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Abstract

There is growing interest in the development of biomimetic matrices that are
simultaneously cell-friendly, allow rapid vascularization, exhibit enough mechanical
integrity to be comfortably handled and resist mechanical stresses when implanted in
the site of interest. Meeting all these requirements with a single component material

has proved to be very challenging.

The hypothesis underlying this work was that hybrid materials obtained by
combining scaffolds with bioactive hydrogels would result in a synergy of their best
properties: a construct with good mechanical properties, easily handled and stable
thanks to the scaffold; but also, because of the gel, cell-friendly and with enhanced
oxygen and nutrients diffusion, and promoter of cell colonization. Moreover, such a
composite material would also be useful as a controlled release system because of the

gel’s incorporation.

Poly (ethyl acrylate) (PEA) scaffolds prepared with two different morphologies were
envisaged to provide the mechanical integrity to the system. Both types of scaffolds
were physico-chemically characterized and the effect of the scaffolds production
process on the PEA properties was examined. The scaffolds preparation methods
affected the PEA properties; nevertheless, the modifications induced were not

detrimental for the PEA biological performance.

Two different bioactive gels were studied as fillers of the scaffolds’ pores: hyaluronan
(HA), which is a natural polysaccharide, and a synthetic self-assembling peptide,
RAD16-I. HA is ubiquitously present in the body and its degradation products have

been reported to be angiogenic. RAD16-I is a synthetic polypeptide that mimics the
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extracellular matrix providing a favourable substrate for cell growth and

proliferation.

Given the hydrophobic nature of poly(ethyl acrylate), the combination of PEA
scaffolds with aqueous gels raised a number of problems regarding the methods to
combine such different elements, the ways to gel them inside the pores, and the
procedures to seed cells in the new composite materials. Different alternatives to
solve these questions were thoroughly studied and yielded protocols to reliably obtain

these complex structures and their biohybrids.

An extensive physico-chemical characterization of the components’ interaction and
the combined systems was undertaken. As these materials were intended for cardiac
tissue engineering applications, the mechanical properties and the effect of the fatigue
on them were studied. The different composite systems here developed were
homogeneously filled or coated with the hydrogels, were easy to manipulate, and
displayed appropriate mechanical properties. Interestingly, these materials exhibited

a very good performance under fatigue.

The use of the composite systems as a controlled release device was based on the
possibility of incorporating active soluble molecules in the hydrogel within the pores.
A release study of bovine serum albumin (BSA), intended as a model protein, was

performed, which served as a proof of concept.

The biological performance of the hybrid scaffolds was first evaluated with fibroblasts
to discard the materials cytotoxicity and to optimize the cell seeding procedure.
Subsequently, human umbilical vein endothelial cells (HUVECs) cultures were
performed for their interest in angiogenic and vascularization processes. Finally, co-

cultures of HUVECs with adipose-tissue derived mesenchymal cells (MSCs) were
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carried out. These last cells are believed to play an important role for clinical
regenerative medicine, and their cross-talk with the endothelial cells enhances the
viability and phenotypic development of HUVECs. Through the different
experiments undertaken, hybrid scaffolds exceeded the outcome achieved by bare

PEA scaffolds.
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Resumen

Existe un interés creciente en el desarrollo de matrices biomiméticas que por un lado
constituyan un entorno favorable para albergar células y sean facilmente
vascularizables, y que por otro lado posean suficiente integridad para ser
comodamente manejadas y resistan los esfuerzos mecdnicos que sufrirdn una vez
implantadas. Lograr que un material unicomponente cumpla todas estas

especificaciones resultaria muy complicado.

La hipdtesis subyacente en este trabajo es que la combinacién de andamiajes
poliméricos porosos (scaffolds) con hidrogeles bioactivos en un material hibrido,
generarfa sinergias que mejorarian las caracteristicas de ambos componentes. Gracias
al scaffold, el material resultante presentaria buenas propiedades mecdnicas, seria
facilmente manipulable a la vez que estable. Al mismo tiempo, gracias al gel,
presentarfa un mejor comportamiento con las células, el gel mejorarfa la difusién de
oxigeno y nutrientes mientras que favoreceria la colonizacién celular. A su vez, la
incorporacién del gel permitiria la utilizacion de este material compuesto como

sistema de liberacion controlada.

Los scaffolds empleados para contribuir a la integridad fisica y mecédnica del sistema
se prepararon con poli(etil acrilato) (PEA) con dos morfologias distintas. Se
caracterizé fisico-quimicamente ambos tipos de scaffolds, asi como el efecto de su
proceso de produccién sobre las propiedades del PEA. En esta caracterizacién se
observé que algunos pasos involucrados en la elaboracién de los scaffolds alteraban de
algin modo la matriz polimérica. Sin embargo, estas modificaciones no resultaron

perjudiciales para el comportamiento biolégico de los materiales.
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Se seleccioné dos geles distintos como elementos de relleno para los poros de los
scaffolds. el &cido hialurénico (HA), que es un polisacdrido natural, y el péptido
sintético autoensamblable RAD16-1. E1 HA estd presente en la matriz extracelular de
numerosos tejidos y sus productos de degradacién son angiogénicos. A su vez, el
RADI16-I es un polipéptido que proporciona una estructura de nanofibras que
mimetiza la matriz extracelular, lo que constituye un entorno muy favorable para el

crecimiento y la proliferacién celular.

La obtencién de scaffolds hibridos de PEA con geles acuosos conllevé una serie de
problemas dada la naturaleza hidrofébica del PEA. Fue mnecesario establecer
protocolos para: combinar dos elementos tan distintos, gelificar los hidrogeles dentro
de los poros y sembrar tales hidrogeles eficientemente con células una vez
incorporados en el scaffold. Se consideré y estudié distintas alternativas para resolver
estas cuestiones, dando lugar al establecimiento de procedimientos para obtener estas

estructuras complejas y sus biohibridos.

La interacciéon de los componentes empleados, asi como el sistema combinado de
ambos, fueron objeto de una intensa caracterizaciéon fisico-quimica. Puesto que se
pretende utilizar estos materiales en ingenierfa tisular cardfaca, se estudié tanto sus
propiedades mecdnicas como el efecto que la fatiga tiene sobre ellos. Los sistemas
compuestos obtenidos, bien sea con los poros rellenos o con recubrimientos
homogéneos de ambos hidrogeles, se manipulaban con facilidad y presentaban
propiedades mecanicas adecuadas. Es de destacar, que ademds presentaban un buen

comportamiento a fatiga.

El potencial de los scaffolds combinados para ser utilizados como sistemas de

liberacién controlada (por la incorporacién de moléculas solubles activas en el
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hidrogel), fue verificado al llevar a cabo una prueba de concepto con albimina de

suero bovino (BSA) como proteina modelo.

El comportamiento biolégico de los scaffolds hibridos se evalué en primer lugar con
fibroblastos para descartar su citotoxicidad y optimizar el protocolo de siembra. A
continuacién, se llevé a cabo cultivos con células endoteliales de cordén umbilical
(HUVECSs), por su interés en procesos angiogénicos y de vascularizacién. Finalmente,
se realiz6 co-cultivos de HUVECs y células mesenquimales derivadas del tejido
adiposo (MSCs). Estas ultimas fueron seleccionadas por ser candidatas a desempenar
un papel clave en la traslacién clinica de la terapia regenerativa. Ademds, las MSCs
mejoran la viabilidad y el desarrollo fenotipico de las células endoteliales. A lo largo
de los experimentos llevados a cabo, los scaffolds hibridos superaron, en lo que se
refiere a su desempeno bioldgico, los resultados alcanzados con los scaffolds de PEA

que no incorporaban ninguin hidrogel en sus poros.
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Resum

Existeix un interes creixent en el desenvolupament de matrius biomimeétiques que
d’'una banda proporcionen un entorn favorable per a albergar cél-lules i siguen
facilment vascularizables, i que d’un altra banda posseeixen suficient integritat per a
ser comodament manipulades a més de ser capaces de resistir els esforcos mecanics
que patiran una vegada implantades. Aconseguir un material unicomponent que

compleixi totes aquestes especificacions resultaria molt complicat.

La hipotesi subjacent en aquest treball és que la combinacié de bastides polimériques
poroses (scaffolds) amb hidrogels bioactius en un material hibrid, generaria sinergies
que millorarien les caracteristiques de cadascun dels components. El material
resultant, gracies al scaffold, presentaria bones propietats mecaniques i seria
facilment manipulable alhora que estable. Al mateix temps, gracies al gel, presentaria
un millor comportament amb les cel-lules, el gel milloraria la difusié d’oxigen i
nutrients mentre que afavoriria la colonitzacié cel-lular. Al seu torn, la incorporacié
del gel permetria la utilitzaci6 d’aquest material compost com a sistema

d’alliberament controlat.

Els scaffolds emprats per a contribuir a la integritat fisica i mecanica del sistema es
prepararen amb poli(etil acrilat) (PEA) en dos morfologies distintes. Es va
caracteritzar ambdés tipus de scaffolds, aixi com 'efecte del seu procés de produccié
sobre les propietats del PEA. Al llarg d’aquesta caracteritzacié es va observar que
alguns dels passos involucrats en la elaboracié dels scaffolds alteraven d’alguna
manera la matriu polimérica. Tot i aix0, estes modificacions no resultaren perjudicials

per al comportament biologic dels materials.
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Es va seleccionar dos gels diferents com a elements de farcit per als porus dels
scaffolds: 1’acid hialuronic (HA), que és un polisacarid, i el péptid sintétic
autoensamblable RAD16-I. L'HA esta present en nombrosos teixits i els seus
productes de degradacié son angiogeénics. Al seu torn, el RAD16-1 és un polipéptid
que proporciona una estructura de nanofibres que mimetitzen la matriu extracel-lular,
pel quée constitueix un entorn molt favorable per al creixement i la proliferacié

cel-lular.

L’obtencié de scaffolds hibrids de PEA amb gels aquosos va comportar una série de
problemes per la naturalesa hidrofobica del PEA. Fou necessari establir protocols per
a: combinar dos elements tan diferents, trobar formes de gelificar els hidrogels dins
dels porus, i de sembrar-los eficientment amb ceél-lules una vegada incorporats a
I'estructura del scaffold. Distintes alternatives per a resoldre aquestes qiiestions foren
considerades i estudiades, donant lloc a ’establiment de procediments per a obtindre

aquestes estructures complexes i els seus biohibrids.

La interaccié dels components emprats, aixi com el sistema combinat foren objecte
d’una intensa caracteritzacié fisica-quimica. Donat que es pretén utilitzar aquests
materials per a enginyeria tissular cardfaca, es va estudiar tant les propietats
mecaniques com l'efecte que la fatiga té en ells. Els sistemes compostos obtinguts, bé
siga amb els porus farcits o amb recobriments homogenis d’ambdés hidrogels, es
manipulaven amb facilitat i presentaven bones propietats mecaniques. Cal destacar

que a més a més presentaven un bon comportament a fatiga.

El potencial dels scaffolds combinats per a ser utilitzats com a sistemes
d’alliberament controlat (per la incorporacié de molécules solubles actives en
I’hidrogel), va ser corroborat al dur a terme una prova de concepte amb albimina de

sérum bovi (BSA) com a proteina model.

XXIV



El comportament biologic dels scaffolds hibrids es va avaluar en primer lloc amb
fibroblasts per a descartar la seua citotoxicitat i optimitzar el protocol de sembra. A
continuacié es van realitzar cultius amb cel-lules endotelials de cordé umbilical
(HUVECs), pel seu interés en processos angiogénics i de vascularitzacié. Finalment es
dugueren a terme co-cultius de HUVECs amb cél-lules mesenquimals derivades del
teixit adipés (MSCs). Les darreres es seleccionaren perqué son candidates a exercir
un rol clau en la translacié clinica de la terapia regenerativa, a més a més de que al
interactuar amb les endotelials, aquestes milloren la seua viabilitat i
desenvolupament fenotipic. Al llarg dels experiments empresos, els scaffolds hibrids
superaren, en termes de desenvolupament biologic, els resultats assolits amb els

scaffolds de PEA que no incorporaven cap hidrogel en els seus porus.

XXV



Chapter 1:

Introduction



1.- Introduction

1.1.- The cardiac tissue and its peculiarities (extracted from [1])

1.1.1.- The heart

The heart is a complex organ that pumps 7000 litres of blood to all the tissues in the
body per day [2]. This pumping function precisely determines its anatomy. Heart
tissue basically is formed by cardiac myocytes (contractile elements) [3], smooth
muscle cells, fibroblasts, blood vessels, nerves and the extracellular matrix
components (cardiac interstitium and collagen) [4] organized in a very particular
way. Myocytes form muscular fibres with changing orientation across the ventricular
wall up to 180° [5]. At the same time, muscular fibres are organized into myocardial
laminas 4-6 myocytes thick separated from neighbouring laminas by extracellular
collagen [6]. The particular arrangement of ventricular myocytes influences the
mechanical and electrical function of the heart and small changes in it can lead to

severe alterations in these functions [7].

The extracellular matrix (ECM) connects the cells into a 3D-architecture and bridles
the forces produced by the myocytes [8]. The anatomical model proposed by Torrent-
Guasp [6], which considers the heart as one muscle band plied in a double helical
loop, explains how the ventricles contract and get an efficient pumping in every
heartbeat, achieving an ejection fraction of 60% when sarcomeres individually

contract 15% only [9].

Myocytes are intimately connected, forming a functional syncytium [6]. Each
myocardial cell is coupled in average to 9.1 + 2.2 [10] myocytes, by 99 [11] gap
junctions where the transfer of ionic currents takes place. Gap junctions are a
specialized form of cell connection; they are formed by a cluster of ionic channels
essential to the rapid propagation of the action potential. The action potential is the
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Introduction

electrical impulse responsible for cells contraction [12]. A proper electrical coupling of
the cells is critical to avoid arrhythmias and re-entries and essential for the

contraction to spread as a wave front.

1.1.2.- Cardiovascular diseases and the myocardial infarction

Cardiovascular diseases (CVD) are a leading death cause in developed countries (i.e.
1 of every 3 deaths in the United States in 2008) [13]. Changes in diet and habits are
causing CVD to become major mortality pathologies in developing countries too [14].
As a consequence, they are already responsible for 30% of the world deaths. This
group of diseases constitutes a great burden for the national health systems,
consuming great percentages of the health systems budgets. In the particular case of
the coronary heart diseases (CHD), 3.8 million men and 3.4 million women die a year
worldwide because of them [15]. In the United States 1 of every 6 deaths in 2008 was
caused by CHD [13].

Acute myocardial infarction (AMI) occurs when a coronary artery is clogged, in 80%
of the cases by coronary atherosclerosis with superimposed luminal thrombus [16].
This occlusion leaves the downstream zone of the heart without blood supply, what
means lack of oxygen, nutrients and metabolites wash for the affected zone. As a
consequence, the aerobic metabolism changes to anaerobic glycolysis [16], leading to a
decrease in the pH and reduction in the contractile function. Within 20 to 40 minutes
without blood supply cells start to die and as times passes more myocardial tissue is
compromised. There is also a zone of the heart affected by the infarction, where
myocytes remain viable but lower their activity to reduce the metabolism and oxygen
consumption to survive under hypoxic conditions; they can recover their

contractibility after revascularization [17].

In the infarcted area there is a great number of dead myocytes, and the host response

to the injury consists in activating the inflammatory response and producing
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1.1 The cardiac tissue and its peculiarities

cytokines [18]. Thereupon neutrophils, monocytes and macrophages will migrate into
this area to remove the necrotic tissue [19]. Then, matrix metalloproteases (MMPs)
will be activated, which will have a deleterious effect on the collagen matrix of the
heart and in the surrounding coronary vasculature by degrading them [20]. The
weakening of collagen will lead to wall thinning and ventricular dilation, as well as
mural realignment of myocytes bundles [21]. After the inflammatory phase and the
resorption of the necrotic tissue, there is an increase in the deposition of crosslinked
collagen in the infarcted area that will lead to scar tissue formation. During the
remodelling process a change in the collagen composition occurs, the type I collagen

fraction is reduced from 80% to 40% and the collagen III is increased [22].

Against what was thought, this scar is a living tissue with a fibroblast-like cell
population nourished by a neovasculature; these cells regulate the collagen turnover
of the scar tissue [19]. The scar tissue has a reduced or absent contractility as
compared with the original healthy myocardium [23], what leads to a reduction in the

overall cardiac function [24].

The remodelling process initially is a compensatory mechanism to overcome the loss
of contractile tissue. But with time this adaptative process of overload will become
maladaptative [17]. To compensate the additional effort, the remaining beating tissue
will hypertrophy trying to overcome the reduction in the cardiac function. This
overload will lead to myocyte slippage and fibrotic interstitial growth and to a
degenerating process that may end in heart failure. The heart remodelling will
produce in the ventricles a set of anatomical and functional changes, including
increased wall stress, slimming of the wall, chamber dilation, increase of the
sphericity, alteration in the blood flow particularly in the left ventricle [25] and a

significant loss of cardiac function.
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The ventricular shape change from elliptical to spherical reduces its ejection fraction,
because of a change in the apical loop fibre orientation [26]. Another problem caused
by the shape change is that the papillary muscles are separated, what leads to
regurgitation, contributing to the overload of the heart [21]. Besides, remodelled
hearts are more prone to suffer arrhythmias as the membrane potential is altered and

because of the interstitial fibrotic growth that may affect conductivity [17].

The end stage of the degeneration is the heart failure, when the heart is unable to
pump enough blood to match the metabolic needs of the tissues. Current treatments

aim to avoid reaching this point.

1.1.3.- Conventional therapies

Clinical practices aim to limit the severity and extension of the AMI by rapidly
restoring the blood flow (reperfusion), alleviating the oxygen demand [27] and
reducing reperfusion injury. This can be done with different treatments or

combinations of them.

Pharmacological approaches involve the wuse of anticoagulant therapies and
thrombolytic drugs to remove the clot. Vasodilators like nitrates are also used to
favour the dilation of the vessels; aspirin to avoid platelet aggregation, beta blockers
to reduce the heart pace, as well as morphine to reduce the pain are employed,
aspiring to reduce the work load and to protect the cardiac tissues from the

accumulated harmful substances [28].

Another group of therapies are the percutaneous coronary interventions; they
physically reopen the vessel via catheterization. There are different techniques: the
regular angioplasty uses a catheter with a balloon that is inflated in the place of the
thrombus to reopen the lumen [29], or allows the permanent implantation of a stent

in the vessel to keep it open. There is a wide variety of these devices depending on
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1.1 The cardiac tissue and its peculiarities

their composition, whether they release drugs or are biodegradable or not, etc.

27, 30].

These therapies restore the blood flow to the infarcted zone, but reperfusion therapy
is not exempt of risks: it is a complex process that can induce apoptosis by the
micro-environmental changes that the recovery of the blood supply induces
(formation of free radicals, calcium release, neutrophils, ...) [31]. So it has to be done
carefully and there is always a compromise between limiting the infarction extension
due to the time without oxygen and the induced apoptosis due to the reperfusion.
Reperfusion done soon after the onset of the ischemia is very advantageous, saving
more tissue by restoring the blood flow than the tissue that will be lost because of

the toxic substances released in the reperfusion.

More invasive, surgical therapies involve different techniques with different
objectives: to restore a proper blood flow in areas that lack it (by-pass surgery), to
restore the normal elliptical geometry (Dor and Batista procedures), to restore the
wall stress to normal (dynamic cardiomyoplasty) to limit the pathologic dilation [9],
or in the most severe cases, to replace the organ. However, this last option is very
limited given the lack of available donors [32], the associated risks and the need for

immunosuppressive therapy.

All the aforementioned treatments basically limit the damage of the acute episode
and the remodelling process, but do not regenerate the damaged tissue and do not

avoid the ventricular remodelling following an AMI.



1.2.- Cell therapy and cardiac tissue engineering (extracted from [1])

1.2.1.- New ways to heal the heart

For many years, the heart has been considered a fully differentiated organ, with no
myocyte regeneration after birth [33]. Recently it has been proved that myocytes
have a limited regenerative capacity, around 1% of the cells per year at the age of 20
and it is reduced to 0.3% at the age of 75 [34]. This restoration is achieved thanks to
a small population of cardiac stem cells [35]. Nevertheless, their potential is limited
and in any case it is not enough to regenerate the heart if it suffers severe damage,
like the one provoked by a myocardial infarction. New therapies under development
like cell therapy or tissue engineering, aim to boost this limited regenerative potential

of the native tissue by employing cells, drugs, factors or patches.

The objective of cell therapy is to heal the damaged tissue by implanting stem cells
into the pathologic myocardium. In the case of tissue engineering approaches, cells
are combined with materials and bioactive molecules to again try to recover the
injured tissue (see Figure 1.1). The employed materials will support cells, provide
them 3D organization, protect them, stimulate and guide its growth, maintain them
in the site of interest, etc.; in sum, they will act as an artificial extracellular matrix
during the regeneration process. As an advantage, the use of materials either
injectable, or ex vivo conformed (gels —patches- or scaffolds) has an additional effect:
the implantation of a material in the scarred ventricular wall, increases its thickness
and by Laplace’s law, this increase leads to a reduction in the wall stress. This side-
effect could be by itself very positive, even if no regeneration is achieved, to limit

ventricular remodelling and improve the quality of life of cardiac patients [28].



1.2 Cell therapy and cardiac tissue engineering
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Figure 1.1: (A) Classical cell therapy and injectable materials in the heart, sketch inspired in
[36]. (B) Ventricular restrain device. (C) Tissue engineering approaches with cell sheets,

scaffolds or gel patches, sketch inspired in [37].

1.2.2.- Cell cardiomyoplasty: how and why?

Cellular cardiomyoplasty appeared as a promising therapeutic approach. This name
encloses the therapies that use the injection of cells, from different origins, directly
into the heart attempting to obtain an improvement in the reduced heart function
after an ischemic insult (Figure 1.1 A). The injected cells are envisaged to induce
angiogenesis, inhibit apoptosis, help to recover the hibernating myocardium, activate

endogenous repair mechanisms, and create new contractile tissue that will eventually
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replace the damaged one. Also they are expected to reverse the remodelling process

that led to ventricular dilation [38].

Different ways to deliver cells into the damaged heart have been explored:
intracoronary infusion (with the hope that cells will migrate through the vessels and
be hosted in the infarcted area) or directly into the infarcted area either by
intramyocardial or percutaneous endocardial injection [39]. The advantage of
injecting them directly into the infarcted area is that this will ensure that cells are

delivered in the site of interest.

An important drawback of this technique is the low engraftment into the heart tissue
of the supplied cells. The retention of the cells in the heart seems to be determined
by the cell type and delivery route [40]. It has been estimated that in humans 50-75
min after intracoronary injection of bone marrow cells only 1.3-2.6% of the injected
cells remain in the myocardium [41]; besides, after 2 hours less than 10% of the
injected cells survive [35]. Many causes can be advanced: the heart beats, so cells can
easily be pumped out of the heart; the solution in which cells are injected has a low
viscosity, so cells can be washed away; the mechanical loss of the cells through the
injection hole left by the needle, etc. [42]. A different contributing cause to the low
cell engraftment is that the injured heart is not a cell-friendly environment, collagen
fibres have changed from type I to type III, which has worse properties in terms of
adhesion and promoting angiogenesis, what can induce anoikis [2]. The conditions in
the infarcted myocardium are very hostile for the cells: hypoxic conditions (studies
show that the survival of injected cells decreases towards the centre of the scar);
cytokines, inflammatory factors, etc., are present in the damaged myocardium, and
can negatively affect the survival of the injected cells. Immunological rejection can be
another cause reducing cell survival [43]. An interesting approach is to train cells
prior to their implantation for them to resist the hostile conditions they will find in

the implantation site [44].
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1.2 Cell therapy and cardiac tissue engineering

The fact that most of the cells did not graft into the host myocardium in the studies
performed to date, that there is a very limited transdifferentiation of implanted cells
into beating cardiomyocytes (the differentiation reported in animals may have been
fusion events between native cardiomyocytes and injected cells [43]), and that a wide
range of non-myogenic cells also induce an improvement of the ventricular function
[39], suggests that the mechanism leading to this enhancement cannot be only
myogenesis regenerating the myocardium. The pathways through which cell
implantation induces improvements in cardiac function remain to be elucidated, but
different events that can take place simultaneously have been proposed. The most
remarkable are the induction of angiogenesis (formation of new vessels) and the
improvement in the myocardial perfusion, the reduction of the wall stress because of

the increase in cell mass [45] and the paracrine effect of the injected cells [35].

Cell sources under study

Many different cells types have been employed in the numerous studies that have
been performed. Autologous cell sources are interesting because they do not require
immunosuppression treatment of the patient and there is no risk of illness
transmission. In this group are included bone marrow cells [44], adipose derived stem
cells [46], cardiac stem cells [47], skeletal myoblasts [48] or induced pluripotent stem
cells [49]. The problem of the autologous cells is that prior to implantation cells need
to be extracted and expanded. This whole process in some cases may take several
weeks, limiting its application in the acute state. Besides, autologous cells coming
from patients that suffer other conditions like diabetes or are simply aged, may have
limited proliferation and attachment [50]. On the contrary, allogeneic cells could be
ready to use whenever a patient needs them, but would require immunosuppressive
therapy after their implantation, and there is always a remaining risk of illness
transmission. Among the allogenic stem cells under study there are the embryonic

stem cells [51], umbilical cord cells [52] or amniotic fluid stem cells [53].



Introduction

As previously said, a great variety of cells have been employed and the initial
promising results obtained in animal models made this technique to move very fast
to clinical trials, even if the mechanisms involved in the observed improvements were
unknown [54]. Unfortunately, the results obtained from the clinical trials were not as
good as expected and some were contradictory between them. One possible
contributing cause to this discrepancy is that studies are carried out in young healthy
animals, while patients susceptible to receive these treatments normally are aged

people and in many cases with other co-morbidities [55].

Cell sheets

The use of cell sheets is based on detaching the cells from the culture surface without
trypsinizing them; in that way cells maintain the adhesion and membrane proteins as
well as the natural pro-survival and maturation environmental cues that the ECM
provides [56] (Figure 1.1 C). Besides, the electromechanical connections are preserved
[57]. As a consequence, the results obtained with cell sheet fragments are superior to
those with dissociated cells. For instance, cardiomyocyte sheets were found to

functionally integrate within the host tissue in a rat myocardial infarct model [58].

Cell sheets can be obtained by employing temperature-responsive plates whose
behaviour switches from hydrophobic to hydrophilic when the temperature is lowered
below 37°C [56]. The muscle mass loss following an infarction is significant, up to 50
g [59], so the amount of cells needed to overcome this loss is obviously not covered
with a single sheet of cells. Some groups have tried to obtain thicker grafts by
overlapping several monolayer cardiomyocyte sheets, which adhere one to another

forming gap junctions and intercellular adhesions within minutes [60].
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1.2 Cell therapy and cardiac tissue engineering

1.2.3.- Injectable gels

As previously stated, cell cardiomyoplasty presents problems in terms of cell
attachment and survival. Cells usually reside in a determinate microenvironment
which regulates their fate and function. The surrounding ECM with its chemical and
biophysical cues is a key element, so the lack of cellECM interaction limits their

survival [61].

Aiming to overcome the problems of cells supply, alternative approaches are
considered in current studies. The use of natural or synthetic materials in an injectable
format, alone or together with cells, has been investigated to limit remodelling and
improve both cell attachment and survival upon implantation in the heart (Figure 1.1
A). Ideally, they should be tailored to be amenable to delivery with minimally invasive
catheter based procedures [59]. The injectable materials have to cure or self-assemble
rapidly (without the need or the release of toxic components) once delivered in the site
of interest. As injected, they adopt the shape of the cavity, and may increase the
stiffness and thickness of the ventricular wall [62]. Simulations show that the injection
of non-contractile materials with proper mechanical properties can contribute to limit

the stress the ventricular wall withstands, thus helping to limit the remodelling [63].

These materials can help to keep the cells in the site of interest, provide them a 3D
environment and also protect them from the hostile environment represented by
cytokines and hypoxic conditions, reactive oxygen species, etc., consequence of the
infarcted condition of the site [43]. The injected gels can provide a cell friendly
environment that will prevent anoikis [59]; they can also include adhesion motifs and
then actively contribute to cell attachment. Moreover, they can be used as a controlled
release system providing in a sustained way drugs or growth factors to improve cells
survival, integration and proliferation [35]. And in the case of biodegradable materials,

their degradation products may provide additional chemicals that stimulate cells.
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Among others, the ideal injectable material should be biodegradable, have a low
immunogenicity, be non-cytotoxic, non-adhesive and have antithrombogenic
properties, adequate mechanical properties, provide stiffness to the scar but at the
same time being compliant with the heart beating and transmit properly the
mechanical stimuli to the cells, induce angiogenesis or at least not disturb the
angiogenic activity after incorporation, be capable of delivering cells and or bioactive

molecules [64].

The in situ gelling biomaterials employed can be classified into natural or synthetic
materials depending on their origin. Synthetic materials are made in the laboratory, so
their properties can be tuned to match the desired characteristics: their mechanical
properties, degradation, morphology and mesh size (porosity) can be tuned as desired
[65]. Besides, they are free from animal origin components and the risks related
therewith. However, they may not have as good biological performance as biologically
derived materials [2]. In the group of injectable synthetic biomaterials there are,
among many others: N-isopropylacrylamide (NiPAAm) alone [66] or copolymerized
[67]; poly(ethylene glycol) (PEG) alone [68], copolymerized [69] or combined with
vascular endothelial growth factor (VEGF) [70], or the self-assembling peptides (SAPs)

[71] that will be discussed in more detail in section 1.5.3.

Natural or biological biomaterials refer to those from animal or vegetal origin. They
are very similar to macromolecular substances which the biological environment is
prepared to recognize [72]. Among them there are: fibrin [73], chitosan [74], Matrigel®
[75], hair keratin [76], hyaluronic acid [77], alginate [78], collagen [79], gelatin [80] and
ECM-derived materials [81].
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1.2 Cell therapy and cardiac tissue engineering

1.2.4.- Pre-formed gels and scaffolds
What is the point?

An alternative approach in the field of cardiac tissue engineering implies the use of
biomaterials to produce patches and implant them epicardially onto the infarcted
tissue, conveniently adapted to its size and shape. These patches can be pre-loaded
with cells (incorporated within their pores in the case of microporous scaffolds, or
encapsulated in the case of a gel conformed before implantation) and growth factors
or drugs, and act as a cell supply, a mechanical reinforcement [82] to the infarct scar

to avoid ventricular dilation and a drug release system simultaneously.

Attending to the type of strategy, three groups can be distinguished, in terms of the
nature of the matrices: biodegradable scaffolds, permanent or biostable scaffolds, and
decellularized tissue-derived scaffolds. With the use of biodegradable scaffolds, it is
expected that the matrix will degrade as the surrounding tissue is regenerated; the
degradation products should be non-toxic and metabolized by the body. By using
permanent scaffolds, the idea is that they will be infiltrated by the host tissue and
contribute to the regeneration, but also act as a permanent mechanical restraint to
limit ventricular dilation (Figure 1.1 B and C). The approach of scaffolds derived
from decellularized tissue is based on the use of tissues whose cells are removed with
a set of washes and the remaining ECM maintains the architecture, the vessels path,
and the mechanical properties similar to those of the native tissue and the proteins
and adhesion molecules. The more aggressive the washes and treatments are, the
lower the risk of allogenic immune reaction is, but undesired washout of adhesion

proteins and architecture damage can be associated [56, 83].

Requirements of the scaffolds

In the cardiac patch strategy a key aspect is to find a material that matches the

required properties. The material needs also to be cell-friendly, non-cytotoxic and
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promote cell attachment and proliferation, and it must also be non-immunogenic [84].
The scaffolds should provide a 3D environment to the cells with a porous structure
able to guide cardiomyocytes alignment and promote maturation [85], also induce the
development of a contractile phenotype and the electro-mechanical coupling of the
implanted cells among them, and also with the host tissue [86, 35] and needs to be

easily vascularized [50].

The mechanical properties exhibited by the scaffolds should be adequate to their
application in heart tissue engineering. It implies that they should ideally be
compliant with contractions and exhibit non-linear elasticity, as well as be capable to
adapt to the shape of the heart in all the phases of the heartbeat. Anisotropy to
mimic the directionally-dependent electrical and mechanical properties of the native
myocardium could be desirable [87]. The stiffness of the material employed affects the
phenotype and contractile properties of the neonatal cardiomyocytes [88], and has to

be carefully tuned to meet physiological conditions.

Related problematic

As all the approaches described so far, the use of patches also has some advantages,
disadvantages and unsolved problematic. An important inconvenience is that the
application of a patch in the heart needs a much more invasive technique than a
catheter-delivered system, as it requires a surgical procedure to be implanted. As
advantage, the fact that the materials are synthesized and conveniently prepared out
of the body can be outlined. It implies that there is no limitation in the preparation
procedure and in the use of solvents (if they are properly removed at the end of the
fabrication process and do not induce cytotoxicity). Therefore, the range of
chemistries and techniques available to obtain scaffolds with different architectures
broadens. In addition, the mechanical properties of polymer scaffolds may be tuned

to match more closely those of the heart muscle than with gelly biomaterials.
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1.2 Cell therapy and cardiac tissue engineering

Besides, cells can be pre-cultured in vitro within them prior to implantation if

desired.

Unlike native myocardium, where the greatest distance between capillaries is around
20 microns [59], scaffolds are not vascularized a priori. Then, cells seeded in the
scaffolds have their oxygen and nutrients supply limited to their molecular diffusion
through the thickness of the scaffold. Given the fact that cardiomyocytes have great
consumption rates of nutrients and oxygen diffusion results in an insufficient supply
for thick constructs. Consequently, to obtain a thick engineered tissue with viable
cells throughout its thickness, pre-vascularization or improved diffusion throughout
the scaffold until it is vascularized is key for the implant to succeed. Otherwise, cell
density will be concentrated in the external parts and cell viability will be
compromised in the centre of the scaffold if the distance to the surface is greater than
a critical value estimated around 100 microns [89]. For example, the influence of
oxygen concentration in cell density and viability in collagen scaffolds was studied,
and results showed that the former decreases linearly with the distance to the surface

and as a consequence the latter decreases exponentially [90].

Many attempts have been done in this direction, like the incorporation of oxygen
carriers to the culture medium to simulate the effect of the haemoglobin in the blood
[91], or the addition of the growth factor platelet derived growth factor BB (PDGF-
BB) to protect cardiomyocytes from apoptosis [92]. Another strategy is based on the
use of scaffolds releasing growth factors to enhance the vascularization process, like
basic fibroblast growth factor (FGF) [93], VEGF [94] and Thymosin beta-4 [95]. In a
different approach, capillary [96] or channelled [97] structures, or the native vascular
network [98, 99] of decellularized tissues are proposed to favour the vascularization of
the construct. The culture of endothelial cells prior to implantation of cardiac

myocytes has also been explored [100]. Another possibility is to pre-implant the
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scaffold to pre-vascularize it prior to its implantation in the final site [101]. Pre-
culturing the scaffolds in vitro in rotating bioreactors [102], spinner flasks [89], orbital
mixed dishes [103] or perfusion bioreactors have also been considered as good options,
particularly the last ones. All in all, despite the great efforts put into play and the
improvements achieved, obtaining vascularized constructs is still an unsolved

problem.

Biomaterials employed as scaffolds

Many different types of materials have been considered for its use as patches in
cardiac tissue engineering. According to their origin we can distinguish again:

biological-derived materials, decellularized tissues and synthetic materials.

Biological-derived materials employed as scaffolds in cardiac tissue engineering cover:
collagen either as a scaffold [104] or as a hydrogel, combined with different cell types
[105, 22], modified with RGD [106] or functionalized with interleukin-10 plasmid [107]
and even has been studied in the MAGNUM phase I clinical trial [108]; gelatin [109];
fibrin [110]; alginate alone [111] or modified to improve its non-adhesive nature [112];
polysaccharides such as pullulan and dextran [113]; silk fibroin alone [114] or
combined with chitosan and hyaluronic acid [115] among others, or chitosan
combined with carbon nanofibres to improve its conductivity [116]. Decellularized
extracellular matrices have been proposed as scaffolds in many studies [117] and by
means of this technique, rat hearts capable to pump blood have been successfully

obtained [118].

Synthetic materials include: polylactic acid and polyglycolic acid (PLA and PGA)
[56] that are usually blended as poly(lactic—co-glycolic acid) (PLGA), or with other
polyesters, to combine their properties as desired. PLGA has been employed as

electrospun fibrous membranes [119] or as porous beads [120]. PLGA has been mixed
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1.2 Cell therapy and cardiac tissue engineering

with laminin [121] or carbon nanofibres [122]. Poly(epsilon-caprolactone) (PCL) [123]
has been proposed for myocardial regeneration for example in 3D constructs obtained
by overlapping electrospun PCL mats. It is usually combined with PLA, PGA or its
copolymer poly-glycolide-co-caprolactone (PGCL) [124]. Polyurethanes can be used to
obtain fibrous scaffolds by electrospinning [125] or porous elastic scaffolds [126]. Cell
attachment on polyurethane-based porous scaffolds has been improved by pre-
treating them with laminin [127]. Poly(glycerol sebacate) (PGS) [128] has been
proposed in very different geometries [87], and also coaxially electrospun with gelatin

[129] to enhance cell adhesion and proliferation or modified in other ways [130].

In particular, acrylate-based materials have not been widely exploited for cardiac
tissue engineering yet, but the interest on them is increasing for their versatility of
processing and variety of properties obtained. For example, scaffolds made of poly(2-
hydroxyethyl methacrylate-co-methacrylic acid) [131] have been proposed for their

use in cardiac tissue engineering.
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1.3.- Combinatorial approaches

1.3.1.- Searching for synergy

Elaborated regenerative strategies targeting complex tissues such as the cardiac
require the use of advanced biomaterials. As previously discussed in section 1.2.4, the
requirements for a scaffold to be successful are multiple. It has to be easily colonized
by cells and integrate within the host tissue as well as provide spatial three-
dimensional organization. It has also to act as a mechanical support for the non-
contractile infarcted tissue and yet being compliant with the heartbeat movement.
And, given its thickness, it has to be vascularizable in order to ensure the nutrient

and oxygen diffusion into the core of the construct.

