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ABSTRACT

The extracellular matrix, a component of all animal tissues, is required for cell adhe-
sion, migration and proliferation to provide support to the regulation of cellular activity.
The extracellular matrix acts as a reservoir of hormones, growth factors, and intercellular
communication medium. In Tissue Engineering, a number of techniques are utilized,
namely the electrospinning of polymeric nanofibers, for the production of biodegradable
porous 3D scaffolds that attempt to mimic the native extracellular matrix structure.

This work proposes to investigate the impact that the combination of the application
of poly(ethylene oxide) sacrificial fibers with sucrose as a porogenic agent has on the
ability of cellular infiltration inside a porous 3D matrix made of polycaprolactone and
gelatine.

The characterization of the structural and physicochemical properties of the fabri-
cated scaffolds was made. Structural characterization was performed by means of optical
and electronic microscopy. In order to understand the physicochemical characteristics,
mechanical tensile tests, mass loss, infrared spectroscopy and fluorescence assays were
conducted.

The interpretation of these results revealed fibers with morphology comparable to
the native extracellular matrix, scaffolds with good mechanical properties and good re-
producibility. In vitro assays revealed that the models provide good cell adhesion and

proliferation.

Keywords: Polycaprolactone; Gelatine; Polyethylene oxide; Sacrificial Fibers; Porogenic

Agent; Electrospinning.
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REsumMmo

A matriz extracelular constituinte de todos os tecidos animais é necessaria para a
adesao, migracao e proliferagao celular, além de dar apoio a regulacao da atividade celu-
lar por ser um reservatério de hormonas, fatores de crescimento e meio de comunicagao
intercelular. Na Engenharia de Tecidos sao usadas diversas técnicas, nomeadamente a
eletrofiagao de nano-fibras poliméricas, para a produgao de matrizes 3D porosas biode-
gradaveis que tentam mimetizar a estrutura da matriz extracelular nativa.

Este trabalho teve como objetivo estudar o impacto que a combinagao da utiliza-
¢ao de poli(6xido de etileno) como fibras sacrificiais com um agente porogénico tém na
capacidade de infiltra¢ao celular no interior de uma matriz 3D porosa composta por
policaprolactona e gelatina.

Foi feita a caracteriza¢ao das propriedades estruturais e fisico-quimicas das matri-
zes fabricadas. Para a caracterizagao estrutural foram utilizadas técnicas de analise por
microscopia 6tica e electronica de varrimento. Para compreender as propriedades fisico-
quimicas, foram feitos ensaios mecanicos de tracao, perda de massa, espectroscopia de
infravermelho e fluorescéncia.

A analise destes resultados demonstrou fibras com morfologia semelhante a matriz
extracelular nativa, matrizes com boas propriedades mecanicas e boa reprodutibilidade
de producao. Os ensaios in vitro revelaram que as matrizes proporcionam uma boa adesao

e proliferacao celular.

Palavras-chave: Policaprolactona; Gelatina; Poliéxido de etileno; Fibras Sacrificiais; Agente

Porogénico; Electrofiagao.
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CHAPTER

INTRODUCTION

1.1 Contextualization

Tissue Engineering has emerged with the aim of making it possible to regenerate tissues
or organs through the development of synthetic substitutes, consequently seeking to
provide a new approach to conventional transplantation, either autologous or allogeneic,
which are very limited solutions as they are dependent on the existence of an organ or
tissue donor. It is also possible to circumvent certain biological barriers, such as rejection
by the immune system through the use of biodegradable and biocompatible biomaterials
and autologous or non-immunogenic cells [1]. An essential requirement is to create

mechanisms of regeneration, instead of repair mechanisms in response to a wound [16].

There has been a great advance in Tissue Engineering through the development of
several techniques for the production of new matrices [16]. Specifically, in the last two
decades, much has been made on the electrospinning technique. This technique allows
the production of matrices composed of fibers of diameters with dimensions ranging from
nanometers to micrometers [5]. These matrices allowed the appearance of new substi-
tutes for the most diverse tissues or organs because the fibers produced by electrospinning
from biocompatible and biodegradable materials are good promoters of adhesion, prolif-
eration and cell maturation [15]. Its fibers with small dimensions are similar to the native
extracellular matrix, giving support and cellular organization, essential to the regener-
ation of the tissues [3]. However, the conventional electrospinning technique produces
non-woven fibers which are deposited along a disorganized and non-oriented surface in
the form of a densely packed network. This gives the matrices impermeability to cell infil-
tration because the distances between the fibers are much reduced and much smaller than
the average cell size. The result are matrices that behave as two-dimensional structures

where cells only adhere and proliferate along the surface. The low capacity of cellular
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infiltration inside a matrix represents a challenge for Tissue Engineering, as the produc-
tion of substitutes by electrospinning is concerned [16]. There is a consensus that larger
pores and a high porosity are required for tissue growth and regeneration. However,
the implementation of these characteristics has direct implications on the mechanical
resistance of the matrices. A compromise between mechanical properties, pore size and
porosity is fundamental in order to create a substitute capable of promoting good cell
migration and the efficient diffusion of macromolecules which are indispensable prop-
erties for the growth and regeneration of tissues and organs while retaining adequate
mechanical properties [32]. Consequently, several approaches, such as the development
or combination of different techniques that promote cell infiltration in matrices produced
by electrospinning have already been developed or are being studied [34].

In this context, the objective of this work is the development and characterization of a
new three-dimensional (3D) porous matrix produced by electrospinning, which promotes

an efficient cellular migration to its interior.

1.2 Framework

1.2.1 Extra Cellular Matrix

The extracellular matrix (ECM) constituent of all animal tissues comprises two differ-
ent classes of macromolecules: (1) glycosaminoglycans (GAGs) and (2) fibrous proteins
(collagen, elastin, fibronectin, and laminin). Most GAGs form covalent bonds with pro-
teins secreted by cells, forming proteoglycans. These molecules form an anionic and
hydrophilic substance with a gel behavior that provides compliancy and compressive
strength to tissues, while allowing a good diffusion between blood and cells of oxygen,
nutrients, metabolites, hormones, and cell debris [HynesR0.2009]. It is in this gel, com-
monly called the "fundamental substance",that the fibrous proteins, that provide tensile
strength and structural support to the tissues are embedded [Kumbar2008]. In addition,
fibrous proteins such as laminin and fibronectin play an essential role in cell adhesion
because they have anchoring sites for the integrins. The different relative amounts of
macromolecules in the ECM result from this being produced and oriented by the con-
stituent cells themselves. We can highlight fibroblasts that secrete connective tissue ECM
macromolecules, cartilage chondroblasts, and bone osteoblasts [HynesR0.2009].

The ECM is responsible for cell adhesion, migration, and proliferation, as well as
support the regulation of cellular activity as it is a reservoir of hormones, growth factors,

and intercellular communication medium [43].

1.2.2 Pore Size and Porosity

The matrix architecture has a significant impact on tissue regeneration [17]. Pore shape
and size play an important role in matrix permeability with direct implication on cell

migration, while porosity represents the percentage of void space available within the

2
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matrix for cell growth. Previous studies have confirmed that thinner fibers promote cell
adhesion and viability, and larger pores facilitate proliferation. However, too fine fibers
and too large pores can mechanically compromise the substitute for possible in vitro or in
vivo use. For the case of a matrix conventionally produced by electro-spinning the com-
promise exists between these two properties, where fibers with smaller diameters allow a
more compact deposition with a smaller distance between fibers, resulting in a smaller
pore size - and the inverse - thicker fibers result in less compact depositions with larger
pore sizes. All together the resulting density is identical, with the pore volumes increas-
ing to keep up with the increase in mass per volume that results from the bigger fibers
diameters. There is also the notion that huge pore size causes the cells inside the matrix
to fail to create multiple adhesions around them, being stretched along the inner surface
of the pore thereby losing the properties that give it the intended 3D environment [19,
24].

No less important for the architecture of the matrices is the interconnectivity between
the pores, so as to allow the vascularization and infiltration of the cells throughout the
entire substitute. If there is no sufficient interconnectivity with sufficiently large chan-
nels for good cellular infiltration, there will be pores inaccessible to the cells inside the
matrix [7]. Typically, there is no problem of interconnectivity between pores in conven-
tionally electrospun matrices due to the inherent morphology of the 3D structure of non-
oriented fibers, which results in pores with polygonal geometry, however, the very small
distance that exists between the fibers functions as a resistance to cell migration [44].

The knowledge of how the alteration of these parameters affects cellular regeneration
and the development of techniques and materials that allow the precise control of these
parameters are important challenges to be overcome by Tissue Engineering in order to be

able to develop substitutes that allow a complete and rapid tissue regeneration [25].

1.2.3 3D Scaffolds Production Techniques

The production of 3D substitutes that promote good cellular infiltration is currently an
important challenge for Tissue Engineering [7]. Through several processes, it is possible
to change the different structural properties of the matrices, such as pore size, porosity,
and interconnectivity between pores. Each of the existing techniques currently has its
pros and cons with a direct implication in infiltration distance [5]. However, the solution
rather than the use of a single technique may result from a combination of two or more
techniques [37]. There are numerous different approaches to making 3D arrays by elec-
trospinning [25]. For the scope of this work two techniques will be used to promote cell

infiltration: (1) leaching of a porogenic agent and (2) use of sacrificial fibers [27].

1.2.4 Leaching of a Porogenic Agent

Salt leaching is a technique that allows the production of 3D porous matrices. This tech-

nique was first demonstrated by Mikos et al. in 1994, in the development of highly porous

3
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biodegradable polymer membranes through the use of a salt as a porogenic agent [30].
This technique involves the use of a polymer solution uniformly mixed with a poro-
genic agent, which upon evaporation of the solvent during the electrospinning process,
results in a matrix composed of a polymer and porogenic agent [12]. The matrix is subse-
quently submerged in water for a given period of time, for the dissolution of the porogenic
agent. These porogenic agents, when removed, create voids (pores) of different dimen-
sions within the matrix [21, 39]. The size of these pores can be controlled by the particle
size of the porogenic agent used. This technique is very effective for controlling pore
size and increasing porosity. However, the interconnectivity between the pores resulting
from the use of this approach is very random, not guaranteeing per se the ideal cellular
permeability in the substitute [[Hutmacher2008, Onen2017], 30].

1.2.5 Use of Sacrificial Fibers

The concept behind the use of sacrificial fibers is very similar to the leaching technique
of a porogenic agent. It consists of the electrospinning of a hybrid matrix composed of
two polymers [41]. A water-soluble polymer - for example, poly (ethylene oxide) - to be
further dissolved and another water-stable polymer, such as poly (e-caprolactone) [13].
The electrospinning of the two polymer solutions simultaneously leads to the creation of a
matrix of interlaced fibers which, by subsequent dissolution of polyethylene oxide, results
in a less dense material with higher porosity and a larger pore size than a matrix produced
by conventional electro-spinning. Via varying the ratio between the two polymers, we can
control different mechanical properties of the matrix, such as pore size and porosity [44].
Unlike the leaching technique of a porogenic agent, this technique is not very accurate
in controlling pore size, since the distance between the fibers will randomly depend on
their deposition during the electro-spinning process and subsequent dissolution of the
sacrificial fibers [4].

