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palavras-chave

resumo

Membrana coridnica, matriz extracelular, engenharia de tecidos cardiacos,
tridimensional, hidrogel, placenta, medicina personalizada.

A medicina regenerativa e a engenharia de tecidos surgiram como alternativas
as terapias atualmente usadas no tratamento e substituicdo de tecidos ou
orgaos danificados, pois o corpo humano tem capacidade muito limitada de
regeneragao. Esta area combina a cultura de células em biomateriais com
biomoléculas sinalizadoras. No tecido nativo, as células estdo envolvidas por
matriz extracelular (ECM) composta por diversas proteinas, glicosaminoglicanos
e fatores soluveis. A ECM é muito importante na resposta celular, pois tem
influéncia em processos com a migragao, proliferacao e diferenciagdo. Assim,
tem sido feito um esforgo para criar materiais que mimetizem essa fungéo.

A placenta humana trata-se uma fonte de ECM virtualmente ilimitada, sem
questdes éticas associadas, imunoprivilegiada devido a falta de expresséo de
antigénios, possui elevada biocompatibilidade, propriedades
imunossupressoras, anti-inflamatérias e regenerativas. Para além disso, esta
reportado na literatura o sucesso do uso de membranas fetais como aloenxerto
e mais recentemente a membrana coriénica foi descrita como eficaz na
regeneracao periodontal. Para além do material base, também é importante a
morfologia usada.

Os hidrogéis sédo uma classe uUnica de materiais relativamente a capacidade de
mimetizar a ECM. Sao redes poliméricas hidrofilicas 3D capazes de captar
grandes quantidades de agua, permitindo a fixagdo e migragao celular, trocas
de nutrientes, oxigénio e residuos celulares. No entanto, a maioria dos hidrogéis
produzidos a partir de ECM descelularizada, tem reduzidas propriedades
mecanicas e pouca estabilidade in vitro. Assim, o objetivo deste trabalho é
produzir, pelo que sabemos, pela primeira vez, hidrogéis derivados de
membrana coriénica (CM) humana foto-reticulaveis com propriedades
mecanicas ajustaveis, para a cultura de células 3D. Neste trabalho foram
produzidos pré-polimeros de CM através da reagdo com metacrilico anidrido,
com dois graus de modificagdo: um de menor grau (CMMA100) e outro com
maior grau de modificagdo (CMMA250). Ao adicionar um fotoiniciador a estes
pré-polimeros e na presenca de luz com comprimento de onda especifico é
possivel produzir hidrogéis. A quantificacdo de DNA permitiu verificar uma
descelularizagao eficiente da CM, enquanto que as quantificagbes de algumas
das mais importantes proteinas da ECM permitiram verificar a sua retengéo no
material obtido. A avaliagdo das propriedades mecanicas permitiu perceber que
foi possivel produzir hidrogéis robustos e cuja rigidez e capacidade de absor¢ao
de agua sao ajustaveis. Para além disso foi possivel verificar que os hidrogéis
permitem a cultura de células, que proliferaram e mantiveram-se viaveis por pelo
menos 7 dias. Os resultados obtidos até agora sugerem que estes hidrogéis
baseados em CMMA tém potencial para cultura de células 3D.
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Regenerative medicine and tissue engineering have emerged as alternatives to
therapies currently used in the treatment and replacement of damaged tissues
or organs, due to the very limited capacity of the human body to regenerate. This
area combines the culture of cells in biomaterials and the presence of signals. In
native tissue, cells are surrounded by an extracellular matrix (ECM) composed
of several proteins, glycosaminoglycans and soluble factors. ECM is very
important in the cellular response, as it influences processes such as migration,
proliferation and differentiation. Thus, an effort has been made to create
materials that mimic this function.

The human placenta is a virtually unlimited source of ECM, without associated
ethical issues, immunoprivileged, biocompatible and capable of healing. In
addition, the successful use of fetal membranes as an allograft has been
reported in the literature and more recently the chorionic membrane has been
described as effective in periodontal regeneration. In addition to the base
material, the used morphology is also important.

Hydrogels are a unique class of materials in terms of their ability to mimic ECM.
They are 3D hydrophilic polymeric networks capable of capturing large amounts
of water, allowing cell fixation and migration, exchange of nutrients, oxygen and
cellular waste. However, most hydrogels produced from decellularized ECM
have low mechanical properties, since these must mimic the native tissue. Thus,
the objective of this work is to produce, as far as we know, for the first time,
hydrogels derived from photocrosslinkable human chorionic membrane (CM)
with adjustable mechanical properties, for the 3D culture of cells. In this work,
CM prepolymers were produced by the addition of methacrylic anhydride, with
two degrees of modification: one with a lower degree (CMMA100) and another
with a higher degree of modification (CMMA250). By adding a photoinitiator to
these prepolymers and in the presence of light with a specific wavelength it is
possible to produce hydrogels. Quantifications of some of the most important
ECM proteins allowed to verify their retention in the obtained material. The
evaluation of the mechanical properties allowed to realize that it was possible to
produce robust hydrogels and whose mechanical properties and water
absorption capacity vary with their concentration and which are in the range of
most human tissue elastic modulus. Moreover, it was possible to verify that
CMMA hydrogels allowed the culture of cells that proliferated and remained
viable for at least 7 days. The results obtained so far suggest that these CMMA-
based hydrogels have potential for 3D cell culture.
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Background

Abstract

The increase in average life expectancy over the past century has increased by over 30
years in developed countries on account of improvement in medical care, sanitation, and
lifestyle. However, associated with this, arises the growing need of therapies for patients
with injuries, end-stage organ failure, or other clinical problems. Tissue Engineering and
Regenerative Medicine (TERM) has emerged to address these problems by engineering
biological substitutes to replace or regenerate diseased and injured tissues. In TERM,
biomaterials provide mechanical support and biochemical signals for cell attachment,
growth and modulate cell behavior. In vivo, cells reside within the extracellular matrix
(ECM). Thus, ECM derived scaffolds should provide superior biocompatibility and
biofunctionality.

Minimally manipulated human perinatal tissues have been used for more than a century
as allogeneic biomaterials and have been clinically successful. Hence, its use as three-
dimensional (3D) platforms with complex geometries for TERM applications is under
investigation. Considering the human source of perinatal tissues and the possibility of
including the patient's own cells, these humanized micro-tissues become possible
personalized platforms for either tissue regeneration or drug screening. The aim of this
master dissertation is to produce a robust hydrogel based on chorionic membrane ECM, that
retains bioactivity of the original tissue. As a proof of concept, these hydrogels will be used

for cardiac tissue engineering (TE).

1. Tissue engineering (TE)

TE emerged due to the limited innate capacity for self-regeneration of human tissues, the
low organ donor availability and organ transplant rejection'. Regenerative medicine may be
divided in three main strands: (i) cell therapies in which cells are injected or placed in the
local to repair, (ii) gene therapies, in which the expression of a gene from a person is
modified or manipulated or, by other side, alter the biological properties of living cells for
therapeutic use, and (iii) tissue engineering >°. TE aims to create tissue-like structures
combining cells, biomaterials and signals namely biochemical (e.g., growth factors (GFs),
drugs, oligonucleotides) and physical (e.g., cyclic mechanical loading) factors. Beyond the

objective of repair an injury or replace the function of a failing organ, TE also has the



objective to produce specialized extracorporeal life support systems containing cells (e.g.,
bioartificial liver and kidney), likewise microtissues for drug screening and toxicology or as
basic studies on tissue development and morphogenesis, contributing to the reduction of the

need of animal models *.

2. Biomaterial

All tissues and organs contain a mixture of cells and non-cellular components, which
form well-organized networks called extracellular matrix (ECM). ECM is produced by the
living cells and secreted into the surrounding medium. Beyond ECM has a structural
function for cells, also regulate many cellular processes including growth, migration,
differentiation, survival, homeostasis, and morphogenesis >°. Thus, being an essential
component in tissues and organs, the TE research aims to develop a material whose function
is to mimic ECM.

A biomaterial is a biocompatible material that interfaces and interacts with biological
systems and is capable to heal, enlarge, or substitute any tissue, organ or function of the body
78 A biomaterial must respect some directives as for instance: (i) do not cause any
inflammatory or toxic effect after implantation; (ii) its degradation rate should match the neo
tissue formation; (iii) the material should have adequate mechanical properties for the
purpose application and the change in mechanical properties with degradation should be
compatible with the neo tissue formation; (iv) the byproducts originated from the
degradation should be non-toxic, and capable to get metabolized and eliminated from the
body ®. Hence, a biomimetic biomaterial for TE is a scaffolding material that mimics one or
multiple characteristics of the natural ECM °.

A biomaterial may be classified according to its origin, being synthetic or natural. Each
one has advantages and disadvantages. For instance, synthetic polymers ensure the off the-
shelf availability, have high batch-to-batch consistency, have more predictable and
reproducible mechanical and physical properties (e.g., tensile strength, elastic modulus, and
degradation rate), and they can be manufactured with great precision. However, they are not
recognized by the cells, eliciting persistent inflammatory reactions. In addition, they are
unable to integrate the host tissues, being eroded '*!!. In contrast, natural based materials,
are produced by biological systems, as for instance, microorganisms, plants, and animals.
Natural polymers are bioactive having specific protein binding sites and other biochemical

signals that may allow cell attachment and cell-cell communication, having a higher



propensity for tissue regeneration. Moreover, their production cost is typically lower than
synthetic polymers. However, they also have limitations as being generally structurally
weaker, having batch-to-batch variability, being difficult control over degradation rates due
to difference in host enzyme levels and also an immunogenicity issue related to allogenic or
xenogeneic, where antigens such as DNA, a-Gal epitopes and damage-associated molecular
pattern (DAMP) molecules are presented %24 In this context, decellularized human
derived ECM and components from ECM are promising biomaterials for TE, since they are
found in native human tissue, provide ideal cues for regeneration, repair, and remodelling
tissue !°. Human allogenic decellularized tissues would be the ideal source of ECM, since

xenogeneic may contain residual contamination and immunogenicity '¢.

3. Human perinatal tissues

Perinatal tissues are temporary organs that forms during pregnancy to ensure fetus
nourishment and development as well as prevent immune rejection. According to this
biological function, ECM and cells isolated from perinatal tissues have demonstrated to
retain important therapeutic properties, which mostly result from anti-microbial, anti-
inflammatory and immunomodulatory activities of resident cells. Besides, as a medical
waste these tissues can be readily use in clinical and commercial settings as safe and cost-
effective solutions to current TERM strategies !”. Moreover, fetal membranes are immune-
privileged due to a lack of expression of antigens, have good biocompatibility,
immunosuppressive and anti-inflammatory properties and healing capacity . Finally, its
basement membrane composed mainly by diverse types of collagen, fibronectin and laminin,
GFs and proteases that also constitutes ECM from other human tissues '*!°.
The fetal membranes from placenta act as an interface between the fetus and mother during
pregnancy and are comprised of two components: the amniotic membrane (AM) and
chorionic membrane (CM) '8, The AM is an avascular tissue that is most proximal to the
fetus, while the CM is vascularized, surrounds the AM and firmly attach the maternal tissue,

as represented in Figure 1.1.
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Figure I.1. Schematic representation of the human placenta, highlighting the amniotic and chorionic
membrane composition.

CM adds mechanical strength to the fetal membranes, acting as a point in which the chorionic
villi emerge, whose function is to carry nutrients from the maternal circulation and acts both
as a physical and biomolecular barrier 2*2!. The use of AM in TE was first reported in 1910
in skin transplantation ??. Since then, fetal membranes have been used in wound healing
(e.g., burns, ulcers), in ocular, tendon and cartilage applications, otolaryngology (mucosa),
periodontics, urology (e.g., bladder reconstruction), gynaecology and as a source of small
diameter vessels 2%,

Hydrogels prepared by a straightforward process of placenta decellularization followed
by an enzymatic treatment and jellification at 37 °C have also proved its efficacy in treating
cardiac ischemia damage in animal models **. Khorramirouz et al demonstrated the ability
of decellularized AM to support stem cell differentiation into cardiomyocytes when applied
as a cardiac patch for the treatment of acute myocardial infarction in rat models ?°. This study
further confirmed the potential of AM-based scaffolds as support and delivery matrices for
cardiac neovascularization and regeneration.

Despite the use of AM alone and conjugated with CM have been widely explored, the
use of chorionic membrane alone, was much less explored. CM has been used for tooth root
coverage for example due to periodontitis, as well as for enhancement of gingival
demonstrating good results in terms of regeneration when applied in clinical trials 22,

Furthermore, previous studies that used extracts containing both AM and CM had suggested



potential ability on osteogenic differentiation of osteoblasts but was unknown which of them
has more influence. To better understand which have more influence on osteogenic
differentiation, Go Yoon et al compared CM with AM extracts and verified that CM was
more effective in promoting osteogenesis *°. In another study, decellularized CM scaffold
was successfully reseeded with MSCs and induced to differentiate osteogenically 3'.

In fact, has been reported that human CM has more GFs and cytokines than those present
on an equal surface area of AM %2, The GFs that stand out are fibroblast growth factor
(FGF), endocrine gland-derived vascular endothelial growth factor (EG-VEGF), hepatocyte
growth factor (HGF), insulin-like growth factor-1 (IGF-1), platelet-derived growth factor-
AA and -BB (PDGF-AA and BB) and finally, tissue inhibitor of metalloproteinase (TIMP)-
2 and -4 32. Such cytokines and GFs are immunomodulating and tissue-regenerating factors,
responsible for cellular processes as migration, proliferation, differentiation and
vascularization accelerating tissue repair and regeneration >3, Furthermore, CM has higher
antibacterial effects and higher adiponectin levels, which is a peptide with direct actions in
liver, skeletal muscle, and the vasculature 3***. Finally, the CM multiple layers of
cytotrophoblast cells contain stem cell markers, cluster of differentiation (CD) CD34 and
CDus, accentuating its hematopoietic potential, while they are not present in the AM 2%,

Despite the CM potential for TE, the most bank tissues in the world discard it, processing
only AM since it is a proven biological wound dressing, being CM quite unexplored. Taking
into account the aforementioned advantages, CM is an interesting biomaterial from human

origin to be explored in TE.

4. Cell culture platforms

Traditional 2D cell culture platforms have been proved to be very ineffective in
mimicking the in vivo environment. Alternatively, 3D cell culture platforms mimic more
closely the real in vivo microenvironment. Cells cultured in 3D platforms acquire their
natural shape, interact and behave according to the mechanical cues from the surrounding
environment, differentiate and have gene and protein expression levels that resemble levels
found from cells in vivo. Moreover, they have lower drug sensitivity, approximating more
to animal models *°.

These 3D cell culture platforms or scaffolds are usually highly porous with
interconnected pore networks that allow nutrient and oxygen diffusion and waste removal

37 In fact, the hydrogels are an example of 3D scaffolds. Are polymeric structures held



cohesive by: 1) primary covalent crosslinks, ii) ionic forces, iii) hydrogen bonds, iv) affinity
or “bio-recognition” interactions, v) hydrophobic interactions, vi) polymer crystallites, vii)
physical entanglements of individual polymer chains or viii) a combination of two or more
of the aforementioned interactions 8. This is a very important and unique class of materials
relative to their capacity to mimic the ECM due to their hydrophilicity and ability to uptake
large amounts of water or biological fluids. They have structural similarity to the
macromolecular-based components in the body, allowing cell attachment and migration,
delivering and retaining cells and biochemical factors. Moreover, their interconnected pore
network allows diffusion of nutrients, metabolites and wastes and their mechanical

properties influence cell morphology and behaves, including proliferation and differentiation

39 40
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In this sense, a main goal of this work is to develop a hydrogel based on CM proteins that
could be used for cardiac TE.
This master dissertation is divided into the following chapters:

e Chapter 1: Background, where the contextualization and the goal of this thesis is
described.

e Chapter 2: Extracellular matrix scaffolds for Cardiac Tissue Engineering, where is
provided an overview of the strategies developed for cardiac tissue engineering
involving decellularized tissues or components from extracellular matrix and cells.

e Chapter 3: Materials and methods.

e Chapter 4: Chorionic membrane derived hydrogels as an innovative human based
platform for 3D cell culture.

e Chapter 5: Final overview, concluding remarks and future perspectives.
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Extracellular matrix scaffolds for Cardiac Tissue Engineering

Abstract

Ischemic heart disease is the first leading cause of death worldwide, according to the
World Health Organization (WHO). After ischemia, heart experiences a healing process for
months, called ischemic cascade in which is deposited a fibrotic tissue with low conductivity
and elasticity properties. Consequently, spontaneous contraction is blocked and cell
infiltration on that region is ceased. As conventional treatments are often not efficient, the
search for other alternatives is a reality. Tissue engineering and Regenerative Medicine
(TERM) has emerged as an alternative to produce structures that potentiate cardiac
regeneration or structures that allow studying the mechanisms and evolution of diseases and
drug screening.  Tissue engineering (TE) strategies typically combine biomaterials, cells
and bioactive molecules to provide an adequate environment for cell adhesion and growth.
Due to the fundamental function of extracellular matrix (ECM) to maintain adequate cardiac
integrity and pump function, the poor representativeness of 2D models and the physiological
differences of animal models arose a growing interest in producing 3D structures for TE
based on decellularized-ECM or ECM compounds. This review focuses on these 3D
structures, highlighting electrical and mechanical properties and, when applicable, cell

attachment and alignment.