Another aspect to take into account is that the produced synthetic scaffolds need
porosities high enough to allow cell infiltration and migration, as well as diffusion of
oxygen, nutrients, cells wastes,... Given the size of such pores and cells size, the
scaffolds provide a 3D environment in a much higher scale than that of cells.
Therefore, what is being considered a 3D substrate from our point of view, from a
single cell perspective becomes a flat surface with a certain curvature [132].
Consequently, providing an environment that mimics more closely the extracellular
matrix with the employed materials will certainly have a positive effect on cell

behaviour.

Taken all together, obtaining a single-component scaffold matching all these desired
properties is a terribly hard task. Thereby, materials exhibiting different properties
and with different structures have been combined in the last years in more
sophisticated strategies to obtain hybrid materials that exploit the advantages of all
its components. Attending to the obtained structures and their aim they can be

classified into different categories.
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Firstly, some strategies entail the filling of the pores of a base scaffold. The rationale
is to use one material that provides a 3D structure and mechanical properties, which
is previously obtained. Next, it is filled with a different material which may have
better cell-related properties and that may lodge drugs or growth factors to be
released in situ. In this group two subcategories can be distinguished. The first one
refers to the approaches in which a filler occupies the whole space between the pores
and the methods that only provide a coating of the pores’ inner surface leaving the
pores partially empty. Other interesting systems involve the physical combination of
materials with different properties. A wide range of systems proposed are included in
this group. The second category encloses those procedures that apply surface
treatments to polymers surfaces and, once the surface is activated, other groups or

another material can be grafted onto it.

1.3.2.- Filling the pores

In this group of strategies, the intention is to entirely fill, and therefore clog the
pores of macroporous scaffolds with a gel-like material to enhance the biological

performance of the former.

The use of hydrogels to fill the pores of previously assembled scaffolds has proved to
provide some interesting results. For instance, when chitosan scaffolds were filled
with fibrin, cardiomyocyte retention within the pores was improved, and the
constructs were capable to contract and transmit measurable forces when electrically
stimulated [133]. In the absence of the filling, the forces were not transmitted and the
construct was unable to contract. In another work, hybrid cardiac constructs were
obtained by combining an elastomeric knitted fabric (Hyaff) with fibrin [134]. The
presence of fibrin helped to immobilize the seeded cells and therefore the cell density
reached increases. Similarly, web-like collagen microsponges were incorporated in the

openings of a PLGA knitted mesh [135], increasing cell homogeneity and seeding
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efficiency. The mesh provided proper mechanical properties, and made it easy to
handle; and with the collagen sponges, cell interaction was enhanced. Type I collagen
has been used to hydrophilize the pores of poly(DL-lactide-co-caprolactone)-
poly(lactic—co-glycolide acid) (PLACL-PLGA) scaffolds [124]; the use of this
composite system improved cellularity, contractility and cardiac markers expression
(Tn-I and Cx-43) of neonatal rat heart cells seeded with Matrigel®. Hyaluronic acid
(HA) has been employed as a filler for the pores of PLLA [136] and PCL [137]
macroporous scaffolds, profiting from the bioactive properties of HA and the
adequate mechanical properties of the polyesters. In a distinct combination, PLGA
yarns were knitted into a mesh, and then collagen-chitosan solutions were poured on
them. After lyophilization, porous collagen chitosan scaffolds reinforced with a PLGA
mesh were obtained. They were tested subcutaneously, and proved to promote cell
infiltration and blood vessel ingrowth. This system was firstly envisaged for dermal
tissue engineering, but could be applied for other tissues as well [138, 139]. A more
innovative procedure to obtain scaffolds with a hydrogel filling the pores involves the
use of a CAD-CAM multi-head deposition system. As an example, with this device a
synthetic polymer could sequentially (PLGA and PLLA in this case) be deposited to
form channels, and then those channels were filled with the hydrogel (HA, gelatin
and atelocollagen); these steps were repeated over and over until the hybrid scaffold
was obtained [140]. The system combining both materials exhibited improved cell

adhesion and proliferation.

Despite the examples presented so far, the base scaffold can also be from biological
origin. For example, in a very interesting work, a fully biologically derived hybrid
scaffold was proposed [141]. As scaffold, providing good handling characteristics,
human decellularized myocardium was employed; and it was combined with fibrin
loaded with human mesenchymal progenitor cells. It was found that the use of this

composite had a remarkable impact on vascularization and myogenesis, showing a
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great potential for cardiac repair. In another system, a porcine bladder acellular

allograft was filled with a thermosensitive hydrogel containing PLGA nanoparticles

loaded with VEGF [142].

Self-assembling peptides have also been used in combination with scaffolds to
enhance their biological performance. Among others, silk microfibers obtained by
knitting fibres were used as a frame for silk sponges obtained by freeze drying, and
next the ionic polypeptide RAD16-I was incorporated in the open spaces among pores

[143].

The gel can be used to fill and encapsulate cells at the moment of the seeding. For
instance, composite PLLA-PLGA scaffolds loaded with Matrigel® were co-cultured
with  endothelial cells (ECs), cardiomyocytes and embryonic fibroblasts
simultaneously [144], for ECs to provide vasculature and act synergically with
cardiomyocytes to improve cell survival and proliferation. In a different work, cells
were seeded in PGS scaffolds and entrapped using Matrigel® [145]. Cells were also
encapsulated with fibrin and added into a PGA (polyglicolic acid) mesh to increase
the system manipulability [146], which gave very good results for cartilage; a way to

adapt this system for cardiac tissue engineering was under investigation.

1.3.3.- Coating the pores

Alternative proposals involve either only coating the inner surface of the scaffold
pores or the external area of fibrous scaffolds or nanoparticles, providing a better
interface between cells and the materials, but without encapsulating them or forming
a net surrounding them. Authors targeting these types of structures claim that they
will facilitate cell colonization and migration, as well as will leave more space for cell
ingrowth and for the exchange of nutrients, oxygen and wastes than approaches that

entirely fill the pores [147].

21



Introduction

As previously explained, fibrin was proposed as a filler but also as a coating for
PLLA fibrous [147] and macroporous scaffolds [148] by applying specific techniques
that prevent the solution from clogging the pores. Cell colonization and homogeneity
was improved and in the case of macroporous scaffolds the elastic modulus increased.
PLLA scaffolds have been also coated with chitosan solutions forming a foam
microstructure inside them [149]. The microstructure can be tuned by changing the
chitosan solution concentration and simultaneously be used as a controlled release
system [150]. In a more sophisticated proposal, fibrous scaffolds with an external
coating of gelatin were produced by coaxial electrospinning [151]. In another research,
electrospun nanofibres of PCL were coated with an amphiphile self-assembling
peptide (SAP) containing an RGDS ligand [152]; authors were capable to coat the
PCL fibres without compromising the PCL network. Cell performance improved

thanks to the SAP addition.

Cell-adhesion mediating proteins of the ECM (fibronectin, laminin, fibrin, elastin or
collagen type I and III) have been used as coatings in synthetic scaffolds to enhance
the ECM formation and better control cell behaviour [153]. In [154], a coating
consisting in a mixture of fibrin, fibronectin, gelatin, growth factors and

proteoglycans proved to be a good substrate for human umbilical vein endothelial

cells in PCL scaffolds.

Another concept entails the coating of microparticles employed as scaffolds. For
example, chitosan microparticles were ‘decorated’ with HA by adsorption from an
acidic HA solution [155], and silk fibroin aqueous solutions were explored as coatings
for drug controlled release [156]. Coatings can have other applications besides
improving cellularity, like reducing the inflammatory reaction upon implantation. For

instance, PLGA microspheres were coated with MSH (melanocyte stimulating
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hormone, an anti-inflammatory hormone) by physical adsorption in [157], to decrease

the inflammatory reaction they cause in vivo.

1.3.4.- Blending and combining polymers

This strategy seeks the synergy of two or more materials in the composition of the
polymeric matrix, by combining them during the process of production. Hereafter, a

set of examples is related.

For instance, chitosan was blended with HA at different proportions, and after the
freeze-drying procedure, porous scaffolds combining both materials were obtained
[158]. In another work, hybrid scaffolds composed at different ratios of gelatin/HA
were obtained by freeze-drying followed by crosslinking with 1-ethyl-3-(3-
dimethylaminopropyl) carbodiimide hydrochloride (EDC) [80]. It turned out to be an
interesting system for soft tissues. The cell adhesion on the scaffolds could be tuned

by varying the gelatin fraction.

As regards electrospun membranes, PCL/gelatin or PCL/collagen-elastin were
electrospun to obtain fibrous scaffolds with pore size depending on polymer
concentration [159]. Combining a synthetic polymer with proteins allows to
simultaneously improve both the mechanical properties and the biological
performance. Blending the proteins with the PCL avoided the need for crosslinking
agents, such as glutaraldehyde. In a different system, a PLLA electrospun membrane
was combined with a co-electrospun HA membrane by consecutive electrospinning, in
order to obtain a bilayered membrane with an adhesive side and a non-adhesive one
[160]. The use of PLLA provided a handling film easily colonized by cells whereas HA
exhibited a non-adherent behaviour. In line with the above, hybrid biomaterials were

obtained by simultaneous co-electrodepositing a PCL/collagen mixture solution, and

a gelatin/HA (loaded or not with VEGF and PDGF-BB) [161]. With this mixture of
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materials authors claimed that they obtained a potentially truly vascularizable
scaffold. In a more sophisticated proposal, highly aligned nanofibres of
PCL/collagen/gelatin nanofibres were obtained with a greater protein content on the
surface by means of the rotary jet spinning technique [162]. Because of the alignment,
anisotropic mechanical properties and a Young’s modulus in the range of cardiac
muscle were obtained. Moreover, the addition of proteins improved the sarcomere

formation as compared with pure PCL.

Microspheres of combinations of materials can also be obtained either to be used as
scaffolds, to encapsulate cells or as systems for controlled delivery of molecules. For
example, PLLA was combined with gelatin through a water/oil emulsion in order to
increase its hydrophilicity targeting to improve cells affinity for this material [163]. In
a different approach, alginate and collagen were combined to produce microspheres
that encapsulated cardiomyocytes with a drop by drop system in a gelling bath [164].
This system allowed cells proliferation and the production of multilayer
interconnected tissues. Moreover, the cells had features of a well-organized cardiac-
like tissue and contracted spontaneously in a synchronous way. PLGA was combined
with PEG-g-CHT (poly(ethylene glycol)-grafted-chitosan), to obtain microspheres
with a modified-in-emulsion-solvent-evaporation method for controlled release of
proteins. The release kinetics could be controlled by changing the PEG-g-CHT

fraction [165].

With the aim of improving the mechanical properties of a base soft material, a
variety of alternatives have been proposed so far, some of which are commented
hereafter. Scaffolds of chitosan combined with gelatin and having a PCL core were
produced [166], where the PCL core provided surgical handling, suturability and a
higher tensile strength. The combined use of gelatin and chitosan targeted a good cell

adhesion while providing a porous structure and mechanical properties allowing
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cardiomyocytes migration and function. In another work, PGA fibres were employed
to reinforce mechanically fibrin scaffolds with good biological performance [167].
Alternatively, in [168], poly(lactide-co-epsilon-caprolactone) knitted meshes embedded
in between two layers of collagen obtained by compression allowed a uniform cell
distribution, and better manipulability. Analogously, multilayer hybrid scaffolds were
obtained by compression, having as a core an electrospun silk fibroin mat and both
faces covered with a dense collagen layer [169]. This system was tested with

mesenchymal stem cells, which exhibited a uniform distribution.

Another type of combination refers to the addition of conductive nanoparticles to the
polymeric matrix, in order to improve the electric properties of the scaffolds that are
usually very poor. For instance, HEMA (hydroxyethyl methacrylate)-based scaffolds
were combined with gold nanoparticles [170]. As an effect of the good mechanical and
electrical properties, the expression of connexin-43 of neonatal rat cardiomyocytes
was enhanced. Polyvinyl alcohol combined with bovine serum albumin (BSA) was
also loaded with gold nanoparticles; charged fibrous scaffolds were obtained by
electrospinning, and again the cardiomyogenic differentiation was enhanced because

of the better conductivity [171].

A problem associated with biodegradable scaffolds is that their degradation products
might alter the microenvironment; for instance, the PLLA degradation products
acidify the pH. Combining them with other materials can alleviate or solve this
inconvenience. For example, in [172] PLLA was combined with chitin fibres, which

degradation products were mend to neutralize those of PLLA.

1.3.6.- Treat and graft

This category encloses those procedures involved in the application of surface

treatments to polymers in order to chemically modify their nature at the surface

25



Introduction

level, and next grafting molecules onto them. Grafting biomolecules on the polymer

surface can help, for instance, to have better control over cell adhesion and survival.

In general, the treatments proposed aim to create functional groups in the polymer
surface, like carbonyl, carboxyl or amine groups. There are different surface
modifications applicable to a polymer to improve cell adhesion onto it: ultraviolet
radiation, beam ions (oxygen, nitrogen, noble gases or halogens), plasma treatments,
etc. For instance, polyethylene was plasma-activated and bioactive molecules such as
glycine, PEG, BSA or colloidal carbon particles were grafted onto the surface [173].
As a consequence of the introduced modifications, cells adhered and grew better.
Scaffolds combining chitosan and gelatin were surface modified to incorporate HA
chains [174], and the biological and mechanical behaviour as well as their biostability
were improved. Polyhydroxyalkanoate-based materials were also coated with HA
after a lipase treatment to increase the hydrophilicity of the substrate [175], and the
importance of obtaining substrates with appropriate hydrophobic/hydrophilic
proportions. Hydrophobic polymers were coated in [176] with highly hydrophilic
ultra-thin layers, obtained by covalent immobilization of polysaccharides using a
reductive amination reaction after a previous plasma activation of the polymer
surface. In another study, polymethylmethacrylate fibres surfaces were functionalized
with collagen I through different methods. It was observed that not the largest
amount of adsorbed proteins but the type of linking determined the best cell

attachment and proliferation in vitro [177].

In this section, the technique of layer by layer (LbL) deposition can also be
commented. It consists in alternatively adsorbing two or more oppositively charged
water soluble polymers onto a substrate. Many different combinations have been
proposed, like chitosan/alginate [178], chitosan/HA [179] or chitosan/silk [180], among

others. LbL can be further combined with treat and graft techniques: in [181],
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hyaluronic acid and chitosan were layer by layer deposited onto PLGA surfaces
previously rendered positively charged by aminolysis. The resulting material
exhibited non-adherent properties but the multilayers covalently functionalized with

collagen improved cell adhesion.
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1.4.- Purpose of the study

The goal of this work was to obtain multifunctional materials (constructs), serving as
cell carriers and drug-releasing platforms, by combining pre-formed elastomeric
scaffolds with 7n situ assembling/crosslinking gels in the scaffold’s pores, for
application as ventricular patches in cardiac tissue engineering. These constructs are
expected to show an enhanced biological performance as compared to bare scaffolds

arising from the synergy of both components,

Non-biodegradable polymeric scaffolds based on poly(ethyl acrylate), PEA, were used
because of its good mechanical properties and biocompatibility. The scaffolds are
obtained with two different architectures: either with interconnected spherical pores
or cylindrical orthogonal pores. The PEA scaffolds’ pores are coated or filled with
two different bioactive hydrogels: hyaluronan, HA, and the self-assembling peptide,
SAP, RAD16-I. HA was chosen for its biocompatibility and angiogenic potential of
its degradation products. As regards the SAP, it was selected because it self-
assembles into 3D networks mimicking the ECM and has shown a good biological

performance as well.

As a result of such combination a material is obtained with adequate mechanical
properties, easy to handle, stable and cell friendly, with enhanced oxygen and

nutrients diffusion, prompt for cell colonization.

The specific objectives of this Thesis were:

1.- To set up the procedures to obtain hybrid constructs combining PEA porous
matrices with two bioactive gels in their pores, HA and RAD16-1, in different coating
typologies, and characterize them from the morphological, physico-chemical and

mechanical point of view.
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2.- To determine the mechanical properties of these scaffolds as well as their

resistance to fatigue loading to ascertain their feasibility for the proposed application.

3.- To assess the suitability of these scaffold-gel constructs to be used as controlled

release systems, by employing a model protein.

4.- To evaluate the biological performance of the scaffolds filled with the bioactive

gels.

In order to fulfil the presented objectives, firstly the employed materials are
presented. The influence of the preparation processes on the properties of all
employed materials was studied by means of a morphological and physico-chemical
characterization. Bearing in mind the application for which these constructs were
intended, the mechanical performance under fatigue cycles was especially considered.
Procedures for incorporating the gels into the scaffolds were studied, paying a special
attention to the different morphologies of the coated layer. The interaction between
RAD16-I and PEA surfaces was a specific subject of enquiry. The use of the
scaffold/gel constructs as a platform for drug and protein delivery was considered

and characterized through experiments with a model protein.

In vitro studies were performed to ensure that the resulting materials were not
cytotoxic. Cell seeding efficiency and cell viability experiments permitted a
comparison of the scaffold-gel constructs and the bare scaffolds as to their biological
performance. Finally, the endothelization potential of the scaffold-gels constructs was

evaluated in vitro with HUVECs (human umbilical vein endothelial cells) cultures.

The work leading to this Thesis took place in the framework of the FP-7 project
RECATABI [182] (REgeneration of CArdiac Tissue Asissted by Bioactive Implants),
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financed by the European Commission in the 7 Framework Programme. Some of the
materials developed in the present study were among those implanted in a sheep
model of chronic infarct by Dr. J.C. Chachques in the Hoépital Européen Georges
Pompidou (Paris), in the framework of the collaboration of the above-mentioned
project. The results derived from these collaborations are not shown as are out of the

scope of this Thesis.
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As previously discussed, combining materials creates synergies that can boost the
advantages that presents each component separately. Hence, in this work hybrid
scaffolds have been obtained by combining materials with very different properties
and nature, in order to benefit from the advantages that each constituent introduces

and to overcome the limitations that each component might present.

The materials chosen for this Thesis are composed on the one hand of a hydrophobic
porous scaffold, made of poly(ethyl acrylate) (PEA) exhibiting different
morphologies. It will be responsible for the mechanical integrity, manipulability and
structural organization of the construct. This scaffold will be combined with
hyaluronan or the self-assembling peptide RAD16-I. Basically, the types of
combinations that will be dealt with in this work will cover from thin pore coatings
to complete fillings. The incorporation of these materials to PEA scaffolds, both
highly hydrophilic and with a gel-like aspect, aims to improve the biological
performance of the base material as well as to facilitate a controlled release of active

molecules.
Right after the main features of each component are presented, and their uses and

applications are shortly reviewed to provide a general idea of the interest of bringing

them to a combined system.
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1.5.1.- Acrylates

Ethyl acrylate, EA, (Figure 1.2) belongs to the family of alkyl acrylate polymers,
which is a family of monomers that are flammable, volatile, mildly toxic and
colourless [183]. Acrylates can be polymerized by different processes but the use of
one or another polymerization method has no great impact on main properties of the
resulting polymer such as glass-transition temperature [184]. Despite its toxicity as a
monomer, once EA is polymerized, post-polymerized and carefully washed to remove

any trace or residual monomer, poly(ethyl acrylate), PEA, is non-cytotoxic.

\)J\O/\

Figure 1.2: Chemical structure of ethyl acrylate (EA).

PEA is hydrophobic and behaves as an elastomer both at room temperature and at
body temperature, thus it is capable to recover its shape after applied stresses. This
rubber-like behaviour occurs because the main chain motions are not hindered, hence
its glass transition temperature is quite low [184]. Moreover, its elastic modulus is in

the range of those of biological tissues, and it is easily handled and suturable.

Cells do not attach directly to the materials surface but to the serum or ECM
proteins previously adsorbed into the material surface [185]. PEA has been shown to
favour the adhesion of proteins such as laminin [186] or fibronectin [185, 187] and to
facilitate the formation of a protein network that contributes to increase cell adhesion
despite the hydrophobicity of the material. The fact that these mediating proteins
are capable of spontaneously forming this network on its surface is an indicator of the

potential biocompatibility of this material.
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1.5 Candidate materials

Several different cell types have been tested with PEA and its copolymers with other
acrylates, with very promising results. Fibroblasts and human umbilical vein
endothelial cells (HUVECs) were cultured on a series of acrylate copolymers, and a
trend was observed: the more hydrophobous the material, the better cell behaviour in
terms of adhesion and spread was attained [188]. A similar trend was found when
chondrocytes were seeded on acrylates with uniformly distributed hydrophobic
groups; however, when the materials were produced with hydrophobic and
hydrophilic nanodomains, the results improved [189]; similarly occurred with
keratocytes [190]. Acrylates were also seeded with dental pulp stem cells, which
uniformly covered the material surfaces. An acrylate-based substrate for neural cells
was obtained, where stromal cells act as neurotrophic pumps [191]. PEA was found to
support the culture and survival of neurons derived from neural stem cells as well;
however, the outcome was better if a small hydrophilic fraction was added [192]. In
the case of neural explants, a greater fraction of hydrophilic material improved cell
attachment and differentiation [193]. Acrylates are additionally a suitable substrate
for Schwann cells adhesion and proliferation [194]. Osteoblasts have also been
cultured on acrylates, and cell behaviour was directly correlated with the fibronectin
fibrillogenesis on the surface [187]. Finally, acrylate rich materials have also been
studied as feeder-free substrates for both human embryonic stem cells and induced

pluripotent stem cells, being found to promote colony formation [195].

In the scope of tissue engineering, acrylates have been employed to produce three-
dimensional scaffolds with different architectures. Among other possibilities, ordered
cylindrical orthogonal pores [196], spherical sponge-like interconnected pores [197],
cylindrical elongated pores [198], or combinations of them have been obtained. The
use of different pores typologies aims to biomimic tissues with different structures.
For instance, the last ones were intended for axonal guidance [199] or dentin

regeneration [200], and the scaffolds with cylindrical orthogonal pores have been
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tested for brain tissue regeneration in rats [199]. Scaffolds combining a channelled
porosity with spherical interconnected pores have been proposed for cardiac tissue
engineering [131], for the channels to guide cardiomyocyte alignment and organization
and the pores to allow nutrients and oxygen diffusion. Moreover, when implanted,

they were found to be vascularizable without inducing great inflammatory response.

In particular, in this work PEA has been polymerized from EA via radical and
crosslinked with ethylene glycol dimethyl acrylate (EGDMA) (Figure 1.3). The
monomer and crosslinker radicals, transferred from a thermal or photo-initiator that
attacks the double bound, react to generate a polymer network. Specifically, PEA
scaffolds with spherical interconnected pores and grid-like interconnected channels
are envisaged in this Thesis to be used for myocardial regeneration. As previously
said, these scaffolds will be combined with hyaluronan and a self-assembling peptide
to improve molecules diffusion throughout the scaffolds, enhance their biological

performance, as well as to have a means to deliver molecules of interest.

gt

Figure 1.3: Chemical structure of the initiator benzoin (left), and the crosslinker

EGDMA (right).
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Figure 1.4: Scheme of the polymerization reaction of ethyl acrylate into poly(ethylacrylate):

formation of radicals, transfer to monomers, chain growing and termination.
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1.5.2.- Hyaluronan

Hyaluronic acid (HA) (Figure 1.5) was isolated for the first time in 1934 by Karl
Meyer and John W. Palmer [201]. Initially it was named hyaluronic acid because it
was obtained from the vitreous humour of the eye and contained uronic acid: hyaloid
(vitreous) and uronic acid. But in 1986 Balazs et al proposed to rename it as
hyaluronan, to underline that it is a polyanion [202]. Many other different names
have been proposed, among them, as a curiosity “highly ironic acid” was proposed

[203] to emphasize the subtleties and intrinsic difficulties associated to the handling

H OH
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Figure 1.5: Chemical structure of hyaluronic acid.

of this material.

HA is a linear non-sulfactated glycosaminoglycan. The repeating units of this linear
polysaccharide are formed by (B,1-4)-D glucuronic acid and (pB,1-3)-N-acetyl-D-
glucosamine [204]. It can be found in the native state as a high molecular-weight
polymer reaching a molecular weight up to several millions of Daltons [203].
Hyaluronan is ubiquitously present in the human body in a great variety of tissues at
different concentrations. It can also be obtained from different sources: bacterial,

rooster comb, shark skin and bovine eye ball [205].

Given its unique physico-chemical properties and biological characteristics, it plays a

multitask role. HA has a high capacity for water retention and therefore regulates
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water homeostasis: transports ions and nutrients and also preserves hydration [206].
This capability of retaining water enables it to bear compression loads in joints [207].
HA is a viscoelastic polymer, and because of its rheological properties it acts also as a
natural lubricant in the joints. HA exhibits a high viscosity in aqueous solution even
at low concentrations because of its high hydrodynamic radius in water. However,
the hydrodynamic radius can be reduced by varying the pH of the starting solution
[208], which allows the preparation of HA solutions at higher concentrations with
lower viscosities. This might be of interest during the preparation of HA-based

materials.

Regarding its biological role HA was found to influence cells behaviour. Hyaluronan
interacts with other constituents of the ECM, to create cell-protective environments
[209]. HA also interacts with cells through specific binding sites named hyaladherins
[206], and regulates their behaviour; it can activate cell receptors like CD44 that can
trigger intracellular signalling cascades that determine cytoskeleton activation and
affect cell migration [210]. HA also mediates biological events, such as cell
proliferation and differentiation during development [211]. Albeit, the hydrophilic and
polyanionic nature of the HA does not particularly favour attachment to the anionic
cell surfaces, and better cell adhesion is observed for HA with low than for HA with

high molecular weight [212].

Another interesting feature of this molecule, is that its degradation products, 4-25
sugar units long, are capable to promote angiogenesis [213], by inducing endothelial
cells proliferation and migration through the activation of a signal transduction
pathway [214]. It has been reported that the use of HA oligosaccharides in vivo
increased the mean number of blood vessels per mm. However, longer units of HA are
not angiogenic; even worst in the case of high molecular weight HA, which can

become anti-angiogenic [215].
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Given its good biocompatibility, biodegradability and non-immunogenicity [216], HA
has turned a frequently used polymer in the biomedical field for many different
applications, [217] as wound dressing [218], to inhibit cell adhesion in the prevention
of surgical adhesions [219], to avoid protein absorption [220], for knee
viscosupplementation [221], as a component of implants [222], in cosmetics [223], as a
scaffold for tissue regeneration [209], as a drug carrier for controlled release [224] or

for cell encapsulation [225].

Nonetheless, the use of HA as a biomaterial is restrained by several issues, namely:
short time of residence in the site of interest, water solubility, low mechanical
properties and lack of manipulability. To overcome these limitations, modifications of
the HA structure or crosslinkings have been proposed. The variety of crosslinkers and
modifications introduced are very wide [226], but can be classified according to the
HA functional group attacked: the carboxyl group, the hydroxyl group or other
groups previously introduced in the sugars of the HA structural unit [209]. When the
reaction occurs through the carboxyl group, a crosslink via ester linkage is obtained.
On the other hand, when the hydroxyl group is involved, the crosslink takes place via
ether linkage. In the case of previously modified hyaluronan, the outcome depends on
the type of modification previously introduced [226]. Depending on the crosslinker
agent of choice, different degrees of crosslinking can be achieved. Therefore, materials
produced with different crosslinkers exhibit different physico-chemical characteristics
[209]. For instance, materials with anisotropic swelling can be obtained by
crosslinking up to different extents in different areas by the consecutive use of a

chemical crosslinking followed by a patterned photo-crosslink [227].

Hyaluronan, either alone or combined with other biomaterials, has been proposed in
cardiac tissue engineering approaches in vitro and in vivo. It has been used as a

knitted HYAFF (hyaluronan benzyl ester) mesh in vitro to culture neonatal rat
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myocytes inducing cell organization into sarcomeric structures and spontaneous
contraction [228]. A glass substrate was provided with HA microchannels for the
cardiomyocytes to preferentially attach and form beating cardiac organoids in the
fibronectin-coated glass lane [229]. Different HA hydrogels [64] implanted in vivo
demonstrated to be suitable for new artery formation in ischemic myocardium. Two
weeks after implantation in the hind limb of rats, the hydrogels were degraded with
low immune response and induced strong angiogenesis. HA can also be used as a
scaffold to lodge mesenchymal stem cells (MSCs) in a localized and controlled
manner into the infarcted heart area [230], allowing the migration of the seeded cells
from the scaffold to the border zone of the infarct. When HA alone (without cells,
drugs or growth factor), was directly injected in an infarcted heart, it was capable of

increasing the thickness of the heart wall and inducing functional recovery [231].

To overcome its limitations, hyaluronan has been combined with other materials. For
instance, HA mechanical properties can be tuned by combining it with alginate by
the use of an hydrazone-based crosslinking [232]. Moreover, this material allowed the
generation of a contractile tissue when it was used to encapsulate neonatal rat
cardiomyocytes. The degradation of the HA-based biomaterials can also be tuned by
using a crosslinker with MMP degradable peptides [233]. The addition of these
peptides improved cell spreading. A hydrophilic pH-sensitive nanofibrous hydrogel
was co-assembled with HA, and was capable of supporting both neonatal rat
cardiomyocytes and human embryonic stem cells derived cardiomyocytes [234].
Cardiosphere-derived cells were delivered in mice using a thiolated hyaluronan-based
hydrogel covalently linked or not with thiolated denatured collagen. It was observed
that the retention rate achieved with the hydrogel without collagen was similar to
that of cells delivered in phosphate buffer saline, either by a low physical retention or
poor cell survival and adhesion of HA [77]. HA combined with collagen was also used

to fill the pores of a decellularized urinary bladder to allow cell delivery into the
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scaffold [235]. In the in vivo study in a mouse model of myocardial infarction, the

functional benefits observed were attributed to a paracrine effect.

The promising results obtained in cardiac applications combined with the angiogenic
potential of the degradation oligosaccharides, makes HA a good candidate for its use

in easily vascularizable scaffolds for cardiac tissue engineering.

In this Thesis, HA is used to coat or completely clog the pores of acrylic scaffolds.
Divinylsulfone (DVS) is used as crosslinker of HA chains (Figure 1.6). This
crosslinking reaction occurs very fast in alkaline solutions at room temperature; DVS
crosslinks HA chains by forming ether bonds between the hydroxyl group of two HA

molecules. After the crosslinking process, very stable, easily handled hydrogels are

obtained.
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Figure 1.6: Scheme of the HA hydroxyl group reaction with divinylsulfone in basic media
forming ether bonds. Modified from [209].
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1.5.3.- Self-assembling peptides

Self-assembling peptides (SAPs) are a relatively new family of synthetic materials.
This group of materials has in common the peculiarity that are formed from short
peptides, which under a change in their environment, like a pH modification or the
addition of salts [71], are capable to undergo a self-assembling process. Molecular self-
assembly is defined as “the spontaneous organization of molecules under
thermodynamic equilibrium conditions into structurally well-defined arrangements
due to non-covalent interactions” [236]. These interactions include hydrogen bonds,
Van der Waals forces, hydrophobic-hydrophilic interactions and water mediated

hydrogen bonds [237].

There are different types of self-assembling peptides, attending to the structure they
adopt after their self-assembly process. Type I SAPs form beta sheet structures in
aqueous solution. Type II SAPs form beta-sheet structures at room temperature but
can adopt alpha—helix structures at high temperatures and can maintain them after
cooling to room temperature for several weeks. For its part, type III SAPs form

monolayers on surfaces that can pattern cell growth [236].

When a pH change is induced or a salt is added to a type I SAP, the charges are
partially neutralized and the alternating hydrophilic and hydrophobic amino acid
residues of the peptide can adopt beta-sheet structures. When the peptides are in the
beta-sheet configuration, have two surfaces, one polar with ionic side chains and
other non-polar rich in alanines. Both surfaces are complementary to one another
[238] and can form ionic pairs (dimers). If the concentration is high enough, and the
conditions are adequate, the oligopeptides can assemble to form a 3D network that
mimics the ECM, with fibres in the range of 10-20 nm diameter and mesh sizes
(pores) about 50-100 nm in diameter [236]. The size of the mesh can be tuned by

changing the peptide concentration [239)].
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Figure 1.7: Chemical structures of arginine (A), alanine (B) and aspartic acid (C). Molecular
drawing of RAD16-I in beta-strand conformation (D) and schematic representation of the self-

assembling process (E), adapted from [240] with permission of the Royal Society of Chemistry.

The adopted beta-sheet configurations are stable through pH or temperature
variations up to pH 11 and 90°C [241]. This great stability entails the need of a deep
characterization to minimize the risks associated with its use in vivo, because these
SAPs are structurally similar to amyloids [242], which regulate biological functions
and also have been related with several pathologies and neurodegenerative disorders
such as Alzheimer. Nevertheless, results obtained both in vitro and in vivo so far

have been very positive as will be exposed next.

Since SAPs are synthetic, present several advantages over animal-derived ECM
materials like Matrigel® or collagen membranes. There is no risk of illness
transmission and all the batches are homogeneous, i.e., there is no variation in the
amount of impurities, residual proteins or growth factors among lots [243]. Moreover,
RAD16-1 (AccRADARADARADARADA-CONH2) and RAD16-1I (Acc-RARADADA
RARADADA-CONH2) SAPs were proved to be non-immunogenic and to produce no

inflammatory reactions in animals [243, 244].
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SAPs have arisen a lot of interest because of their great potential in regenerative
medicine. As previously said, they can mimic the extracellular matrix and even more
can be used to encapsulate cells. But providing a fibrous ECM-like environment does
not guarantee success; the constituent sequence of the peptide is also important.
When HUVECs were cultured into four different SAPs, it was observed that cells
were only capable to form elongated structures and connected -capillary-like
structures in RAD16-1 and RAD16-II, precisely the peptides exhibiting better cell
adhesion [245]. Combining several cell types with peptides might also be of interest.
Indeed, when endothelial cells were cultured in a SAP and subsequently
cardiomyocytes were added, the cardiomyocytes acquired spatial organization and

endothelial cells exerted a protective effect on them [100].

The intended applications of these peptides are very vast, and have been tested with
many different cell types. The SAPs suitability for cell attachment has been verified
with a wide variety of cells (see [238]), with positive results. Despite the good
biological performance achieved, the mechanism by which cells attach to the peptide
chains is still unclear; so far it has been established that cells do not attach to SAP
via RGD-dependent integrin receptors [246]. Interestingly, SAP lack of known cell
adhesion sites, therefore they could act instead as templates on which cells can

deposit its own matrix [245].

In the works listed next, not only the adhesive properties but the SAPs bioactivity
was evaluated. Among others, SAP have been employed with mouse embryonic
fibroblasts; the obtained 3D structures can help to recreate in wvitro certain
morphogenetic processes [247]. In a different work, mouse embryonic stem cells and
mouse embryonic fibroblasts were cultured in RAD16-I to study its influence on
osteogenic differentiation [248]. Hepatocyte-like spheroid clusters were also obtained

[249] thanks to the use of RADI16-I that provided a truly 3D environment. In the
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field of neuro-regeneration SAPs have also been intensely studied. RADI16-I
biocompatibility was tested with human neural stem cells, exhibiting good -cell
survival and allowing cell migration and neural differentiation [250]. RAD16-II was
reported to support functional synapse formation [251]. For its part, another class of
peptides, the amphiphiles, was reported to promote axon elongation and inhibit glial

scar formation after spinal cord injury in mouse models [252].

Interestingly, self-assembling peptides can be used as injectable cell carriers. For
instance, RAD16-1 was proved to be capable of maintaining cells in the site of
interest when used as a delivery system of different types of cells into the heart. For
example, when injected in combination with cardiac progenitors in mice, angiogenesis
and differentiation into cardiomyocytes and vascular smooth muscle cells was
reported [253]. RAD16-1II likewise has been shown to create microenvironments in the
infarcted myocardium that are infiltrated with endothelial and smooth muscle cells,
suggesting its potential for vascularization [71]. Indeed, it was also observed that
combining RAD16-II with neonatal cardiomyocytes increased the density of

endogenous a-sarcomeric actin positive cells.

These peptides can be ‘decorated’ if needed by attaching sequences either to the N-
terminus or the C-terminus to enhance their biological performance. For example, the
laminin-derived YIGSR and RYVVLPR sequences and the type IV collagen
TAGSCLRKFSTM sequence have been attached to RAD16-I and the formation of
cell confluent monolayers was enhanced [254]. In other works, RAD16-I was modified
to incorporate cell adhesion, differentiation, bone marrow homing motifs and
osteogenic growth peptide, showing the ease of incorporating different motifs into the
peptide and the biological potential of such modification [255, 256]. RAD16-I modified
with the RGDSP motif was injected in combination with marrow derived cardiac

stem cells into a myocardial infarction model in rat, enhancing the efficiency of
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transplantation and improving the cardiac function [257]. Another SAP, the Q11 (Ac-
QQKFQFQFEQQ-Am), has also been chemically modified to stiffen the obtained
matrix, and improve its manipulability, simultaneously with the addition of adhesion
motifs that enhanced HUVECs proliferation [258]. The use of a 3D system enhanced
neural progenitor survival and differentiation, but functionalizing RAD16-I with
laminin-I was found to be essential for the growth of human neural progenitor cells in
3D patterns [239]. Hepatocytes functionality can be maintained [259] by using a
functionalized peptide with the GRGDSP motive.

Interestingly, SAPs gels can be used as a controlled release system by incorporating
growth factors, drugs or peptides to induce cell fate. The self-assembling peptide
RAD16-IT can be used as a drug vehicle as it is capable to bind to PDGF-BB; in
combination, it can be used as a controlled release system in the heart able to protect
cardiomyocytes, reduce infarct size and maintain cardiac function [260]. RAD16-II has
been used to deliver PDGF and FGF [261]. The first is arteriogenic and the second is
angiogenic; their combination targets endothelial cells and vascular smooth muscle
cells. Infarct size and cardiomyocyte apoptosis were considerably reduced in rats with
the combined use of these factors and the SAP. The capillary and arterial density was
recovered, and cardiac function was improved. RAD16-II combined with insulin-like
growth factor 1 (IGF-1), a cytokine that protects and promotes cardiomyocytes
growth, has also been used as a delivery system for cardiomyocytes. The addition of
IGF-1 acted reducing cell apoptosis and improving systolic function [262]. When
cardiac progenitor cells (CPC) were delivered with a self-assembling peptide tethered
to IGF-1, not only the injected but also the resident CPC were activated and

contributed to the observed regeneration [263].
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Even after the self-assembly, SAPs are very week materials, difficult to manipulate,
move or implant if is not through injection. Therefore, it might be of interest to
combine them with other materials to provide the structural integrity and
manipulability that these peptides lack. For instance, SAPs have been used in
combination with Schwann cells, to fill the lumen of cellulose tubular membranes, to
enhance nerve regeneration in rats [264]. In a quite different work given its
application, a porous titanium foam was filled with an amphiphile peptide that was
capable of encapsulating cells and nucleate hydroxyapatite [265] for bone

regeneration.

