtain the
optimal conditions. Bloom 300 gelatin was chosen since the hydrogels were stiffer than lower
Bloom values hydrogels. Then, 10% w/v polymer concentration was required to have enough
aldehyde and amine groups to crosslink. The bicarbonate buffer was the solvent which
conferred better crosslinking. In addition, the ratio oHA-Gel 1:3 was selected because in the
literature free aldehyde groups from oxidised polysaccharides were reported as cytotoxic and
was decided to increase the amount of gelatin to have enough amine groups to fill them.
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The procedure started by dissolving oHA and Gel into the bicarbonate buffer (which is suitable
for cell culture). Gel took 2 h for dissolving and oHA was left 24 h to dissolve. Whereas the
hyaluronic acid was prepared at room temperature, gelatin was dissolved at 37°C.

Hydrogels of 100 uL were prepared. After joining both solutions they were mixed with the tip
of the micropipette to ensure hydrogel homogeneity. Hydrogel drops (Figure 20) were left for
30 min to 60 min for crosslinking at 37°C avoiding the physical linkage which happens at room
temperature.

Figure 20. Example of oHA-Gel hydrogels (1:3 ratio) synthesized with bicarbonate buffer and Bloom 300
gelatin.

6.2.6. Physical characterisation

o Equilibrium water content

The oHA-Gel hydrogels were characterised by the same procedure as tyramine conjugates. We
calculated the mass of water per unit mass of polymer (in %) and the equilibrium water content
(in %), using the equations 1 and 2of section 6.1.5.

Hydrogels were prepared on a hydrophobic surface and after 1 h of crosslinking they were
transferred to a p24 well-plate and 500 pL of dPBS were added to swell them. After 24 h of
swelling they were weighed (ws) and weighed again after a freeze-drying step to obtain their
dry weight (wq).

e Gel content

Gel content is defined as the crosslinked mass remaining after swelling, assuming that non
crosslinked molecules will be released to the swelling medium during the first 24 h of swelling
provoking a weight loss.

Hydrogels were prepared on a hydrophobic surface for 1 h. Then, they were freeze-dried and
weighted, to determine the initial dry weight (wai). After that, the hydrogels were immersed in
dPBS for 24 h and freeze-dried again, to determine the final dry weight (wqr). The following
equation allows determining the gel content (equation 5)

Wdf
Gel content = ——x 100 (5)
Wai

Equation 5. Gel content definition
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o Stability test

Hydrogels stability was evaluated in culture media with different proportions of fetal bovine
serum (FBS). 2 replicates per proportion of FBS (0%, 1%, 5% and 10%) were prepared.

Hydrogels were prepared in bicarbonate buffer on top of a hydrophobic surface and left to
crosslink for 1 h. Then, culture media (with and without FBS) was added. The volume used to
cover the hydrogels was 500 pL.

The stability of the hydrogels at different time points was evaluated by tilting the hydrogels
with a spatula once they were taken off the plate.

6.2.7. Cell culture in oHA-Gel hydrogels

The non-cytotoxicity of hydrogels was assessed by the encapsulation of fibroblasts. For this,
gelatin (bloom 300) and oHA were dissolved in bicarbonate buffer (pH 8.1) at 100 mg/mL and
kept warm at 37 °C. Both components were filtrated through filters with a pores size from 0.22
um to 0.45 um. Taking into account that highly concentrated gelatin is very viscous, all the
equipment (syringe and filters) were heated to 37 °C in order to get a lower viscosity and
facilitate the filtration.

The cells were detached form the culturing flasks by adding 1 mL of trypsin and incubating for
5 min at 37°C. Then, were added 3ml of F12 cell culture media inactivating the trypsin.
Thereafter, fibroblasts were transferred into an Eppendorf and centrifuging for 3 minutes at 250
g, the supernatant was removed, and the cell pellet was transferred into a Neubauer chamber to
select cell density. Each hydrogel was seeded with 50.000 cells (cell density 0.5 x 10° cells/mL),
the cell pellet was resuspended in the gelatin solution because oHA can produce cytotoxicity
due to the free aldehyde groups. Cells could not be resuspended in the oHA solution to avoid a
possible cytotoxic effect of the aldehyde groups. Both components were mixed with a tip and
gelation was left for 1 h. After that time, the culture media was added.

Results were compared to hydrogels made of gelatin crosslinked with transglutaminase (mTG),
as a positive control of biocompatibility (Gel-TG). This system has been widely characterised
and used for tissue engineering as platform for breast carcinoma modelling (Fang et al., 2014),
as a promising in vitro environment for cardiac cell culture (McCain et al., 2014) and as
bioprinting ink for smooth muscle cell culture (Tijore et al., 2018). The hydrogels were
composed by 98.75 uL of a 10 % w/v solution of gelatin dissolved in bicarbonate buffer were
mixed with 1.25 pL of a 10% solution of transglutaminase dissolved in dPBS (Alarake et al.,
2017).

6.2.8. Viability test: CFDA staining

Oxidised polysaccharides have a drawback due to the cytotoxicity produced by the free
aldehyde groups. Therefore, a cell viability study was carried out to confirm the suitability of
hydrogels for cell culture and see if the crosslink does not let any free aldehyde group. Being
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one of the most well-known fluorometric methods to assay life-dead on cells, 5(6)-
carboxyfluoresceine diacetate (CFDA) was used to mark alive cells in green and To-Pro 3 to
stain the nuclei of dead cells in blue. This assessment was performed at 1 day and 7 days of cell
culture also comparing between Gel-TG and oHA-Gel.

First, cell culture medium was removed, and a mixture of CFDA (1:200) and to-pro (1:2000)
in colourless DMEM (to avoid phenol red interferences) was added to cover all the hydrogels.
Hydrogels were incubated for 10 mins at 37 °C. After this, the staining solution was removed,
and the hydrogels were covered again with DMEM colourless. Two pictures for each hydrogel
were visualised with a fluorescence microscope (Axiovert 100, 488 nm excitation and 530 nm
emission filters, Carl Zeiss Microlmaging GmbH, Jena, Germany) equipped with a CCD
camera (Sony, MC-3254, AVT-Horn, Aalen, Germany) and image analysing software KS300
(Carl Zeiss, Oberkochen, Germany). At least 2 images per sample using a 10x objective were
taken.

6.2.9. Functionality test: metabolic activity by Q-Blue test

Q-Blue reagent was used to assess the metabolic performance through the conversion of the
redox dye resazurin, which is not fluorescent, into a highly fluorescent product called resorufin.
Then, after 1 day of cell culture the culture media was removed and Q-Blue reagent at 10% in
DMEM colourless was added.

Usually, incubation takes 2 h at 37 °C, but, since the cell culture is made in hydrogels, we left
it for 5 h. After the incubation, the supernatant that had turned blue was removed, placed into a
p96 black well-plate, and the fluorescence was read with the ultraviolet/visible (UV/VIS)
spectrophotometer (Specord200, Analytik Jena AG, Jena, Germany), setting 544 nm of
excitation wavelength and 590 nm of emission wavelength. In addition, a blank of Q-Blue in
DMEM without phenol red was prepared to validate the experiment. 3 samples for oHA-Gel
hydrogels and 2 for Gel-TG were prepared.
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7. RESULTS AND DISCUSSION

The Master Thesis had the purpose of comparing two different ways to synthesize hydrogels,
for their use on hepatic cell therapy and hepatic cell culture. However, the current situation due
to the global pandemic since March made impossible to continue and suddenly stopped all the
experiments. Because of this, the results here presented are from the work done till that date.
Firstly, t(HA-Gel) hydrogels were characterized by their swelling, ability to encapsulate
primary human hepatocytes and support hepatocyte functionality. Second, the novel system
based on the reaction of aldehyde and amine groups, oHA-Gel, has been studied in terms of
hydrogel synthesis, swelling and ability to encapsulate human fibroblasts keeping them alive.

7.1. Part I: tyramine crosslinked hydrogels

7.1.1. Physical characterisation

We determined the mass of water per mass of dry polymer (w) and the equilibrium water content
(EWCQ) of the hydrogels after 24 h of immersion in dPBS.

e Hydrogel swelling

The water uptake of hydrogels can be expressed as w or EWC. w is the mass fraction of water
within the hydrogel referred to the mass of dry polymer and EWC is the mass fraction of water
within the hydrogel referred to the total mass of hydrogel (water and dry polymer). The values
obtained are presented in the following table (Table 11).