1.2.6 Electrospinning

Electrospinning is a technique that allows the production of scaffolds through the man-
ufacture of continuous fibers with diameters of dimensions ranging from the order of
nanometers to a few micrometers [13]. This apparently simple technique depends on
several factors. Fibers characteristics such as their diameters will depend on various pa-
rameters, such as the physicochemical properties of the polymers and solvents employed,
ambient temperature and humidity, the flow rate of the solution and the distance between
the collector and the applied voltage on the seringe needle [13, 23]. However, after the
determination of all the parameters for the production of a given matrix, electrospin-
ning proves to be an inexpensive technique, and without the use of too sophisticated
equipment, that allows the production of matrices efficiently and with excellent repeata-
bility [15]. In the conventional electrospinning process, a polymer solution is pumped

through a needle that has a diameter in the order of tenths of a millimeter. The metallic

4
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and conductive needle also serves as an electrode, where a high voltage is applied (Figure
1.1). The applied high voltage creates an electric field around 100 kV/m between the
needle and the grounded collector, which in laboratory models is usually 10 - 25 cm away
from the needle [31].

Polymer solutin

Capiliary tip\__\!

/ Fiber formation

High voltage

Fiber mat
Counter electrode

Figure 1.1: A typical arrangement of the electro-spinning technique. In this particular
case, with a vertical axis arrangement of the electrodes [11].

Due to the applied electric field, the solution drop formed at the tip of the needle by
the infusion pump is drawn into the shape of a cone having an angle of approximately 30 °
- it is named the Taylor cone (Figure 1.2). While the jet travels between the needle and the
collector, the fibers become narrower due to the repulsion between the electric charges
carried by the solution, the solvent evaporates and, if the electric field is strong enough,
the solution jet will precipitate in the collector in the form of fibers while undergoing
up to a 5 order magnitude diameter reduction [31]. Gravity and aerodynamics present
little effect, when compared to the electromagnetic forces applied through tension, as a
result of that, electrospinning can be performed either on a vertical or horizontal axis.
Although a horizontal axis approach was used in this project, the vertical axis assembly
is ilustrated in this chapter [9, 33].

1.3 State of Art

The following bibliographic review presents the advances that have been achieved to date
and reported in the literature, in order to provide the nanofibre membranes with pores

of dimensions and interconnectivity suitable for the cellular migration to their interior.

5



CHAPTER 1. INTRODUCTION

Pumped Polymer Melt/Solution

KV Applied KV Taylor Gonel ™,

High Voltage

—— Spinneret

e Centreline

Collector

Figure 1.2: Electrospinning of a polymer and formation of the Taylor cone due to the
accumulation of charges to the surface of the solution in the presence of an electric field.

1.3.1 Reference of the Use of Porogenic Agents

Plikk et al. have demonstrated that it is possible to produce matrices with complex
porous structures (eg. tubular formations) using the salt leaching technique. By altering
the shape, size and quantity of porogenic agent used it is possible to effectively control
the porosity of the matrix. With the use of sodium chloride (NaCl) as a porogen, it was

possible to obtain mechanically resistant matrices, with porosities around 93% [29].

In 2008, Kim et al. produced a three-dimensional porous matrix by electrospinning
of hyaluronic acid (HA) nanofibers and collagen in combination with the salt leaching
technique. In this approach, the salt particles were sieved over the deposited nanofibers

during the electrospinning process [18](Figure 1.3).

High voltage power
supplier

Figure 1.3: Technique for the use of porogenic agents. (A) Schematic, with the electrospin-
ning process and the porogen being sifted over the electrospun scaffold. (B) Photograph
of the resulting porous matrix [18].
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In 2009, Wang et al. developed a new method to prepare porous matrices using the
salt leaching technique (Figure 1.4. In this method, the porogenic agent composed of
nanoparticles of salt was added directly to a polymer solution of PCL. With the aid of
ultrasound, they obtained a solution with salt and polymer they were able to electrospin.
Therefore, the porogenic agent was incorporated directly into the nano matrix fibers
during the electrospinning process [36]. As can be seen in figure, Wang et al. detected
the formation of salt aggregates in the solution even after the ultrasound, which resulted
in the appearance of larger and poorly distributed pores [36].

Figure 1.4: SEM images of: (A) non-porous PCL fibers; (B) surface morphology of a
porous PCL matrix; (C) matrix before salt leaching; (D) matrix after saltleaching. [36]

They concluded that the uniform distribution of the salts in the solution and their
stability throughout the entire manufacturing process are fundamental requirements for

the efficient production of a porous matrix by electrospinning [36].

1.3.1.1 Sucrose as a Porogenic Agent

This technique is known as salt leaching because salts are commonly used as porogenic
agents, but the use of ammonium chloride, gelatin, paraffin, and sucrose or glucose are
also documented [30].

Dorati et al. in 2009 analyzed the effect of sucrose as a porogenic agent on the mechan-
ical, physicochemical and structural properties of a polymer matrix. They determined
that the porogen choice has direct implication in the three-dimensional structure (pore
size, porosity, density, and mechanical properties) and physicochemical structure of the
matrix. The use of cubic sucrose crystals gave rise to pores also having a cubic shape,
thus confirming that the shape of the porogenic agent has a consequence in pore form.
The sucrose gave rise to a matrix with larger pore size, higher porosity, and lower density

compared to another matrix produced with the usual NaCl as porogenic agent [8].
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Scaffold # Porogen Apparent density (g/L)? Porosity (%) Pore size (um)® Compressive modulus (MPa) Yield strength (MPa)
1 Nacl 0.12 + 0.03 83.77 + 0.62 200-300 3.66 04
2 Sucrose 0.088 = 0.01 89.44 + 04 200-600 243 0.22

* Determined by displacement method (solvent — ethanol).
b petermined by SEM.

Figure 1.5: Density, porosity and pore size of PLGA matrices prepared using two different
porogen agents (NaCl or Sucrose) [8].

The larger pore size which was revealed by SEM analysis in the case of sucrose may
have been caused by sucrose residues which had not been removed during the period
in which the matrix was submerged in water for dissolution of the porogen, i.e. after
this step the scaffolds were dried by lyophilization, which creates stress in the porous
structure, sometimes leading to its destabilization and deformation. Dorati et al. state
that the sucrose residues may have functioned as a cryoprotectant and thus have protected

the fragile porous structure of the matrix, stabilizing its 3D architecture [8].

1.3.2 Reference to the Use of Sacrificial Fibers

Baker et al. described in 2007 the production of a hybrid matrix, where through the
removal of sacrificial PEO fibers it was possible to increase the pore size and porosity of a
PCL matrix manufactured by electrospinning. The matrices were fabricated by deposition
of PCL and PEO aligned fibers simultaneously in the same collector, at a 60:40 PCL:PEO
ratio, trying to ensure at all times the interlacing of the fibers. After electrospinning, the
matrices were placed in water to dissolve the PEO fibers. The total removal of PEO with
water was visually confirmed. The PCL and PEO fibers were doped with red and green
fluorescent molecules respectively, and after removal of the sacrificial fibers with water
the matrices were observed under a fluorescence microscope to confirm only the presence
of the fibers doped with green fluorescent molecules. Mechanical tests were performed
on the matrices after being submerged in water to remove the PEO and to non-submerged
matrices in water for comparison of results. The mechanical tests detected a loss of mass
of the order of 40% and only small deposits of PEO were detected. The tensile tests
showed that the PCL + PEO matrices after the removal of the PEO fibers do not tolerate
as much load which is indicative of a lower relative density of PCL, however the stress-
strain curve is very similar to the curve of a matrix of pure PCL, with a reduction of
Young’s modulus [4].

To determine the influence of the removal of PEO fibers on cell infiltration, the matri-
ces were seeded with mesenchymal stem cells (MSCs) for three weeks. At the end of the
cell culture period, the matrices were cut crosswise and the mean transverse proliferation
distance was measured by quantification of nuclear position by nuclear labeling with
DAPI (4, 6-diamidino-2-phenylindole). Cellular infiltration assays were done on matri-
ces with different quantities of the sacrificial component, and it was also demonstrated
that an increase in PEO content improves cell infiltration. One limitation detected in this

study, was that, although cell infiltration was improved it was not even through all the
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scaffold volume. The best results obtained were with 60% sacrificial fiber removal, where
about 45% of the cells remained at the outer quarter of the scaffold while only approxi-
mately 12% reached into the central quarter in a 200 pym thick scaffolds. However, this
issue can possibly be addressed with a longer cell culture time, allowing cells to prolifer-
ate more evenly. Baker et al. demonstrated that it is possible to increase the permeability
of the matrices produced by electrospinning, and thus to enhance cell infiltration through
the removal of sacrificial components [4].

In 2009, Lowery et al. obtained similar results, also with a PCL + PEO hybrid matrix.
Also in this study, the PEO functioned as a sacrificial component to increase pore and
porosity of the PCL matrix. They concluded that matrix architecture has a major impact
on cell growth and that porosity and pore size, in particular, have much influence on cell

proliferation [25].

1.3.3 Reference to the Combination of a Porogenic Agent with Sacrificial
Fibers

In 2013, Thadavirul et al. [35] used the combination of two techniques in the manufac-
ture of a porous 3D matrix. They fabricated a hybrid matrix composed of a structural
component of PCL and another sacrificial component of PEG with the addition of crystals
of sodium chloride (NaCl) as a porogenic agent. This matrix was characterized and the
data were compared with the properties of another PCL matrix treated only with NaCl
and without PEG. They concluded that this hybrid matrix is more porous, has a larger
pore size, and more interconnectivity between pores. The results also demonstrated that
the PEG sacrificial component has a direct relationship with the morphological changes
observed in the matrices. With the increase in molecular weight of PEG from 200 g/-
mol to 1000 g/mol, porosity and interconnectivity increased considerably. In vitro tests
with bone cells revealed that the combination of the sacrificial part (PEG) with the poro-
genic agent (NaCl), resulted in substitutes capable of supporting cell proliferation and
differentiation considerably better [35].