1. Introduction

Ischemic heart disease (IHD) is the leading cause of death worldwide, according to the
World Health Organization (WHO) '. It is mainly provoked due to atherosclerosis, which is
the gradually and progressively narrowing of the coronary arteries, due to the obstruction of
the coronary lumen by build-up of fatty material or by blood clot (thrombus) formation
resultantly from acute plaque rupture. This obstruction leads to insufficient heart blood flow
thus limiting the supplying of nutrients and oxygen to the cardiomyocytes from the
ventricular wall. In acute events of total coronary artery obstruction, heart muscle tissue
death occurs and ultimately may lead to patient death %>. The pharmacological therapies to
prevent and/or treat heart diseases may be divided into antiplatelet and antithrombotic drugs,
B-blockers and statins for IHD stabilization. Alternatively, on percutaneous coronary

intervention also called coronary angioplasty, the occlusion is mechanically expanded (e.g.,
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with a stent) to restore blood flow. Furthermore, in more urgent cases, as for instance after
heart stop, a coronary artery bypass graft must be performed. This is a highly invasive
surgery which implies to open the heart and to do a vein graft 3. Moreover, after MI,
patients may suffer of heart failure which, in the most advanced form, the end-stage heart
failure, only have two possible treatments: 1) the use of ventricular assist devices and ii) heart
transplantation ®. Despite the success of these strategies in saving and improving the quality
of life of some patients, they do not address the underlying cause of the disease and do not
replace the tissue function that is lost. Furthermore, the low donor availability, limit the
number of transplants. Hence, there is a need for new therapies that stimulate better healing
postinjury for a more functional cardiac repair ’.

Even though the human heart has the capacity to regenerate cardiomyocytes, this process
is extremely slow. Hence, following a heart attack or other ischemic cardiac event, damaged
cardiac tissue usually turns into non-functional connective (or scar) tissue. In the past decade,
cardiac TERM has evolved as a promising and actively developing area of research that aims
to repair, replace, and regenerate the myocardium 8. Cell-based strategies have shown
potential to decrease scar formation and enhance heart contractility. However, as therapeutic
cells are mostly delivered by direct injection, the retention and engraftment of cells is
generally low and thus persistent obstacles to successful myocardial regeneration °.

Currently, therapeutic drug discovery and screening are mainly tested in vitro in two-
dimensional (2D) models of cellular assays and in vivo on animal models '°. However, 2D
tissue culture models fail in recapitulate the complexity of in vivo tissues. Furthermore, drug
diffusion kinetics and drug doses from 2D models are not representatively once they are
unable to precisely recapitulate the complex cell-cell, cell-ECM and tissue-level interactions
1011 Animal models are the gold standard for drug and biomaterials testing due to their
tissue-level representation. Nevertheless, the relevance of the obtained results due to the
physiological differences and other unpredictable characteristics is questionable. In addition,
they have associated high costs and ethical concerns 13, Instead, three-dimensional (3D)
in vitro culture environments offer the possibility to be precisely positioned to recapitulate
the native tissue architecture, cellular composition and vasculature to mimic disease
mechanisms, screening drugs and investigate the regeneration potential of biomaterials in

(TE) 1.
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Cardiac tissue is composed of different cells aligned in a specific order, embedded in the
ECM and is exposed to biochemical, mechanical, electrical and other stimuli, in order to
contract to pump blood in a synchronized rhythm . Moreover, ECM has a role in modulate
biological activities including cell proliferation, maturation, migration, and differentiation
5. In this context, 3D cardiac scaffold-based structures composed by ECM or ECM
components have been widely explored in TERM strategies. The efficacy of scaffold-based
therapies is related to the capacity of the material to recapitulate healthy or diseased tissue
for drug development and study physiological processes '°. Additionally, scaffold-based
strategies offer several advantages in tissue regeneration therapies 7%,

Recent works have suggested that direct injection of biomaterials, such as alginate, fibrin
or chitosan, into the heart, could act as a stabilizer to internally the infarcted area °. In this
context, phase II clinical trials were already performed constrain to test the feasibility of
intracoronary delivery of an injectable alginate scaffold, to prevent ventricular remodeling
and congestive heart failure after myocardial infarction (MI) 2°. Despite the promising
outcomes, the results suggest that the injection of the alginate hydrogel in patients with large
MI did not significantly reduces adverse left ventricular remodeling. This limitation may
have explanation in the limited bioactivity of the injected materials.

In this context, bioactive materials, namely decellularized ECM, components from ECM
and human proteins, appear as promising materials for repairing tissue and for developing
cardiovascular disease models. Once they are found in native tissue, such materials provide
ideal cues for regeneration, repair, and tissue remodeling '¢. This review focuses on 3D in
vitro cardiac structures based on decellularized-ECM, ECM compounds and proteins for
cardiovascular TERM and drug screening, highlighting their physiological properties.

Moreover, cardiac tissue organization and structure will be discussed.

2. Cardiac tissue

ECM was already seen as an inert scaffold, whose function was just supporting cells
embedded in its environment. Nowadays, it i1s acknowledged that ECM is a signal transducer
for cell-cell communication modulating cell motility, differentiation and cell proliferation
2122 In cardiac tissue, it has a role in distributing mechanical forces throughout the organ
since it is responsible for myocyte alignment. Furthermore, cardiac ECM regulates blood

flow during contraction and is responsible for compliance and maintenance of appropriate
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tissue tensile modulus. Hence, ECM is fundamental to keep suitable cardiac integrity and
pump function 2

At the cellular level, the main components present are cardiomyocytes, fibroblasts, blood
and lymphatic endothelial cells, vascular smooth muscle cells and pericytes (Figure II.1).
Cardiomyocytes can be divided into pacemaker cells and force-producing cells and are
considered the foremost cardiac cells due to their role in pump function to maintain the blood
circulation. Vascular endothelial cells beyond having a structural role in the interior surfaces
of blood vessels, also are metabolically active, control vasomotor tone, and regulate
angiogenesis. Whereas fibroblasts are connective tissue cells that synthesize constituents of

the ECM, vascular smooth muscle cells and pericytes control blood flow in the cardiac
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Figure I1.1. The main cardiac cell types that provide contraction power, vascular stability, produce
ECM and that potentiate inflammation and arteriogenesis.

At the molecular level, ECM is composed of proteoglycans, glycoproteins such as
laminin, collagens, fibronectin, fibrillin and nidogen and yet proteases. Proteoglycans are
composed by one of the four glycosaminoglycans (GAGs): (i) hyaluronic acid (HA), (i1)
chondroitin sulphate/dermatan sulphate, (iii) heparan sulphate/heparin, and (iv) keratin
sulphate linked to a protein core as for instance agrecan, versican and perlecan '©2!,
Relatively to the major component of cardiac ECM, the collagen, stands out the collagens I,
III, V and VI that are present on ventricular myocardium. Fibrillar collagens I, III and V

promote stiffness, elasticity and integrity respectively. Collagen type V maintains integrity
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because is responsible for fibrillation of types I and III collagen. Collagen VI is a network-
forming, which is thought to be necessary to provide tensile strength to the surrounding
tissue. Finally, collagens XV and XVIII are nonfibrillar collagens. While collagen XV is
expressed in the basal membranes and capillaries of the myocardium, collagen X1 is believed
to be involved in regulating the initiation and assembly of collagen fibrils. Fibronectin
mediates cellular behavior interacting with multiple integrins, heparan sulphate
proteoglycans, collagens, and fibrins. Fibrillin forms microfibrils along with other ECM
molecules such as elastin due to its elastic properties >'**. ECM proteases have the function
of preserve homeostasis with a tight balance between matrix metalloproteinases (MMPs)
and tissue inhibitors of metalloproteinases (TIMPs), in order to regulate ECM remodeling,

being the overexpression of MMP related to cardiovascular diseases 2%,

3. Mechanisms of cardiac repair process
Diseased tissue, for example after ischemia, experiences a healing process, called ischemic
cascade consisting by diverse phases such as an early inflammatory phase, a proliferative
phase and at the end, a maturation phase, involving responses at molecular, cellular, and
physiological levels (Figure I1.2). The inflammatory phase is started due to signals released
passively from damaged ECM and necrotic or stressed cells, for instance, damage-associated
molecular patterns (DAMPs) and inflammatory cytokines (e.g., interleukin (IL)-1a and IL-
33). Tissue-resident macrophages are activated and recruit neutrophils that release pro-
inflammatory cytokines (e.g., tumor necrosis factor (TNF)-a, interleukin (IL)-1f and IL-6),
proteases and reactive oxygen species (ROS). Both pro-inflammatory cytokines and
chemoattractant protein secreted by damaged and dying cardiomyocytes alert the immune
system and recruit monocytes that latter will differentiate into M1-like tissue-resident
macrophages that in turn will remove the dead cardiomyocytes and their debris and degrade
the ECM, which can weaken the myocardial wall and increase the susceptibility of rupture
and sudden death. Afterwards, begins the proliferation phase in which, monocytes
differentiate into M2-like reparative tissue-resident macrophages. Both M2-like
macrophages and endothelial cells release anti-inflammatory markers such as interleukin IL-
10, growth factors (e.g., vascular endothelial growth factor A (VEGF), platelet-derived
growth factor, and insulin-like growth factor (IGF)), ECM components, wound healing
factors like arginase and tumor growth factor (TGF)-B. As a consequence angiogenesis is

promoted, that supplies blood to the infarcted area, ECM synthesis, and myofibroblast
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proliferation and reorganization 2°2°2°  Finally, throughout the maturation phase, is
deposited a fibrotic type I collagen-rich scar to avoid heart dilatation and rupture. This
fibrotic scar has low conductivity properties, being able to block the electrical signal and
spontaneous contraction 2. Furthermore, elasticity is reduced mainly due to the significantly

faster collagen crosslinking, turning myocardium stiffer and consequently, decreases cell
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Figure I1.2. Ischemic cascade that leads to myocardial scar production. At left is represented the
homeostasis state and at the right, all the steps that occur after injury. The myocardium cross three
different phases, each with different time consumption and the relative number of injured cells. Are
highlighted the immunologic response, the fibroblast activity and it is also represented the

myocardium aspect over time. Adapted from Forte et al .

4. Scaffolds for Cardiac Tissue Engineering

Simplified 2D models and animal models fail to recapitulate the complexity and
physiology of the human tissue microenvironment. Therefore, search alternatives for these
conventional options is essential. To this end, the production of 3D engineering structures is
a promising option. The ideal 3D structure must combine several structural and functional

properties namely high porosity, structures with branched blood arteries and capillaries
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microvascular network for suitable oxygenation and cellular exchanges, mechanical and
conductive properties should match that of the myocardium, providing a synchronous
spontaneous contraction >!"**, As human myocardium has a stiffness of 10-20 kPa in the
transverse direction (orthogonal to cardiomyocyte alignment) and 40-50 kPa in the
longitudinal direction the produced structure may have a similar stiffness range 3'.
Furthermore, biocompatibility must be ensured, supporting cells survival and growth and
lastly, must be biodegradable with a biodegradation rate matching the kinetic growth of the
native myocardium in order to allow replacement of damaged tissue at the same rate of new
tissue formation 173032,

Biomaterials may have a natural or synthetic origin or both conjugated to form hybrids.
Synthetic polymers have been widely used in TERM applications since they have predictable
and reproducible mechanical and physical properties (e.g., tensile strength, elastic modulus).
Still, such materials are associated with low biodegradability and limited bioactivity 7.
Oppositely, several natural polymers have intrinsic bioactivity, namely peptide sequences
recognized by cells promoting cellular attachment, proliferation, and differentiation in their
native state. However, the typical inadequate mechanical stiffness requires the addition of
other compounds to enhance the structural stability >3,

Among natural derived materials, a special attention has been given to proteins and
ECM-derived scaffolds. In particular, ECM-derived components are promising biomaterials
as scaffolds for cardiovascular TERM since they are inherently present in native cardiac
tissue.

In a 3D cell culture approach, the scaffold supplies the necessary provisional support for
cell adhesion, proliferation, and phenotypic differentiation. Furthermore, it provides
biochemical and biophysical cues to modulate the neo-tissue formation by mimicking both
functional and structural characteristics of the native ECM, which perform an essential role
in controlling and regulating cell behavior and in maintaining tissue homeostasis **.

Biophysical signals can be divided in mechanical and electrical. Particularly, mechanical
signals activate numerous transduction pathways and regulate reprogramming of numerous
genes and synthesis of proteins. Hence, these signals play a role in the cellular organization
of the heart and regulation of synthesis and accumulation of ECM components. For instance,

the loading applied on cardiomyocytes influence their maturation, therefore mechanical

signals should be precisely controlled, since the excessive load can cause pathological
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hypertrophy and apoptosis. These loads are developed by wall shear stress caused by blood
flow, and the strain caused by blood pressure and cell contractions '®. Electrical forces
influence the expression of cardiac markers and affects cell migration and alignment, as well
as the formation of gap junctions and intercellular connections, being fundamental for

preserving cardiac chamber morphology >°.

5. 3D ECM-based structures for cardiac tissue engineering and regenerative

medicine

3D structures for cardiac TE have been developed using different materials composed
by decellularized ECM or ECM components, namely collagen, fibrin, elastin or hyaluronic
acid (HA). These 3D structures were engineered from a combination of single components
from ECM to form microtissues, or else produced matrices of higher complexity by the
decellularization of whole tissues *°. ECM-derived compounds may have natural origin if
they are isolated from human or animal tissues, however, they may also be artificially
produced by genetically engineered biological models for the secretion of recombinant
proteins >°.

Over the last two decades, regenerative medicine has emerged as alternative from only
treating disease symptoms to directly repairing/regenerating injured or diseased tissue. In
order to provide the proper capacity for heart to regenerate, it is fundamental to produce
structures that recapitulate the organ-specific structure at multiple length scales '8,

The complexity and ethical concerns associated with drug screening with animal and
human models, lead to the development necessity of specific in vitro models *’. Since 2D
cell cultures and animal models fail to accurately and fully recapitulate human physiology
in healthy and pathological conditions, 3D models emerged as an alternative for drug
development and testing, and the investigation of disease onset and progression . In fact,
cardiotoxicity caused by pharmacological drugs has historically been a major cause of drug
removal from the pharmaceutical market, since the drug screening platforms were not the
most appropriate *°. On an ideal 3D in vitro cardiac tissue model, anisotropic structure and
vasculature of heart should accurately be reproduced both in healthy and pathological state.
Moreover, cell-cell and cell-ECM interactions should be correctly guided and cell fate and

functions should be defined.
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Advanced materials composed of decellularized ECM or specific components from

ECM have been shown to improve healing of the cardiac wound and promote angiogenesis.

In the next topics, will be discussed particular examples (Table II-1) of the use of these

materials for cardiac TERM in recent studies and the commonly used bioengineering

approaches. The strategies employed in cardiac TE to produce biomaterials may be divided

into three categories: the decellularized whole organs, hydrogels and yet the patches.

Table II-1. 3D ECM-based biomaterials explored as capable of enhancing cardiac regeneration.