Table 10. Values for w and EWC of t(HA-Gel) hydrogels after 1 day of swelling in dPBS.

w EWC
Sample 1 5690 % 98.3 %
Sample 2 5693 % 98.3 %
Sample 3 4023 % 97.5%
Sample 4 3642 % 97.3%
Sample 5 3437 % 97.1 %
Average 4497+ 1110% 97.7+0.5%

The results of w were compared with those obtained by (Sanmartin-Masia et al., 2017), where
different compositions of t(HA-Gel) where characterised. Hydrogels had the same polymer
concentration of 2%, but the ratio between HA and Gel was slightly different. In our study it
was 80-20, while in the hydrogels made by Sanmartin-Masia it was 70-30. Despite the
differences in composition our results are very similar to those previously obtained, 4497 +
1110% compared with 5774 + 553%. This allows us to confirm the correct synthesis of
hydrogels as well as the consistency on the swelling.
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7.1.2. Viability test: live dead assay

During my Bachelor Thesis I worked with a hepatic cell line, HepG2, to choose the optimal
composition of hydrogels for liver tissue engineering. In this Master Thesis, we pretend to
advance and get closer to the clinical application, by the culture of primary human hepatocytes
that are more delicate than cell lines. Two crosslinking buffers were used to encapsulate the
cells, F12 cell culture media and calcium-free Krebs ringer buffer (CF-KRB).

Live/dead pictures in Figure 21 show the results after 1 day of culture in which dead cells are
marked in orange/red and all the cells are stained in blue. Apparently, it seems that more dead
cells are found in the hydrogels prepared in CF-KRB, i.e. F12 produces a lower damage to
human hepatocytes. This result was confirmed after 7 days of culture, as seen in Figure 22.

Figure 21. Representative pictures (20x) of live/dead assay on human hepatocytes cultured within t(HA-Gel)
hydrogels in p48 non treated well plates with biopsy medium. a) F12 medium t(HA-Gel) hydrogel after 1
day. b) CF-KRB t(HA-Gel) hydrogel after 1 day

b

Figure 22. Representative pictures (20x) of live/dead assay on human hepatocytes cultured within t(HA-Gel)
hydrogels in p48 non treated well plates with biopsy medium. a) F12 medium t(HA-Gel) hydrogel after 7
days. b) CF-KRB t(HA-Gel) hydrogel after 7 days
The image analysis performed with the INCELL Workstation, allowed identifying single cells
and through the use of intensity algorithms the proportion of alive and dead cells. The data
confirmed the observations of the representative images (Figure 23). After 1 day the viability
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was higher on F12 hydrogels with a 75% of viability whereas in the CF-KRB hydrogels the
viability was 23%. After 7 days, the viability in the CF-KRB hydrogels was very reduced
(0.5%) while in the F12 hydrogels it was still quite high, 67%. It is worth noting that this is a
good result, as human hepatocytes have low viability from the beginning of the experiment due
to the stress they suffer during cryopreservation and thawing before cell culture (Stéphenne et
al., 2010). Viability test allowed concluding that F12 culture can be used for the encapsulation
of human hepatocytes within the t(HA-Gel) despite the crosslinking degree is not as high as in
the CF-KRB (Rodriguez-Fernandez et al., 2018; Vaca-Gonzalez et al., 2020). The statistics
showed high statistical differences in the cell viability between CF-KRB and F12 hydrogels
either at 1 day or 7 days of cell culture (p-value < 0.0001).
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Figure 23. Human hepatocyte viability graph comparing t(HA-Gel) hydrogels synthesized with CF-KRB
and F12 culture medium after 1 day and 7 days of cell culture with biopsy medium in p48 non-treated well
plates.

7.1.3. Functionality test: ureogenic capacity

A major function of the liver is metabolism of ammonia into urea. Measurement of urea
synthesis is another important quality assay, particularly in cases of HCT for patients with urea
cycle disorders (Horslen et al., 2003). After the addition of ammonia to hepatocytes in culture
or suspension, the formation of urea can be measured (Donato et al., 2008). The ureogenic
capacity of the human hepatocytes was assessed by an exposure of them to a mixture which
contains ammonium (NH4"). The aim of this test is to observe the capacity of the cells to
transform the ammonium to urea. (Figure 24).

Hepatocytes within the Gel-HA hydrogels showed a higher ureogenic capacity (2.89 pg/min)
than those in cultured in monolayer (2.23 pg /min) after 1 day of culture. Monolayer culture
has no results after 7 days of culture due to low viability of hepatocytes in monolayer over long
periods. Even though, the ureogenic capacity was higher after 7 days with 3.34 pg/min than
after 1 day of culture. Even though, the ureogenic capacity was even higher after 7 days with
3.34 pg/min . Thus, confirming our hypothesis that the 3D environment in which the cell-cell
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and cell-matrix interactions are recreated provides better conditions to keep hepatocyte
functionality.

Firstly, the homoscedasticity was analysed with a F-test (Fisher) to assess the statistical
differences on the standard deviation and no differences were found. Then, an ANOVA test
was applied to compare the means by the Post-Tukey method, finding statistical differences
between all de data with different grade of significance (p-value = 0.05).
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Figure 24. Graphic representation of human hepatocyte ureogenic capacity on 2D and 3D t(HA-Gel) cell
culture after 1 day and 7 days of cell culture with biopsy medium. Hydrogels were made on a p48 non-
treated well plate and 2D was done in p24 well plate coated with collagen/fibronectin.

7.1.4. Immunohistochemistry: albumin expression
In order to assess the maintenance of the hepatic phenotype after culture in Gel-Ha hydrogels,

the expression of albumin, a hepatocyte marker, was determined by means of
immunofluorescence.

Figure 25. Immunohistochemistry picture for albumin expression of human hepatocytes in cryocuts of t(HA-
Gel) hydrogels after 1 day of cell culture with biopsy medium. Alive cells nuclei marked with Hoechst
(blue) and albumin marked by ELISA assay (green).
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The picture from above (Figure 25) shows that the cells expressed albumin. Not being a
quantitative analysis, the result is quite satisfactory since apart from confirming albumin
expression the picture shows how cells organize in clusters within the hydrogels, resembling
the situation within the tissue.

7.1.5. Functionality test: albumin secretion

Protein synthesis and secretion is one of the specific hepatocyte functions. Once the albumin
expression by the human hepatocytes was demonstrated by immunohistochemistry, we
quantified the production and secretion albumin in the 3D hydrogels and compared the results
with the cells cultured in monolayer. The protocol is explained in section 6.1.9 and is based on
the use of an ELISA assay to quantify the albumin secreted. The results have been represented
in the following graph, again comparing 2D cell culture between 3D cell culture (Figure 26).
The results show better outcomes in hepatocytes cultured on 3D environments confirming the
ureogenesis results that showed increased hepatocyte functionality of the cells within the
hydrogels.
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Figure 26. Graphic representation of human hepatocyte albumin secretion in 2D and 3D t(HA-Gel) cell culture
after 1 day of cell culture with biopsy medium Hydrogels were made on a p48 non-treated well plate and 2D was
done in p24 well plate coated with collagen/fibronectin.

The statistical analysis was performed slightly different since statistical differences were found
on the standard deviation. A T-student with the Welch’s correction was applied due to the non-

sensibility to the variance and significant differences were observed on the means (p-value =
0.03).

7.1.6. Functionality test: CYP’s activity

Finally, the drug metabolic capacity of cultured hepatocytes was determined. Assessment of
the drug-metabolising function seems to be of special interest for the clinical setting of HCT in
which recipients receive extensive medication. P450 enzymes, and particularly CYP1A2, 2A6,
2B6, 2C9, 2C19, 2D6, 2E1 and 3A4, are mostly responsible for the oxidative metabolism of
most drugs in clinical use (Lammert et al., 2010). The assessment of P450 activities was notably
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simplified by the application of mass spectrophotometry (Lahoz et al., 2007). The method is
based on the incubation with a combination of substrates that are specifically metabolised by
CYP enzymes, producing a metabolite. These specific metabolites are determined by liquid
chromatography tandem mass spectrometry (Figure 27).

Once the specific results for each cytochrome were obtained, a statistical analysis of student t
was applied as in the previous results for comparison of means. However, homoscedasticity
was taken into account which was not met in the first two cytochromes CYP1A2 and CYP2C19.
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Figure 27. Metabolic quantification of human hepatocyte CYP's activity on t(HA-Gel) hydrogels after 1 day
of cell culture with biopsy medium Hydrogels were made on a p48 non-treated well plate and 2D was done
in p24 well plate coated with collagen/fibronectin.

This is due to the fact that activities in 2D were undetectable, so the student t was corrected by
the Welch test. Significant differences were found in all of them with different degrees of
significance. The conclusion to be drawn from the results is the difference observed in three-
dimensional cultures with respect to conventional single-layer cultures. All this indicates that
the 3D configuration of hepatocytes conferred by the hydrogel and the biomimetic composition
of the hydrogel stimulated hepatic functionality and improved the inherent metabolism of
human hepatocytes.

7.2. Part II: oxidised polysaccharide hydrogels

7.2.1. Oxidation degree of oHA

The oxidation degree from oHA was measured in order to know the quantity of aldehyde groups
available for the crosslink with the amino groups. After titrating the three samples of each batch,
the moles of aldehyde groups were obtained. The value was calculated from the volume needed
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to titrate the samples till the original pH. Then referring the number of moles per milliliter to
the sample mass, the moles per gram were obtained. Finally, to obtain the oxidation degree, the
moles per gram of aldehyde groups was divided by the absolute theoretical number of moles
that could be in the molecule. The next table (Table 12) summarizes the experimental values
obtained for each sample from two batches.

