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ABSTRACT

This work aims to demonstrate the potential of using a novel Gelatin-
Elastin (GEL-ELR) hydrogel as a matrix for liver cell culture, with
prospective applications for drug toxicity testing.

Gelatin (GEL), through its RGD domains, promotes cell attachment,
while Elastin-Like Recombinamers (ELR) provide mechanical stiffness.
Furthermore, the specific ELR used in this study contains heparin-
binding sites with affinity to growth factors, to attract the Hepatocyte
Growth Factor (HGF) necessary for the promotion of the liver pheno-
type.

Hydrogels with different volume ratios between the two polymers
(GEL-ELR 100/0, 75/25, 50/50, 25/75, 0/100) were compared in terms
of mechanical properties, Equilibrium Water Content (EWC), microstruc-
ture, heparin retention, and HGF retention.

The main hypothesis tested in this project was that the presence of
ELR with heparin binding sites could increase the retention of HGF by
the hydrogel.

The storage modulus at shear most similar to the native liver value
reported in the literature was found to be 505 Pa for GEL-ELR 50/50.

The swelling ratio of the GEL-ELR 50/50 was calculated to be 5.1 £
1.4, and microscopy images revealed that the mean pore area was
17 £ 4.64 ym?.

The potential of the GEL-ELR to bind heparin and HGF was evalu-
ated by analyzing the release profiles of these molecules over a 7-day
period.

It was determined that the GEL-ELR 50/ 50 retained up to 95% of the
loaded heparin and up to 77% of HGF.

These results represented a very promising outcome for future cel-
lular studies with hepatocytes.

KEY WORDS  hydrogel; gelatin; elastin; growth factor retention; hep-
atocyte



RESUMEN

Este proyecto tiene como objetivo demostrar el potencial del uso de
un hidrogel innovador Gelatin-Elastin (GEL-ELR) como matriz para el
cultivo de células hepdticas, con posibles aplicaciones para el estudio
de la toxicidad de los farmacos.

El GEL, a través de sus dominios RGD, promueve la adhesién celu-
lar, mientras que el ELR aporta rigidez mecanica. Ademas, el ELR es-
pecifico utilizado en este estudio contiene sitios de unién a heparina
con afinidad a factores de crecimiento, para atraer el factor de crec-
imiento hepatocitario (HGF) necesario para la promocién del fenotipo
hepaético.

Se compararon hidrogeles con diferentes relaciones de volumen en-
tre los dos polimeros (GEL-ELR 100/0, 75/25, 50/50, 25/75, 0/100) en
términos de propiedades mecanicas, EWC, microestructura, retencién
de heparina y HGF.

La principal hipétesis probada en este proyecto fue que la presencia
de ELR con sitios de unién a la heparina podria aumentar la retencién
de HGF por el hidrogel.

El médulo de almacenamiento a la cizalla méas similar al valor del
higado nativo reportado en la literatura se encontré que era 505 Pa
para GEL-ELR 50/ 50.

La relaciéon de hinchamiento del GEL-ELR 50/50 se calcul6 en 5,1 +
1,4, y las imagenes de microscopia revelaron que el drea media de los
poros era de 17 + 4.64 ym?.

Se evalu6 el potencial del GEL-ELR para unir heparina y HGF anal-
izando los perfiles de liberacion de estas moléculas durante un peri-
odo de 7 dias.

Se determiné que el GEL-ELR 50/ 50 retenia hasta el 95% de la hepa-
rina cargada y hasta el 77% del HGF.

Estos resultados representan un resultado muy prometedor para
futuros estudios celulares con hepatocitos.

PALABRAS CLAVE hidrogel; gelatina; elastina; retenciéon de factor
de crecimiento; hepatocito
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RIASSUNTO

Questo lavoro mira ad caratterizzare I'impiego di un innovativo hy-
drogel Gelatin-Elastin (GEL-ELR) come matrice per la coltura di cellule
epatiche, con potenziali applicazioni per i test di tossicita dei farmaci.

Sono stati confrontati hydrogel con differenti frazioni di volume tra
due differenti polimeri (GEL-ELR 100/0, 75/25, 50/50, 25/75, 0/100)
in termini di proprieta meccaniche, EWC, microstruttura, ritenzione
di eparina e ritenzione di HGF.

L’ipotesi principale testata in questo progetto e che la presenza di
ELR con siti di legame per 1'eparina possa aumentare la ritenzione di
HGF da parte dell’hydrogel.

Il modulo di accumulo al taglio piti simile ai valori riportati in
letteratura per il fegato nativo e risultato essere di 505 Pa per GEL-ELR
50/50.

II rapporto di rigonfiamento del GEL-ELR 50/50 € stato calcolato
pari a 5.1 £ 1.4 e le immagini al microscopio hanno rivelato che I'area
media dei pori era di 17 + 4.64 pm?.

Il potenziale del GEL-ELR di legare eparina e HGF e stato valutato
analizzando i profili di rilascio di queste molecole per un periodo di
7 giorni.

E stato determinato che il GEL-ELR 50/50 ha trattenuto fino al 95%
dell’eparina caricata e fino al 77% di HGF.

Questi risultati sono molto promettenti per futuri studi cellulari
con gli epatociti.

PAROLE CHIAVE hidrogel; gelatina; elastina; fattori di accrescimento
epatici; epatociti
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INTRODUCTION

0.1 BACKGROUNDS

GENEALOGY OF TISSUE ENGINEERING The idea of applying tech-
nical knowledge to heal the human body has accompanied man since
ancient times. The use of materials to close wounds through suture
has been known since the Neolithic period (10000 BC) and the materi-
als ranged from synthetic (linen for the Egyptians), to natural (catgut
by the Europeans) and biological (heads of large ants in the Indian
subcontinent and South Africa) [1]. One of the first testimonies of
the use of biomaterials as prosthesis comes from a mummified body
discovered in Egypt (Figure 2), where the big toe of the right foot had
been amputated and replaced with a wooden one [2].

Art history also takes a role in this context, the painting A verger’s
dream: Saints Cosmas and Damian performing a miraculous cure by trans-
plantation of a leg (Figure 3) represents the first known leg transplant
for the treatment of a cancer [4].

MODERN TISSUE ENGINEERING Moving on to modern times, in
1995 Langer et al. introduced the concept of tissue engineering as an in-
terdisciplinary field that combines engineering and life sciences and
"may create opportunities to provide less costly therapies and therapies that
can save and improve lives” [5]. Since then, tissue engineering has
made enormous progress: from the discovery of methods to gener-
ate Induced Pluripotent Stem Cells (iPSCs) [6], which awarded John
Gurdon and Shinya Yamanaka the Nobel Prize in Medicine in 2012,
to the development of new biomaterials and scaffolds capable of mim-
icking tissues and organs. A summary of tissue engineering progress
in the past decade is shown on Figure 1.

DRUGS DEVELOPMENT Thanks to these innovations in health sci-
ences, the possibility of curing diseases and improving patients” qual-
ity of life has improved exponentially. Since the late 1990s, spending
on drugs has grown faster than spending on other major components
of the healthcare system and enormous efforts have been invested in
trying to develop new therapies and drugs [7]. The investment in re-
search and development required to bring a new drug to market has
been estimated at around USD 985 million [8] and, for some drugs,
as high as USD 2.6 billion [7]. In addition, a growing ethical aware-
ness of animal experimentation linked to increasing computational
potential and technical knowledge are pushing research in this field
towards a reduction of in vivo tests in favour of in vitro tests [9].
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0.2 MOTIVATIONS

Figure 3: A verger’s dream: Saints Cosmas and Damian performing a mirac-
ulous cure by transplantation of a leg. Oil painting attributed to
the Master of Los Balbases, ca. 1495

0.2 MOTIVATIONS

This project, part of the final Master’s project, was carried out at
the Centre for Biomaterials and Tissue Engineering of the Polytechnic
University of Valencia through the Erasmus+ project.