CHAPTER

MATERIALS AND METHODS

2.1 Materials

2.1.1 Polycaprolactone

Poly (e-caprolactone), (PCL) commonly referred to as polycaprolactone is a synthetic,
aliphatic, biocompatible, and biodegradable polyester approved by the Food and Drug Ad-
ministration (FDA) for use in humans [2, 20]. PCL, with molecular formula (C4H;7O5),,,
is synthesized by the polymerization of the e-caprolactone monomer after the opening of
its cyclic ring. The use of different catalysts for the catalytic reaction results in different
molecular masses, different terminal groups and different chemical structures [10, 40].
PCL’s average molecular weight ranges from 3,000 - 80,000 g/mol. It is a semi-crystalline
polymer having a melting point between 59-64 °C and a glass transition temperature
of -60 °C. The slow degradation of PCL in the physiological environment occurs in two
stages: (1) hydrolysis of the ester bonds and (2) subsequent absorption and intracellular

degradation of PCL fragments without cellular damage [2, 14].

Due to the rheological and viscoelastic properties of PCL, it is possible to it through
the electrospinning process, for the production of micro/nano fibers for tissue engineer-

ing scaffolds [7].

PCL is also compatible with other polymers, allowing the creation of copolymers
with different crystallinity, solubility and degradation time. These attributes make PCL
a widely used material in the study of various pharmaceutical, medical and biomedical
applications, such as slow drug delivery systems, prostheses, implants, biodegradable

sutures, and tissue engineering scaffolds [38].
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2.1.2 Gelatin

Gelatin is derived from collagen by controlled hydrolysis. It is a natural biopolymer
and is highly efficient for the production of substitutes for use in Tissue Engineering [6].
Collagen is an important protein found in native ECM and potentiates cell prolifera-
tion [22]. It is one of the main components of connective tissues and is also found in
the skin, tendons, cartilage, and bones. The collagen protein has, in its constitution,
Arginine-Glycine-Aspartate (RGD) polypeptide sequences, which are anchor points to
the RGD integrins present in cell membranes for cell adhesion. Gelatin, when used for
electro-spinning, allows the production of micro/nanofiber scaffolds very similar to the
native ECM [42].

Gelatin also has excellent biocompatibility and biodegradability. Some of its charac-
teristics that allow gelatin to have these benefits are what makes it too hydrophilic and
very hydro soluble. For this reason, gelatin or matrices with gelatin in their composition

must be crosslinked to reduce their solubility [42].

2.1.3 Combination of PCL with Gelatin

PCL is a synthetic polymer with good mechanical properties, such as its elastic modulus
and ductility, for use in the production of electrospun scaffolds. However, it does not
have binding sites for integrins and is hydrophobic, which makes it a poor polymer for
cell adhesion [42].

A matrix produced by combining PCL with a natural polymer such as gelatin is com-
monly used in Tissue Engineering. It is thus possible to combine the good mechanical
characteristics of PCL with the beneficial ones of gelatin - the cell adhesion sequences [38].

Gelatin, when combined with PCL, leads to increased PCL hydrophilicity and also
improves interaction between cells and the scaffold, which results in a better cell adhesion

capacity of the hybrid matrix.

2.1.4 Polyethylene Oxide

Polyethylene oxide (PEO), also known as polyethylene glycol (PEG), has the chemical
formula C,,Hy, + 20,, + 1. The term PEG is usually applied when the polymers have an
average molecular mass of less than 20,000 g/mol while PEO for polymers with higher
masses. PEO is a biocompatible, biologically inert, and soluble in water [26] and in many
other solvents [11, 31].

2.2 Solutions

Concerning the production of the matrices, the PCL:GEL and PEO/sucrose polymeric
solutions (PEO/sucrose, PEO fibers when added with sucrose) were first prepared. The

polymers used were PCL (mean molecular weight Mn = 80 kg/mol), cold water fish skin

12



2.2. SOLUTIONS

gelatin, and PEO (molecular mass Mw = 100,000 kDa). All polymers that were used were
of the Sigma-Aldrich brand. Two solvents were purchased: (1) glacial acetic acid (99.7%
purity, Fisher Chemical brand) for use with the PCL:GEL solution, and (2) chloroform
stabilized with ethanol to be used in the solution of PEO, of the brand CARLO ERBA
Reagents. The porogenic agent chosen to be added to the PEO solution was sucrose (p
= 1.59 g/cm3, sugar of the Sidul brand) because it had a density similar to that of the
chloroform solvent (p = 1.49 g/cm?). This way we can have a solution as homogenous as
possible. Prior to the preparation of the solutions, chloroform had to be saturated with
sucrose. This is to prevent dissolution of the porogen when it is added to the PEO solution.
The PCL:GEL and PEO solutions were used individually, and also simultaneously for the

production of the various matrices.

2.2.1 Preparation of Solutions

Three different solutions were prepared with the following compositions:

* A solution composed of PCL plus gelatin (PCL:GEL) polymers in equal proportions,
dissolved in a solvent composed of glacial acetic acid and distilled water. This
solution served to produce the main matrix, to which we want to enhance its cel-
lular infiltration capacity. The composition of this solution was determined and is
described by the author, MSc Luis Miguel Dias Martins.

Table 2.1: PCL:GEL solution composition.

Label Composition

PCL - 50%

Gelatin - 50%

Glacial acetic acid - 95%
Distilled water - 5%

Solute - 20%

PCL:GEL
Solvent - 80%

* The other solution prepared is composed of PEO at the 10% mass percentage dis-
solved in chloroform saturated with sucrose. This solution acts as a sacrificial and
transport matrix for the porogen, and was used in combination with the PCL:GEL
solution to obtain a hybrid matrix. It was designated by PEO/G#, where G# refers
to the granulometry of the porogenic agent incorporated in the solution, which may
have four different sizes: G1 = 0 to 50 ym; G2 = 50 to 100 ym; G3 =100 to 150 ym;
and G4 = 150 to 200 ym. The concentration of porogenic agent was always 10%
(w/w). When there was no incorporation of the porogenic agent the designation

used was GO.

e A solution of 20% PCL dissolved in 95% acetic acid with 5% distilled water was also

produced for fluorescence assays so that it was possible to determine the efficiency
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Table 2.2: PEO solutions composition.

Label Solute (%) Solvent (%) Porogen (pm)
abe PEO Chloroform Sucrose
G1 =0-50(10%.w/w)
_ B 0,
PEO/G 10 %0 G2 =50 - 100 (10%.w/w)

G3 =100 - 150 (10%.w/w)
G4 = 150 - 200 (10%.w/w)

of the removal of PEO sacrificial fibers. Despite the autofluorescence of gelatin, it
was not used because after the ultrasonic baths it lost its fluorescence properties.
When Rhodamine B (a fluorescent compound used in the fluorescence assays) was
added, the electrospinning jet became unstable, due to that a solution without

gelatin in its composition was chosen.

PEC

(a) PCL:GEL. (b) PEO.

(c) PCL.

Figure 2.1: Solutions aspect.
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2.2.1.1 Production of Sucrose Crystals in Different Granulometry

Sugar is supplied in the form of crystals having sizes that range from approximately
50 ym up to about 500 ym. Crystals were milled using a blender (Figure 2.2a), and
subsequently graded using four sieves of the brand Analysensieb (Figure 2.2b). These
sieves have nets with the following dimensions: 50 pm; 100 ym; 150 gm and 200 ym. The
sugar is placed on top of the 200 ym sieve, and the set of sieves is placed in an electric
sieve shaker (model AS 200 of the Retsch brand). This equipment generates a throwing
movement with three-dimensional angular momentum, which tosses the crystals evenly
over the entire surface of the sieves. The selected vibration amplitude was 1.20 mm
during 15-minute cycles. The crystals obtained were placed in flasks identified with their
dimensions and closed to avoid moisture absorption by the sugar. Prior to grinding the
sugar package was vacuum packed in a desiccator overnight to remove moisture and

prevent the formation of agglomerates.

(a) Blender. (b) Sieves shaker.

Figure 2.2: Equipment utilized to mill and grade the sucrose crystals.

2.2.1.2 Procedures for the Production of Solutions

To produce the PCL:GEL and PCL solutions, the following procedure was followed. Tak-
ing into account the quantities already mentioned, the reactants were added in the fol-
lowing order: first the water; then the glacial acetic acid; and finally the polymers. The
solutions prepared were placed on a magnetic stirrer until the following day to dissolve
the polymers. To help ensure good dissolution of the polymers in a short time, it is desir-
able to avoid dispersion of polymer on the walls of the flask. This was accomplished by
placing the magnet prior to the addition of the polymers in the solvent, and setting a slow
rotational speed of the magnetic stirrer. To ensure complete dissolution of the polymers,
even from small clumps not visible to the naked eye, the solutions are sonicated for about
3 hours for the PCL:GEL solution, and about 1 hour for the PCL solution. With this, we

avoid that small beads and fibers with non-uniform diameters are formed during the
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electrospinning process. To avoid degradation of the polymers, these solutions should be
used up to a maximum of 48 hours after they have been produced.

To produce the PEO/G# solution, the following procedure was followed. Taking into
account the quantities already mentioned, the reactants were added in the following
order: chloroform first and then PEO. The solution prepared was placed on a magnetic
stirrer overnight to dissolve the polymer. The next day it was possible to use the solution
without any further treatment. From the PEO solution flask, just before electrospinning,
a known amount of solution was withdrawn to another flask (also with a magnet) and the
porogen was added in the granulometry and desired amount. As in the grinding process,
prior to the use of the porogen in the solution, the grains of the desired granulometry
were placed under vacuum in a desiccator overnight to remove residual moisture and
prevent the formation of agglomerates, also facilitating their weighing. The solution with

the porogenic agent was placed on the magnetic stirrer until the grains dispersed evenly.

2.3 Scaffold Production

2.3.1 Experimental Arrangement

The same experimental set-up and parameters were used for the production of all the
different matrices (Figure 2.3). Individual PCL:GEL and PEO depositions were also made
for comparison of the electrospinning parameters, scaffolds properties and improvement

of the solutions.

Figure 2.3: Experimental Arrangement.

The PEO/G# solutions are placed in 10 ml glass syringes due to the use of chloroform
as the solvent. A G16 metal needle is attached to the syringe.
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For PCL:GEL and PCL solutions, plastic syringes were used with an attached G21
metal needle.

The syringes with the solutions are placed perpendicular and on opposite sides of the
anode (mandrel). The syringe with PCL:GEL or PCL is at the same height as the collector,
while the syringe with PEO must be 10 cm higher than the collector.

Both components are mounted on a digital infusion pump and the following parame-
ters are inserted: solution flow rate and syringe diameter. The infusion pumps used were
two CHEMYX model Fusion100. To generate the electric field between the needle and
the collector, a high voltage source (built in GREAT) is used. With the aid of two cables
with crocodiles, the high voltage is applied to the needles and the collector (also built in
GREAT) connected to the ground. The collector used for the production of all matrices
is a cylindrical collector (a.k.a. mandrel or anode). Normally, this collector would only
be used for the production of PCL:GEL + PEO/sucrose hybrid matrices, but as it was
the objective to make comparative essays among all the matrices produced, the same
collector was always used. The mandrel has two electric motors, which allow two degrees
of freedom: (1) rotation and (2) translation perpendicular to the needle, which allows the
fiber deposition longitudinally throughout the collector.