ECM based

In vivo

Model . Ref.
type biomaterials Cell lines model Outcomes
Neonatal cardiac By day 8, the -constructs 0
Whole rat heart cells or rat aortic demonstrated about 2% of pump
endothelial cells function.
Human iPSC- iPSCs differentiated into CMs,
Whole murine . SMCs and ECs. Heterogeneous 41
@ derived . . :
£ heart cardiomyocyies ——  conduction efficiency. Insufficient
g0 yoey pump blood function.
g .
5] Whole rabbit Human fibroblasts
2 heart, collagen . Hydrogels show Improved cell 4
= . and endothelial
= and fibrin cells —— attachment.
= hydrogels
s . Swine  Allogenic endothelial cells and
> Whole porcine : ]
a and cardiomyocytes adhered to the
heart .
bovine  scaffold.
Human hCPCs, H9c¢l and HL-1 cardiomyocytes
Whole Human ~ hMSCs, HUVECs, and showed electrical activity. 44
heart and H9cl and HL-1 ——— HUVECs formed a lining of
cardiomyocytes endocardium and vasculature.
The seeded ventricle displayed
<50% cellular repopulation and
Human iPSC- maintained 90% cell viability after
Whole Human . . 45
heart derived 14 days in culture.
cardiomyocytes Cardiomyocytes maturate and the
myocardial tissue demonstrated
- adequate contractile function.
g‘) Murmg cardiac Encapsulated cells were viable 46
S Type-I collagen progenitor cells after 3 davs of culture
:; (CPCs) Y :
= Carbon Enhanced cell adhesion,
e nanotube- Neonatal rat . .
S . . elongation and alignment of 47
3 incorporated ventricular : .
2 —— cardiomyocytes, leading to
= collagen myocytes . :
- stronger contraction potential.
hydrogels
Higher expression levels of a
Elastin-like contractile protein, when
proteins L compared to the most effective 48
modified with ~ MUIeIPSCS o escribed in iPSC differentiation
RGD motifs into cardiac cells, a collagen-I

hydrogel.
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HA hydrogel Decrease of the injured heart 4
and PRP based Swine muscle area while attenuating
hydrogel. adverse cardiac remodeling.
Rat Cardiac Human Cardiac Hydrogc?ls with . mngble 50
ECM and fibrin Progenitor cells —_— mechaqlcal apd biochemical
properties that direct cell fate.
Neonatal Mouse . Reduf:ed scar expansion in the left 5
. Mice ventricle and revascularization of
cardiac ECM . .
the injured region.
Zebrafish ECM allowed cardiac
Zcbrafish X
. . functional recovery and 5
decellularized Mice .
heart regeneration of adult mouse heart
tissues after acute M1
Human Bovine aortic 53
Amniotic . Decrease in MI size.
endothelial cells E—
Membrane
Human . .. .
Chorionic plate hiPSC-derived GOOd. clectrical .act1v1ty. Reduction 54
. Rat of infarct size and normal
and growth cardiomyocytes . . )
p electrophysiological contraction.
actors
Prevention of left ventricular wall
Porcine thinning after MI, improved
s . . . 55
myocardium Rat contraction and cardiac functional
slices parameters. Formation of vessel
structures.
Beating activity and
. . electrophysiology  similar  to
Rat heart slices giisigr;dzrévfgs Rat human normal heart. Reduced %
yoey infarct size and improve the heart
function.
. Porcm.e hiPSC-derived Cell dlffere.ntlatlon into elongated 5
) myocardium . and functional cardiomyocytes.
= . cardiomyocytes — o
< slices Drug sensitivity proved.
] . . .
a Hurpag hiPSC-derived Impr‘oved dlfferentlatlon and .
Amniotic cardiomvocyies ~ cardiomyogenesis of cells cultured
Membrane yoey on the AM patch.
Blended Human iPSC- Cell density and purity affected s
Collagen-Fibrin derived capacity of produce beating
Hydrogels cardiomyocytes tissues.
Spheroids of human Increased engraftment rate of cells 0
Fibrin iPSC-derived Rat when applied in vivo and improved
cardiomyocytes recovery from myocardial injury.
Porcine cardiac Increased angiogenic potential o
ECM and hCPCs Rat when compared to GelMA
GelMA hydrogel.
Micropatterns promoted aligned
Metacrylated . attachment, spreading, function, 62
. Cardiomyocytes . ..
Tropoelastin and intercellular communication

of cardiomyocytes.
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5.1.Decellularized whole organs

Decellularized hearts which aims to be a biocompatible and living organ equivalent,
emerged as an alternative to bioengineered artificial hearts or allogenic hearts for
transplantation at end-stage cardiac failure®®. Moreover, decellularized organs may present
a strategy to surpass donor shortage, graft rejection and life-long immunosuppression usually
need after organ transplantation .

In 2008 it was reported for the first time the successfully decellularized whole complex
organ: the heart *°. Since then, many other organs have been successfully decellularized. The
process of decellularization may be performed through chemical, physical and/or enzymatic
methods with the purpose of cells and nuclear material removal from tissue, whereas
retaining the composition, biological activity, and mechanical structure of the ECM as much
as possible *’. Furthermore, the preservation of 3D structural architecture at the macro and
micro scale, including the most of native vasculature of the organ as well as identical tensile
strength, are some of the advantages of organs and tissues decellularization *°.

The decellularized whole organs have the potential to be used in drug screening, studies of
mechanisms and evolution of diseases and moreover, in organ transplantation as ECM
template. Ott et al *° were the first to publish successful whole organ decellularization. They
decellularized rat hearts (Figure I1.3) perfusing them with detergents ¢°. Since then, the
decellularization of whole hearts from different species was reported #0448,

Thereafter, they proved that the underlying ECM, vascular architecture, competent valves
and intact chamber geometry were retained. The structure was then recellularized by
coronary perfusion in a bioreactor with neonatal cardiac cells or rat aortic endothelial cells
and the hearts were able to pump. However, by day 8, they only achieved about 2% of adult
or 25% of 16-week fetal heart function. The used decellularization techniques demonstrated
to be effective to obtain a heart whose retain native tridimensionality and intact vasculature.
The major challenge to improve was the recellularization process and, consequently,
improve cell distribution and contractility with physiologically rates. In an attempt to
overcome that, Lu et al *' decellularized mouse hearts through the same perfusion

mechanism but reseeded them with human induced pluripotent stem cells (iPSC)-derived

multipotential cardiovascular progenitors to produce humanized hearts.
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They demonstrated that the reseeded iPSC-derived multipotential cardiovascular
progenitors were able to grow and differentiate into cardiomyocytes, smooth muscle cells
and endothelial cells. In fact, the constructed hearts were responsive to drug administration,
a required factor for drug screening platforms, and demonstrated many regions of uniform

wave propagation (Figure I1.3, II)).

Intracellular calcium transients
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Figure I1.3. Rat heart decellularization through 1% SDS perfusion; A) During decellularization, the
heart becomes completelly translucent where B) no intact cells or nuclei are visible in H&E staining
of a thin section ¥°. C) CaiT mapping of a recellularized heart. I) Asynchronized region, that re-
synchronizes under electrical stimulation. IT) Synchronized region. *!

However, they had an insufficient mechanical force to pump blood adequately and the
evaluation of intracellular Ca>" also revealed anatomical block zones with irregular wave
propagation. That may be explained by insufficient gap-junctions or a limited number of
cardiomyocytes, since during electrical stimulation the waves re-synchronized (Figure 11.3,
I)). Therefore, to overcome this anatomical block zones the authors suggested the
repopulation of the constructs with cardiac fibroblasts and multipotent cardiovascular
progenitor cells, since the fibroblasts have an important function in regulating heart

functions, namely electrical conduction and respond to myocardial contractions.
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As a way to increase the efficiency of decellularization and recellularization methods,
alternatives were investigated. As for instance, Nguyen et al ® decellularized and
recellularized rat hearts through detergents perfusion not only into the coronary arteries but
also into the cardiac veins decreasing the amount of time required and increasing the
efficiency of the methods.

Alternatively, Compton et al ** developed a system for rabbit hearts decellularization,
perfusing them through the ascending aorta and the pulmonary trunk. Aiming to increase the
recellularization efficiency, the authors, followed a different approach. Instead of simply
reseeding the scaffolds through the same rotating perfusing system wused for
decellularization, they used a layer-by-layer approach with cells and collagen and fibrin
hydrogels, in order to stimulate cellular attachment and provide a framework for
reconstitution of the endocardium. They reported that the cells not only attached the
ventricular wall, but also the interventricular septum. Nevertheless, they were not able to
seed and distribute the hydrogels uniformly on the endocardium. Thereby, that approach still
requires further improvements.

In order to test a new recellularization method, Taylor et al +*

proposed a heterotopic
method. This method is based on the implantation of a decellularized and acellular heart, in
a patient who still has his own heart, so that the patient's own cells adhere and proliferate in
the decellularized scaffold. Therefore, the authors decellularized porcine hearts and
implanted them in porcine and bovine. They found that at short-term endothelial cells
implanted within the vessels and after 60 days of implantation, cardiomyocytes also attached
to the heart. Besides this technique have been proved efficient, was considered invasiveness
to the patient, hence it is not considered as an alternative to be used in humans. Consequently,
the investigation of better bioreactors that may control mechanical and electrical functions
after cells seeding, as a way of stimulating the proliferation of the various cardiac cells,
seems to be the correct path to follow.

Sanchez et al *

were the first to report human heart decellularization and
recellularization. They chose to decellularize a human heart due to the “dynamic reciprocity”
that is established between the ECM and the resident cell populations that affect their
metabolic activity, the mechanical requirements of the tissue and the predominant conditions
of the microenvironmental niche. The decellularized human hearts were reseeded with

diverse human cells, such as human cardiac progenitor cells (hCPCs), human bone-marrow
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mesenchymal cells (h(BM-MSCs), human umbilical vein endothelial cells (HUVECs), and
HO9cl and HL-1 cardiomyocytes to study the cytocompatibility of the scaffold. The authors
found that only cardiomyocytes H9¢c2 and HL1 cells organized on longitudinal sections
appearing to be muscle islands surrounded by ECM, exhibiting Ca*>" dynamics and impulse
propagation, which suggested that they formed functional intercellular connections.
Moreover, HUVECs: attached within large-diameter cardiac vessels in the matrix milieu and
on endocardial surface of the ECM. Oppositely, hCPCs and hBM-MSCs, which failed to
organize on the matrix, did not generated intracellular Ca** transients or propagated electrical
signal. The authors concluded that it was possible to obtain a study model or a transplantable
heart with a coating of HUVECs in the endocardium with vasculature and electrical
properties 8.

After that, many other works have reported the decellularization and recellularization of
human hearts. Until now, the most successful engineered whole human heart was obtained
by Guyette et al *°. In this study, the decellularized human hearts were recellularized by
injection of iPSC-derived cardiomyocytes in different regions of the left ventricle. Then, the
authors placed the recellularized hearts in bioreactors, exposing them to mechanical
stimulation through coronary artery perfusion with media. The seeded ventricle displayed
<50% cellular repopulation and maintained 90% cell viability after 14 days in culture. Some
of the reseeded cardiomyocytes acquired elongated and striated phenotypes, whereas the
others showed rounded immature sarcomere formation. Moreover, when electrically
stimulated, the repopulated myocardial tissue demonstrated contractile function. These
preliminary results were promising, however, the repopulation of all heart should be done,
and the culture time should be increase to verify if cells achieve full maturity and all heart
develop the adequate contractile function.

Despite all the promising achievements, it is not yet possible to obtain functional hearts
for implantation in acute patients with end-stage cardiac failure. Accomplish that would be
of great importance, since non-transplantable human hearts or porcine hearts could be used,

leading to the availability of unlimited number of transplantable organs °.

5.2.Injectable Hydrogels
Initial stages of heart failure or right after ischemic heart disease do not require the entire
removal of the heart but approaches that help the regeneration of the damage zone. For that,

strategies such as direct injection of cells in the affected region have been applied with
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limited success, since the cells have low retention and engraftment. This may be improved
by adding a structure where the cells adhere before being implanted °. Thus, hydrogels
prepared from solubilized decellularized ECM or ECM components have also been explored
for cardiac TERM. Hydrogels are 3D crosslinked hydrophilic polymer networks with the
capacity to uptake a high percentage of water and tunable biochemical and mechanical
properties in order to produce structures that better mimic the extracellular environment ’!~
73,74 Their characteristics depend on the biomaterials used and the manufacturing process ’°.
The crosslinking of the hydrogels may be physical and/or chemically induced. The physical
stimuli, that produce transient junctions, include temperature, electric or magnetic field,
light, pressure, and sound while the chemical stimuli, that produce permanent junctions,
include pH, solvent composition, ionic strength, and molecular species (e.g., photoinitiator)
75

Injectable hydrogels are flowable aqueous solutions that polymerize or have a sol-gel
transition in situ after administration, forming a gel. They have attracted significant attention
due to their ease administration, production of minimal surgical wounds reducing patient’s
discomfort, risk of infection and the ease of cells and bioactive compounds incorporation
simply mixing before injection. After injection and consequent gelation, the hydrogels
become cell-growing and/or drug delivery reservoirs '®7’. They must fulfil certain
requirements, namely being liquid before gelation and jellifying under mild conditions with
proper gelation rates in order to simplify their homogenization with cells and bioactive
compounds, handling, and consequent injection, whereas avoiding toxicity, overheating
caused by harsh reactions and also extravasation to the surrounding tissues ">’

Numerous hydrogels produced from ECM components have already been reported to be
used in cardiac TERM. Since the major component of ECM is collagen, it is the source of
several studies in the field of cardiac TE. The reservoirs of collagen type I in myocardial
ECM decrease from 80% to 40% after MI, while collagen type III increase from 10% to
35%, creating pathological fibrosis, thus the majority of studies that use collagen as a
biomaterial for cardiac repair use type I collagen 88!, Nevertheless, knowing that stiffness
influences the phenotype of the cells, the studies that have been done in recent years that
involve collagen I include other components to increase mechanical function *2.

For example, Ravichandran et al * functionalized type-I collagen, through the reaction

with methacrylic anhydride or using thiol-Michael addition click chemistry tuning the
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elasticity modulus from Pa to kPa. Moreover, the authors encapsulated murine cardiac
progenitor cells within the hydrogel and observed that cells were highly viable after 3 days
of culture. The incorporation of carbon nanotubes in hydrogels, have been reported to
increase both stiffness ** and electrical properties **. Hence, Sun et al *’ proposed a carbon
nanotube-collagen nanocomposite hydrogel to encapsulate neonatal rat ventricular
myocytes. They compared their hydrogel with a collagen I hydrogel and found that the
incorporation of carbon nanotubes within collagen hydrogels enhanced cell adhesion,
elongation and alignment of cardiomyocytes, leading to the formation of engineered cardiac
tissues with stronger contraction potential.

Other ECM components have been used in cardiac TE, as for instance, elastin. This
protein have been reported as responsible to enhance angiogenesis, which is fundamental
for cardiac TE applications due to its highly vascularized nature 3°. Furthermore, is required
from a mechanical point of view and directly interact with cells being involved in many cell-
signaling processes *. Kambe et al ** produced recombinant elastin-like proteins to construct
an elastin-like protein-based hydrogel to study the influence in cardiac differentiation of
iPSCs and compared to the most effective described in literature, the collagen-I hydrogel.
This hydrogel was modified with the peptide sequence, Arginine-Glycine-Aspartate (RGD)
cell adhesion motif and crosslinked with tetrakis(hydroxymethyl)phosphonium chloride.
The authors mimic the elasticity of embryonic cardiac tissue (0.3 kPa) and seeded the
hydrogels with murine iPSCs. They verified that cells cultured on the hydrogel of elastin-
like protein-RGD had four times higher expression of encoding for a contractile protein than
those cultured on collagen I.

The crescent interest for personalized medicine, and autologous materials obtained with
minimally invasiveness made Vu et al *° to study the formulation of a hydrogel based on
autologous platelet-rich plasma (PRP). PRP is a rich source of autologous growth factors
and cytokines involved in wound healing and angiogenesis and had already been direct
intramyocardial injected proving that promote angiogenesis and attenuated cardiac
remodeling in a rodent model. Nevertheless, due to a low retention rate, the forbidding
microenvironment of a high blood flow rate in the heart and a high degree of ventricular
remodeling after MI become this technique low efficient when without biomaterials as
delivery vehicles. Therefore, the authors tested the evolution of myocardial scar in pigs

using: i) an hyaluronan-based hydrogel commercially available (Extracel-HP™), ii) an
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autologous PRP hydrogel, iii) an antioxidant and anti-inflammatory PRP hydrogel with
ascorbic acid combined with intravenous ibuprofen and allopurinol and finally iv) a PRP-
cocktail hydrogel. They verified that scar area and scar thickness decreased in all cases, but
decreased most in the PRP-cocktail group, due to their higher density of blood vessels in the
peri-infarct area. However, the hyaluronan-based hydrogel alone was the one that most
preserved left ventricular ejection fraction.

Decellularized tissues in the form of an injectable hydrogel, have also been studied for
cardiac TE %¢. Many studies have been performed in order to produce injectable hydrogels
for cardiac TE from decellularized cardiac tissue, since are the closest to the tissue to
replicate. To that, some works reported the development of hydrogels from animals

88

t 3987 ‘mouse °!, zebrafish > and porcine %%

decellularized cardiac tissue, as for instance ra

The most used strategy combines the decellularization followed by enzymatic digestion,
usually using pepsin in order to solubilize the obtained decellularized material, making it
possible to be injectable *’.

ECM derived hydrogels have typically very soft mechanical properties that often do not
match those of the native tissue. Thus, the use of crosslinking agents to increase the elasticity
modulus has been explored. For example, Williams et al °° combined solubilized
decellularized cardiac rat ECM with fibrin, which have angiogenic properties, and
transglutaminase crosslinker to produce stiffer hydrogels.

13!, compared the

Having neonatal animals increased capacity of regeneration, Wang ef a
injection of hydrogels derived from neonatal mouse heart ECM and adult heart-derived
ECM in an in vivo adult mice model of MI, to explore the neonatal mammal’s capacity of
cardiomyocyte proliferation and regeneration within a week of birth. With this study, the
authors verified that the treatment with neonatal ECM drastically reduced the fractional area
occupied by a collagen-rich scar and improved the ejection fraction, demonstrating its
potential for cardiac applications.

Chen et al ** studied the potential of zebrafish ECM hydrogel administration to induce
mammalian heart regeneration. To that, the authors decellularized normal and healing adult
zebrafish ventricles as well as healthy adult mouse ventricles to be used as control. After

intramyocardial administration of decellularized cardiac ECM zebrafish, murine heart tissue

was capable to have an endogenous regeneration and multiple resident cardiac precursor cell
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populations demonstrated increased proliferation. Besides, zebrafish ECM induced 61%
recovery of cardiac ejection fraction, while mouse ECM provided only 17%.