The reason for choosing the topic was a deep personal interest in
the field of materials and their application in the area of tissue engi-
neering. My personal vision of science is that it should have as its
ultimate goal the improvement of human life and biomedical engi-
neering best embodies this vision as it aims to improve health itself.

In this project, I had the opportunity to apply my theoretical knowl-
edge in the field of polymers and gain practical knowledge of labora-
tory techniques that I had never experienced before.

In addition, I learnt and strengthened skills and knowledge such
as:

= knowledge of tissue engineering, chemical synthesis and mate-
rial properties;

= ability to work in a team, decision-making skills and knowledge
of foreign languages;

= skills in scientific evaluation of results, graphic representation
and public speaking
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0.3

bibliographic research and report writing skills

REGULATIONS

All experiments carried out in this project comply with current
legislation in Spain.

The standards considered are mainly based on the classification
and treatment of hazardous substances, labelling and waste manage-
ment, as well as occupational safety and hygiene regulations.

In particular, some of the Spanish laws followed during the imple-
mentation of this project were:

Real Decreto 374/2001. Proteccion de la salud y seguridad de
los trabajadores contra los riesgos relacionados con los agentes
quimicos durante el trabajo

Real Decreto 664/1997. Proteccion de los trabajadores contra
los riegos relacionados con la exposicién a agentes biolégicos
durante el trabajo

Real Decreto 773/1997. Equipos de proteccién individual

Real Decreto 952/1997. Normativa bésica de residuos téxicos y
peligrosos

Reglamento (UE) 2016/ 425. Equipos de proteccién individuals

Furthermore, although these are not mandatory standards, preven-
tive technical standards should also be considered. Some of the Notas
Técnicas de Prevencion (NTP) followed during the project were:

0.4

NTP 376. Exposicion a agentes bioldgicos: seguridad y buenas
précticas de laboratorio

NTP 432. Prevencion del riesgo en el laboratorio-Organizacion y
recomendaciones generales

NTP 433. Prevenciéon del riesgo en el laboratorio-Instalaciones,
material de laboratorio y equipos

NTP 663. Propiedades fisicoquimicas relevantes en la prevenciéon
del riesgo quimico

NTP 635. Clasificacion, envasado y etiquetado de las sustancias
peligrosas;

THESIS STRUCTURE

This work is conceptually divided into four parts: the first part has
an introductory purpose and includes Chapter 1, where some notions
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of liver tissue engineering are presented, and Chapter 2, which out-
lines the hypotheses and objectives of this project. The core part of the
project covers the synthesis and characterization of gelatin-elastin hy-
drogels. Chapter 3 presents the materials and methods used, while
Chapter 4 presents the results obtained and their comments. The
third part of the project concerns a financial analysis: Chapter 5 de-
tails the cost of all reagents and methods used during the experiments
performed. Finally, the last part provides the conclusions (Chapter 6)
and possible next steps (Chapter 7).
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INTRODUCTION






LIVER TISSUE ENGINEERING

Since this work regards the design and characterisation of hydro-
gels for liver cell culture, it is worthwhile to provide some basic
anatomical background of the liver. In addition, the topic known as
Drug-induced Liver Injury (DILI) is discussed. Moreover, this chapter
presents an introduction to in vitro model, with a particular focus on
injectable hydrogels. The last part is dedicated to the description of the
two materials used during the project: Gelatin (GEL) and Elastin-Like
Recombinamers (ELR).

1.1 LIVER

The liver represents the largest organ of the abdominal viscera and
is located in the upper abdominal cavity, below the diaphragm, and
above the stomach, right kidney, and intestines (Figure 4). It occupies
most of the right hypochondrium and epigastrium and extends into
the left hypochondrium to the left anterior axillary line [10]. Gener-
ally, the liver accounts for 2% of total body weight in adults, even
if the size of it varies according to sex, being generally smaller in
women [11] A representation of the anterior surface of the liver is
given on Figure 5. The colour is reddish-brown, but may vary de-
pending on the percentage of fat, assuming a more yellow tone [12].

1.1.1  Structure

Based on the external appearance, it is possible to identify four
different areas in the liver, called lobes:

= right lobe: this is the largest lobe and extends over all the sur-
face of the liver. It is divided from the left lobe by the falciform
ligament anteriorly and superiorly and the ligamentum veno-
sum and fissure for the ligamentum teres inferiorly [10];

» left lobe: this lobe has about half the volume of the right. It is
thinner, and has a triangular shape;

= quadrate lobe: It is situated anterior to the porta hepatis and is
bounded by the gallbladder fossa on the right, a short portion
of the lower border anteriorly, the fissure for the ligamentum
teres on the left, and the porta hepatis posteriorly [10];

= caudate lobe: this lobe lies posterior to the porta hepatis.
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Figure 4: Location of liver. Adapted from [10]

Diaphragm

Falciform ligament

Coronary ligament

Right triangular,

Roundligament of
(igamentum teres hepati

Inferior border of liver

Gallbladder

Anterior surface of liver

Figure 5: Anterior surface of liver. Adapted from [10]



1.1 LIVER

The liver’s surface is also divided into different fissures: three major
fissures (main, left, and right portal fissures) and three minor fissures
(umbilical, venous and fissure of Gans).

The liver is a very vascular organ and at rest condition receives up
to 25% of total cardiac output [11]. These blood supplies are provided
by two venous systems: the portal system and the hepatic system.
The former transports venous blood from most of the gastrointestinal
tract and its associated organs to the liver. The hepatic venous system,
on the other hand, drains blood from the liver parenchyma into the
inferior vena cava [10].

1.1.2 Function

The liver performs a wide range of metabolic activities required
for homeostasis, nutrition, and immune defense [11]. It secretes a
product called bile that helps carry waste products away from the liver.
All blood coming out of the stomach and intestines passes through
the liver to be filtered and then this organ processes this blood to
obtain the nutrients needed by the body.

It also plays a key role in metabolising drugs into forms that are
easier for the rest of the body to use or non-toxic [13].

Among the other functions, it is essential to regulate blood glu-
cose and lipids, store specific vitamins, iron, and other micronutri-
ents. Once the nutrients have been filtered out, its by-products are
excreted in bile or blood. The by-products of bile enter the intestine
and are expelled in the faeces, while the by-products of blood are first
filtered by the kidneys and excreted through urine.

1.1.3 Cells of the liver

The liver cell population is vast and includes several cells. Among
the principal cells, there are hepatocytes, hepatic stellate cells, sinu-
soidal endothelial cells, macrophages (Kupffer cells), the epithelial
cells of the biliary tree (cholangiocytes), hepatic stem cells, natural
killer lymphocytes (pit cells) [10].