In the present work, the RADI16-I peptide is used as pores’ filler in the acrylic
scaffolds, to improve its integrity and manipulability. RAD16-I is composed of
arginine (R), alanine (A) and aspartic acid (D) distributed as Figure 1.7 shows. The

fibres obtained after the self-assembling of the gel are 5-10 nm thick.
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2.- Materials and methods

2.1.- Materials

2.1.1.- Bulk materials
Acrylates

Films of the homopolymers poly(ethyl acrylate) (PEA, Figure 1.2) and poly(acrylic
acid) (PAAc) (Figure 2.1) as well as a 90% wt. EA, 10% wt. AAc copolymer
(P(EAcoAAc)) were obtained by UV polymerization. Briefly, ethyl acrylate (EA;
99%, Sigma-Aldrich) and acrylic acid (AAc; 99%, Sigma-Aldrich) were stirred at the
given proportions with 2% wt. of ethylene glycol dimethyl acrylate (EGDMA; 98%
Sigma-Aldrich, Figure 1.3) as crosslinker and 1% wt. of benzoin (Scharlab, Figure
1.3) as initiator for 15 min at room temperature (RT). Then, the solutions were
injected between two glass plates separated by a wire of 0.8 or 1.2 mm diameter, and
placed in an UV oven for 8 h for the polymerization to occur. Subsequent post-

polymerization was carried out at 90°C for 24 hours.

\)kOH

Figure 2.1: Chemical structure of acrylic acid.

At that moment films were washed for 24 h in boiling ethanol (EtOH), which was
changed every 8 h. Finally, films were dried at room conditions for 24 h, under
vacuum 24 h more and under vacuum at 60°C for 24 extra hours before any ensuing

experiment.

Hyaluronan
49
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In order to obtain hyaluronan (HA, Figure 1.5) discs, hyaluronic acid sodium salt,
(99%, Sigma, 1.63 MDa, obtained by fermentation of streptococcus equi bacteria)
was dissolved in a 0.2 M aqueous sodium hydroxide (NaOH; extrapure, Scharlau)
solution to a final concentration of 5% wt. by gently shaking for 24 h and stirring at
200 rpm for 2 extra hours. Once HA was perfectly dissolved, divinyl sulfone (DVS;
97%, Aldrich, 118.15 Da, Figure 1.6) was added in a 90% DVS/HA monomeric unit
molar ratio to the HA solution and stirred at 300 rpm for 1 minute. Then, the
DVS/HA solution was poured into a 8.5 cm diameter Petri dish and the crosslinking
reaction was let to occur for 24 h. The obtained gel was punched into 5 mm-diameter
discs. The discs were washed 5 times for 24 h in a 50/50 vol. acetone/distilled water
mixture. At that point, the discs were dried in an oven at 40°C for 5 h followed by

24 h of vacuum at RT. Samples were kept under vacuum and darkness until used.

2.1.2.- Spin coated materials

PEA and P(EAcoAAc) films to be used for spin coating were obtained as previously
described in section 2.1.1, but without adding the crosslinker in order to allow their

subsequent dissolution.

After the post-polymerization, the obtained films were intensely dried under vacuum
and temperature (60°C) in order to remove any residual monomer trace remaining in
the samples. Next, PEA films were dissolved in toluene (synthesis grade, Scharlab) to
a final concentration of 2% wt. by stirring overnight. Analogously P(EAcoAAc) films
were dissolved in an 80/20 vol. toluene/dioxane (extra pure, Scharlab) mixture to a

final concentration of 2% wt.

Finally, ultra-thin polymer films were obtained on 12 mm diameter glass coverslips

by spin casting 100 uL of the polymer solutions at 3000 rpm with an acceleration of
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3000 rpm/s for 30 s in a spin coater (Brewer Science). Once obtained, samples were

dried under vacuum and 60°C overnight to remove any trace of solvents.

2.1.3.- Scaffolds with orthogonal pores

PEA scaffolds with orthogonal pores (PEA-o hereafter) were obtained with a nylon
template previously prepared, following the procedure presented in [196]. Concisely,
eight or sixteen layers of nylon fabrics (SAATI S.A., Barcelona, Spain) with nominal
thread diameter equal to 150 pm and mesh opening of 300 pm were sintered under
pressure and temperature. The porogen template was placed between glass plates and
a mixture of EA monomer with 0.1 wt.% of azo-bis-isobutyronitrile (99%, Fluka),
AZBN, (Figure 2.2) as thermal initiator, and 2 wt.% of EGDMA as crosslinker was
injected in it and polymerized for 24 h at 60°C. Next a 24 h post-polymerization step
at 90°C was carried out. Finally, the materials were washed in 30% nitric acid
aqueous solution (HNO,; 60%, Scharlab), repeatedly changed, during 4 days to
dissolve the nylon template. Then, scaffolds were washed in boiling water for 16 h
(the water was changed every 8 hours) to remove nitric acid traces. Finally, scaffolds
were dried following the same steps as for films. The resulting thickness was around 1
mm for the scaffolds prepared with 8 layers templates, and near 1.6 mm for those

prepared with templates having 16 layers.
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Figure 2.2: Chemical structure of azo-bis-isobutyronitrile.
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2.1.4.- Scaffolds with spherical pores

PEA scaffolds with spherical pores (PEA-s hereafter) were obtained by using a
PMMA template obtained by sintering microspheres (PMMA; Colacryl dp 300) with
pressure and temperature, following the procedure described in [197]. These templates
were also placed between glass plates and then, the EA monomeric solution with 2%
wt. EGDMA and 1% wt. benzoin was injected and polymerized with UV light for 24
h and finally post-polymerized for 24 h extra hours at 90°C. The PMMA template
was leached by acetone in a soxhlet. Once PMMA was completely removed, acetone
was progressively exchanged with water and then the scaffolds were dried following

the same steps as for films.

2.1.5.- Nitric acid treatment

PEA films were cut either in (0.5x2.5 cm?) bars or punched in discs of 5, 7 or 10 mm
diameter depending on their intended use. Samples were immersed in a HNO,/water
1/1 vol. solution and placed in a shaker for 4 days and 16 hours (PEA-4d), 8 days
and 16 hours (PEA-9d) or 16 days and 16 hours (PEA-17d). These nitric acid
treatments simulated the washes applied to remove the nylon template employed to
produce the scaffolds with cylindrical, orthogonally interconnected pores. At the
given times, samples were removed, dried with a filter paper and washed for 16 h in
boiling water (the water was changed every 8 hours). Next, they were left overnight
in fresh water and afterwards dried for 24 h at room conditions, followed by 24 h

under vacuum at RT and finally dried for 24h at 40°C in vacuum.

2.1.6.- Hyaluronan coating
Scaffolds coating procedure

Hyaluronan solutions to coat the pores of scaffolds were prepared as follows: HA was
dissolved in 0.2 M NaOH(aq) solution at concentrations of 0.5%, 1% 2% and 5%

(wt/wt %) as previously described in the 2.1.1. section.
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Given the hydrophobicity of the employed scaffolds, the HA solution was forced into
their pores by applying vacuum with a syringe. Briefly, 1x1 c¢cm?® or 1 c¢cm diameter
scaffold, was introduced into a syringe, next the HA aqueous solution was loaded and
all the air was removed. Then the syringe tip was sealed and 5 strokes of 4 mL each

were applied, so that the HA solution penetrated the scaffold’s pores.

Once the sample was uniformly soaked with the HA solution, in order to achieve a
uniform drying and to avoid the contact of the soaked material with any surface, a
thin thread was passed transversally to the samples and they were hanged from it.
Samples were dried at room conditions for 24 h, and then under vacuum for another
48 h, and finally 24 h extra under vacuum and with temperature (40°C). Samples

were subjected from 1 to 5 filling-drying cycles.

Crosslinking of the hyaluronan coating

The HA coating on scaffolds obtained as described above was crosslinked with divinyl
sulfone (DVS, 97%, Aldrich, 118.15 Da). First of all, samples were immersed during
20 min in 5 mL of a 80/20 vol. mixture of acetone (synthesis grade, Scharlau) and
0.2 M NaOH aqueous solution with a pH of 11-12 adjusted with HCI (>99.8%. Sigma-
Aldrich). DVS was next added in a 90% DVS/HA monomeric unit molar ratio,
dissolved in 1 mL of the 80/20 acetone/NaOH solution. Samples were left in the
solution for 24 h to ensure that the crosslinking reaction was completed. Then,
samples were rinsed with a 20/80 vol. acetone/distilled water mixture for 30 min.
Afterwards samples were washed with distilled water for 30 min, and finally were
dried as previously described, hanging from a thread at room conditions, then under
vacuum and finally under vacuum with temperature. A group of coated samples,
were swollen for four days immersed in PBS, were frozen by immersion in liquid

nitrogen for 10 minutes, and then lyophilized at -80°C in a LyoQuest-85 (Telstar).
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2.1.7.- SAP combination with polymeric materials
Preparation of the self-assembling peptide solution

The self-assembling peptide employed was RAD16-1 (Puramatrix, BD Biosciences).
The SAP starting solution was sonicated for 30 minutes, and then diluted with
ultradeionized water to a final concentration that varied depending on the
experiment. The stock solution was sonicated again prior to each use in order to

disrupt the aggregates that could be formed during storage.

SAP adsorption on films

Spin coated samples of 12 mm diameter of PEA and P(EAcoAAc) were incubated in
100 pL of SAP solution each for 1 hour at 37°C, for the SAP to adsorb on the
material surface. Different concentrations were used depending on the experiments
ranging from 0.1% down to 0.025%. To self-assemble the peptides, samples were
transferred into a chamber with a NaOH(aq) 12 M ambient, and left in this

atmosphere for 4 hours, analogously to the procedure employed in [266].

Scaffolds and SAP combination

An analogous procedure to that followed to obtain the HA coatings was followed.
Briefly, polymeric scaffolds were placed in a syringe and then the SAP solution was
loaded; the luer tape of the syringe was sealed and several strokes of 4 mL were
applied to ensure the penetration of the solution inside the scaffold’s pores. In some
cases, the scaffolds were pre-conditioned by filling the pores with distilled water
applying pressure with a syringe prior to the filling with the peptide, to facilitate the

entrance and distribution of the peptide through the scaffold pores.
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2.2.- Experimental techniques

2.2.1.- Scanning electron microscopy (SEM)

A JSM-5410 scanning electron microscope, (JEOL Ltd., Tokyo, Japan), was
employed to morphologically characterize the obtained materials (either bare
scaffolds or coated with HA). Both samples’ surfaces and inner sections were
observed. Samples were immersed in liquid nitrogen and fractured when frozen to
expose the inner cross section without damaging the porous structure. Prior to
observation, samples were sputter-coated with gold. The working distance was fixed

at 15 mm and the acceleration voltage at 10 and 15 kV.

2.2.2.- CryoSEM

Swollen samples were mounted in a specimen holder and immersed in nitrogen slush.
Once frozen, the samples were transferred into a JSM 6300 microscope (JEOL Ltd.,
Tokyo, Japan) in the cryoSEM mode. An inner section was then exposed by
fracturing the sample, and the ice sublimation was started at -80°C. After 40 minutes
of sublimation, samples were sputter-coated with gold and examined at 20 kV of

acceleration voltage.

2.2.3.- Energy Dispersive X-ray Spectroscopy (EDS)

Salts deposition on the surface and cross sections of bulk PEA fatigued or measured
in PBS immersion was assessed by microanalysis in an Energy Dispersive
Spectrometer from Oxford Instruments, attached to the Scanning Electron
Microscope JSM 6300 (JEOL Ltd., Tokyo, Japan). Samples were previously sputter-

coated with carbon under vacuum. Spectra were taken at 10 kV
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2.2.4.- Atomic force microscopy (AFM)

AFM images were obtained in a Multimode AFM device equipped with NanoScope
IITa controller (Digital Instruments-Veeco) operating in tapping mode in air, to
characterize the interaction between the SAP and the studied polymers. Silicon-
cantilevers (Veeco, Manchester, UK) were used with force constant of 2.8 N/m and
resonance frequency of 75 kHz. The phase signal was set to zero at a frequency of 5-
10% lower than the resonance frequency of the tip, as suggested by the manufacturer.
Drive amplitude was 600 mV and the amplitude set point was 1.8 V. The ratio
Asp/A0 was kept equal to 0.8.

The observed samples were polymeric spin coated films with a SAP gel coating
adsorbed on the surface as previously described in 2.1.7. Once the films were
retrieved from the NaOH atmosphere, the excess of SAP solution was carefully
removed with a paper, and then samples were gently rinsed with ultradeionized
water. They were subsequently dried for 30 min under a lamp, mounted and

observed under the AFM.

2.2.5.- Density measurements

The densities of the films with different chemistries or after acid rinses of different
length, as well as those of scaffolds with coating treatments were evaluated with a
Mettler Toledo AE-240 balance with a sensitivity of 0.01 mg combined with a density
accessory kit (Mettler ME 33360) through Archimedes’ principle. Perfectly dry
samples were weighed in air and immersed in N-octane (95%, Fluka), at RT, and

[Equation 2.1] was applied:

PN—oct * Wair
Wair = Wy—oct [Equation 2.1]

p:
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where py_oc: is the density of N-octane (0.703 g/cm?), Wy, is the measured weight of
the discs in air and Wy_,. is the weight of the discs immersed in N-octane, and p is
the measured density of the sample. Density was determined in triplicate for each

composition and treatment.
2.2.6.- Porosity

The porosity, 7, of the bare and filled scaffolds was calculated by applying:

V pores my

= _
J app

yer [Equation 2.2]

m being the sample’s weight, v the specific volume of the bulk material (v =
1/ Ppuik materiar) and V*? the apparent volume (obtained by measuring its height and

diameter, and assuming that the sample is cylindrical).

2.2.7.- Contact angle measurements

In order to study the surface wettability of different materials (or the same material
after different treatments), the contact angle of 3 puL drops of water (extra pure,
Scharlau), formamide (99.5%, Aldrich) and diethylenglycol (99%, Aldrich) were
measured on the surface of the materials. A Dataphysics OCA instrument
(DataPhysics Instruments GmbH, Filderstadt, Germany) was used for this purpose.
Samples treated with nitric acid or containing acrylic acid units (Chapter 3), were
measured either in their dry state or after swelling by immersion in water for 48 h to

increase the polymeric chains mobility.

Spin coated samples either bare or with RAD16-1 adsorbed on their surface (Chapter
6) were measured in their dry state, or after swelling in a 100% relative humidity
(RH) atmosphere for 3 days, to elucidate the influence of maintaining the samples in
RH (as occurs during the preparation of AFM samples with RAD16-I adsorbed) on
their wettability.
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In order to further characterize the interaction of the SAP with the different bulk
materials, the contact angle of 3 uL. drops of the SAP solution at 0.1% and 0.025%
concentrations was also determined. Measurements were carried out at least 10 times

for each liquid, material composition and treatment.

2.2.8.- Swelling kinetics experiment

Samples in Chapter 3 were swollen by immersion in different media to study the
influence of chemistries or acid rinsing treatments in terms of swelling degrees. These
media were: water, 0.2 M NaOH(aq) phosphate buffer solution (PBS) or aqueous
solutions with constant ionic strength but different pH. In particular, solutions with
an ionic strength of 1.0 M and with pH of 2, 4.6 and 8, respectively were prepared
according to [267] with Na,HPO, (extra pure, Scharlab), citric acid anhydrous
(Sigma-Aldrich) and KCl (Sigma-Aldrich). These swelling experiments were

performed at RT until no weight change was further detected.

For PEA-o scaffolds having their pores coated with hyaluronan (samples referred in
Chapter 5), the water sorption capacity was evaluated by immersion in PBS, and in
a vapour ambient at 37°C and 66% RH (water activity equal to 0.66). Samples were
placed in a tightly sealed test tube each over a supersaturated potassium iodide
(extra pure, Scharlau) aqueous solution [268], avoiding any contact of the samples

with the solutions.

Bulk PEA before and after being fatigued under cyclic loading (Chapter 4) were
swollen in EtOH and 50/50 EtOH /water mixtures at RT until no weight change was

further observed.

In all experiments samples were weighed vacuum-dried before the immersion and

swollen at selected time points. After withdrawal at such points, the liquid remaining
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on the surface was carefully removed with a filter paper prior to weighing. The water
uptake was determined with [Equation 2.3], where W; is the weight of the sample
swollen at time ¢ and W, is the weight of the dry one. Water content (WC) was
determined in triplicate for each time point and composition or treatment, as:

W, — W

wWwcC =
Wy

[Equation 2.3]

The equilibrium water content (EWC) was considered as the final water content

obtained, when no further weight variation was observed.

2.2.9.- Differential scanning calorimetry (DSC)

Differential scanning calorimetry measurements were undergone in a Metter Toledo
DSC 823e (Mettler-Toledo Inc., Columbus, OH, USA) calorimeter to determine the
thermal properties of the samples. Specimens were scanned in 30 ulL pierced pans
from -100°C to 200°C at 10°C/min, under nitrogen atmosphere with a flux of 60
mL/min. Calibration was previously made with indium and zinc standard. Glass
transition temperature (7,) was determined as the midpoint with the software of the

device (MettlerSTARe Software), and the heat capacity increase (A4C,) was

determined for that T,

2.2.10.- Thermogravimetric analysis (TGA)

Thermogravimetric analyses were made in a TA SDT Q600 thermobalance (TA
Instruments, New Castle, DE, USA) in order to estimate the composition and
thermal degradation of the samples. Briefly, thoroughly dry specimens (dried under
vacuum and 60°C for at least 24 h before measurement) weighing around 11 mg were

scanned from 25°C to 1000°C at 10°C/min under a nitrogen flux of 50 mL/min.
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2.2.11.- Fourier Transformed infrared spectroscopy (FTIR)

A Thermo Nicolet Nexus FTIR (Thermo Fischer Scientific Inc., Waltham, MA,
USA) spectrometer was employed to determine the surface composition of bulk
samples before and after different treatments. The spectra were obtained in the ATR
mode (Attenuated Total Reflection), with a resolution of 8 cm™, between 500 and

4000 cm™ as the average of 68 scans.

2.2.12.- Toluidine blue staining

Discs of different materials (PEA, PAAc and its 90/10 copolymer) and nitric acid
treatments (Chapter 3 samples) were immersed in a 0.1% toluidine blue (Sigma-
Aldrich) aqueous solution for 30 s, followed by a gently rinse with distilled water to
remove the excess of staining. This dye revealed the presence of acidic groups either
introduced by adding acrylic acid units in the composition or by the nitric acid

treatment.

2.2.13.- Alcian blue staining

Hyaluronan presence in coated PEA-o samples was assessed by alcian blue staining
(Chapter 5). Samples were immersed in an alcian blue solution (at 1% wt./vol. in
distilled water at pH 1-2, 8GX certified, Sigma-Aldrich) for 10 min and then rinsed

with distilled water for 2 min prior to their visual observation.

2.2.14.- Congo red staining

A 0.1% wt./vol. congo red (Fisher) aqueous solution was employed to coarsely
quantify the substrate-SAP interaction, as well as the effectiveness of the filling of
the scaffolds’ pores with it. Congo red is a specific dye for beta sheet structures,

which is the secondary structure adopted by the SAP once the self-assembly occurs.

60



2.2 Experimental techniques

Once the protocol was tuned up, it was decided to immerse the samples in the congo
red aqueous solution for 20 min, and wash with distilled water for 30 min prior to

their examination.

2.2.15.- Protein loading and controlled release study

BSA was used as a protein model to evaluate the potential of the considered
materials as a controlled release system. PEA scaffolds with cylindrical pores, coated

with HA or filled with RAD16-1 were studied as controlled release systems.

In order to do that, samples were loaded overnight at 37°C in 1.2 mL of a 1 mg/mL
BSA (2 mg/mL in 0.9 % aqueous solution, Thermo scientific) solution in PBS. After
the absorption, samples were transferred into 1.2 mL of fresh PBS each to follow the
protein release. The supernatant was collected at selected time points (1, 2, 3, 4, 5, 6,
7, 8,24, 48, 72, 96, 120, 144, 168, 192, 216 and 240 hours) and replaced with fresh
PBS tempered at 37°C.

The BSA concentration in the supernatant was determined with a Micro BCA
Protein assay kit (Thermo Scientific) following the manufacturer’s instructions.
Briefly, 100 puli of supernatant were mixed with 100 pL of the BCA mixture of
reagents, incubated for 2 h at 37°C and read with a Victor Multilabel Counter 1420
spectrophotometer (Perkin Elmer, Waltham, MA; USA) at 570 nm. A standard
curve ranging from 0 up to 100 pg/mL was employed to translate the absorbance

values into concentrations.

2.2.16.- Dynamic mechanic thermal analysis (DMTA)

Dynamic mechanic thermal analysis measurements were carried out in a Seiko
DMS210 instrument (Seiko Instruments Inc., Chiba, Japan) to determine the

influence of the nitric acid on the mechanical properties of the PEA samples
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(Chapter 3). Samples were scanned from -60°C to 200°C at 2°C/min, at a frequency
of 1 Hz and tension mode. Specimens were rectangular, 1 mm thick and

approximately 5 mm wide.

2.2.17.- Compression tests

Mechanical compression tests were performed in an EXSTAR TMA /ss6000
equipment (Seiko Instruments Inc., Chiba, Japan). Bulk samples, bare scaffolds and
filled scaffolds cylindrically shaped, with a diameter of 6 or 8 mm depending on the
experiment, were measured. Experiments were carried out at RT and the load was
increased from 0 to 150 g at 10 g-min" for the scaffolds combined with the SAP
series. In the case of the HA discs and scaffolds coated with HA, samples were
immersed in PBS during measurements; the load was uniformly distributed over the
surface, a preload of 1 g was applied and the loading rate was 20 g-min™ up to 450 g.
The compressive moduli were obtained as the initial slope of the stress-strain curves

in the linear deformation region.

2.2.18.- Mechanical tensile tests

Films and bare scaffolds were cut into test rods of 0.5x3 cm? approximately.
Stretching tests were performed in a stress-strain Microtest SCM3000 95 (Microtest
SA, Madrid, Spain) machine at a stress rate of 1% the initial length per minute until
fracture. The elastic moduli were determined as the slope of the initial linear region
of the strain-stress curves. All measurements were carried out at least in triplicate.
All the moduli measured on porous materials are apparent, yet to facilitate the

reading will be simply referred as elastic modulus.

2.2.19.- Torsional fatigue experiments

Square samples of bulk PEA and PEA-s measuring approximately 3x3 cm’® were

fatigued under torsional stress in a Microtest TEM/15/MA V1047 series device.
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Samples were clamped from the ends and submitted to a rotating alternating
movement of one of the clamps at a frequency of 1 Hz and a velocity of 90°/s for 7
days. After this testing period, samples were unclamped, and two discs of 8 mm
diameter were punched from each. These circular samples were measured in a Perkin
Elmer DMAS8000 device in the dry state and after a 3 days swelling in PBS, under
room conditions or immersed in PBS, respectively. The measurements performed
were frequency scans from 0.01 Hz up to 100 Hz at 37°C with a shear displacement of

0.05 mm.

2.2.20.- Tensional fatigue experiments

Bulk PEA and PEA-s test rods measuring 3x0.5 cm’® were fatigued under tension
stress in a Microtest SCM 4000 98 device. Samples were clamped from the ends and
submitted to an alternating movement of one of the clamps producing a sinusoidal
strain with amplitude of 30% the initial length of the sample and a frequency of 1
Hz. This fatigue program was performed either in the air at 37°C or immersed in
PBS at 37°C for 7 days. Samples treated in immersion were previously swollen for 3
days. Once fatigued, samples were measured in a Perkin Elmer DMAS0O00 device
following a frequency scan from 0.01 up to 100 Hz and a tension displacement of 0.05
mm. Measurements were performed with the samples fatigued in the air and

immersed, either immersed in PBS after a previous swelling or dry in the air.
After testing, samples were rinsed with distilled water to remove any PBS salts that

might have deposited on their surface. Once dried, samples were measured as

explained in the Mechanical tensile tests section, until fracture.
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2.3.- In vitro experiments

2.3.1.- Materials sterilization and conditioning

All the materials were sterilized prior to their use in cell culture experiments. Briefly,
films were sterilized by exposing each side of the material to UV light for 2h. Bare
scaffolds were sterilized by gamma radiation at 25 kGy from a 60Co source
(Aragogamma, Barcelona, Spain). Scaffolds coated with HA were sanitized with

EtOH /water 70/30 vol. solutions.

Preceding any cell culture, both films and scaffolds were conditioned by washing
them three times with Dulbecco’s Phosphate Buffer Saline (DPBS, Sigma-Aldrich)
cell culture medium with 10% foetal bovine serum (FBS; Invitrogen) or

ultradeionized water, depending on the experiment.

2.3.2.- Cell cultures
L929 fibroblasts

The 1929 cell line of mouse fibroblasts (C34/An connective tissue, Sigma Aldrich) in
its 9 to 18 passage was employed for a set of experiments. Cells were cultured until
confluence in 75 cm® culture flasks, with 4.5 g/1 glucose Dulbecco’s Modified Eagle
Medium (DMEM, Gibco) containing glutamine (Invitrogen), 10% of FBS, and 1% of
penicillin/streptomycin (P /S, Life Technology). After reaching confluence, cells were
trypsinized as explained in [160], collected and centrifuged at 1000 rpm for 5 min.

Next they were resuspended, counted and diluted to the desired cell density.
For experiments contained in Chapter 3.2.3, fibroblasts were seeded on DPBS

conditioned films, at a density of 5000 cells per sample sized for 96-well plates (¢= 5

mm) and 9800 cells on samples in 48-well plates (¢= 7 mm), in 20 and 40 pL
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medium drops, respectively. Cells were cultured for 30 minutes to optimize adhesion

and next the culture medium was completed up to 200 and 500 pL, respectively.

For Chapter 5 experiments, fibroblasts were seeded at a density of 2-10° cells in 20
uL drops in 10 mm diameter PEA-o scaffolds coated with HA, previously conditioned
overnight in PBS and 1 h in DMEM containing FBS. Seeded scaffolds were firstly
incubated for 30 min in a Titramax 101 shaker (Heidolph instruments, Germany)

inside the incubator and after that time the medium was completed.

In the case of Chapter 6 experiments, fibroblasts were seeded into bare and SAP-
filled scaffolds. Prior to their seeding, scaffolds were washed twice with either DPBS
(for the bare scaffolds) or water (for the scaffolds to be filled right after with RAD16-
I). The seeding on 8 mm diameter samples was performed by means of two different

procedures:

(a) Static seeding: 10° cells were seeded on the upper surface of each piece of
scaffold suspended in 20 pL of 10% sucrose (Sigma—Aldrich) aqueous
solution. The samples were kept for 30 min in the incubator at 37°C, and
then the culture medium was completed.

(b) Dynamic seeding: the cells were seeded on the scaffolds in the same
number and way as above, but then the culture plate was smoothly shaken
in a Titramax 101 shaker for 30 min; next the culture medium was

completed.

In all experiments the employed culture medium was DMEM (4.5 g/L glucose)
supplemented with 10% FBS, 1% P/S and was renewed every day or every two days.
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Human Umbilical Vein Endothelial Cells (HUVECs)

HUVECs (Human Umbilical Vein Endothelial Cells; Gibco) in its 4™ to 5 th passage,
were cultured in F75 with Medium 200 (Invitrogen) supplemented with LSGS (Low
serum growth supplement, Invitrogen) and 0.1% gentamicin (Gibco) and 1% P/S
until 80% confluence was reached. Then, cells were trypsinized, collected and
centrifuged at 180 g for 7 minutes. Cells were resuspended, counted and diluted up to

the desired density.

In the case of Chapter 3.2.3 experiments, films were pre-conditioned by overnight
immersion in DMEM with FBS. The employed cell density was 20 ul. drops with
7700 cells for the 5 mm diameter samples and 15000 cells in 40 ul. drops for the 7
mm diameter discs. 30 minutes after the seeding, the medium was completed and

renewed every day.

Regarding the Chapter 6 experiments, prior to their seeding, scaffolds were washed
twice with either DPBS (for the bare scaffolds) or water (for the scaffolds to be filled
right after with RAD16-I). Cells were counted and seeded at a density of 4-10° cells
per 8 mm diameter scaffold, and 4-10* cells per film in a drop of 40 pL and 10 pL,
respectively. Scaffolds were firstly incubated for 30 min in the shaker named above,
inside the incubator and after that time the medium was completed. The culture

medium was renewed every day.

Co-culture of HUVECs and mesenchymal stem cells (MSCs)

In the co-culture experiment presented in Chapter 6 a commercial cell line of human
mesenchymal stem cells derived from adipose tissue (gently provided by Dr. Ulises
Goémez-Pinedo from the “Laboratorio de Medicina Regenerativa/Neurologia vy
Neurocirugia”, Instituto de Neurociencias, Hospital Clinico San Carlos, Madrid) in its

6" passage were cultured until confluence in F175 cm?® culture flasks with Ham’s F-12
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nutrients mixture with 1% L-glutamine (Life technologies), 10% FBS and 1% P/S.
Once confluence was reached, cells were trypsinized, collected and centrifuged at 1000
rpm for 5 min. Next, they were resuspended, counted and combined in a 1 to 3
proportion with HUVECs cultured and trypsinized as described in the previous

sections.

Bare and SAP-filled scaffolds (both PEA-o and PEA-s), 5 mm diameter, were seeded
with 4-10° cells in 20 pL drops, kept 30 min in the shaker inside the incubator and
after that time the medium was completed. Bulk materials employed as references
were analogously seeded but with 12-10* cells, because films present less surface

available for the cells to attach. The employed medium for the co-culture experiment

was a 1 to 3 mixture of MSCs and HUVECs media.

2.3.3.- Cell density assessment

Cell seeding efficiency, viability and proliferation rate was studied with the
colorimetric assay MTS ((4,5-dimethylthiazol-2-yl)-5-(3-carboxymethoxyphenyl)-2-(4-
sulfophenyl)-2H-tetrazolium, Cell titer 96 Aqueous One Solution cell proliferation
assay Promega, USA). Concisely, after the selected times of culture, samples were
gently rinsed with DPBS and moved into a new 96-well plate. A mixture of the
MTS-reagent with phenol red free medium was prepared in a 1 to 5 proportion, and
200 pL of this solution were added into each well. After three hours of incubation in
the dark inside the incubator (37°C and 5% CO,), 100 uL aliquots were placed into
new wells and their absorbance was measured with a Victor Multilabel Counter 1420
spectrophotometer (Perkin Elmer, Waltham, MA; USA) at 490 nm. Three replicates
per time, material and treatment were measured in duplicate. Polystyrene wells were
employed as positive control (C+) and the MTS reactant solution incubated in a well

without cells as a negative control (C-).
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Cell density was also estimated by means of a Quant-iT™ PicoGreen® dsDNA Assay
Kit (Invitrogen). Briefly, at the selected times samples were washed with PBS and
frozen in a -80°C freezer. Once thawed, samples were digested with Proteinase K
(Roche) diluted 1 to 20 in DPBS at pH 8.1 for 16 h under gently shaking; next, the
enzyme was inactivated for 10 min at 90°C. As soon as they were tempered, the
samples were vortexed for 1 min and centrifuged for 1 min at 650 g. Next, 28.7 uL. of
the samples and standards were mixed with 28.52 pul. of the Picogreen reagent at
1:200 concentration in Tris-EDTA (TE) buffer, and 100 pL. more of TE buffer were
added into each well in a 96-well plate. After 5 min of incubation, samples’
fluorescence was measured in the above named spectrophotometer at an emission

wavelength of 535 nm.

2.3.4.- Immunocytochemistry

At the selected time points, samples were gently rinsed with DPBS twice and fixed
with a 4% paraformaldehyde (PFA; Panreac) solution at RT. After 10 min the

solution was removed and the samples were rinsed with DPBS three times.

Subsequently, samples were incubated at RT with blocking and permeabilizing buffer
(BPB) for 1 hour. BPB was composed of DPBS (Sigma-Aldrich), 10% FBS and 1%

triton x-100 (Sigma-Aldrich). Finally, two 5 min DPBS rinses were done.

Once samples were blocked and permeabilized, different protocols were applied for a

set of experiments:

DAPI staining
Samples  were  incubated = with 1:5000  4',6-diamidino-2-phenylindole
dihydrochloride (DAPI; Sigma)/H,O solution for 10 min, followed by two DPBS

rinses.
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DAPI and phallacidin staining
Samples were incubated with Biodipy-FL phallacidin (Invitrogen) at a
concentration of 1:200 in DPBS with 10% BSA (Bovine Serum Albumin Fraction
V; Roche), for 1 h at room temperature in the dark. Afterwards, samples were
rinsed again twice with DPBS and incubated with 1:5000 DAPI/H,O solution for

5 min; two final DPBS rinses were done.

DAPI, phallacidin and vimentin immunostaining
Samples were incubated with phallacidin 1:200 and Vimentin (Sigma 1:100) in a
1% BSA/DPBS solution for 1 h at RT. After two DPBS rinses, samples were
incubated for 5 minutes with a 1:5000 DAPI/H,O solution. As a final step,

samples were rinsed twice with DPBS.

HUVECs immunostaining against CD31 and VE-cadherin
Samples were incubated overnight, in the dark, at 4°C, in a solution of BPB
containing mouse monoclonal antibody against PECAM-1 (CD31; Chemicon) in
a 1:100 concentration and rabbit polyclonal anti-human VE-cadherin (CD144;
Abcam) in a 1:100 proportion. Then, the samples were rinsed with DPBS three
times for 5 minutes. Subsequently, the secondary antibodies goat anti-mouse
Alexa 488 and goat anti-rabbit Alexa 647 (Invitrogen, 1:200) were added and
samples were incubated for 1 h at RT followed by a wash for 5 minutes with

DPBS. Finally, samples were stained with DAPI as previously described.

MSC and HUVECs co-culture immunostaining against CD31 and DAPI
Samples were incubated overnight, in the dark, at 4°C, in a solution of BPB
containing mouse monoclonal antibody against CD31 as described above. Then,
samples were rinsed with DPBS for 5 minutes three times. Subsequently, the

secondary antibody, goat anti-mouse Alexa 647 (Invitrogen, 1:200) was added
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and incubated for 1 h at RT; next, samples were washed for 5 minutes with

DPBS. Finally, samples were stained with DAPI as previously described.

After the staining protocols, samples were mounted with Fluorsave reagent (Merck
Milipore), coverslipped and examined with either a fluorescence microscope (Leica
DM6000B), a Nikon eclipse 80i fluorescence microscope, or a confocal laser scanning

microscope (CLSM; Zeiss 780 Axio observer z1).

In order to observe the inner sections of the cultured scaffolds, they were rinsed twice
with PBS after the staining protocols and before being mounted, next cryopreserved
in 30% sucrose, embedded in frozen section compound (Leica) and finally cut into

100 pm slices with a cryostat HM 520 (Microm).

2.3.5.- Haematoxylin-eosin staining

Given the autofluorescence of some of the materials employed, it was impossible to
follow the morphology of cells cultured therein. Haematoxylin-eosin stainings were
performed instead. Analogously to immunocytochemistry samples, at the given time
points, samples were fixed with formaldehyde as previously described. The staining
protocol consisted in a first rinsing of the samples with distilled water for 3 minutes,
followed by other 3 minutes rinse with tap water. At that point samples were covered
with a filtered haematoxylin solution according to Mayer (Sigma-Aldrich) and
incubated for 10 minutes at RT. Next, a bluing solution (composed by tap water,
NaHCO, 1% wt./vol. (Fluka) and MgSO, 0.0667% wt./vol. (Scharlab)) was added for
1 minute and 30 seconds. Once removed, type B eosin (Sigma) was added and
incubated for 10 minutes at RT. Finally, samples were rinsed with tap water,
mounted with a glycerol (Sigma)/water 85/15 vol. mixture, coverslipped and

observed with a petrographic microscope (Nikon).
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2.3.6.- Morphological characterization of biological samples by SEM

Cells morphology after culture in different materials was observed by scanning
electron micrographies. First of all, at the selected times, cultured samples were fixed
by immersion in 2.5% glutaraldehyde (Electron Microscopy Science) in 0.1 M
Phosphate buffer (PB) for 1 hour at 37°C at the selected time points. Afterwards,
samples were post-fixed with osmium tetroxide (OsO,; Electron Microscopy Science)
for 1 hour, followed by three rinses with distilled water. Next, samples were
dehydrated by immersing them in aqueous solutions with increasing fraction of
ethanol (30%, 50%, 70%, 96%, and 100% of ethanol). Once dehydrated, the samples
were critical point dried with an Autosambri 814 instruments (Rockville, MD, USA).
As a last step, samples were sputter coated with gold before observation under a

SEM (Hitachi S-4800) at 10 kV.

2.3.7.- Flow cytometry
Analysis of HUVECs cultured in bare or RAD16-I filled PEA-s scaffolds

Flow cytometry measurements were performed to evaluate the expression of the
endothelial marker CD31 and the VE-cadherin. Therefore, at the selected time points
(1 and 7 days), cultured samples were trypsinized and right after were blocked for 30
min with BSA 1%/DPBS. Next, samples were incubated for 30 min at 4°C with
mouse monoclonal anti-human CD31 (1:100) and rabbit anti-human VE-cadherin
(1:100). After being rinsed with DPBS, cells were incubated another 30 minutes in
the dark at 4°C with Alexa 488 and Alexa 647 (Jackson Immunoresearch, 1:200)
diluted with PBSA. Finally, the cells were rinsed twice with DPBS and acquired with
a flow cytometer (FC500) (n=10.000 per group). Each group formed by a cell pool

from 5 samples was analyzed with the RXP software.

The cytometry study of the experiment performed with HUVECs was completed by

analysing the cells individually with an ImageStream device (Amnis Corporation
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USA) at day 7. Hence, after their incubation with primary and secondary antibodies
(CD31, VE-Cadherin), cultured scaffolds were trypsinized, and the cells for imaging
flow cytometry were diluted to 5-10° in 70 pL of FACS Buffer (buffered saline
solution containing BSA 1%). Images (n=10.000 per group), were acquired using the
ImageStream imaging flow cytometer with a blue 488 nm laser, and a bright field
lamp at 60x magnification. Classifiers were set to eliminate cell debris and clusters
prior to data acquisition based on low and high bright field areas, respectively. After
acquisition, a compensation matrix was applied to all data aiming to correct spectral
overlap. All analyses were completed on a population of spectrally compensated,
single cells and by using IDEAS (Image data exploration and Analysis Software,

Amnis Corporation).