Table 11. Aldehyde content for oHA obtained by titration with hydroxylammonium chloride

NaOH vol [CHO] (mol/mL) [CHO] (mol/g)
Batch 1 - N°1 12.9 1.29 * 10+ 2.22 %103
Batch 1 — N°2 133 1.33 *10* 2.12 %103
Batch 1 — N°3 12.5 1.25 *10* 2.08 * 1073
Batch 2 - N°1 13.9 1.39 * 10+ 2.31 %103
Batch 2 — N°2 12.7 1.27 *10* 2.11*103
Batch 2 — N°3 12.9 1.29 * 10+ 2.14 %1073

Subsequently, after calculating the experimental aldehyde content, applying equation 5 and
averaging three samples, the degree of oxidation of each batch was obtained (Table 13).

Table 12. Oxidation degree for each batch of oHA

Batch N°1 Batch N°2
Sample N°1 42.5% 44.2%
Sample N°2 40.6 % 40.4%
Sample N°3 39.9 % 40.9 %
Average 41+1% 42 +£2%

Oxidized polysaccharides have been widely characterized; the results obtained are satisfactory
since similar results to those of other authors were obtained. Weng in 2007 described the oHA
for self-crosslinkable hydrogels with gelatin, obtaining a 44% oxidation degree as the highest
value with an unspecified ratio (Weng et al., 2007). Then, Su in 2011 using a similar molar
ratio HA-NalOy (1:1) obtained 44% oxidation degree (Su et al., 2011). Finally, Li in 2014 has
synthesized oHA with lower ratios (3:5) for injectable hydrogels with chitosan. He achieved a
maximum oxidation degree for HA of 34% that is close to our results (Li et al., 2014).

7.2.2. Primary amine groups quantification

The aim of this assay was to quantify the free amino groups from the different gelatin types in
terms of Bloom value. After performing the procedure explained at 6.2.4, the results showed
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and inversely relation between bloom values and amino content. The values were gathered in
the following table (Table 14).

Table 13. Free amino group content value for each type of gelatin assessed by TNBSA reagent

Amino content [mol/g]

Bloom value 80 8.71 * 1073
Bloom value 175 8.06 * 1073
Bloom value 300 7.29 * 1073

The higher the bloom values the larger and more complex the gelatin molecules are
(Eysturskard, 2010). Lower Bloom values provided more amino groups available to be bonded
with aldehyde groups and backwards. Even though there are other factors which affect the free
amino groups available such as the pH, ionic strength or the nature of the macromolecule itself.
The aim of this assay was to evidence the best type of gelatin for the crosslinking with oHA.
Despite that lower values show higher concentration of free amino groups, gelation experiments
demonstrated very poor consistency and mechanical properties of these hydrogels although the
gelation was carried to be fully chemical crosslinking (Figure 28). That is why we decided to
use Bloom 300 gelatin for the following experiments because despite the lower number of
amino groups, the mechanical consistency was higher, probably due to the conformation of

gelatin.
Bloom - | Bloom 175 | 7 -
e T P
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Bloom 300

Figure 28. oHA-Gel hydrogels synthesized with bicarbonate buffer, ratio 1:3 (oHA-Gel) and made with different gelatin
Bloom values (80, 175 and 300). Crosslinking time 1h at 37°C.

7.2.3. Physical characterisation
e Hydrogel swelling

In the same way as above in section 7.1.1, the physical characterisation consisted of the calculus
of the w and EWC parameters. The procedure is explained in section 6.2.6 and the hydrogels
where under freeze-dry and swelling steps. The w and EWC values are listed in the next table
(Table 15)

Table 14. Values for w and EWC of oHA-Gel hydrogels after 1 day of swelling in dPBS

w EWC
Sample 1 1898 % 94.9 %
Sample 2 2132 % 95.5%
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Sample 3 2673 % 96.4 %
Sample 4 2643 % 96.3 %
Average 2337 +383% 96 £0.7%

The mass fraction of water within the hydrogels referred to the mass of dry polymer (w) are
quite low compared to those obtained for the t(HA-Gel) hydrogels, either ours or those from
other authors. One explanation for this is that we used very concentrated hydrogel solutions to
prepare the samples, in fact the concentration for t(HA-Gel) was 2% and in the case of oHA-
Gel we used 10%. Consequently, the hydrogels were stiffer and with lower water uptake.

e Gel content

Complete hydrogel cross-linking is rarely obtained, and some hydrogel molecules are lost when
the hydrogel is immersed in water after the crosslinking. We decided to calculate the mass that
had been cross-linked in oHA-Gel as a measure of cross-linking efficiency. The results
obtained, calculated as explained in section 6.2.6, are compiled in table (Table 16). We observe
that about 76% of the mass is effectively crosslinked and the rest of molecules are released from
the hydrogel after 24 h of immersion in the buffer.

Table 15. Values of gel content for oHA-Gel hydrogels after 1 day of swelling in dPBS

Gel content

Sample 1 753 %
Sample 2 75.6 %
Sample 3 79.8 %
Sample 4 72.2%
Average 75.7+3%

o Stability test

The oHA-Gel hydrogels are quite novel and are not fully characterized. For instance, their
stability in cell culture conditions is still in doubt. That is why we decided to submerge the
hydrogels in F12 cell culture media with different concentrations of FBS (1%, 5% and 10%),
conditions that are frequent in cell culture experiments. A control without FBS was used for
comparison (see section 6.2.6). Hydrogels were observed daily, and it was checked their
integrity for 7 days. FBS concentration affected on the hydrogel’s stability. Hydrogels that were
soaked with high amounts of FBS were dissolved after 4 days and 5 days with FBS at 10% and
5%, respectively. On the other hand, lower concentrations of FBS (control and 1%) allowed the
hydrogels to keep their integrity. In addition, between oHA and gel chain there is formed an
imine bond which its equilibrium can be affected by the concentration, pH, temperature and
others like steric or electronic factors. This equilibrium can be driven into the reverse direction
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undoing the imine bond, the main reaction is the hydrolysis where a proton acceptor like OH
can pull an electron form the C=N link and undo imine bond (Belowichet al., 2012). Then, it is
believed that the integrity is affected by either the FBS proteins which can interact with the free
aldehyde groups, the pH which can unbalance the equilibrium or by hydrolysis of imine bonds.

The stability was assessed taking off the hydrogels from the plates with a metallic spatula and
tilting it, the pictures are representative of what a stable hydrogel was considered (Figure 29).

Figure 29. Representative image of oHA-Gel stable hydrogels after 7 days of soaking in F12 culture media
with 1% of FBS in non-treated p24 non-treated well plates.

7.2.4. Viability test: CFDA staining

Once the hydrogels had been seeded with the human fibroblasts, we studied the viability of
cells as explained in section 6.2.8. We obtained very promising results. The following images
were obtained from a confocal microscope which has the proper module to observe fluorescent
staining (alive cells are in green and dead cells in blue).

After 1 day of cell culture we observe differences between the cells in our hydrogel and a control
of pure gelatin (Figure 30). In the control of Gel-TG more cells were found and a bit elongated.
Which means a better affinity for the environment in terms of cell-matrix interactions. On the
other hand, a lower number of cells in total were observed in oHA-Gel, maybe due to the
gelation time which is higher than in the Gel-TG hydrogels. The longer gelation time would
allow the cells to migrate out of the hydrogel during crosslinking

b

Figure 30. Representative pictures (10x) of human fibroblast culture on Gel-TG control hydrogel and oHA-
Gel hydrogels in p24 non-treated well plates with F12 culture medium (1% FBS). Alive cells marked with
CFDA (green) and dead cells with TO-PRO 3 (blue) A) Gel-TG after 1-day b) oHA-Gel after 1-day
The positive results are that most of the cells are alive inside the oHA-Gel hydrogels being the
population of dead cells scarce, which confirms that the crosslinking in the presence of cells is
not cytotoxicity. We repeated the experiment after 7 days of culture and very good results were
obtained (Figure 30). The cell culture after 7 days showed the good outcome on the control of
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Gel-TG hydrogel since this system was used before for cell culture (Figure 31), no dead cells
were observed within the hydrogels. oHA-Gel hydrogel promoted cell spreading and human
fibroblasts had elongated shape. However, there was considered rare the fact that fibroblasts
were more elongated in oHA-Gel hydrogels and firstly was explained by the cell migration and
attachment to the bottom of the well. But it was confirmed that the fibroblasts remained within
the hydrogel, the adjacent substrate was checked and the area where the cells were located was
scanned in the Z-axis to confirm its 3D configuration.

a

Figure 31. Representative pictures of human fibroblast culture on Gel-TG and oHA-Gel hydrogels in p24
non-treated well plates with F12 culture medium (1% FBS). Alive cells marked with CFDA (green) and
dead cells with TO-PRO 3 (blue). a) Gel-TG after 7-days b) oHA-Gel after 7-days

7.2.5. Metabolic test: Q-Blue

The metabolic assessment was performed with Q-Blue colorimetric test, as explained in section
6.2.9. Only two replicates could be used for Gel-TG hydrogels due to experimental problems,
for the oHA-Gel three samples were used. The results obtained from the spectrophotometer
were corrected from Q-blue reagent blanks. The graphic (Figure 32) summarize the results
indicating the quantification of the metabolic activity referred to the control Gel-TG.
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Figure 32. Graph for metabolic activity of the cells after 1 day within the oHA-Gel hydrogels and within a
positive control of pure gelatin (Gel-TG). Both cultured in a p24 non-treated well plate with F12 culture
medium (1% FBS).
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The Gel-TG had the better outcome with a really high metabolic performance compared with
oHA-Gel hydrogels, which is normal for a positive control as Gel-TG. Despite that, the cells in
the oHA-Gel still demonstrated a good level of metabolic activity. This result opens the
possibility to explore these hydrogels for hepatocyte culture in the next future.