The deposition of the fibers is done on aluminum foil lining the entire collector. The
choice of aluminum foil rests on its properties (good electrically conductive and mal-
leable) that allow covering the entire collector and at the same time define an equipoten-

tial over the entire mandrel’s surface.

2.3.2 Eletrospinning Parameters

The parameters applied to the different solutions were optimized during the course of
this work. Some of these parameters, especially those used in PCL and gelatin matrices,
are the result of previous work done at GREAT.

The electrospinning of the matrices was always done at approximately 40% relative
humidity and 22°C. These parameters were constantly analyzed by a sensor, of the brand
Rotronic, model Hygrolog. The temperature adjustment was made using the air condi-
tioning available in the laboratory, and the humidity with a humidifier placed inside the
electrospinning chamber. Immediately after production, the matrices are placed in a
desiccator for a minimum of two days for complete evaporation of the solvents, as seen

in Figure 2.4.
PCL:GEL + PEO composite matrix with sucrose crystals
This hybrid matrix results from the deposition of two independent fibers. One of

PCL:GEL and another of PEO in equal quantity. This deposition was designated by,
PCL:GEL + PEO/G#.
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Figure 2.4: Post-electrospun scaffold inside the desiccator.

Production Parameters:
* PCL:GEL - needle-collector distance: 24 cm; flow rate: 0.3 ml/h; high voltage: 16kV.
* PEO/G# - needle-collector distance: 30 cm; flow rate: 0.3 ml/h; high voltage: 16kV.

To obtain matrices of sufficient thickness to carry out cell infiltration tests, we must
have depositions with a minimum thickness of about 100 ym. For this reason, 6h contin-
uous depositions were made, both for the matrices that would be used in in vitro tests,
and those used for characterization and mechanical tests. The deposition has an average
width of 127 mm.

It is important to connect the PEO syringe infusion pump first. By first laying a layer
of PEO on the aluminum foil, in the post-production stages such as washing, it is easier
to remove the scaffold from the aluminum foil. In addition, after washing the matrices
have morphologically symmetrical surfaces on both sides, otherwise, the surface against

the aluminum foil would be flat.
PCL + PEO composite matrix

This hybrid scaffold also results from the deposition of two independent fibers. One
of PCL and another of PEO in equal quantity. This type of deposition was done for the
fluorescence labeling assay.

Production Parameters:
* PCL - needle-collector distance: 24 cm; flow rate: 0.3 ml/h; high voltage: 18kV.

* PEO - needle-collector distance: 30 cm; flow rate: 0.3 ml/h; high voltage: 18kV.
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Because it has no gelatin in its constitution, there is no need to crosslink this scaffold.

2.3.3 Scaffold Crosslinking

The various tests carried out throughout this work imply that the matrices have to com-
pletely submerged for long periods of time. This is the case of washing for the removal
of PEO sacrificial fibers and sucrose porogenic agent, to perform tensile tests and in
vitro tests. Since the matrices produced are sometimes composed of gelatin, they have
a high rate of degradation and solubility. It is therefore important to ensure that fibers
containing gelatin retain their physicochemical properties and morphology.

The crosslinking process leads to the creation of new covalent bonds between the
amine groups of the gelatin polymer chains. Therefore, during the crosslinking process,
there is a shortening and hardening of the matrix. To avoid contraction of the gelatin, the

matrices are fixed to a flat metal plate with clamps, as seen in Figure 2.5.

Figure 2.5: Scaffold fixed to a flat metal plate.

Inside a plastic container and together with the matrices, two crystallizers, each with
approximately 15 ml of a 50% prewarmed solution of Merck KGaA glutaraldehyde (GTA)
are placed. The GTA solution is used as supplied without any prior processing. The
plastic container is hermetically sealed (Figure 2.6) and placed inside the oven at 37°C
for 4 hours.

Due to the toxicity of GTA, after the crosslinking process, the matrices are allowed to
stand in the chemical hood for 48h to allow excess GTA to evaporate. All manipulation

of the matrices in this step was done inside the laminar flow chamber.

After this treatment, the matrices were stored until needed.
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Figure 2.6: Crosslinking container with two crystallizers inside.

2.3.4 Scaffold Washing

The washing step serves to remove the PEO sacrificial fibers and the porogenic agent
(sucrose crystals) which are present in the matrices. The washing also serves for the
smooth removal of samples from the aluminum foil where they were collected without
damaging fibers.

The matrices are cut into the formats and sizes necessary for the assays and placed
in petri dishes in a 10 mg/1 glycine solution during 3 days, renewing the solution every
day. The glycine solution serves to react with any remaining GTA residue in the matrices,
resulting from the cross-linking process. At the beginning of this step, when wetting the
fibers, while using tweezers it is possible to safely remove the aluminum foil without
damaging the fibers.

After the 3 days in submerged in a glycine bath, the matrices are ready to be used.

2.4 Scaffold Characterization

With the exception of the optimization phase of the electrospinning solutions and param-

eters, the characterization was done post glycine treatment.

2.4.1 Morphological Analysis

During the optimization of the solutions and the electrospinning parameters, an optical
microscope (Nikon Eclipse LV100), was used to observe short-term depositions on glass
slides. This optical microscope has a built-in camera that allows the photographic record-

ing of the samples obtained. This way, it was possible to record the consequences of the
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adjustments made, and thus, to continuously improve the whole process. This optical mi-
croscope also served as equipment for quality control during the electrospinning process
of the final matrices.

After process optimization, the final products were visualized by Scanning Electronic
Microscopy (SEM). SEM analysis was performed on the HITACHI TM3030 Plus + Quan-
tax70 benchtop equipment at CENIMAT/I3N facilities.

SEM images made it possible to observe the quality of the PEO fibers, with and with-
out the porogenic agent, and the hybrid matrices of PCL:GEL + PEO/G# and to make
a visual comparison of the different samples. It also served as a visual analysis of the
crosslinking process. SEM images were recorded at different magnifications and later
analyzed using the software Fiji is Just Image] (open source Software), and the histogram
for fiber diameter in Excel (Microsoft) and KaleidaGraph, version 4.5 (Synergy Software).

For the SEM observation, the samples were cut into small pieces and glued with carbon
double-sided adhesive tape to a metallic disk that supports the samples and recorded
their positions. The samples being polymeric, and having a low conductivity were coated
with a 5 nm thick layer of Iridium by cathodic sputtering for a better final image (as seen

in Figure 2.7).

Figure 2.7: Metallic discs with scaffold samples ready to be analyzed on SEM.

2.4.2 ATR-FTIR

Through Fourier Transform Infrared Spectroscopy (FTIR) we can determine which com-
pounds are present in the samples. A beam of electromagnetic radiation excites the
molecules by changing their vibrational states. The frequency of the absorbed radiation
is characteristic of the molecular bonds, thereby allowing the chemical composition of

the matrices produced to be confirmed and the crosslinking procedure to be analysed.
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In conventional FTIR the beam is passed through the sample and traversed in the
sensor located on the opposite side of the sample. In the ATR-FTIR analysis, an attenu-
ated total reflection (ATR) module, consisting of a crystal with a refractive index greater
than the sample, is mounted. The crystal diffracts the IR beam so that it is incident on
the sample at a given angle. As a consequence, the beam reflects at least once in the
sample. This reflection is called the EW (Evanescent Wave) which traverses the sample
by penetrating it about 0.5 to 2 micrometers, depending on the beam’s wavelength, the
angle of incidence and the refractive indexes of both the sample and of the crystal. The
EW wave on leaving the crystal is detected on the sensor on the same side as the IR beam
source. With the ATR module, it is possible to observe thick samples (such as the matri-
ces produced during this project) that with the conventional FTIR would be impossible,
because the beam does not have the capacity to cross the samples directly from one side
to the other.

The ATR-FTIR equipment used was the Thermo Scientific Nicolet 6700 FT-IR with
the attached SMART iTR ATR module (Figure 2.8). This analysis was carried out at
CENIMAT / I3N. The range of wave numbers used in the analysis of samples was 500

cm~! to 4000 cm~L.

Figure 2.8: ATR-FTIR equipment.

2.4.3 Mass Loss Assays

A mass loss test was performed to assess the efficacy of the crosslinking process by de-
termining the amount of gelatin that is dissolved with distilled water. Comparing the
mass loss of PCL:GEL matrices crosslinked for different amounts of time, it was possible
to determine the duration of treatment time with GTA to which the electrospun matrices

have to be subjected. Since PCL is hydrophobic, and the non-crosslinked gelatin is very
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hydrophilic and poorly water resistant, it is important that the mass loss be the least
possible.

For this assay three PCL:GEL matrices were produced, with a 6h continuous deposi-
tion time. Each of these matrices was cut transversely into five equal pieces. Of these
five pieces, one was stored and the other four were each one placed to crosslink during
different intervals: 1h; 2h; 3h; and 4h.

Fifteen glass vials were numbered, preheated to ensure there was no condensation
inside the vials, and weighted without the cap. Three samples of each piece were placed
in each vial for a given cross-linking time. Three flasks corresponded to non-crosslinked
matrices, others three to 1 h of crosslinking, and the other flasks to 2h, 3h, and 4h re-
spectively. With the samples inside, they were left in the oven at 37 °C overnight so as
to ensure that the samples were free of moisture, and again weighed. After we know the
weight of the dried samples and still with the aluminium foil, they are then submerged
in ultrapure water, and placed on the shaker inside the oven at 37°C for 4 days, changing
the water each day. The water is then withdrawn, and the samples allowed to dry in
the oven at 45 °C for two days and again weighed with the flasks. Weighing must be
done as quickly as possible, avoiding too much time with the samples out of the oven to
avoid absorbing moisture from the air. After being weighed, the samples are washed out
from the aluminium foil, which is dried in the oven and also weighed. The weight of the
aluminium paper is subtracted from the final weight of the samples, and also subtracted
from the weight of the dehydrated matrices on the first day corresponding to the initial
weight of the PCL:GEL matrices. The subtraction of these two masses results in the mass
loss value for each crosslinking time. Statistical analysis was done with Excel software
(Microsoft) and KaleidaGraph, version 4.5 (Synergy Software).

The calculation of the mass loss was done according to the following equation 2.1:

mass loss (%) = T=TE 1 00% (2.1)
my

Where m; is the mass of the sample before being submerged and mp is the mass of
the sample after being submerged. Note that, both to m; and mr we must subtract the

corresponding mass of aluminum foil as previously described in this section.