HEPATOCYTES Hepatocytes are the primary liver cells, represent-
ing about 60% of the total cell population. These cells are charac-
terised by a polyhedric shape with 5-12 sides and have a primary di-
mension of about 20-30 pm [10]. Their cytoplasm typically contains
a considerable amount of rough and smooth endoplasmic reticulum,
many mitochondria, lysosomes, and a well-developed Golgi appara-
tus, indicating high metabolic activity [10]. Hepatocytes are exposed
to blood plasma, and the lateral plasma membranes of adjacent hep-
atocytes form microscopic channels: the bile canaliculi. Individual
tight junction complexes are involved in signalling pathways in health

11
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and disease [10]. It is also demonstrated that they play a fundamen-
tal roles in metabolism, detoxification, and protein synthesis. In fact,
they are essential for innate immunity against bacterial infection by
producing a wide variety of innate immunity proteins [14]

1.1.4 Regeneration

The liver is the only organ in the body capable of implementing
regenerative mechanisms to ensure that the body’s homeostasis is al-
ways at maximum efficiency [15]. It has been demonstrated that all
hepatic cell types participate in cell proliferation during liver regener-
ation and this process is typically characterised by phenotypic fidelity,
meaning that each cell is responsible for the regeneration of the same
type of cells [15]. The mechanism of liver regeneration is still un-
der investigation. A study on rats conducted by Michalopoulos and
Bhushan [15] has shown that after a two-thirds partial hepatectomy,
the portal vein undergoes a narrowing of its lumen by one-third of
its original width. As a result, the pressure on the portal vein in-
creases and this mechanism provides the initial signals for liver re-
generation. Within 1 minute of partial hepatectomy in rats, there
is an increase in the activity of urokinase-type plasminogen activa-
tor (uPA), which converts plasminogen to plasmin, in turn activating
metalloproteinases and HGF. In less than an hour, this leads to a mas-
sive release of HGF, signalling molecules and other components of the
hepatic Extracellular matrix (ECM) into the peripheral blood. Over the
following few weeks, the new liver tissue becomes indistinguishable
from the original tissue.

1.2 DILI

Drug-induced Liver Injury (DILI) is a term used to describe a liver
injury suspected to be caused by chemical drugs. It represents the
most common cause of acute liver failure in Europe and the USA: an
estimated 139.0-240.0 per million of the world’s population suffers
from drug-induced hepatotoxicity each year [16].

DILI also accounts for the main reason for rejecting an investiga-
tional drug. This results in the failure of the clinical trials and, con-
sequently, in a significant loss of investment, both in terms of money
and time [16].

Generally, this pathology is referred to by differentiating two dif-
ferent cases:

» intrinsic DILL: refers to liver damage caused by drug overdose
and occurs shortly after exposure. The primary example of in-
trinsic DILI is the assumption of acetaminophen, which is re-
sponsible for 50% of acute liver failure (ALF) cases in the US
and some European countries [17].



1.2 DILI

» idiosyncratic DILI, refers to liver damage resulting from a drug
used in the recommended daily doses. This reaction can be
severe and, in some cases, also fatal [17].

While the former is relatively easy to predict, being caused by exces-
sive drug intake, idiosyncratic-DILI is strongly linked to the genetic
variable and is extremely difficult to predict [18].

The main explanation for the liver’s susceptibility to adverse drug
reactions is probably its central role in removing drugs from the cir-
culation [17]. Drugs are uptake into hepatocytes either passively or
trough transport proteins that are located in the basolateral plasma
membrane. Then, drugs are metabolized by two enzymatic reactions:
phase I and phase II. It is proved that a cause of DILI is the forma-
tion of reactive metabolites during phase I and II reactions [17]. Fi-
nally, drugs are expelled into bile for renal excretion. These reactive
metabolites can bind covalently with cellular proteins, leading to the
alteration of target protein function, or to the formation of immuno-
genic haptens, which can trigger an immune response.

However, the pathophysiological mechanisms of such reactions re-
maining poorly understood, and, consequently, there are currently
no preclinical models to predict the toxicity of potential drug can-
didates [19]. Moreover, based on several genetic studies conducted,
genetic factors seem to have a role in DILI. The main genetic factor
that emerged as a significant risk factor is the association with specific
Human Leukocyte Antigen (HLA) genotypes [20].

CURRENT MODELS The main difficulty in identifying drug toxicity
is that there is no simple correlation between in vitro and in vivo drug
activation [21]. Furthermore, human hepatotoxicity correlates poorly
with regulatory toxicity tests on animals [22] and consequently these
tests are not very predictive. Consequently, also considering the ge-
netic component of this disease, a new approach based on person-
alised medicine integrating bio-informatics and tissue engineering is
needed. In this context, the development of a scaffold that closely
mimics liver conditions and can envelop patient-specific cells could
represent an optimal in vitro test for patient-specific drug toxicity.
Among scaffolds, hydrogels are prominent candidates.

1.2.1  Hydrogels

Hydrogels are materials that present an excellent biodegradability
and biocompatibility and are gaining a major role in tissue engineer-
ing [23]. They are 3D solid structures formed by the cross-linking of
hydrophilic polymeric chain network. Their main characteristic is the
capability of retaining a significant amount of water remaining insol-
uble in water, given by the incorporation of hydrophilic functional
groups as -NH2, -CONH, -COOH [24]. Hence, a cross-linked poly-
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mer hydrogel swells but does not dissolve when water or a solvent
enters it.

Hydrogels can be classified into two wide groups according to the
types of polymers they are composed of:

= natural polymers: this group refers to all the polymers that can
be found in nature;

= synthetic polymers: this group refers to polymers that are arti-
ficial synthesised.

Generally speaking, natural polymers present better biocompatibility,
while synthetic ones are more tunable as they can modified ad hoc to
obtain the desired properties [25].

Another differentiation between hydrogels can be done basing on
the cross-linking methods, that can mainly be physical or chemical:

» physical crosslinking: is usually based on intramolecular re-
versible interactions and can involve several mechanisms like
heating or cooling the polymer solution, ionic interaction, H-
bonding;

= chemical crosslinking is based on embedding of monomers on
the chains of the polymers or the use of cross-linking agents to
create a linkage between polymers.

The main difference is that physical mechanisms do not require a
chemical reaction, thus avoiding possible toxic interactions with cells.
However, if it is a thermal process, cross-linking must be carried out
at a temperature of 37 °C for cells not to be damaged. Furthermore,
physical cross-linking is less stable than chemical cross-linking, and
while the former is reversible, the latter relies on the creation of irre-
versible covalent bonds. On the other hand, chemical reagents may be
toxic for an application in cell culture. Therefore, none is better than
the other, and the selection depends on the objective to be achieved.

For what regards tissue engineering applications, these materials
are perfect candidates for drug delivery as present a highly porous
structure where drugs can be incorporated [23].

However, the application of pre-formed hydrogels in the body de-
mands an invasive surgical procedure and does not allow the per-
fect adhesion to the specific sites [26]. For this reason, the used of
preformed hydrogels during clinical trials is reduced and they are
replaced by injectable hydrogel [25].

The term injectable hydrogel refers to a hydrogel that can be injected
with minimal invasiveness into target sites and used for irregularly
shaped sites.

The first tissue engineering application of injectable hydrogels was
presented in 1990 by Elisseeff et al. with a study on the transdermal
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polymerizationon of polyethylene oxide (PEO) [27] [25] and, so on,
these polymers have been applied to many different fields.

The high tunability of these polymers allows for strict control of
the rate of degradation and, since they can be formed directly in
situ after injection into the body, they have also begun to take on a
predominant role as delivery systems for therapeutic agents [25].