Statistical analysis was performed, and a T-student revealed statistical differences on means (p-
value = 0.009).
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8. CONCLUSIONS

The aim of this Master Thesis was to compare two different systems and the conclusions after
the experimentation are:

t(HA-Gel) hydrogels enzymatically crosslinked and synthesized with F12 culture media
allowed to culture primary hepatocytes up to 7 days. However, the same type of hydrogels but
synthesized with CF-KRB did not keep the cells viable after 7 days.

Human hepatocytes within t(HA-Gel) 3D constructs are more functional than those cultured in
2D forms. Cell-cell and cell-matrix contacts are promoted in 3D and hepatocytes show
improved ureogenic capacity, cytochrome P450 metabolic activity and albumin secretion.

Oxidised hyaluronic acid with a 41% of oxidation degree have formed stable hydrogels with
gelatin. In addition, oHA-Gel hydrogels kept integrity with low FBS concentrations.

The equilibrium water content in t(HA-Gel) hydrogels is higher than oHA-Gel due to different
polymer concentrations. Higher concentrations imply less porous hydrogels with lower water
uptake.

Crosslinking based on reaction between oHA aldehydes and gelatin amino groups was non-
cytotoxic demonstrated by the live/dead assay.

Fibroblast’s metabolic activity within oHA-Gel hydrogels is lower than in the positive Gel-TG
hydrogel but still promising. Future results will confirm the suitability of this system for the
encapsulation of cells.
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ANNEXES

Composition of biopsy cell culture medium

Hepatic cell culture requires a specific composition on its culture medium, it is composed
by two base media, Williams E and F12 both in 1:1 ratio. Since they are commercialised it
is already containing glucose 10 mM and bicarbonate 20 mM. Therefore, F12 includes ImM
of L-glutamine. In order to prepare the “complete” medium is necessary the precise
concentration of the following components (Table 17).

Table 16. Complete composition for biopsy medium

Component Quantity for 500 mL Final concentration
Insulin 75 pL 9.03x10*M
Transferrin 2500 pL 0,025 mg/mL
Ethanolamine 200 pL 66,8 uM
L-Glutamine SmL 2.5mM
Linoleic acid 500 pL 7,17 uM
Glucose 3500 pL 17 mM
Ascorbic acid 3100 pL 0,62 mM
NAME 800 puL 0,64mM
PSS 5mL 1%
BSA 5mL 1 g/l
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1. BUDGET INTRODUCTION

This document gathers the calculus made in order to obtain the budget of the present Master
Thesis, with the unique purpose of study how economically feasible is the project. The 6™ point
developed, which corresponds to “Methodology”, is the base of this document, taking into
account all the costs associated to it. The concepts taken into account to organise the budget are
labour/personnel, materials and equipment. From this it was obtained the decomposed price
table and subsequently the budget for each part of the project. To end, material execution budget
was calculated and obtained from it, the general budget.

Each resource was codified to create a proper organisation, the following table explains this
codification (Table 1).

Table 17. Codification for the Master Thesis resources

Code Description
LP Labour/Personnel
EQP Equipment
MAT Materials
IPE Individual Protection Equipment

2. LABOUR/PERSONNEL PRICE TABLE

Labour budget was made considering the author of the Master Thesis as a biomedical engineer
and is necessary to clarify that was not earned any type of salary for the labour. The following
price table (Table 2) resume the time spent for the personnel associated to the project.

Table 18. Labour/Personnel budget for the Master Thesis

Cost
N° Code Unit Description
Price (€) Quantity Total price
©
1 LP.1 h Biomedical engineer 12,00 416,25  4995,00

Principal supervisor of the 45,00 90,00 4050,00

2 LP.2 h project

3 LP.3 h Co-supervisor of the project N°1 45,00 90,00 4050,00

4 LP4 h Co-supervisor of the project N°2 45,00 25,00 1125,00

5 LP.5 h Laboratory assistant 9,00 23,50 211,50
Total budget "Labour/Personnel” (€) 10381,50
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3. MATERIALS PRICE TABLE

The following table 19 summarizes the materials budget required to develop the Master Thesis

experiments.
Table 19 Materials budget for the Master Thesis
Cost
N° Code  Unit Description Total
Price . .
© Quantity Price
(€)
1 IPE.1 ud Laboratory coat 22,50 2,00 45,00
2 IPE.2 ud Latex gloves box 5,95 8,00 47,60
3 IPE.3 ud Protection googles 8,95 2,00 17,90
4 IPE .4 ud Gas mask 30,50 2,00 61,00
5 IPE.5 ud Particle mask 7,25 2,00 14,50
6 MAT.1 g Hyaluronic acid 27,63 0,10 2,76
7 MAT.2 g Sodium hyaluronate 0,70 0,20 0,14
8 MAT.3 g EDC 62,30 0,34 21,18
9 MAT 4 g Gelatin (Bloom 300) 0,43 0,82 0,35
10 MAT.5 g MES 2,82 2,56 7,22
11 MAT.6 g NHS 3,84 0,01 0,05
12 MAT.7 g Hepes 0,80 0,94 0,75
13 MAT.S8 g Monopotassium phosphate 0,08 0,06 0,00
14 MAT.9 g Potassium chloride 0,16 0,12 0,02
15 MAT.10 g Sodium periodate 15,10 0,18 2,72
16 MAT.11 g Sodium chloride 0,15 174,14 26,12
17 MAT.12 g Tyramine Hydrochloride (Tyr) 15,10 0,20 2,96
18 MAT.13 g Lysine 52,20 0,04 2,09
19 MAT.14 g Hydroxylammonium chloride 0,41 0,12 0,05
20 MAT.15 mg Primary antibody 175,00 0,00 0,18
21  MAT.16 mg Secondary antibody 212,00 0,00 0,21
Dialysis membrane (12.400
22 MAT.17 m MWCO) 32,00 0,06 1,92
23 MAT.18 m Dialysis membrane (3.500 MWCO) 30,00 0,04 1,20
Dialysis membrane (wet 3.500
24 MAT.19 m MWCO) 38,70 0,02 0,77
25 MAT.20 L MilliQQ water 0,20 0,83 0,17
26 MAT.21 L Distilled water 0,20 126,00 25,20
27 MAT.22 L Williams E media 74,78 0,25 18,70
28 MAT.23 L F12 culture media 115,50 0,25 28,88
29 MAT.24 L Bicarbonate Buffer 111,30 0,03 3,78
30 MAT.25 L Sodium hydroxide 294,00 0,10 29,40
31 MAT.26 L TNBSA reagent 3030,00 0,01 30,30
32 MAT.27 L Absolute ethanol 3,93 0,50 1,97
33 MAT28 L Trypsin 71,80 0,01 0,86