So far there are no hydrogels produced from human cardiac decellularized tissue.
Alternatively, decellularized human tissue from other sources have been explored for cardiac
TE. An appealing source of ECM is the human placenta. These are commonly discarded as
medical waste after birth, having no ethical issues associated. Furthermore, due to their rich
ECM composition, they have gained increased attention as alternative sources to obtain 3D
decellularized scaffolds composed by important ECM molecules from human origin. The
use of human amniotic membrane (AM) was first reported in 1910 in skin transplantation.
Posteriorly, it was reported its use in various skin, corneal, ocular and periodontics
disturbances to suppress inflammation, stimulate growth of epithelial cells and reduce
scarring in mesenchymal tissue ¥. AM has special interest in TERM applications due to its
low immunogenicity, immunosuppressive properties and healing capacity 3. Henry et al >
produced a thermoresponsive injectable hydrogel from decellularized human AM and

consequent enzymatic digestion (Figure I1.4 A-D).
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Figure I1.4. Physical aspect of human AM during the processing. A) Fresh AM, before
decellularization. B) Decellularized AM. C) Solubilized and lyophilized AM. D) Gelation of
decellularized AM matrix at 37 °C. E) Representative images of Masson trichrome-stained rat heart
sections of adult myocardial regeneration after MI at 5 weeks after AM matrix or PBS injection.
Scale bars = 4 mm. F) Measurement of infarcted size at 5 weeks after AM matrix or PBS injection
analyzed by Masson trichrome staining. n = 5 for each group, *p < 0.05. Adapted from Henry et al
53

The jellification occurred when the hydrogel was placed at 37°C. Beyond the resultant
hydrogel was very soft, its injection in adult rat heart tissue after MI, showed a significantly
decrease in the infarct size (Figure 11.4 E and F) and improvement of left ventricular ejection

fraction, proving its efficacy in attenuating degenerative changes in cardiac function >°.
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Besides the AM, chorion plate from human placenta, also has important properties for
TERM ¥. As it is a vascularized tissue, has been studied, for example, as a source to isolate
small diameter vascular structures °°. Francis et a/ ** used decellularized human chorionic
plate as source of ECM components for cardiac regeneration. The decellularized tissue was
also solubilized and jellified at 37°C. The peptides resulting from enzymatic digestion were
determined and a huge diversity of proteins was identified namely collagens, laminins,
fibronectin, fibrinogen, elastin, glycoproteins, among others and growth factors, as for
instance, pro-regenerative, pro-angiogenic, and stem cell-recruiting factors. The authors
compared their hydrogel with Matrigel®, a commercially available soluble extract of
basement membrane proteins derived from mouse Engelbreth-Holm-Swarm (EHS) sarcoma
that forms a hydrogel at 37 °C and supports cell morphogenesis, differentiation, and tumor
growth, widely used in TE °%2. The authors seeded iPSCs-derived cardiomyocytes in both
hydrogels and verified that after 24-30 hours, only chorionic plate-derived hydrogel
demonstrated early contractility, coupling and cell synchronization. Furthermore, was
proved that chorionic plate-derived hydrogel injections in ischemic myocardium reduced
significantly infarcted area size and allowed normal electrophysiological contraction >*. The
reported studies proved the potential of these temporary organs that are usually discarded to

prepare 3D bioactive matrices for cell culture and TE.

5.3.Patches

Epicardium is the outer layer of the heart, being essential for heart regeneration after
injury by providing paracrine factors and progenitor/stem cells that contribute to
regeneration of cardiomyocytes, vascular smooth muscle cells, and endothelial cells *°.
Hence, the application of patches on the pericardium, thick enough for powerful contractions
and to synchronize its rhythm with the heart’s own, may be a promising strategy for heart
regeneration %%,

The patch functionality will not only depend on the material composition, but also on its
architecture, that may be precisely controlled through the biofabrication approach to achieve
anisotropic tissue structures, similar to the native myocardium °°. Therefore, different
strategies have been studied, namely the use of decellularized tissues maintaining their
original structure, or specific components from ECM, in the form of a polymerized hydrogel.
These second type of patches may be produced through 3D casting, producing smooth

surface patches or by other techniques, in order to produce topographical cues °.
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Topographical patterns, have already demonstrated that even solely, in the absence of
electrical or mechanical stimulation, may have a role in cell migration, alignment and
elongation °"%%. In the next sections, the most relevant examples of patches to be applied in

myocardium repair will be discussed.
5.3.1. Decellularized tissue patches

Similarly to the whole decellularized organs, also slices of decellularized organs may
have a role in heart regeneration when applied as a patch and may be supportive to be used

as drug test platform. For instance, Shah et al >°

decellularized porcine myocardium slices
and implanted them as acellular patch in a rat acute MI model. The authors verified that the
patch prevented thinning of the left ventricular wall after M1, helped in the formation of new
vessels and finally, contraction of the left ventricular wall and cardiac functional parameters
were significantly improved, 4 weeks after surgery. Also, Blazeski et al >’ decellularized
porcine myocardium slices, repopulating them with hiPSCs-derived cardiomyocytes to study
their application in drug studies. Their results evidenced that cardiomyocytes differentiated,
exhibiting elongated, multicellular and aligned bundles with organized sarcomeres,
presented anisotropic conduction of action potentials and electrophysiological functionality.
Finally, the developed model demonstrated a higher clear drug sensitivity when compared
to 2D cell cultures, thus having the potential to be used in electrophysiology and drug

screening studies. On the other hand, Wang et al °

prepared decellularized rat heart slices
and repopulated in the endocardial side with hiPSCs-derived cardiomyocytes and
fibroblasts. Whereas in vitro, the developed patches presented beating similar activity and
electrophysiology to human normal heart and a good response to pharmaceutical agents,
when implanted in vivo in rat MI models, they reduced the infarct size and improved the
heart function.

In addition, decellularized AM slices, dehydrated human amnion/chorion membrane
acellular patches or trypsinized and cryopreserved AM from human placenta have been

[ %° demonstrated that acellular

studied as a patch for cardiac TERM. In particular, Roy et a
patches from human decellularized AM, besides do not decreased the infarct size, helped to
prevent pathologic postinfarct remodeling processes, improving systolic and diastolic

function. In another study, Lim et al '

also have very interesting results when applied
dehydrated human amnion/chorion membrane acellular patches (EpiFix® and AmnioFix®)

in mice after acute MI, resulting in a reduction of fibrotic scarring size, a higher recruitment
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of hematopoietic and cardiac stem cells, increased cell proliferation markers and cell surface
marker for vascular endothelial cells, while inhibited apoptosis cell markers. Taking these

I 3 studied the potential of trypsinized and

great results into account, Parveen et a
cryopreserved human AM as platform for human heart research, comparing the behavior of
hiPSC-derived cardiomyocytes when cultured on the human AM or Matrigel™ in order to
generate cardiomyocytes with maturity close to adult cardiac cells. The authors verified that,
actually, cardiomyocytes cultured on human AM achieved a higher development than
Matrigel due to their faster intracellular calcium transients and higher mitochondrial density
with regular arrangement. Moreover, they verified elongated and aligned cells, contrary to

1™ However, despite

the chaotic distribution and round large morphology of cells in Matrige
the complete maturation, the major drawback of this study was the incapacity of
cardiomyocytes to generate spontaneous contraction. The obtained results corroborate that
fetal membranes have a positive effect in cardiac regeneration when applied as a patch
influencing both cardiomyocyte proliferation and alignment, and also hematopoietic cells

recruitment and proliferation.
5.3.2. Smooth hydrogel patches

The simplest method to polymerize crosslinkable hydrogels is through gel casting. The
gel solution is transferred to a mold where polymerization occurs forming the hydrogel with
controlled shape. Kaiser ef a/ * used solvent casting to produce hydrogels patches for cardiac
TE. In this study the authors blended relevant ECM components, such as collagen I, the
predominant protein in healthy heart, and fibrin, a critical component of the wound healing
cascade, to encapsulate human i1PSC-derived cardiomyocytes. The authors compared
different concentrations of collagen and fibrin, and also different purities of iPSC - derived
cardiomyocytes for cardiac applications. Beyond the expected results, beating tissues only
appeared in the gels of pure collagen with higher cardiac cells purity (= 60%).

Mattapally et al %

. reported the production of fibrin cardiac patches with encapsulated
cell spheroids. After 24 h of spheroid formation, synchronized contractions were observed
and was confirmed the presence of both Ca** transients and propagating action potentials.
The fibrin patches with iPSC-derived cardiomyocyte spheroids were implanted in rats after
myocardial injury, resulting in higher engraftment rate than direct intramyocardial injection

(more than ~ 25% vs. less than ~ 10%, respectively).

32



Another approach to produce patches with smooth surface, but controlled porosity is 3D

[ °! blended solubilized decellularized porcine heart,

bioprinting. For example, Bejleri ef a
gelatin methacrylate (GelMA) to behave as support material and human CPCs. That mixture
was bioprinted and consequently polimerized. Patches were polymerized via white light to
induce radical polymerization of GelMA, followed by incubation at 37 °C to induce cardiac
ECM polymerization. hCPCs remained viable and showed increased cardiogenic gene
expression, compared to hCPCs grown in pure GelMA patches. Moreover, comparing this
hydrogel with GelMA hydrogel, decellularized porcine heart-based hydrogel has an

increased angiogenic potential. After 14 days of in vivo implantation the patches integrated

with the native myocardium and allowed for nutrient delivery to the implanted cells.
5.3.3 Topographical hydrogel patches

Topographical cues have been introduced in biomaterials as patches since cells are
strongly influenced by surface features. For example, stem cells differentiation towards
myocardial lineage is modulated by aligned orientation '**. Moreover, topographical cues

influence cells phenotype, morphology and maturity '%.
5.3.3.1. Microcontact printing

In this technique are usually used molds of PDMS with micropatterns that are applied
above prepolymer solutions so that the patterns are engraved on the hydrogels after
polymerization. An example of micropatterned hydrogels for cardiac TE are the
methacrylated tropoelastin patches reported from Annabi et al %. In this study two versions
of methacrylated tropoelastin were prepared: one containing aligned microchannels
mimicking those of the native myocardium, and the other unpatterned as a control.
Micropatterns promoted aligned attachment, spreading, function, and intercellular
communication of cardiomyocytes, oppositely to the unpatterned in which cardiomyocytes
randomly attached, the actin filaments elongated less and the cardiac function early
decreased.

Graphene oxide is responsible to increase strength, the contractility and promote a faster
spontaneous beating rate in cardiomyocytes '°7. Hence, the production of micropatterned
gelatin-graphene oxide hydrogel allowed to obtain a hydrogel with improved mechanical
properties and which affected cellular behavior including adhesion, proliferation, and

differentiation ®. The authors compared an unpatterned gelatin hydrogel, with a patterned
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gelatin hydrogel and gelatin-graphene oxide micropatterned hydrogel. They verified that the
micropattern effectively induced cardiomyocytes to develop elongated constructs and
promote synchronous contraction and the addition of graphene oxide enhanced cell

alignment and beating of cultured cardiomyocytes.
5.3.3.2. 3D Bioprinting

Wang et al ® prepared a fibrin-based bioink with suspended rat primary cardiomyocytes
aiming to produce a model to study physiologic reactions during tissue development or to
pharmacologic application. To that, they produced cardiac tissue constructs using an
integrated tissue-organ printing system, where a fibrin-based hydrogel, combined with
gelatin, aprotinin, glycerol and HA with suspended primary cardiomyocytes was used as a
cell-laden hydrogel, a gelatin, glycerol and HA hydrogels was used as a sacrificial hydrogel
and Poly(e-caprolactone) (PCL), was used as the supporting frame to maintain the printed
pattern (Figure ILS A).

This strategy allowed cell alignment (Figure IL.5 E) and showed strong and synchronous
contraction (Figure II.5 D) after 4 weeks in culture. The intrinsic force generated by PCL
frame after bioprinting was essential for cardiac tissue development and maturation.
Posteriorly the tissue construct was evaluated as a feasible source for drug screening and
was verified that these 3D tissue models responded as expected to drug that increase or
decrease the beating frequency. Finally, when the exposure to drugs was ceased, the previous

synchronous contraction was restored.
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6. ECM derived hydrogels in clinical trials

VentriGel™, an ECM hydrogel derived from decellularized porcine myocardium has
also been used for tissue remodeling after MI. A first clinical trial was performed to evaluate
cardiac repair in 15 patients with moderate left ventricular dysfunction '%°. The objective of
the study was to evaluate the safety and feasibility of VentriGel™ transendocardial
injections. No deaths occurred and no patients were discontinued from the study. However,
a patient whose history included trifascicular block suffered cardiogenic shock and complete
heart block was reported as possibly related to study treatment, nevertheless improved
measures of left ventricular remodeling were reported.

PeriCord cardiac bioimplant, a decellularized human pericardial matrix patch, was
colonized with human viable Wharton's jelly-derived mesenchymal stromal cells (WJ-
MSCs) and implanted in human heart ''°. This first-in-human study was performed in a 63-
year-old male patient. The three-month clinical follow-up showed ~9% reduction in scar
mass in the treated area. This preliminary report suggests the possibility of proceeding to

next steps of the study, including more patients.
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7. Typical cell sources for cardiac TERM

The selection of the most appropriate cell type for cardiac TERM is still a challenge.
Relatively to cell sources, they may be divided into three groups: primary cells, cell lines
and stem cells. Primary cells are directly isolated from human or animal tissues and have
health age accordingly to the donor. Despite they have huge potential to recapitulate the
specific tissue functions and the advantage of possible isolation from the own patient towards
personalized medicine, the availability of human primary cells is usually low or even rare.
Cell lines have diverse advantages in starting stages of cells testing since their virtual
unlimited division capacity, reduced cost, easily handle, rapid growth and optimal for cancer
models. However, they may differ from the targeted cells being not representatively.
Moreover, they are not adequate for tissue regeneration applications. When the primary cell
source is unavailable and cell lines are inadequate, stem cells are the best option. The
category of stem cells includes embryonic stem cells (ESCs), mesenchymal stem cells
(MSCs), and induced pluripotent stem cells (iPSCs) !'"!!12, ESCs are cells resulting from
fecundation and are pluripotent, having the capacity to differentiate into any type of cell and
to be maintained for long (theoretically indefinite) culture periods. However, due to their
origin, there are many ethical issues that limit their use in TE '!>!'* MSCs are cells that
retain postnatal capacity for self-renewal and multilineage differentiation such as osteocytes,
chondrocytes, adipocytes, and myocytes. They can be found in the bone marrow, adipose
tissue, umbilical cord blood, and many other tissues. A main disadvantage of MSCs for
cardiac TERM is the very low survival rate after transplantation in heart '>1'® Lastly,
human iPSCs promise to revolutionize human health through precision and personalized
medicine towards an individual level. They are pluripotent stem cells with capabilities of
indefinite self-renewal and that can be differentiated into almost all cell types of the body.
The ability of iPSCs to differentiate into specific cells such as cardiomyocytes allows the
possibility of obtaining theoretically unlimited patient-specific human cells for use in disease
modelling, personalized drug screening, and regenerative approaches (Figure I1.6).
Therefore, human iPSC-derived cardiomyocytes offer several advantages over current in
vitro models such as immortalized cell lines, human cadaveric tissue, and primary cultures

of human or animal origin cells '!’.
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Figure I1.6. Diagram of pluripotent stem cells sources, namely Embryonic Stem Cells (ESCs) and
human induced Pluripotent Stem cells (iPSCs) that have self-renewal capacity and are able to
differentiate in almost all cell types of the body.

8. Conclusion and future perspectives

The increase in average life expectancy and population ageing make IHD a major
concern worldwide. Hence, the need for solutions to treat infarcted hearts is a demand.
Understanding the remodelling process that occurs after MI and the native and damaged
cardiac ECM compositions, may help to produce a tissue that more closely mimic native or
damaged cardiac ECM.

Besides 2D structures do not precisely recapitulate the complex cell—cell, cell-ECM and
tissue-level interactions, animal models also are not the ideal solution due to the

physiological differences that may cause unpredictable results and ethical concerns. A

37



promising solution is the conjugation of ECM-based biomaterials with cells in a 3D
platform. Different 3D structures that can be used alone or in combination with cells have
been produced with components from native cardiac ECM, decellularized cardiac ECM from
different organs, including placental membranes. The emerging of placenta as a possible
ECM source arouses growing interest since, as well as many other human tissues, own many
proteins, growth factors and proteases present in heart ECM, also is a biological waste after
birth, being cost-effective and have low immunogenicity. Besides some studies have
achieved great cell function allowing synchronous contraction, decreased scar formation and
increased angiogenesis, this area still have many issues to be studied, namely material
stability, rate of degradation or the rate of cell differentiation must be tightly regulated in
order to avoid uncontrolled cell growth.

The use of both human-derived raw materials and hiPSCs promise to revolutionize

human health through precision and personalized medicine towards an individual level.
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Materials and Methods

1. Placenta collection

In order to obtain chorion membranes for this study, placentas were collected at the
Hospital Infante D. Pedro from Aveiro, through a collaboration with the COMPASS
Research Group. The use of human placenta was approved by the institutional ethics and
deontology committee from both institutions. Informed consent from the donors were
obtained for all placentas used in this study.

