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ABSTRACT

Tendon injuries affect both young and old population worldwide. When a tendon
injury occurs, it healing mechanism is inefficient. Therefore, since current
treatments available have limited success, itis important to use scaffolds that
can enhance tendon tissue regeneration and, at the same time have the
adequate mechanical properties. The present work aims to optimize a
poly(ethylene terephthalate)(PET) surface functionalization in order to enhance
cell-material interaction during tendon tissue regeneration. In the future, the
developed grafting approaches can be extrapolated to the PET textile structures
under development for tendon repair. These structures were also characterized in
order to select the best structure to be use in the final tendon scaffold. The PET
yarn characterization indicated that its crystallinity degree was about 55%, that it
was able to absorb water and that, up to 1 month test, degradation did not occur.
Moreover, the braided structure that revealed to be more suitable to fulfill the
tendon scaffold requirements was the 16 yarn braid one, produced with the highest
take-up rate because presented the highest capillary rise and mechanical
properties, such as maximum force and stiffness. For the PET functionalization, the
initial oxygen plasma treatment was able to low the polymer water contact angle
from 74.7 ° to 10.7 °, enhancing wettability. After plasma treatment, two grafting
approaches were performed, with ethylenediamine and D-Lysine and from each one
it was selected the condition that presented to have more potential to cell culture
in vitro testing. The ethylenediamine based condition selected (W5050) presented
the highest amino group density and wettability, whereas the selected D-Lysine
based condition (pH 9.5) was the one that demonstrated to have a thicker coating
and higher wettability than untreated PET. From the evaluation of cells viability on
the grafted samples, it was observed a high cell response on all grafted samples
compared to untreated PET, showing the ethylenediamine grafting more cellular
metabolic activity as supported by scanning electron microscopy that showed a cell
morphology and growth that indicated good cell adhesion to the functionalized
material have occured.

Key Words: Tendon tissue engineering, PET surface functionalization, tendon

repair



RESUMO

As lesoes do tendao afetam, a nivel mundial, ndo sé a populacao mais idosa mas
também a mais jovem. Quando uma lesao ocorre, o seu mecanismo de regeneracao
nao é eficiente. Por isso, uma vez que os tratamentos atuais tém um sucesso
limitado, é importante utilizar scaffolds que sejam capazes de melhorar a
regeneracao do tecido do tendao e que, ao mesmo tempo, tenha as propriedades
mecanicas adequadas. O presente estudo tem como objetivo otimizar uma
modificacao da superficie de poli(etileno tereftalato) (PET), de modo a melhorar a
interacao entre célula-material durante a regeneracao do tendao. Futuramente, as
abordagens selecionadas poderdao ser extrapoladas para estruturas téxteis de
poli(etileno tereftalato) que estao a ser desenvolvidas para regeneracao do tendao.
Estas estruturas foram também caracterizadas com o objetivo de selecionar a
melhor estrutura a ser usada num scaffold para regeneracao do tendao. A
caracterizacao do fio de poli(etileno tereftalato) indicou que a sua cristalinidade é
de aproximadamente 55%, que este é capaz de absorver agua e que, até 1 més de
ensaio, ndo ocorre degradacao. Para além disso, o entrancado que revelou ser mais
adequado para cumprir os requisitos impostos a um scaffold para tenddes foi a
estrutura com 16 fios produzida com uma velocidade de saida superior, porque
apresentou maior capilaridade e propriedades mecanicas, como forca maxima e
rigidez. Quanto a modificacao do poli(etileno tereftalato), o tratamento inicial de
plasma com oxigénio foi capaz de diminuir o angulo de contacto do polimero de
74,7 ° para 10,7 °, melhorando a molhabilidade. Apds o tratamento por plasma,
duas abordagens de funcionalizacao foram realizadas, com etilenodiamina e D-
Lisina e, de cada, foi selecionada a condicao que apresentou maior potencial para
ser testada com culturas celulares in vitro. A condicao de etilenodiamina
selecionada (W5050) apresentou elevada densidade de grupos amina e
molhabilidade, e a condicao seleccionada da D-Lisina (pH 9,5) foi a que demonstrou
ter o revestimento mais espesso emaior molhabilidade do que a amostra de
poli(etileno tereftalato) nao tratada. O estudo da viabilidade das células no PET
mostrou uma maior reposta celular em todas as abordagens de funcionalizacao em
relacao ao PET nao modificado, apresentado a etilenodiamina maior atividade
metabolica, o que foi confirmado com as imagens de microscopia eletronica de
varrimento que mostraram um crescimento celular e morfologia que indica que
ocorreu uma boa adesao celular no material.

Palavras-chave: Engenharia de tecidos do tendao, modificacao da superficie de

PET, regeneracao do tendao
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CHAPTER 1 - INTRODUCTION

1.1. MOTIFS AND OBJECTIVE

Nowadays, tendon and ligament injuries represent an import aspect to consider
both in sports and working activities. These kind of injuries are frequent and affect
not only the older population but also younger people. They are caused by the
incomplete healing of the tendon injury, ranging from strains to complete rupture

and affect mainly the adult population [1-3].

Literature reports that, in Finland, a population of 5 million has more the 200
000 acute sports-related injuries per year and, in the USA, it is estimated that 30%
to 50% of overuse injuries are related with the practicing of sports. In fact, in the
USA 51% of people over 80 years experienced rotator cuff injury, with over 50,000
patients requiring surgical repair and 11% of regular runners suffer from Achilles
tendinopathy. Thus, represents a significant treatment cost to the healthcare
system of each country; for instance, in the USA the total costs for tendon and

ligament injury has been estimated at $30 billion annually [1-5]

Because of the market demand, biomaterials have become critical components
in the development of effective new treatments. For over 15 years, tissue
engineering has been developing scaffolds for tendon regeneration. Scaffolds may
be biological and synthetic, although biological ones have higher biocompatibility,
they present lower mechanical properties, when compared with the synthetic ones.
The main issue nowadays is to produce scaffolds that mimic the tendon tissue [2,
5].