87



DEVELOPMENT OF BIOMIMETIC INJECTABLE HYDROGELS FOR HEPATIC CELL CULTURE

34 MAT.29 L L-Glutamine 160,59 0,005 0,80
35 MAT.30 L Glucose 40,20 0,004 0,14
36 MAT.31 L Bicarbonate 125,10 0,002 0,25
37 MAT.32 L Penicillin-Streptomycin 151,70 0,007 1,06
38 MAT.33 L Ethanolamine 25,00 0,0002 0,01
39 MAT.34 L BSA 125,00 0,007 0,88
40 MAT.35 L Horseradish peroxidase 38,60 0,024 0,93
41 MAT36 L Hydrogen peroxide 7,17 0,024 0,17
42 MAT37 L Fetal Bovine Serum 1246,00 0,00 3,74
43 MAT.38 L Linoleic acid 46,80 0,0005 0,02
44  MAT39 L Ascorbic acid 44,70 0,003 0,13
45 MATA40 L Insulin 1830,00 0,000075 0,14
46 MAT.A41 L NAME 192,00  0,0008 0,15
47 MATA42 L Transferrin 578,00  0,0025 1,45
48 MATA43 L dPBS 175,00 0,045 7,88
49 MAT44 L Trypan blue 84,60 0,002 0,17
50 MAT.45 L Calcium Chloride 67,80 0,0001 0,01
51 MAT.46 L Ammonium Chloride 122,00 0,0001 0,01
52 MAT47 L Hoechst 33442 1580,00 0,001 0,95
53 MATA48 L Iodide propidium 991,00 0,001 0,59
54 MATA49 L SDS 4,26 0,002 0,01
55 MAT.50 L HCl 147,60 0,020 2,95
56 MAT.SI L CFDA 2750,00 0,015 41,25
57 MAT.SS52 L DMEM 34,20 0,100 3,42
58  MAT.53 L Q-Blue 27,63 0,100 2,76
59 MAT.S54 L Cocktail AL4 2000,00  0,0002 0,40
60  MAT.55 L Formalin 62,80 0,0001 0,01
61 MAT.56 L OCT 20,00 0,02 0,40
62 MAT.57 L BSA 91,70 0,002 0,18
63 MAT.58 L Tween 55,50 0,001 0,06
64 MAT.S9 L Sucrose 30,20 0,001 0,03
65 MAT.60 L Triton 46,70 0,005 0,23
66 MAT.61 ud Laboratory tweezers 8,73 1,000 8,73
67 MAT.62 ud p48 culture plate 2,81 6,000 16,86
68 MAT.63 ud p96 black culture plate 1,01 1,000 1,01
69 MAT.64 ud Metallic spatula 3,66 1,000 3,66
70  MAT.65 ud Filter 0.22 18,00 2,61 46,98
71 MAT.66 ud Laboratory tweezers 8,73 1,00 8,73
72 MAT.67 ud p48 culture plate 2,81 6,00 16,86
73 MAT.68 ud p96 black culture plate 1,01 1,00 1,01
74  MAT.69 ud Well plate p48 2,81 6,00 16,86
75 MAT.70 ud Falcon tubes 50 mL 0,12 2,00 0,24
76 MAT.71 ud Falcon tubes 15 mL 0,10 6,00 0,60
77 MAT.72 ud Centrifugal tube (50 mL) 0,10 3,00 0,30
78  MAT.73 ud Micropipette tips 1000 uL 65,25 3,00 195,75
79  MAT.74 ud Micropipette tips 200 pL. 39,16 2,00 78,32
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80 MAT.75 ud Micropipette tips 20 pL 60,20 3,00 180,60
81 MAT.76 ud Micropipette 1000 uL (Thermo) 215,00 1,00 215,00
82 MAT.77 ud Micropipette 200 pL (Thermo) 215,00 1,00 215,00
83 MAT.78 ud Micropipette 20 uL (Thermo) 215,00 1,00 215,00
84 MAT.79 ud Pyrex 3L 5,83 5,00 29,15
85 MAT.80 ud Pyrex 1L 4,62 2,00 9,24
86 MAT.81 ud Pyrex 25 mL 3,56 2,00 7,12
87 MAT.82 ud Urea kit (QuantiChrom) 362,00 1,00 362,00
88 MAT.83 ud Human albumin kit (Sigma) 354,00 1,00 354,00
89 MAT.84 ud Eppendorf2 mL 0,08 210,00 16,80
90 MAT.85 ud Eppendorf 1,5 mL 0,07 284,00 19,88
91 MAT.86 ud Eppendorf 0,5 mL 0,06 342,00 20,52
Total budget "Materials" (€) 2507,34
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4. EQUIPMENT PRICE TABLE

The equipment used on the Master Thesis project has been gathered in the following table 20.
The prices of the laboratory equipment have been calculated taking into account the
depreciation of the equipment as shown in the following equation 6. The amortised time has
been estimated at 12 years. The equation consists of the time the equipment has been used (Teq),
the amortized period (Pam) and the acquisition cost of each device (Ceq)

C, . x*
Equipment price = % 4))

am

Equation 6. Depreciation estimation for laboratory equipment

Table 20. Equipment budget for the Master Thesis

Cost
N° Code  Unit Description
Price Quantit Total
© Y Price (€)
PH-meter XS instruments, model
1 MQ.1 h PH510 0,30 1,00 0,30
Multiprobe stirrer VELP

2 MQ.2 h SCIENTIFICA AMA4 0,20 386,00 77,20

Magnetic stirrer with probe. Heidolph,
3 MQ.3 h model MR Hei-standard with 0,40 48,00 19,20
temperature control

4 MQ.4 h Liophylizer (-80°) 9,46 336,00 3178,56

Precision balance, Mettler Toledo,

> MQ:5 b model XS105 dualrange 0,15 12,00 1,80
6 MQ.6 h Spectrophotometer Teqhnologles Cary 0.80 1,00 0,80
60 Uv-vis
7 MQ.7 h Laminar flow hood Faster TWO30 0,15 10,00 1,50
8 MQ.8 h In-cell analyzer 6000 120,00 3,25 390,00
Centrifuge Thermo Scientific
9 MQ.9 h Megafuged02 0,40 0,15 0,06
10 MQ.10 h Cryostat Leica CM 1950 5,00 4,00 20,00
11 MQ.11 h Stove WTC Binder 0,10 18,06 1,81
12 MQ.12 h Centrifuge Orto Arlesa Biocen20 0,20 0,23 0,05
13 MQ.13 h UPLC-MS (QToF) Acquity-Synapt 95,00 100 95,00

G2-Si Waters
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14 MQ.14 h pH meter 7710 (Isolab) 0,50 8,00 4,00
15 MQ.15 h lyophilizer alpha 1-2 LO plus (Christ) 10,57 24,00 253,68
16 MQl6 h Stirrer Advanced VMS-C7 (VWR) LIS 14400 165,60
with temperature control
Multistirrer Multipoint HP
17 MQ.17 h Electronicriihrer (Variomag) 0,65 16,00 10,40
18 MQ.18 h Cell culture hood Biowizard (Kojair) 0,50 15,00 7,50
Ultraviolet/visible (UV/VIS)

19 MQ.19 b spectrophotometer (Specord200) 373 4,00 23,00
20 MQ.20 h Fluorescence micor(;))scope (Axiovert 25.00 4,00 100,00

Total budget "Equipment"’ (€) 4350,45
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5. DECOMPOSED PRICES

The decomposed price section develops in chapters and subchapters the most relevant
procedures needed for the Master Thesis. The next table 21 shows the budget required for each
procedure.

Table 21. Decomposed prices for the Master Thesis

N° Code Chapter description

Tyramine conjugated hydrogels

1. Synthesis Gel-Tyr

. . . . Umt Partial Total
1.1 Tyramine Gelatine Graft (ud) Quantity Unit  price . .
(€/u) price (€) price (€)

Precision balance Mettler 0,50 h 0,15 0,08
Magnetic stirrer Heidolph 4,00 h 0,40 1,60
Magnetic stirrer VELP 25,00 h 0,20 5,00
pH meter XS 0,50 h 0,30 0,15
Tyramine hydrochloride 0,11 g 15,10 1,66
Gelatin (Bloom 300) 0,40 g 0,43 0,17
MES 0,20 g 0,34 0,07
NHS 0,01 g 1,30 0,01
EDC 0,12 g 0,50 0,06
milliQ water 0,02 L 0,20 0,00
Biomedical engineer 5,00 h 12,00 60,00
Indirect costs 3,00 % 68,80 2,06
Auxiliary resources 3,00 % 70,86 2,13

72,99

. . . . Unit .
1.2 Purlﬁcatlop of gelatine with Quantity Unit  price Pgrtlal Total
tyramine graft (ud) (€/u) price (€) price (€)

Magnetic stirrer VELP 48,00 h 0,20 9,60
Dialysis rlr\l/c[a\r;‘tggr;e (12.400 0.01 m 32,00 0.32
Distilled water 18,00 L 0,20 3,60
Biomedical engineer 1,00 h 12,00 12,00
Indirect costs 3,00 % 25,52 0,77
Auxiliary resources 3,00 % 26,29 0,79