For what regards in vitro hydrogel for liver studies, the main ma-
terials that have been used are hyaluronic acid, chitosan, alginate,
gelatin [28]. Just as an example, Xu et al. studied injectable hyaluronic
acid-tyramine hydrogels for liver cancer therapy [29], while Zhou
et al. worked with injectable chitosan-based hydrogels for drug de-
livery [14]. Sanmartin-Masid, Poveda-Reyes, and Ferrer synthesised
and characterised an injectable gelatin-hyaluronic acid hydrogel [30],
while Rajalekshmi et al. studied fibrin (FIB) incorporated injectable
alginate dialdehyde (ADA) - gelatin (G) hydrogels [31]

1.3 GELATIN

One of the most common materials employed for hydrogels is gelatin,
a protein produced by the partial denaturation or hydrolytic degra-
dation of collagen [32].

There are many resources from which it is obtained, such as animal
skin, bone or connective tissue [24]. Since it does not exist in nature,
gelatin is classified as a derived protein and is usually divided into
two groups [24]):

= type A gelatin: is produced from collagen using acidic chemical
agents such as hydrochloric acid or sulphuric acid;

= Type B gelatin is obtained from collagen through alkaline or
lime-based processing.

The most advantageous properties of gelatin are related to the ex-
cellent biocompatibility, and non-cytotoxicty [33]. In fact, it is derived
from collagen, which is one of the fundamental proteins that make
up ECM.

With regard to mechanical properties, gelatin scaffolds exhibit weak
stress resistance. However, it is possible to increase these by crosslink-
ing mechanisms, by synthesising hydrogels with a higher polymer
content or by combining it with other polymers, such as hyaluronic
acid as shown in [30].

Another relevant property is the porous structure of the gelatin
hydrogels, which provides the necessary space for cell adhesion, thus
making cell-material interactions possible.

Referring to thermal behaviour, the upper critical temperature of
the solution is around 30 °C. Below this temperature, inter-molecular
hydrogen bonds form in a reversible process that induces gelation

[32].
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Regarding hydrogels for liver tissue engineering, gelatin has been
used mainly in combination with other polymers to achieve optimal
properties. Because these combinations of materials open the door
to enormous possibilities, a vast amount of different gelatin-based
hydrogels can be found in the literature.

As an example, Luetchford, Chaudhuri, and De Bank decided to
combine gelatin with silk fibroin, achieving higher mechanical and
cytocompatibility properties [34]. The authors also showed that the
degradation rate was controllable through the ratio of gelatin.

Sanmartin-Masid, Poveda-Reyes, and Ferrer worked with hydro-
gels of hyaluronic acid and gelatin at different volume ratios and
demonstrated that an increase in the fraction of hyaluronic acid in-
creased mechanical properties [30]. Yang et al. studied the influence
of different crosslinking mechanism to gelatin sponge scaffolds, ob-
taining highly biocompatible hydrogels [33].

CELLS-MATERIAL INTERACTION The interaction between mate-
rial and cells is crucial for regulating cell adhesion, migration, growth
and differentiation.

Integrins are a class of trans-membrane cell receptors, composed
of an « sub-unit and a 3 sub-unit, that mediate cell-cell and cell-ECM
interactions. Therefore, the interaction between integrins on cells and
particular sequences on the surface of materials is a crucial factor in
regulating cell biology.

Gelatin (GEL), as well as collagen from which is derived, contains in
its sequence the linear RGD (Arg-Gly-Asp) cell adhesive motif, that
represent a major recognition system for cell adhesion [35]. This mo-
tif was found in fibronectin in 1984 for the first time and the authors
concluded that it “may constitute a cellular recognition determinant com-
mon to several proteins” [36]. Since then, numerous studies have been
conducted that have demonstrated the enormous potential of RGD
domains in binding various integrins and, in particular, 5037 and
oy, B3 integrins [37]

Therefore, the use of gelatin ensures the adhesion of cells to the hy-
drogel, which is the first step towards the ultimate goal of mimicking
the natural liver environment.

In addition, Ozeki and Tabata showed that Gelatin type A has an
affinity for HGF related to hydrophobic and hydrogen bonding inter-
actions [38].

1.3.1  Gelatin-Tyramine modification

Gelatin can be modified with tyramine hydrochloride to introduce
phenolic groups into the chains and allow subsequent hydrogel for-
mation by enzymatic reaction with Horseradisch peroxidase (HRP)
and H,0,.
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giving rise to the tyramine graft in the chains of gelatin. Adapted
from [39]
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Figure 8: Scheme of the enzymatic crosslinking reaction of Gelatin in pres-
ence of HRP and H,O,. Adapted from [40]

In this project, tyramine grafting was obtained by combining gelatin
from porcine skin type A and tyramine hydrochloride via the carbodiimide-
mediated condensation of the carboxyl groups of gelatin and the
amino groups of tyramine Figure 1.3.1 [40]. N-hydroxysuccinimide
(NHS) and N-ethyl-N"-(3-dimethylaminopropyl)carbodiimide hydrochlo-
ride (EDC) were used as stabilizer and catalyst of the reaction respec-
tively. The initial phase is the reaction of the carboxylic acid of gelatin
with a water-soluble carbodiimide, that involves the formation of an
O-acylisourea as reported in Figure 7 [39]. Then, O-acylisourea re-
acts with tyramine and NHS to form an amide bond giving rise to
the modification of gelatin chains with the introduction of the phenol
groups.

1.3.2  Gelatin hydrogel formation

The chemical cross-linking of GEL hydrogels was achieved by means
of an oxidative coupling reaction by the enzyme HRP and hydrogen
peroxide (H,O,) [40]. The reaction takes place in two stages. First,
HRP is oxidised in the presence of H,O, to form an intermediate that
thereafter oxidises the phenolic groups of the tyramine grafted into
gelatin resulting in cross-linking of the hydrogel. A schematic of the
chemical structure of the hydrogel obtained after the enzymatic with
HRP and H,0, is shown in Figure 8
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1.4 ELASTIN

Elastin is a protein that represents one of the most important com-
ponents of vertebrate ECM. It is a highly insoluble polymer com-
posed of covalently cross-linked molecules of its precursor tropoe-
lastin, a soluble, non-glycosylated and highly hydrophobic protein
[41]. The primary elastin sequence presents regions governed by re-
peated amino acid patterns, such as VPGG, VPGVG, APGVG and
VGVAPG. [42]. Their structure allows elastin molecules to undergo
significant deformation without breaking and to return to their origi-
nal conformation once the stress disappears, giving the elastic proper-
ties that characterise elastin [42]. In addition to providing elasticity to
tissues, it plays a role in promoting tissue repair and regulating cell
behaviour inducing specifics responses [41]. A particular property of
elastin is coacervation, a self-aggregation process in which the protein
comes out of solution as a second phase on a rise in the temperature
of the solution [43]. This property characterises also Elastin derived
polymers, such as ELR that will be discussed in following section.

1.4.1 Elastin like recombinamers

In recent years, the application of powerful molecular biological
methods has enabled the design and synthesis of new advanced mate-
rials based on the combination of 20 naturally occurring amino acids.
These materials exhibit some properties present in natural proteins,
but allow the advantage of a full degree of control provided by ge-
netic engineering.

In the literature, there are many terms used to refer to such ma-
terials; however, according to Rodriguez-Cabello et al. [42], the best
term is Recombinamer. This term, in fact suggests a molecule whose
composition is strictly defined by engineering design.