Prior to the placenta collection, a plastic container with 2.5 L of capacity was sterilized
under UV light for 30 minutes. After sterilization, was added 1% of antibiotic/antimycotic
containing 10,000 units.mL" of penicillin, 10,000 ug.mL"! of streptomycin, and 25 pg.mL"
I of Gibco Amphotericin B (Thermo Fisher Scientific, USA) and 200 mL Dulbecco's
Phosphate Buffered Saline without calcium or magnesium (DPBS, Corning, USA) under
sterile conditions, in order to avoid bacterial and fungicidal contamination, whereas keep the
placentas immersed during the interval between collection and processing. The container to
collect the samples was closed inside the flow chamber to maintain the sterile conditions
inside and a labeled. Finally, the container was delivered together with the informed consents

in the hospital.

2. Chorionic membrane (CM) isolation and decellularization

For the chorionic membrane (CM) isolation, the bottom of the flow chamber was covered
with aluminum foil pulverized with 70% ethanol, and all the following materials were also
placed inside the flow chamber and pulverized with 70% ethanol: a tray, two Petri dishes,
an empty hospital samples container to store the waste to be incinerated. The laminar flow
chamber was sterilized under UV light for 30 minutes. Thereafter the 30 minutes of UV
light, the following autoclaved instruments were placed inside the flow chamber: tweezers,
a scissor, and a scalpel. Also, the container with the placenta was placed inside the flow
chamber, and the placenta was transferred to the tray. The umbilical cord face was placed
upward with tweezers, the amniotic membrane was detached, the umbilical cord was cut and
then chorion membrane (CM) was cut around the chorionic plate. The CM was transferred
to the Petri dish and cut into smaller pieces.

Decellularization of CM aims to remove cells whereas preserving the native composition

of extracellular matrix (ECM) !. The steps usually associated with decellularization are
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preformed firstly by lysis of the cell membrane, secondly by separation of cellular
components from the ECM, then solubilization of cytoplasmic and nuclear cellular
components and lastly removal of cellular debris from the tissue 2.

Many strategies have been used to decellularized organs and tissues as chemical,
physical, or enzymatic approaches. However, there is no ideal method, as they all have
advantages and disadvantages, hence a combination of strategies is often applied '**. Here
was also used a mixed protocol including the three approaches: chemical using detergents
or enzymatic using nucleases associated with physical using mechanical agitation in order
to increase the effectiveness of all process in cellular disruption °. The detergents chosen
were the Sodium Dodecyl Sulfate (SDS) and Triton X-100. SDS is the ionic detergent most
commonly used in tissues decellularization due to its high capacity to disrupt native tissue
structure solubilizing both cytoplasmic and nuclear cellular membranes %>, However, as
SDS is cytotoxic, if any remnants remain in the decellularized tissue, it may have adverse
effects when in contact with cells. To avoid that and to remove residual SDS was then used
an anionic detergent, the Triton X-100 %, In fact, the anionic detergents are often more easily
removed from the experimental system since they have polar headgroups that carry no
charge ®. Moreover, Triton X-100 is milder to the tissues, since it only disrupts lipid-lipid
and lipid-protein interactions, yet preserving protein-protein interactions intact 2. Due to the
“sticky” nature of DNA and RNA and its tendency to adhere to ECM proteins, this was
followed by a step to removal of DNA and RNA remnants. This was done by incubation
with endonucleases DNase and RNase in Trizma® hydrochloride (Tris-HCI) buffer and
magnesium chloride hexahydrate (MgCl.sH>0). The Tris-HCI beyond having an effect in
cell lysis by osmotic shock also has the capacity to promote protein-DNA disruptions. As it
has no role in the removal of cellular debris, the use of the referred endonucleases is crucial
to break down nucleic acid fragments reducing its length in order to promote more efficient
removal of residual cellular debris and consequently preventing significant immunogenic
responses >>". As the reaction conditions for RNase A are rather flexible, they could be
chosen taking into account conditions most suitable for DNase 1. As for instance, DNase [
requires a co-factor for its activation, being used, in this case, MgCl>.6H>O to provide Mg?>".
Furthermore, as the DNase I, in the presence of Mg?" has its optimal temperature at 37°C
and RNase A also has high activity at that temperature, the reaction should be performed in

an incubator at 37°C '°!2, For the decellularization, CM was placed into 50 mL falcon tubes
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and incubated with 30 mL of 1% SDS solution. Then the falcons were placed in rotation at
25 rpm for 16 hours at RT in the Multi-Purpose Tube Rotator (Fisherbrand™, Thermo Fisher
Scientific). After that, the CM was incubated with 35 mL of 1% Triton™ X-100 BioXtra
(Sigma-Aldrich, USA) and placed again on the tube rotator for 30 minutes at 25 rpm, at RT
in order to finalize cell content extraction and to remove the residual SDS. The CM was
washed three times to remove the detergent, being transferred to new Falcon tubes with
35mL DPBS and placed on tube rotator for 15 minutes between washes. Subsequently were
produced 30 mL of a nuclease solution (50 mM Trizma® hydrochloride (Tris HCI, Sigma),
10 mM magnesium chloride hexahydrate (MgCl..6H>O, Panreac, Spain), adding 70 pL
recombinant DNase I (STEMCELL™ Technologies, Canada), and 30 pL of bovine
pancreatic PureLink™ RNase A ((20 mg.mL™"), Sigma). Were added 10 mL to each falcon
and incubated at 37 °C for 3 h, under continuous stirring in the Compact Digital Microplate
Shaker (Thermo Fisher Scientific). The decellularized CM (dCM) was washed again as
previously described, frozen with liquid nitrogen, lyophilized and stored at -20°C until
further use.

To confirm the decellularization efficiency, a piece of fresh non-decellularized CM and
a piece of decellularized were fixed in fixed in 4% formaldehyde (Sigma-Aldrich) overnight
at room temperature (RT). After that, samples were stained with a 4',6'-diamino-2-fenil-indol
(DAPI, 5 ug.mL ™!, Thermo Fisher Scientific) solution diluted 1:1000 in PBS incubating for
5 minutes at RT, protected from light. After PBS washes, the CM pieces were observed
under a fluorescence microscope (Fluorescence Microscope Zeiss, Axio Imager 2, Carl
Zeiss, Germany).

DNA quantification was also performed to evaluate the efficiency of the
decellularization process. To quantify double-stranded DNA (dsDNA) per mg of dry ECM
from non-decellularized CM and dCM, was used the Quant-iT™ PicoGreen® dsDNA kit
(Invitrogen, Thermo Fisher Scientific). PicoGreen reagent is an ultra-sensitive fluorescent
nucleic acid stain that binds to AT- or GC- regions with low selectivity. To do that, 5 g of
CM (n=3) and dCM (n = 2) were digested in 1 mL of papain at 65 °C for 16 h. Afterwards,
was performed a centrifugation (10000 g, 10 minutes) and the pellet was diluted (1: 1) in 1
X TRIS-EDTA buffer. To achieve a standard curve, were prepared dsDNA standards with
concentrations ranging between 0 and 1 ug.mL!. Both samples and standards were incubated

with Picogreen reagent for 5 minutes at RT, protected from light. Fluorescence was
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measured using an excitation wavelength of 480 nm and an emission wavelength of 528 nm
in a 96-well flat-bottom opaque black plate using Synergy HTX microplate reader (BioTek
Instruments, Winooski, USA).

3. dCM solubilization

In order to solubilize ECM components, was used pepsin. Pepsin is a gastric enzyme
with its highest enzymatic activity at a pH of 2 and a temperature between 37 - 40 °C, capable
of hydrolyzing specific peptide bonds in proteins '*. This enzyme preferentially cleaves C
terminal bonds from peptides containing linkages with aromatic residues (phenylalanine,
tyrosine and tryptophan) or leucine. Nevertheless, all other natural amino acids (with
exception of proline and isoleucine) may be cleaved by pepsin. Furthermore, pepsin has the
capacity to cleave the telopeptide bonds of collagen triple helix structure to unravel collagen
fibril aggregates '*!°. In order to achieve a low pH, usually pepsin is incubated with a diluted
acid solution, being the most used hydrochloric acid (HCI) and acetic acid. Skierka et al '°
compared different acids with pepsin and concluded that the yield of collagen using pepsin
and acetic acid was ~ 90%, while with HCI yielding was ~ 18%. Moreover, Delgado et al 7,
compared both acids in collagen extraction and observed high yield, high purity and low
macrophage response, using pepsin with acetic acid. Hence the chosen acid was the acetic
acid. For the digestion, dCM was incubated with a solution of pepsin (Promega, USA) (1
mg.mL™) in 0.5 M acetic acid (Glacial, 99-100%, CHEM-LAB, Belgium) at a ratio of 10
mg sample per mL of pepsin solution. The solution was stirred in the Multi-Purpose Tube
Rotator for 3 days with 50 rpm at RT. After that, the undigested pieces were separated from
the solution using a 380 um sieve. A separation phase step was performed to purify and
concentrate solubilized dCM proteins. This step allows to separate the membrane proteins
from the solution containing soluble proteins and other hydrophilic impurities. The addition
of the salt NaCl provides ions with high charge density and causes a process called salting-
out. The salting-out effect occurs since there is not enough free water available to keep the
protein fully hydrated and thus, soluble. Hence, the combination of electronic repulsions and
enhancement of the hydrophobic effect in pure water are the responsible forces for protein
precipitation through salting out. Likewise, the detergent micelles aggregate '®1°. NaCl was
added to a final concentration of 5% (w/v) and stirred in the Multi-Purpose Tube Rotator
overnight at RT with 50 rpm. This was followed by a centrifugation step at 10.000 rpm at

4°C for 15 minutes. The precipitate was collected and the precipitation step was repeated 4
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times in the supernatant. Finally, the precipitated proteins were dissolved in 1.0 M acetic
acid and the solution purified by dialysis using a membrane with a cutoff of 3.5 kDa
(SnakeSkin™, Thermo Fisher Scientific) for at least 24h against distilled water at 4°C, in
order to remove NaCl, remaining detergent and acetic acid. Pepsin cannot be removed by
dialysis, as its molecular weight is 34.5 kDa, however, as dialysis is against water, increases
the pH of the solution and consequently, irreversibly denatures the pepsin. After that, the
solution was frozen with liquid nitrogen, lyophilized (LyoQuest Plus Eco, Telstar, Spain)
and stored at -20°C until further use. A schematic image of the employed methods in this

study is represented in Figure IIL.1.
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Figure I1I1.1. Schematic image of methods employed in this work.
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4. dCM proteins functionalization

Conventionally, ECM derived hydrogels have poor mechanical properties, making them
prone to functional failure. As a way to overcome this, alternatives have emerged, as for
instance polymer functionalization, to generate mechanically strong and stable hydrogels
2021 Here we propose the modification of dCM derived proteins with acrylate groups to
yield photocrosslinkable dCM — methacrylate (CMMA) (Figure I11.2).

Methacrylamide
group

Methacrylate

0 0
HO NH2 VLo/L(

Methacrylic Q
HO anhydride
NH2
PBS
NH2 pH =8-9
Lyophilized ECM Decellularized chorion
proteins (dCM) membrane methacrylate

(CMMA)

Figure I11.2 Schematic representation of the methacrylation reaction of dCM derived proteins. dCM
proteins are dissolved in PBS and reacted with methacrylic anhydride at pH controlled to 8-9
producing methacrylate and methacrylamide groups.

In brief, CMMA was synthesized by reacting dCM with methacrylic anhydride (MA)
94% (Sigma, Germany). To do that, dCM was solubilized in PBS (Sigma-Aldrich Germany)
at a concentration of 1% (w/v), and subsequently, either 100 uL or 250 puL of MA per 10
mL of solution were added, to synthesize CMMA100 (low-degree of modification) or
CMMAZ250 (high-degree of modification) respectively. The mixtures were stirred for 4
hours at RT, protected from light with the pH adjusted to 8-9 during all reaction. In order to
remove all the unreacted MA, the CMMA was purified by dialysis using a membrane with
molecular weight cutoff of 6-8 kDa (Spectra/Por™, Thermo Fisher Scientific) for 3 days
against distilled water at 4°C, protected from light. Thereafter, the solution was frozen with
liquid nitrogen, lyophilized (LyoQuest Plus Eco, Telstar, Spain) and stored at -20°C until

further use.
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5. Characterization of CMMA degree of modification

5.1.Proton nuclear magnetic resonance ("H NMR)

The chemical modification of CMMA was assessed by proton ('H NMR) nuclear
magnetic resonance spectroscopy, by comparation with non-modified dCM. 'H NMR
spectra is used for determining the amount of methacrylate and methacrylamide groups in
modified material, as well as for identifying the presence of the byproduct (methacrylic
acid). Double bonds of acrylic protons (C = CH») from methacrylamide have characteristic
peaks between 0 = 5.3 and 5.5 ppm, while peaks between 6 = 5.4 and 6.1 correspond to
acrylic protons (C = CH») from methacrylate. The peak at 6 = 1.8 ppm corresponds to the
methyl group (CH3) of methacrylate. Furthermore, 6 =2.89 ppm is a characteristic peak from
non-modified material assigning the methylene hydrogen of lysine amines, which can be
used as a reference signal to quantify the degree of modification >2%. For 'H NMR analyses
dCM and CMMA with both modification degrees were dissolved in Deuterium Oxide (D>0,
99.8 atom% D, TCI Chemicals, USA) at a final concentration of 10 mg.mL™'. The '"H NMR
spectra was recorded on an Avance III NMR spectrometer at 300.13 MHz.

5.2.TNBSA (2,4,6-Trinitrobenzene Sulfonic Acid)

TNBSA (2,4,6-Trinitrobenzene Sulfonic Acid) is a simple, sensitive and direct
spectrophotometric method used for the quantification of primary amino groups present in
proteins, using free amino acids as reference standards. As the reaction of TNBSA with
primary amines produces a chromogenic (orange) product it is possible to measure the
absorbance from standards to perform a calibration curve and yet determine amount of
primary amino acids of the samples since the absorbance from sample amino acids and
standards is directly proportional %°. Hence, reacting free amino acids with TNBS reagent,
allows to determine the degree of substitution by comparation of unmodified sample and the
modified sample. Thereby, lyophilized dCM and CMMA were dissolved in reaction buffer
of 0.1 M sodium bicarbonate (Fisher Scientific) at pH = 8.5. Glycine (Sigma-Aldrich, USA)
standards were prepared at 0, 2.5, 5, 10 and 20 pg.mL™! of concentration. Afterwards TNBSA
reagent was added (Fisher Scientific, USA) at a concentration of 0.01% (w/v) to each
samples and standards, the final mixture was incubated at 37 °C for two hours. To stop the
reaction, 10% (w/v) SDS (Sigma-Aldrich) and 1 M hydrochloric acid (HCI, Sigma-Aldrich)

were added. The absorbance of all the solutions was measured at 335 nm using a microplate
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reader (Synergy™ HTX). The degree of amine functionalization was determined using the

formula (1).

ODcmma
Degree of amine functionalization (%) = 1 — ( ]> x100 (D

6. Biochemical characterization of CMMA100 and CMMA250

As the ECM is mainly composed of proteins, proteoglycans, glycosaminoglycans and
soluble factors, and each ECM component provides different functionalities to this complex
network, the quantification of the major proteins and glycosaminoglycans in CMMA was

performed 67,

6.1.Total protein quantification

Some proteins and proteoglycans have a structural function, while others have an
adhesive function, fundamental for cell migration, adhesion, spreading, and proliferation.
However, as a first approach, in view to have a broad knowledge about retained proteins,
total quantification of proteins was assessed using the Thermo Scientific™ Micro BCA™
Protein Assay Kit (Thermo Scientific). This method is based on the reduction of Cu** to Cu*
by proteins in an alkaline environment, in the presence of bicinchoninic acid. Thus, is
produced a purple-colored product formed by the chelation of two molecules of BCA with
one Cu" ion, which exhibits a strong absorbance at 562nm, linear with the increasing protein
concentrations. Hence, CMMA100 (n =2) and CMMAZ250 (n = 2) were dissolved in PBS to
a final concentration of 20 png.mL™!. The standard curve was assessed using diluted albumin
standards with concentrations from 0 until 200 pg.mL™!. The absorbance of all the solutions

was measured at 562 nm using a microplate reader (Synergy™ HTX).

6.2.Collagen quantification
Collagen is the most abundant protein in the ECM network. In the case of the CM, it has
in its composition collagens type I, III, IV, V and VI. The collagen fibers provide principally
tensile strength and elasticity, which, in turn, has a role in regulating cell adhesion, growth,
proliferation, and differentiation 2. In order to quantify collagens from CMMA, the Total
Collagen Assay Kit (Perchlorate-Free) (Abcam, UK) was used. To perform this assay, the
samples of CMMA100 (n = 1) and CMMA250 (n = 1) with a concentration of 25 mg.mL"!

and collagen I standard with 1 mg.mL"! of concentration were alkaline hydrolyzed to yield
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free hydroxyproline. Collagen standards with a range concentration between 0 and 1000
pg.mL! were prepared. Then, 10 uL of each hydrolyzed standard and sample were pipetted
to a 96-well plate. The released hydroxyproline was oxidized to form a reaction intermediate,
which further formed a brightly colored chromophore that was measured at 560 nm using a

microplate reader (Synergy™ HTX).