This master dissertation is related with tendon repair and is inserted on Diana
Morais PhD work that is developing a tendon scaffold structure, based on textile
technology, aiming to achieve the minimum requirements in terms of mechanical
properties. The main objective of this master dissertation is to functionalize one of
the polymer being used on Diana Morais structures, that in this case is
poly(ethylene terephthalate), in order to increase its response to biological tissues
when applied in tendon tissue regeneration. Moreover, the poly(ethylene
terephtalate) structures being developed are also going to be characterized in

terms of physico-chemical and mechanical properties.



1.2. TENDON STRUCTURE AND FUNCTION

Tendons are dense fibrous connective tissue that physically connects the muscle
to bone and allow transmission of forces, resulting in locomotion and joint
stability. Also, due to numerous extracellular fibers arranged in regular arrays, it is

classified as dense regular connective tissue [6-8].

The tendon possesses a multi-unit hierarchical structure consisting of collagen
molecules, fibrils, fiber bundles, fascicles and tendon units. This tissue is
characterized by the presence of an abundant extracellular matrix (ECM), mainly
composed of collagen I, resulting on a hypocellular structure. Although this type of
structure, tenoblasts and tenocytes constitute about 90% to 95% of the cellular
elements of tendons; while tenoblasts are immature cells, with high metabolic
activity, tenocytes are mature tenoblasts with decreased metabolic activity [1, 6,
7, 9].

The extracellular matrix is mainly composed by type | collagen (30% of tendon
dry weight), elastin (2% of tendon dry weight) and ground substance (68% of tendon
dry weight) [4, 6].

About type | collagen, its molecules can self-assemble into highly organized
fibrils, which are cross-linked, conferring them a high tensile strength which, on
the other hand, provides mechanical strength to the tendon tissue. In addition,
collagen fibrils exhibit a crimped, waveform appearance, in the rested state, which
plays an important role in its mechanical properties. For instance, the crimped

pattern explains tendons nonlinear elastic behavior [3, 4, 10].

The angle and length of the crimp depends on the tendon features; when it has
a small angle, its fibers have a mechanically weaker structure. In addition, crimp
acts as a shock absorber along the length of the tissue and also provides a buffer in

which slight longitudinal elongation can occur without fibrous damage [4, 10].

Elastin is important because it contributes to the flexibility of the tendon
because it helps the collagen fibers to recover their wavy configuration after

muscle contraction and tendon stretch [4, 11].

Lastly, ground substance has a high viscosity that provides the structural

support, lubrication and spacing of the fibers, allowing their gliding. Moreover it



allows the diffusion of nutrients and gases and regulates the extracellular assembly

of procollagen into mature collagen [4].

Once ground substance is composed by various molecules, they confer different
properties such as rapid diffusion of water-soluble molecules and migration of cells
and mechanical stability; moreover, some molecules may act as a template for
collagen fiber formation, playing an important role in collagen fiber alighment and

orientation [6, 11].

1.3. MECHANICAL PROPERTIES OF TENDONS

The mechanical properties of tendons are very complex due to their structure;
their primary role is to transmit tensile forces from the muscle to bone and act as a
buffer by absorbing external forces to avoid muscle damage. To perform their role,
tendons exhibit high mechanical strength, good flexibility and an optimal level of
elasticity [4, 12, 13].

The functional mechanical behavior of a tendon, in the normal anatomical
setting, depends upon several factors that may affect the force-elongation curve.
Larger tendons can resist more force, longer tendons can elongate further under
the same load; a higher proportion of type | collagen, or larger collagen fibers,
create a stronger tendon; and increased crosslinking indicates a stiffer tendon that

will deform less under the same loading conditions [4].

The mechanical behaviour of collagen is dependent on the number and types of
intra- and inter-molecular bonds. A typical stress-strain curve of an isolated tendon
helps to demonstrate the behaviour of the tendon in elongation-to-failure
conditions and it can be identified 3 distinctive regions, as can be seen in figure 1
[4, 12, 14].

Stress

Strain

Figure 1 - Stress-strain curve of a normal tendon [14].



The initial concave portion of the curve is the first region, named toe region,
where the stiffness (curve slope) is gradually increased and the tendon is strained
up to 2% [4, 12].

So, loads within this region will elongate tendons by reducing the crimp angle,
however these loads do not cause further fiber stretching. Therefore, in this region
the tendon elastic limit is not exceed and, subsequent unloading restores the
tendon initial length and crimped configuration; these phenomenon may be
explained by the presence of elastin fibers, that are responsible for bringing the

stretched collagen bundles back to the resting state [4, 12, 14].

When further elongation is performed, the tendon reaches a second region,
named as linear region, where the stiffness remains constant and the collagen
fibers are no longer crimped; so elongation is due to the stretching imposed to the
already aligned fibers. Moreover, at the end point of the linear region, unloading

does not restore the tendon initial length and some fibers start to fail [4, 12, 14].

Thus, during the different portions of the linear region, understanding the
physical changes that the tendon suffers may be more important in explaining the
tissue damage that occurs during an injury than knowing the maximum load the

tendon can tolerate before breaking [4].

If elongation continues beyond the linear region, the tendon enters the third
region, named as failure region, where failure of the collagen fibers occurs in an
unpredictable way causing tears in the tendon and, finally, leading to the tissue
total rupture [4, 12, 14].

1.4. TENDON INJURIES

An adult tendon has low regenerative capacity, cell density, nutrient and
oxygen; even so it suffers some of the highest mechanical loads in the body. When
these loads go above a critical point, it may cause permanent tissue damage that
results in decreased function and mobility, thus dramatically affects the patient’s
quality of life [1, 15].