2.4.4 Fluorescence Assays

To confirm the efficiency of the washing process in the removal of PEO sacrificial fibers,
the fibers were doped with two fluorescent compounds. For this assay a PCL+PEO matrix
was made, without gelatin. Rodamine B at 0.001% w/w and 0.01% w/w Fluorescein
were added to the solutions respectively (Figure 2.9). Warning: Rhodamine B is toxic
and therefore it is necessary to use face masks, goggles and two pairs of nitrile gloves
because Rhodamine B is absorbed by polymers and can cross the gloves. The solutions
after being used are stored for about two days in glass containers with chlorinated tap

water for inactivation of rhodamine B.
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(a) PCL. 7 (b) PEO.

Figure 2.9: PCL and PEO solutions doped with Rhodamine B and Fluorescein respectively.

Then, the matrix was spun as described in the experimental procedures. During the
electro-spinning process, glass slides were glued to the collector with tape-glue over the
aluminum foil. Fibers were then collected on the glass slides for 1 min and subsequently
observed at a magnification of 400x and 1 second exposure time on the Nikon Eclipse
Ti-S epifluorescence microscope, equipped with a mercury discharge lamp and a Nikon
D610 camera. Some of the glass slides with the samples previously to be observed under
the microscope were washed for PEO fiber removal.

The acquired images were later analyzed and edited using Fiji software.

2.4.5 Tensile Tests

Traction assays were performed on the PCL:GEL individual deposition matrices and
the hybrid matrices of PCL:GEL + PEO/G#. These tests served to assess some of the
mechanical properties of the matrices, and how these properties vary according to the
different solutions used. These tests, because they were always done under the same
experimental conditions, allowed the comparison between the different matrices.

The equipment used is from Rheometric Scientific and controlled by MINIMAT soft-
ware (P.L. Thermal Sciences, v1.60) with a 20N load cell.

For this assay 3 replicates of each of the following matrices were produced: PCL:GEL;
and PCL:GEL + PEO/G#. The matrices were crosslinked and washed for removal of silver
paper, sacrificial fibers, and porogen. Subsequently, each matrix was cut into five samples
with the dimensions of 3x1 c¢cm, and the samples were placed in Petri dishes identified
with the type of matrix to which they correspond.

Tensile tests were performed on all hydrated samples, on a total of 90. The tests
were done on the hydrated samples to approximate the test to the reality in which these
matrices would be used, which is hydrated and in the physiological medium. In addition,

being hydrated facilitates the experimental setup process, because matrices which contain
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Figure 2.10: Sample being tractioned.

gelatin and have been cross-linked are very fragile when dry.

The tests were performed at an elongation rate of 5 mm/min. For each sample, the
thickness and width were registered, as well as the initial distance (Iy) between the two
clamps that hold the sample (Figure 2.10). The machine pulls the test pieces and the
software collects information in real time on the applied force (F) and the elongation (Al).
With the data retrieved from the tensile tests, we can draw the stress-strain curves using
the following equations 2.2 and 2.3:

F
o = Z (22)
€= al (2.3)
lo

For small stresses, the traction curve is linear and corresponds to the zone of the elastic
behavior of the sample. The stress-strain relation in the elastic region is given by Hooke’s
law (see equation below 2.4), where E is the elastic constant, also called the Young’s

Modulus, which corresponds to the slope of the stress-strain curve in the elastic region.

oc=E-¢ (2.4)

Since there are 90 tests, and a large amount of data to treat, an Excel file was used with

a macro developed in GREAT, by Prof. Dr. José Ferreira, to directly obtain the values of
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the Young’s Moduli. The data obtained were statistically treated in Excel and the graphs

were drawn on KaleidaGraph.

2.5 In Vitro Assays

Two cell assays were performed on the PCL:GEL and PCL:GEL + PEO/G# matrices. This
step allows determining the ability of the matrices to promote cell adhesion, proliferation,
and infiltration. By comparing the different matrices analyzed, it is also possible to
know if the combination of selected techniques (salt leaching with sucrose and the use of
sacrificial fibers) have resulted in the potentiation of cellular infiltration and if they do

not have a negative influence on cell viability.

It is essential that all procedures relating to cellular assays occur in a sterile environ-
ment and that there is no contamination (bacterial, viral or fungal) of the cells, samples or
solutions used. Any contamination hinders any reliable analysis of the results. To ensure
sterility, all steps were performed inside a Level II microbiological safety chamber (Esco
Labculture II) in the GREAT cell culture laboratory. All solutions and materials used
were pre-sterilized in an autoclave and subjected to UV (ultraviolet) radiation inside the

microbiological safety chamber.

The use of a clean lab coat, disposable gloves, and a surgical cap are required to avoid

contamination by the user during procedures.

2.5.1 Preparation of Samples for Cell Culture

For the cell assays, 5 circular samples with 12mm diameter of the electrospun and
crosslinked matrices of PCL:GEL and PCL:GEL + PEO/G# are cut out. For this, a metal

punch and hammer are used.

The collected samples are taken into the microbiological safety chamber and sub-
merged in 90% ethyl alcohol in pre-autoclaved glass Petri dishes. They are allowed to
stand for 20 minutes. During this step, the aluminum foil is removed from the samples

with the help of two sterile metal tweezers.

The samples are then submerged in a sterile glycine (10 mg/1) solution for three
days to inactivate the GTA residues and removal of the sacrificial fibers of PEO and
the porogenic agent (if they are present). This solution should be changed every day and
whenever possible irradiate the materials with UV light. After this treatment, the samples

are ready for use in the cell culture assays.

The samples were mounted on teflon supports and placed in 24-well plates as seen in
Figure 2.11. The purpose of these teflon supports is to secure the matrices, preventing

them from loosening or floating during cell assays. The exposed sample area is 0.5 cm?.
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Figure 2.11: Teflon supports mounted on a 24-well plate.

2.5.2 Cell Culture with the HFFF2 Cell Line

For in vitro assays, the adherent and non-tumor cell line HFFF2, which are human skin
fibroblasts, was chosen. Cell lines have the advantage of being composed of a single
cell type. This is advantageous for the validation of the experimental tests, in that we
can better correlate the data obtained with the parameters tested, not increasing the
entropy with factors that we can not control, such as different types of cells present with
different biological behaviors. Non-tumor cell lines, however, have a limited number of
cell divisions (about 30-40 mitosis) until they undergo senescence. HFFF2 were obtained
from the European Collection of Authenticated Cell Cultures, UK.

Culture medium consisted of DMEM (Dulbecco’s Modified Eagle’s Medium, Sigma-
Aldrich #D5030) supplemented with 1.0 g/L D-glucose (Gibco, #15023-021), 3.7 g/L
sodium bicarbonate (Sigma-Aldrich, #S5761), 1% GlutaMAX™(L-alanyl-L-glutamine
dipeptide, Life Technologies, #35050-038), 1% sodium pyruvate (Gibco, #11360039),
penicillin (100U/ml) and streptomycin (100 pg/mL) (Invitrogen, #15140122), 10% FBS
(Fetal Bovine Serum, Invitrogen, #10270106). To the culture medium were further added

the following antibiotic amount: 20 pg/ml gentamicin.

Cells are allowed to proliferate on T25, placed in a Sanyo MCO19AIC (UV) incubator
until they reach a confluence state of about 70% to 80% for seeding on the samples.

Seeding density was 30000 cells per cm2. The two cell control wells in the culture dish
were also seeded with the same cell density. The culture plates were left in the incubator
for cells to adhere and proliferate. The culture medium was changed every three days or
when cell viability assays were performed following the experimental protocol described

next.
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2.5.3 Cell Culture Viability Assays

Over the cell culture period, resazurin tests were performed regularly to quantify cell
viability and thus obtain cell adhesion rates to matrices and proliferation. Resazurin
is a blue dye that is metabolized by the cells and thus reduced to resorufin - the pink

fluorescent compound.
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Figure 2.12: Schematic representation of the reduction of resazurin to resorufin by the
enzyme NAD (nicotinamide adenine and dinucleotide) by metabolically active cells.
[adapted from http://file.biotool.com/downloads/Vita-Blue-Cell-Viability-Reagent.pdf]

The change in the color of the medium is proportional to the number of living. The
variation is measured by reading the absorbance at 600 nm (absorption peak of resazurin)
and at 570 nm (absorption peak of resorufin). Resazurin is not cytotoxic at the concentra-
tion used, which allows for cell analysis without compromising cell viability.

For this assay, a solution composed of resazurin at 0.04 mg/ml and complete culture
medium was produced at a 1:1 (v/v) ratio. This solution was distributed into the cul-
ture wells in the following amounts: 200 ul/well of solution in the sample wells; and
800 pl/well of solution in the control wells. Cells were incubated for three hours with
resazurin, after which the absorbance was read.

To read the absorbance, 130 ul of the solution was withdrawn from each well as
uniformly as possible and placed in a 96 well plate, as seen in Figure 2.13.

To read the absorbance, a Biotek ELx800 UV plate reader (Figure 2.14) was used, and

the statistical treatment was done with Excel software.

2.5.4 Cell Culture Infiltration Assays

For the quantification of cellular infiltration, the nuclear labeling method with DAPI was
used (Figure 2.15). DAPI binds strongly to DNA regions rich in Adenine and Thymine
bases. When bound to DNA, it increases its fluorescence by a factor of approximately 20x,
leaving the nuclei visible by epifluorescence microscopy.

This method involves cell fixation and is, therefore, the terminal step in the cell
culture. The matrices will be removed after three to four weeks from the culture wells.
Cells are fixed with paraformaldehyde (PFA). Fixed cells are labeled with DAPI and

observed under the microscope. The side of the matrix where the seeding was done and
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Figure 2.15: Nuclear labeling of cells with DAPI at GREAT cell culture laboratory.
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then the opposite side is displayed. If cells on the opposite side are detected it is a good
indication of the ability of the cells to traverse the matrices. These results were compared

between the different matrices produced.
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3.1 Determination of the Scaffolds Production Parameters

In order to successfully electrospinning the solutions used in this work, it is first necessary
to study the parameters that guarantee a stable deposition of the different fibers with the
desired morphology. The rigorous study of these parameters is also of great importance
in order to be able to replicate the results later.

For the production of PCL:GEL + PEO/G# hybrid matrices with the different sizes
of sugar crystals, PCL:GEL and PEO solutions were studied individually to facilitate the
optimization of the different parameters and perception of how each parameter affects
the quality of the fibers. The optimization of PEO went through three phases: (1) opti-
mization of the production of PEO fibers per se, (2) confirmation of the structure and
sizes of the crystals of sucrose used as porogenic agent and (3) check if the parameters
applied in the electrospinning of PEO alone are good for the production of the PEO to-
gether with the porogenic agent and if the characteristics of the crystals are preserved
after the deposition.

The literature reports the deposition of some of the solutions used and this informa-
tion was used as a starting point for optimization. Throughout this study, data were
recorded on the parameters of the solutions, such as polymer and solvent quantities, and
ultrasound time (for the solutions with gelatin).