27,07
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Freeze-drying of gelatine with . . UI.lit Partial Total
1.3 ty?;};inge grfft (ud) Quantity  Unit I()é}f:): price (€) price (€)
Liophylizer 72,00 h 9,46 681,12
Biomedical engineer 0,50 h 12,00 6,00
Indirect costs 3,00 % 687,12 20,61
Auxiliary resources 3,00 % 707,73 21,23
728,97
2. Synthesis HA-Tyr
Hyaluronic acid tyramine graft . . Umt Partial Total
2.1 Quantity Unit  price . .
(ud) price (€) price (€)
(€E/u)
Precision balance Mettler 1,50 h 0,15 0,23
Magnetic stirrer Heidolph 24,00 h 0,40 9,60
Liophylizer 72,00 h 9,46 681,12
Hyaluronic acid 0,10 g 27,63 2,76
Tyramine hydrochloride 0,09 g 15,10 1,30
pH meter 0,50 h 0,40 0,20
MES 1,08 g 0,34 0,37
NHS 0,003 g 1,30 0,00
EDC 0,05 g 0,50 0,02
MilliQ water 0,10 L 0,20 0,02
Biomedical engineer 12,00 h 12,00 144,00
Indirect costs 3,00 % 839,62 25,19
Auxiliary resources 3,00 % 864,81 25,94
890,75
. . . . Unit .
) Hya'luronlc aled purification Quantity Unit price Pgrtlal Total
with tyramine graft (ud) (€/u) price (€) price (€)
Dialysis ;\n/[%r\?cbroa;le (3.500 0.02 m 30,00 0.45
Dialysis rlr\l/c[avn&térgr;e (12.400 0.02 m 32,00 0.48
Distilled water 45,00 L 0,20 9,00
Sodium chloride 86,00 g 0,15 12,90
Magnetic stirrer 120,00 h 0,20 24,00
Biomedical engineer 4,00 h 12,00 48,00
Indirect costs 3,00 % 94,83 2,84
Auxiliary resources 3,00 % 97,67 2,93

100,61
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Hyaluronic acid freeze-dryin, . . UI.lit Partial Total
2.3 ywith tyramine graft (ul;l}; ¢ Quantity  Unit I()é}ff): price (€) price (€)
Liophylizer 192,00 h 9,46 1816,32
Biomedical engineer 1,00 h 12,00 12,00
Indirect costs 3,00 % 1828,32 54,85
Auxiliary resources 3,00 % 1883,17 56,50
1939,66
3. Buffer preparation and culture medium
Unit .
3.1 Preparation CF-KRB (80 mL)  Quantity Unit  price P.a rtial Total
(€/u) price (€) price (€)
Sodium chloride 1,07 g 0,15 0,16
Potassium chloride 0,06 g 0,16 0,01
Hepes 0,47 g 0,80 0,38
Monopotassium phosphate 0,03 g 0,08 0,00
MilliQ water 0,08 L 0,20 0,02
Biomedical engineer 0,50 h 12,00 6,00
Indirect costs 3,00 % 6,56 0,20
Auxiliary resources 3,00 % 6,76 0,20
6,96
Medium biopsy preparation for . . UI.lit Partial Total
3.2 human hepatocytes (500 mL) Quantity  Unit I()é}lcl;: price (€) price (€)
Williams E media 0,25 L 74,78 18,70
F12 media 0,25 L 115,50 28,88
L-glutamine 0,005 L 160,59 0,80
Glucose 0,0035 L 40,20 0,14
Ethanolamine 0,0002 L 25,00 0,01
Linoleic acid 0,0005 L 46,80 0,02
Ascorbic acid 0,003 L 44,70 0,14
Transferrin 0,0025 L 578,00 1,45
Insulin 0,000075 L 1830,00 0,14
NAME 0,0008 L 192,00 0,15
Penicillin-Streptomycin 0,005 L 151,70 0,76
BSA 0,005 L 125,00 0,63
Biomedical engineer 0,75 h 12,00 9,00
Indirect costs 3,00 % 60,80 1,82
Auxiliary resources 3,00 % 62,62 1,88

64,50

4. Physical characterisation t(HA-Gel) hydrogels
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4.1 Physical characterisation t(HA- Quantity Unit Ig?clz Pgrtial Total
Gel) hydrogels (ud) (€/u) price (€) price (€)
Precision balance Mettler 0,50 h 0,15 0,08
Module 3.1 1,00 ud 6,96 6,96
Modulo 5.1 1,0000 ud 6,79 6,79
Laminar flow hood 0,50 h 0,15 0,08
Liophylizer 24,00 h 9,46 227,04
Biomedical engineer 4,00 h 12,00 48,00
Indirect costs 3,00 % 288,94 8,67
Auxiliary resources 3,00 % 297,61 8,93
306,54
5. Cellular encapsulation t(HA-Gel) hydrogels
Aliquot preparation for . . U?it Partial Total
>1 c(r:losslirr)lkililg (3 ud) Quantity  Unit I()é}lcs price (€) price (€)
Module 4.1 0,002 L 86,88 0,17
F12 media 0,002 L 115,50 0,23
Horseradish peroxidase 0,001 L 38,60 0,04
Hydrogen peroxide 0,001 L 7,17 0,01
Laminar flow hood TWO 30 0,50 h 0,15 0,08
Biomedical engineer 0,50 h 12,00 6,00
Indirect costs 3,00 % 6,53 0,20
Auxiliary resources 3,00 % 6,72 0,20
6,92
Hurpan hepatocyte ce.ll . . Upit Partial Total
5.2 preparation for encapsulation (3 ~ Quantity Unit  price . .
ud) (€/u) price (€) price (€)
Centrifuge Thermo 0,05 h 0,40 0,02
Centrifuge Orto Arlesa 0,05 h 0,20 0,01
Laminar flow hood TWO 30 1,00 h 0,15 0,15
Stove WTC Binder 0,02 h 0,10 0,00
Module 4.2 0,018 L 163,00 2,93
dPBS 0,005 L 175,00 0,88
Trypan blue 0,002 L 84,60 0,17
Trypsin 0,004 L 71,80 0,29
Biomedical engineer 1,00 h 12,00 12,00
Indirect costs 3,00 % 16,45 0,49
Auxiliary resources 3,00 % 16,94 0,51

17,45
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53 Encapsulation of Human Quantity Unit Iﬁlclz Partial Total
) hepatocytes in hydrogel (3 ud) uantity I(je fa) price (€) price (€)
Laminar flow hood TWO 30 1,00 h 0,15 0,15
Stove WTC Binder 0,50 h 0,10 0,05
Well plate p48 2,00 ud 2,81 5,62
Filter (0.22 um) 4,00 ud 2,61 10,44
Biomedical engineer 1,00 h 12,00 12,00
Indirect costs 3,00 % 29,26 0,88
Auxiliary resources 3,00 % 30,14 0,90
31,04
6. Cell culture characterization t(HA-Gel) hydrogels
Viability assessment using the Unit Partial Total
6.1 Live-Dead (3 ud) Quantity  Unit I()é}f:): price (€) price (€)
In-cell analyzer 6000 0,25 h 120,00 30,00
Stove WTC Binder 0,50 h 0,15 0,08
Hoechst 0,0001 L 1580,00 0,16
Propidium iodide 0,0001 L 991,00 0,10
Laminar flow hood TWO 30 0,50 h 0,15 0,08
Biomedical engineer 0,50 h 12,00 6,00
Laboratory assistant 0,50 h 9,00 4,50
Indirect costs 3,00 % 40,91 1,23
Auxiliary resources 3,00 % 42,13 1,26
43,40
. . Unit .
6.2 Functional evaluation by Quantity Unit rice Partial Total
) ureogenesis (3 ud) Y I()€ /) price (€) price (€)
Centrifuge Orto Arlesa 0,05 h 0,20 0,01
Laminar flow hood TWO 30 0,50 h 0,15 0,08
Stove WTC Binder 4,00 h 0,10 0,40
Calcium chloride 0,0001 L 67,80 0,01
Hepes 0,001 L 0,80 0,00
Ammonium Chloride 0,0001 L 122,00 0,01
Urea evaluation kit 1,00 ud 362,00 362,00
Biomedical engineer 3,00 h 12,00 36,00
Laboratory assistant 3,00 h 9,00 27,00
Indirect costs 3,00 % 425,50 12,77
Auxiliary resources 3,00 % 438,27 13,15
451,42
. . . Unit .
6.3 Functional evaluation using Quantity Unit rice Partial Total
) albumin synthesis (3 ud) y I()€ /) price (€) price (€)
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Spectrophotometer Cary 60 1,00 h 0,80 0,80
Laminar flow hood TWO 30 0,50 h 0,15 0,08
Human albumin kit 1,00 ud 476,00 476,00
Biomedical engineer 6,00 h 12,00 72,00
Laboratory assistant 6,00 h 9,00 54,00
Indirect costs 3,00 % 602,88 18,09
Auxiliary resources 3,00 % 620,96 18,63
639,59
. . . Unit .
6.4 Immunoh1stoch§mlstry albumin Quantity Unit  price Pgrtml Total
expression (ud) price (€) price (€)
(€E/)
In-cell analyzer 6000 3,00 h 120,00 360,00
Cryostat Leica 4,00 h 5,00 20,00
Primary antibody 0,001 mg 175,00 0,175
Secondary antibody 0,001 mg 212,00 0,21
Formalin 0,0001 L 62,80 0,01
dPBS 0,03 L 41,40 1,24
OCT 0,02 L 20,00 0,40
BSA 0,002 L 91,70 0,18
Tween 0,001 L 55,50 0,06
Sucrose 0,001 L 30,20 0,03
Triton 0,005 L 46,70 0,23
Biomedical engineer 12,00 h 12,00 144,00
Laboratory assistant 12,00 h 9,00 108,00
Indirect costs 3,00 % 634,54 19,04
Auxiliary resources 3,00 % 653,57 19,61
673,18
. . . Unit .
6.5 Functional ev.al.uatlon using Quantity Unit price Pgrtml Total
CYP's activity (3 ud) (€/0) price (€) price (€)
External service - UPLC-MS 1,00 ud 90,00 90,00
Laminar flow hood TWO 30 0,50 h 0,15 0,08
Centrifuge Orto Arlesa 0,03 h 0,20 0,01
Cocktail Al4 0,0002 L 2000,00 0,40
Hepes 0,001 L 0,80 0,00
Biomedical engineer 2,00 h 12,00 24,00
Laboratory assistant 2,00 h 9,00 18,00
Indirect costs 3,00 % 132,48 3,97
Auxiliary resources 3,00 % 136,46 4,09
140,55