Analysis of MSCs and HUVECs co-cultured in bare or RAD16-I filled PEA-0 or PEA-s
scaffolds

Flow cytometry measurements were performed to evaluate the evolution of each cell
subpopulation with time. Therefore, at the selected time points (2 and 7 days), 5
samples per group were trypsinized, pooled, and right after were blocked for 30 min
with BSA 1%/DPBS. Next, samples were incubated for 30 min at 4°C with FITC
mouse Anti-Human CD31 (1:5) and APC mouse anti-human CD90 (1:20, BD
Bioscience) diluted with PBSA. Finally, cells were rinsed twice and resuspended with
DPBS and acquired with a flow cytometer High Speed Cell Sorter MoFlo (Beckman-
Coulter, CA, USA). 1:300 propidium iodide (1 mg/mL in water, Sigma-Aldrich) was
added to the cell suspension to discard the dead cells from the flow cytometry

analysis.

2.3.8.- VEGF release quantification

The VEGF (vascular endothelial growth factor) release to the culture medium during

the co-culture experiment was quantified by means of a human VEGF Enzyme-
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Linked ImmunoSorbent Assay (ELISA, R&D systems, DY293B). The medium
supernatant was collected every two days, and then the kit was used following

manufacturer’s instructions.

2.4.- Statistics

Results are expressed as mean 4+ standard deviation from at least three replicates.
Data were analysed pair wise with an ANOVA test with Statgraphics Centurion
XVII. Statistically significant results are noted on the plots. Significance was

assigned at p-values< 0.05.
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3.- Scaffolds’ initial characterization

3.1.- Abstract

The aim of this chapter is to present the main features of the poly(ethyl acrylate)
(PEA) scaffolds that have been be employed over the following chapters. Two
structures have been handled: PEA scaffolds with spherical interconnected pores

(PEA-s) and PEA scaffolds with cylindrical orthogonally interconnected pores (PEA-
0).

In order to obtain these different architectures, different procedures are followed. In
the case of PEA-s, templates of poly(methyl methacrylate) (PMMA) microspheres
that are removed by particle leaching with acetone are employed to obtain porous
sponge-like structures, whereas in the case of PEA-o, templates of nylon fabrics that

are removed with nitric acid were used to obtain the grid-like porosity.

First of all, the morphological characteristics of the scaffolds will be described with
the help of scanning electron micrographies. Then the results of the physico-chemical
characterization of the scaffolds (and bulk PEA as control samples) will be discussed.
This section includes differential scanning calorimetry plots and thermogravimetric
analyses. In the light of these experiments, it was found that both preparation
procedures had certain effect on PEA matrices, derived from a slight dissolution of
PMMA in the monomeric mixture or a chemical attack of nitric acid on PEA side
chains. Therefore a subsequent characterization was undertaken to assess such

modifications and the consequences thereof.

For PEA-o, it was possible to employ a simplified model to investigate the nitric acid
effect on PEA, isolated from other factors. Bulk (2D) PEA discs were treated with
nitric acid during 4 (PEA-4d), 9 (PEA-9d) and 17 days (PEA-17d) in order to

7



Scaffolds’ initial characterization

simulate the washes conducted to remove the nylon templates. These samples were

object of a complete physico-chemical characterization.
Finally, a biological evaluation was performed in which the behaviour of fibroblasts

and human umbilical vein endothelial cells (HUVECs) was evaluated when each cell

type was cultured on PEA, acid-treated PEA or a 90/10 EA/AAc copolymer.
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3.2.- Results

3.2.1.- Preliminary characterization

As previously explained, the scaffolds employed in this Thesis, present two different

morphologies, corresponding to the so-called PEA-s and PEA-o scaffolds.

The PEA-s scaffolds have a porosity of 80.8 + 3.5%, which is obtained by employing
a template made of sintered microspheres of PMMA with diameters ranging from 80
to 180 microns. When these spheres are removed, after the polymerization of the
polymer in between the remaining voids, structures like those shown in Figure 3.1 A-
B are obtained. Wide pores are produced by the spaces left by the leached PMMA
spheres, leaving struts of around 5 microns corresponding to the voids between any
two spheres, and throats with varying sizes up to 40 microns in diameter are
obtained in the areas where the inter-connections between two PMMA microspheres

used to be.

Figure 3.1: Scanning electron micrographies of PEA-s (A and B)
and PEA-o (C and D).

On the other hand, PEA-o scaffolds have lower porosity, 76.4 + 6.1%. This type of

scaffolds were obtained by sintering nylon fabrics with pressure and temperature,
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filling the spaces with monomeric solution, and once everything was perfectly
polymerized, removing the nylon fabrics by several washes with nitric acid. The
obtained cylindrical pores have diameters of 149.08 4 17.02 pm, which coincides with
the nominal diameter of the thread. As can be seen in Figure 3.1 C-D, it is a much
more closed structure, with thicker struts when compared with PEA-s. However, it is
a much more organized structure with parallel cylindrical channels in each plane and
perpendicular to the channels in the other two main directions of the space, which
might be interesting for the intended application. In both cases smooth surfaces with

no microporosity were obtained.

The thermogravimetric plots for both types of scaffolds and the bulk PEA are shown
in Figure 3.2 A. The results obtained for the three materials revealed several
differences among the studied materials. The PEA-2D main thermal degradation has
its onset at 380°C and continues up to 422°C, leaving a solid residue of 3%. In the
case of PEA-o, the thermal degradation is shifted towards lower temperatures as
compared with the bulk PEA, starting at 360°C, but leaves a similar percentage of
solid residue. In the case of the PEA-s, the beginning of the thermal degradation is
displaced towards still lower temperatures, with the onset near 340°C; besides, it
exhibits a different slope. Once the main degradation is passed (PEA-s offset is at
425°C), again both PEA-s and PEA 2D exhibit a similar behaviour leaving

approximately the same value of solid residue (3%).

When the weight derivative vs. temperature is considered (Figure 3.2 B), in the case
of PEA-o, the peak is as wide as that of the bulk PEA, but the maximum value
reached is a bit lower; as commented before, it is in addition slightly displaced
towards lower temperatures. Regarding the PEA-s profile, it looks like the
superposition of two curves, showing more clearly the change in the slope observed in

the previous graph of residual weight. When this secondary band of the PEA-s is
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compared with that of PMMA employed as porogen in its fabrication, it can be

observed that the main peak for the latter appears in this same range.
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Figure 3.2: Thermogravimetric analysis of bulk PEA (PEA-2D), and PEA scaffolds with

spherical pores (PEA-s) or cylindrical orthogonal pores (PEA-o0),
as well as PMMA microspheres.

The normalized heat flow is plotted versus temperature in Figure 3.3 A. With these

curves the glass transition temperature was determined, 72, and at this precise

temperature, the specific heat capacity increment, ACp, was estimated.

In the case of PEA-o0, a shift towards higher temperatures is observed for the glass

transition (Figure 3.3 B), the 7jg changing from -16.30°C for PEA-2D up to -0.4°C

for PEA-o. But it is not the only change observed; when the ACp are compared
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(Figure 3.3 C), an increase of the value from 0.390 J/gK for PEA bulk to 0.470 J/gK
for the scaffolds with cylindrical orthogonal pores can be seen. In the case of scaffolds
with spherical pores, a more moderate displacement of the glass transition
temperature towards higher values (-5.14°C) is observed, while the ACp experiences a
reduction, reaching a value of 0.321 J/gK. PEA-s also exhibits a peak around 140°C
and a subtle change in the slope. When compared, it is observed that these
alterations in the liquid line, match with the beginning of the glass transition and

ageing peak observed for the PMMA template.
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Figure 3.3: Thermograms plotting the heat flux per unit mass as a function of temperature (A)
for PEA films, PEA scaffolds with spherical interconnected pores (PEA-s), and with cylindrical
orthogonal pores (PEA-0), and PMMA microspheres. Glass transition temperature (B) and

heat capacity increase (C) for the different materials.
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3.2.2.- Nitric acid effect on PEA

The results obtained in the previous section suggest that the nitric acid rinses
followed to remove the nylon template have an effect on the PEA structure and
consequently on its properties. To have a complete understanding of the changes

taking place, a further characterization was required.

Considering the results obtained from a preliminary study, in which an anomalous
swelling in basic media was observed (data not shown), it was hypothesized that the
effect the nitric acid has on PEA is the hydrolysis of a number of its side chains,
transforming several ethyl acrylate units into acrylic acid (AAc), and giving place to
a random copolymer containing EA and AAc units. In order to prove this hypothesis,
a simplified 2D model was employed. PEA bulk films were treated with nitric acid
during different times (4, 9 and 17 days) simulating the washes followed to remove
the nylon template. These acid-treated PEA films were compared with untreated

PEA, PAAc and a 90/10 %wt. P(EAcoAAc) copolymer.

Physico-chemical and mechanical characterization

By means of the obtained FTIR spectra (Figure 3.4), the changes introduced in the
chemical structure of PEA by the HNO, rinses were revealed. The bands at 3500 and
3200 cm™, characteristic for hydroxyl groups are not present in the untreated PEA
spectra. Nonetheless, the 3200 cm™ band appears for all acid-treated acrylates, whilst
the 3500 cm™ band is only present in the PEA-17d spectra. Similarly, the PAAc
spectrum exhibits both bands at 3500 and 3200 cm™, while only the 3200 cm™ band is
observed for P(EAcoAAc).

The CH, (CH,, CH,) symmetric and asymmetric stresses appear for all materials in

the 2962 and 2888 cm™ region. In the case of PAAc, as for PEA-17d (but not for the
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copolymer nor for the less treated PEA), also a wide band attributable to the

carboxylic acid group is observed in the 2800 to 2500 cm™ region.

All the studied materials present a well-defined peak at 1715 cm™, which is
characteristic for carbonyl bonds in the carboxyl group. A slight shift of this peak
towards lower wavenumbers, together with the appearance at 1600 cm™ of a new one,

are observed for the PEA-9d, PEA-17d and PAAc, being both this shift and the

width of the peak more pronounced for PAAc.

— PEA --- PEA4d -- PEA-9d - PEA-17d P(EAcoAAc) PAAc
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4000 3500 3000 2500 2000 1500 1000 500
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Figure 3.4: FTIR spectra of PEA, PEA treated for 4, 9 and 17 days in nitric acid, PAAc and
the copolymer P(EAcoAAc), in the 500 to 4000 cm™ region.

Swelling untreated PEA or 4 days-treated PEA (PEA-4d) in media with different
pHs, such as water and a NaOH(aq) solution, revealed that nitric acid transforms
PEA into a pH-sensitive material (Figure 3.5). When PEA and PEA-4d samples

swollen in water are compared, they only show a slightly different behaviour.
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However, when they are swollen in a basic solution, dramatic differences were

detected.

When untreated PEA is swollen in water or in NaOH(aq), no significant differences
are observed in the water content reached, 1.14% and 2% respectively. Even more,
PEA swelling in NaOH(aq) is stabilized after 1 h of immersion. Unlikely, PEA-4d
swollen in NaOH(aq) reached a water content near 16% after 1 h, and up to 130%
after 24 h. When the treated samples were swollen in water, much lower values were
attained: after 24h PEA-4d only exhibited a slightly higher water content than the

untreated ones, 2.78% vs. 1.14%.
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Figure 3.5: Water content of the untreated and 4 days acid-treated PEA samples as a function
of time of immersion in water or in a NaOH 0.2M aqueous solution.

(#) No significant differences.

Media with different pH values but constant ionic strength were employed to further
characterize the effect the nitric acid treatment and its duration had on PEA by

means of water content (Figure 3.6).

When samples were swollen at pH 2 (Figure 3.6 A-B), the equilibrium water content
(EWOQ) slightly increased with the time of the acid treatment, changing from 1% for
untreated PEA up to around 5% for PEA rinsed with acid for 17 days (PEA-17d).
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The copolymer and PEA-9d had a quasi-identical profile. No significant differences
were observed between the EWC of P(EAcoAAc) and PEA-9d. The P(EAcoAAc)
(2.5%) appeared to be more hydrophilic than PEA, but was far from the values
reached by PAAc (50%). Similar results and values were obtained for pH 4.6 (Figure
3.6 C-D).

Much different results were obtained when the materials were swollen in a media
with pH 8 (Figure 3.6 E-F), ie., basic media, except for the untreated PEA that
maintained an EWC near 1%. Samples treated for 4 days in acid, nearly triple the
EWC reached at lower pH, attaining a value close to 6%. The EWC for PEA treated
for 9 days was nearly 60%, and for those treated 17 days reached a value of 240%.
When these values were compared with the references, much higher values were
obtained for PAAc (650%) while P(EAcoAAc) reached a value of 60%, very close to
the EWC of PEA treated for 9 days.

Generally speaking, PEA exhibited a hydrophobic behaviour independently of the pH
of the medium. For the ‘scarcely’ acid-treated materials (4 and 9 days) and the
copolymer, small differences were observed in the reached EW(C when swollen at pH
2 and 4.6. However, at pH 8 the materials exhibited a hydrophilic behaviour
proportional to the immersion time for the treated series or to the fraction of
carboxyl lateral groups for the reference materials. Independently of the pH, PEA
treated for 9 days followed the same trends and reached EWCs very close to those of

the copolymer.
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Figure 3.6: Water content of acid-treated PEA samples and P(EAcoAAc) and PAAc references

as a function of time of immersion in solutions with pH equal to 2 (A-B), 4

6 (C-D) and 8 (E-

F). G) EWCs at different pH. Differences are statistically significant unless noted otherwise.
For PEA, no significant differences were observed for the £WW s through pH. For the PEA-9d

and P(EAcoAAc) samples no significant differences were observed between pH 2 and 4.6.

(#) No significant differences.
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The density was also found to be a parameter sensitive to the nitric acid treatment
as follows: the longer the treatment, the greater the density of the resulting material
(Figure 3.7). Density changed gradually from 1.134 g/mL for the untreated PEA up
to 1.18 g/mL for PEA-17d. The densities of PEA treated for shorter times, PEA-4d
(1.147 g/mL) and PEA-9d (1.159 g/mL) were similar to that of the copolymer (1.158
g/mL). Indeed, no statistically significant differences were observed between PEA-9d

and the copolymer in these assays. PAAc exhibited, as expected, the highest density,

1.289 g/mL.
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Figure 3.7: Densities of acid-treated PEA samples and P(EAcoAAc) and PAAc references.

(#) No significant differences were observed.

PEA glass transition temperature was clearly affected by the nitric acid treatment as
well (Figure 3.8 A-B). A displacement towards higher temperatures proportional to
the immersion time in acid was observed. The glass transition temperature moves
from -12.51°C for untreated PEA up to 22.25°C for PEA-17d. The copolymer
thermogram is framed between those of PEA-4d and PEA-9d, and its glass transition
temperature (-1.94°C) is an intermediate value between the respective values of these
samples (-6.5°C and 1.63°C). In the case of PEA-17d, its thermogram is similar to

that of PAAc, however this last’s measured 7y is a bit lower, 20.99°C.

88



3.2.2 Nitric acid effect on PEA

The heat capacity variation at the glass transition (ACp) slightly increased with the
duration of the nitric acid treatment as well (Figure 3.8 C). ACp changed from 0.39
J/gK for untreated PEA up to 0.453 J/gK after 17 days of treatment. The copolymer
exhibited a value in the range of the treated acrylates (0.423 J/gK). And once more,
the PAAc value was the highest (0.769 J/gK).
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Figure 3.8: Thermograms plotting the heat flux per unit mass as a function of temperature (A)
of acid-treated PEA samples and P(EAcoAAc) and PAAc references. Glass transition

temperature (B) and heat capacity increase (C) for the different materials.

The acrylates viscoelastic performance was affected by the nitric acid treatment as
well (Figure 3.9). At temperatures below 0°C, all the materials displayed a high

elastic modulus (109—1010 Pa), typical of rigid polymers in their vitreous state. The
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main relaxation of PEA was observed in the 10°C to 30°C interval. The addition of
carboxyl lateral groups shifted the main mechanical relaxation towards higher
temperatures, in the -5 to 40°C interval for the P(EAcoAAc). In the case of the acid-
treated polymers, the relaxation shift was proportional to the time in acid medium:
PEA-4d reached temperature values between those for PEA and P(EAcoAAc), PEA-
9d exhibited its drop after the copolymer, and PEA-17d at even higher temperatures.
In all cases, the elastic modulus reached after this relaxation was in the order of
MPa, which are typical values for elastomers. Similarly, the increase in the
temperature at which fand achieves its maximal value (7},) is proportional to the
duration of the acid attack (Figure 3.9 B and inset). The maximum for P(EAcoAAc)
is located between those for PEA-4d and PEA-9d; and again that for PEA-17d even
more is shifted to the right. PAAc measurements are missing because the DMTA

broke down before performing this experiment.
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Figure 3.9: Elastic modulus dependence on temperature (A) for acid-treated PEA samples and

P(EAcoAAc); tand as a function of temperature (B), and 7}, (inset) for the set of samples.

The chemical modifications occurring in the PEA matrix because of the acid were
found to affect the water contact angle on the surface; however, it was only

observable when the samples were in their swollen state (Figure 3.10 A-B).
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Dry discs of acid-treated PEA were more wettable than untreated PEA, as their
contact angle lowered (Figure 3.10 A), but no differences with the duration of the
treatment were observed. Both P(EAcoAAc) and PAAc exhibited lower contact
angles than the treated samples, because their composition includes lateral acid
groups. Surprisingly, despite only 10% of the monomeric units in P(EAcoAAc)
contain an acid group, this polymer appeared to be more wettable than PAAc whose

units, all of them, contain such group.

Completely different results were obtained when the contact angle measurements
were repeated after a previous swelling in water (Figure 3.10 B). The contact angle
on swollen PEA was a bit smaller than on its dry state, but yet it was a high value.
The contact angle of the treated samples, decreased with the immersion time in acid
up to 9 days. PEA-17d behaved anomalously with a contact angle even higher than
that of untreated PEA. After swelling, the contact angle of PAAc was lower than
that of P(EAcoAAc), as expected given their composition. PEA-4d’s contact angle
was similar to that of P(EAcoAAc), and PEA-9d had a contact angle close to that of

PAAc (although there were no statistically significant differences between them).
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Figure 3.10: Water contact angle measurements on dry (A) and swollen (B) acid-treated PEA,
P(EAcoAAc) and PAAc samples. (#) No statistically significant differences.
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Scaffolds’ initial characterization

As the thermogravimetric plots show (Figure 3.11), the nitric acid treatment has an
effect on the PEA thermal degradation in terms of lowering the onset temperatures
and broadening the main degradation step. Untreated PEA has its main degradation
between 380°C and 422°C, and these values gradually change with the duration of
the acid treatment, up to 347°C-414°C for PEA-17d. Once more PEA-4d and PEA-
9d are framed by the PEA and P(EAcoAAc) profiles, undergoing their main
degradation in the 370°C-425°C interval. The nitric acid treatment has also an effect
on the solid residue percentage, which increases from 3% for PEA up to 5.4% for

PEA-17d. The P(EAcoAAc) decomposition thermogram is not dissimilar to that of

PEA-17d, though this last’s solid residue coincides with that of PAAc.

Figure 3.11: Thermograms for acid-treated PEA, P(EAcoAAc) and PAAc samples, plotting
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3.2.2 Nitric acid effect on PEA

After staining with toluidine blue, samples were gradually bluer with either the
fraction of acrylic acid groups (Figure 3.12 E-F) or the time of treatment in nitric
acid (Figure 3.12 A-D). Untreated PEA acquired a light shade, but very subtle and
purplish. The colouring of PEA-4d and PEA-9d was very similar to that of
P(EAcoAAc) and already in the blue tonality. PEA-17d had a more bluish tone,

PAAc being the most stained sample.

Figure 3.12: Toluidine staining for PEA (A), PEA-4d (B), PEA-9d (C) PEA-17d (D),
P(EAcoAAc) (E), and PAAc (F).

3.2.3.- Biological characterization

In the previous sections a complete physico-chemical characterization of PEA and
PEA treated with nitric acid was undertaken. The properties exhibited by all the
considered materials are compatible with their use in a biological environment.
However, to guarantee their suitability for their use in tissue engineering applications
requires from in vitro experimentation to verify that the produced materials are not
cytotoxic and are capable to favour cell attachment and proliferation. In order to
proof that, experiments were performed with fibroblasts and HUVECs with the

different materials under study.

The MTS results revealed that there were no statistically significant differences for
the initial adhesion of fibroblasts among the different materials and control (Figure
3.13 A). Cell-seeded samples did exhibit significant differences (except P(EAcoAAc)
at day 1) when compared with the acellular controls, thus indicating that cells

effectively attached and proliferated with time. Untreated PEA exhibited the closest
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behaviour to the control, and attained greater absorbance values than the other
polymeric materials; PEA-4d and P(EAcoAAc) exhibited a more moderate
absorbance increase. Given the fact that PEA reached absorbance values close to
those of the positive control in fibroblasts culture, in the HUVECs culture those

samples were employed as positive controls instead.

Similar results were obtained for the HUVECs MTS assay (Figure 3.13 B). At short
times, absorbance levels did not increase significantly for any sample. For the longer
time points, HUVECs proliferated remarkably on PEA surfaces, and less on PEA-4d,

whereas no statistically significant absorbance increase was observed for

P(EAcoAAc).
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Figure 3.13: MTS results after 6 h, 1, 3 and 5 days culture of L929 fibroblasts (A) and
HUVECs (B) on untreated PEA, PEA-4d, P(EAcoAAc) and plate wells.

(*) Differences are statistically significant. (#) Differences are not statistically significant.

In general terms, for all the samples and time points, the MTS outcome with
fibroblasts was better than with endothelial cells. On the contrary, the haematoxylin-
eosin results showed only slight differences among samples. Fibroblasts proliferated
adequately up to the point that after 5 days of culture, cells reached confluence and
started to arrange in layers on specific areas of the surfaces (Figure 3.14 D-E, I-J, N-
O, S-T). For the P(EAcoAAc), despite the low MTS values, a very good initial

adhesion was observed (Figure 3.14 P-T). Although greater values of absorbance
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3.2.2 Nitric acid effect on PEA

were obtained with the M'TS assay for the control wells, the stained samples suggest
that the materials under consideration induce an initial adhesion even better than the
glass cover (Figure 3.14 A-E). Regarding cell proliferation, both treated PEA and the
copolymer exhibited a behaviour comparable to that of the untreated PEA and the

control.

Images of haematoxylin—eosin stainings of HUVECs (Figure 3.15) show a better
initial attachment on P(EAcoAAc) as compared to the other polymers (Figure 3.15
G). After 5 days of culture, cells had properly proliferated on all studied substrates,
and exhibited an elongated morphology. From the first time point (6 h after seeding),
it can be observed that cells attach scattered on the surface and form circular
structures (Figure 3.15 A, D, G). With time, cells grow into more complex structures
maintaining this circular disposition as well as establishing contacts with the

surrounding cells.
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Figure 3.14: Bright field images of samples stained with haematoxylin-eosin after (from left to
right) 6 h, 1, 3 and 5 days, and 5 days, after culture of 1.929 fibroblasts on covers (A-E), PEA
(F-J), PEA-4d (K-O) and P(EAcoAAc) (P-T).
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Figure 3.15: Bright field images of samples stained with haematoxylin-eosin after (from left to
right) 6 h, and after 5 days at different magnifications of HUVECs culture on PEA (A-C),
PEA-4d (D-F) and P(EAcoAAc) (G-I).
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3.3.- Discussion

PEA scaffolds exhibiting different morphologies were produced by the use of different
porogen templates (Figure 3.1). In both cases, interconnected pores were obtained,
albeit the degree of porosity and interconnection were much higher for the scaffolds
with spherical pores (PEA-s) than for the grid-like ones (PEA-0). In the case of
PEA-o, a more organized structure with parallel and orthogonal micro-channels is
obtained, which can be interesting to guide cell growth or to help to obtain organized
tissues, as previously reported [131, 269]. In PEA-s, the resulting structure exhibits
smaller pores but a greater interconnectivity, which might facilitate cell-cell

interaction and diffusion.

If desired, modifications in the resulting structures could be obtained by altering the
templates. For instance, in the case of PEA-s, the diameter of the microspheres
forming the template could be modified, directly affecting to the size of the resulting
pores. Another possibility could be varying the compression rate during the template
preparation, to modulate the connectivity between pores. Regarding PEA-o, its
morphology could be altered for instance by changing the diameters of the threads or

the distance between them.

On the effects of the preparation of PEA-s scaffolds on PEA

After the TGA results (Figure 3.2), the presence of some residual PMMA in PEA-s is
suspected, because of the broadening in its weight derivative graph. This anomalous
region, precisely matches with the main peak obtained for PMMA. Taken this
together with the observed change for PEA-s in the ACp, simultaneously with the
apparition of a small peak nearby the PMMA melting zone and the slope change
(Figure 3.3), it can be stated that a small fraction of PMMA coming from the

template, might indeed remain in PEA-s.
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3.3 Discussion

After the thorough washes to which the scaffolds were submitted, an extra wash in a
shaker with tetrahydrofuran was applied. These lasts washes supernatants were
scanned by gel permeation chromatography (data not shown), and no evident
PMMA traces were observed. This result confirms that any significant residual
PMMA in the scaffolds is neither a cause of incomplete washing of the spheres that
could leave residues on the surface of the struts, nor of the PEA network where some
PMMA chains could have been entrapped during the polymerization of PEA, because
a peak would have been revealed with the GPC scans. Residual MMA units in the
PMMA spheres could, nevertheless, copolymerize with EA units of the PEA network,
and thus become part of the final polymeric matrix, without leaving any trace in the

chromatographic scans.

During its polymerization, the EA monomer is capable of partially swelling the
PMMA spheres. If some residual MMA monomer remains entrapped within the
particles, it could react with the EA monomer and therefore become part of the PEA
network, thus causing the appearance of those peaks. All in all, PMMA belongs to
the acrylates family, as PEA, and has a good biocompatibility, which justifies its
clinical use in many biomedical applications and bioprostheses for the last decades
[270]. Therefore, the presence of a residual fraction of PMMA combined with PEA

was not considered a major concern in terms of the biological success of the scaffolds.

On the effects of the preparation of PEA-o scaffolds on PEA

In the case of PEA-o, given the changes in the TGA profiles, in the DSC scans as
well as in the subsequent characterization with nitric acid, it can be stated that the
acid treatment does have an effect on PEA. The extents of such changes were studied
with a simplified model. When the PEA-o scaffolds’ features are compared with those
of 2D treated materials, it can be singled out that the PEA-o onset of thermal

degradation occurs at a temperature very close to that of PEA-9d (360°C vs. 368°C).
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Scaffolds’ initial characterization

Regarding the glass transition temperatures, the scaffolds exhibit an intermediate
behaviour between PEA-4d and PEA 9d: 1.63°C, -0.40°C and -6.5°C respectively;
finally, the ACp of the scaffolds is very close to that of PEA-4d (0.470 J/gK vs. 0.464
J/gK). These parameters are very characteristic and sensitive to the composition of
the material. The fact that the scaffolds’ values are very similar to those of the 2D
model, validates it as a proper study model and indicates that it is accurate and

representative of the system under question.

The scaffolds obtained by means of the removal of polyamide-based porogens with
nitric acid experienced increased swelling. This fact arose the hint that this treatment
could be inducing a structural modification in PEA: the hydrolysis of the carboxylate
group in acid medium leading to an acid group, and thus ethyl acrylate units are

replaced by acrylic acid ones.

The appearance of new bands on the FTIR spectra (Figure 3.4) in the 3500 and 3200
cm! are in good agreement with the proposed modification. The differences observed
between the untreated PEA and those treated when swollen in water or in a basic
aqueous medium (NaOH 0.2 M) (Figure 3.5), indicate that upon nitric acid
treatment, the material becomes more hydrophilic and, more importantly, pH-

sensitive.

The increase of the W(C was proportional to the immersion time for the acid-treated
acrylates and to the fraction of acrylic groups for the controls (PAAc and
P(EAcoAAc)); interestingly, this increase only was dramatic at basic pH (Figure
3.6). This sensitivity for the basic media confirms the presence of acid groups, which
are dissociated in basic media turning polymers into superabsorbents [271]. This
gradual modification was visually supported by toluidine staining (specific for acid

groups) (Figure 3.12). Those samples containing carboxylic groups introduced either
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by a co-polymerization with AAc (P(EAcoAAc)) or by the structural modification

induced by the nitric acid treatment, were the more bluish and darker ones.

In the light of the results obtained with different techniques, it can be stated that
PEA acid-treated for 4 and 9 days behave similarly to the copolymer: P(EAcoAAc)
exhibits a behaviour half way between PEA-4d and PEA-9d through several
techniques. For all pHs under consideration, PEA-9d and P(EAcoAAc) attained the
same equilibrium values and followed the same trend in the swelling study (Figure
3.6). Analogously, both P(EAcoAAc) and PEA-9d had very similar degradation
profiles (Figure 3.11). Regarding the DMTA results, the copolymer main relaxation
profile was very close to that of the PEA-4d this time (Figure 3.9). Even visually,
with the toluidine blue staining, the colouring of P(EAcoAAc) lies between those of
PEA treated for 4 and 9 days (Figure 3.12).

PEA surface properties as well as wettability when in contact with physiological
medium are affected by the nitric acid treatment. Regarding the water contact angle
measurements performed in the dry state of the materials, few differences with the
duration of the acid treatment were observed (Figure 3.10 A). Surprisingly, the
copolymer with only a small fraction of AAc groups (10%) showed a lower contact
angle than PAAc. These results can be attributed to the different physical state of
the studied materials at the temperature of the assay. The presence of acid side
groups reduces chain mobility, leading to a vitrification of the materials at room
temperature, which leads to a poorer exposure of hydroxyl groups at the surface.
Conversely, the presence of water has a plastifying effect that improves chain
mobility leading to the expected water contact angle values when measured on
samples previously swollen in water (Figure 3.10 B). A proportional reduction of the
contact angle, either with the duration of the immersion time in nitric acid or the

increase in AAc fraction, was reported, except for PEA-17d.
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Considering that the nitric acid affects PEA by only transforming ethyl acrylate
units into acrylic acid units, mathematical models can be used to estimate the
fraction of each component (EA and AAc) in the treated materials in combination

with the density and DSC results.

Assuming additivity, and with the measured densities (Figure 3.7), the fraction of

each component in the treated PEA was estimated by means of:

1 1
— w1 +—- ()}
P1 P2 [Equation 3.1]

Q|

where p is the density of the mixture, w; and w, are the mass fractions of
components 1 and 2, and p; and p, are their densities. As a preliminary step, it was
verified that the ideal mixture was a good model for this system. In order to do that,
the copolymer density, whose composition and individual components’ densities were
known, was estimated. When the calculated density (1.148 g/mL) was compared
with the measured one (1.158 g/mlL), the values were considered close enough to
apply the ideal mixture equation for the rest of materials whose composition was
unknown. For PEA-4d, a fraction of acrylic acid units, w,, of 0.09 was obtained, 0.18

for PEA-9d and 0.32 for PEA-17d.

The fraction of each component in the mixture could be determined as well by means
of the glass transition temperatures (Figure 3.8 B), assuming miscibility and Fox’s

equation [272]:

1 w wy

T,
g ‘9t ‘g2 [Equation 3.2]

where T, is the glass transition of the mixture; Ty, Ty, are those of the pure
homopolymers PEA and PAAc, w; and w, are the mass fractions of components 1

and 2.
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3.3 Discussion

For the PAAc a lower value of glass transition was obtained from the DSC
measurements (294 K) than the values reported in the literature, 379 K[273]. Thus,
to try to estimate the proportion of AAc units in the treated samples was employed
the glass transition temperature of PAAc reported in the literature, 379 K. In this
case for the copolymer it was obtained a fraction of AAc of 0.115 (similar to the
fraction introduced during its preparation), for PEA-4d, the estimated acrylic acid
fraction was 0.093, for PEA-9d it was 0.154, and for PEA-17d 0.31; one more time,
laying the copolymer between PEA treated for 4 and 9 days. Being these values in

good agreement with the results previously obtained with the density values.

A plausible reason for such a low PAAc’s 7g value could be found in the EtOH
washes to which PEA (before any nitric acid treatment), PAAc and P(EAcoAAc)
were subjected. The EtOH employed in these washes could induce the esterification
of the AAc units of PAAc and P(EAcoAAc) samples [274]. Therefore these rinses
could lead to the formation of ethyl acrylate units in the acrylic acid side chain.

However this hypothesis remains unverified so far.

The PEA treated for 17 days exhibited an erratic behaviour over the set of different
experiments, either showing values greater than expected given the trend of the other
materials, or outside. For instance, independently of the pH media, in the swelling
study it reached the highest values, with the exception of PAAc (Figure 3.6). Again
its density was greater than those of all the other materials but below that of PAAc.
Despite the fact that the thermal degradation profiles of PEA-17d and PAAc are
very different (Figure 3.8), the percentages of solid residue left were very similar. In
the contact angle measurements, the exception was, once more, PEA 17-d, which
notwithstanding a previous swelling it continued to hide its hydroxyl groups, or
maybe a further modification decreased its number (Figure 3.10 B). This anomalous

performance suggests that such a long treatment in nitric acid induces other chemical
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modifications besides the random hydrolysis of side chains, which would require a

further characterization.

FEffect of the nitric acid treatment on PEA biological performance

Concerning the biological experiments, the MTS assay revealed positive results
(Figure 3.13), which turned to be better according to haematoxylin-eosin stainings
(Figure 3.14 and Figure 3.15). On all studied substrates (PEA, PEA-4d and
P(EAcoAAc)) fibroblasts showed extended morphology and a great density, even
surpassing sometimes the positive control. The better outcome achieved by PEA over
the copolymer and treated PEA in the MTS test, could be attributed to an initial
variation of the pH medium induced by the presence of side carboxyl groups that
might affect cells metabolism reducing absorbance levels. The divergences between
the MTS results and the stained samples could be explained by the amount of
medium on which they were cultured: 200 ul. for the samples employed for MTS
assays, whereas 400 pL for the stained samples. It is plausible that this increase on
the amount of medium was enough to buffer the pH variation induced by the acid

groups of the materials.

Another side-effect of the -COOH groups was its interference in the eosin staining.
For the cells cultured on P(EAcoAAc) and more moderately for those cultured on
PEA-4d, at short times, the eosin staining was not properly fulfilled but replaced by
the blue coming from the acidophilic haematoxylin staining due to the material own
acid groups. This inconvenience could be avoided when enough cells come to shield
this effect of the material surface. For longer time points, the staining was perfectly

accomplished with cells cytoplasm coloured in pink.
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3.3 Discussion

HUVECs are very sensitive cells, but this did not prevent them from proliferating
and assembling into circular structures on all the 2D materials employed. These
results broaden the possibility of obtaining vascular-like structures when HUVECs

will be seeded into 3D PEA scaffolds.
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3.4.- Concluding remarks

The use of porogen templates in combination with particle leaching methods allows
the production of PEA scaffolds with different morphologies. In the case of PEA-o,
scaffolds exhibiting a grid-like structure with a porosity around 76% were obtained.
PEA-o scaffolds are intended to guide and organize cell growth through the
orthogonally interconnected channelled pores with diameters in the range of 150
microns. As for the PEA-s scaffolds, a higher porosity was obtained (80%); in this
case the spherical interconnected pores in a sponge-like architecture are envisaged to
provide a better molecular diffusion. The preparation processes employed leave
though a fingerprint on the PEA matrix of the scaffolds when compared with bulk

PEA, which has to be taken into consideration.

Regarding PEA-s, the fabrication process leaves a small fraction of MMA units that
are incorporated into the polymeric network. Given the contrasted biocompatibility
of PMMA, this can be considered as an innocuous incorporation in terms of the

biological development of the scaffolds and no more studies have been undergone.

The fabrication of PEA-o with polyamide porogen templates implies the use of nitric
acid as solvent. PEA immersed in acid solutions experiences the hydrolysis of its side
chains in some units. As a consequence, the acrylate is transformed into an EA-AAc
random copolymer. The amount of modified units is proportional to the duration of
the acid treatment: a rate of conversion around 10% was estimated for treatments
lasting between 4 and 9 days. For longer treatments, such as 17 days studied herein,

other changes that would require a further characterization take place.
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3.4 Concluding remarks

The chemical changes occurred in the structure translated into variations in the
physico-chemical properties of the material, turning PEA into a more hydrophilic,
pH-sensitive polymer, able of vitrifying at physiological temperature in the dry state.
In the scope of the in vitro biological studies, PEA proved to be biocompatible even
exhibiting a performance comparable to the positive control. In spite of the changes
induced by nitric acid rinses, the polymers were also perfectly suitable for its use in

cell culture-related applications.
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4.-Mechanical performance of PEA scaffolds

4.1.- Abstract

The intended application of the materials employed through this Thesis: cardiac
tissue engineering, makes of capital importance to undertake an exhaustive

characterization of their mechanical performance.

In the first section herein, the elastic moduli under dynamic loading in tension for
bulk PEA and both PEA-s and PEA-o scaffolds are compared. The influence of the
scaffolds’ porosity, the nitric acid rinses to dissolve the nylon fabrics templates and
the use of templates based on PMMA spheres on the elastic modulus have been

discussed.

In the second section, the PEA-s scaffolds performance under fatigue conditions are
studied and compared to that of the analogous bulk material. Two different types of
solicitations were applied to the materials: torsion and tension. Both types of
solicitations were considered because if the developed materials are to be implanted

in the heart, they will be subjected to both of them.

The effect of the fatigue loading on the shear and tension moduli has been evaluated
by comparing with non-fatigued materials. Moreover, such influence has been
assessed on dry samples measured in air but also on swollen samples and measured in

immersion.

In general, the fatigue loading to which the employed materials were submitted had a
subtle effect on the mechanical properties, even for the porous materials. The results
obtained thereby guarantee their suitability for their use in cardiac tissue
engineering.
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4.2.- Results

4.2.1.- Elastic moduli of bulk PEA, PEA-o and PEA-s

The elastic modulus of bulk PEA was determined from the initial slope of the strain-
stress plots obtained by stretching the sample at a constant rate (Figure 4.1); a value
of 0.75 4+ 0.09 MPa was obtained. When the same procedure was repeated with the
two types of scaffolds under consideration, it was found that the PEA-o modulus
suffered a great reduction because of the porosity, reaching a value of 0.04 + 0.02
MPa; unexpectedly, for the PEA-s (despite its great porosity-higher than in PEA-o-),
no relevant reduction on the modulus was observed, yielding a value of 0.78 4+ 0.21

MPa.