The following electrospinning parameters were also recorded: relative humidity; tem-

perature; needle-collector distance; applied voltage; solution flow rate and needle gauge.

PCL:GEL fibers

The PCL:GEL solution had already been studied in a previous work at GREAT, that
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was the beginning of the study of the parameters.

The same production parameters were applied for PCL:GEL solutions, as well as the
same experimental setup.

In the early depositions, the formation of beads along the fibers was observed, as seen

in Figure 3.1.

Figure 3.1: The formation of beads along the fibers.

In the first approach, the voltage was increased, from 16kV to 18kV. The fibers kept
their general morphology, well stretched and did not tear. However, the formation of

beads persisted (Figure 3.2).

Figure 3.2: Fibers with good morphology but with beads still present.
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Two new PCL and gelatin solutions were made. They were both placed in an ultra-
sound bath. The first one for another hour (4h of ultrasound) and the second the same
3h of ultrasound but paying attention to water temperature to avoid surpassing 45°C.
Concerning this, the water was changed every 30 min.

The PCL:GEL solution that was subjected to 4 hours of ultrasound was impossible
to electrospin. There was no jet and the needle was dripping the solution. This may be
related to the degradation of the polymer chains of gelatin due to excessive heat during
the ultrasound treatment.

The solution that was submitted to 3 hours of ultrasound with controlled temperature
allowed the deposition of fibers with uniform diameters, without bead formation, and
with excellent stability throughout the period during which electrospinning takes place
(5 hours)(Figure 3.3).

Figure 3.3: PCL:GEL fibers with the right morphology.

It was thus confirmed that the parameters described in the literature were adequate

for the electrospinning of PCL:GEL solutions.

PEO fibers

As the PEO fibers would later be electrospun together with those of PCL:GEL, a 16kV
needle-collector potential difference was set. This way, it was possible to use a single
voltage source.

PEO with a molecular weight of 100 kDa was chosen because polymeric solutions of
high molecular mass generally give rise to thicker solutions, more difficult to electrospin
and larger fiber diameters. In the following figure, it is possible to see a solution of
PEO with 900 kDa at 2% in chloroform. Mention: the chloroform solvent is previously
saturated with sucrose to avoid dissolution of the porogen when it is added to the solution.
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We can observe that the deposition of the fibers is spiral. This type of deposition is not
effective for deposition of sacrificial fibers (Figure 3.4).

Figure 3.4: The deposition of PEO fibers is spiral

With PEO of molecular mass of 100 kDa, it was first attempted to produce a 5% (w/w)
solution in chloroform. The reason for starting with a solution at only 5% is because
chloroform is a non-polar solvent, and therefore there may be some difficulty in drawing
the fibers along the jet.

In this deposition, a solution spray was observed instead of continuous fibers. The

distance from the needle to the collector was 20 cm (Figure 3.5).

Figure 3.5: PEO Spray.

As the needle-collector distance was decreased, the spray was found to decrease, but
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not altogether - drops of solvent and polymer were still observed in the deposition (Figure
3.6).

Figure 3.6: PEO Spray decrease but still present.

As it was not practical for the experimental assembly to continue to decrease the
needle-collector distance, it was decided to increase the concentration of PEO in the
solution and return the distance of 20 cm. Solutions of 10%, 15% and 20% (w/w) PEO in
chloroform, two different needle sizes (21G and 16G), and two different flows (0.3 ml/h
and 0.2 ml/h) were tested.

With these parameters it is possible to produce a stable jet, with no solvent spray and
sufficiently uniform fibers for sacrificial fibers deposition(Figure 3.7).

Figure 3.7: Stable electrospinning of PEO fibers.
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The major difference between the change of these parameters was the width of the
deposition. In the depositions with 15% (Figure 3.8) and 20% PEO (Figure 3.9), the
deposition had a maximum width of 55 mm and 28 mm respectively.

Figure 3.8: PEO solution at 20%.

Figure 3.9: PEO solution at 15%.

While deposition with 10% PEO, a deposition of 127 mm width was possible (Figure
3.10).

The larger deposition width turned out to be a preferred factor. This is because
the deposition of PCL:GEL covers the aluminum foil over the entire width, and it was
desirable that the sacrificial fibers could be present in the largest possible deposition area.

First, because it makes a scaffold with a mixture of fibers more uniform and secondly
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Figure 3.10: PEO solution at 10%.

because it has a larger deposition area available for the tests that were intended to be
made to the matrices. During these depositions, it was found that the use of a larger

gauge needle did not significantly alter the fiber deposition width (Figure 3.11).

Figure 3.11: Similar deposition width with the higher caliber G16 needle as with the
smaller G21.

The largest gauge needle (G16) was therefore chosen since it would have been neces-

sary to have a gauge needle large enough to later be able to electrospin the fibers with the

porogen without clogging.
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Porogenic agent

Before incorporating the porogenic agent into the PEO solution, the best way to sepa-
rate it in different granulometry was investigated.

Four sieves were used to separate the sugar crystals in the four different grades re-
quired (G1 =0 to 50 ym, G2 = 50 to 100 ym, G3 = 100 to 150 ym, and G4 = 150 to 200
pum).

Separation by manual stirring of the sieves was found to be very slow and physically
difficult to perform. To solve this problem was used an electric sieve shaker, and to
accelerate the process was made the previous crushing of the sugar grains with an electric
chopper. This increased the number of smaller grains, facilitating the separation process.
To prevent the sugar grains from sticking together, they were sealed in hermetically sealed

containers and under vacuum prior to use.

L17
Length:38.70um

L15
Length:39.57um

L19

Length:58.07um
L18
Length:63.55um

Figure 3.12: G1 granulometry crystals.

A good separation of the crystals in the different granulometries was observed (Fig-
ures: 3.12;3.13; 3.14; 3.15). However, it was impossible to guarantee that there was no

residual presence of some grains of other dimensions.

PEO fibers with the porogenic agent

The deposition of PEO with the porogenic agent was carried out. The purpose of this
step was to ensure that after the addition of the porogenic agent to the solution, the fibers
continued to be correctly electrospun, the needle did not clog and the crystals were not
dissolved in the solution with the sucrose-saturated chloroform.

It was found that the electrospinning parameters were correct also to be used in the

deposition with the crystals of sucrose, and that the fibers maintained their morphology.
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L11
Length:55.95um

L6
Length:75.00um

L7
Length:88.47um

L8
Length:85.40um

L9
Length:835.91um

Figure 3.13: G2 granulometry crystals.

L4 |
Length: 126, 680m

LS
Length: |1 3.45um

Figure 3.14: G3 granulometry crystals.
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L2
Length:155.54um

L4
Length:181.54um

Figure 3.15: G4 granulometry crystals.

However, in the deposition, sugar grains were not detected in the amount that was
expected. On closer inspection, it was found that the crystals, due to their mass, were
released from the fibers along the path to the collector. To solve this problem the injection
pump was placed 10cm higher than the collector (Figure 3.16). This solved the problem

and the crystals were deposited in their entirety in the collector together with the fibers.

Figure 3.16: Profile picture of the experimental arrangement, where we can see the PEO
needle (left) raised 10 cm in relation to the collector.

After about one hour of electro-spinning, there was again a decrease in the crystals
in the deposition. This was due to the setting of the sugar crystals in the (inner) base

of the syringe. This point was solved by placing a magnet inside the syringe. With a
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magnetic stirrer, close to the syringe, it is possible to keep the stirred solution inside the
syringe throughout the entire deposition (Figure 3.17). This way we have a constant flow

of porogenic agent throughout the entire electrospinning process.

Figure 3.17: Seringe with the PEO solution with the porogenic agent inside and a magnet.

When dissecting a PEO/G# sample, we can observe that the crystals preserve their
shape and size. Thus, the efficacy of chloroform saturation with sucrose can be confirmed
to avoid dissolution of the porogen, as shown in the following figures, with the size G4

sugar crystals as an example (Figure 3.18 and 3.19).

Figure 3.18: G4 dissected crystal from a scaffold with the right size.

It is also possible to verify that the morphology of the fibers did not undergo any
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Figure 3.19: Another G4 dissected crystal with similar size.

significant alteration by the presence of the sugar crystals, as it can be seen on Figure
3.20.

Figure 3.20: PEO fibers with two G4 crystals electrospun on a glass slide.

PCL: GEL + PEO/G# scaffold electrospinning

For the production of the hybrid matrices, it was possible to combine the studied
parameters individually for each of the fibers used (PCL:GEL and PEO/G#). The syringes
placed on opposite sides of the collector, and the 16kV voltage that had already been
fixed for both solutions. It was decided to turn off the electric motor that controls the

perpendicular translation movement of the collector because it was in phase with the
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rotation motor, making the deposition, not uniform but spiraling along the cylinder.
Only the rotation movement in the cylindrical manifold, fixed at 3.75 rpm (revolutions

per minute), was used.

3.2 Scaffolds Characterization

3.2.1 Morphology
3.2.1.1 After Electrospinning

In Figure 3.21, we can see the PCL:GEL matrix after electrospinning. It is possible to
observe a good fiber morphology . There is no presence of clusters or beads. The fibers

are all similar, and also appear to be structurally similar to a native ECM.

IMG5543 2019/03/08 14:36 hM D6.1 x50k 20 um

Figure 3.21: PCL:GEL matrix after electrospinning.

The diameters observed in this deposition are all of the same order of magnitude
and have an average diameter of (250nm). The measured mean diameter is in agree-
ment with the literature, and therefore we can guarantee that both the solution and the
electrospinning parameters used are correct.

In Figure 3.23 and Figure 3.24, we can observe PEO depositions with two different
dimensions of sugar crystals - 50 ym to 100 ym and 150 ym to 200 ym, respectively. We
can, therefore, confirm that the grains do not lose significant mass during deposition. It

is possible to observe that they retain their shape and that no dissolution of the sugar is
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Figure 3.22: PCL:GEL

observable. Due to this, we can conclude that the saturation of the chloroform solvent
with sucrose during the production of the solutions prior to the addition of the porogenic

agent, has proved to be effective in preventing the dissolution of the sugar crystals.

1 ot 4 & X . '
IMGE5572 2019/03/08 16:07 NM D6.6 »x500 200 pm

Figure 3.23: PEO fibers around G2 crystals.

PEO fibers also appear to have a good morphology to be used as sacrificial fibers,
and although the diameters of the PEO fibers are not uniform, there is no presence of
solution agglomerates or beads. These PEO depositions reveal that both PEO solutions

and electrospinning parameters are correct for this experimental work.
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IMG5576 2019/03/08 16:16 NM D65 »x250 300 pm

Figure 3.24: PEO fibers around G4 crystals.

3.2.1.2 After Crosslinking

In order to evaluate the structural changes caused by this process to the matrices, SEM
images were taken of the matrices after crosslinking.