Among these materials there are Elastin-Like Recombinamers (ELR):
biocompatible protein-based polymers which are based on a repeat
sequence found in elastin. The primary sequence of ELR is typically
governed by n repeats of the amino acidic sequence (VPGXG), where
X is any amino acid except L-proline [44].

Thanks to the advanced genetic engineering techniques now possi-
ble, these materials can be synthesised with tight control over several
important parameters, such as chain length, stechiometry or chain
substitution.

They also benefits from the properties proper of elastin, since the
host organism’s immune system is unable to distinguish between en-
dogenous elastin and an ELR [44]. Thus, ELR are characterised by
extraordinary compatibility, high cells interaction and tissue mimetic
mechanical properties.

Two different ELR were used in the project: VKV-24 and HBDé6.
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Figure 9: Amino acid structure of HBDG6.

1.4.1.1 VKV-24

VKV-24 is a structural ELR that does not have any bioactive se-
quence and present the amino acid sequence: MESLLP VG VPGVG
[VPGKG(VPGVG)5]23 VPGKG VPGVG VPGVG VPGVG [45]. Partic-
ularly relevant is the presence of the amino group e in the lysine side
chain (amino acid K), which is needed to bear functional groups such
as cyclooctine and azide groups allowing crosslinking.

1.4.1.2 HBD6

The amino acid sequence of the HBD®6 ELR, also defined as heparin-
binding ELR, is given by the structure represented in Figure 9. The
basic structure can be distinguished into seven blocks and is repeated
six times in the final ELR composition.

ELASTIN-LIKE BLOCK: The block VPGIG is repeated four times and
has the main function of giving the polymer the properties of
elastin;

CROSS-LINKING BLOCKS: The block VPGKG is repeated two times
and has the main function of conferring mechanical stability
to the structure and allowing the crosslinking between chains.
In particular, the presence of the lysine residue in the fourth
position allows to modify the amine group of the side chain of
the amino acid for crosslinking purposes;

BIO-ACTIVE REGION: The block PRRARV gives heparin-binding ac-
tivity to the polymer

1.4.1.3 Chemistry crosslinking

The expression click chemistry was first introduced by Sharpless and
Kolb to denote modular reactions, which give very high yields, gener-
ate only inexpensive products and are more stereo-specific [47], [46].
The 1,3-dipolar cycloaddition of organicazides and alkynes was first
described by Huisgen in 1960 [48], while in 1961 Wittig reported that
cyclooctene and phenylazide react extremely rapidly at Room Tem-
perature (RT) to form a single product [49].

Based on these findings, Agard, Prescher, and Bertozzi developed a
catalist free reaction that involved a cyclooctynes and an azide group,
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Figure 10: Strain-promoted cycloaddition of azides and cyclooctynes to
form triazole products. Adapted from [46].

called Strain-promoted alkene-azide cycloaddition (SPAAC) [50] (Fig-
ure 10).

Due to the tension of the triple bond, the cyclooctyne have a dis-
torted geometry that significantly lowers the activation energy and
can react with the phenyl azide giving a single product named tria-
zole. [46]. No negative effects on cell viability were observed during
this reaction [50], making it a perfect candidate for biological applica-
tions.

In our project, the ELR were modified by introducing the two differ-
ent functional groups required for the SPAAC reaction. An activated
alkene was introduced in half of the molecules, while an azide group
was introduced in the remainder.

1.5 CELLS-MATERIAL INTERACTION

One of the greatest challenges in tissue engineering is the adap-
tation of biomaterials to mimic the targeted phenotype. The key to
achieving the desired properties is the control of the cellular envi-
ronment, with the possibility of influencing cell differentiation and
activity.

Cell-material interaction is a crucial aspect of material biocompati-
bility and is critical to properly mimic the specific phenotype. When
a material is brought into contact with a fluid that contains soluble
proteins, such as cell culture media, the proteins are rapidly adsorbed
onto the surface of the material. On the other hand, when cells are
in contact with the material, the larger size affects their mobility and,
as a result, they do not interact with the molecular structure of the
surface of the material itself, but rather with the molecular structure
of the adsorbed protein layer [51]. The interaction between cells and
material is based on the binding between membrane receptors and
specific bio-active characteristics presented on the adsorbed proteins.

It is known that cells influence their environment (ECM) and vice
versa by communicating through cell surface receptors. A key role
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Figure 11: HGF structure. Adapted from [55]

in this interaction is played by integrins, which are trans-membrane
receptors that connect the cytoskeleton with the extracellular environ-
ment [52]. The integrins are formed by two sub-units, called « and
3, and bind specific ligand peptides in the ECM. One of the well-
known interactions is that between the integrin «, 33 and the RGD
sequence. After this binding, the integrins form a group called fo-
cal adhesion, characterised by the presence of many structural and
signalling molecules that bind the ECM to the cytoskeleton. Through
this complex structure, cells are able to communicate with the envi-
ronment and physical signals, such as stiffness, are converted into
signalling cascades.

1.5.1  Growth factors

Growth Factor (GF) are soluble-secreted signalling polypeptides
that facilitate localized and spatially regulated signaling instructing
specific cellular responses [52]. These molecules have a strong and
broad influence on cells, promoting their stimulation, proliferation,
migration and differentiation [53]. In particular, GF plays a crucial
role in cell-material interaction, regulating the signaling cascade and
promoting the development of the desired phenotype.

Thus, when integrins and growth factor receptors are activated syn-
ergistically an enhanced effect of the growth factors is observed and
very low dose of GF are required to stimulate the correct phenotype
[52].

There is a wide variety of GF, with a wide diversity of biological
results; among the most popular in tissue regeneration are: Ang
(Angiopoietin), BMP (Bonemorphogenetic protein), EGF (Epidermal
growth factor), FGF (Fibroblast Growth Factor), HGF (Hepatocyte
Growth Factor) [54].

HGF HGF constitutes the most potent mitogen for mature hepato-
cytes in primary culture [55]. This protein is secreted by mesenchy-
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mal cells and has many epithelial-derived functions in angiogene-
sis, tumorogenesis and tissue regeneration [56]. The coding gene
is located on the seventh chromosome (7q21) at position 8169,905 -
81777150, and consists of 18 exons [57]. The exons encode the « chain,
which consists of four kringle structures (triple disulphide loop struc-
tures), a small 3 chain and an intermediate region [56]. A representa-
tion of the molecular structure of HGF is shown in Figure 11. The «
sub unit has a molecular weight of 69000 Da, while the 3 subunit of
34000 Da, for a total molecular mass of 82000 Da [55].

The receptor for HGF has been identified as a c-met protooncogene
(MET), which upon binding to HGF is activated inducing various bio-
logical responses, including proliferation, cell survival, morphogene-
sis and angiogenesis. [56].

GF PRESENTATION There are two main mechanisms of GF presen-
tation: soluble GF and solid-phase GF. Figure 12 schematize the main
differences between the two methods.

The first method is based on the addition of GF directly into the
culture medium or by release from a carrier, but this method does
not replicate the in vivo condition, where GF are bound to the ECM
[52].

Therefore, a more effective method is the solid-phase presentation
of GF, as it better replicates the natural condition and gives enhanced
biological function with lower doses used [52].

This method is based on the immobilisation of GF on the surface of
the biomaterial and an effective strategy to achieve this binding is the
use of heparin-binding domains.