Tendon injuries can be acute or chronic and are caused by intrinsic and extrinsic
factors, either alone or a combination of both. While acute injuries are mainly due

to extrinsic factors, the chronic ones are mainly caused by intrinsic factors.
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Intrinsic factors are related with excessive body weight, diseases and aging;
extrinsic factors include environmental conditions, prescription drugs, nutrition and
lifestyle [1, 7, 12].

Though all the factors cited above, mechanical loading on tendon tissues, mainly
on elder people, is the main factor that leads to tendon pathological changes such
as tendinopathy. Tendionpathy describes tendons clinical conditions that result
from overload and overuse injuries and can be classified as tendinitis or tendinosis
[1, 12].

An acute injury is related to tendinitis and it consists in a tendon inflammation
that results from micro-tears that occurs when the muscle and the tendon undergo
and acute overload with a tensile force that is too heavy or too sudden. On the
other hand, tendiosis is associated with a chronic injury, where a non-inflammatory
degeneration of tendon’s collagen happens in response to chronic overuse; when
this overuse is continue, the tendon doesn’t have time to heal and rest properly

and it leads, eventually, to tendon rupture [1, 4, 16].

The Achilles tendon is the most frequently rupture tendon and, along with the
patellar and flexors tendons, they are the most commonly tendons affected by
tendinopathies. These tendons are the most frequently injured because they are
highly stressed, being expose to repeated strains and have less vascularization [1,
17].

The Achilles tendon is the largest tendon in the body and enables walking,
running and jumping but, at the same time, is the most common source of
disability in athletes due to continuous and intense functional demands imposed on
it. The incidence of Achilles tendon injuries has been rising and often causes
severe, persistent pain and disability and it is difficult to repair due to the
mechanical demand [1, 4, 17, 18].

The patellar tendiopathy, which is a painful degenerative and chronical
condition, constitute a significant problem in a wide variety of sports, being over
30% of sports-related injuries. Finally, flexor tendons injuries are frequently
associated with nerve and vascular injuries and required tendon grafting to repair
[1, 4, 18].



1.5. TENDON HEALING PROCESS

When the tendon is injured, in order to restore the functions of a normal
tendon, it is necessary to reestablish the tendon fibers and the gliding mechanisms
between tendon and the surrounding structure. However, this process is slow and
inefficient that never fully restores the biological and biomechanical properties [1,
14].

After tendon injury, the process of healing and scar formation begins and it can
be divided in three progressive phases: inflammation, proliferation and remodeling.
Although the tensile strength of the healing tendon improves over time, it doesn’t
reach the levels of uninjured, native tissue, as it can be seen in figure 2 [7, 12, 14,
19].

Uninjured tissue
Injured tissue

TENSILE
STRENGTH

[}
Hemostasis/ ! Proliferation/
: [ = .
Inflammation 1 Fibroplasia
[}

Remodeling/
Maturation

1
DAYS | WEEKS | MONTHS - YEARS TIME

Figure 2 - Healing stages during tendon healing [19].
The first phase is the inflammatory one, it happens in the first twenty-four hours
after the injury and it can be observed the formation of a hematoma; also,
inflammatory cells are attracted to the injury location and fibroblasts go to the site

of lesion to synthesize various ECM components [7, 12, 14].

After a few days the proliferative stage begins, where fibroblasts takes several
weeks to synthesize new extracellular matrix, which is mainly type lll collagen and
it is arranged randomly; at the end of this stage the repair tissue is highly cellular

and contains a high water content [7, 12, 14].

Finally, after 6 to 8 weeks, the remodeling stage begins and it may last longer
than a year. This phase is characterized by the decreased cellularity and type Il
collagen, while type | collagen increases. Moreover, the collagen fibers start to

organize, providing mechanical strength to the regenerated tissue; although the
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repair tissue never achieves the functional properties of the native tendon [7, 12,
14].

The healing mechanism may be intrinsic or extrinsic, or a combination of both.
The extrinsic healing mechanism starts when fibroblasts and inflammatory cells go
to the injury site, being responsible for the adhesion of the surrounding tissue to
the damage one. The intrinsic healing mechanism results from the tenocytes
proliferation level, being important for the reorganization of the collagen fibers

and maintenance of fibrillar continuity [1, 14].

1.6. SCAFFOLDS FOR TENDON REPAIR AND REGENERATION

Currently treatments methodologies only enable the replacement of damaged
tissue with partially functionalized foreign substitutes of or pain relief. In this
context, tissue engineering represents a more promising approach due to its
objective to achieve full tendon regeneration. The treatment that tissue
engineering offers is based on biomaterials replacement that can mimic native

tissue structure and function [1, 20, 21].

For this purpose, biomaterials play an important role in tissue engineering
because scaffolds are made of it, being used as a temporary structure that supports
the initial tissue growth. Scaffolds can enhance the tendon healing response by
facilitating cell proliferation and promoting matrix production and organization

into a functional tendon tissue [3, 20, 22].

Tendons have special structural features that play a main role on its functions
and represent a challenge on tissue engineering so, in regard to scaffold designing
for tissue regeneration, there are some features that the scaffold must fulfill in
order to be implanted. On the beginning of the regeneration, scaffolds must mimic
tendons fibrous structure and thus its mechanical properties in order to protect the
growing tissue from strong forces and to avoid an inflammatory process. Then, it
should gradually be absorbed, allowing the tissue to develop more naturally and
with more efficient functions, degrading at the same rate that the new tissue is
created [1, 20, 23, 24].