Figure 3.25 and Figure 3.26 respectively represent the PCL:GEL fibers, crosslinked
for 4h and for 1h. Comparing them, we can verify that there is no significant change
in the morphology nor in the diameters of the fibers. The crosslinking process has no

appreciable structural impact on electrospun PCL:GEL fibers.

Figure 3.25: PEO fibers around G2 crystals.

In Figures 3.27, 3.28; and 3.29, we can see the PCL:GEL + PEO matrices, already
with the addition of the grains of sugar and crosslinked. A slight dissolution of the PEO
fibers and the sugar grains is observable. This can be explained by the release of water
vapor from the GTA solution during the crosslinking treatment. This slight dissolution is
not worrisome, because both PEO fibers and sugar grains are removed in the next stage

of washing, and in general no significant changes are observed in the fibers, and it is still
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Figure 3.26: PEO fibers around G4 crystals.

possible to observe the matrix composed of micro and nano-fibers.

IMG5552 2019/03/08 1513 NM D61 %100

Figure 3.27: PCL:GEL + PEO/G4 (x100 magnification)

3.2.1.3 After Washing

In Figures( 3.30, 3.31, 3.32, and 3.33), we can observe the crosslinked and non-
crosslinked PCL:GEL fibers after they have been washed. This washing served to simulate
what would happen to the PCL:GEL fibers during the removal of the sacrificial fibers and
the porogenic agent. It can be observed that non-crosslinked matrices do not preserve
their structure or diameters. It is also possible to verify that the matrices lose porosity
because, upon the dissolution of uncrosslinked gelatin, the spaces that were previously
empty between the fibers are now filled with polymer. The fibers were melted together.
This demonstrates that if non-crosslinked matrices were used, there would probably be
no benefit from the subsequent removal of the PEO fibers nor the sugar crystals since the

matrices would become too dense.
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IMG5554 2019/03/08 1517 NM DB1 500 200 um

Figure 3.28: PCL:GEL + PEO/G4 (x500 magnification)

MG5553 2019/03/08 1516 NM D8O %100  1mm

Figure 3.29: PCL:GEL + PEO/G4 (x100 magnification)

Figure 3.30: PCL:GEL + PCL:GEL + PEO/G4 (x5000 magnification), after washing and
crosslinked
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iMG5733 2019/03/15 1447 NLUDB.2 x1.0k 100 pm

Figure 3.31: PCL:GEL + PCL:GEL + PEO/G4 (x1000 magnification), after washing and
crosslinked

Figure 3.32: PCL:GEL + PCL:GEL + PEO/G4 (x5000 magnification), after washing and
not crosslinked

NM D67 x1.0k 100 pm

Figure 3.33: PCL:GEL + PCL:GEL + PEO/G4 (x1000 magnification), after washing and
not crosslinked
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We can see the final appearance of the crosslinked matrices after removal of PEO and
sugar crystals in Figure 3.34. It is not possible to assess accurately about the effective
increase of matrix porosity, but there seems to be good interconnectivity between the
spaces within the substitute. Moreover, after confirming the good deposition and correct
interweaving of the PCL:GEL fibers with the PEO fibers, we can affirm that at least the
PEO fibers prevented a greater number of connections that could possibly exist between
the PCL:GEL fibers. The lower number of connections may not explicitly increase the
porosity of the matrices produced but may facilitate the relocation of the fibers by the

cells, enhancing cellular infiltration in the substitute.

5 SV BV s & \
2 pm EHT = 5.00kV Mag= 200KX Signal A= SE2 Date :6 Dec 2018
Aperture Size =20.00 um WD = 6.5 mm Zeiss Auriga Time :12:37:23

CENIMAT-I3N

Figure 3.34: PCL:GEL + PCL:GEL + PEO/G4 (x6000 magnification), after washing and
crosslinked

The fibers appear to have maintained the ECM-like appearance. It is a good indication
that the technique used for washing the sacrificial fibers and the porogenic agent can be
safely used without damaging the PCL:GEL fibers we want to preserve. We may also
observe small residues of PEO or sugar, however, they are in very reduced quantities and
should disappear when using the matrices in physiological applications or in vitro tests,

where the aqueous medium will dilute the remaining residues.

3.2.2 Mass Loss Assays

Mass loss tests were performed on the PCL:GEL matrices treated with different crosslink-
ing times - Oh, 1h, 2h, 3h and 4h.

As we can see in the graph of the previous figure, the mass loss is smaller, for greater
times of crosslinking as expected.

The cross-linking of gelatin by GTA vapors is effective in creating new bonds be-
tween the gelatin proteins, which reduces their degradation when in an aqueous medium.
We can verify that the mass loss for the non-crosslinked PCL:GEL matrix is about 50%),
which is in agreement with the relative amount of gelatin in the solution - a one-to-one
relationship with PCL.
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Figure 3.35: PCL:GEL mass loss for the different crosslinking times. Where B is mass loss
in percentage, (C) is the inital mass, and (D) is the final mass.

After two hours of crosslinking the mass loss stabilizes and it is almost irrelevant
to treat the matrices with GTA vapors for more than two hours. However, as seen in
the morphological analysis, the treatment with GTA during the 4h did not damage the
scaffolds. To ensure that crosslinking is always effective, we have chosen to treat with
GTA during these 4 hours (over-tolerance) for the production of all scaffolds.

During the mass loss tests, it was readily apparent that matrices not treated by GTA
rapidly lost the characteristic yellow color of gelatin when submerged in water - this is in

accordance with the data obtained in this test.

3.2.3 ATR-FTIR

FTIR assays were performed on the PCL:GEL cross-linked samples (for: 1, 2, 3, and 4
hours) and uncrosslinked samples. These tests served to compare the vibration modes
obtained in the spectra with those described in the literature [28] and thus to see if the
desired reactions are present in the crosslinking process used in this work.

In the following graphs, the four characteristic peaks of gelatin are found in our
spectra as described in the literature (Figure 3.36).

* A peak at 1640 cm™! corresponding to Amide I, and that is the (C = O) stretch of
gelatin.
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¢ The peak corresponding to Amide II is visible, between 1542 cm~! and 1544 cm™!.
This peak is due to the (C-H) stretch plus (N-H) flexion.

¢ At 1240 cm™!, we have a peak corresponding to Amide I1I, which is the (C-N) stretch
plus the in-phase flexion of the (N-H) bond.

« Finally, a peak at 3300 cm™! can be seen, corresponding to Amide A which is the
mode of vibration of the (N-H) stretch.
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Figure 3.36: PCL:GEL scaffold with the four characteristic peaks of gelatin represented.

Throughout the various crosslinking times (R0, R1, R2, R3 and R4), it can be seen that
the ratio of peak 1640 cm™! to peak 1542 cm™~! increases with the crosslinking time. This
results from the decrease of the peaks corresponding to Amide II, as expected according
to the bibliographic description (Figure 3.37).

During crosslinking, it is also possible to observe a substantial color difference be-
tween the crosslinked and non-crosslinked matrices. The crosslinked matrices have a
characteristic yellowish color of the Aldimine (CH = N) bonds, which occur due to reac-
tions between the Aldehyde (-CHO) groups of the GTA and the Lysines group present in
the gelatine protein residues.

We can conclude that the main characteristics described in the literature regarding

the crosslinking of gelatin by GTA were observed.
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Figure 3.37: ATR-FTIR absorbance spectrum for different crosslinking times.

Table 3.1: Amida I and Amida II FTIR intensities absorbance table for the PCL:GEL
scaffolds different crosslinking times.

Relative intensity to the following absorbances

Crosslinking Times 1640 cm ! 1542 cm !
RO 3810 2754
R1 3762 2688
R2 3730 2655
R3 3631 2516
R4 2459 1912

Table 3.2: The ratio between Amida I and Amida II relative absorbance intensities, for
the PCL:GEL scaffolds different crosslinking times.

Absorbances intensities ratio
1640 cm~1/1542 cm™!

Crosslinking Times

RO 1,286
R1 1,366
R2 1,405
R3 1,417
R4 1,443
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3.2.4 Fluorescence Assays

Through the fluorescence staining, we were able to distinguish the fibers that make up
the final matrices. We can thus confirm good deposition and entanglement. By washing
the Microscope slide where the deposition was made, we can also confirm the efficacy of
water in removing the sacrificial fibers.

Droplets of the PCL solution were made with rhodamine B and PEO with fluorescein,
directly on slides. This allows, by comparison, to perceive and predict how the fibers are

visible in the fluorescence assay and to recognize which fibers we are observing.

* The PCL doped with rhodamine B, when irradiated at the different wavelengths
available in the epifluorescence microscope, was visible as follows: intense orange
when irradiated with green light (Figure 3.38); light green when irradiated with
blue light. When irradiated with UV light, rhodamine is not fluorescent.

Figure 3.38: PCL with Rhodamine B irradiated with green light.

* The fluorescein doped PEO was visible with the following characteristics: red when
irradiated with green light; intense green when irradiated with blue light (Figure
3.39)

Figure 3.39: PEO with Fluorescein irradiated with blue light.

In the following figures, we can see the deposition of PCL + PEO fibers. The good
distribution of both PCL and PEO fibers is observable. By fluorescence assay, they are
easily distinguishable, which is not possible when using bright field nor phase contrast

microscopy (Figure 3.40).

53



CHAPTER 3. PRESENTATION AND DISCUSSION OF RESULTS

Figure 3.40: PCL and PEO fibers deposition. The PCL fibers in orange and the PEO fibers
in green are clearly visible in this image.

During the washing process, the PCL fibers were contaminated by the fluorescein
dye that was present in the PEO sacrificial fibers which were dissolved, therefore, they
became also reactive to the same wavelengths to which the PEO fibers were. However,
as we can see in the figures, by superimposing the images we can verify that all fibers
represented in red overlap the fibers represented in green, which reveals the presence of
a single type of fibers in the glass slides. In such figures, it is also possible to compare the
deposition before and after washing and to realize that there is a substantial reduction in
the density of fibers present (Figure 3.41).

Figure 3.41: In this image is clearly visible that only PCL fibers are present. It is also
noticeable the yellowish color present on the fibers due to PCL contamination with fluo-
resceins residues during PEO dissolution.

We conclude therefore that the removal of the sacrificial fibers made with water, and

following the experimental procedures used in this work, is effective.
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3.2.5 Tensile Tests

The concern with the mechanical properties of the matrices developed in this work re-
sults from the possible weakening from the washing process or from making them more
brittle through the crosslinking process. During the process of removal of the sacrificial
fibers and the porogenic agent, there may be a general weakening of some mechanical
properties of the matrices. The matrices are expected to increase their ability to promote
cell infiltration, but it must be borne in mind that these substitutes have to be designed
so that they can be used in living beings in the future and handled by a surgeon with
some ease in order to be able to be implanted. Developing something that allows a good
cellular infiltration, but not provides sufficient support for the tissues that we want to
regenerate is not desirable.