0.201
= — PEA 2D
& - PEA-s
=) --- PEA-o
o

0.0 0.1 0.2 0.3
Figure 4.1: Initial section of the strain-stress curves for bulk PEA, PEA-s and PEA-o scaffolds.

4.2.2.- PEA mechanical performance under fatigue conditions

The following fatigue experiments were performed on bulk materials to purely assess
the effect of fatigue on the employed polymer, and also for the PEA-s, to study the
influence of its porosity and production process on the mechanical performance. Even
if the PEA-s modulus is higher than that of PEA-o, given its greater porosity and
thinner trabeculae it was thought to be more sensitive to the fatigue effects and thus

the fatigue experiments were only performed with this type of scaffolds.
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Torsion

The moduli of bulk PEA was determined under shear solicitations at 37°C either dry
(D), or swollen and immersed in PBS (S), before and after being submitted to a week
of torsional fatigue (Figure 4.2). All the considered series are in the same range of
values. Nonetheless, when the area is zoomed, it is observed that the fatigued (F)
samples (both D and S) exhibit slightly higher moduli values (146 and 161 kPa,
respectively) than non-fatigued (NF') ones (104 and 53 kPa). Subtle differences were
detected between the NF materials when measured D or S, the moduli of D samples
being slightly higher in the range of frequencies scanned. For all the series, an
increase of the moduli with the frequency is observed, which shows the beginning of
the main relaxation; this beginning seems to be shifted to a small extent toward

higher frequencies in the case of the swollen samples.
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Figure 4.2: Frequency scans of the bulk PEA shear moduli measured at 37°C with samples

either dry in air or swollen and immersed in PBS, before and after a week of torsional fatigue.

No differences were detected between the NF and F dry samples in terms of the loss
tangent (Figure 4.3), while for the S ones, the fatigue had an effect decreasing the

loss tangent in the range of considered frequencies. As previously detected in the
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4.2.2 PEA mechanical performance under fatigue conditions

modulus scans, the main relaxation is shifted towards higher frequencies for the S

samples.
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Figure 4.3: Loss tangent for PEA bulk samples fatigued or non-fatigued with torsion

solicitations, measured under shear stress dry in air or swollen and immersed in PBS at 37°C.

The effect of torsional fatigue was also assessed for PEA-s scaffolds (Figure 4.4). In
this case the moduli values were in the same range as for the bulk materials, and
only small differences because of the fatigue or swelling conditions of the samples
were detected. Briefly, both NF and F samples, achieved higher modulus values when
measured in the dry state (118 and 177 kPa) than S (37 and 80 kPa), F and NF
being alternated depending on if samples were S or D. In this case, subtle shifts
towards higher frequencies were detected for any series of samples, as the
measurements were performed in a narrower range of frequencies: only up to 1 Hz,
because of an instrumental limitation (for higher frequencies the equipment entered

into resonance and could not properly measure the samples’ moduli).

When the loss tangent is analyzed (Figure 4.5), the fatigue is found to reduce it

slightly, but combined with swelling it increases it.
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Figure 4.4: Frequency scans of the PEA-s shear moduli measured at 37°C with samples either

dry in air or swollen and immersed in PBS, before and after a week of torsional fatigue.
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Figure 4.5: Loss tangent for PEA-s samples fatigued or non-fatigued, measured dry in air or
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4.2.2 PEA mechanical performance under fatigue conditions

Tension
a) Frequency scans

The effect of cyclic unidirectional tension (Figure 4.6) was also assessed through a
scan of frequencies under a tension solicitation. In all cases the moduli (which are in
the range of 0.77 to 1 MPa), increased with frequency, although this changes are only
detected when the area is enlarged. For samples fatigued in air (FA), an increase on
the moduli was observed, though the increase was more evident when samples were
fatigued immersed in PBS (FI). Meanwhile, swelling the samples induced as well a
small increase on the moduli and displaced the resulting curves towards higher

frequencies.
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Figure 4.6: Frequency scans of the tension elastic modulus of bulk PEA at 37°C measured
either dry or swollen and immersed in PBS, before and after a week of tensional fatigue.

Inset: zoom of the area of interest.

No significant differences were observed in the loss tangent plots (Figure 4.7). No
effects of the fatigue are observed in this parameter; however, the S samples exhibit
slightly lower values, indicating thus that the main relaxation is, as observed in the

moduli plots, is displaced towards higher frequencies.
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Figure 4.7: Loss tangent values for bulk PEA samples fatigued or non-fatigued under tension,
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measured dry or swollen and immersed in PBS at 37°C.

Concerning the PEA-s scaffolds, similar results were obtained (Figure 4.8). The
measured moduli were in the range of 0.4 to 1.2 MPa, and an increase with the
frequency was also observed when the area was broadened. Fatigued samples reached
higher moduli values and especially those fatigued in immersion (FI) and measured
swollen. However, for the NF PEA-s scaffolds, S samples exhibited lower moduli

values. As previously explained, measurements were only performed up to 1 Hz

because of equipment limitations.

Average Young modulus (Pa)

Figure 4.8: Frequency scans of the PEA-s tension elastic modulus at 37°C with samples either

dry or swollen and immersed in PBS, before and after a week of tensional fatigue.
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4.2.2 PEA mechanical performance under fatigue conditions

Practically no differences among the series were observed in the loss tangent plots

(Figure 4.9) as they are almost overlapped.
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Figure 4.9: Loss tangent for PEA-s samples non-fatigued or fatigued in air or PBS immersion

under tension, measured dry or swollen and immersed in PBS at 37°C.

b) Tensile measurements to failure

Analogous experiments to those presented in section 4.2.1 were performed with PEA
bulk samples before and after fatigue at 37°C either in air or immersed in PBS
(Figure 4.10). For the non-fatigued samples a modulus of 0.67 + 0.06 MPa was
obtained; for the samples fatigued in air a similar value was obtained, 0.59 4+ 0.07
MPa, whereas an unexpected increase was observed for the samples fatigued

immersed in PBS: 1.79 + 0.38 MPa.
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Figure 4.10: Initial section of the strain-stress curves for bulk PEA non-fatigued, fatigued
under tension solicitations in air at 37°C, and fatigued

under tension immersed in PBS at 37°C.
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4.2.3.- Additional results

In order to elucidate if the fatigue was inducing changes in the polymer network of the
materials under study, a set of supplementary experiments were performed. FTIR
spectra and swelling data were employed to follow any changes in the chemical
structure of PEA because of the fatigue. EDS spectra were obtained to evaluate if the
amount of deposited salts from PBS in the polymeric matrices was significant enough

to induce variations on the measured moduli.

FTIR

As can be observed in the FTIR spectra (Figure 4.11), the characteristic peaks of
PEA (like the 1715 cm™ and the wide peak around 2900 cm™, previously discussed in
Chapter 3) are present for all the samples. However, no significant differences can be
observed between fatigued and non-fatigued samples with respect to the detected

peaks or their height.
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Figure 4.11: FTIR spectra of 2D PEA samples non-fatigued (NF), fatigued under torsion (F),
and under traction dry at 37°C (FA), obtained between 500 and 4000 cm™.
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4.2.3 Additional results

Swelling experiments

No significant differences in the swelling kinetics were detected among the non-
fatigued and fatigued samples, either under tension or torsion conditions, when
swollen in EtOH/water mixtures or in pure EtOH (Figure 4.12). Nonetheless,
differences because of the swelling medium were detected: samples swollen in EtOH

reached the equilibrium faster than in EtOH /water mixtures, 1 day vs. 3 days.
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Figure 4.12: Swelling kinetics of samples non-fatigued and fatigued under traction and torsion

in a) 50/50 EtOH /water mixtures and b) EtOH.

Analogously, the solvent content in the equilibrium for the samples swollen in EtOH
was almost 4 times higher than that of samples swollen in EtOH/water mixtures
(61% wvs. 16%) (Figure 4.13). The values of equilibrium solvent content in
EtOH /water mixtures, exhibit significant differences because of applying fatigue to
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the samples, while when swollen in EtOH differences are observed only for samples

fatigued under torsion.
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Figure 4.13: Equilibrium solvent content for non-fatigued samples and samples fatigued under
tension and torsion in a) EtOH/water and b) EtOH.

(*) Differences are statistically significant.

Energy dispersive X-ray spectroscopy (EDS)

Energy dispersive X-ray spectroscopy was employed to determine if a significant
amount of the PBS salts were incorporated into the scaffold structure during the
fatigue experiments and could have an influence on the mechanical results obtained.
As Figure 4.14 shows, there are no differences in terms of fraction of chemical species
incorporated between non-fatigued and fatigued samples, or because of performing it

immersed in PBS.
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Figure 4.14: Weight percentage of the elements composing the materials’ surface (a) and
section (b), determined by EDS before and after fatigue under torsion,

tension in air or immersed at 37°C.
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4.3.- Discussion

On the mechanical properties of the scaffolds employed in this Thesis

The determination of the tensile moduli, as the average of the initial slope of the
lineal region of the strain-stress plots of the different replicas (Figure 4.1), revealed a
great reduction from the value obtained for the bulk material to that of PEA-o (from
0.75 + 0.09 MPa down to 0.04 + 0.02 MPa). The so-called reduced tensile modulus
of a scaffold, Eg, normalized taking into account its measured porosity, is to follow
Er = E(1 —m)? according to [275], where E is the modulus obtained for the bulk
polymer, for PEA films in this case, and m the porosity of the scaffold (76.1 4+ 6.1%
for the PEA-o scaffolds). When the reduced modulus is compared to the measured
PEA-o0 modulus, the equation fits well the tensile behaviour of the scaffolds (0.04 +
0.02 vs. 0.042 £+ 0.02 MPa).

When the reduced modulus is calculated for the PEA-s scaffolds, whose porosity is
80.8 + 3.5%, a value of 0.028 + 0.01 MPa is obtained, while the elastic modulus
given by the curves is 0.78 + 0.21 MPa. This discrepancy is not a problem of the
model but of the measured samples. As already discussed in Chapter 3, the PEA-s
scaffolds production process seemed to leave PMMA traces on the scaffold, thus
changing the PEA properties, which is corroborated by these results. As already
discussed, given the good biocompatibility and non-cytotoxicity of this polymer,
these PMMA traces are not of major concern. Moreover it could be of interest as

provides a mechanical reinforcement to the scaffold.
Given the presented range of moduli values for the materials (in the same order as

other elastomers [275]), and that the reported range of pressure that the heart
withstands at the systolic peak (117 mmHg, 7.e. 0.015 MPa) and diastole (10 mmHg,
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ie. 1.33 kPa) are in the range of these materials elastic behaviour [276]; the

developed materials are perfectly suitable to resist the loads present in the heart.

As briefly presented in the introduction (Figure 1.1 B), therapies involving the
application of a mechanical restraint to the heart (to limit the ventricular
remodelling that follows a myocardial infarction) are also considered. These
approaches include the use of meshes made of different materials such as
polypropylene [277], polyesters [278] and even a nitinol metallic alloy [279]. The major
drawback of these approaches is that they do not contribute to the regeneration of
the damaged tissue. Therefore, in a recent work, the Acorn Corcap (a polyester
mesh) was employed in combination with a collagen scaffold to also contribute to the
tissue recovery [280]. The materials presented in this Thesis, since have a high
enough elastic modulus, and are porous and cell-friendly, could also be useful as a
combined system supplying cells and factors besides providing a certain mechanical
reinforcement. Evenmore, bulk PEA and PEA-s scaffolds have an elastic moduli
above that of the human myocardium (which is in the range of 0.2-0.5 MPa) [28],

therefore they are useful as ventricular restraints.

Fatigue parameters

Choosing the parameters employed for the torsional fatigue experiment was not
straight forward given the limited and disperse bibliography concerning biomaterials
torsional fatigue and the heart mechanical characterization (torsion, withstood

pressure, twisting/untwisting rate and dimensional changing, among others).

It was decided to apply the torsional fatigue at the most adverse conditions of the
heartbeat. Therefore, as reported by [281], the maximal untwisting rate for human
hearts is 90°/s, which is maintained with diastolic dysfunction, and reduced for

systolic dysfunction. Thus, 90°/s was selected as the most restrictive twisting rate.
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4.3 Discussion

Assuming a heart pace of 60 beats per minute, this leads us to a torsion of 90°/cycle,
then 45° of twisting and 45° of untwisting to complete 90° in a cycle in 1 second.

The parameters for the tensional fatigue were more easily determined as there are
more references where biomaterials intended for cardiac tissue engineering are
submitted to tensional cyclic loading [87, 282, 283]. In these previous works, samples
were submitted to cyclic deformations applying a strain of 10 to 20% of the initial
length because the physiological value of strain is around 15% [284]. In our case, to
be on the safe side, it was decided to reach up to 30% strain: first applying a pre-
stress of 15% plus an extra 15% following a sinusoidal, thus oscillating between 0 and

30% of strain.

FEftect of fatigue on bulk PEA

The moduli values for all the 2D series measured in shear or tension, before and after
fatigue were in the same range: around 0.1 MPa under shear and near 0.8 MPa under

tension.

As expected, a subtle increase (only detected when the area is zoomed) is observed
on the modulus with the frequency of excitation (for both types of solicitations).
Performing a dynamic mechanic test scanning increasing frequencies has a reverse
equivalency to scanning reducing the temperature, by the time temperature
superposition principle [285]. Herein, the increase in frequency leads towards the
transition from the elastic region to the vitreous one. Such a change translates into a
reduction of polymer chains mobility which gives place to a modulus increase, whose
beginning is observed for the dry samples (the swollen samples are shifted towards

higher frequencies, probably because of the water plastifying effect).

Regarding the loss tangent under shear (Figure 4.3 and Figure 4.5), the higher losses

are those of the swollen samples. This augmentation implies an increase on the losses

125



Mechanical performance of PEA scaftolds

[286], which could be attributable to a dissipative effect of the water entrapped in
between the polymer chains [287]. Meanwhile for samples measured under tension,
the loss tangent for the swollen samples reaches lower values although it seems to be
because of a shift of the main relaxation towards higher frequencies; thus, a broader
range of frequencies should be scanned to verify if the swollen samples also exhibited

higher values at higher frequencies.

After a week of fatigue the samples exhibit a slight increase on their shear modulus,
both measured swollen and dry. Under tension, the greatest values are obtained for

the samples fatigued in immersion, and even higher when measured swollen.

Concerning the strain-stress curves presented in Figure 4.10, fatigue under tensional
fatigue in air does not induce remarkable changes on the mechanical profiles, nor in
the resulting elastic moduli. Different results are obtained for the samples fatigued

immersed in PBS, in terms of the profile of the curves and increase in their moduli.

These subtle differences outlined, given the order of magnitude of the results and the
error bars, are not of major concern. Moreover, the finding of a slight increase of the
mean value is not detrimental for its intended application. Nonetheless, it was

attempted to unveil the underlying mechanism (if any) inducing such a change.

The fact that samples fatigued in PBS or measured immersed, exhibited higher
moduli values, led to the hypothesis that applying the cyclic stress in PBS immersion
(or measuring the moduli in immersion in PBS), allowed salts diffusion and
deposition within the polymeric matrix, thus inducing a hardening of the samples by
reducing chain mobility because of salt precipitates. Nonetheless, the elemental
analysis (Figure 4.14) performed on section and surface areas, detected only small

traces of salts while the main composition remained constant. Such a small amount
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4.3 Discussion

of salts seems not to be significant enough to explain the differences detected in the
moduli values.

The collected FTIR spectra of the samples show (Figure 4.11) that the fatigue does
not induce the appearance of new peaks or alters the dimensions of the peaks of the
profile, either. Thus, there do not seem to be new functional groups on the studied

materials as consequence of their treatment.

Finally, swelling experiments in different media were also undertaken (Figure 4.12
and Figure 4.13). These results (where fatigue increases the equilibrium solvent
content), are indicative of the absence of additional crosslinks in the polymeric

network because of the fatigue.

In sum, the small variations because of the fatigue are not attributable to the
formation of new groups in the chemical structure, neither to variations on the
composition of the sample, nor to increases in the degree of crosslinking of the

polymeric network. Thus, other explanations were explored.

It was hypothesized that a side effect of applying fatigue loads to the samples could
be the induction of polymer chain rearrangements, favouring the diffusion of defects
and the untanglement of the chains, resulting in a more regular network with fewer
defects and entanglements, which would translate into a reduction of the free volume.
This reduction on the free volume would have a direct effect on the elastic moduli of
the samples in the sense of slightly increasing it. The fact that fatigued samples reach
slightly higher equilibrium solvent contents (Figure 4.13) would be in good agreement
with this assumption. Nonetheless, this hypothesis would need to be checked with
further experiments, out of the scope of the present work. Density variations or other
experiments to elucidate variations on the network disposition could be of interest.

Supporting this hypothesis, it has been previously reported that for amorphous
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polymers in the glassy state a hardening under strain can take place [288]. Maybe the
increase observed in the presented results could be explained by an analogous effect
for the materials in the rubber state, which takes into account the distinct behaviour

and time constants for these two different states of amorphous polymers.

FEffect of fatigue on PEA-s scaftolds

The moduli reached by the scaffolds under shear and tension are of the order of those
of bulk PEA despite of the scaffolds porosities (Figure 4.4, Figure 4.8 and Figure
4.10). These results suggest once more that there are traces of PMMA remaining on
the PEA-s scaffolds. Although for the fatigued and swollen samples slightly lower
values are obtained, the modulus variation observed is not of major concern as again
it remains at a high enough level to guarantee the potential success of this material
upon implantation. Once more, the slight differences detected in the loss tangent
(Figure 4.5), the values being higher for the swollen and fatigued samples, could be
attributable to the presence of water dispersing the energy as previously discussed for

the bulk material.

The fatigue seems to increase the moduli of the samples, especially when it is
performed with the samples swollen in PBS as already discussed for the bulk
materials. When compared with the scans of the bulk materials, a greater slope
increase is observed for the higher frequencies. The fact that the fatigue induces a
greater effect on PEA-s scaffolds than in bulk materials, having the former a much
lower fraction of mass than the films, suggests that the previously described
hardening phenomenon could be mass-related. The presence of PMMA traces on the

scaffolds could also have a certain effect in that sense.
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4.3 Discussion

Tensional and torsional modulus comparison

The rubber theory was applied to the obtained results to verify if the inter-relation of
both elastic parameters thereby predicted is valid for the performed experiments. A
mathematical relation between the elastic modulus in tension (E) and the shear

modulus (G) is known [285]:

1+2v [Equation 4.1]

where v is the Poisson ratio, which varies from 0 for incompressible rigid solids up to
0.5 for liquids. As PEA is a rubber in the range of temperatures employed, the
Poisson ratio was fixed to v = 0.5. Solving the equation it was found that the tension
elastic modulus should be 3 times the shear modulus. However, the obtained
measurements do not fit into this model, with the exception of an isolated case as

shown in Table 4.1.

SAMPLES E/G

NF D 7.64

S 14.34

2D FA D 5.26
S 5.80

FI D 6.33

S 6.13

NF D 4.70

S 2.71

3D FA D 3.94
S 12.09

FI D 11,45

S 13.26

Table 4.1: Elastic modulus under tension to shear modulus ratio for the fatigued,

non-fatigued, dry or swollen 2D and scaffolds samples.
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In general, the shear moduli were lower than expected, especially for the swollen
samples. These discrepancies perhaps could be attributable to the conditions

employed in these shear measurements.

Although throughout this chapter any small difference was pointed out and intended
to explain, in general terms and given the error bars, the discrepancies on the elastic
moduli are not significant. Moreover, applying cyclic loads does not produce a
dramatic decrease on the materials mechanical performance despite of their porosity,

but a certain increase. Thus, these materials are suitable for their intended use.
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4.4.- Concluding remarks

The materials employed exhibit an elastic behaviour for the stresses withstood by the
heart. Moreover PEA and PEA-s scaffolds exhibit elastic moduli greater than that of
the human myocardium; therefore they are capable to provide a mechanical

reinforcement to limit the ventricular remodelling.

Preparing PEA in the shape of scaffolds has effects on its mechanical properties. In
the case of PEA-o, because of its porosity the elastic modulus under tension is
reduced, while it is increased for PEA-s despite their porosity, because of the PMMA

traces present.

Bulk PEA and PEA-s scaffolds resist (without significant variations on their

mechanical performance) cyclic loading in tension or torsion, for at least one week.

A slight increase on the modulus is observed for the fatigued samples. The
supplementary experiments performed revealed that the differences detected between
fatigued and non-fatigued samples are not due to the formation of new functional
groups, neither to the formation of new crosslinkings nor because of salts deposition
within the polymer chains. The variation of the modulus could be a hardening
phenomenon taking place; however further systematic studies will be needed to

determine the cause of this increase.
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5.- PEA scaffolds’ pores coating with hyaluronan

5.1.- Abstract

The aim of this chapter is to present the hybrid system consisting of PEA porous
scaffolds combined with hyaluronan (HA) gel as coating in their pores. PEA scaffolds
with different architectures and obtained through the two processes previously
explained in Chapter 3, were coated with HA solutions and subsequently, in situ
crosslinked. In the case of PEA-s, a preliminary study showed the unfeasibility of
obtaining a homogeneous and stable HA coating throughout the thickness of the
scaffold by means of the procedure set up. This problematic was not found for the
PEA-o scaffolds; the PEA-s series was therefore ruled out from the experiments and

the subsequent coatings and characterization were undertaken with the PEA-o series.

The influence of several parameters on the amount/thickness of HA gel incorporated
within the scaffold pores were studied, including: the concentration of the HA
starting solutions, the PEA-o thickness, or the number of filling-drying cycles. By
changing these factors a wide variety of coating typologies were obtained. The mass
fraction of HA and the porosity were employed as indicators of the degree of clogging

of the material pores.

The morphology of the obtained coatings was characterized by conventional scanning
electron microscopy (SEM), but also with cryoSEM as it allowed the observation of
the coatings in their swollen state, which is very interesting given the hydrogel
nature of HA and the intended application of the material (biological environments
which are mainly aqueous). Compression tests were performed to assess the influence

of the coating on the mechanical performance of the scaffolds.
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Experiments were also performed to evaluate the feasibility of using this combined
system as construct for controlled release of molecules of interest; bovine serum

albumin (BSA) was employed as model protein.

Finally, a preliminary cellular experiment was performed with fibroblasts, to assess
the improvement, if any, on the seeding efficiency on account of the HA coating

within the scaffold’s pores.

The undertaken characterization revealed that PEA-o scaffolds (but not PEA-s)
could be successfully combined with HA to obtain a combined system. The scaffold
was found to exert a confinement effect on the degree of swelling of HA coating,
meanwhile the latter had a reinforcing effect in the scaffold behaviour when
compressed. The hybrid material was found to be useful for controlled release

applications and suitable for cell culture experiments.

The nomenclature employed from now on to refer to the coatings performed to the
scaffolds is: first a number (05, 1, 2 or 5) that indicates the concentration (in %) of
the hyaluronan solution utilised, then “HA” followed by a second number indicating
the number of filling-drying cycles applied (1, 2, 3, 4, 5). Additionally, those samples
that are crosslinked exhibit an “x” following the number of applied cycles. To refer
to an entire series of a given concentration in which different number of cycles were
applied, an “#” is used; as an example, 5SHA# refers to the series of samples coated
with 5% HA solutions. Finally, when scaffolds with different thickness are compared,
“8L” or “16L” is added at the end, depending on the number of porogen layers, L,
employed in the PEA-o scaffold. For example, a 16 layers PEA-o scaffold coated with

a 1 wt.% HA solution for 5 cycles and crosslinked will be represented by 1HA5x 16L.
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5.2.- Results

5.2.1.- Production of perdurable HA coatings

As starting point, the feasibility of a system consisting of PEA elastomeric scaffolds
combined with HA gel was evaluated by three preliminary tests. First of all, the
fraction of HA incorporated into the PEA matrix was quantified by weight
differences between the bare and the coated scaffold before and after the crosslinking
step, @yy. As Figure 5.1 shows for both PEA-s and PEA-o there is a great influence
of the HA solution concentration on the amount of HA incorporated within the
pores. The higher the concentration the greater the w,, achieved. Besides, the PEA-o

series achieved greater @y, when compared with PEA-s scaffolds coated analogously.

501 HA 1%
B HA 5%
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before crosslinking  after crosslinking before crosslinking after crosslinking

® ga ()

Figure 5.1: Mass fraction of HA (%) retained in the PEA-s and PEA-o scaffolds coated with
1% or 5% HA solutions before and after the crosslinking step.

In the particular case of PEA-s a greater dispersion on the @, was observed for the
5 wt.% HA solution, reaching an average value of 32% before crosslinking;
nonetheless, after the crosslinking step a @y, of only near 19% was retained because

of the washes carried out and all the manipulation that suffered the samples during
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this process. Even worst, in the case of the samples coated with 1 wt.% HA, almost
all the HA previously incorporated into the pores (wp, of nearly 10%), was washed

out of the polymeric matrix as will be discussed later.

On the contrary, in the case of PEA-o, less dispersion is observed for the samples
with the 5 wt.% HA solution, and a greater HA fraction is preserved within the
scaffold after crosslinking, nearly 32%. Moreover, the difference between the
before and after the crosslinking, meaning the amount of HA removed during the
process, is significantly reduced (6% for PEA-o vs. 13% for PEA-s). In the case of
samples coated with 1 wt.% HA solution, better results were also observed for the
PEA-o series; despite the fact that the fraction suffers a severe decrease upon
crosslinking (almost a 9% reduction), still a @, close to 7% remains inside the

scaffold’s pores.

Next, the non-crosslinked HA coatings and the changes they undergo during the
crosslinking step, were morphologically characterized by means of SEM
micrographies. As observed in Figure 5.2, when the 1 wt.% HA solution is employed
to coat the PEA-s pores, very localized and thin layers reached to cover sporadically
some pores. However, after the crosslinking step almost no trace of the thin layers
previously obtained are observed; only small scattered remains are detected. When a
5 wt.% HA solution is applied, many throats (especially those with diameters in the
range of 10 to 30 um) are entirely clogged by the HA solution, though the larger
pores are not significantly filled. However, after the crosslinking step, only a thin
layer of HA coating is detected on the pores surface, even in some regions, as

happened with the 1 wt.% PEA-s samples, only scattered remains are observed.
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5.2.1 Production of perdurable HA coatings

PEA-s 1HA1

PEA-s 5HA1

Figure 5.2: SEM images of the PEA-s dry scaffolds 1HA1 (A), 1HA1x (B), 5HA1 (C) and
5HA1x. The arrows point at the adsorbed HA.

In the PEA-o scaffolds coated with 1HA1 (Figure 5.3), before the crosslinking step an
uniform coating layers are observed in some pores, and in some cases pores are
partially clogged. For those samples coated with 5HA1, many pores present a thick
layer that clogs some channels. After the crosslinking, even for the 1 wt.% HA coated
samples, in some region continuous thin layers of HA coating were observed. When
the HA 5 wt.% solution was employed, some pores were partially clogged after the

crosslinking step.

PEA-o 1HA1

PEA-o 5HA1

Figure 5.3: SEM images of the PEA-o dry scaffolds 1HA1 (A), 1HA1x (B), 5HA1 (C) and
5HA1x. The arrows point at the adsorbed HA.
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Finally, by means of an alcian blue staining, the HA coating evolution in the two
types of scaffolds was evaluated. As seen in Figure 5.4, bare PEA-s remains white
after the alcian blue staining and rinse. On the contrary, both non-crosslinked
samples coated with HA either with a 1 or 5 wt.% solution exhibit a bright blue all
over their surface and throughout its cross section. However, the 1 wt.% HA coated
and crosslinked sample is hardly bluish, closely resembling the bare PEA-s. As
regards the 5HA1x PEA-s, a uniform bright blue colouring remains in the surface;
nonetheless, when the cross section is exposed, it can be observed that all the HA has
been extruded from the inner pores towards the scaffold external surfaces. As a

consequence, all the remaining HA is concentrated in the periphery area of the

scaffold.

Figure 5.4: PEA-s samples stained with alcian blue after no treatment (A), or after 1HA1
coating (B), 1IHA1x coating (C), 5HA1 coating (D) or 5HA1x coating (D).

As for the PEA-o samples, as can be seen in Figure 5.5, the bare scaffold retains a
certain light blue shade after the washing step following the alcian blue staining.
However, when this colouration is compared with that of the coated scaffolds the
differences are evident. Both non- and crosslinked samples coated either with a 1 or 5
wt.% solution exhibit a dark blue colour all over their surface. Regarding the cross
sections, all the materials exhibit a uniform blue colouring throughout its section.
This uniform staining indicates the presence of HA uniformly distributed through all

the pores of the scaffolds.
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5.2.1 Production of perdurable HA coatings

Figure 5.5: PEA-o samples stained with alcian blue after no treatment (A), or after 1HA1
coating (B), 1IHA1x coating (C), 5HA1 coating (D) or 5HA1x coating (D).

Taken these results together, as will be discussed later, it was decided to discard the
PEA-s series from the study and the following experiments and characterization were

only undertaken with bare and coated PEA-o.
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5.2.2.- Coating typologies

Different coatings typologies were obtained by coating the scaffolds up to different
extents, by means of changing several parameters of the process. The main features
of the resulting combined materials were characterized; interestingly, some of the

obtained results differed from what was expected.

Coating typologies obtained by changing the solutions concentrations and the

number of cycles applied

This first set of materials was obtained by filling scaffolds produced with 8 layers of
nylon fabrics as porogen, with HA solutions at two different concentrations (0.5 wt.%
and 5 wt.%), and applying different numbers of filling-drying cycles, and in some
cases applying a crosslinking step. As a result, a variety of coatings with different

behaviour were obtained.

Representative SEM images of the different coatings in their dry state, without
applying a crosslinking step are shown in Figure 5.6. The bare PEA scaffolds in a
cross section and a frontal view, respectively, are displayed in Figure 5.6 A and B.
One coating cycle with the 0.5 wt.% HA solution leaves scattered HA aggregates on
the internal surface of the scaffold, as Figure 5.6 C shows. These aggregates become
more numerous as the number of cycles increases, but a uniform layer on the surfaces
is not obtained even after 5 cycles with this solution concentration (Figure 5.6 D). By
contrast, after the first cycle the coating with the 5 wt.% HA solution already leads

to a uniform continuous layer.

The effect of further cycles is to increase the thickness of the layer, with the
corresponding decrease in the pore diameter as well as the clogging of some pores, as
observed in Figure 5.6 E. After the fifth cycle, Figure 5.6 F, the channels are filled
with HA to a high degree.
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BARE
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Figure 5.6: SEM images of the dry PEA scaffolds: (A and B) bare scaffold, cross section and
frontal view, respectively; (C) 05HA1; (D) 05HA5; (E) 5HA2; (F) 5HAS.
The arrows point at the adsorbed HA.

In order to quantitatively assess the amount of HA incorporated into the PEA-o
scaffolds, the HA mass fraction, wy,, was determined for each concentration and
number of cycles after intense drying to only take into account the mass of HA
xerogel. As Figure 5.7 A shows, the amount of adsorbed HA increases with the

number of filling cycles both for the 0.5 wt.% and the 5 wt.% HA solutions.
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Figure 5.7: Mass fraction of HA, @y, as a function of A) the number of cycles and

The PEA scaffold adsorbed around 7% of HA in the first cycle with 0.5 wt.% HA
solution. Afterwards, the amount of HA absorbed per cycle increases linearly with a
gradient of approximately 2% per cycle, except for the last cycle, when it seems to
stabilize reaching w,, a value of 14%. As expected, a 5 wt.% concentration of HA in
the solution leads to greater values of adsorbed HA: the amount of HA adsorbed in
the first cycle is now about 15% in both the non- and the crosslinked samples,
followed by an increase of around 7% in the second cycle and then a linear increase of
about 5% per cycle; reaching a value of @y, near 34%. Thus, the HA mass fraction

can be tuned from 7% up to 34%, by changing either the solution concentration or

0.5 1.0 2.0 5.0

HA solution concentration

B) the HA solution concentration.

the number of applied cycles.

144

&

SIELIP>O00O OO

0.5HA 8L
5HA 8L
5HAx 8L
0.5HA 16L
0.5HAx 16L
1HA 16L
1HAx 16L
2HA 16L
2HAx 16L
5HA 16L
5HAx 16L



5.2.2 Coating typologies

Figure 5.8 shows the pore volume fraction, m, of the samples as a function of the
amount of adsorbed HA. The porosity of the bare scaffolds was around 75% when
dry. The figure shows the results in the dry state for the non-crosslinked 05 HA# and

5HA# series, and the results for the swollen crosslinked 5SHA#x series.
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Figure 5.8: Porosity, m, as a function of the mass fraction of HA, @y,.

As expected, porosity decreases with increasing amounts of coating, up to 40% in the
case of the bBHAD sample. The decrease is monotonous and almost linear in the case
of the dry series; in the swollen series the drop stabilizes after a certain mass fraction
of HA, around w,, = 0.20. The porosity of the swollen samples was always markedly
lower than that of the dry samples. The measured porosity is visually supported by
the SEM micrographies displayed in Figure 5.9, where a decrease of the porosity is
observed as HA occupies the empty space of the pores due to both the increasing HA

solution concentration and number of filling-drying cycles applied.

The SEM micrographies shown in Figure 5.9 combined with the scheme on the left
side, contribute to describe the different coating typologies obtained by applying
varying numbers of coating-drying cycles. For the 0.5HA# samples, only HA
aggregates are obtained on the internal surfaces of the scaffolds, their density

increasing with the number of applied cycles. Regarding the 5SHA# samples, after 1
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cycle a uniform coating layer is already obtained, which increases again its thickness

with the number of cycles.

Figure 5.9: SEM micrographies and scheme of the growth of the HA coating in the scaffolds
with the concentration of the HA solution and the number of coating cycles, from sporadic

aggregates to the complete filling of the pores.
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5.2.2 Coating typologies

Coating typologies obtained by changing the solutions concentrations and the

scaffold thickness

To produce the following set of constructs, thicker PEA-o scaffolds were employed,
aiming to optimize the filling with the HA solutions and the uniformity of the
coatings. To increase the thickness of the resulting scaffolds, sintered templates of 16
layers of fabric instead of 8 (which is the number of layers of the coated scaffolds
presented in the previous section) were employed. The thickness increased from
around 1 mm for PEA-o 8L up to near 1.6 mm for PEA-o 16L. In this case, one
filling-drying cycle was applied independently of the HA starting concentration, and,
in addition to 0.5 and 5 wt.% HA solutions, intermediate concentrations of 1 wt.%

and 2 wt.% were also tested.

The mass fraction of HA incorporated into the scaffolds increased linearly with the
concentration of the HA employed solutions, ranging from 0.12 for the 0.5 wt.%
solution up to 0.41 for the 5 wt.% solution before crosslinking (Figure 5.7 B). The
crosslinking step, involving the soaking of the samples in a water/acetone solution,
results in the undesired release of a certain amount of HA from the scaffold. The
relative loss of HA during the crosslinking process was lower as the HA amount in
the scaffold increased. For instance, the scaffolds coated with 0.5 wt.% solution lost
nearly 61% of the initially adsorbed HA during the crosslinking, whereas for the
scaffolds coated with 5 wt.% HA solution, only 19% of the initial HA mass was lost

(Figure 5.7 B).
The SEM micrographies shown in Figure 5.10, in combination with the scheme on

the left side, contribute to the understanding of the different coating typologies

obtained with the different concentrations of HA solutions after the crosslinking step.
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2HA1 1HA1 05HA1

SHA1

Figure 5.10: SEM micrographies and scheme of the development of the HA coating in the
scaffolds as a function of the concentration of the HA starting solution
with thick PEA-o scaffolds.

With the lowest concentration (0.5 wt.%), only scattered small aggregates of HA
seem to adhere to the scaffolds’ pores surfaces. When the samples are coated with the

1 wt.% solution, in some regions the deposition of a thin uniform layer is already
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5.2.2 Coating typologies

detected. Meanwhile, for the 2 wt.% solution, partially clogged pores are observed.
Following the same trend, for the 5 wt.% HA solutions, many pores exhibit an

uniform thick layer coating the channels, some of them being completely clogged.

When the results obtained for the 8L scaffolds and applying several filling-drying
cycles, are compared to those obtained with 16L scaffolds and changing the HA
solutions concentrations, interesting results in terms of the HA fraction are obtained.
In both cases the resulting coatings represent the same range of w;,; however the
latter (16L scaffolds and solutions at different concentrations) have the advantage of
resulting in a greater HA fraction in only one-step, ie., the filling process is
optimized. Also this procedure has also the drawback of losing more HA during the

crosslinking step than does the multi-cycle coating procedure.

The thermogravimetric analysis of a set of samples allowed the study of the thermal
degradation profile of the combined system, but also an additional determination of

the mass fraction of HA effectively incorporated to the scaffolds.

As the thermogravimetric plots show (Figure 5.11), HA exhibits the lowest onset
temperature, and a broad main degradation step between 205°C and 400°C. In the
case of the bare scaffold the main degradation occurs between 340°C and 410°C. The
coated scaffold thermogram lies between those of its components, and exhibits a very
particular degradation profile. The first part of its main degradation follows a similar
trend to that of HA although shifted towards higher temperatures (has its onset at
235°C). The second part matches accurately that of PEA-o although leaves a
different value of solid residue. Apropos of this, at 700°C HA left 28.8% of its initial
mass as solid residue, PEA-o 16L left 8% and the coated scaffold (PEA-o 5HAlx
16L) has a residue of 20.6%.
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Figure 5.11: Thermogravimetric analysis of bare PEA-o scaffolds,
PEA-o 5HA1x 16L scaffolds and HA discs.
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5.2.3.- Swelling performance
Swelling performance by immersion in PBS

Coating the scaffolds’ surface with HA has a great impact on their swelling
behaviour, as observed by immersing them in PBS. This experiment was performed
with crosslinked coated scaffolds, otherwise the coating would be dissolved by the
PBS thus altering the results. As Figure 5.12 shows, when bare hydrophobic scaffolds
are merely placed in PBS, only a small fraction of the liquid is capable to penetrate
the scaffolds’ pores. A dramatic increase on the equilibrium water content, FWC, is
observed when the scaffolds are coated with HA solutions; even when the lowest
concentration is employed, the water content triples that of the bare scaffold. The
EWC increases with the @y, up to a certain value (near 4), but from 0.2 it seems to

stabilize and even for high HA mass fractions it seems to decrease.
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Figure 5.12: Equilibrium water content of coated and bare scaffolds

after three days immersed in PBS.