Indeed, GF can be immobilised on the ECM due to their affinity for
specifically introduced heparin-binding domain [53].

Therefore, introducing heparin into the material is an efficient mech-
anism to enhance the affinity with GF.

23






HYPOTHESIS AND OBJECTIVES

2.1 HYPOTHESIS

The aim of this work is to demonstrate the potential of using a
novel Gelatin-Elastin (GEL-ELR) based hydrogel as a matrix for the
culture of liver cells, with future applications as drug toxicity testing
platform.

The hydrogel developed is an injectable in situ gelling hydrogel
that employs non-toxic reactions to encapsulate Hepatocyte Growth
Factor (HGF).

The composition of the hydrogel combines Gelatin (GEL), a pro-
tein derived from collagen and naturally present in the Extracellular
matrix (ECM), and Elastin-Like Recombinamers (ELR), polymers engi-
neered from elastin and widely adaptable.

The choice of combining these materials is based on the consider-
ation that GEL, through its RGD domains, promotes cell attachment,
whereas ELR provides mechanical stiffness. Furthermore, the chosen
ELR has affinity to heparin and can attract the HGF to promote the
liver phenotype.

It is necessary to study the mechanical properties at different con-
centrations and verify whether these are in line with the properties of
the liver under natural conditions.

In addition, the ability of hydrogels to attract HGF is desired to
present the Growth Factor (GF) from the solid phase and at low dose.
Since the literature shows that heparin acts as an affinity site for HGF,
high heparin retention is expected to be linked to high HGF attraction.
For this purpose, two different ELR were used, named VKV-N, and
HBD6-N,. Both mimic the structure of natural elastin, but the latter
has heparin-binding sites in its chains. Consequently, higher hep-
arin retention is expected in hydrogels synthesised with HBD6-N,
than in those with VKV-N; (used as negative control). Analogously,
the highest HGF attraction is expected in hydrogels synthesised with
HBD6-N,.

2.2 OBJECTIVES

The main objective of the project is to obtain a scaffold that mim-
ics the natural conditions of the liver, demonstrating the potential of
using a novel gelatin-elastin-based hydrogel as a culture system for
hepatic cells.

25



26

HYPOTHESIS AND OBJECTIVES

The hydrogels will be synthesised with different percentages of the
two components, i.e. 100/0, 75/25, 50/50, 25/75, 0/100. In this way,
it will be possible to determine which percentage has the mechanical
properties closest to the native liver tissue.

The Equilibrium Water Content (EWC) of the hydrogel will be de-
termined to characterize it.

Furthermore, the ability of hydrogels to attract Hepatocyte Growth
Factor (HGF) will be determined.

Since the literature shows that heparin acts as an affinity site for
HGF, high heparin retention is expected to be related to high HGF
attraction. Therefore, the cumulative retained value of heparin will
initially be determined by means of fluorescence techniques. Once
any retention of heparin is established, HGF will be introduced into
the hydrogel in order to quantify affinity.
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MATERIALS AND TECHNIQUES

This section provides a list of the reagents and instruments used
during the synthesis and characterisation of hydrogels. In addition,
the protocols applied during the various stages of the project are pre-
sented.

3.1 GELATIN-TYRAMINE SYNTHESIS

Gelatin was modified with tyramine inserts to introduce phenol
groups: when tyramine is bound to gelatin chains, phenol groups
are introduced into the chains and react with Horseradisch peroxi-
dase (HRP) and hydrogen peroxide (H,O,) to form an hydrogel. The
protocol used for the synthesis of Gelatin-Tyramine (GEL-TYR) was de-
fined by [58] and was performed several times to obtain the polymer
needed for different experiments.

3.1.1 Materials

The following materials and reagents from Sigma-Aldrich (Ger-
many) were used for the synthesis of GEL-TYR:

» gelatin from porcine skin (type A, strength 300);

= NHS (= 98%);

» tyramine hydrochloride (> 98%);

= 2-(N-morpholino) ethanesulfonic acid (MES) (= 99%),;

» EDC from Iris Biotech GmbH (Germany);

» dialysis membrane 12400 Molecular Weight Cut-off (MWCO);

= milliQ water

3.1.2 Protocol

The protocol followed for the synthesis of GEL-TYR polymer was
proposed by [58]. The logical steps and calculations performed in or-
der to determine the reagent quantities are presented in Appendix A.
Since this protocol covers several work days, for the sake of readabil-
ity, the steps are reported divided by workdays.
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Day 1

First, 400 mg of gelatin and 195.24 mg of MES were added to 20 mL
of milliQ water and dissolved for 30 min at 60 °C under stirring. Next,
111.13 mg of tyramine hydrochloride were added and allowed to dis-
solve for 20 minutes at Room Temperature (RT) under stirring. Then,
the pH of the solution was adjusted with 0.1 MM NaOH to 6. Next,
7.36 mg NHS was added to the solution and allowed to dissolve for
30 minutes at RT under stirring. Finally, 122.68 mg EDC were added
to the solution and stirred for 24 h at 37 °C.

Day 2-Day 3

Next, the solution was dialysed against 2.5 L of deionised water for
48 h using a 12400 MWCO dialysis membrane. The water was changed
three times per day, approximately with an interval of 4 hour.

Day 4

The solution was then poured into plastic containers, keeping in
mind that the height of the solution in the plastic container should
not exceed 1 cm. The solution was frozen at -8o °C for 24 h.

Day 5-6-7-8

The solution was freeze-drying at -8o °C in LyoQuest-85 from Tel-
star (Japan) for four days. The lyophilised GEL-TYR was finally stored
in sealed jars with silica, ready to be used for the synthesis of hydro-
gels.

3.2 ELASTIN LIKE RECOMBINANTS SYNTHESIS
3.2.1 Materials

Regarding ELR, there was no need for synthesis as they were al-
ready produced by the Bioforge Research Group at the University of Val-
ladolid (Spain).

As discussed in Section 3.2, two different polymers were needed to
obtain the hydrogel: cycloctine-modified elastin (VKV-CC) and azide-
modified elastin. For the latter, two different compounds were used,
named VKV-N; and HBD6-N.,.

3.2.2  Protocols

As the synthesis of the polymers was performed by the Bioforge
Research Group, it will not be discussed in detail in this work. More
information about the process can be found at [45].
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3.3 HYDROGELS SYNTHESIS
3.3.1 Materials

The reagents used for the synthesis of pure GEL-TYR and ELR-based
hydrogels and different blends include:

= GEL-TYR, produced as described in Section 3.1.2

= ELR, which were a gift from the University of Valladolid as de-
scribed in Section 3.3.2.2 ;

= Dulbecco’s Modified Eagle Medium (DMEM), low in glucose,
with sodium pyruvate, without glutamine or phenol red, from
Thermo Fisher Scientific (USA);

= HRP (type VI) from Sigma-Aldrich (Germany);

» hydrogen peroxide (H,0O,), 30% w/w solution in H,O from
Sigma-Aldrich (Germany).

3.3.2 Protocols

All the hydrogels synthesised and utilised through this project,
were prepared with a concentration of 8% w/v (8o mg/mL)).