6.3.Laminin quantification

Laminin is a basement membrane glycoprotein also present on the CM and, in particular,
is the major non-collagenous component and has a structural function. It is essential for
morphogenesis and interacts with cell surface receptors initiating intracellular signaling
events that regulate cellular organization and differentiation 28, The quantification of human
laminin was assessed with the Human Laminin ELISA Kit (Abcam), an immunochemical
method with specific antibodies to detect specifically human laminin. Here, to the antigen
(Anti-Human Laminin Antibody) immobilized on the bottom of the well-plate were added
the standards and samples. Therefore, biotin antibody was complexed with the standards,
with a range concentration of 0 and 1000 pg.mL"!, and samples of CMMA100 (n = 1) and
CMMA250 (n= 1) with 5 mg.mL"! of concentration and a reporter enzyme (Avidin-Biotin-
Peroxidase Complex) was conjugated with the linked antibody. Afterwards, a color
developing agent (TMB) was added, that was catalyzed by the reporter enzyme, producing
a blue color product that after adding acidic stop solution changed to yellow. As the density
of yellow coloration is directly proportional to the Human Laminin amount of sample
captured in plate, the absorbance was measured at 450 nm using a microplate reader

(Synergy™ HTX).

6.4.Sulfated proteoglycans and glycosaminoglycans (GAGs) quantification

Sulfated glycosaminoglycans (GAGs) are very important in ECM since they are
responsible for high water uptake, allowing the hydration of the ECM. Consequently, they
are a supply of resistance to compressive forces, being partially a source of mechanical
stability. Moreover, GAGs specifically interact with other biological molecules, such as
growth factors, having the role of protecting them from proteolysis or inhibiting factors *°.
Hence, was performed the quantification of GAGs retained in CMMA100 (n = 1) and
CMMA250 (n = 1). To that was used the Blyscan™ sGAG Assay (Biocolor Life Science
Assays, UK), which is a quantitative dye-binding method for the analysis of GAGs. All the
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samples were first incubated with papain in order to extract sulfated GAGs for 16 hours. The
standards were prepared with a range concentration between 0 and 50 pg.mL'. After
extraction of the sulfated GAGs, the dye label 1,9-dimethylmethylene blue was added and a
sulphated glycosaminoglycan-dye complex was formed precipitating out from the soluble
unbound dye. The supernatant was discarded and the dissociation reagent was added to the
precipitate. Since Blyscan Dye in the Dissociation Reagent has a peak maximum of 656 nm
the absorbance was measured at that wavelength using a microplate reader (Synergy™

HTX).

7. Preparation of CMMA hydrogels

The photocrosslinkable CMMA is composed of a polymeric backbone and photoreactive
moieties. The polymerization is triggered when the photoinitiator, added to the CMMA pre-
polymer, is exposed to a light source. The absorbed photons cleave the photoinitiator
producing free radical molecules. The free radicals react with the unreacted double bonds
from the pre-polymer leading to the formation of covalent crosslinks between the polymer
chains and, therefore producing the hydrogel 3!. Irgacure 2959 (1-[4-(2-hydroxyethoxy)-
phenyl]-2-hydroxy-2-methyl-1-propane-1-one) has been widely explored for the preparation
of hydrogels for TE applications. This photoinitiator has moderate water solubility, low
cytotoxicity and minimal immunogenicity. However, the need of a source light from ultra-
violet (UV) (365 nm) wavelength may have harmful effects both in irradiated cells and host
tissues. Contrarily, the use of a photoinitiator that absorbs in the visible light region is prone
to cause less cell damage. Furthermore, visible light may deeply penetrate tissues with
relatively low energy, making it suitable for the development of in sifu injectable hydrogels
for in vivo applications in a minimally invasive manner. Hence, the visible light
photoinitiator lithium phenyl-2,4,6-trimethylbenzoylphosphinate (LAP) is considered
advantageous !%2,

To prepare the CMMA hydrogels (Figure 111.3), a solution of 0.5% (w/v) LAP (Sigma,
Germany) in 1 X PBS was added to the lyophilized pre-polymer CMMA in order to achieve
0.25, 0.5, 1 and 2% (w/v) concentrations of CMMA. These precursor hydrogel solutions
were injected into PDMS molds and were crosslinked under visible light (385-515 nm) with
a power of 1000 mW.cm™+ 10% using the LED, VALO™ Cordless curing light (Ultradent
products, Inc, USA).
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Figure II1.3 Scheme of CMMA hydrogel production when dCM derived proteins methacrylated
(CMMA) are irradiated in the presence of a photoinitiator.

8. Characterization of CMMA hydrogels

8.1.Mechanical properties

The mechanical properties of hydrogels are very important in TE, since cells sense
mechanical stimuli. This process is called mechanotransduction and may be explained by
the capacity of cells percept mechanical stimuli such as elasticity, viscosity, and
nanotopography of ECM and translate them into biochemical signals, which will affect cell
behavior, including migration, proliferation, and differentiation in a time-dependent manner
33 In order to determine the compressive properties of CMMA100 (n = 3) 1% and 2% (W/v)
hydrogels and CMMA250 hydrogels (n = 3) of 0.25%, 0.5%, 1% and 2% (w/v), with 6 mm
diameter and 3 mm height were analyzed using the Instron 3340 Series Universal Testing
System (Instron, USA) equipped with a 50 N load cell, at RT. The Young’s modulus was
determined as the slope in the linear region of the stress-strain curve between 0 and 5% of
strain. The ultimate stress and strain values were considered as the point in which a failure

was originated in the hydrogel.

8.2.Water content
Hydrogels are hydrophilic polymer chains highly hydrated polymer networks which may

t34

have a water content of > 90% by weight °*. As the total amount of water absorbed by a

hydrogel can determine the overall permeation of nutrients into and cellular products out of
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the gel, is an important factor to be characterized *°. In this study, hydrogel of CMMA100 at
1% and 2% (w/v), and CMMA250 at 0.25%, 0.5%, 1% and 2% (w/v), were made in triplicate
and immersed in PBS. Samples were incubated at RT overnight. After that time, the wet weight
(ww) was measured, and samples were frozen and lyophilized. After lyophilization, dry weight
(wd) was measured and compared with the initial wet weight. The water content was calculated
according to the Equation (2).

Ww — Wd 2
Water content (%) ="—"—"""—"x 100 )
Ww

9. Cell culture and hydrogels biological response

The biological performance of CMMA hydrogels was assessed using human bone
marrow-derived mesenchymal stem cells (hnBM-MSCs) (ATCC, USA). Were cultured in
minimum essential medium alpha (a-MEM) (Thermo Fisher Scientific) supplemented with
sodium bicarbonate (2.2 g.L™!, Sigma-Aldrich), 10% heat-inactivated fetal bovine serum
(FBS) (Thermo Fisher Scientific), and 1% antibiotic/antimycotic (Thermo Fisher Scientific).
All cells were cultured in T-flasks, maintained under 5% CO; atmosphere at 37 °C (standard
culture conditions) and used until passage 8. The medium was replaced every 2 to 3 days.
To obtain cell suspensions, cells from T-flaks were detached with 0.25% trypsin/EDTA
(Gibco, Thermo Fisher Scientific).

For the cellular assays, the CMMA100 and CMMAZ250 lyophilized powder was
sterilized for 30 minutes under UV light and the LAP solution, was sterilized using a 0.2 pm
sterile syringe filter of cellulose acetate (Whatman™ 10462205, UK). Hydrogel precursor

solutions were prepared as aforementioned.

9.1.Top seeding
In top seeding assays, 10 pL of 0.25%, 0.5% and 1% (w/v) CMMA100 and CMMA250
in 0.5% LAP precursor hydrogel solutions were pipetted into each p-Slide Angiogenesis
(ibidi, Germany) well. The hydrogels well polymerized for 20 seconds with a power of 1000
mW.cm? £+ 10% using the VALO™ Cordless curing light (Ultradent products, Inc).
Afterwards, the hydrogels were washed with DPBS and a 50 pL cell suspension containing
20.000 cells was placed above the polymerized hydrogel and cultured at standard culture

conditions for 7 days with medium change each 2-3 days.
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9.2.Encapsulation
For the cell encapsulation assays, a cell suspension was incorporated in 0.25% and 0.5%
(w/v) CMMA100 precursor hydrogel solutions to achieve a final concentration of 5x10°
cells.mL!. Then, 10 uL of this cell suspension was pipetted to each p-Slide Angiogenesis
(ibidi, Germany) well and polymerized for 20 seconds with a power of 1000 mW.cm™?+ 10%
using the VALO™ Cordless curing light (Ultradent products, Inc). Finally, were added 50
uL of culture medium to each well and cells were cultured at standard culture conditions for

7 days with medium change each 2-3 days.
9.2.1. Cell viability analysis

In order to determine if cells were live or dead, after 1, 3 and 7 days of culture, Live/Dead
cell assay was performed. Calcein acetoxymethyl ester (Calcein AM) is a nonfluorescent
cell-permeant dye that is metabolized by viable cells, in which their intracellular esterases
hydrolyze acetoxymethyl ester and convert it in a fluorescent green calcein. Hence, the
hydrogels were incubated in a solution of 1:500 of Calcein AM solution in DMSO (4 x 1073
M, Life Technologies, Thermo Fisher Scientific) and 1:1000 of propidium iodide (PI) (1
mg.mL"!, Thermo Fisher Scientific) in PBS at standard culture conditions (5% CO at 37 °C)
both for 30 minutes. After washing with DPBS, the cultured cells were observed in a

fluorescence microscope (Axio Imager 2, Carl Zeiss).
9.2.2. Cell morphology analysis

Cell morphology was evaluated after 7 days of culture, using DAPI/phalloidin staining.
As aforementioned DAPI is a fluorochrome that binds to the AT-rich regions of double-
stranded DNA forming highly fluorescent complexes, staining nuclei with blue color. On
the other hand, phalloidin is a peptide that tightly binds to F-actin filaments. After the pre-
determined time point, hydrogels were washed with PBS and fixed with 4% formaldehyde
(Sigma-Aldrich) for 1 hour at RT. After this time, the hydrogels were washed with PBS.
Thereafter, hydrogels were incubated in a phalloidin solution (Flash Phalloidin Red 594,
Biolegend, USA) diluted 1:40 in PBS at RT for 45 minutes. After washing with PBS, a DAPI
(5 pg.mL!, Thermo Fisher Scientific, USA) solution diluted 1:1000 in PBS was prepared
and used to incubate the hydrogels for 5 minutes at RT. After several PBS washes, the

hydrogels were observed in a fluorescence microscope (Axio Imager 2, Carl Zeiss).
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10. Statistical analysis

The statistical analysis was performed using GraphPad Prism 8 Software and data are
expressed as mean + standard deviation (SD). For mechanical characterization and water
content evaluation, statistical significance between the different groups was identified using
one-way ANOVA analysis of variance combined with Tukey’s multiple comparisons test,

and the differences were considered significant when p < 0.05.
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Chapter IV*

Chorionic membrane derived hydrogels as an innovative human

based platform for 3D cell culture

*This chapter is based on the following publication:
Martins E. et al. “Chorionic membrane derived hydrogels as an innovative human based

platform for 3D cell culture” (manuscript under preparation)
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Chorionic membrane derived hydrogels as an innovative human based platform

for 3D cell culture

Abstract

Tissue engineering and regenerative medicine (TERM) have emerged as an alternative
to the therapies currently used in the treatment or replacement of damaged tissues or organs.
The extracellular matrix (ECM) of decellularized tissues has been widely used as biological
biomaterials for TERM purposes. Of particular interest, placentas are easily available
sources of ECM, without associated ethical issues, immunoprivileged and biocompatible.
Thus, the preparation of scaffold materials made of the total placenta or its layer fractions,
as the chorionic membrane (CM) have attracted particular interest in tissue engineering.
However, most of the current hydrogels produced from decellularized and solubilized ECM,
display low mechanical properties and very limited stability in vitro.

The objective of this work is to produce, for the first time, photocrosslinkable CM-
derived hydrogels with tunable mechanical properties as 3D cell culture platform. In this
study, CM prepolymers were produced by the reaction of solubilized CM ECM with
methacrylic anhydride. Two degrees of modification: lower (CMMA100) and higher degree
of modification (CMMA250) were obtained. The modified ECM derived proteins are then
able to form a hydrogel when irradiated with light in the presence of a photoinitiator.
Quantifications of some of the most important ECM proteins confirmed their presence in the
modified material. The evaluation of the mechanical properties shown that it was possible
to produce robust hydrogels and whose properties vary with polymer concentration and
degree of modification, covering a range of human tissue elastic modulus. In addition, the
degree of modification also influences the physical properties such as the water absorption
capacity. Moreover, it was possible to verify that the produced CMMA hydrogels support
the culture of human derived stem cells. Further quantification of specific proteins and
quantitative analysis of cell growth is still needed, but the results obtained so far suggest that

these CMMA-based hydrogels are promising for 3D cell culture.
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1. Introduction

Tissue engineering (TE) combines living cells, biocompatible materials, and suitable
biochemical (e.g., growth factors) and physical (e.g., cyclic mechanical loading) factors.
This area appeared due to the limited capacity of the human body to regenerate and
incapacity to heal large defects !. When an organ begins to fail, the solutions that exist at
present are mostly pharmacological therapies and, in more severe cases, organ
transplantation. However, there is a shortage of viable donor organs, and these are often
associated with rejection problems 2. As an alternative, biomaterials capable of mimicking
the 3D microenvironment in which cells reside: the extracellular matrix (ECM) and
promoting regeneration have been investigated. ECM consists of numerous proteins,
glycosaminoglycans and soluble factors that have the ability to influence cell migration,
proliferation and differentiation *. Decellularized ECM has high potential as a biomaterial,
since cells are removed and consequently, potential antigens that may cause an inflammatory
response or immune-mediated implant rejection are removed *. An interesting source of
human ECM are the perinatal tissues. These are temporary organs, virtually unlimited and
cost-effective, since they are discarded after birth. Moreover, perinatal tissues have
demonstrated to retain important therapeutic properties, which mostly result from anti-
microbial, anti-inflammatory and immunomodulatory activities of resident cells °. Fetal
membranes have been used for more than a century, in TE applications ¢. Nevertheless, their
reported use is a bit restrict to amniotic membrane (AM) isolated or the conjugation of both
AM and chorionic membrane (CM). Specifically, isolated CM, is quite unexplored as
biomaterial. However, its potentiality as a biomaterial has already been proven in the area of
periodontal regeneration and osteogenic induction 2.

Hydrogels are a unique class of 3D materials composed by a hydrophilic polymeric
network with structural similarity to the ECM. They are able to uptake large amounts of
water, diffuse nutrients, metabolites and wastes. Hydrogels have been used in cell culture,
since they allow proliferation and differentiation mimicking more precisely the ECM, than
conventional 2D cell culture platforms '*-!°. Contrary to hydrogels composed of individual
ECM components, decellularized derived ECM hydrogels retain the biochemical complexity
of the native tissue, and unlike Matrigel, are not composed of a protein source that is a
product of a tumorigenic cell line '. However, the mechanical properties of hydrogels from

decellularized ECM polymerized through temperature or pH are usually very soft with
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elastic modulus in the range of Pascal, what limits their application in TE !”. Hence, the aim
of this work is to produce robust and tunable photocrosslinkable CM - derived hydrogels as
3D cell culture platforms. The chemical modification of decellularized CM (dCM) through
the reaction with methacrylic anhydride, produce photocrosslinkable ECM derived proteins
that form hydrogels with tunable properties that support cell culture. Moreover, the
biochemical characterization proved the retention of ECM fundamental proteins and

glycosaminoglycans in the obtained hydrogels.
2. Materials and methods

2.1.Placenta collection
In order to obtain chorion membranes for this study, placentas were collected at the
Hospital Infante D. Pedro from Aveiro, through a collaboration with the COMPASS
Research Group. The use of human placenta was approved by the institutional ethics and
deontology committee from both institutions. Informed consent from the donors were

obtained for all placentas used in this study.

2.2.Chorionic membrane (CM) isolation and decellularization

For the chorionic membrane (CM) isolation, the umbilical cord face was placed
upward, the amniotic membrane was detached, the umbilical cord was cut and then the CM
was cut around the chorionic plate and cut into smaller pieces.

For the decellularization, CM was placed into 50 mL falcon tubes and incubated with
30 mL of 1% SDS solution. Then the falcons were placed in rotation at 25 rpm for 16 hours
at RT in the Multi-Purpose Tube Rotator (Fisherbrand™, Thermo Fisher Scientific). After
that, the CM was incubated with 35 mL of 1% Triton™ X-100 BioXtra (Sigma-Aldrich,
USA) and placed again on the tube rotator for 30 minutes at 25 rpm, at RT in order to finalize
cell content extraction and to remove the residual SDS. The CM was washed to remove the
detergent, being transferred to new Falcon tubes with 35mL DPBS and placed on tube rotator
for 15 minutes between washes. Subsequently were produced 30 mL of a nuclease solution
(50 mM Trizma® hydrochloride (Tris HCI, Sigma), 10 mM magnesium chloride hexahydrate
(MgCl,.6H>O, Panreac, Spain), adding 70 pL recombinant DNase I (STEMCELL™
Technologies, Canada), and 30 pL of bovine pancreatic PureLink™ RNase A ((20 mg.mL"
1), Sigma). Were added 10 mL to each falcon and incubated at 37 °C for 3 h, under

continuous stirring in the Compact Digital Microplate Shaker (Thermo Fisher Scientific).
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The decellularized CM (dCM) was washed again as previously described, frozen with liquid
nitrogen, lyophilized and stored at -20°C until further use.