The appearance of coated scaffolds (with HA solutions at different concentrations)
either dry or swollen under different conditions, are presented in Figure 5.13.

Regarding the cryoSEM images taken for samples swollen by immersion in PBS, it is
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observed that as the samples’ HA fraction increases, the number of hollow pores
decreases. However, the trace left by PBS when sublimated in the CryoSEM device,
disguises the HA gel structure that cannot be distinguished from the residue left by

water sublimation from the employed buffer.

In order to better observe the HA coating in its swollen state without the PBS
artefacts, samples were swollen in a PBS atmosphere, RH(PBS). As these are milder
swelling conditions, the induced changes were more moderate. Samples coated with
05HA1x, as when dry, only exhibit few aggregates of HA, whereas in the 1HAlx
samples some pores with a uniform coating layer start to be detected. For higher
concentrations the effects are more evident: 2HAlx samples present some pores
partially clogged, and entirely clogged pores are numerous in the 5HA1x samples. In
sum, no great differences with the thoroughly dried samples were detected. Thus,
humid atmospheres could be useful to study the EWC of crosslinked samples and
establish comparisons with the same non-crosslinked samples without risking the
dissolution of the coating; however, they are limited to characterize the morphology

of the HA gel in the swollen state.

Therefore, to characterize the coatings swollen by immersion in PBS, avoiding the
appearance of the residues left by PBS during the sublimation in the cryoSEM
device, yet maintaining the swollen volume, specimens were intensely lyophilized
after three days immersed in PBS, and then photographed in conventional SEM. For
the lowest concentrations of HA solutions, small unconnected regions are observed
(05HA1x) and only thin layers were detected for the 1HAlx. As for the highest
concentrations, in the case of 5HAIx many pores are entirely clogged, whereas less

for the intermediate concentration, 2HA 1x.
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Figure 5.13: SEM and cryoSEM micrographies of PEA-o scaffolds coated with HA solutions of
different concentrations in a dry state, swollen by immersion in PBS, swollen under PBS

atmosphere and swollen by immersion in PBS followed by a lyophilization step.

153



PFEA scaffolds’ pores coating with hyaluronan

Swelling performance in 66% RH atmosphere.

Since non-crosslinked samples cannot be immersed in aqueous solutions without
partially dissolving the coating, a humid atmosphere can be employed to assess the
swelling performance of the system and compare crosslinked and non-crosslinked
samples. Samples were maintained in a 66% relative humidity atmosphere (milder
conditions than PBS either as liquid or in a saturated vapour phase), and then
weighed at the selected time points. The inset in Figure 5.14 A shows the time course
of a representative sorption curve. The samples absorbed water rapidly in the first

hours and then slowly reached equilibrium after about 5 days.
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Figure 5.14: A) Equilibrium water content, ZWC] as a function of the number of coating
cycles. Inset: Water sorbed by sample 5HA1, W, as a function of time. B) Equilibrium water

content of the HA within the pores, £#W(C},, as a function of the mass fraction of HA, wy,.
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Figure 5.14 A also contains the equilibrium values, FWC, of the coated samples. For
the bare PEA scaffold, the FWC,,, was 1.4%. Non-crosslinked coated scaffolds
reached FTC in the range of 4 to 6% independently of the number of cycles and the
concentration of the HA solution. The samples with a crosslinked HA coating showed
significantly lower absorption values (about 40% of each analogous non-crosslinked

coating).

The water sorption data were reworked to refer the amount of water sorbed, which is
to be attributed solely to HA, to the mass of HA in the sample (see Figure 5.14 B).
Therefore, the EWC,, parameter gives the specific (per HA unit mass) water
sorption capacity of HA in the different series of samples. The trend followed by
EWC,, with @, for the series 0bHA#, bHA# and bHA#x was: the higher the
amount of HA coating the pores (achieved either increasing the concentration or the
number of cycles), the lower the amount of water each HA unit mass is able to
absorb, covering values from 56% to 5.5%. This tendency is not linear, but slows
down after a @y, of 0.2. The crosslinked samples have specific hydrophilicities
EWC,, below the non-crosslinked ones for the same amount of HA, as expected. For
instance, given a @y,= 0.2, the non-crosslinked samples reached and FWC}, around
20% whereas crosslinked samples attained a 6%. Nonetheless, these differences are

reduced when the HA fraction increases.

155



5.2.4.- Influence of coating on the scaffold mechanical performance

The influence of the coating on the mechanical performance of the PEA-o scaffolds
was studied by means of compression tests. PEA-o bare scaffolds and HA bulk discs
were employed as references, along with the PEA-o scaffolds coated and crosslinked
with 0.5, 1, 2 and 5 wt.% HA solutions. Measurements were performed with the

materials previously swollen up to equilibrium by immersion in PBS.

All stress-strain curves (Figure 5.15) show a similar convex trend with stiffness
increasing progressively as the sample is deformed, and ending with a densification
regime. As expected, the HA disc has the lowest compressive stiffness and the

greatest deformability.

The scaffolds coated with the less concentrated HA solutions (0.5 wt.% and 1 wt.%),
show slightly greater initial compressive modulus than the bare scaffold (18.2 kPa
and 20.1 kPa, respectively, vs. 17.7 kPa for the latter). However, given the dispersion
of the measurements, these differences are not statistically significant. Concerning the
scaffolds coated with the more concentrated HA solutions, a greater increase is
observed for those coated with 2HA1x and 5HA1x, reaching a modulus that nearly
doubles that of the bare scaffold (32.26 and 33.4 kPa, respectively). The increase in
the average modulus is proportional to the amount of HA incorporated into the
scaffold, even though the HA modulus (11.5 kPa) is lower than that of the bare
scaffold. The change in the tendency observed in the curves occurs at a strain of
approximately 75% for the bare scaffolds, which is close to its porosity, and at lower
strains for the coated ones, up to 50% for those coated with the more concentrated

HA solution.
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Figure 5.15: (A) Stress-strain curves from the compression tests of PEA-o, bulk HA and
scaffolds coated with different HA solutions and crosslinked. (B) Initial compressive modulus
FE,, (C) final compressive modulus, £, and (D) unitary limit deformation, ¢;, for the different

samples. (*) Differences are statistically significant,

(#) differences are not statistically significant

When the final modulus is considered, the scaffolds coated with high HA
concentrations (2 and 5 HA wt.% solutions) show a lower modulus than the rest
(909.4 and 835.4 kPa), as well as more gradual change of slope. The scaffolds coated
with 0.5 and 1 wt.% solutions exhibit moduli close to that of bare PEA-o (1.169 MPa
and 1.293 MPa respectively, vs. 1.286 MPa for the latter). The HA discs show again

the lowest value, 380 kPa.

The greater values of unitary limit deformation are those obtained for the controls,
HA discs and bare PEA-o. For the coated scaffolds a clear trend is observed: the
higher the HA mass fraction (ie scaffolds coated with more concentrated HA

solutions), the lower the extreme strain value.
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5.2.5.- Controlled release study

Firstly, the amount of bovine serum albumin (BSA) loaded in the materials for the
controlled release study was determined. Great differences were detected among the
bare and coated scaffolds, and the hyaluronic acid discs. The last type of materials
was capable to adsorb almost three times more protein per mg of sample than the
PEA-o scaffolds or the PEA-o coated ones. As can be seen in Figure 5.16, no
significant differences are detected between them in respect of the amount of loaded
BSA owing to the HA within the scaffold pores, achieving both bare and coated

scaffolds similar values of BSA loaded.
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Figure 5.16: Mass of BSA incorporated in the bare scaffolds, HA coated scaffolds,
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and HA discs, per unit mass of sample.

Figure 5.17 shows the accumulated released fraction of BSA, A4,/ M, curves in % for
the loaded construct and PEA-o and HA controls, where A/, is the initial (loaded)
mass of BSA in each material and M, is the mass released from it at time ¢ All
materials present a similar trend where two different release regimes can be
identified. A burst takes place at the beginning, lasting the first 8 hours, where a
significant fraction of protein is released: up to 24% from the HA discs, 52% from the
coated scaffolds, and 68% from the bare ones. Then a more sustained release follows

up to the end time of the study: 47% from the HA, 85% from PEA-o and 65% from
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5HA1x PEA-o after 12 days. In no case the total amount of BSA incorporated was
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Figure 5.17: BSA release curve in PBS from bare and 5HA1x PEA-o scaffolds, and HA discs:

% of accumulated mass of BSA released at time ¢ vs. time. Inset: detail of the initial release.

Despite the similarities with respect to the shape of the curves, the different
materials exhibit different behaviours indeed. The bare PEA, in sum provides a fast
release of the loaded protein; the HA furnish a much more moderate rate of release,
although also presents an initial burst, and the coated scaffolds exhibit an
intermediate behaviour between its components, reaching much higher values in the

initial burst than the HA, but a slower rate in the second regime.
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5.2.6.- Effect of coating on seeding efficiency

Coated and non-coated samples were seeded with fibroblasts, cultured for 24h and
fixed afterwards. This time was chosen to guarantee a proper adhesion of the cells

into the material surface yet avoiding the effect of cell proliferation on the counting.

A constant inconvenience when working with PEA-o scaffolds is their
autofluorescence owing to the nitric acid washes of the nylon fabrics employed as
porogen, which hydrolyses some ethyl acrylate units into acrylic acid ones. As side
effect, the scaffold architecture can be distinguished, apart from the adhered cells

(Figure 5.18).

Greater numbers of cells can be found in the cross- and longitudinal section images of
the HA-coated scaffolds than in those of the bare ones. The best material in terms of
number of retained cells was the PEA-o scaffold with the highest HA fraction
(5bHA1x).

PEA-o 05HA1x 5HA1x

Cross

section

Surface

Figure 5.18: Fluorescence microscopy images of the cross-sections and surfaces of PEA-o
scaffolds bare or coated with 05HA1x or 5HA1x, seeded with fibroblasts, cultured for 24h
(scale bar 100 um) and stained with DAPI (nuclei).
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5.3.- Discussion

The PEA scaffolds studied in this work have either a porous structure constituted by
mutually orthogonal cylindrical (grid-like) pores or a spherically interconnected
sponge-like structure, resulting from the empty spaces left by the respective porogen
templates [196, 197]. As a polymer, PEA is a relatively hydrophobic material; this
fact, together with the hydrophilic and highly viscous nature of the HA solutions and
the capillarity effect due to the pore diameters represent a set of obstacles in the way
of getting a uniform filling of the porous structure. In the present work these
difficulties were overcome by employing solutions of the HA polymer in aqueous
NaOH in order to achieve lower viscosities [289], and by helping the filling with
vacuum, as previously described. In the literature scaffolds made of hydrophobic
materials such as PLLA [136] and PCL [137] have also been coated with HA with

different typologies with similar procedures.

The HA coatings obtained after the adsorption of HA molecules from more or less
concentrated solutions are soluble in water. It was therefore decided to crosslink the
HA within the pores once the layer had been adsorbed and dried, by the two-step
process with DVS described in the materials and methods section. During the
crosslinking step a certain fraction of the HA incorporated during the loading is lost.
Two main possible causes were detected: the first step of the crosslinking procedure
includes a 30 minutes swelling in an acetone/NaOH(aq) solution. The solubility of
HA in the NaOH(aq) solution although is shielded by the presence of acetone (HA is
insoluble in this solvent), yet is capable to dissolve a certain fraction of HA.
However, because of the very fast crosslinking reaction with DVS [209], no great mass
loss should occur because of this step. The second plausible cause involves the step
after the crosslinking, which involves two washes in different media. Once the
samples are crosslinked, they are washed in an acetone/water mixture. As acetone is
a good solvent of PEA, the coated scaffolds get swollen (not dissolved, since PEA is
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crosslinked) and their size is much bigger than that of the dry ones. Next, samples
are washed with distilled water; as PEA is highly hydrophobic, this abrupt change of
solvent leads to a quick and dramatic reduction of the scaffold size, meanwhile the
HA does not reduce its size (it might even increase it because of changing from an

acetone/water mixture to pure water).

Taking together the results of weighing, alcian blue staining and SEM observations
this, with the pores’ diameters and interconnections of the PEA-s scaffolds, an
extrusion of a non-negligible amount of HA through the pores towards the external
areas of the scaffold occurred, resulting in a non-uniform coating of the scaffold. As
Figure 5.4 shows, only in the peripheral area an HA coating is observed in this type
of scaffolds, leaving their core pores empty. Thus, PEA-s scaffolds could not be

satisfactorily coated with HA and crosslinked by using the described method.

For the PEA-o, although the coating procedure was the same and despite the
sensitivity of PEA and HA to acetone and water was equivalent, given the greater
size and layout of the pores, the scaffolds were capable to accommodate the HA
coating throughout their section regardless of the volume changes suffered by both
materials. As a consequence, more uniform coatings were obtained within the PEA-o
pores (Figure 5.5). Nonetheless, PEA-o coated scaffolds also experience a certain loss
of the HA coating during the crosslinking, which can be noted both with the @,y
data (Figure 5.1) and with the alcian blue stained samples that acquire slightly
clearer tonalities after the crosslinking step (Figure 5.5). Also a slight contrast is
observed between the SEM images (Figure 5.2 and Figure 5.3) and the pictures after
alcian blue staining (Figure 5.5), which can be attributed to the different degree of
swelling in each technique. SEM samples are perfectly dry, what leads to a reduced

volume of the HA whereas the alcian blue stained samples are swollen, therefore HA
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occupies a greater fraction of the pores’ volume than that observed in the SEM

micrographies.

Given the better results obtained with the PEA-o, and the unfeasibility of obtaining
a uniform and perdurable coating in the PEA-s scaffolds, the rest of the

characterization of the PEA scaffold-HA coating system was only performed with

PEA-o0 ones.

In order to modulate the thickness of the coating layer, several parameters were
separately varied: the concentration of the HA solution, the number of consecutive
filling-drying cycles to which the sample was subjected, and the thickness of the
employed scaffold. By modifying these parameters, it was easy to produce HA
coatings with typologies ranging from scattered aggregates, to completely clogged
channels, with a uniform coating for the intermediate situations (Figure 5.6, Figure

5.9 and Figure 5.10).

Influence of the number of cycles and of the coating solution concentration on the

typology of the adsorbed layer

The weight gain shown in Figure 5.7 proves that HA is effectively adsorbed onto the
pore surfaces of the scaffolds, obviously in a greater amount from the 5 wt.% HA
solution than from the 0.5 wt.% one, though much less than a tenfold increase. The
dependence of the HA mass fraction on the number of cycles is almost linear in both
cases. An increase of cycle number with the 5 wt.% solution leads to a steady
increase in the layer’s thickness (Figure 5.6 E and F). This different way of layer
build-up as a function of HA solution concentration explains why samples 05HA5 and
5HA1 can have close HA weight fractions and porosities (Figure 5.9 and Figure 5.8)
though having a very dissimilar topology (a disconnected morphology in the first

case, versus a continuous one in the second). This also explains the different specific

163



PFEA scaffolds’ pores coating with hyaluronan

swelling capacities of the coatings that obtain from each solution concentration
(Figure 5.9 and Figure 5.14). Since the last disconnected layer, for the 05HA5
sample, has a HA mass fraction of w,,=0.145, and the sample 5HAI1, already
continuously coated, has @;,=0.167, the transition between both topologies must lie

somewhere around @,,=0.15.

Influence of the coating solution concentration and the scaffold thickness on the

typology of the adsorbed layer

As previously discussed, the transition between coatings in the shape of aggregates
and continuous layers, lies in an intermediate point near w,,=0.15; precisely for
PEA-o 1HA1 16L, a value of ®;,=0.158 is obtained and these samples already

exhibit a uniform thin layer as coating on the pores.

The use of thicker scaffolds intended the fine augment of w,, without increasing the
number of applied cycles, ensuring more uniform coatings throughout the thickness of
the scaffolds. Another expected effect of employing thicker scaffolds was the
reduction on the amount of HA lost during the crosslinking step, because of a

labyrinthine effect of the porosity.

As Figure 5.7 A shows, the scaffolds with 16 layers coated with a 5 wt.% HA solution
reached, with a single cycle, an @y, equivalent to that reached by the 8-layered
scaffolds after 5 loading-drying cycles with a 5 wt.% HA solution. However, despite of
having similar @, values, the resulting coatings are very different (Figure 5.9, Figure
5.10 and Figure 5.6); for the 8L scaffolds such a high @,, value leads to almost
clogging all the pores of the scaffold, whereas the 16L scaffolds seem to still have
some empty space to lodge more HA if desired. These differences however might be

attributable to the fact that the PEA-o 16 SEM images were taken after the drying
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and crosslinking step, which seems to invariably induce changes in the coating

morphology.

For HA solutions of 1 wt.% and 2 wt.%, the @, reached with 16-layered scaffolds
(0.071 and 0.143 respectively), is close to that of the 8 layers scaffolds after 1 cycle
with 5% HA solutions (0.148), and the resulting coating typology of the 5HA1 8L
seems an intermediate between 1HA1x 16L and 2HA1x 16L.

As HA had to traverse longer paths to be extruded out of the pores, the residence of
HA inside the scaffold should be favoured in the 16L. PEA-o scaffolds. However, when
the 5HA1 16L samples are compared with the 5HA5 8L ones, it turns out that the
loss of the formers during the crosslinking step is much higher despite of having a
similar final @,,. This difference can be attributed to the alternate dryings in the
filling by steps that compacts HA chains and more effectively avoids the loss on
crosslinking, which occurs indeed when the scaffolds are coated in one single step.
The immersion time of the scaffolds in acid media to remove the porogen may also
have an effect on their swelling during the crosslinking process. The 16L scaffolds
have been exposed to longer HNO, treatments than the 8L to remove the nylon
template; therefore, the fraction of acrylic groups (see Chapter 3) is higher for the
former. This translates into a higher degree of swelling that leads to a greater
reduction on the scaffold’s pores diameters thus favouring the extrusion of HA out of

the pores.

The thermogravimetric analysis provided values of solid residue, allowing the
calculation of the HA fraction in the coated scaffolds in an alternative way. A @, of
36.0 + 5% of was obtained for the PEA-o 5HAlx 16L. When this value was
compared with the one obtained by weighing the samples before and after the coating

(Figure 5.7) being 35.9 +1 %, both values were found to be in good agreement.
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Changes in porosity due to coating of the pores’ surfaces

The expected change on the porosity, m, for the coated dry scaffolds with an

increasing mass fraction of HA in the scaffold can be deduced to be:

a HA
T = Ve _Vpp_Vbare_V — m- wya/dyg
V avp v app bare V avp
app
Mpare dbare . WHa

= Tpare — "WHA = Tpgre
(1 —wpa) - VP - dyy, dya 1— wya

[Equation 5.1]

scff

where 7, -7,

is the porosity of the bare scaffold, d*” is the apparent density of the
coated scaffold, and d, is the density of dry HA. Since y/(1 —y)is a nearly linear
function for values of y less than 0.4, according to the above equation, the porosity of
the system should fall linearly with @,,, which is in fact what approximately
happens, Figure 5.8; the experimental points for the coated scaffolds, moreover,

extrapolate linearly to the experimental value of porosity of the bare scaffold, which

is a good indication of the consistency of the results.

In the case of a swollen coated scaffold the relationship between the porosity m, and
@, is a bit more involved, but can still be established under mild simplifying
assumptions and compared with the experiments. Let the subscript sw distinguish

yaprp _

the quantities associated with the swollen system, and let A, defined by V,,

A3y - VP he the-assumedly-isotropic stretch ratio of the swollen scaffold; then

pore app
VSW _ V?W — Voare = Vha — VH20

Tsw = app app
Vow Vew
A3, veer —v, m
__ 21-3 SW bare _ . o
- ASW ( |/ app V app dHA WhHA | app dHZO EWC)
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bare bare

P  wy, 4P EWC)

=L | Bw — 1+ - —
SW< SW Thare dys 11— wpy dH20 1— wp,

[Equation 5.2]

For stretching ratios of the scaffold close to unity (here the case), one may assume

Asw = Asiy = A3y =~ 1, and the above expression simplifies to:

PP

app app
T =1 _ %pare . _WHA dbare . EwWC =7 — dbare . EWC
W bare dya 1l-wga dg,0 1-wgya dyy0 1-wHa

[Equation 5.3]

If, further, the water gain is referred to the mass of HA in the system by defining

_ Myater inHA _ M EWC —mypgre " EWCpgre
EWCy, = =
Mmygy Mmyy

_ EWC — (1 = wyy) - EWCpqye

WyA
[Equation 5.4]
then we have:
dpore Wh4
Ty =TT — . -EWCy, + EWC )
N4 dH20 (1 — Wy HA bare
Apire e @4
=g —-———"-EWC — 22 CEWCyy  ————
" du,o bare du,o S — WHa

[Equation 5.5]

This equation tells, on the one hand, that the porosity of the swollen system is less
than that of the dry system (for the same amount of HA in the scaffold), and, on the
other hand, that the fall of porosity with increasing HA content in the scaffold is no
longer proportional to ®,y,, unless EWC,, itself varies linearly with @,, (which, as
shown later, is not the case). Both predictions are confirmed by the experimental
data of the swollen 5HA#x series in Figure 5.8 the porosities of the swollen systems

lie always below those of the dry systems of similar HA content, and the linearity of
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the drop is lost. An explanation for this non-linearity must take into consideration

the changes in the specific hydrophilicity EWCy, of HA due to its typology.

The effect of confinement upon the water sorption capacity of the gel inside the pores

of the scaftold

The observed decrease on the £W(C for the coated scaffolds swollen in PBS with @,
(Figure 5.12) arose the hypothesis that a constrained swelling was taking place in the
combined system. However, the use of the immersion in a liquid as swelling condition
could somehow fake the constrained phenomena as the presence of swollen HA might
clog some pores avoiding the media to reach inner parts of the scaffold and reducing
the water intake not because of a constrained swelling but because of an inefficient

wetting of the hybrid scaffold.

Therefore, analogous experiments were performed in an atmosphere with a RH of
66%, where the pass of liquid wasn’t necessary for the HA to swell (Figure 5.14).
With the results obtained by using the 66% RH vapour medium, the swelling
behaviour of the coated samples can be explained in terms of the interplay between
the elasticity of PEA (scaffold constraint) and the increasing hindrance of gel
swelling due to surface coverage build-up and the curvature of the confining space
(confinement effect), see the situations sketched in Figure 5.19, by means of a

thermodynamical analysis of swelling.
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Swollen

&5

Q000

Figure 5.19: The confinement of the HA layer by the scaffold restricts in different ways the
swelling capability of HA, depending on its typology.

Let the subscripts 1, 2 and 3 identify in what follows the quantities associated with

water, HA and the scaffold, respectively. If ¢, denotes the water volume fraction in

the gel, the unconstrained gel in an environment of water activity a$™’ = a* reaches

an equilibrium with a value ¢; = ¢ determined by the equality of the chemical

gel

env _
_#1 , OI,

potential of water in the environment and within the gel: pf

equivalently, uf™"

—uy = 9 =y = A9 Here p, is the chemical potential of pure
water, ui™¥ — u; = RTlna{™, and R is the gas constant. If an equation of state for

the excess chemical potential of water in the gel Ayfel = (T,p, ¢1) is known (for
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example, the Flory—Rehner equation), then the equilibrium water volume fraction in

the system ¢; is determined (the constants 7, p are hereafter omitted for simplicity):

% l * * L *
RTIna" = A,Ulge (1) = ¢1 = q’iqe (a) [Equation 5.6]

where (Dfez (a) denotes the inverse function of A,uf ez(qbl). In the case of constrained

swelling in the same environment of water activity a* the system to be considered
includes the gel (components 1: water, and 2: HA polymer) plus the scaffold

(component 3). The equilibrium condition is now p¢™ = u;”*, and p”* = ,ui'gd +

,uicf T with ,u;'g ° the chemical potential of water in the constrained gel and uicf Tthe
derivative of the elastic free energy of the scaffold with respect to the mol number of

water in the system:

ff
scff _ OG'&SC

K
ony [Equation 5.7]

Thus,
gel scff

RTInaf™ = u{™ —wy = 1" —uy = Awf® — g [Equation 5.8]
Again, this equation determines the equilibrium value ¢;* of water in the system once
the equation of state of the constrained gel and that of the elastomer scaffold are
known. According to the theory of rubber elasticity [290] an elastomer changes its
Gibbs free energy when isotropically deformed as AG®%S = %@RT(A% — 1) where nj is
the mol number of chains of the network material of the scaffold (PEA in our case)
and Az is the stretch ratio of the scaffold matrix elastomer. Since lodging more

molecules of water within the gel implies stretching the scaffold, we have dA;/dn,; >0

and thus the function f; defined by:

OAGS™  OAGS™ 015
on,  0A; ong

= RT - f3(¢1)
[Equation 5.9]

is always positive.
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The Flory—Rehner theory of gel swelling admits for the unconstrained gel’s free
energy G9¢ contributions from the mixing of water and polymer (Flory—Huggins
term) and from the elastic stretching of the polymer, G9¢ = G + G£'S, where the
change in the elastic free energy of the gel is again given by the theory of rubber

elas __ 3

elasticity as AG5** = EnZRT(Ag — 1), now with n, the mol number of gel chains and

1
A, the gel’s stretch ratio due to its swelling, 4, = (1 — ¢;) 3.

As revealed by the SEM pictures and discussed previously, the way in which HA
adsorbs on the scaffold pore surfaces ranges from small disconnected clots to a
uniform coating depending on the amount of HA adsorbed. The disconnected HA
aggregates can swell almost freely not only in the direction normal to the pore’s
surface, but also laterally, and are constrained solely at their interface with the
scaffold surface. As the number of HA aggregates on the pore surface increases the
aggregates get closer, and their swelling starts implying lateral interactions. When the
pore’s surface is completely covered by the HA layer the free lateral expansion of the
gel is completely constrained. Once this constraint has developed, the swelling of the
layer is additionally influenced by the curvature of the pore surface, see the sketch in
Figure 5.19, which sets a further limit to the sorption capacity of HA, since any
increase in volume of the gel must result in an increase of the negative curvature of
the gel’s free (luminal) surface, paying a free energy cost. Thus, it must be assumed
that the free energy of the constrained gel G¢9¢' must have, besides the mixing GJ3*

and the elastic G£'% terms considered in the theory of unconstrained swelling, a

further contribution G*°P°' depending on a topological-and-form factor ¢, such that

c.gel _ pmix elas topol _—_ rgel topol
G =Gz +6 +6 =G +6 [Equation 5.10]

and
IAG topol

= RT - Inf (¢1,9) > 0,
an1

[Equation 5.11]
holds.
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This topological-and-form factor ¢ is a function of the HA content in the system and
of other factors here left unspecified such as connectedness, degree of coverage, and

curvature of the interface):

¢ = @@y, X) [Equation 5.12]

x = connectedness, surface coverage, curvature, . . . ; it accounts for the influence on
the gel’s free energy of the topological features of the build-up of the scaffold—gel
interface (connectedness, degree of coverage) and of the curvature increase of the
swollen gel’s free surface as a function of HA content in the scaffold. From (Equation

5.10) and (Equation 5.11) now:

c.gel _ gel .
Api?® = Ap® + RT - Inf (¢, @) [Equation 5.13]

and thus, with (Equation 5.8):

RT-Ina’ = auf" (¢") + RT - In[f 91" 9) 5(#1)]  Bovation 5.14

This is the wanted relationship between the constrained equilibrium swelling ¢;*, the
unconstrained gel equation of state A,uiq el, the elastomer equation of state f;, and the

constraint function f (¢4, @). Two of its consequences deserve consideration.

Firstly, (Equation 5.14) and (Equation 5.6) give:

A (97) = Apf (¢1) + RT -In[f (91", 9) - fs(pi")] [Equation 5.15]

since thermodynamic stability [291] demands that A,ufel

(¢1) be a monotonously
increasing function of ¢,, Equation 5.15 implies that ¢;* < ¢;, or equivalently,
EWCyy < EWCy, for any fixed topology ¢ of the gel coating. This proves that, as
intuited, the constraint decreases the equilibrium swelling of the gel in a given

environment with respect to the unconstrained swollen gel.
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Secondly, the magnitude of the swelling decrement due to constrainment, A°¢, =
¢1 — @17, can be proved to depend, for a fixed a*, solely on the constraint functions

f3 and ¢: if Equation 5.14 is solved for ¢7*:

1 =% 9.1) [Equation 5.16]
then,

_ gel *) *
¢ =@; (a") — ¥i(a", 9. f3) [Equation 5.17]

Moreover, since, from Equation 5.6 and Equation 5.14:

at
v (a9, f3) = & ( ; )

f(@1" @) f3(41) [Equation 5.18]

The swelling decrement is completely determined by the constitutive properties of
the unconstrained gel CIJ‘lgel, and the values of the constraints £, and ¢. EWCyy, is a
monotonously increasing function of ¢;, and thus its dependences are the same as

those given by Equation 5.16 for a fixed environment activity a*:

EWCys = FO™Y (@, f3) [Equation 5.19]

These results qualitatively account for the data represented on Figure 5.8 and Figure
5.14. Equation 5.19 explains why, in the same environment of a*, the specific
hydrophilicities EWCy, of the different series of samples differ, Figure 5.14; it also
explains the non-linear course of the swollen porosity data on Figure 5.8, since, from

Equations 5.5 and 5.19, porosity also depends on the constrainment:
M = M (wpa, @, f3) [Equation 5.20]

Moreover, also because of Equation 5.19, the plot of the quantity EWCy, against wyy
(Figure 5.14 B) is, essentially, a plot of the constraint development as a function of
HA increase in the coating. The total constraint on the HA gel develops steeply for
approximately oy, < 0.2, and more smoothly for @, > 0.2. This threshold coincides

with the transition from an unconnected HA coating (series 05HA#, open squares in
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Figure 5.14) to a completely developed continuous HA layer (series SHA#, open
triangles in Figure 5.14). The difference between the EWCy, data of the SHA# series
and the SHA#x series (blue triangles in Figure 5.14) is due, obviously, to the term
GE' in Equation 5.10, present in the 5HA#x series but absent in the non-
crosslinked 5SHA# one: crosslinking always decreases specific swelling relative to the

non-crosslinked state.

In Equations 5.18 and 5.19 the function £, determines the part of the swelling
decrement due to the scaffold elasticity; as read from its definition Equation 5.9, it
depends on the amount of scaffold stretch needed to accommodate new water
molecules in the gel when swollen. Equations 5.18 and 5.19 cannot discriminate the
separate effects of @ and £; nevertheless, a consideration of the situations depicted in
the sketch of Figure 5.9 leads to the conjecture that scaffold elasticity will start
playing a more important role after the complete development of a continuous HA
layer, when the increased difficulty for lateral swelling of the gel forces the scaffold to
stretch as an alternative competitive way to fit new water molecules, and be the
predominant constraint in situations where the pores are completely filled. For a
water activity of a’= 0.66, as was the case here studied, the amounts of water sorbed
by the gel are not high, and thus £, cannot have a large effect; the nearly constant
values of EWCy, for the crosslinked series in Figure 5.14 are a support of this
consideration. On the whole, then, one may advance that, at this water activity, the
course of EWCy, in Figure 5.14 is basically determined by the topological-and-form

constraint on the swelling of HA.

Coating effect on the mechanical performance

The compressive modulus, determined as the slope in the linear region up to a strain
of 0.2, increases with the HA fraction (Figure 5.15). This effect can be attributed to

the greater difficulty in extrusion of water from HA than from the void scaffold’s
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pores. Constrained swelling aside, in the scaffolds coated with solutions having the
higher concentrations (2HA1x and 5HA1x), a greater fraction of water is entrapped
in HA network and lesser water flows freely through the PEA-o pores, 7.e., the gelled
state of HA impedes such flow. This phenomenon, known as poroelasticity, occurs
when porous materials filled with liquids are compressed, because of the
incompressibility of the latter [292, 293]. As a result, even if the HA modulus is lower,
its presence increases the compressive modulus up to nearly double that of the bare
scaffold, thus concluding that the HA induces a reinforcing effect. A similar

reinforcing effect has been described in other combined systems [294, 295].

This effect is maintained as the stress increases. The presence of increasing fractions
of HA within the pores increases the stresses needed to reach a certain strain. As can
be observed in the second linear region in the stress-strain plot (£, has been
determined as the slope in the stress interval between 100 and 120 kPa, except for
the HA, for which it has been determined at lower stress levels), the scaffolds coated
with HA solutions with high concentrations are less deformed given the same value of
stress. This is an indicator that their filled pores are sooner entirely collapsed. This
second compressive modulus, obtained after pores collapse, decreases as PEA is
combined with HA. As the HA modulus is lower, the fact of being compressing both
types of materials simultaneously leads to the reduction of the resulting average
modulus. On the other hand, for the bare scaffolds and the scaffolds coated with
05HA1x and 1HA1x, similar values to those reached by the bare scaffold are

obtained, being in accordance with the presented rationale.

Controlled release

The feasibility of employing the combined system composed of a PEA scaffold and
hyaluronan filling as a protein (or other molecule) delivery platform was assessed in

the controlled release study. The loaded BSA molecules might be in different
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locations depending on the considered material. In the case of HA discs, the protein
could be either adsorbed on the disc surface or embedded in the swollen HA gel. In
the case of the bare scaffolds BSA can be either adsorbed on the surface, or in the
liquid filling the pores. The BSA present in the hybrid scaffold would be in a

combination of the aforementioned locations.

The BSA release from the materials was carefully analysed, and it was found to
exhibit two different regimes (Figure 5.2): the initial burst that occurs within the

first 8 hours, and a more sustained release that is maintained up to 12 days.

The initial solute release regime from HA gel and coated PEA scaffolds can be
successfully fitted to simple equations according to [296] and [297]; however, in the
particular case of PEA bare scaffolds, given the high initial release this model could

not be applied.

The simple exponential relation, M;/M, = k - t"™ can be employed to fit the HA and
PEA-0/5HA1x controlled release results, where M;/M, is the fractional solute release,
¢t is the release time in hours, k is a constant characteristic of the macromolecular
network system, and n is the diffusional exponent characteristic of the release
mechanism [296]. For HA the equation gives M,/M, = 0.1194 - t%33 (R’=0.9944) and
for PEA-o/5HA1x it is M;/M, = 0.2269 - t°33 (R’=0.9784). The fact that the best fit
is obtained for an n=0.33 in both cases, below the limit of 0.43 that is attributed to
pure Fickian diffusion, indicates that the diffusion mechanism taking place is not
Fickian, i.e., other factors besides pure diffusion are taking part in this process. These
mathematical models are widely employed to describe solvent release from hydrogels.
In some cases the parameter k is interpreted as a structural/geometric factor to
account for the different tortuosities of the transport path [298]. This could explain
why the value obtained for the coated scaffolds is higher than that of HA gel.
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In the case of HA, given its highly hydrophilic and swellable nature, changing from a
loaded solution to a non-loaded could translate into not only a release of the model
protein but also a non-negligible swelling of the polymeric network, thus the model
developed by Ritger and Peppas specifically for swellable devices might be applied
[297]. In such case, M;/My =k, -t™ + k -t applies, which generalized for alternative
geometries impliesk =1 — (1 — k, - t)™. The following equation is achieved: M;/M, =
0.112602 - t%33 + (1 — (1 — 0.003741 - t)°33). With this approach the k; value is very
close to the one obtained with the simple exponential relation; hence the resulting
model is like the one obtained for the simple exponential diffusion, plus an extra term

associated to the material swelling.

The second release regime exhibits an almost linear profile with time for time points
longer than 8 h. Therefore it was decided to fit the results to a linear equation such
as: M;/My = k-t + a, where a accounts for the initial release and & for the linear
growth with time of the amount released. For HA the fitting is M;/M, = 0.0006 - t +
0.2935, for PEA-o/5HA1x it is M;/My = 0.0004 -t + 0.5469 and in this case also
the data of bare PEA-o could be fitted, M;/M, = 0.0005-t + 0.7101. The greater a
value is obtained for the PEA-o, which is indicative of the greater initial release
observed for this material. The fastest second regime release was observed for HA,

which precisely had the highest k value in the fitted equation.

Previous works reported that negatively charged proteins are sustainably released
from HA hydrogels after an initial burst; meanwhile, the release of positively charged
proteins is interrupted after the initial rapid release due to electrostatic interactions
with HA [299]. At the pH at which this experiment was performed, 7.4, BSA was
above its isoelectric point (4.7) [300], and negatively charged. Therefore, the results
obtained for both the HA gel and the PEA+HA construct, exhibiting an initial burst

followed by a sustained and continuous slow release are in good agreement. However,
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other factors besides interaction of BSA molecules with HA chains need to be taken
into account, for instance the porosity; in the case of bare PEA-o and PEA-o/5HA 1x,
the BSA lodged in the free PBS filling the pores could contribute to the fast release,

as it can diffuse to the surrounding media very easily.

Biological development of grid-like PEA scaffolds coated with HA

The presence of HA within the scaffolds’ pores (even if it was only a preliminary
study), seemed to have a positive effect on the amount of attached cells. In bare
scaffolds, cells are detected on the surface as well as in the cross sections showing the

feasibility of cell colonization of these materials.

The use of PEA-o 5HAlx appears to surpass the bare scaffold performance, by
avoiding the wash out of the seeded cells downwards; this effect would occur by
means of the HA coating partially clogging the pores (as it was already shown in the
material characterization section), and thus helping to maintain the cells on the

upper surface.

Concerning the PEA-o 05HA1x samples, a greater amount of cells are observed in
the cross section than on the surfaces. As the coating is less dense, the cells
colonization of the scaffold is easier, as the pores are not clogged. Additionally, the
HA presence seems to prevent cells from falling from the scaffold into the well yet

without hampering the cells spreading and colonization.
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Hyaluronan can be combined with PEA scaffolds as coating in order to obtain hybrid
systems composed of two materials of very different nature, on the one hand the
hydrophobic acrylic polymer and on the other the highly hydrophilic and water-
soluble HA.

Given their different pores shape, interconnectivity degree and tortuosity, with the
employed procedure, only for the PEA-o scaffolds, and not with the PEA-s ones,
uniform coatings throughout their thickness were obtained. Moreover, it was feasible

to finely tune the resulting type of coating.

Pore coatings by hyaluronic acid can be obtained in an ample typology variety by
combining solution concentration and adsorption time, or number of filling-drying
cycles or scaffold thickness: ranging from scattered aggregates up to totally clogging
the scaffolds pores. After the coating, the gel can be further effectively crosslinked to

increase its stability and decrease its dimensional change upon swelling.