The assays were made to the matrices produced, cross-linked with GTA during 4h
and after washing for removal of the sacrificial fibers and porogenic agent.

It was planned to make the tests with the dry matrices, to be easier to compare with
other works already done in GREAT. However, it is quite difficult to remove the dry
matrices from the aluminium foil. When dried some matrices, especially those that
previously had PEO in their composition become too brittle and wind up on themselves.
In this way, it is impossible to secure the uniform traction of the matrices and collect data

about its dimensions precisely (Figure 3.42).

Figure 3.42: The aspect of dry samples.

It was decided to make the mechanical tests with the wet samples. The data collected
from the tensile tests with the wet samples are also more realistic since these matrices are
for use in a wet physiological medium. With the wet matrices, it was possible to make
the tensile tests, however, the matrices were prone to cutting and often the clamps of the

tensile equipment were enough to invalidate the test by making small cuts in the samples.
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From the tensile tests performed on each of the six matrices produced, data about
Young’s modulus, fracture stress, and percent deformation were obtained and can be seen

in the following figure.

Table 3.3: Tensile tests data results.

Scaffold Young’s Modulus (MPa) UTS (MPa) Strain (%)

PCL:GEL 51+0,5 1,9+0,2 12+ 2
PCL:GEL+PEO/GO 3,8+0,7 1,8 +0,2 25+ 2
PCL:GEL+PEO/G1 3,4+0,4 2,0+0,2 26+ 3
PCL:GEL+PEO/G2 3,7+0,7 2,3+0,4 16 +2
PCL:GEL+PEO/G3 4,4+ 0,7 3,1+0,2 14+1
PCL:GEL+PEO/G4 4,0+0,3 1,2+0,2 11+3

Based on the values obtained, we can observe a difference of 1 MPa in the Young’s
Modulus between the PCL:GEL matrix and the PEO/GO0, G1 and G2 matrices. In the case
of the larger crystals, we already have almost equal values of deformation and Young’s
modulus. One reason for this may be in the presence of the crystals. Because the amount
of grain to be added in the solution has been made in percentage by weight, it means
that for smaller crystals we will have more crystals in solution. The matrices with smaller
crystals will have the porogenic agents/sacrificial fibers much more uniformly distributed
on their surface and with that its presence in mechanical tests is more detectable. If we
remember SEM images, we can also see that the larger grains carry with them large
amounts of PEO, leaving the PCL:GEL fibers around them with low distribution. This
can also be a valid hypothesis for these differences.

However, these variations are not significant, and possibly, if more mechanical tests
were done on all matrices, the results would tend to be closer.

Knowing that the Young’s Modulus represents the rigidity of a material, in comparison
with Young’s Moduli of other biological tissues and substitutes for tissue engineering, we
can say that these matrices have excellent mechanical properties.

According to the literature, the stiffness of the porcine carotid arteries is on the order
of 13 MPa (native) and 20 MPa when decellularized - the ECM of these tissues. In the
obtained data, we can see that the higher Young’s Modulus we have, is nonetheless, in-
ferior to the natural decellularized ECM matrix. Also in the literature, we can observe
stiffness data for PCL:GEL matrices (1:1) with identical values - varying between 2 MPa
and 3 MPa. As the objective of this work is the development of a matrix that approaches
the native ECM, obtaining a deposition with greater tensile strength than the original is
relevant data.

The stress at which rupture happens, although lower than that of the native ECM
(about 2.5 MPa) and also that the decellularized (about 4.3 MPa), is not significantly
lower and is of the same order of magnitude.

In fact, during the procedures, it was remarkable how easily these samples when wet

were handled, without great risk of damaging them. In spite of their small thickness, they
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always returned to their original shape.

3.3 In Vitro Assays

Seeding was performed on the different matrices produced (PCL:GEL and PCL:GEL +
PEO/G#), to measure and quantify the scaffolds capacity to provide cell adhesion and

proliferation - cell viability.

3.3.1 Adhesion and Proliferation

To assess the adhesion capacity of the cells to the matrix, a cell viability assay was per-
formed with resazurin at around 24h of seeding. Through the analysis of the following
graph 3.44, we can conclude that all the different matrices promote good and rapid cell
adhesion. This is in accordance with the ability of gelatin to promote cell adhesion and
its presence in all matrices used.

In order to assess cell proliferation, cell viability assays were performed with resazurin
every 3 days, up to 12 days of cell culture. In the following graph 3.44, we can recognize
that although cell adhesion is substantially greater in the adherent culture plate control
wells, cell proliferation in the matrices or wells is similar. It is quantifiable that relative
cell proliferation in all substitutes is approximately the double after 12 days of culture.

It is possible to conclude that the solutions used and the matrices developed have
the potential to give good substitutes in tissue engineering and that if the structural
properties, such as porosity, pore size, and interconnectivity are present, these matrices

have a great possibility of promoting cell infiltration.

3.3.2 Cell Infiltration

After 12 days of seeding, the cells were fixed in the samples with paraformaldehyde and
then stained with DAPI. It is thus possible through the visualization of the cellular nuclei,
to observe the presence of the cells on the surface of the samples. If cells are visible on
the opposite side of the matrices to the face where the seeding was performed, we can
conclude that the cells would have migrated along the total thickness of the deposition.

In the following figures 3.45 it is possible to observe the presence of cells on the
surface of the samples.

On the opposite faces of the matrices it was not possible to detect any cell present.
This does not mean that there has been no cell infiltration. Cell infiltration in the interior,
is possibly much slower than proliferation on the scaffold surface. It is also possible that
there were cells migrating inside the matrices, but that have not yet had time to travel the
entire distance between one side and the other of the matrix. The surface of the matrices
because it is not yet confluent is a good indication that the cells have a slow proliferation,
in addition to that, the HFFF2 are considerably large cells. We can infer that there is cell
proliferation on the surface of the matrices and that it would be good to evaluate further
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cultures for a longer period. With a confluence of about 80-90% on the surfaces of the
samples, the cells would be more likely to migrate into the scaffold where there is greater

resistance to cell migration than on the surface.
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Figure 3.43: Stress-Strain curve graphs.
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CHAPTER

CoNCLUSIONS AND FUTURE PERSPECTIVES

The aim of the present dissertation was to study the combination of two techniques pre-
viously described in the literature, to increase porosity, pore size, and interconnectivity
in 3D matrices produced by electrospinning. The two techniques chosen were the use of

sacrificial fibers and a porogenic agent.

In the production of the solutions, PEO was chosen for the production of the sacrificial
fibers and sucrose (pastry sugar crystals) was chosen as the porogenic agent. This choice
of materials results from both being readily water soluble and the purpose of increasing
pore size for potentiating cellular migration to the matrices” interior. Both the PEO
and sucrose were used with PCL and gelatin that constitute the primary fibers and are
biocompatible and biodegradable.

The optimization of the production parameters by electrospinning of six different
matrices was achieved. A conventional matrix in co-deposition of PCL:GEL, a hybrid
matrix composed of PCL:GEL with PEO fibers, and four other matrices composed of
PCL:GEL with PEO fibers with four different grain sizes. The choice of four different
grain sizes, used in the solution always in the same percentage, served to understand how

different grain sizes may interfere with the structure of substitutes or cell infiltration.

To evaluate the crosslinking of the matrices, mass loss, SEM and FTIR analysis was
performed. It was found that two hours of crosslinking were sufficiently effective, how-
ever, since the matrices would subsequently be washed, it was decided to crosslink for 4
hours, and thus ensure the effectiveness of the treatment. The matrix washing process
was done by submerging the matrices in a glycine solution. Glycine reacts with any GTA

residue which may still be present from the crosslinking process.

During the morphological analysis of the matrices produced it was found that the

PCL:GEL matrices are in agreement with previous work, and that the washing and
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crosslinking processes do not lead to the appearance of significant defects in the sub-
stitutes. There was no record of the appearance of agglomerates, beads, or broken fibers
in the electrospun matrices. In addition, after washing, although small deposits of PEO
and sugar are visible, the primary fibers (PCL:GEL) look good and are not fused together
- this may be significant for an increase in porosity in the matrices.

The morphology of PEO fibers and sugar grains looks equally good. The fibers are well
distributed and have diameters slightly higher than the primary fibers. The sugar grains
after electrospinning preserve their shape and size, which shows that the pre-saturation
of the chloroform solvent with sucrose for the production of the solutions is sufficient to
prevent the dissolution of the porogenic agent before the deposition of the fibers.

We can also observe a homogenous distribution of the porogenic agent - represents
that the parameters chosen for the good electrospinning of the PEO fibers are equally
good for the fibers while serving as carriers for the sugar grains.

To determine the mechanical characteristics of the matrices, tensile tests were carried
out on samples of the different matrices produced. Because the matrices were to be used
immersed in physiological medium in the in vitro assays, hydrated samples were used
for comparison with biological tissues. Mechanical assays revealed mechanical behavior
similar to some biological tissues, and the data collected indicate that there would be no
impairment due to potential scaffold fragility for use in in vivo assays. There were also
no significant mechanical differences in the different scaffolds produced - matrices with
sacrificial fibers and porogenic agent in the proportion of 1:1 with PCL:GEL fibers were
not found to be considerably more fragile matrices after being submerged for fiber and
porogen removal.

Fluorescence assays revealed good deposition and entanglement between primary
fibers (PCL) and sacrificial fibers (PEO). They also confirmed the efficient removal of the
sacrificial fibers through the protocol defined for the submersion of the matrices in water.

In vitro assays have shown that the matrices produced are scaffolds which provide a
surface with good cell adhesion. We also conclude that although initial cell adhesion is
not as efficient as in control wells, proliferation throughout the culture is already very
similar and efficient.

At 12 day seeding, it was not possible to draw final conclusions about cell infiltration.
The cells used (HFFF2) are large (even when elongated) and as long as there is no con-
fluence of approximately 80-90% at the surface of the samples the cells should not move
inward where there is greater resistance to their displacement.

For future work, it is suggested to make in vitro tests with a longer duration, ensuring
that there is cell confluence on the surface of the samples when fixing the samples to
evaluate cellular infiltration.

It would also be relevant to study different amounts of porogenic agent and sacrificial

fibers in the matrices. The following changes are suggested:

* Increase and study of different concentrations of the porogen agent.

62



* Increase and study of different concentrations of PEO in the production of solutions
of sacrificial fibers.

* Increase the flow rate for the PEO solution (with optimized production parameters

for the fibers to remain uniform and replicable).

With these adjustments, it may be possible to obtain matrices with greater capacity of
cellular infiltration, and at the same time maintain the mechanical and cellular viability

characteristics demonstrated in this dissertation.
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