Having account the characteristics described, the scaffolding materials, ideally,

should have a group of properties of the following requirements:



e Biodegradability with adjustable degradation rate;

e Maintain biocompatibility during all the degradation process and after it;

e Have similar tendon mechanical properties and maintain the mechanical
strength during the tissue regeneration process;

e Be bio-functional, which means, being able to support cell proliferation and
differentiation and, consequently, tissue formation;

e Have high processability, which means, being able to be easily processed in
order to make complicate shapes and structures thus matching the native

tissue size and shape [1, 20, 23].

Therefore, one of the major goals in tissue engineering is to combine the
appropriate scaffold material with cells in order to mimic the mechanical
properties (stiffness, ductility, non-linearity and viscoelastic) and biochemistry of
the native tendon. In the last years several materials have been used to produce
scaffolds and they can be classified as biological, natural and synthetic; however
few of them have the mechanical properties required to mimic the tendon tissue
[5, 15, 22].

1.6.1. Biological and natural scaffolds

Biological scaffolds are protein-based extracellular matrices that are normally
derived from mammalian (human, equine, porcine and bovine) connective tissues.
In order to remove non-collagen components, some tissues like intestine mucosa,
dermis and pericardium are processed, thus minimizing the risk of rejection, while
maintaining the natural collagen structure and mechanical properties [1, 5, 25,
26].

Yet, the cell removal efficiency, which varies in accordance with the
decellularization method, is always inferior to 100%. Moreover independently of the
method, there are significant drawbacks; for example, the chemical method may
leave chemicals in the final structure that can be toxic to the host cells and
concerning the physical method it procedure can partially disrupt ECM structural
and functional components, affecting the mechanical properties, degradation rate

and bioactivity of these type of scaffolds [1, 15].



Since collagen is the major ECM component in tendons, it is one of the favorite
materials to be used for biological scaffolds. These scaffolds are mainly composed
of naturally occurring collagen fibers (principally type | collagen) and several of
them present a bioactive surface chemistry and native structure, being able to
promote cellular proliferation and tissue ingrowth. Some advantages of these type
of scaffolds are the 3D protein surface and the natural porosity that allows a quick
interaction between the scaffold and the host tissue, inducing a faster tissue
formation [1, 25, 26].

On the other hand, collagen scaffolds present some limitations such as low
mechanical properties, high cost, variation from batch to batch, unpredictable
degradation rate and non-defined biocompatibility, which may result in an
inflammatory response and implant rejection. Some of commercially available

biological scaffolds can be seen in table 1 [15, 25, 26].

For all these reasons, biological scaffolds are primarily used as surgical meshes,

promoting strength and support rather than constructive tissue remodeling [27].

Concerning natural scaffolds, they are based on natural polymers that have
considerable interest in tissue regeneration, when comparing with synthetic
scaffolds, due to their high chemical functional groups for cellular binding and
higher biocompatibility and biodegradation; some natural polymers include
chitosan, silk and fibrin. However, the challenge in using natural polymer is
processing them into different forms and at the same time maintain their chemical

features (without chemical modification) [1, 15, 25].

1.6.2. Synthetic scaffolds

Unlike biological or natural scaffolds, synthetic scaffolds present high
mechanical properties and, furthermore, they can be easily produced into different
sizes and shapes, with the desired pore morphologic features and with chemical
functional groups that, as consequence, induce tissue ingrowth and can meet
specific mechanical and biological requirements. However, when compared with
biological scaffolds, they have lower biocompatibility and many studies have
revealed that they cause long time complications, such as an inflammatory

response due to the body reaction to a foreign body [5, 28, 29].



Synthetic biodegradable polymers are yet preferred due to their reproducible
mechanical and physical properties and the control of material impurities,

presenting a predictable degradation rate [1, 23, 25].

Among synthetic polymers, the vast majority for tendon tissue engineering
poly(lactic acid) (PLA) and their
copolymer poly(lactic-co-glycolide) (PLGA), poly(e-caprolacyone) (PCL) and poly(L-

applications are poly(glycolic acid) (PGA),

lactic acid)(PLLA). PGA fibers revealed cell and collagen alignment similar to native
collagen and have the highest initial strength, but it decreases with degradation;
PLGA scaffolds have been reported to improve regeneration, increasing tendon

healing and PLLA presented great cell proliferation [15, 20, 23].

Between all the advantages these polymers present, they have also some
disadvantages. Although their degradation products are metabolites present in the
human body, they are also acidic and can produce inflammation reactions and,
besides that, their structures are hydrophobic, thus don’t support a high level of
cell adhesion. Moreover, their biocompatibility is very poor, as they can’t be
absorbed or integrated into host tissue and, as a result, it may cause postoperative

infection and chronic immune response [20, 23, 24].

These adverse biological reactions may be minimized when the scaffolds are
small, being more appropriate for tendon repair of small defects. In table 1 can be

seen some of the principal commercial synthetic devices [5, 26].

Table 1 - Commercially available scaffolds (biological and synthetic) for tendon repair [5, 26].

Scaffold
Device Material Application Company
Classification
Rotator cuff,
Achilles, DePuy
Restore® Porcine SIS patellar, biceps Orthopedics,
and quadriceps USA
tendons
Biological
CuffPatch® Porcine SIS Rotator cuff Arthrotek, USA
Human cadaver Wright Medical,
Graftjacket® ) Foot tendons
dermis USA
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Zimmer® Porcine dermis Soft tissues Zimmer, USA
Rotator cuff,
Achilles, Stryker
Fetal bovine
TissueMend® ) patellar, biceps Orthopedics,
dermis
and quadriceps USA
tendons
Kensey Nash
Bio-Blanket® Bovine dermis Soft tissues
Corp., USA
Equine Rotator cuff and | Pegasus Biologic
OrthADAPT®
pericardium Achilles tendons Inc., USA
Polytetrafluoroe WL Gore and
Gore-Tex® Soft tissues
thylene (PTFE) Associates, USA
Polyurethane Biomet Sports
Sportmesh® Rotator cuff
urea (PU) Medicine, USA
Polyurethane Rotator Cuff and | Artimplant AB,
Artelon®
urea (PU) Achilles tendon Sweden
Neoligaments,
Leed-Kuff Patch® Polyester Rotator cuff