Oxidised polysaccharide hydrogels

7. Synthesis oHA
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. . S Unit .
71 Hyaluronic ac1;1) oxidation (80 Quantity Unit  price lr)iil;r:?é) r"li“coetztl€)
g (€/u) p p
Precision balance Mettler 1,00 h 0,15 0,15
Stirrer Advanced 72,00 h 1,15 82,80
Sodium hyaluronate 0,10 g 27,63 2,76
Sodium periodate 0,09 g 15,10 1,30
Dialysis membrane (wet 3.500
MWCO) 0,02 m 38,70 0,77
MilliQ water 0,10 L 0,20 0,02
Biomedical engineer 6,00 h 12,00 72,00
Indirect costs 3,00 % 159,81 4,79
Auxiliary resources 3,00 % 164,60 4,94
169,54
. . . Unit .
79 Oxidised hyaluronic acid freeze- Quantity Unit  price Partial Total
: drying (80 gr) price (€) price (€)
(€E/)
Liophylizer alpha 1-2 LO plus 24,00 h 10,17 244,08
Biomedical engineer 1,00 h 12,00 12,00
Indirect costs 3,00 % 256,08 7,68
Auxiliary resources 3,00 % 263,76 7,91
271,68
8. Oxidation degree oHA
C Unit .
8.1 Measurement oxidation degree Quantity Unit  price Partial Total
: oHA (ud) price (€) price (€)
(€E/u)
Precision balance Mettler 1,50 h 0,15 0,23
Multistirrer Multipoint 8,00 h 0,65 5,20
pH meter 7710 4,00 h 0,50 2,00
oxidised HA (Module 7) 0,18 g 5,52 0,99
Hydroxylammonium chloride 0,06 g 0,41 0,02
Sodium hydroxide 0,10 L 294,00 29,40
MilliQ water 0,075 L 0,20 0,02
Biomedical engineer 8,00 h 12,00 96,00
Indirect costs 3,00 % 133,86 4,02
Auxiliary resources 3,00 % 137,87 4,14
142,01
9. Primary amino group quantification
Amino group content analysis Unit Partial Total
9.1 group y Quantity Unit  price . :
(ud) price (€) price (€)
(€E/u)
Precision balance Mettler 0,50 h 0,15 0,08

98



DEVELOPMENT OF BIOMIMETIC INJECTABLE HYDROGELS FOR HEPATIC CELL CULTURE

UV/VIS spectrophotometer

Specord200 2,00 h 5,75 11,50
Stove WTC Binder 2,00 h 0,10 0,20
TNBSA reagent 0,01 L 3030,00 30,30
Gelatin (Bloom 300) 0,01 g 0,43 0,004
Bicarbonate buffer 0,012 L 111,30 1,34
SDS 0,001 L 4,26 0,004
HCl 0,01 L 147,60 1,48
Lysine 0,02 g 52,20 1,04
Biomedical engineer 2,00 h 12,00 24,00
Indirect costs 3,00 % 69,94 2,10
Auxiliary resources 3,00 % 72,04 2,16
74,20
10. oHA-Gel hydrogel synthesis
Aliquot preparation for oHA- Unit Partial Total
10.1 Gel hydrogel (ud) Quantity  Unit I()é}lcs price (€) price (€)
Precision balance Mettler 0,50 h 0,15 0,08
Bicarbonate buffer 0,005 L 111,30 0,56
Hyaluronic acid (Module 7) 0,01 g 4,82 0,05
Gelatin (Bloom 300) 0,01 g 0,43 0,004
Biomedical engineer 2,00 h 12,00 24,00
Indirect costs 3,00 % 24,68 0,74
Auxiliary resources 3,00 % 25,42 0,76
26,19
11. Physical characterisation oHA-Gel hydrogels
) . Unit .
111 Physical characterisation oHA- Quantity Unit rice Partial Total
) Gel hydrogels (ud) y I()€ ) price (€) price (€)
Precision balance Mettler 0,50 h 0,15 0,08
Module 3.1 1,00 ud 6,96 6,96
Module 5.1 1,0000 ud 6,79 6,79
Liophylizer 24,00 h 9,46 227,04
Biomedical engineer 4,00 h 12,00 48,00
Indirect costs 3,00 % 288,87 8,67
Auxiliary resources 3,00 % 297,53 8,93
306,46

12. Cell encapsulation oHA-Gel hydrogels
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Humap fibroblast encapsulation . . Upit Partial Total
12.1 within oHA-Gel and Gel-TG Quantity Unit  price . .
hydrogel (6 ud) (€/ny ~ Price(€)  price (€)
Cell culture hood Biowizard 5,00 h 0,50 2,50
Stove WTC Binder 5,00 h 0,10 0,50
Module 10.1 1,00 ud 26,19 26,19
Filter (0.22 um) 2,00 ud 2,61 5,22
Fetal Bovine Serum 0,001 L 1246,00 1,25
Penicillin-Streptomycin 0,01 L 151,70 1,52
F12 media 0,01 L 115,50 1,16
Biomedical engineer 5,00 h 12,00 60,00
Indirect costs 3,00 % 98,33 2,95
Auxiliary resources 3,00 % 101,28 3,04
104,31
13. Cell culture characterization oHA-Gel hydrogels
Viability assessment by CFDA . . UI.lit Partial Total
13.1 .. Quantity Unit  price . .
staining (6 ud) price (€) price (€)
(€/)
Fluorescence microscope
(Axiovert 100) P 4,00 h 27,00 108,00
CFDA 0,015 g 2750,00 41,25
DMEM (Colourless) 0,05 L 34,20 1,71
Module 12.1 1,00 ud 102,08 102,08
Biomedical engineer 6,00 h 12,00 72,00
Indirect costs 3,00 % 325,04 9,75
Auxiliary resources 3,00 % 334,79 10,04
344,83
Metabolic assessment by Q-Blue . . U?it Partial Total
13.2 Quantity Unit  price . .
assay (6 ud) (€/u) price (€) price (€)

UV/VIS spectrophotometer 2.00 h 5,75 11,50

Specord200
Stove WTC Binder 5,00 h 0,50 2,50
Module 12.1 1,00 ud 102,08 102,08
Q-Blue reagent 0,10 L 27,63 2,76
DMEM (Colourless) 0,05 L 34,20 1,71
p96 black culture plate 1,00 ud 1,01 1,01
Biomedical engineer 12,00 h 12,00 144,00
Indirect costs 3,00 % 265,56 7,97
Auxiliary resources 3,00 % 273,53 8,21