To confirm the decellularization efficiency, a piece of fresh non-decellularized CM
and a piece of dCM were fixed in 4% formaldehyde (Sigma-Aldrich) overnight at RT. After
that, samples were stained with a DAPI (5 pg.mL™!, Thermo Fisher Scientific) solution
diluted 1:1000 in PBS incubating for 5 minutes at RT, protected from light. After PBS
washes, the CM pieces were observed under a fluorescence microscope (Fluorescence
Microscope Zeiss, Axio Imager 2, Carl Zeiss, Germany).

DNA quantification was also performed to evaluate the efficiency of the
decellularization process. To do that, 5 g of CM (n = 3) and dCM (n = 2) were digested in 1
mL of papain at 65 °C for 16 hours. Afterwards, was performed a centrifugation (10000 g,
10 minutes) and the pellet was diluted (1 : 1) in 1 X TRIS — EDTA (TE) buffer. To achieve
a standard curve, dsDNA standards were prepared with concentrations ranging between 0
and 1 ug.mL"'. Both samples and standards were incubated with Picogreen reagent for 5
minutes at RT, protected from light. Fluorescence was measured using an excitation
wavelength of 480 nm and an emission wavelength of 528 nm in a 96-well flat-bottom
opaque black plate using Synergy HTX microplate reader (BioTek Instruments, Winooski,
USA).

2.3.dCM solubilization

In order to solubilize ECM components, dCM was incubated with a solution of pepsin
(Promega, USA) (1 mg.mL') in 0.5 M acetic acid (Glacial, 99-100%, CHEM-LAB,
Belgium) at a ratio of 10 mg sample per mL of pepsin solution. The solution was stirred in
the Multi-Purpose Tube Rotator for 3 days with 50 rpm at RT. After that, the undigested
pieces were separated from the solution using a 380 um sieve. In order to purify and
concentrate solubilized dCM proteins, was added NaCl to a final concentration of 5% (w/v)
and stirred in the Multi-Purpose Tube Rotator overnight at RT with 50 rpm. This was
followed by a centrifugation step at 10.000 rpm at 4°C for 15 minutes. The precipitate was
collected and the precipitation step was repeated 4 times in the supernatant. Finally, the
precipitated proteins were dissolved in 1.0 M acetic acid and the solution purified by dialysis
using a membrane with a cutoff of 3.5 kDa (SnakeSkin™, Thermo Fisher Scientific) for at

least 24h against distilled water at 4°C, in order to remove NaCl, remaining detergent and
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acetic acid. After that, the solution was frozen with liquid nitrogen, lyophilized (LyoQuest

Plus Eco, Telstar, Spain) and stored at -20°C until further use.

2.4.dCM proteins functionalization

In brief, CMMA was synthesized by reacting dCM with methacrylic anhydride (MA)
94% (Sigma, Germany). For that, lyophilized dCM was solubilized in PBS (Sigma-Aldrich
Germany) at a concentration of 1% w/v, and subsequently, either 100 uL or 250 pL of MA
per 10 mL of solution were added, to synthesize CMMA100 (low-degree of modification)
or CMMA250 (high-degree of modification) respectively. The mixtures were stirred for 4
hours at RT, protected from light with the pH adjusted to 8-9 during all reaction. In order to
remove all the unreacted MA, the CMMA was purified by dialysis using a membrane with
molecular weight cutoff of 6-8 kDa (Spectra/Por™, Thermo Fisher Scientific) for 3 days
against distilled water at 4°C, protected from light. Thereafter, the solution was frozen with
liquid nitrogen, lyophilized (LyoQuest Plus Eco, Telstar, Spain) and stored at -20°C until
further use.

2.5.Characterization of CMMA degree of modification
2.5.1. Proton nuclear magnetic resonance ('"H NMR)

The chemical modification of CMMA was assessed by proton ('H NMR) nuclear
magnetic resonance spectroscopy, by comparation with non-modified dCM. 'H NMR
spectra is used for determining the presence of methacrylate and methacrylamide groups in
modified material. For "TH NMR analyses dCM and CMMA with both modification degrees
were dissolved in Deuterium Oxide (D20, 99.8 atom% D, TCI Chemicals, USA) at a final
concentration of 10 mg.mL!. The 'H NMR spectra was recorded on an Avance IIIl NMR
spectrometer at 300.13 MHz.

2.5.2. TNBSA (2,4,6-Trinitrobenzene Sulfonic Acid)

TNBSA (2,4,6-Trinitrobenzene Sulfonic Acid) is a simple, sensitive and direct
spectrophotometric method used for the quantification of primary amino groups present in
proteins, using free amino acids as reference standards. Thereby, lyophilized dCM (n = 2)
and CMMA (n = 2) were dissolved in a reaction buffer of 0.1 M sodium bicarbonate (Fisher
Scientific) at pH = 8.5. Glycine (Sigma-Aldrich, USA) standards were prepared at 0, 2.5, 5,
10 and 20 pg.mL' of concentration. Afterwards TNBSA reagent was added (Fisher
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Scientific, USA) at a concentration of 0.01% (w/v) to each samples and standards, the final
mixture was incubated at 37°C for two hours. To stop the reaction, 10% (w/v) SDS (Sigma-
Aldrich) and 1 M hydrochloric acid (HCI, Sigma-Aldrich) were added. The absorbance of
all the solutions was measured at 335 nm using a microplate reader (Synergy™ HTX). The
degree of amine functionalization was determined using the formula (2).

ODcmma

/
Degree of amine functionalization (%) = 1 — ( ODacn [CMMA]) 100 ()
/tacm)

2.6.Biochemical characterization of CMMA100 and CMMA250
2.6.1. Total protein quantification

The total protein concentration was assessed using the Thermo Scientific™ Micro
BCA™ Protein Assay Kit (Thermo Scientific). For this, CMMA100 (n =2) and CMMA250
(n = 2) were dissolved in PBS to a final concentration of 20 pg.mL"! and the standard curve
was assessed using diluted albumin standards with concentrations from 0 until 200 pg.mL"
!, The absorbance of all the solutions was measured at 562 nm using a microplate reader

(Synergy™ HTX).
2.6.2. Collagen quantification

In order to quantify collagens from CMMA, the Total Collagen Assay Kit
(Perchlorate-Free) (Abcam, UK) was used. To perform this assay, the samples of CMMA100
(n =1) and CMMAZ250 (n = 1) with a concentration of 25 mg.mL"! and collagen I standard
with 1 mg.mL" of concentration were alkaline hydrolyzed to yield free hydroxyproline.
Then standards with a range concentration between 0 and 1000 pg/mL were prepared. 10
puL of each hydrolyzed standard and sample were then pipetted to each well of a 96-well
plate. The released hydroxyproline was oxidized to form a reaction intermediate, which
further formed a brightly colored chromophore that was measured at 560 nm using a

microplate reader (Synergy™ HTX).
2.6.3. Laminin quantification

The quantification of human laminin was assessed with the Human Laminin ELISA
Kit (Abcam). To the antigen (Anti-Human Laminin Antibody) immobilized on the bottom

of the well-plate the standards and samples were added. Therefore, a biotin antibody was
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complexed with the standards, with a range concentration of 0 and 1000 pg.mL-!, and
samples of CMMA100 (n = 1) and CMMA250 (n= 1) with 5 mg.mL"! of concentration and
a reporter enzyme (Avidin-Biotin-Peroxidase Complex) was conjugated with the linked
antibody. Afterwards, a color developing agent (TMB) was added, that was catalyzed by the
reporter enzyme, producing a blue color product that after adding acidic stop solution
changed to yellow and the absorbance measured at 450 nm using a microplate reader

(Synergy™ HTX).
2.6.4. Sulfated proteoglycans and glycosaminoglycans (GAGs) quantification

The retained sulphated Glycosaminoglycans (GAGs) in CMMAI100 (n = 1) and
CMMAZ250 (n= 1) were quantified using the Blyscan™ sGAG Assay (Biocolor Life Science
Assays, UK), which is a quantitative dye-binding method for the analysis of GAGs. All
samples were first incubated with papain in order to extract sulfated GAG for 16 hours. The
standards were prepared with a range concentration between 0 and 50 pg.mL!. After
extraction of the sulfated GAGs, the dye label 1,9-dimethylmethylene blue was added and a
sulphated glycosaminoglycan-dye complex was formed precipitating out from the soluble
unbound dye. The supernatant was discarded and the dissociation reagent was added to the
precipitate. Since Blyscan Dye in the Dissociation Reagent has a peak maximum of 656 nm
the absorbance was measured at that wavelength using a microplate reader (Synergy™

HTX).

2.7.Preparation of CMMA hydrogels
To prepare the CMMA hydrogels, a solution of 0.5% (w/v) Lithium phenyl-2.4,6-
trimethylbenzoylphosphinate (LAP) (Sigma, Germany) in 1 X PBS was added to the
lyophilized CMMA in order to achieve 0.25, 0.5, 1 and 2% (w/v) concentrations of CMMA.

These precursor hydrogel solutions were injected into PDMS molds and crosslinked under
visible light (385-515 nm) with a power of 1000 mW.cm™ £ 10% using the LED, VALO™
Cordless curing light (Ultradent products, Inc, USA).
2.8.Characterization of CMMA hydrogels
2.8.1. Mechanical properties
The mechanical properties, more specifically the compressive properties of CMMA100

(n=3) 1% and 2% (w/v) hydrogels and CMMAZ250 hydrogels (n = 3) of 0.25%, 0.5%, 1%
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and 2% (w/v), with 6 mm diameter and 3 mm height were analyzed using the Instron 3340
Series Universal Testing System (Instron, USA) equipped with a 50 N load cell, at RT. The
Young’s modulus was determined as the slope in the linear region of the stress-strain curve
between 0 and 5% of strain. The ultimate stress and strain values were considered as the

point in which a failure was originated in the hydrogel.
2.8.2. Water content

In this study, hydrogels of CMMA100 at 1% and 2% (w/v), and CMMA250 at 0.25%, 0.5%,
1% and 2% (w/v), were made and immersed in PBS. Samples were incubated at 4 °C
overnight. After that time, the wet weight (ww) was measured, and samples were frozen and
lyophilized. After lyophilization, dry weight (wd) was measured and compared with the

initial wet weight. The water content was calculated according to the Equation (3).

Ww - Wd 3
Water content (%) ="—"""—x 100 G)
Ww

2.9.Cell culture and hydrogels biological response
The biological performance of CMMA hydrogels was assessed using human bone
marrow-derived mesenchymal stem cells (hBM-MSCs) (ATCC, USA). Both were cultured
in minimum essential medium alpha (a-MEM) (Thermo Fisher Scientific) supplemented
with sodium bicarbonate (2.2 g.L~!, Sigma-Aldrich), 10% heat-inactivated fetal bovine
serum (FBS) (Thermo Fisher Scientific), and 1% antibiotic/antimycotic (Thermo Fisher
Scientific). All cells were cultured in T-flasks, maintained under 5% CO> atmosphere at 37
°C (standard culture conditions) and used until passage 8. The medium was replaced every
2 to 3 days. To obtain cell suspensions, cells from T-flaks were detached with 0.25%
trypsin/EDTA (Gibco, Thermo Fisher Scientific).
For the cellular assays, the CMMA100 and CMMAZ250 lyophilized powder was
sterilized for 30 minutes under UV light and the LAP solution, was sterilized using a 0.2 um
sterile syringe filter of cellulose acetate (Whatman™, UK). Hydrogel precursor solutions

were prepared as aforementioned.
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2.9.1. Top seeding

In top seeding assays, 10 pL of 0.25%, 0.5%, 1% and 2% (w/v) CMMAI100 and
CMMAZ250 in 0.5% LAP precursor hydrogel solutions were pipetted into each p-Slide
Angiogenesis (ibidi, Germany) well. The hydrogels well polymerized for 20 seconds with a
power of 1000 mW.cm™? £ 10% using the VALO™ Cordless curing light (Ultradent
products, Inc). Afterwards, the hydrogels were washed with DPBS and a cell suspension was
placed above the polymerized hydrogel and cultured at standard culture conditions for 7 days

with medium change each 2-3 days.
2.9.2. Encapsulation

For the cell encapsulation assays, a cell suspension was incorporated in 0.25% and 0.5%
(w/v) CMMA100 precursor hydrogel solutions to achieve a final density of 5x10° cells.mL"
!, Then, 10 pL of this cell suspension was pipetted to each p-Slide Angiogenesis (ibidi,
Germany) well and polymerized for 20 seconds with a power of 1000 mW.cm™ =+ 10% using
the VALO™ Cordless curing light (Ultradent products, Inc). Finally, were added 50 uL of
culture medium to each well and cells were cultured at standard culture conditions for 7 days

with medium change each 2-3 days.
2.9.3. Cell viability analysis

In order to identify live and dead cells after 1, 3 and 7 days of culture, a Live/Dead cell
assay was performed. In this sense, the hydrogels were incubated in a solution of 1:500 of
Calcein AM solution in DMSO (4 x 107 M, Life Technologies, Thermo Fisher Scientific)
and 1:1000 of propidium iodide (PI) (I mg.mL"' ,Thermo Fisher Scientific) in PBS at
standard culture conditions (5% CO2 at 37 °C) both for 30 minutes. After washing with
DPBS, the cultured cells were observed in a fluorescence microscope (Axio Imager 2, Carl

Zeiss).
2.9.4. Cell morphology analysis

Cell morphology was evaluated after 7 days of culture, using DAPI/phalloidin staining.
At the pre-determined time point, hydrogels were washed with PBS and fixed with 4%
formaldehyde (Sigma-Aldrich) for 1 hour at RT. After this time, the hydrogels were washed
with PBS. Thereafter, hydrogels were incubated in a phalloidin solution (Flash Phalloidin
Red 594, Biolegend, USA) diluted 1:40 in PBS at RT for 45 minutes. After washing with
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PBS, a DAPI (5 pg.mL!, Thermo Fisher Scientific, USA) solution diluted 1:1000 in PBS
was prepared and used to incubate the hydrogels for 5 minutes at RT. After several PBS

washes, the hydrogels were observed in a fluorescence microscope (Axio Imager 2, Carl

Zeiss).

2.10. Statistical analysis
The statistical analysis was performed using GraphPad Prism 8 Software and data are
expressed as mean + standard deviation (SD). For mechanical characterization and water
content evaluation, statistical significance between the different groups was identified using
one-way ANOVA analysis of variance combined with Tukey’s multiple comparisons test,

and the differences were considered significant when p < 0.05.

3. Results and discussion

Fetal membranes have been used as a biomaterial for applications in TE with great
success ®. However, the use of CM is quite unexplored, having only been used as fresh
allograft in regeneration due to periodontitis, and in the extract form in a study comparing
the potential for osteogenic differentiation with an amniotic membrane extract ’'2. Hence
this study aims to produce, to the best of our knowledge, for the first time, photocrosslinkable

CM-derived hydrogels.

3.1.CM isolation, decellularization and solubilization

The whole placenta ( Figure IV.1 A) collect at the hospital was processed as
aforementioned, starting with umbilical cord faced upward, separating by blunt dissection
the amniotic membrane, the translucent membrane at the ( Figure IV.1 A) and the umbilical
cord was cut. Then, turning the placenta upside down, the structure of Figure IV.1 B was
obtained, being the chorionic membrane cut around the chorionic plate. After blood vessels
and clots removal and CM cut into small pieces was obtained fresh pink CM non
decellularized ( Figure I'V.1 C). Posteriorly to decellularization, the pink color ( Figure I'V.1
C), changed to whitish yellow ( Figure IV.1 D). Finally, after digestion to solubilize CM,

was obtained a white viscous suspension ( Figure IV.1 E).
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Figure IV.1.Steps from isolation until solubilization of CM. A) Whole placenta with fetal side faced

upward. B) Chorionic membrane. The maternal side of the CM on the side of the arrow. C) CM cut
into small pieces after removing clots and blood vessels. D) Decellularized CM (dCM). E)
Solubilized dCM.

It is accepted that, to determine if the decellularization was efficient, the obtained tissue
should obey the following conditions: (i) have less than 50 ng double-stranded DNA per mg
dry ECM, (ii) have DNA fragment length with less than 200 base pair, and (iii) lack of visible
nuclear material in tissue sections stained with 4',6-diamidine-2-phenyl indole (DAPI) or
Hematoxylin and Eosin (H&E) *°.