UK

Lars Ligament®

Polyethylene
terephthalate
(PET)

Anterior cruciate
ligament and

Achilles tendon

Lars, France

Leeds-Keio®

Polyethylene
terephthalate
(PET)

Anterior cruciate
ligament and

Achilles tendon

Neoligaments,
UK
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CHAPTER 2 - TEXTILE STRUCTURES

2.1. INTRODUCTION

Tendon injuries are difficult to manage and although spontaneous healing can
occur this often results in the formation of scar tissue, whose structure affects
functionality, movement and strength of the repaired tendon. Current used
therapies are mainly limited to pain control and or tissue replacement, without
fully restoring tissue functionality. For the simple cases a suture backing together
the tendon ends is enough. Therefore, for other cases, biological grafts may be
needed to replace tissue; these can be auto or allografts, but they present some
disadvantages as high donor site morbidity and functional disability, limited

availability and risk of rejection [1, 5, 10].

Tissue tendon engineering aims to overcome these drawbacks by regenerating a
tissue with biological and mechanical properties that are similar to the native
tissue. A common approach in tissue engineering involves a 3D temporary scaffold
that, ideally, promotes homogeneous tissue regeneration, is biocompatible and its
material can be process in order to maintain reproducibility of the 3D selected

structure and high mechanical properties [30-32].

Like tendons, ligaments serve essential roles in joint motion, while tendons
connects muscle-bone, ligaments connects bone-bone. Since, Ligament advanced
reinforcement system (LARS), made of polyethylene terephthalate (PET), is one of
the graft choices for ligaments rupture management, PET is a material that may
have the desired properties to fulfill the tendon scaffold requirements. The
introduction of these scaffolds attracted much attention because it offered benefit
of quick recovery and rapid rehabilitation of the knee without severe complications
often seen with other synthetic scaffolds; LARS ligament has also high mechanical
strength and causes minimum complications due to the high biocompatibility [5,
33, 34].

In the present study, PET yarn and braided structures that will be part of the
tendon scaffold structure being developed by Diana Morais under her PhD were
characterized. Also, in the future, these structures will be functionalized with one

of the approaches proposed in Chapter 3. These textile structures were prepared

12



by a textile braiding technique and fully characterized to optimize the tendon
scaffold structure performing physicochemical (X-ray diffraction, Differential
scanning calorimetry, swelling profile, porosity, braid angle, vertical wicking test

and degradation profile) and mechanical (uniaxial tensile test) characterization.

2.2. MATERIALS AND METHODS

2.2.1. PET structures

PET yarns (1112 dTex) were purchased from Sarla Europe, LDA. Not only the
properties of the PET yarn were studied, but also different braided PET structures
presented in table 2 were made in order to study the influence of the number of
yarns (6,8 and 16) and the take-up rate, which is the speed at which the take-up
device removes the finish braid (Low, L- 1.44 cm/s and High, H - 3,94 cm/s) [35].

Table 2 - Braided structures.

Denomination Number of yarns Take-up rate
6YH 6 High
8YH 8 High
8YL 8 Low
16YH 16 High

2.2.2. Differential scanning calorimetry (DSC)

The thermal properites of 3 PET yarns were analysed by differential scanning
calorimetric (DSC). Approximately 6 mg samples were heated from 30 °C to 290 °C
(more 30 °C over melting point (260 °C) [36]) at 10 °C/min, in an aluminium pan,
under a controlled argon atmosphere, using a Labsys™ SETARAM instrumentation

equipment.

Using the equipment software, the heats of melting (AHm) and cold
crystallization (AHc) were determined by integrating the areas (J/g) under the

peaks. The percent crystallinity was then determined using the following equation:

AHmM— AHc

Cristallinity (%) = AHMO

x 100 (1)
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The term AHmOis a reference value and represents the heat of melting if the
polymer was approximately 100% crystalline. In the case of PET, AHm® is equal to
140.1 (J/g) [37, 38].

2.2.3. X-ray diffraction (XRD)

X-Ray diffraction (XRD) is a technique used to identify crystalline phases in
materials. The PET yarn samples were analyzed on a Brucker AXS D8 Discover
equipment and the data recorded using step size 0.04° and a 1 second
dwell time. For the identification of each phase and determination of crystallinity,

it was used software EVA.

2.2.4. Swelling profile

Swelling studies were performed in duplicate. For that, the PET yarn samples
were immersed in PBS, at pH 7.4). Firstly, each sample was weighed before
immersion (W,), about 0.1 g. Afterwards, the samples were placed in a mesh and
immersed in the PBS solution and incubated at 37 °C, for 15 or 30 min. The mesh
was then removed and left 5 min air drying before weighting (W) the PET yarn.
The weight change (AW) of each sample represents the water absorption and was

calculated using the following equation:

We—W,
Wo

AW (%) = X 100 (2)

2.2.5. Porosity

To assess total porosity volume of the braided structures, 3 samples with 20 cm
length were cut, its cross-sectional diameter (2r) was measured by optical
microscopy in order to determine a geometrical volume (V, = nr?h) and each

sample was weighted (m) to determine the theoretical volume, considering a

cylinder composed by 100% PET (V,; = %, considering a density of 1.3 g/cm’ [36]).

Thus, the porosity percentage (P) can be calculated in accordance with the

equation 3:

Vg—Vd
Vg

P (%) = x 100 (3)
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2.2.6. Braid angle
To measure the braid angle, each braided structure was observed at the optical
microscope and the images were obtained through the microscope software. After

that, braid angle was measure through the software J image.