It was found that the specific swelling capacity of hyaluronic acid and the porosity of
the swollen coated scaffolds fall significantly when the amount of HA in the scaffold
increases. The drops in both quantities are related to each other, and reflect the
increasingly constrained swelling of the HA gel due to its confinement by an elastic,

curved and limited space: the pores of the scaffold.

The incorporation of HA within the pores of the PEA-o scaffold enhances the
mechanical performance of the material in terms of increasing the initial modulus,
and reducing the sample strain under equivalent loadings as compared with the bare

ones.
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By employing an in vitro model, the feasibility of employing PEA-o coated scaffolds
as a controlled release system was assessed; it was found that the presence of HA in
the pores contributed to obtain a more sustained release of the employed model

protein.

The preliminary cellular study performed with fibroblasts suggests that the use of
coated scaffolds might enhance the good biological performance of the bare ones, by
improving the cell seeding efficiency. Surprisingly, this improvement was not
proportional to the HA mass fraction, as a greater cell density was observed for the

scaffolds with the thinner HA coating.
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6.- Combination of PEA scaffolds with RAD16-I gel

6.1.- Abstract

This chapter deals with the combined system consisting of PEA scaffolds, either
PEA-o or PEA-s, and the self-assembling peptide gel RADI16-I. First of all the
interaction between PEA or P(EAcoAAc) (to take into account the modification
induced by the production process of PEA-o scaffolds explained in Chapter 3) and
the self-assembling peptide (SAP) is extensively characterized in a 2D simplified
model. By means of the techniques of choice (congo red stainings, atomic force
microscopy (AFM), and contact angle measurements), the influence of the polymer

hydrophobicity on the interaction has been assessed.

The next step is the combination of the SAP as filling in the scaffolds pores. In order
to do that, different procedures and protocols were attempted, and again congo red
stainings have been employed to select the optimal one. Both scaffold types (PEA-o
and PEA-s), were filled by means of the set up protocol and characterized by

cryoSEM, to ensure the effective filling throughout the scaffold thickness.

The effect of incorporating the SAP within the scaffolds pores on their mechanical
performance was evaluated with compression tests. The feasibility of employing these
hybrid systems as a platform for controlled release was evaluated in vitro for the

PEA-s scaffolds by using BSA as model protein.
Finally, as these combined systems are intended for their use as cardiac patches,

different in vitro cultures were assayed targeting the evaluation of the vascularization

potential of the construct.
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As a preliminary step, cytotoxicity was discarded with fibroblasts cultures, and then
several studies with other cell types were performed, with different aims. First the
influence of the SAP on the seeding efficiency was studied; fibroblasts were employed
for this purpose, and the seeding protocol that optimizes cell uniformity in the pores
was established. HUVECs (human umbilical vein endothelial cells) were cultured in
the combined system to evaluate the influence of the SAP incorporation on the
expression of endothelial markers. Finally co-cultures of HUVECs and mesenchymal
stem cells (MSCs) were performed to study their conjoint effect on the biological

performance of different scaffold typologies combined with a SAP within the pores.
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6.2.- Results

6.2.1.- Study of the substrate-SAP interaction

Congo red staining was employed to characterize the SAP adsorption onto the
materials under study. This dye was first applied onto bare spin coated PEA, spin
coated P(EAcoAAc) and glass covers to be used as negative controls, to discard their
colouration. As can be observed in Figure 6.1 A, D and G, none of the samples

acquired any red tonality.

PEA

P(EAcoAAc)

Cover

Figure 6.1: PEA and P(EAcoAAc) spin coated samples, and glass covers, with RAD16-1
adsorbed on the surface stained with congo red before (2" column) and after removing the

SAP excess (3™ column). Negative control: substrates without SAP (1 column).

When the same procedure was applied onto samples surfaces where RAD16-1 had
been previously adsorbed, self-assembled and next its excess removed, a very light
red shade was detected for all the materials under study (Figure 6.1 B, E and H).
This colouring is very subtle, yet when it is compared with the corresponding

negative control (where it cannot be perceived at all) the presence of the peptide on
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the material surface is revealed. Interestingly, the cover seemed to acquire a stronger

colouration. No differences were detected between the studied polymers (PEA and

P(EAcoAAc)).

However, congo red staining revealed that when RAD16-I is adsorbed onto the
materials, self-assembled but its excess is not removed from the surface, a layer of gel
is formed on the surface of all the materials. It is a very weak layer, and during the
washes following the staining process some parts might detach from the substrate, as
shown in Figure 6.1 F and I. No differences were detected between the two
considered polymers despite their different composition and hydrophilicity degree.

Nonetheless, covers seem to give rise to a more uniform and stable layer.

By means of AFM images a more exhaustive characterization of the SAP-substrate
interaction was performed. As a first step, bare materials were analyzed in order to
characterize their surfaces, thus enabling to subsequently identify and distinguish
them from the conformation acquired by the adsorbed peptide. As can be observed in
Figure 6.2, glass covers present a very characteristic surface roughness that is not
detected in the PEA and P(EAcoAAc) spin coated films. This is also an indicator of
the success in obtaining a uniform and continuous polymeric layer on the cover. At
smaller magnifications such as 5 squared microns windows (images not shown), it

was observed that for both materials the density of defects was low.
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Figure 6.2: AFM images for spin coated PEA and P(EAcoAAc) films and bare covers. Phase
(first row), height (second row) and amplitude error (third row) AFM magnitudes.

When RAD16-1 was adsorbed on PEA and P(EAcoAAc) at a concentration of 0.1%,
a very compact and dense block of peptide adsorbed on the materials surface was
observed (Figure 6.3). However, given the high density of nanofibrils, it was
impossible to distinguish and establish differences between the conformation or
distribution of the peptide because of the different natures of the tested materials.
Therefore in the following observations, it was decided to reduce the concentration of

the peptide solution.
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PEA

P(EAcoAAc)

Figure 6.3: Conformation and distribution of the SAP adsorbed at a 0.1% concentration on the
surface of PEA (first row) and P(EAcoAAc) (second row),
as shown by the phase AFM magnitude.

When the materials were coated with a half diluted solution (7.e., 0.05%) differences
between them started to be detected. As can be seen in Figure 6.4, a uniform
coating, with a uniform fibre distribution was observed on covers, for all the
considered magnifications. In the case of PEA, the formation of gaps and empty
spaces in the network formed by the SAP are perceived. As for the P(EAcoAAc), a
continuous coating of the surface is also observed; however, in the 3 pm window the
resulting structure shows to not be flat, but to present some valleys. Nonetheless,
these valleys, unlike the PEA gaps, are uniformly coated with nanofibres as the rest
of the film surface. When 500 nm windows are compared, great differences are
detected between the distribution of the self-assembled nanofibres on PEA and
P(EAcoAAc) substrates. Covers and P(EAcoAAc) display a more similar
distribution, though both still exhibit a very dense concentration of nanofibrils that
hinders getting information about the substrate influence; for this reason, the

concentration of the SAP solution was halved once more, to 0.025%.
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200 nm

PEA

P(EAcoAAc)
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Figure 6.4: Conformation and distribution of the SAP adsorbed at a 0.05% concentration on
the surface of PEA (first row) of P(EAcoAAc) (second row) and covers (third row), as
observed with the phase AFM magnitude in 3 um windows (first column),

1 pm window (second column) and 500 nm window (third column).

As can be observed in Figure 6.5 when the RADI16-I is diluted up to 0.025%, the
differences among the materials get clearer. As can be observed in the 3 um images,
the SAP does not reach to form uniform layers on PEA, unlike on the cover and
P(EAcoAAc), where a uniform layer of peptide is yet obtained. When images at
greater magnifications are considered, differences in the resulting net can be clearly
detected. For instance on the covers, the RADI16-I self-assembles into straight
nanofibres that form a very dense net over the entire surface. In the case of
P(EAcoAAc), the peptide self-assembles into a clearer network, formed by circular-
like units constituted by straight nanofibres. In the case of PEA a less dense network
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is obtained with a more disorganized structure that does not show a patterned

distribution.

500 nm

5

P(EAcoAAc)

Cover

Figure 6.5: Conformation and distribution of the SAP adsorbed at a 0.025% concentration on
the surface of PEA (first row) of P(EAcoAAc) (second row) and covers (third row), as
observed with the phase AFM magnitude in 3 pum windows (first column),

1 pm window (second column) and 500 nm window (third column).

The differences detected in the AFM images might be attributable to differences in
the wettability of the materials’ surfaces. Therefore, an intensive study of the contact

angles was undertaken.

When the water contact angle was measured (Figure 6.6), the highest was obtained
for PEA (90°); the addition of acrylic acid units in the 90/10 copolymer P(EAcoAAc)
induced a reduction of it down to 75°. For the bare cover, the lowest contact angle
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was measured reaching a value of 46°. For the three studied materials, when the
contact angle was measured with diethylenglycol, a dramatic reduction on the mean
value was observed: 63°, 56° and 27° respectively. Meanwhile, a more moderate drop
was observed for the formamide measurements, PEA reaching a value of 76°, 67° for

the copolymer and 42° for the covers.
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Figure 6.6: Water, diethylenglycol and formamide contact angles on bare or RAD16-I coated
PEA, P(EAcoAAc) and covers. (#) Differences are not statistically significant.

The effect of the SAP on the contact angle was evaluated by measuring this
parameter on the substrates after formerly adsorbing RAD16-I on their surfaces. For
PEA and covers, a trend was observed: the adsorption of RAD16-1 on the surface
prior to the measurement reduced the obtained contact angle, to a different extent
depending on the liquid and the substrate. Differently, for P(EAcoAAc) the water
contact angle increased (from 75° up to 89°) when RAD16-I had been previously
adsorbed, whereas for the other liquids there was also a reduction of the contact

angle values (as occurred with the others substrates).

Additionally, it was decided to measure the RAD16-I contact angle at different
concentrations, on dry substrates or on substrates previously swollen to equilibrium
in an atmosphere of 100% relative humidity. For PEA and P(EAcoAAc) dry
samples, no great differences were detected when the concentration was varied from
0.1 to 0.05% (Figure 6.7); for both solutions and materials the values obtained were
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almost the same around 94°. Such high values imply that the contact angle when
compared with that of pure water droplets has increased. Differently, for the cover a
slight reduction, if any, on the mean value of the contact angle is observed for both
RAD16-I concentrations when compared with pure water; nevertheless these
differences are very subtle. When swollen, both PEA and P(EAcoAAc) showed a
reduction of the contact angle for the three liquids employed. Such behaviour was
surprisingly the opposite for the ‘swollen’ covers, on which increases of the contact

angles were found.
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Figure 6.7: Water and RAD16-I at 0.05 and 0.1% concentration contact angles on bare PEA,
P(EAcoAAc) and covers, either dried or swollen in a 100% relative humidity atmosphere.

# Differences are not statistically significant.

192



6.2.2.- Scaffolds with spherical interconnected pores combined with RAD16-I gels
Production of homogeneous and stable fillings

Given the different nature of RAD16-I (99% water) and the PEA-s scaffolds (highly
hydrophobic), the first milestone was to establish a suitable protocol to properly fill
the scaffolds’ pores with the SAP. With the help of congo red staining and employing
bare scaffolds as negative controls (Figure 6.8 A and B), a procedure was set up.
Natural diffusion was found to be insufficient to fill the scaffolds with the peptide

solution due to the hydrophobicity of the formers (Figure 6.8 C).

Dry before loading Pre-wet with water with pressure

Control

PEA-s loaded
with SAP by
Diffusion

PEA-s loaded
with SAP with

Pressure

Figure 6.8: Procedure and resulting congo red colouration of PEA-s scaffolds filled with

RAD16-I or water (as negative control for the staining) with different staining protocols.

As an alternative it was proposed to pre-wet the scaffold with water to facilitate the
peptide diffusion throughout its thickness (Figure 6.8 D); however it seemed yet not
enough to obtain a uniform filling. Then pressure was applied to force the solution to
penetrate into the pores by the introduction of the scaffold in a syringe with the
peptide solution and helping the intrusion of the solution by evacuation (Figure 6.8 E

and F). This procedure was applied in combination with pre-wetting the scaffold
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with water (Figure 6.8 F) or not (Figure 6.8 E); nonetheless, given the absence of
clear differences between them, the pre-wetting step was discarded. The solution
could be brought to gelation in situ within the pores in 20 min with the same congo
red (as it is a salt). No differences were observed with those samples gelled for longer

times; thus, 20 min was hereafter the gelation time employed.

CryoSEM images of both PBS (to be used as controls) and SAPs-filled PEA-s
scaffolds are shown in Figure 6.9. When water sublimates for cryoSEM observation,

the trace of the non-gelled SAP solution appears as parallel walls (Figure 6.9 C).

300 pm

Figure 6.9: CryoSEM cross-section images of: (A) PEA scaffold loaded with PBS, (C) PEA
scaffolds loaded with 0.15% SAP solution and (B, D) after gelling with PBS at different

magnification.

Once gelled by PBS addition, the SAP nanofibrilar network leaves a honeycomb-like
structure in the pores of the scaffolds (Figure 6.9 B and D). These structures cannot
be found after water sublimation in the scaffold’s pores containing PBS (Figure 6.9
A). As can be observed in Figure 6.9 D the employed procedure guarantees the
complete and homogenous filling of all the pores, even in the scaffold core, resulting

in the hiding of the scaffolds porous structure by the sublimated peptide filling.
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0.2.2 Scaftolds with spherical interconnected pores combined with RADI16-1 gels

The stability of the SAP filling in the scaffolds when immersed in aqueous media was
also morphologically characterized by means of SEM. Figure 6.10 shows that after 1
(A and B) and 7 days (C and D) under culture conditions (ie. 37°C, immersion in
cell culture medium in an incubator) the pores of the scaffold are uniformly filled
with the SAP. Figure 6.10 B shows a detail of the self-assembling peptide structure,
which forms a dense nanometric net. After 7 days of culture a suitable filling
remains, maintaining a proper nanofibrilar structure, although occasionally the filling

seems to be slightly less compact.

Figure 6.10: SEM images of acellular bare scaffolds filled with RAD16-1
after 1 (A and B) and 7 days (C and D) in culture conditions.

Influence of the filling on the scaffold mechanical performance

Compression tests were performed to assess the influence of the filling on the
mechanical performance of the PEA-s scaffolds. The compression curves of the
scaffolds, either bare or filled with the RAD16-1I solution and gelled with PBS, show
an overall non-linear dependence of stress upon strain with increasing modulus
(Figure 6.11). A first linear deformation region ranges up to 5% strain and 10 kPa
stress, followed by a region of increasing slope, which stabilizes in a second linear

deformation region for strains greater than 25% at stresses above 100 kPa. The
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Young’s moduli in both linear deformation regimes are included as insets in Figure
6.11. Those of the scaffolds filled bare were found to be 14.2 + 1.7 kPa, being the
moduli of the scaffolds filled with the gelled peptide slightly greater (25.1 + 3.8 kPa).

— PEA-s Bare --- PEA-s / SAP gel

E, (kPa)

. PEA-s Bare

PEA-s / SAP gel

E, (kPa)

L
1
B i

Strain

Figure 6.11: Stress—strain curves obtained from compressive experiments performed on PEA-s
scaffolds, bare and filled with the SAP gel. Insets: initial Young modulus, £,

and linear modulus %), calculated at strain 0.3.

Controlled release study

The concentration of BSA incorporated to the scaffold’s pores, obtained from the
mass uptake A, and the volume of SAP solution in the pores, resulted in 12.7 mg-ml
!, Unexpectedly, this value is much higher than that of the starting BSA solution, 1
mg-ml’. Figure 6.12 shows the fractional BSA, M,/M,, release curve of the loaded
construct, where A/, is the initial mass of BSA in the scaffold-SAP construct and A4,
is the mass released from it at time ¢. Two different release regimes can be identified:
first a fast protein release up to 14.9% of the initial amount of BSA within the first 8

h, and then a slower one from this moment on up to 25% in 10 days.

196



0.2.2 Scaffolds with spherical interconnected pores combined with RADI16-1 gels

- 931 y =0.0004x + 0,1493
[«B]
8 R? = 0.9963 P!
?ﬁ §§ """ § 2 0.20 y = 0.0785x
< 021 Rt £ R2 = 0.9959
n E ..... E £ 015 TS
A 4" 2 3*
3 2 00 ?._EE
g 01 £ o0
Q f 5 .
g ™ 0.008=— - - -
P~ 0.0 0.5 1.0 1.5 2.0
0.0 Time33 (h0'33)
0 100 200 300
Time (h)

Figure 6.12: BSA release curve from loaded scaffold-gel constructs immersed in PBS: fractional

mass M,/M, of BSA released at time ¢ vs. time. Inset: fit to a power law function of the data

of the initial release regime.
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6.2.3.- Scaffolds with orthogonally interconnected pores combined with RAD16-I gel
Production of homogeneous and stable fillings

Congo red staining was employed again as a first evaluation of the success on
producing scaffolds with cylindrical interconnected pores (PEA-o) uniformly filled
with RAD16-1. As Figure 6.13 shows there is a clear difference between the bare
scaffolds and the filled ones. Moreover it can be observed that the gel filling was

homogeneously distributed throughout the scaffold thickness.

PEA-o Bare

PEA-o / SAP

Figure 6.13: Congo red stained samples of bare PEA-o scaffold (first row) and PEA-o filled
with RAD16-I gel by applying pressure with a syringe (second row).

The cryoSEM images of both, empty and SAPs-filled PEA scaffolds, in a frontal view
and cross section are shown in Figure 6.14. The empty ones (A, B) show the already
presented structure consisting of cylindrical interconnected orthogonal pores. The
different layers of fabrics can be clearly observed in the cross section image (A).
However, when the scaffolds’ pores are filled with the peptide, the structure
previously shown is totally hidden because of the peptide presence (C, D). Between
images C) and D) slight differences in the resulting structures after the water

sublimation process in the cryoSEM device are detected.

198



0.2.3 Scaffolds with orthogonally interconnected pores combined with RADI16-1 gel

Figure 6.14: SEM images of the PEA-o scaffolds: (A) cross section, (B) surface. CryoSEM cross
section images of the PEA scaffolds loaded with 0.25% SAP solution (C)
and (D) after gelling with PBS.

Influence of the filling on the scaffold mechanical performance

The PEA-0/SAP combined systems were mechanically characterized by compressive
tests, to check any influence of the soft peptide filling on the different stages of the
scaffolds compression. The stress-strain profiles of the bare scaffolds and those filled
with non-self-assembled SAP, or self-assembled SAP, Figure 6.15, show two different
zones: an initial linear behaviour extending up to 30% deformation and 30 kPa stress,
the change of slope is abrupt, and the second linear zone occurs for strains greater
than 70% at stresses above 200 kPa. From both linear zones, F, and E, were
calculated as the slopes and are shown as insets in Figure 6.15. Only the first
compressive modulus increases slightly when the pores are filled with the aqueous
peptide solution or gel. The second one does not seem to depend so much on the
presence or not of the SAPs or their sol/gel state within the PEA scaffolds, its value
remaining quite invariant although a slight reduction is observed for the scaffolds

with SAP gelled.
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Figure 6.15: Stress-strain curves obtained from compressive experiments performed on bare,
filled with SAPs (w/ SAPs sol) and filled with SAPs and gelled (w/ SAPs gel) PEA-o
scaffolds. Insets: compressive moduli calculated in the first, £}, and second, £, zone of the

profiles.
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6.2.4.- Biological performance

In order to assess the biological performance of the hybrid system, first of all, a
cytotoxicity test was performed with the PEA-o scaffolds bare and the SAP-filled
PEA-o scaffolds.

Once the cytotoxicity of the materials was evaluated and discarded, a seeding
protocol to enhance the initial adhesion of cells was established with fibroblasts. The
SAP impact alone or in combination with shaking the samples for 30 minutes right

after the seeding was evaluated.

The interest of combining these hybrid materials with HUVECs lies in the fact that
the first milestone to achieve a vascularizable construct is its colonization by
endothelial cells. This combined system thus was also tested with endothelial cells,
and the effect of the peptide presence on the expression of specific endothelial
markers was exhaustively studied. First the cells spatial distribution and cell-cell
contacts were studied through immunocytochemistry dyes. Next, the amount of cells
expressing two characteristic endothelial markers, CD31 and VE-cadherin, was
quantitatively assessed by means of cytometry, followed by the estimation of the

fraction of cells co-expressing both by means of image cytometry.

Subsequently the SAP/PEA scaffolds with either cylindrical orthogonally connected
or spherical interconnected pores were co-cultured with HUVECs and MSCs. MSCs
addition was expected to exert a paracrine effect on the endothelial cells improving
their achievement in terms of migration, scaffold colonization, expression of
endothelial cells markers, and the establishment of cell-cell connections. Moreover
there are also evidences that the mesenchymal cells are also present in the
perivascular niche [301], and are thought to play a key role on the clinical application

of regenerative therapy.
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The combined system was found to be non-cytotoxic. Moreover, it was found that
combining the prior addition of the peptide with 30 min of shaking had a very
positive effect on cell density and distribution in the scaffolds pores. The presence of
the peptide also improved endothelial cells’ markers expression both cultured alone

and co-cultured with mesenchymal cells.

Cytotoxicity assay with scaffolds with orthogonal interconnected pores

Figure 6.16 shows the absorbance after the MTS assay on fibroblasts cultured in
extracts of bare scaffolds, and filled with SAP and gelled, together with positive
(culture medium) and negative (latex) controls, for 1, 3, 7 and 14 days. Neither the
scaffolds nor the combined systems are toxic for the cells; conversely, the negative
control does show cytotoxic behaviour, as expected. The absorbances given by
fibroblasts cultured in the scaffolds’ extracts are very similar to those cultured in
culture medium: low at short times, increase up to day 7, and decrease afterwards for

lack of nutrients (the extracts were not renewed during the experiment).
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Figure 6.16: Results of cytotoxicity analysis of bare scaffolds and combined systems. MTS test
absorbance results for the proliferation of L929 fibroblasts in extracts of bare and SAP-filled
PEA scaffolds, positive (culture medium) and negative (extract from latex) controls

after 1, 3, 7 and 14 days of culture.
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Set up of the cell-seeding protocol with scaffolds with spherical interconnected pores

combined with SAP gel

Bare scaffolds filled with PBS and scaffolds filled with the SAP solution were seeded
on their upper surface with fibroblasts. After seeding, cells were allowed to diffuse
within the scaffold with or without mechanical assistance, and after 30 min, culture
medium was added to induce gelation. Figure 6.17 and Figure 6.18 show that more
cells colonize the scaffolds when the scaffold’s pores are filled with the SAP gel, and

consequently after 7 days they have proliferated and occupy all the pores.

Comparison of the images obtained from scaffolds seeded statically and dynamically
clearly indicate that the dynamic seeding favors the invasibility of the pores by the
cells, which remain encapsulated when the peptide fills the pores, proliferate and are

much more numerous after 7 days.

1 day 7 days

PEA-s Bare PEA-s Bare PEA-s/ SAP

PEA-s /SAP

Static

100 pm

200 pm

Dynamic

Figure 6.17: Fluorescence microscopy images of the surfaces of PEA-s scaffolds (without and
with SAP gel within their pores) seeded with fibroblasts (statically and dynamically) and
cultured for 1 day (scale bar 200 um) and 7 days (scale bar 100 pm);

DAPI (nuclei) staining in blue.
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Because of the peptide presence within the pores, the cells are more uniformly
distributed. However, cells rather adhere to PEA and follow the geometry of the
scaffold despite of the SAP filling the pores as can be observed from the actin stain

in Figure 6.18.

At this culture time cells display under SEM either an elongated or a more rounded
morphology (Figure 6.19 A; see the broken line outlining a pore, and the asterisk,
respectively), depending on whether they adhere to the PEA trabeculae or swim
within the pores, and they have synthesized a large amount of extracellular matrix.
At higher magnification (Figure 6.19 B), such rounded cells seem to be completely
embedded in what is probably ECM and SAP gel, filling the pores of the scaffold.

PEA-s Bare PEA-s /SAP

Static

Dynamic

100 ].,kl'il

Figure 6.18: Fluorescence microscope images of fibroblasts seeded statically and dynamically in
PEA-s scaffolds with and without SAP solution in their pores, cultured for 7 days.
DAPI stain for nuclei (blue), phalloidin stain for actin (green) and vimentin stain for cell

membrane (red). Images correspond to 100 pm thick internal slices.
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Figure 6.19: SEM images at different magnifications of cross-sections of PEA scaffolds with

SAP gel in their pores, seeded dynamically with fibroblasts and cultured for 7 days.

SAP influence on HUVEC cultured on spherical sponge-like scaffolds

First of all, a 2D simplified model was employed to study the influence of the self-
assembling peptide on the biological performance of HUVECs. 2D PEA discs bare
(PEA(-)) or with SAP previously adsorbed on their surface (PEA(+)) were seeded
with HUVECs and cultured; the influence of the peptide on cell adhesion and

proliferation was studied.

As can be observed in Figure 6.20, at day 1 (Ze., initial adhesion), no differences were
detected because of the peptide presence. At day 3, however, the PEA(-) reaches a
greater value of absorbance than PEA(+); nonetheless, given the size of the error bar
this difference can be due to the occasional detachment of cell plaques because of the
formation of SAP clots. Indeed, at day 7 PEA(+) increases considerably while PEA

(-) absorbance value is below that reached at day 3.
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Figure 6.20: MTS results at 1, 3 and 7 days of HUVECs cultured on PEA without (PEA(-)) or
with SAP (PEA(+)) previously adsorbed on the surface.

(*) Differences are statistically significant.

The following step was to evaluate the peptide influence on the seeding and
proliferation in 3D cultures; thus, bare scaffolds and scaffolds filled with SAP were
seeded with HUVECs. The presence of the peptide improved the seeding efficiency

(Figure 6.21), and after a week of culture this positive influence was maintained over

the time.
PEA-s Bare PEA-s /[SAP

1 day

200 pm
—

7 days

Figure 6.21: Fluorescence microscopy images of the surfaces of PEA scaffolds (without and
with SAP gel within their pores) seeded with HUVECs and cultured for 1 day and 7 days;
DAPI (nuclei) staining in blue.

In order to characterize the cells distribution and morphology in the scaffold, actin
filaments were stained with phalloidin and observed under confocal laser microscope

(CLSM). As can be observed in Figure 6.22, cells were properly adhered and were
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able to grow in the 3D pores. Moreover, samples cultured in the combined system
scaffold/gel, are present at a higher density and exhibiting increased contact areas
between them. In the case of bare scaffolds cells were found to follow the topography
of the scaffolds, preferably adhering on the edges of the scaffold’s pores, adopting
circular dispositions and also establishing contacts among them though to a lesser

extent than in the hybrid system.

Figure 6.22: CLSM images of HUVECs seeded dynamically in bare PEA scaffolds (A, B) or
with the SAP gel filling the scaffolds pores (C, D), and cultured for 14 days.
DAPI stain for nuclei (blue) and phalloidin stain for actin (green).
Scale bar = 100 ym (A, C) and 50 um (B, D).

The expression of the cell junction clusters CD31 and VE-cadherin was assessed by
immunocytochemistry and observed at high magnification under a confocal laser
microscope (CLSM) (Figure 6.23). After selected culture times, HUVECs were able
to express both markers at cell-cell contact regions in both materials, along the cell
border with their neighbours and also with the scaffold surface. More immunopositive
cells were observed in the case of PEA-s/SAP (Figure 6.23 C, D) when compared
with bare PEA-s (Figure 6.23 A, B).
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Figure 6.23: CLSM images of HUVECs stained against CD31 and VE-cadherin, cultured for 14
days in bare PEA-s scaffolds (A, B) or PEA-s scaffolds combined with SAP (C, D). Cell-cell

contacts are pointed out with white arrows.

In order to monitor the expression of both CD31 and VE-cadherin markers, flow
cytometry was employed. After one day of culture the greatest expression of CD31
was obtained for the 2D PEA control (Figure 6.24 A). After 7 days of culture, the
expression of this marker was though reduced for both PEA 2D and bare scaffolds,
whereas the expression for the cells cultured in the combined system PEA-s/SAP
increased reaching the greatest fraction of positive cells for that time point. In the
case of the VE-cadherin expression, interestingly different results were obtained
(Figure 6.24 B). The greatest fraction of positive cells was obtained for the PEA-s
scaffold combined with the SAP for both time points. Nonetheless, for all the
considered materials, an increase is observed for the second time point though to a

much lesser extent than when PEA-s is combined with the SAP.
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Figure 6.24: Flow cytometry analysis of CD31 (A) and VE-cadherin (B) expression of
HUVECS in cultured PEA 2D, PEA-s and PEA-s/SAP.

Next, cell-cell interactions in 3D constructs were further explored by double-labelling
and image flow cytometry (AMNIS) in order to analyse the co-expression of VE-
Cadherin and CD31 (Figure 6.25). A higher expression of both markers was found in
PEA-s/SAP (70.4%) when compared with bare PEA-s (63%). Co-localization of both

surface receptors was not detected in any case (data not shown).

Representative images of the obtained fluorescence histograms, which show the
frequency of occurrence of different fluorescence intensities, are presented for PEA-
s/SAP (Figure 6.25 B), and illustrative images of the cells cultured in PEA-s/SAP
are displayed in Figure 6.25 C. These pictures evidence that the CD31 marker is
present in a greater fraction of the cells’ surfaces than VE-cadherin (endothelial

specific cell-cell adhesion molecule) which appears in relatively smaller areas.

SEM images of PEA-s/SAP scaffolds (Figure 6.26) show how HUVECs maintain a
rounded morphology after only one day of culture, but how after a week they exhibit
a more extended and elongated morphology, and are already coating the surface of
the scaffold’s pores. These images also reveal that despite the presence of the SAP,
cells were also adhered to the PEA surface, and tend to approach and establish

contact with others while adopting circular dispositions.
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Figure 6.25: Population analysis of CD31 and VE-cadherin co-expression of HUVECs cultured
in PEA scaffolds and PEA-SAPs (A). CD31-AF488 and VE-AF555 fluorescence histograms
(B). Cells representative images including: SSC (side scatter),

CD31-AF488, VE-Cadherin-AF555 and bright field (C).
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Figure 6.26: SEM images of SAP filled scaffolds seeded with HUVECs
and cultured 1 (A) and 7 days (B).
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Co-culture experiments performed with grid- and sponge-like scatfolds combined with

SAP gel

The biological performance of both types of scaffolds (PEA-s and PEA-o) in
combination with self-assembling peptides when seeded simultaneously with HUVECs
and MSCs was also assessed. As a first step, flow cytometry was employed to
evaluate the fraction of each type of cells present in the co-culture experiments, and

the evolution of this proportion with time.

As can be observed in Figure 6.27, for the PEA-o scaffolds, the fraction of endothelial
cells (CD31) at shorter times is higher for the bare ones than for those filled with the
gel; however, at longer times this fraction is reduced. Oppositely, for the PEA-o
scaffolds filled with SAP, the fraction of endothelial cells increased with the culture
time. Regarding the mesenchymal cells (CD90), a significant fraction is detected in
the PEA-0o/SAP system at short culture times. Nonetheless, at longer times the

fraction increases for the bare scaffold, while it is maintained for the hybrid scaffold.
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Figure 6.27: Fraction of CD31 and CD90 positive cells in the bare or SAP-filled
PEA-o scaffolds after 2 and 7 days of culture.

Different results were obtained for the PEA-s scaffolds (Figure 6.28). Both bare
scaffolds and those combined with the SAP showed a drastic reduction on the
HUVECs fraction with culture time. Conversely, the fraction of mesenchymal cells

greatly increased at longer times.
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Figure 6.28: Fraction of CD31 and CD90 positive cells in the bare or SAP filled
PEA-s scaffolds after 2 and 7 days of culture.

Cell density was assessed for each group of materials by means of quantifying the
DNA content with a picogreen assay. As can be observed in Figure 6.29, similar
values are attained for the different groups, regardless of the type of porosity and the
presence or absence of the SAP, except for the PEA-0/SAP (whose DNA content was

unexpectedly low). In all cases the 3D constructs reached higher values than PEA

2D.
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Figure 6.29: DNA content in the different types of scaffolds and

2D control after 7 days of culture.

Cells morphology and distribution throughout the scaffolds were first studied by
SEM. As Figure 6.30 shows for the PEA-o samples, both bare and combined with the

SAP, a great number of cells are observed. Cells cover the scaffold external surfaces
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(both upper and lower). When cross sections are observed, in the case of bare PEA-o
cells are uniformly distributed throughout the thickness of the scaffold, and adopt
elongated shapes following the cylindrical pores of the scaffold. In the case of PEA-
0o/SAP, more rounded structures are detected again throughout their thickness.
These structures are thought to be a combination of cells, extracellular matrix and

peptide; however these elements cannot be distinguished in the SEM images.

Figure 6.30: SEM images of surfaces and cross-sections of PEA-o scaffolds without (A, B) or
with SAP in their pores (C, D), seeded dynamically with HUVECs and MSCs, after 10 days of
culture (scale bar: 1 mm). Insets show details of regions of interest

at greater magnifications (scale bar: 200 pm).

For the PEA-s scaffolds (Figure 6.31) a layer of cells was also observed on the
surface, being it denser in the case of the scaffolds combined with the SAP than in
the bare ones. When cross sections were exposed, for the bare scaffolds a high density

of cells was detected.
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Figure 6.31: SEM images of surface and cross-sections of PEA-s scaffolds without (A, B) or
with SAP gel in their pores (C, D), seeded dynamically with HUVECs and MSCs, after 10
days of culture (scale bar: 1 mm). Insets show details of regions of interest

at greater magnification (scale bar: 200 pm).

As for the amount of VEGF released into the supernatant by cells cultured in the set
of materials (Figure 6.32), it was found that for the PEA-s scaffolds there were no
differences between the bare ones and those combined with the SAP. For the PEA-o
scaffolds, however, certain differences were detected: a slightly greater release of the
growth factor was measured for the bare ones. When both scaffold typologies were
compared, it was confirmed that cells cultured in PEA-s scaffolds released greater
amounts of VEGF (up to 10 times more) than those in the PEA-o scaffolds do
(either bare or combined with SAP). In both types of scaffolds cells released more

VEGF than when cultured on a flat substrate (cover).

214



6.2.4 Biological performance

A) B)
3 120 3 600,
é o PEA-o Bare g s PEA-s Bare
2 100] « PEA-o / SAP 6 « PEA-s / SAP ;
= 80l Cover = 400 Cover
5 60 3 %
E 2
2 40 : = 200 :
@ 20 ? : H i ‘
> " % 8 >
0 ' _r ' ' 0__A_,_ i . . .
0 2 4 6 8 10 0 2 4 6 8 10
Time (days) Time (days)

Figure 6.32: Cumulative curves of the VEGF released to the culture medium by cells cultured

in PEA-o (A) and PEA-s scaffolds, measured by ELISA.

CLSM images revealed that cells cultured in bare PEA-o (Figure 6.33) spread along
the channels and adhered to the scaffold surfaces and edges. Meanwhile, cells
cultured in the combined system SAP/PEA-o tend to form clusters of cells and

establish connections among them, diving in the gel in the pores.
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Figure 6.33: CLSM images of HUVECs/MSCs co-cultures after 10 days, stained against CD31
and DAPI, in bare PEA-o scaffolds or PEA-o combined with SAPs.

215



Combination of PEA scaffolds with RADI16-1 gel

In the case of PEA-s (Figure 6.34), the surface images show a great cell density in
both bare and filled scaffolds. It is very hard to establish differences between them;
nonetheless, in the hybrid systems cells seem to follow a more organized distribution
on the surface where circular-like cells dispositions are observed, while in the bare

ones the distribution seems more chaotic.

When the scaffolds’ inner sections were observed, in the case of the PEA-s/SAP
(Figure 6.34 D) more complex assemblies of cells were observed, forming circular 3D

structures that seem to be the sprout of a tubular-like structure.
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Figure 6.34: CLSM images of HUVECs/MSCs co-cultures after 10 days, stained against CD31
and DAPI, in bare PEA-o scaffolds or PEA-s combined with SAPs.

When greater areas of the inner sections are observed, as in Figure 6.35, again in the
PEA-o combined with SAP the cells form spherical clusters, and in the rest of the
areas almost no cells are observed, while in the bare PEA-o scaffolds cells are
observed on the surface more uniformly spread. Concerning the PEA-s both bare and

filled with RAD16-I, cells are observed along the section evenly distributed,
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establishing cell-cell contacts among them, and a great fraction adopting circular
dispositions. By means of the CD31 specific staining (green) HUVECs can be
distinguished from MSCs. As can be observed in Figure 6.35, HUVECs are evenly

distributed in the scaffolds inner sections.

Bare With SAP

Figure 6.35: CLSM overview images of inner sections of bare (left) and SAP filled (right)
PEA-o (first row), and PEA-s (second row) HUVECs/MSCs co-cultures after 10 days.

Scale bars: 200 pm, and insets’ scale bars: 50 pm.
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On the acrylates interaction with RADI16-1

Congo red dye is commonly used for the characterization of beta-sheet structures in
general (like diagnosis of diseases related with this type of structures), but also for
the characterization of self-assembling peptides like Q11 [302] or RAD16-I [303],
which adopt this specific structure as well. The initial characterization of the peptide
interaction with the studied polymers was therefore performed with this dye. This
technique allowed to verify that the employed process successfully permitted the

adsorption of the peptide on both polymers surfaces and covers (Figure 6.1).

The problematic associated to employing this technique is that after the excess of the
SAP gel is removed, samples only acquire a very clear red shade. Covers seem to
exhibit the strongest colouration, which is still too clear to allow the establishment of
supported differences with the spin coated materials (whose colouration is even

clearer).

On the other hand, if the excess of peptide solution is not removed, a different
problematic was detected. The SAPs form a dense network that is only attached to
the surface of the polymer film or cover by the interaction of the first layer of the
peptide in contact with the substrate; therefore, a great mass is attached to the
surface by only electrostatic interactions of few molecules. As a consequence regions
can be easily removed and washed out during the staining process. In fact this is

what happened to the samples C and F in Figure 6.1.

Taken all this together, the congo red staining was found to be a coarse technique for
the level of detail and accuracy required to settle the differences among the materials

in their interactions with the SAP. Thus, the next characterization was undertaken
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with AFM, which has already proved to be very useful in the determination of

proteins conformation and interaction with polymeric substrates [304, 305].