281,74

14. Personal protection and safety equipment
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nit .
14.1 IPE's Quantity  Unit Igice P.a rtial Total
(€/u) price (€) price (€)
Gas mask 2,00 ud 30,50 61,00
Particle mask 2,00 ud 7,25 14,50
Laboratory coat 3,00 ud 22,50 67,50
Latex glove box 8,00 ud 5,95 47,60
Protection googles 2,00 ud 8,95 17,90
Indirect costs 3,00 % 208,50 2,79
211,29
15. Inventory/Fungible material
. . . . Umt Partial Total
15.1 Inventory/Fungible material Quantity  Unit I()é}fs price (€)  price (€)
Pyrex 3L 2,00 ud 5,83 11,66
Pyrex 1L 4,00 ud 4,62 18,48
Pyrex 25 mL 8,00 ud 3,56 28,48
Micropipette 1000 pL 1,00 ud 215,00 215,00
Micropipette 200 pL 1,00 ud 215,00 215,00
Micropipette 20 pL 1,00 ud 215,00 215,00
Tweezers 2,00 ud 8,73 17,46
Falcon Tube 50 mL 8,00 ud 0,12 0,96
Falcon Tube 15 mL 40,00 ud 0,10 4,00
Centrifugal tube 12,00 ud 0,10 1,20
Metallic spatula 1,00 ud 3,66 3,66
Micropipette tip box 1000 uL 4,00 ud 65,25 261,00
Micropipette tip box 200 uL 3,00 ud 39,16 117,48
Micropipette tip box 20 pL 4,00 ud 60,20 240,80
Eppendorf 2 mL 320,00 ud 0,08 25,60
Eppendorf 1,5 mL 260,00 ud 0,07 18,20
Eppendorf 0,5 mL 310,00 ud 0,05 15,50
Indirect costs 3,00 % 1409,48 42,28
1451,76
16. Project meetings
. . . . UI.lit Partial Total
16.1 Planning meetings Quantity  Unit I(Jé}fle): price (€)  price (€)
Biomedical engineer 45,00 h 12,00 540,00
Thesis director 45,00 h 45,00 2025,00
Thesis co-supervisor (1) 45,00 h 45,00 2025,00
Thesis co-supervisor (2) 10,00 h 45,00 450,00
Indirect costs 3,00 %  5040,00 151,20
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Auxiliary resources 3,00 % 5191,20 155,74
5346,94
Unit .
16.2 Results meetings Quantity Unit  price P.a rtial Total
(€/u) price (€) price (€)
Biomedical engineer 45,00 h 12,00 540,00
Thesis director 45,00 h 45,00 2025,00
Thesis co-supervisor (1) 45,00 h 45,00 2025,00
Thesis co-supervisor (2) 15,00 h 45,00 675,00
Indirect costs 3,00 % 5265,00 157,95
Auxiliary resources 3,00 % 542295 162,69
5585,64
Unit .
16.2 Writing and corrections Quantity Unit  price P.a rtial Total
(€/u) price (€) price (€)
Biomedical engineer 180,00 h 12,00 2160,00
Indirect costs 3,00 %  2160,00 64,80
Auxiliary resources 3,00 %  2224,80 66,74
2291,54
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6. PARTIAL BUDGETS

The partial budget gathers the information developed in the section 5 in chapters (Table 22)

Table 22. Partial budgets for the Master Thesis

N° Code Chapter Description
Tyramine conjugated hydrogels
1 1. Synthesis Gel-Tyr
o . . Price Total
Description Unit  Quantity © Price (€)
1.1 Tyramine Gelatine Graft ud 2 72,99 145,98
1.2 Purification (?f gelatine with ud ) 27.07 54.14
tyramine graft
1.3 Freeze-drymg.of gelatine with ud | 728.97 728.97
tyramine graft
Partial budget "Chapter 1" 929,09
2 2. Synthesis HA-Tyr
o . . Price Total
Description Unit  Quantity © Price (€)
2.1 Hyaluronic acid tyramine graft ud 2 890,75  1781,50
22 Hyalur.omc ac@ purification ud ) 100,61 20122
with tyramine graft
23 Hyalur(?nlc acid 'freeze-drymg ud 1 1939.66  1939.66
with tyramine graft
Partial budget "Chapter 2" 3922,38
3 3. Buffer preparation and culture medium
- . . Price Total
Description Unit  Quantity © Price (€)
3.1 Preparation CF-KRB ud 2 6,96 13,92
) Medium biopsy preparation for ud 1 64.50 64.50
human hepatocytes
Partial budget "Chapter 3" 78,42
4 4. Physical characterisation t(HA-Gel)
- . . Price Total
Description Unit  Quantity © Price (€)
4.1 Physical characterisation t(HA- ud ) 306,54 613,08
Gel) hydrogels
Partial budget "Chapter 4" 613,08
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5 5. Cell encapsulation t(HA-Gel) hydrogels
o . . Price Total
Description Unit  Quantity © Price (€)
5.1 Aliquot prepargtlon for ud 3 6.92 20,76
crosslinking
5.2 Human hepatocyte cell ud 3 1745 5235
preparation for encapsulation
53 Encapsulatlop of Human ud 3 31,04 93,12
hepatocytes in hydrogel
Partial budget "Chapter 5" 166,23
6 6. Cell culture characterization t(HA-Gel) hydrogels
o . . Price Total
Description Unit  Quantity © Price (€)
6.1 Viability assessment using the ud | 43 .40 43,40
Live-Dead
6.2 Functional evalugtlon by ud | 45142 45142
ureogenesis
6.3 Functional gvaluatlog using ud | 639.59 639,59
albumin synthesis
6.4 Immunohlstochemlstry albumin ud 1 67318  673.18
expression
Functional evaluation using
6.5 CYP's activity ud 1 140,55 140,55
Partial budget "Chapter 6" 1948,14
Oxidised polysaccharide hydrogels
7 7. Synthesis oHA
o . . Price Total
Description Unit  Quantity © Price (€)
7.1 Hyaluronic acid oxidation ud 2 169,54 339,08
72 Oxidised hyalurgmc acid ud 1 271,68 271,68
freeze-drying
Partial budget "Chapter 7" 610,76
8 8. Oxidation degree oHA
- . . Price Total
Description Unit  Quantity © Price (€)
8.1 Measurement oxidation degree ud ) 14201 284,02
oHA
Partial budget "Chapter 8" 284,02
9 9. Primary amino group quantification
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. . . Price Total
Description Unit  Quantity © Price (€)
9.1 Amino group content analysis ud 2 74,20 148,40
Partial budget "Chapter 9" 148,40
10 10. oHA-Gel hydrogel synthesis
i . . Price Total
Description Unit  Quantity © Price (€)
10.1 Aliquot preparation for oHA- ud 5 26,19 52.38
Gel hydrogel
Partial budget "Chapter 10" 52,38
11 11. Physical characterisation oHA-Gel hydrogels
. . . Price Total
Description Unit  Quantity © Price (€)
11.1 Physical characterisation oHA- ud ) 306,54 613,08
Gel hydrogels
Partial budget "Chapter 11" 613,08
12 12. Cell encapsulation oHA-Gel hydrogels
. . . Price Total
Description Unit  Quantity © Price (€)
Human fibroblast encapsulation
12.1 within oHA-Gel and Gel-TG ud 3 104,31 312,93
hydrogel
Partial budget "Chapter 12" 312,93
13 13. Cell culture characterization oHA-Gel hydrogels
- . . Price Total
Description Unit  Quantity © Price (€)
13.1 Viability asses.srpent by CFDA ud | 344,83 344.83
staining
132 Metabolic assessment by Q- ud 1 281,74 281,74
Blue assay
Partial budget "Chapter 13" 626,57
14 14. Personal protection and safety equipment
. . . Price Total
Description Unit  Quantity © Price (€)
14.1 IPE's ud 1 211,29 211,29
Partial budget "Chapter 14" 211,29
15 15. Inventory/Fungible material
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. . . Price Total
Description Unit  Quantity © Price (€)
15.1 Inventory/Fungible material ud 1 1451,76  1451,76
Partial budget "Chapter 15" 1451,76

16 16. Project Meetings

i . . Price Total
Description Unit  Quantity © Price (€)
16.1 Planning meetings ud 1 5346,94 5346,94
16.2 Results meetings ud 1 5585,64 5585,64
16.3 Writing and corrections ud 1 2291,54 2291,54
Partial budget "Chapter 16" 13224,12
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AND TENDER BUDGET

. MATERIAL IMPLEMENTATION BUDGET, CONTRACTUAL

Tyramine conjugated hydrogels

1. Synthesis Gel-Tyr 929,09 €
2. Synthesis HA-Tyr 3.922,38 €
3. Buffer preparation and culture medium 78,42 €
4. Physical characterisation t(HA-Gel) hydrogels 613,08 €
5. Cell encapsulation t(HA-Gel) hydrogels 166,23 €
6. Cell culture characterization t(HA-Gel) hydrogels 1.948,14 €
Oxidised polysaccharide hydrogels

7. Synthesis oHA 610,76 €
8. Oxidation degree oHA 284,02 €
9. Primary amino group quantification 148,40 €
10. oHA-Gel hydrogel synthesis 52,38 €
11. Physical characterisation oHA-Gel hydrogels 613,08 €
12. Cell encapsulation oHA-Gel hydrogels 312,93 €
13. Cell culture characterization oHA-Gel hydrogels 626,57 €
14. Personal protection and safety equipment 211,29 €
15. Inventory/Fungible material 1.451,76 €
16. Project Meetings 13.224,12 €

Total: 25.192,65 €

The material implementation budget amounts to TWENTY-FIVE THOUSAND ONE HUNDRED

NI

NETY-TWO EUROS WITH SIXTY-FIVE CENTS

Material implementation budget
General costs (13%)
Industrial benefit (0%)

Contractual budget

25.192,65 €
3.275,04 €
0,00 €

28.467,69 €

The contractual budget amounts to TWENTY-EIGHT THOUSAND FOUR HUNDRED

SIXTY-SEVEN EUROS WITH SIXTY-NINE CENTS
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Contractual budget 28.467,69 €
IVA (21%) 5.978,22 €
Tender budget 34.445,91 €

The tender budget amounts to THIRTY-FOUR THOUSAND FOUR HUNDRED
FOURTY-FIVE EUROS WITH NINETY-ONE CENTS
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