2.2.7. Vertical wicking test

The vertical wicking test was performed three times using three samples per
test. PET specimens of 20 cm length were suspended vertically with its bottom end
dipped in a reservoir of distilled water with a color agent. In order to ensure that
the bottom ends of the specimens could be immersed vertically at a depth of 3 cm
into the colored water, the bottom end of each specimen was clamped with a clip
(the apparatus can be seen in figure 3). The wicking heights, measured every
minute over 10 min, were recorded for a direct evaluation of the PET structures

wicking ability.

Figure 3 - Vertical wicking test apparatus.

2.2.8. Tensile test

The uniaxial tensile tests of the braided structures were performed (in
triplicate) on LR 30K from Lloyd instruments. The distance between the jaws was
200 mm, and the speed applied was 10 mm/s, which mimics the velocity of a real
walking situation. During the tests, mechanical properties such as maximum load

and maximum strain of all structures were obtained [17].
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2.2.9. Yarn degradation

PET yarn degradation studies were performed in 2 mL PBS (pH 7.4), in triplicate,
where initial weight was recorded. All samples were then incubated at 37 °C and 60
rpm agitation. After 15 days and 1 month the PET yarn samples were removed,
dried and weighted. It was also performed a tensile test with the parameter

indicated before.

2.3. RESULTS AND DISCUSSION

2.3.1. DSC

Crystallinity is a well-known material variable that affects not only the
physical-mechanical properties but also biodegradability. For this reason, is
important to trace the “as received” PET yarn crystallinity, to study in the future
its influence on the scaffold properties [39].

In Figure 4 it can be seen a DSC curve for a PET yarn sample, showing the heat

flow variation over temperature.
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Figure 4 - DSC of the PET yarn.

As it can be seen, the endothermal peak represents the melting temperature of
the material, which is around 250 °C and, the exothermal peak is related with the
cold crystallization temperature around 123 °C. These values are in accordance
with the literature [40, 41]. The glass transition temperature is reported to vary
from 70 to 114 °C [40]., but no defined peak could be observed in this region. This
may be explained due to the “noise” of the acquisition data; due to the heating
rate being too low, in which this kinetic transition causes a too small effect, it
could not be detected [42].
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Using equation 1 it was possible to estimate the PET yarn crystallinity degree,
which was approximately 53 + 2,4 %, that is in agreement with the literature being

a semi-crystalline polymer [41].

2.3.2. XRD
From figure 5 it is possible to observe the PET yarn XRD spectra.
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Figure 5 - XRD spectrum for PET yarn.

The XRD pattern of the PET vyarn displays reflections characteristics of
crystallinity relative to planes (010), (110) and (1000), for scattering angles 26 =
17.6 °, 22.8 ° and 25.6 °, respectively. The peaks observed are characteristic of PET

and have also been observed by other authors [43, 44].

Moreover, through this technique it was also estimated the PET yarn crystallinity
being approximately 55 + 3,2 %, which is in accordance with the DSC crystallinity

result.

2.3.3. Swelling profile
The PET yarn weight change over time is illustrated in figure 6, representing its
water absorption. This study was done using a PSB solution at 37 °C order to mimic

the physiological conditions and see the PET yarn swelling over time [45].
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Figure 6 - Weight change over time of the PET yarn at 37 °C, immersed in a PBS (pH 7.4) solution.

It is believed that swelling occurs as a result of water entering in order to reduce
the osmotic pressure. Water molecules diffuse into the amorphous regions of the
yarn and break inter-molecular hydrogen bonds, allowing an increase in the inter-
molecular distance of the polymer chains, which causes swelling. As a result,

swelling increases the amorphous regions of the yarn [46, 47].

Since the PET yarn weight changed over time (Figure 6), it means that yarn
swelling occurred due to the water diffusion into the yarn, leading to an increase
of weight and thus water absorption. Observing figure 6, at an initial stage there
was significant water absorption, causing a weight increase of 135% after 15 min of
immersion and then the swelling rate decreased up to 30 min, achieving a weight
change of 142%. The increase of swelling over time means that the void regions of
the yarn are still being filled until it reaches the saturation point, where the
equilibrium state is reached, where the osmotic pressure is balanced by the forces
of the crosslinking bonds [46, 48].

2.3.4. Porosity

Scaffold porosity can modulate the functionality and cellular response to the
implant. Pore interconnectivity extending through an implant increases the overall
surface area for cell attachment, which can enhance the regenerative properties of
the implant by allowing tissue ingrowth into the interior of the matrix. Figure 7

shows the porosity results of the braided structures being study [49, 50].
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Figure 7 - Porosity of the different braided structures.

Regarding the number of yarns, it can be seen that a high nhumber led to a high
porosity, especially from 8YH to 16YH increasing from around 74% to 85%. This
difference between these two structures may be even more accentuated because
increasing the number of yarns increases the void spaces since there is more void
spaces interyarn. However, comparing 6YH with 8YHno significant difference is
detectable as well as no effect was observed by changing the take-up rate (8YH vs
8YL).

2.3.5. Braid angle

The braid angle is half the angle of the interlacing between the two sets of yarns
of a braid (in figure 8 it can be seen the measurement performed for each braid
structure) and defines the resulting braid geometry. The ratio of the speed of the
yarn to the take-up device that removes the finished braid determines the braid
angle so, controlling the take-up rate it is possible to define the braid angle (yarn
orientation) [35, 51].

Figure 8 - Braid angle measure: a) 6YH; b) 8YH; c) 8YL and d) 16YH.
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In order to optimize the braided structure properties to be similar to a tendon
one, it is important to study the braid angle variation because it will have effect on

the braid porosity and on its mechanical properties [52, 53]

In figure 9 it is possible to analyse the influence of the number of yarns and

take-up rate on the braid angle.
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Figure 9 - Braid angle of the different braided structures.