When the concentration of the RAD16-1 was low enough, it was possible to observe
differences in the conformation adopted by the peptide onto the different substrates.
A correlation was detected between the better spreading of the peptide on the
material and the electronegative atoms present in the substrate. For PEA, in which
functional groups the differences in electronegativity are less pronounced than in its
copolymer with acrylic acid, the wettability was poorer and as a result the SAP
assembled and percolated leaving empty spaces and bare areas. In the case of
P(EAcoAAc), the introduction of 10% of units containing the carboxyl group,
favoured the formation of a more uniform and regular coating on the surface.
However, circular structures leaving empty spaces were yet observed. In the case of
covers, as are made of glass the presence of negatively charged oxygen atoms
promote a better interaction with the amine groups in the aqueous peptide solution
that completely wets the surface; as a result a very dense layer of peptide is obtained
and the previously described bare areas are not observed any more. The explained
rationale was in good agreement with the water contact angle measurements (Figure
6.6 and Figure 6.7): the highest was obtained for PEA, a bit lower for P(EAcoAAc),
and the lowest for covers, which precisely are more uniformly coated by the SAP in

the AFM images.

It was also observed that the previous peptide presence in general induced a
reduction in the water contact angle for almost all the liquids and substrates
considered. Therefore the presence of the peptide alters the contact angle of the
material 7e., its wettability, which has a direct effect on the way proteins adsorb on
the material surface, and this variation could translate into changes in the way cells

adhere and interact with the material [306].
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It must be noted that a certain discrepancy is detected between the contact angle
values presented in Chapter 3 and in this chapter. These differences however, can be
attributed to the preparation method of the measured materials, being crosslinked
films in the previous chapter, and ultra-thin spin coated films of non-crosslinked
polymer in the present chapter. The differences could be a consequence of the latter
technique that might promote the production of materials whose polymeric chains
are stretched because of the centripetal force employed to obtain them. Having the
chains in such a particular disposition might induce certain interactions among the
chains’ dipoles that when they are in a random coil configuration do not take place.
These changes of conformation and availability of hydrophilic domains would
translate into different wettability, contact angle and surface free energy values as

herein presented.

As already introduced, PEA reached the greatest water contact angle as shown in
Figure 6.6, indicating a poorer wettability than the other substrates. Nonetheless,
when the RAD16-I solution contact angles were measured at different concentrations,
both PEA and P(EAcoAAc) were found to reach very similar values, whereas
RAD16-1 seemed to have a much better interaction with bare covers as they
exhibited a much lower contact angle. The RAD16-I contact angle similarity between
PEA and P(EAcoAAc) is somehow in conflict with the AFM images, where
differences between PEA and P(EAcoAAc) were detected (Figure 6.2 to Figure 6.5);
in said images P(EAcoAAc) seemed to be better wet by the SAP solution than PEA.
To elucidate the cause of such despair results, both the RADI16-I (at two
concentrations) and water contact angle were measured again but with samples
previously swollen under a controlled relative humidity. This experiment allowed
taking into account the fact that the adsorption and self-assembly of the peptide
prior to the AFM observation is performed under wet conditions. It was observed for

the PEA and P(EAcoAAc) a decrease on the water contact angle because of pre-
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swelling the samples. Moreover the P(EAcoAAc) reached the lowest values, thus
providing a plausible explanation for the better interaction of the copolymer over the
homopolymer seen in the AFM images. Surprisingly, for the covers, the contact
angles of the swollen samples were higher; a possible cause could be the interaction of
water molecules (from the wet atmosphere), with the electronegative groups of the
cover surface which therefore are no longer available to interact with the water or
peptide solutions. Nonetheless, the reached values are much lower than those
measured on the other substrates, which is in good agreement with the AFM images,

which show a more uniform coating of the covers than the spin coated substrates.

In order to get a deeper insight, after the contact angle measurements, the surface
tension of the materials was calculated. To do this, the Young equation was
considered:

0, = 0, — 0] -cos 0 [Equa,tion 6.1].

where o is the interfacial tension between liquid and solid, o4 is the surface tension
of solid, o) is the surface tension of the liqud and 0 is the contact angle of the liquid

on the surface.

When Equation 6.1 is combined with the Owens Wendel Raelble and Kaelble
equation, WORK [307]; which is based on Fowkes equation [308] but considers that

the surface tension is divided into the components, polar and dispersive:

1 1
— A5 . 592 _ 2. (5P . 5P)2
og =0+ 0, =2 (af ~ai)2 =2 (0} - 0))? [Equation 6.2]

the following expression is obtained:

1/2

1 0 pr 1/2
T 011/2 = (02)1/2"'(01(1) (0?)
2 (o) o .
[Equation 6.3]
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Equation 6.3 allows the calculation of the surface free energy of a solid by means of
1/2

D
1+cosf oL 7 V5. (a—id) , being the polar and dispersive components of the

2 (of)

surface tensions of the samples the y-ordinate and the slope, respectively, and the

plotting:

surface free energy of a solid the addition of both components.

When these equations are applied to the previously acquired contact angle data, the

following values were obtained:

Material ¢! (mN/m) o (mN/m) ¢ (mN/m) Polarity (¢°/c)
Cover bare 5.28 4.44 9.72 0.46
Cover / SAP 5.38 5.14 10.52 0.49
PEA bare 5.48 1.17 6.65 0.18
PEA / SAP 5.53 1.68 7.21 0.23
P(EAcoAAc) bare 5.68 1.97 7.65 0.26
P(EAcoAAc) / SAP 6.07 1.13 7.2 0.16

Table 5.1: Polar and dispersive components of the surface tension, surface free energy and

polarity of the studied materials, bare or coated with RAD16-1.

The introduction of carboxyl groups in P(EAcoAAc) translates into a greater polar
component than that of bare PEA. Nonetheless, the most polar among the considered
materials was the glass cover. When PEA surface free energy is compared with
previously published values [194, 285], lower values are obtained here; while regarding
the polar component a greater value was obtained. These discrepancies can be a side

effect of the materials production method and the measuring conditions procedure.

For both PEA and covers the adsorption of RAD16-I on the surface prior to the

measurements induced an increase on the polar component. Simultaneously, in all the
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materials, an increase of the dispersive component was induced too because of the
peptide. As a consequence, for both PEA and covers, when RAD16-I has been
previously adsorbed, the surface free energy and polarity increased. Meanwhile, for
P(EAcoAAc) both parameters were reduced when the peptide was previously
adsorbed. Nonetheless, during the determination of the polar and dispersive surface
tension components of P(EAcoAAc) with RAD16-I, the lowest correlation coefficient

was achieved, casting doubt on the reliability of this result.

Combining PEA scaffolds with RADI16-1 gel

Combining different materials such as hydrophobic porous PEA and aqueous
RAD16-I solutions was not trivial. The presented results show that SAP solutions
can be effectively incorporated and gelled within the pores of elastomeric scaffolds,
despite the different properties and nature of both components by means of a one-

step, easy-to-employ method.

The in vacuo SAPs loading and in situ gelling procedure allowed to effectively fill
both the spherical interconnected PEA-s scaffolds (Figure 6.9) as well as the
cylindrical orthogonal pores of the PEA-o scaffolds (Figure 6.13 and Figure 6.14)
with the peptide hydrogel. For PEA-o scaffolds, in spite of the relatively little
interconnected structure (in comparison to PEA-s sponge-like scaffolds), a uniform

filling throughout its volume was also achieved.

For both types of scaffolds, before gelling, the peptide solution leaves under cryoSEM
residual stretched-out fibres and more disordered complex structures as its water
sublimates in the cryogenic device. After gelation, the SAP continuous network
shows a more ordered honeycomb-like structure, which is produced because of a

different, more impeded sublimation of its water.
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RADI16-1 is known to have good stability [241] with time and under culture
conditions; it is capable to resist pH variations and temperatures up to 90°C. In fact
it has been used in many studies alone as scaffold itself [247, 254, 249, 251]; for
instance in one work the SAP stability was maintained up to 33 days [247]. However,
it was crucial to verify if when it is self-assembled within scaffolds’ pores this
stability was maintained or if otherwise it was reduced. It was necessary to elucidate
if inducing the self-assembly within the pores produced either an interconnected
continuous phase or a discontinuous one of sporadic clots favouring the SAP
disaggregation and diffusion to the culture media. As Figure 6.10 shows, the stability
of the peptide is not affected by combining it with the scaffold; a continuous phase
through the pores is produced. Moreover, these interconnected fillings were
maintained with time throughout the scaffold thickness and kept their nanofibrilar

structure for at least 7 days.

The differences detected between Figure 6.9 and Figure 6.10 can be attributed to the
different techniques employed to obtain the images. In the case of Figure 6.9, the
images were obtained by cryoSEM, whereas those depicted in Figure 6.10 were
obtained by following standard cell culture fixation, post-fixation, critical point

drying and SEM observation.

Filling effect on the mechanical performance

The concentration of SAP in the prepared solutions (0.15% w/v) for injection in the
scaffolds’ pores is so low that it essentially has the density and viscosity of liquid
water; after gelling, the viscosity is somewhat greater, but still the SAP hydrogel has
the rheological properties of a mucus (G’=5 Pa [309]), and thus negligible resistance
to shearing and tensile stresses, and to manipulation in general as occurs with other
SAPs [310]. Nonetheless, in the case of PEA-s, the scaffold-SAP construct presents, in

a mechanical respect, an improvement of several orders of magnitude: from moduli
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values typical of a mucus (10 to 80 Pa) we pass to values of the order of tens of kPa
in the initial region, and up to values close to those of the elastomers near the final
region (Figure 6.11); therefore obtaining a manipulable construct, able to withstand
tractions, compressions and shears to the extent that a typical elastomer scaffold
does. The presence in the scaffold’s pores of the filler gel yields a somewhat higher
modulus in compression. This effect, poroelasticity, can be attributed mainly to the
presence of water in the pores, which is very incompressible, and to its relative
difficulty to flow out of the pores upon compression [292, 293|; the gelled state of the
SAP results in a somewhat more hindered flow, which translates into somewhat
higher linear moduli because of the poroelasticity already discussed in Chapter 5. In
these experiments the mechanical effect of the filling gel is evident already at low

strains, and persists in the linear deformation region.

In the case of PEA-o scaffolds, the compression behaviour, exhibiting two slopes
clearly different, is likely due to the porous orthogonal structure of such scaffolds,
which leaves solid PEA pillars that are compressed progressively from the very
beginning; here again the resistance of the polypeptide solution and even more that
of the gel has an influence increasing the compressive modulus. The abrupt collapse
of the pores leads to the second compressive linear behaviour, now independent of the
filling for it has been extruded, in any of its physical states (sol or gel), from the

pores.

Controlled release

The scaffold-SAP construct is useful also as a platform for drug and molecule
delivery, independently of the presence of cells. BSA was employed in this study as a
model protein for uptake and release. The SAP hydrogel can be considered as a two-
phase system, one phase being a water solution of non-assembled SAP molecules, the

other phase constituted by the assembled SAP molecules into a nanofibrilar network.
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The BSA molecules sorbed in the scaffold-SAP construct may be thought to reside in
three different placements: either solved in the bulk of the watery phase inside the
pores, or located in the assembled phase, or, finally, adsorbed onto the surface of the

scaffold’s pores.

The initial concentration of BSA in the construct was estimated by means of M,, the

mass of gel entrapped in the scaffold, m,,, and assuming that the density of the gel is

gely
close to that of water: [BSA]rstuct = M,/V9¢ = M, - p9¢/m9¢. This calculus
resulted in a value of 12.7 mg-ml”', which is much higher than that of the starting
solution from which the uptake took place, 1 mg-ml'. Firstly, this finding confirms
that the protein can be easily and efficiently entrapped after the formation of the gel.
Secondly, it indicates that the construct is able to concentrate the BSA solution
(which might be another wuseful property for some applications). Since, by
thermodynamic equilibrium, the concentration of BSA molecules able to diffuse freely
must be similar in the gel phase inside the pores and in the outside watery phase,
this difference is indicative of BSA molecules in the construct residing preferentially
either adsorbed on the PEA surfaces or trapped within the microphase constituted by
the assembled microfibrils. The performed experiments are insufficient to establish
the relative importance of both entrapment modes, and further characterization
would be needed on this point. The BSA molecule may indeed interact
electrostatically with the peptide chains; the amide and acid groups of its molecular
structure yield a different net charge of the BSA molecule at different pH values.
During the BSA uptake process, which takes place above BSA’s isoelectric point, the
molecule is negatively charged and thus may interact with residual positively charged
groups of the SAP macromolecules. A supporting result is found in reference [311]:
with increasing pH, the ionization of the acid groups of the protein and the

poly(acrylic acid) in which it was entrapped increased the repulsion forces between
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them, and consequently reduced the free space available for the protein molecules in
the gel network.

The BSA-loaded constructs are able to release the protein when immersed in PBS.
The kinetics of this release has two clearly differentiated time regimes (Figure 6.12).
Release is rapid within the first 8 h, during which time ~15% of the total BSA
amount is released; thereafter, release is much slower. The residual BSA remaining
after 10 days was still 75% of the initial amount, and the plot did not yet show any

decrease of the time rate of release.

A good fit of the first stage of the time-release curve to a power law was
obtained, M;/My = k- t™ (inset in Figure 6.12); least-squares fitted values of the &
and n parameters turned out to be 0.078 and 0.33, respectively. A value of n = 0.5
corresponds to Fickian diffusion from a slab; that is, the case in which the release is
controlled by a pure diffusion process, a concentration gradient equalization due to
random Brownian motion of the molecules, with no bias in their displacements
(Fickian diffusion from a cylinder has n = 0.45, and from a sphere n = 0.43) [296].
This is here not the case. The fitting of the power law to the second release regime
gives n = 1 (linear growth with time of the amount released) and & = 0.0004 (plus

the new parameter a = 0.1493 needed to account for the initial release).

Power laws such as the stated one are typically used to describe solvent release from
hydrogels [312, 298, 313]; as previously argued in Chapter 5, the parameter & is takes
into account the different tortuosity of the transport path. In [312], the authors
followed the release of BSA from previously dried poly(N-isopropyl acrylamide)
hydrogels, which lasted barely 2 h at 40 °C, and obtained higher values for the & and
n parameters of 0.112 and 0.462, respectively. Other BSA-gel systems have also been
found to exhibit double kinetics of BSA release, which have been interpreted as an

indication of the interference with diffusion-controlled transport of further
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mechanisms: swelling or shrinking of the gel matrix (sometimes triggered by pH or
temperature changes in the environment) [312, 298, 314], chemical reactions (polymer
degradation, drug-polymer interaction, etc.)[315, 298, 311], and processing
(heterogeneous crosslinking of the gel, entrapment of the drug on the surface, use of
solvents afterwards dried, etc.) or storage conditions (drug saturation at the surface
on gel drying, drug migration, etc.) leading to an uneven drug distribution [316].
When hydrogel samples are dried after the protein loading, their swelling usually
provokes a burst release [311, 312], due to those molecules near the polymer surface
and rapidly transferred to the medium. This is obviously not the case here, as the
constructs were not dried after the protein loading. The rapid initial kinetics
observed in our system could be related to the electrostatic interactions between the
BSA molecules and the oligopeptides forming the gel fibrils. As previously discussed,
the excess of BSA within the scaffold/gel construct over the initial concentration of
the uptake solution must be attributed to specific interactions of BSA molecules with

the PEA polymer chains, or with the assembled SAP molecules, or with both.

Thus, release of the BSA solved in the watery phase of the hydrogel may be expected
to be faster than the release of BSA molecules, which are either linked to the peptide
nanofibrilar assemblies or adsorbed to the PEA surfaces. A slower release of these

BSA molecules must follow, since those specific bonds must be eased.

Cytotoxicity

The cytotoxicity test was performed with PEA-o despite of previous reports on PEA
good biocompatibility, in order to discard that the nitric acid treatment or its
combination with the SAP might have a deleterious effect on its biological
performance. Although with the 2D model shown in Chapter 3, very good biological
performance was observed in spite of the nitric acid treatment, it was decided to

perform this assay in pursuit of safety. The cytotoxicity assay was performed
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according to UNE-EN ISO10993-5 [317] standard. As expected, it confirmed that the
scaffolds under study, either bare or combined with the SAP, are not cytotoxic.

Seeding protocol optimization

A seeding protocol was established and optimized with fibroblasts. It was found that
the presence of the (non-gelled) SAP solution, within the scaffolds’ pores, improved
fibroblast colonization in terms of number of cells and uniformity of their
distribution. The SAP solution acted as a faster medium for cell invasion of the pores
of the scaffolds than mere culture medium. At 7 days of culture cells had proliferated
much more when the pores were filled with the SAP gel. The dynamic seeding
achieved better results than the conventional one; 30 min of smooth shaking were
enough to facilitate cell diffusion throughout the scaffolds and a uniform distribution.
The advantage of the SAP-filling for cell colonization may be due to the higher
diffusion speed of the cells in this medium than on the scaffold surfaces: PEA is a
hydrophobic polymer onto which most cells are willing to adhere and spread, thus
delaying their progress through the structure. Swimming through the peptide
solution seems a faster way of colonization than creeping on the scaffold’s pores
surfaces. In these experiments, cells were seeded with the minimum amount of
medium, and planted as a droplet onto the SAP-filled scaffold; this procedure avoids
their spilling out of the scaffold and optimizes cell seeding. The SAP was gelled later,

consequently entrapping the cells inside the pores.

The PEA-s/SAP constructs here developed provide to the cells seeded in them a
friendly immediate ECM-like environment through the SAP gel component, while at
the same time possess enough mechanical integrity and shape stability thanks to the
embracing elastomeric scaffold. The ECM-like SAP gel can surround the -cells,
improving the survival and migration conditions and can, as previously discussed, at

the same time, incorporate and deliver active molecules such as drugs or growth
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factors in a controlled manner to regulate cell fate or stimulate an angiogenic

respomnse.

HUVECs culture in the PEA-s/RADI16-1 combined system

In the experiment performed with HUVECs cultured onto 2D PEA substrates either
bare or with RAD16-I adsorbed, no great differences were detected at short times
(Z.e. initial adhesion and proliferation). Nonetheless, at longer time points the

presence of the peptide was found to have a positive impact on cell density.

Regarding the 3D structures, because of the porosity, the surface to volume ratio is
enhanced, hence much more areas are available for the cells to spread, migrate and
colonize. Thus the achieved cell density was higher in the 3D materials, as greater
amounts of cells can be lodged within the pores than on a flat substrate. Since the
presence of the peptide contributed to maintain the cells within the scaffolds’ pores,
it was observed that certainly had a positive effect on cell density (as previously
discussed from the fibroblasts culture). Even more, infiltration towards the inner
regions of the scaffold was observed in both bare and filled scaffolds. Nutrients
diffusion into the scaffold is thought to be good enough because of the homogeneous

cells distribution.

The presence of a complex 3D environment, such as the scaffold combined with the
peptide, proved to be a very interesting culture system: no decrease in the fraction of
cells expressing CD31 was detected, and in the case of VE-cadherin a dramatic
increase on the fraction of cells expressing this marker was observed. Since VE-
cadherin is a protein responsible for the endothelial cells connections [318], the fact
that the fraction of positive cells increases is an indicator of the establishment of cell-
cell connections, thus pointing at the goodness of this system for culturing and

lodging endothelial cells. The potential of HUVECs to form interconnected capillary-
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like structures in PEA-s/SAP constructs is supported by the up regulation of these
endothelial markers. These results are supported by a previous work that reported
the formation of elongated and highly interconnected capillary-like structures when
HUVECs were cultured in RAD16-1 [245], indicating the adequacy of this peptide for

the intended application.

The image flow cytometry (AMNIS) allowed the follow-up of the spatial distribution
and localization of the markers: no statistically significant co-localization of the
markers expression was found, which is in accordance with previously published
works [319]. It served as a verification of the proper stain of the samples: given the
impossibility of expressing CD31 and VE-cadherin in the same exact point, a co-

localization would have implied an unspecific staining of the markers.

The presence of the peptide increased the fraction of cells co-expressing both factors,
suggesting that the number of junctions between endothelial cells might increase
when cultured in the peptide 3D context, and thus, indicating that it is a suitable
system to promote endothelial cell-cell contacts. Moreover, as both CD31 and VE-
cadherin are essential for the formation of endothelial tubes [320], an increase in their
expression is a good indicator of the PEA-s/SAP appropriateness for the intended

application.

Cells adhesion, spreading and migration are known to be dependent on their
cytoskeleton system and morphological organization of their ECM [321, 322].
Therefore, fluorescent phalloidin staining was performed to observe the influence of
the self-assembling peptide on the actin filaments disposition. As shown in Figure
6.22, clear differences in actin filaments are observed. Cells growing in PEA scaffolds

display extended actin filaments that seem to follow the scaffold topography, whereas
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those cultured in the hybrid system (PEA-s/SAP) tend to form more complex

structures.

These results confirm that HUVECs adhere, proliferate and spread very well on the
PEA hydrophobic surface of the scaffolds; moreover, incorporating a self-assembling
peptide within the pores provides a greater degree of interaction among cells. The
uncovered better biological performance of the combined materials could be a side
effect of the peptide structural features (fibers in the same scale as ECM), and its
ability to retain water up to 99.5% w/v [323], which is an environment more alike to

the growing conditions that cells have in vivo.

MSCs and HUVECSs co-culture in PEA-s and PEA-o /RADI16-1 combined systems

The evolution of the fraction of endothelial/mesenchymal cells ratio during the
experiment seemed to be greatly affected by the SAP presence in the case of PEA-o
scaffolds and not as much for the PEA-s scaffolds. HUVECs seemed to adhere better
in bare PEA-o than when filled with the peptide. Nonetheless, while there is a
reduction of the HUVECs fraction for bare PEA-o after a week, for the SAP-filled
PEA-o an increase is observed. It is more remarkable because the fraction of MSCs
remained constant in this type of constructs. On the other hand, there is an increase
of the MSCs fraction simultaneously with a reduction of endothelial cells for the bare
PEA-o with respect of the PEA-s either bare or filled with RAD16-I. Nonetheless,
despite this reduction in bare PEA-o scaffolds, a greater fraction of endothelial cells

than in PEA-s ones is maintained.
The reduction of the HUVECs fraction in PEA-s scaffolds and the increase in the

MSCs fraction (Figure 6.28), taken together with CLSM images (Figure 6.34 and

Figure 6.35), might suggest that this decrease of the number of endothelial cells can
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be attributed to the formation of cell-cell connections that lead to a lower

proliferation via contact inhibition, as discussed in [110].

Concerning the results from the picogreen experiments, the lowest value was achieved
for the 2D material, as expected, given the space limitation to lodge cells of a flat
non-porous surface (and the consequent lower cell density seeded). In the case of
PEA-o scaffolds combined with the SAP, such a low value was not expected given
the cells clusters detected in the SEM (Figure 6.30) and CLSM (Figure 6.33) images.
Indeed in the SEM images of bare PEA-o (Figure 6.30), a more uniform distribution
of the cells throughout the scaffold thickness was observed. These results suggest that
bare PEA-o scaffolds provide a better context for these cells co-culture. For PEA-s
no differences were detected between the bare scaffold and the scaffold combined
with the peptide in terms of the DNA concentration. The CLSM wide areas images of
both bare and SAP-filled PEA-s (Figure 6.35) are in good agreement with it, as no
meaningful differences concerning cell density and spatial distribution are detected. It
is remarkable that for the PEA-s scaffolds a great cell density was observed on the
surface in spite of having seeded by injection in the core of the scaffold (Figure 6.31),
thus suggesting that the cells were capable to migrate through the scaffold.
Concerning the cross section images, the structure tortuosity and irregularities of
these scaffolds, hinder the observation of cells; hence, cells can only be clearly

distinguished in bare PEA-s in the cross section images.

Since VEGF regulates vascular development and angiogenesis [324], it becomes
capital to study its release by cells cultured in the scaffolds under study. Great
differences in the concentration of VEGF in the supernatant were observed
depending on the material where cells were co-cultured. In the case of 2D materials,
the lowest amount was obtained, which is in good agreement with the fact that cells

were seeded at a lower cell density and also the picogreen results yield the lowest

233



Combination of PEA scaffolds with RADI16-1 gel

quantity of DNA. Nonetheless, in other studies where co-cultures were performed in
2D and 3D materials seeded at equal density and VEGF release was compared, lower

values were also reported for the flat substrates [325].

The large difference of VEGF released from PEA-o or PEA-s scaffolds surprises as
bare PEA-o showed a similar cell density to PEA-s scaffolds (bare or filled with
SAP) according to the picogreen test (Figure 6.29). Nonetheless, cytometry results
after 7 days of culture (Figure 6.28) showed that a greater fraction of MSCs was
found in PEA-s than in PEA-o scaffolds. VEGF is mainly secreted by MSCs, as
reported in [326], and as observed with ELISA results performed on HUVECs culture
supernatant (where almost no secretion of VEGF was detected-results not shown-).
The increase of the number of CD90 positive cells thus could be a plausible
explanation for this increased release of VEGF. The smaller differences detected for
the PEA-o can be analogously explained: the bare PEA-o cultured scaffold released
greater amounts of the factor, but also displayed a great increase of the MSCs
fraction. In sum, PEA-s seemed to have a greater potential to be vascularized than
PEA-o scaffolds, as cells cultured in them were capable to release greater amounts of
VEGF (which is the growth factor that stimulates endothelial cells to migrate,
proliferate and differentiate to form mnew lumen vessels [327]). Nonetheless
experiments at longer time points will be necessary to assess both cell types
evolution. The good results obtained with the PEA-s scaffolds are even better when

the peptide is incorporated.

Indeed in the PEA-s immunocytochemistry images (especially when combined with
the SAP), the cells seem to be forming more complex sprouts and tubular-like
structures than in the PEA-o scaffolds. Therefore, the PEA-s scaffolds seem to
provide a cell culture system that induces more cell organization into tubular-like

structures.
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The substrate/RAD16-1 interaction was characterized, and found to be strongly
dependent on the substrate hydrophilicity and wettability. The PEA hydrophobic
nature provided a poorer interaction with the peptide than P(EAcoAAc), whose AAc
hydrophilic groups improved the interplay.

It is feasible to combine SAP-based hydrogels and elastomeric hydrophobic scaffolds
(PEA-s and PEA-0). Their pores could be effectively filled with a SAP aqueous
solution, despite the low wettability of PEA and the relatively low porosity and close
and tortuous structure of these scaffolds, by following an in vacuo loading. Once
incorporated, the SAPs could be efficiently gelled in situ with PBS or culture

medium, and formed a stable network within the pores.

The scaffold/SAP platform can also be employed as a protein delivery vehicle with
singular features. Furthermore, these constructs do also possess interesting features
as active molecules delivery platforms: are capable to provide different releasing

kinetics depending on the molecules location.

These hybrid materials are suitable vehicles for cell seeding and cell supply with
unique properties: a cell-friendly, ECM-like immediate microenvironment for the cells
that facilitates an efficient and uniform cell colonization of the scaffolds, plus shape
stability, mechanical consistency and strength. These constructs can then be seeded
in a more efficient manner than bare scaffolds, probably because the hydrogel
represents a better migration medium for cells. Moreover, they present slightly
enhanced mechanical properties and different specific architectures that might

conduct cell fate.
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In particular, it was found that the incorporation of the peptide within the pores of
PEA-s scaffolds improved HUVECs performance in terms of density, cell distribution
and endothelial cells markers expression, indicating that the hybrid 3D constructs
provide a permissive microenvironment for diffusion of nutrients, gases and growth
factors that in combination favour the endothelialisation of the scaffold, which is the

first milestone to produce vascularised scaffolds.

When HUVECs were co-cultured with MSCs in either PEA-o or PEA-s scaffolds
combined or not with the peptide filling, the PEA-s ones yielded better results in
terms of uniform cell distribution, VEGF release and promoted cells organization.
Thus, PEA-s have a greater vascularization potential than PEA-o scaffolds, which is

enhanced by the peptide presence.

In summary, the resulting constructs combine several of the distinctive advantages of
both kinds of materials yielding easy-to-produce and to manipulate systems for cell
and factor delivery. Therefore, these combined systems could find application in

advanced cardiac tissue engineering therapies.
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7.- Final discussion

The systems developed in this Thesis exhibit very promising features for their use as
cardiac tissue engineering supports: on the one hand their good biological
performance points out their usefulness as three-dimensional contexts contributing to
the recovery of damaged tissue, and on the other hand their mechanical properties
and fatigue resistance make them appropriate as mechanical restraints to limit the

evolution of cardiac dilation.

Other groups that developed porous cardiac patches employed other materials such
as poly(glycerol sebacate), PGS. It is cell friendly and has a modulus ranging from 57
to 195 kPa (depending on the tension direction) [87], which are of the same order of
magnitude as the modulus of the scaffolds employed in this Thesis. On the other
hand, cardiac restrain approaches such as the Acorn Corcap [278] cardiac mesh, have
suitable mechanical properties to limit the cardiac remodelling but unfortunately
induces fibrosis when implanted. For this reason the combination of a restraining
device with a more biocompatible material such as collagen patches is under
consideration and arising promising results [280]. The Acorn Corcap in particular,
has an elastic modulus of 2.57 MPa [328], which is more than three times that of
bulk PEA. Nonetheless, given that both types of scaffolds, PEA-s and PEA-o are
capable to withstand the stresses present in the heart (0.015 MPa at the systolic
peak and 1.33 kPa at diastole [276]), and since it has not been determined which
degree of restrain and stretch ratio is optimal, both seem to be to date promising

options.

Indeed, as PEA scaffolds are intended to lodge cells, it might be of interest to have a
more compliant material for the mechanical solicitations to be transmitted to the

cells, since it has been reported that cardiomyocytes stimulation with mechanical
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loading improves cells organization [329] and guides cardiomyogenesis from

pluripotent stem cells [330].

Recently, the family of acrylic polymers has raised the interest of other groups in the
cardiac tissue engineering field [131], which found that they stimulated angiogenesis
as well as resulted in a reduced fibrotic response when implanted in vivo. PEA is a
biostable polymer; therefore, it will not degrade with time as occurs with other
cardiac patches such as collagen, that even though provides very good results in vivo

[331], it is already partially degraded after 12 days [332].

Several combinations of scaffolds with aqueous gels to improve their biological
outcome have been explored in previous works. For instance, Matrigel has been
employed to encapsulate cells and favour their residence within the scaffolds pores
[90]. Analogously, in this work the positive influence of employing the self-assembling
peptide RAD16-1 was observed through all the experiments undertaken. A common
problem to all materials designed for cardiac tissue engineering, to guarantee the
survival of cells lodged in their pores, as already discussed, is the need for
vascularization [333]; the results issued herein by HUVECs cultures suggest the
potential of these constructs to be colonized by endothelial cells, which would be a

key step for these systems to be successful upon implantation.

Scaffolds releasing growth factors have been found to yield better results than bare
ones, in terms of vascularization [334] and cell survival and tissue formation [94] The
constructs here developed, consisting of PEA scaffolds with hyaluronic acid, HA, or
peptide gel as pores coating or filling, were capable to provide a sustained release of
BSA, which suggests that both of them could also serve as platforms to release

growth factors to enhance cells performance.
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Thus, it is expected that PEA scaffolds provide mechanical reinforcement and
furthermore given their good biocompatibility in vitro, improved when combined
with ECM-like gels in their pores, have a better integration when implanted than
other restraint devices; in vivo ongoing studies in infarcted sheep carried out by Dr.
J. C. Chachques at the Georges Pompidou European Hospital (Paris) will hopefully

confirm this.
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8.- Conclusions

8.1.- On the scaffolds’ features

1. Highly porous poly(ethyl acrylate) (PEA) scaffolds either with spherical
interconnected pores (PEA-s) or with cylindrical orthogonal ones (PEA-o)
were prepared making use of porogen templates combined with particle
leaching, as reported elsewhere. It was found that the procedure followed to
obtain PEA-s scaffolds left traces of the poly(methyl methacrylate) (PMMA)
porogen in the PEA matrix, inducing slight changes in the properties of the

resulting materials.

2. The nitric acid rinses applied to remove the sinterized nylon templates
involved in the preparation of the PEA-o scaffolds induced the hydrolization
of side chains in a number of EA units. As a consequence, the acrylate is
transformed into an EA-AAc random copolymer; the extent of this
modification is proportional to the duration of the nitric acid rinses and
affects the physico-chemical properties of the polymeric matrix, mainly
turning it into a pH-sensitive polymer. Nevertheless, this modification was
not detrimental for the biological performance of these PEA-based scaffolds

at least for rinsings not exceeding 4 days.

8.2.- On the mechanical performance of PEA scaffolds under

fatigue

1. Because of their porosity, PEA-o scaffolds exhibit a reduced elastic modulus
(tens of kPa) as compared with that of bulk elastomeric PEA, which is of the

order of 1 MPa. The PEA-s scaffolds maintain, despite their greater porosity,
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this elastic modulus, because of the MMA incorporated to the polymeric

network.

The elastic moduli of PEA and PEA-s exceed that of cardiac tissue; and
PEA-o although exhibits a lower elastic moduli, can withstand the
solicitations present in the heart. They are, consequently, suitable to be used
as cardiac restrains to limit ventricular remodelling following an infarction,

besides their potential as cell support patches for cardiac tissue regeneration.

Bulk PEA and PEA-s scaffolds resist torsion and tension for at least one
week without significant variation on their mechanical performance. A slight
increase of the elastic modulus was though observed after fatigue, which
cause has not been discerned. A plausible explanation might a hardening
effect induced by the rearrangement of the polymer chains during the cyclic

loading.

8.3.- On the coating of PEA scaffolds’ pores with hyaluronan
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Hybrid scaffolds composed of PEA-o scaffolds and HA uniform aqueous
coatings were successfully produced by an in vacuo procedure. By changing
different parameters of the coating process a wide variety of coating
typologies were obtained. These HA coatings could be in situ crosslinked to

increase their stability.

The swelling capacity of the HA coating decreases as its mass fraction in the
hybrid increases and the porosity is reduced. A constraining effect of the
scaffold’s pores and curvature is thought to be inducing such effect. On the
other hand, the HA filling increases the mechanical performance of the

scaffolds.
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3. These PEA-o/HA hybrids could be of interest as cell support constructs,
where the HA presence seems to improve cell seeding efficiency; they can be

alternatively or simultaneously employed as a controlled release system.

8.4.- On the combination of PEA scaffolds with RAD16-I gel

1. The interaction of self-assembling peptides (SAPs) with PEA-based
substrates was highly dependent on their wettability: the presence of a small
fraction of hydrophilic groups improves such interaction leading to more

uniform lay-outs of the peptide mesh.

2. Both PEA-o and PEA-s scaffolds could be effectively and uniformly
combined with the RAD16-I gel as filling in their pores: the peptide solution
being loaded by a procedure analogous to that of HA coatings and self-

assembled 7n situ with PBS or culture medium.

3. These combined systems are of interest for cell culture applications as the
ECM-like gel contributes to improve the seeding efficiency and to promote a
uniform cell colonization throughout the scaffold. These constructs can be

employed as controlled release systems.

4. Combining PEA-s scaffolds with RAD16-I improves HUVECs performance in
terms of cell distribution and endothelial cell markers expression, favouring
the endothelization of the construct, which constitutes a critical point upon
implantation of a scaffold in vivo. The co-culture of HUVECs with MSCs
yielded better achievements in terms of cell distribution, VEGF release, and
endothelial cells markers expression for PEA-s scaffolds than PEA-o ones.

These results were enhanced by the peptide filling of their pores.
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AFM Atomic force microscopy

AMI: Acute myocardial infarction

AZBN Azo-bis-isobutyronitrile

BPB Blocking and permeabilizing buffer
BSA Bovine serum albumin

CHD Coronary heart disease

CPC Cardiac progenitor cells

CVD Cardiovascular disease

D Dry series of samples

DAPI 4' 6-diamidino-2-phenylindole
DMEM Dulbecco’s modified eagle medium
DMTA Dynamic mechanic thermal analysis
DPBS Dulbecco’s phosphate buffer solution
DSC Differential scanning calorimetry
DVS Divynilsulfone

E Elastic modulus

EC Endothelial cells

ECM Extracellular matrix

EDS Energy dispersive X-ray spectroscopy
EGDMA Ethylene glycol di methyl acrylate
EWC Equilibrium water content referred to the dry mass of the sample
EWCy, Equilibrium water content referred to the HA mass in the sample
EtOH Ethanol

F Fatigued series in torsion

FA Samples fatigued in air in tension
FBS Foetal bovine serum

251



Glossary

FGF
FI
FTIR

HA

HCl
HUVEC
IGF-1
LbL
MMPs
MSC
MTS

NaOH
NF
PAAc
PBS
PCL
PDGF
PEA
PEA-o
PEG
PEA-s
P(EAcoAAc)
PFA
PGA
PGS
PLGA
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Fibroblast growth factor

Samples fatigued immersed in PBS in tension
Fourier transform infrared spectroscopy

Shear modulus

Hyaluronic acid/ hyaluronan

Hydrochloric acid

Human umbilical vein endothelial cells
Insulin-like growth factor 1

Layer by layer deposition

Matrix metalloproteases

Mesenchymal stem cells
(4,5-dimethylthiazol-2-yl)-5-(3-carboxymethoxyphenyl)
-2-(4-sulfophenyl)-2H-tetrazolium

Sodium hydroxide

Non-fatigued series

Poly-acrylic acid

Phosphate Buffer Solution

Polycaprolactone

Platelet derived growth factor

Poly-ethyl-acrylate

PEA scaffolds with cylindrical orthogonally interconnected pores
Polyethyleneglycol

PEA scaffolds with spherical interconnected pores
Poly (ethyl-acrylate-co-acrylic acid)
Paraformaldehyde

Poly(glycolic acid)

Poly(glycerol sebacate)

Poly(DL-lactic-co-glycolic acid)



Glossary

PLLA Poly(L-lactic acid)

PMMA Poly(methyl methacrylate)

P/S Penicillin /streptomycin

RAD16-I Self-assembling peptide with the repeating units R(Arginine),

A(Alanine), D(Aspartic acid)

RH Relative humidity

RT Room temperature

S Swollen series of samples

SAP Self- assembling peptide

SEM Scanning electron microscopy

tan o Loss tangent

TGA Thermo gravimetric analysis

Tg Glass transition temperature

VEGF Vascular endothelial growth factor

ACp Specific heat capacity increment at the glass transition
v Poisson ratio

c Surface tension

o, o’ Dispersive and polar components of the surface tension
s Porosity

p Density

@4 HA mass fraction in the sample
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