3.3.2.1 GEL-TYR pure hydrogels

GEL-TYR was synthesized as described in Section 3.1.2 and stored
at RT in a jar sealed with silica. Then, it was dissolved in DMEM
for 1 h at 37 °C. The amount of added DMEM was set to obtain an
8% w /v solution. Meanwhile, fresh solutions of HRP 12.5 U/ml and
H,O, (20 mM) were prepared in DMEM. HRP and H,O, were stored
in a refrigerator at 4 °C. After complete dissolution of GEL-TYR, the
hydrogels were formed by first mixing 80% v/v of GEL-TYR solution
and 10% v/v of HRP solution working at RT. Then, the solution was
thoroughly but rapidly stirred doing up and down being careful not
to create air bubbles. Finally, it was transferred to a mold and then
the 10% v/v H,O, solution was added dropwise.

The exact volumes of the reagents are listed on Appendix C.

3.3.2.2  ELR pure hydrogels

As discussed in Section 3.2, ELR were provided lyophilised by the
Bioforge Research Group at the University of Valladolid (Spain). First,
HBD6-N3 and VKV-CC were dissolved in DMEM overnight at 4 °C.
The amount of added DMEM was set to obtain an 8% w/v solution.
It was crucial to work at a low temperature because above the tran-
sition temperature a conformational reorganisation would occur at

31



32

MATERIALS AND TECHNIQUES

Figure 13: Mini fridge used for the synthesis of hydrogels at 4 °C

the molecular level, creating a solid phase [45]. The following day,
the hydrogels were formed by mixing 50% v/v HBD6-N, or VKV-
N, and 50% v/v VKV-CC solutions keeping working for the reason
mentioned above at 4 °C in a fridge specifically modified (Figure 13).
The solution was stirred thoroughly but rapidly, being careful not to
create air bubbles. Finally, the mixed solution was transferred to the
mold. The gelation time was approximately 10 minutes.
The exact volumes of the reagents are listed on Appendix C.

3.3.2.3 GEL-TYR - ELR based hydrogel

GEL-ELR 8% w/v hydrogels represented the most challenging task
to synthesise as Gelatin (GEL) gels at temperatures below 20 °C, while
Elastin-Like Recombinamers (ELR) at temperatures above 10 °C. Con-
sequently, several protocols had to be tested to find the best one.

Firstly, HBD6-N,, VKV-N, and VKV-CC were dissolved in DMEM
overnight at 4 °C. The amount of added DMEM was set to obtain an
8% w/v solution. The next day, gelatin synthesised as described in
Section 3.3.2.1 was dissolved in DMEM for 1 h at 37 °C to create an
8% w/v solution. Meanwhile, fresh solutions of HRP (12.5 U/ mL~")
and H,O, (20 mm) in DMEM were prepared analogously to synthesise
pure GEL-TYR hydrogel. In order to prevent the ELR from gelling,
the hydrogel synthesis took place at 4 °C operating in the specially
modified refrigerator shown in Figure 13. All reagents and necessary
instrumentation (molder, tubes, micropipette tips) were stored at 4
°C from the previous night. An exception was the gelatin, which was
kept at RT.



3.4 SWELLING BEHAVIOUR TEST

To form the hydrogels, the following sequence was followed:

1. put 25% v/v VKV-N; solution (or HBD6-N, solution) into an
Eppendorf tube;

2. add 5% v/v HRP solution;

3. add 25% v/v VKV-CC solution, mixing carefully but fasting in
order to avoid gelification;

4. transfer the solution into the moulder;
5. add 40% v/v gelatin solution;
6. add 5% v/v H,0,.

The exact volumes of the reagents are listed on Appendix C.

NOTE For ease of reading, the term GEL hydrogels will be used
instead of GEL-TYR hydrogels on the following pages. In each applica-
tion, however, the gelatin used was modified with tyramine.

3.4 SWELLING BEHAVIOUR TEST

The determination of the Equilibrium Water Content (EWC) is essen-
tial for characterising a hydrogel as it is a parameter closely linked to
many other properties. Generally, a higher water retention is more
advantageous for medical applications as it indicates higher perme-
ability and biocompatibility of hydrogels [59]. On the other hand, me-
chanical properties decrease with high water absorption, so a good
compromise has to be found. A good solution is to copolymerize
a hydrophilic monomer (which promotes swelling) with a less hy-
drophilic monomer. In this way, a hydrogel with good water absorp-
tion and better mechanical properties can be obtained [59].

3.4.1 Materials

» Hep2G medium of culture

3.4.2 Methods

The different types and volumes of reagents used for the hydro-
gel synthesis are shown in Appendix C. Once made, they hydrogels
were weighed to obtain the fresh weight (mo). They were subsequently
immersed in Hep2G medium for 24 h at 37 °C. Later, they were
weighed a second time to obtain their wet mass (m,,). Then, the hy-
drogels were frozen using liquid nitrogen, lyophilised overnight and
weighed again to obtain their dry mass (mq).
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The swelling behaviour of the hydrogels was characterised by cal-
culating the swelling ratio, defined in Equation 1.

my — Mg
ma

EWC = (1)

3.5 FIELD EMISSION SCANNING ELECTRON MICROSCOPY

3.5.1 Materials

Hep2G medium

liquid nitrogen

sharp blade

adhesive carbon black

platinum coating

3.5.2 Methods

The morphology of the hydrogels was characterised via Field Emis-
sion Scanning Electron Microscope (FESEM) (GeminiSEM 500, ZEISS,
Germany) with an operating voltage of 1.5 kV. This instrument al-
lows obtaining a detailed image of the sample surface by scanning
with a highly focused beam of high- and low-energy electrons [60].

The hydrogels were prepared two days in advance and soaked for
24 h in Hep2G medium at 37 °C. They were then frozen with liquid
nitrogen and lyophilised at -8o °C overnight. Hence, the lyophilised
hydrogels were cut with a sharp blade to obtain their cross-sections.
The samples were then mounted on adhesive carbon black and coated
with platinum.

36 RHEOLOGICAL MEASUREMENTS

Rheometry is a technique for measuring the shear deformation of
a viscoelastic material when a certain shear stress is applied.

In a viscoelastic material, unlike an elastic material, the proper-
ties are a function of strain frequency, and one of the most common
methods to characterise the viscoelastic properties of soft tissue is the
frequency sweep test [61].

In this experiment, the top plate of the rheometer oscillates at vary-
ing frequencies (w) with an amplitude of Y5 with the aim of intro-
ducing a sinusoidal shear stress, y*

Y =yae'®t =y sinwt (2)
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Throughout the oscillation, the reaction torque is measured and the
complex shear stress T is calculated:

iwt+06

Where Ta is the amplitude of the shear stress and 0 is the phase
angle. Finally, the complex modulus G*, the storage modulus G’ and
loss modulus G are calculated:

T
G* = —

iy (4)
G*=G +iG" (5)

3.6.1  Materials

= Discovery HR-2 Hybrid rheometer from TA Instruments (USA)

= medium HepG2

3.6.2  Methods

Table 1: Different hydrogels tested on rheometer

GEL Vol % ELR Vol %

100 0
75 25
50 50
25 75

0 100

First of all, five hydrogels of each type were prepared in a 14 mm
mold (volume 550 pL) as detailed in Section 3.3. The different types
of hydrogels tested are shown on Table 1. The 14 mm diameter mould
was used to guarantee that the area of the hydrogel was at least equal
to or greater than the area of the parallel plate geometry. The exact
volumes of reagents used for the hydrogel synthesis are shown in
Appendix C.

The hydrogels were prepared the day before the measurements and
kept in HepG2 medium for 24 h at 37 °C for reaching swelling equi-
librium.