Hence, the efficiency of the decellularization process was assessed through DAPI staining
and DNA quantification in both not decellularized CM and dCM. DAPI staining
demonstrated a decrease in cell nuclei stained blue after decellularization, and consequently
a decrease in cell number (Figure IV.2 A and Figure IV.2 B). Furthermore, through a
quantitative analysis of DNA was verified that the decellularization was successful since a
decrease in DNA down to 41.9 + 5.6 ng double-stranded DNA was obtained after the
decellularization process (Figure IV.2 C). The total quantification effectuated in not
decellularized CM and dCM show an increase from 592 + 48 pg of proteins / mg of product,
to 724 £+ 47 pg of proteins / mg of product, respectively (Figure I'V.2 D). This increase in
protein content could be explained by the removal of other components, as for instance
nuclei. Moreover, the quantification of proteins from dCM shows that was obtained a

product of a high protein content (= 72%).
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Figure IV.2: CM decellularization: A) Representative CM section stained with DAPI and B)
Representative dCM section stained with DAPI. C) Quantification of double-stranded DNA per mg
of dry CM or dCM. D) Quantification of total protein in CM or dCM.

3.2.Characterization of CMMA degree of modification
Decellularized ECM have been used to produce hydrogels for TE and other biomedical
applications. However, the most frequently used polymerization strategies employed in
digested decellularized ECM are triggered by pH or temperature and, consequently, the
produced hydrogels are often very soft, with poor mechanical properties and easily
degradable ?° . To overcome that problem and to produce stiffer hydrogels with tunable
mechanical properties, recent studies proved the possibility to obtain tunable

2122 or porcine ECM-

photocrosslinkable hydrogels derived from human plasma proteins
proteins by the reaction with methacrylic anhydride >>**. This is possible due to amino and
hydroxyl groups present in the proteins making them likely for modification by reaction with
methacrylic anhydride producing methacrylate and methacrylamide groups. As the added
amount of methacrylic anhydride has influence in the polymerization degree, two
modification degrees were tested in this study: the low modification degree, CMMA100,
and the high modification degree, CMMA250, based in the previously reported protocol for

platelet lysates . The successul modification was confirmed by comparing the 'NMR spectra

of both CMMA and dCM proteins (Figure IV.3 B). Analysing the obtained spectra, is
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possible to verify that methacrilation occur comparing the non modified dCM with CMMA
spectra. The modified proteins, have peaks between d = 5.7 and 5.8 ppm corresponding to
double bonds of acrylic protons (C = CHz) from methacrylamide, while peaks between o6 =
5.8 and 6.3 correspond to acrylic protons (C = CH») from methacrylate. The peak at 6 = 1.9
ppm corresponds to the methyl group (-CH3) of methacrylate and methacrylamide.
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Figure IV.3. A) dCM modification and CMMA synthesis. B) 'H NMR spectra of dCM, CMMA 100,
and CMMAZ250: 1) double-bound methacrylate and methacrylamide; and 2) CH3 of methacrylate and

methacrylamide groups.

79



TNBSA assay was also performed to estimate the degree of functionalization of amino
groups in the dCM proteins. Results reveal a degree of amine functionalization of 59.5 + 5.8
% and 66.5 £ 3.2 % for CMMA100 and CMMAZ250, was respectively. As expected, the
volume of methacrylic anhydride added to CMMAZ250, increased the functionalization of
the amines and, consequently, the degree of protein modification. However, for a more
accurate evaluation of modification degree, and due to the complexity of the proteins in the

samples, a posterior analysis by mass spectrometry will be performed.

3.3.Biochemical characterization of dCM and CMMA
As the ECM is mainly composed of proteins, proteoglycans, glycosaminoglycans and
soluble factors, and each ECM component provides different functionalities to this complex
network, the quantification of the major proteins and glycosaminoglycans in CMMA was
performed ?*® and compared to dCM. Total protein quantification was performed and some
of the most abundant proteins in ECM were quantified (Figure IV.4) These proteins have

fundamental functions at the structural level or in cell viability and proliferation.
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Figure IV.4: Biochemical characterization of processed CMMA from both modification degrees. A)
Total protein quantification. B) Laminin quantification. C) Collagen quantification. D) Sulfated
GAGs quantification.
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3.3.1. Total protein quantification

Micro BCA assay was used for the total protein quantification. Results show a decrease
from CMMA100 (369 + 47 ug of proteins / mg of product) and CMMA250 (246 + 35 pg of
proteins / mg of product) (Figure IV.4 A). This decrease may be explained by the fact that
this spectrophotometric assay is based on the reduction of Cu** in Cu" by nitrogen atoms
under alkaline conditions . Since some amine groups of the proteins were modified, they
are no longer available to bind to Cu®>" and allow reduction. The higher the degree of
modification, the higher number of modified amines, and, therefore, the number of available

nitrogen atoms to reduce copper, decreases.
3.3.2. Laminin quantification

Laminin is a structural basement membrane glycoprotein from ECM being the major
non-collagenous component that is also present on the CM. It is essential in the
morphogenesis process and interacts with cell surface receptors initiating intracellular
signaling events that regulate cellular organization and differentiation 2°. The quantification
of laminin (Figure IV.4 B) demonstrates a decrease in this protein content in the higher
degree of modification. This decrease could be explained by the chemical insertion of
methacrylamide and methacrylate moieties in hydroxyl and amine groups from laminin, and
consequent unrecognition by the antibodies used in this quantification. The ELISA kit
utilized is specific for the subunits al, f1 and y1 from laminin. However, it is not possible
to determine whether the chemical modification of this protein actually prevents it from
being recognized by the antibodies and, consequently, from being quantified. The influence
of methacrylation in the recognition of laminin may be performed by chemically modified

pure laminin and analyze the effect using the same protocol for quantification.
3.3.3. Collagen quantification

Collagen is the most abundant protein in the ECM network. In the case of the CM, it has
in its composition collagens type I, III, IV, V and VI. The collagen fibers provide principally
tensile strength and elasticity, which, in turn, has a role in regulating cell adhesion, growth,
proliferation, and differentiation 2**°. The concentration of collagen, contrary to the laminin,
increased after chemical modification (Figure I'V.4 C). In this quantification, all the samples
were previously subjected to an ultrasonic treatment in order to homogenize the tissue. This

step, in addition to dissolving the samples, also increase the yield of collagen extracted >'.
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The quantification of CMMA100 and CMMAZ250 varied from 211 to 206 pg of collagen /

mg of product, respectively, which is not a significant variation.
3.3.4. Sulphated GAGs quantification

Usually highly sulfated glycosaminoglycan (GAG) chains are coupled to core proteins
to form proteoglycans. In fact, proteoglycans are structurally described as “filler”
macromolecules from the ECM which adopt an amorphous structure. GAGs and
proteoglycans are of huge importance since they are responsible for high water uptake,
allowing the hydration of the ECM, due to their polar nature. Consequently, they are a supply
of resistance to compressive forces, being partially a source of mechanical stability.
Moreover, cell membrane-bound proteoglycans are responsible to binding collagen,
fibronectin in the ECM and growth factors as well as having the role of protecting them from
proteolysis or inhibiting factors **3. In this quantification the dye 1,9-dimethylmethylene
blue combines with repeating negative charges from sulphates on the GAGs resulting in the
precipitation of the dye molecules and a shift in the absorption maximum *°. Here, the
concentration of sulphated GAGs has not significant variation, which means that
methacrylation do not affect sulphate GAGs content (Figure IV.4 D).

To a more accurate analysis for all the biochemical characterization, other
characterization techniques, as for instance liquid chromatography and mass spectrometry,
should be performed %. One way to understand the losses that occur in the chemical
modification step due to handling and dialysis, would be to make a control with all the same
steps, except the addition of methacrylic anhydride. This would allow a more reliable

comparison.

3.4.Preparation of CMMA hydrogels

CMMA was subsequently processed into a photocrosslinkable hydrogel in the presence
of a photoinitiator when irradiated with light. Compared with other stimuli (e.g., pH or
temperature), a light stimulus is an interesting option as it can be easily controlled using
defined power, times of crosslinking and distance from the light, in order to produce
customized hydrogels. Furthermore, it is possible to produce hydrogels in mild conditions
with very controlled shape and size 3", In this work, CMMA derived hydrogels were
polymerized very fast (20-40 seconds) using high-intensity light at 385-515 nm. Figure
IV.5. A and B displays hydrogels prepared with low modification degree CMMA at two
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concentrations and Figure IV.S. C-F displays hydrogels prepared high modified CMMA
using concentrations from 0.25% until 2% (w/v). Although not represented here, it was
possible to produce CMMA 100 hydrogels with lower concentrations, as 0.25% and 0.5%
(w/v) that were used in in vitro cell culture. The CMMAI100 0.25% and 0.5% (w/v)
photocrosslinking resulted in very soft hydrogels that were not able to withstand mechanical
tests and are not here represented. The other hydrogels were characterized mechanically in
terms of compression forces. Moreover, the water uptake and their biological response was
also evaluated.

1% (w/v) 2% (w/v)

CMMA100

0.25% (w/v) 0.5% (w/v) Figure IV.5. Hydrogels of CMMA. A) Low
modification  degree  hydrogel  with

2 concentration of 1% (w/v) and B) Low
2 modification  degree  hydrogel  with
g concentration of 2% (w/v). High
O modification degree hydrogels  with
= concentration of C) 0.25% (w/v), D) 0.5%

(w/v), E) 1% (w/v) and F) 2% (w/v). Scale

1% 2%
(W/V (W) bar: 5 mm.

CMMAZSO

3.4.1. Characterization of CMMA hydrogels: mechanical properties and

water content

Typically, ECM derived hydrogels are prepared by a process that combines
decellularization of ECM, enzymatic solubilization and finally jellification at 37°C 2.
However, they have low mechanical properties, with values in the pascal range, while many
human tissues are in the kPa range *°. For example, human myocardium ECM has an elastic
modulus between 10-20 kPa in the transverse direction (orthogonal to cardiomyocyte
alignment) and 40-50 kPa in the longitudinal direction *'. The Figure IV.6 A, display the

data obtained to the compressive mechanical tests.
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Figure 1V.6. A) Representative compressive stress-strain curves, B) Young's modulus, C) ultimate
strain, D) ultimate stress and E) water content obtained for CMMA 100 and CMMA250 hydrogels.

The Young’s modulus (Figure IV.6 B) of all hydrogels were between 10-50 kPa, which
proves that they have adequate stiffness to be used for the TE of multiple tissues (e.g., brain,
heart, lung). It is also possible to verify that within each degree of modification, an increase
in polymer concentration, is directly associated with an increase in the Young's modulus or,
by other words, increases stiffness. Comparing the two degrees of modification, the
hydrogels with the lowest degree of modification (CMMA100) but with the same
concentration as the hydrogels of the highest degree, have the least Young's modulus. This
would be expected, as the higher the degree of modification, the more covalent bonds are
formed and stiffer the hydrogel will be. Other properties that can be determined through this
mechanical test are the ultimate strain (Figure IV.6 C) and ultimate stress (Figure IV.6 D).
It is possible to verify that more flexible hydrogels deform more, yet accumulate less energy,
whereas stiffer hydrogels deform less, yet accumulate less energy. Except the ultimate strain
of 2% CMMA250 hydrogel that is out of the expectable. The results of ultimate strain should
be repeated for this concentration. The Figure IV.6 E, demonstrate that all concentrations

of both degrees of modification had water content superior to 90%. Moreover, it is possible
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to verify a tendency to the amount of water retained in the polymeric network of the

hydrogels decrease with the increase of their concentration.

3.5.Cell culture and hydrogels biological response

In this study, the biological properties of the CMMA hydrogels were tested using human
bone marrow derived mesenchymal stem cells (hBM-MSCs). Cell viability using live/dead
assay and cell morphology using DAPI/Phalloidin staining was performed after pre-
determined time points up to 7 days in culture. hBM-MSCs cultured on the top of
CMMA100 hydrogels clearly show that cells are able to adhere after 24h of culture and
maintain their viability up to 7 days in culture (Figure IV.7 A). Apparently, hBM-MSCs
would prefer softer CMMA hydrogels and results in 0.25% (w/v) show high levels of cell
proliferation. Nevertheless, for all the polymer concentrations, the cells are perfectly
elongated and spread over the gels after 7 days of culture (Figure IV.7 B).

CMMAZ250 hydrogels also show to support cell adhesion, proliferation and viability up
to 7 days in culture (Figure IV.8 A). Interestingly, in CMMA250 and contrary to the lower
modified CM, apparently hBM-MSCs, proliferate better for higher polymer concentrations

(1% w/v) (Figure IV.8 B).
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Figure IV.7. Top seeding of hBM-MSCs in CMMA100 hydrogels with 0.25% (w/v), 0.5% (w/v)
and 1% (w/v) of concentration: A) Live-dead staining at 24 hours, 3 and 7 days of culture. B) DAPI
/ Phalloidin staining at 7 days.
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When the cells are encapsulated within the 0.25% (w/v) and 0.5% (w/v) hydrogels, they
show the capacity to spread and invade the gels, after 3 days of culture (Figure IV.9 B). At
day 7, cells are perfectly viable inside gel and invading the 3D network of CMMA matrix
(Figure IV.9 A). When the polymer concentration is increase to 1% (w/v), cells are not able
to spread inside the gels, and after 3 days most of the cells are dead (data not shown). This
may be explained by the highly compacted CMMA network that limits nutrient and oxygen

diffusion, avoiding at the same time cell infiltration within the gels.

A 1 Day 3 Days 7 Days B 7 Days

100 pm 100 pm| 1 100 pn

100 pm 100 pm 100
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Figure IV.8. Top seeding of hBM-MSCs in 0.25% (w/v), 0.5% (w/v) and 1% (w/v) CMMA250

hydrogels: A) Live-dead staining at 24 hours, 3 and 7 days of culture. B) DAPI / Phalloidin staining
at 7 days.
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Figure IV.9. Encapsulation of hBM-MSCs in CMMA100 hydrogels with 0.25% (w/v) and 0.5%
(w/v) of concentration: A) Live-dead staining at 24 hours, 3 and 7 days of culture. B) DAPI /
Phalloidin staining at 7 days.
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4. Conclusions and future perspectives

In this study, were produced CM prepolymers by the reaction of dCM with methacrylic
anhydride using different volumes to produce two degrees of modification: a lower degree
(CMMA100) and a higher degree of modification (CMMAZ250). By adding a photoinitiator
to these prepolymers and in the presence of light with a specific wavelength it is possible to
produce hydrogels with tunable mechanical properties. The quantifications of some of the
most important ECM proteins allowed to verify their retention in the obtained material,
however, for more reliable results and robust proteomic characterization, mass spectrometry
analysis will be performed. The evaluation of the mechanical properties allowed to confirm
that it was possible to produce robust hydrogels and whose properties vary with their
concentration and which are in the range of most human tissue elastic modulus. In addition,
the degree of modification also changes the physical properties such as the water absorption
capacity. Moreover, it was possible to verify that both produced hydrogels allowed the
culture of cells on the top, and, in the case of hydrogels produced from CMMA100,
encapsulated cells also remained viable for at least 7 days. As future work, the cell
proliferation should be evaluated quantitatively, quantifying as for instance metabolic
activity of the cells and DNA increase during cell culture. In addition, the rheological
properties of the CMMA solution will be evaluated. Nevertheless, the obtained results
suggest that CMMA-based hydrogels have good potential to be used as 3D cell culture
platforms. Due to the origin of the raw material (human source, free of charge, widely
available) and its biochemical properties (ECM composition, highly vascularized) the
hydrogels that herein studied for the first time may provide a good alternative for the

currently used materials.
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Conclusion and Future Perspectives

The aim of this thesis was to design and produce for the first time a CM-based hydrogel
for 3D cell culture of human cells and TE. Due to the inherent properties of the CM ECM,
rich in collagen and laminin and highly vascularized, conferring angiogenic properties, the
proof of concept for validating these hydrogels will be performed for cardiac cell culture.

CM prepolymers were successfully produced by the reaction of dCM with methacrylic
anhydride using different volumes to produce two degrees of modification: a lower degree
(CMMA100) and a higher degree of modification (CMMA250). The quantification of DNA
confirmed that the decellularization process was efficient and the quantifications of some of
the most important ECM proteins allowed to verify their retention in the obtained material,
nonetheless, for more reliable results and robust proteomic characterization, mass
spectrometry analysis will be performed. By adding a photoinitiator to the synthesized
prepolymers and in the presence of light with a specific wavelength it was possible to
produce hydrogels with tunable mechanical properties. The evaluation of the mechanical
properties allowed to confirm that it was possible to produce robust hydrogels and whose
properties vary with their concentration and which are in the range of most human tissue
elastic modulus. Moreover, it was possible to verify that the produced hydrogels allowed the
culture of human cells, that remain viable and proliferate for at least 7 days.

As future work, DNA quantification and metabolic activity will be assessed for the cells
cultured in CM derived hydrogels. The rheological properties of the CMMA prepolymer
under a source of light will be evaluated. Finally, the culture of cardiomyocytes and
endothelial cells will be performed.

Nevertheless, for the best of our knowledge, this is the first study that produced a robust
tunable CM-derived hydrogel which may have several advantages due to the origin of the
raw material (human source, free of charge, widely available) and its biochemical properties
(ECM composition, highly vascularized) may provide a good alternative for the currently

used materials.
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