Observing figure 9, samples 8YH and 8YL demonstrated the take-up rate
influence in the braid angle, which significantly increases for the a lowest take-up
rate, from approximately 6 ° to 20 °. Moreover, for the same take-up rate (6YH,
8YH and 16YH), a significant increase of the number of yarns will lead to an
increase of the braid angle. Between the structure with 6 and 8 yarns, there is no
significant difference being achieved a value of 5° and 6°, respectively; on the

other hand, the structure with 16 yarns presented a braid angle of 14°.

The results obtained are confirmed by the literature that describes the effect of
the take-up rate and number of yarns on the braid angle, referring that increasing
the number of yarns will increase the braid angle and that lowering the take-up

rate will also increase the braid angle [53].

2.3.6. Vertical wicking test
One of the scaffolds limitations is the ability to promote cell infiltration and
oxygen and nutrients diffusion which is important to ensure cell attachment,

proliferation and differentiation. The scaffold design is a way to overcome these
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limitations and it has been proved that a high wicking ability increases fluid intake

and enhance cells infiltration and distribution [54-56].

Figure 10 shows the vertical wicking curve, namelly the capillary rise vs time,
for PET yarn and braided structures varying the number of yarns maintaining a
lower take-up rate (figure 10-a), and varying the take-up rate maintaining a

structure with 8 yarns (figure 10-b).
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Figure 10 - Vertical wicking curve: a) varying PET structures number of yarns; b) varying PET structure
take-up rate.

Capillary rise within a textile is influenced by a number of factors, especially by
the fabric structure (porosity, yarn content and braid angle, for example), being
related with the water height in the yarn. It is evident from the capillary rise
shown in figure 10-a that using a braided structure instead of a single yarn results
in an increase of the capillary ability at 10 min from 11 cm for 1 yarn structure to
20 cm for the other structures [57].

Moreover, from figure 10-b it is possible to conclude that a high take-up rate
velocity (8YH) resulted in a high capillary rise because at 6 min while the highest
take-up rate structure already reached 20 cm height, the structure produced with
a lowest take-up rate (8YL) only reached 15 cm.

Capillary wicking is a liquid transfer mechanism which is determined mainly by
effective capillary pore distribution and pathways, being the spontaneous flow of
the liquid due to the capillary spaces between yarns [58, 59].

The structure geometry influences the pore size and the quality of the capillary
channels in the inter yarn spaces. Moreover, the yarns density and structure have
an influence in the inter- and intra- yarns pores dimension and distribution along
the fabrics [58].
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A structure with more capillary spaces will have a high capillary rise. This is in
accordance with the porosity, since structures with more yarns have a high porosity
and thus have a high and fast capillary rise. Regarding the structures produced with
8 yarns, the one produced with the lowest take-up rate (8YL) presented a much low
capillary rise. However since the 8YH and 8YL porosity is similar that means the
braid angle has a high importance on the capillarity. Since the number of yarns is
the same and the braid angle is higher for the 8YL sample, the pores may not be at
the capillary level but macro pores causing low capillary pressure. Literature
reported this phenomenon [55], where different macro-pore sized scaffolds where

studied and found that the smaller the pore size the higher the fluid rise.

2.3.7. Tensile test

In order to mimic the native tendon mechanical properties, the scaffold must
have similar mechanical properties. Figure 11 presents the braided structures

tensile test curves and figure 12 presents the mechanical properties for each
structure studied [28].
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Figure 11 - Tensile test results for the different PET structures.

22



1400

20
a) b)
1200 I ] '
16
Z 1000 9
(3 < 144
g £
e ]
S 800 gL
= ; 10
£ 600 ; 5
= TTH £ 84
S 400 i 6
b=
4 -
200
2 -
I NN N
Yarn 6YH 8YH 8YL 16YH Yaii 6YH SYH SYL 16YH
Braided structures Braided structures
28
26 I <)

24 4 l
22
204
184
16 4
14
124
10 ——
8
6 -
P
2 -

0—'—- :

—
Yarn 6YH

Stiffness (N/mm)

——

T

| s
8YH

1 T T
8YL 16YH

Braided structures

Figure 12 - Structures mechanical properties: a) maximum force, b) maximum strain and c) stifness.

Observing figures 11 and 12-a and b, concerning the number of yarns, a braided
structure with high number yarns presents a high maximum force before rupture,
being from around 50N for 1 yarn to 1200 N for 16YH structure. The same behavior
is observed for the maximum strain achieved before rupture, being from around
13% to 17%, for 1 yarn and 16YH structures, respectively. The maximum load
increases with the number of yarns because the load applied is divided through all
the yarns.

Regarding the take-up rate variation, no significant difference was observed for
the maximum force, being around 600 N for both structures (8YH and 8YL).
Concerning the maximum strain, it was considerably higher for the lower take-up
rate, varying from around 16% to 19% for 8YH and 8YL, respectively. In this case,
the maximum strain is mainly influence by the braid angle, where a high braid
angle (8YL) led to a maximum strain because, as have been reported on the

literature, structures with a high braid angle have initially a low parallel alighment
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of the yarns, so it will take more time to align in axial direction the yarns and
therefore present high maximum strain [35, 60].

Besides the 16YH sample, for all the other the maximum load and strain
corresponds to the yield point because after this point the force applied decrease
meaning that fracture occurred. In the case of 16YH sample, the yield point is
around 1130 N.

The maximum force applied to Achilles tendon during a slow walk is of 2600 N
and up to 9000 N during running. Although the rupture force of braided structures
being studied is bellow these values, the final structure being developed by Diana
Morais will have several of these structures associated in order to achive the native
tendon mechanical properties [4].