Rheological measurements were performed using a shear strain
mode with the parallel plate geometry (12 mm diameter). The temper-
ature was maintained at 37 °C for the duration of the measurements.
The gap between the plates was adjusted for each measure until the
axial force was positive (compression force) and close to 0.1 N. The
experimental procedure consisted of two different measures:
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FREQUENCY SWEEP: the storage and loss moduli were measured as
a function of frequency. The oscillation strain was kept constant
at 0.3% since this was the limiting value for a linear behavior
known from previous amplitude sweep tests. The frequency
oscillated in the range of 0.1-10 Hz;

AMPLITUDE SWEEP: the storage and loss moduli were measured as
a function of strain. The oscillation frequency was kept constant
at 1 Hz and the strain oscillated in the range of 0.1-20%

3.7 HEPARIN RELEASE TEST

High heparin retention was one of the properties sought in this
project as it is necessary for the final application in hepatic drug toxi-
city studies.

Indeed, as discussed in the Section 1.5, heparin is able to bind HGF
via affinity interaction. Consequently, high heparin retention leads
to high affinity for HGF, which in turn is required to stimulate cells
towards a hepatic phenotype.

Initially, an attempt was made to determine heparin retention using
a toluidine blue test adapted from [62]. However, the results of these
tests were inconclusive, so we decided to move on to a more reliable
test based on fluorescent heparin.

If with the first test we analysed all the different polymers ratios
and compared the use of both VKV—N3 and HBD6-N3, with the sec-
ond one this was not feasible due to the high price of fluorescent
heparin. Therefore, compromises had to be made:

= test only pure GEL, pure ELR and the GEL-ELR 50/ 50 ratio
= use only HBD6-N; on ELR
= use a low amount of heparin

The consequences of this last assumption will be discussed in detail
in the results section (Chapter 4).

NOTE Although no significant results were obtained with toluidine
blue, I think it was a fundamental part of the project as it represents
the essence of scientific research. Not obtaining results is part of the
journey and is nevertheless a positive result because it allows us to
think about why the method did not work.

3.7.1 Heparin release: fluorescence method

Fluorescence is a technique for detecting particular components of
complex biomolecular systems with extraordinary sensitivity and se-
lectivity. Certain molecules, called fluorophores or fluorescent dyes,



3.7 HEPARIN RELEASE TEST

Calibration line for fluorescence heparin release
-
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Figure 14: Calibration curve for heparin release in a solution based on emis-
sion at 535 nm.

are able to absorb and emit photons when excited at a specific wave-
length and the emission results in their fluorescence. For what re-
gards heparin, the absorption peak according to manufacturing data
is set at 496 & 5 nm, while the fluorescence peak at 515 & 5 nm [63].

3.7.1.1  Materials

» heparin, Fluorescent Conjugate, from Thermo Fisher Scientific
(USA)

s milliQ water

m sodium azide

3.7.1.2  Methods

CALIBRATION CURVE Firstly, a calibration curve was prepared us-
ing different dilutions of fluorescent heparin in a 0.1 molar solution
of sodium azide (NaN,) in Milli-Q water. Sodium azide was used
as a preservative for the phosphate buffer and three replicates were
prepared for each concentration. The calibration curve is shown in
Figure 14.

The amounts of reagents and the calculations performed are re-
ported in the appendix. The results output by the spectophotometer
are listed in Table 2

INCORPORATION OF HEPARIN INTO THE HYDROGEL In order
to quantify the heparin release, five different hydrogels of pure GEL,
pure ELR and GEL-ELR 50/ 50 were prepared according to protocols de-
scribed in Section 3.3. Each hydrogel had a volume of 200 pL and was
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Table 2: Fluorescence excitation of heparin solution at different concentra-
tions

Hep Conc [mgmL~'] Mean fluorescence

0.02 22720
0.015 17926
0.01 12749
0.005 6914
0.0025 3470
0.00125 1940
0 503

prepared on a mold of 8 mm. Fluorescent heparin was dissolved in
milliQ water with a concentration of 8 mgmL~' and kept overnight
at 4 °C. For pure GEL hydrogels, heparin solution was added to GEL
solution 30 minutes prior to hydrogel synthesis. For pure ELR, it
was added to HBD6-N, 30 minutes prior to hydrogel synthesis. For
GEL-ELR hydrogels, heparin solution was added to HBD6-N; in the
same procedure used for the pure ELR hydrogels. The final concentra-
tion of fluorescent heparin on each hydrogel was 0.1 mgmL ™.

As control groups, 5 hydrogels of each type of 200 pL were pre-
pared without incorporation of fluorescent heparin.

The exact volumes of reagents used for the hydrogel synthesis and
the calculations made for obtaining these values are shown in Ap-
pendix D.

Table 3: Supernatant collection time for the heparin release test

Collection time [h]

1 O

2

2
3 4
4 24
5 48
6 168 (7 day)

SUPERNATANTS COLLECTION After hydrogel synthesis, the hy-
drogels were immersed in 1 mL of milli-Q water with azide salt and
kept at 37 °C. The supernatant was collected at six different time in-
stants shown in Table 3 placed in 1.5 mL eppendorfs, and frozen at
-80 °C. Each time the supernatant was collected, it was replaced with
a fresh one.
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SPECTOPHOTOMETRY Once all the supernatants at different time
frames were collected, 100 pL of of each supernatant were put on
a plate and the fluorescence was measured. The cumulative mass
of heparin released could be obtained from these measurements by
following the calculations reported in Appendix D.

38 HGF RELEASE TEST

3.8.0.1 Materials

» fluorophore DyLight 488 NHS Ester

HGF-488

Dimethylformamide (DMF), Scharlab (Spain),

Slide-A-L dialysis device, Slide-A-Lyzer MINI (10000 MWCO)

heparin sodium salt from porcine intestinal mucosa (Grade I-A,
> 180 USP 1/g);

3.8.0.2  Methods

HGF release from hydrogels was quantified using fluorescent la-
belled HGF-488 molecules.

Due to the high price of HGF, the release was only tested for GEL-ELR
50/50 and two different assays were performed: the first compared
hydrogels with heparin and HGF with a negative control of hydrogels
with heparin but without HGF incorporation. The negative control
was tested to assess a possible interaction of heparin with HGF flu-
ency.

A second test was conducted on hydrogels with HGF but without
heparin in order to assess the impact of heparin on HGF retention.
Hydrogels without heparin or HGF were used as a negative control.

FLORESCENCE LABELLING OF HGF  The aim of this procedure was
to label HGF with the fluorophore DyLight 488 in order to identify
HGF molecules by fluoroscopy analysis.

Initially, 50 pg of the fluorophore DyLight 488 NHS Ester were
dissolved in 50 pL of DMF to obtain a solution at a concentration of 1
mgmL~'. This solution will be referred to as solution A.

Subsequently, 10 pg molecules of HGF were dissolved in 100 uL of
Phosphate-Buffered Saline (PBS) to obtain a 0.1 mg mL~' concentra-
tion. This solution will be referred to as solution B.

A dialysis of this solution (solution B) was then carried out in 0.05
M borax at pH 8.5 using a Slide-A-L dialysis device MINI (10000
MWCO), thus obtaining a 100 mgmL ™' solution of HGF in Borax (so-
lution C). The membrane was first hydrated in milliQ water for 10
minutes.
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Calibration curve for HGF release
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