Tendons are stiff (force required to stretch it on unit distance) and present high
tensile strength. Therefore, the structures stiffness was also studied. [4, 61].

Figure 12-c presents the stiffness value of the different PET structures, that was
calculate on the linear region of the curve, between 2% and 6% strain. Like for the
maximum force achieved, the stiffness increased with the number of yarns from 2
N/mm to 25 N/mm for the 1 yarn and 16YH structures, respectively. Moreover, the
stiffness decreases with the take-up rate, varying from 14 N/mm to 11 N/mm for
8YH and 8YL structures, respectively.

Increasing the number of yarns, for similar strain level, more force was needed
to be applied thus leading to a high stiffness. Between the structures with different
take-up rate, in the one with the lowest braid angle (8YH) the yarns tend to align
to the axial direction, thus low strain will occur and the stiffness in axial direction
increase [62].

Having in account the tendon properties referred, the structure that present

more promising results to be used in the tendon scaffold is the 16YH structure.

2.3.8. Yarn degradation

Developing scaffolds with the optimal characteristics such as an adequate
degradation rate is important to assure for example that the strength of the
scaffolds is maintained until the regenerated tissue takes over the synthetic
scaffold [63].

After each PET yarn immersion time, no weight loss was observed, indicating

that no significant degradation occurred.
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Moreover, figure 13 shows the tensile test curve of the PET yarn for each

degradation test time, in order to analyze mechanical properties alterations.
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Figure 13 - Tensile test results of PET yarn, for each immersion time.
Observing figure 13, the maximum force and strain achieved after each
immersion time (15 days and 1 month) is similar to the PET yarn that didn’t suffer
immersion, approximately 75 N and 13% strain. These results indicate that the PET

yarn may be suitable to be used in a tendon regeneration scaffold since it

maintained its mechanical properties after 1 month of immersion.
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CHAPTER 3 - SURFACE FUNCTIONALIZATION OF POLY(ETHYLENE

TEREPHTHALATE)

3.1. INTRODUCTION

Because the majority of the biological reactions take place at the interface
between biological systems, surfaces play an important role in biology and
medicine. In tendon tissue engineering, the chemical and physical properties of the
scaffold surface must promote good cell attachment, proliferation and

differentiation, to finally organize the matrix into a functional tendon [20, 64].

Polymeric materials provide support surfaces for the immobilization of
biologically active molecules and living cells, having many applications in the
field of tissue engineering. However, the use of various polymeric materials is
drastically limited due to their inert and hydrophobic surface, which affects cell

adhesion and proliferation [5, 15].

PET is a linear aromatic polymer, with excellent bulk properties, such as high
specific strength, good resistance to corrosion and it is relatively inexpensive to
produce. Though, PET is inert, lacking active functional groups and is non-
degradable. Moreover due to its low surface energy, it has poor wettability and
cellular adhesion [20, 64].

It has been some interest in adding functional groups to non-degradable
synthetic graft surfaces in the expectation of enabling new tissue growth and
integration, and avoids immunological reactions to the foreign body and high

failure rates [64].

Several physical and chemical approaches have been developed to modify
scaffolds surface. Among them, plasma treatment is frequently used to improve
wettability, more specifically, oxygen plasma treatment causes the formation of
oxygen groups on the polymer surface (polar functional groups), such as C-O, C=0
and 0=C-O, increasing their hydrophilicity. Moreover, the formation of amine
groups (NH;) was shown to be a good mean to improve cell adhesive properties
[64-66].
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An alternative to plasma treatment for the introduction of amino groups on the
polymer surface is a chemical etching on the form of aminolysis using diamines.
Aminolysis has been demonstrated to be effective for modifying polymeric scaffolds
or membranes for tissue engineering applications, where the free amino groups
were used as a chemical linker to immobilize macromolecules, such as gelatin,

chitosan and collagen [67].

On the particular case of ethylenediamine (EDA), the amino groups (-NH;) can be
chemisorbed on PET substrats via -C(O)NH- bonds by EDA modification in water
solution; it couples to the polymer surface by one amine side only, leaving other

available to react [68].

Another approach is using a coating with adhesion molecules, such as poly-D-
lysine, that has been used to enhance adhesion and growth of cells on the scaffold.
Due to its cationic nature, poly-D-lysine is an attractive coating for the adherence
of the cells because it enhances electrostatic interaction between negative charges
of the cell membrane and positively-charged ions. Moreover, when comparing with

other ECM components, it has a smaller cost [69].

In the present study, the PET surface was functionalize, first by plasma
activation (oxygen and argon plus oxygen) and afterwards by incorporating amine
groups by two approaches: 1) with a wet treatment ethylenediamine aminolysis
and 2) with the adhesion molecule, D-lysine. The surface modifications were
characterized by assessment of the water contact angle, total reflection fourier
transformation infrared (FTIR-ATR) spectroscopy, Atomic Force Microscopy (AFM),

Scanning electron microscopy (SEM) and colorimetric staining with Acid Orange II.

3.2. MATERIALS

PET membrane biaxilly oriented whit 0.1 mm thickness (ref. ES301400,
Goodfellow), Ethylene diamine (EDA) (99%) (ref. E26266, Sigma), D-lysine
hydrochloride (99%) (10435295, Acros Organics), distilled and deionized water,
Phosphate buffered saline (PBS), ethanol (96%), isopropanol (99%), NaOH (0.1 and
1 M), HCL (1 M), orange 7 (ref. 633-96-5, Acros Organics), L929 cell lines (ATCC CCL-
1™), a-MEM (Gibco, Invitrogen No. 11900-073) , fetal bovine serum (Gibco

Invitrogen No. 10106-169), penicillin and streptomycin solution (Gibco Invitrogen
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No. 15140-122), fungizone (Gibco Invitrogen No. 15290-026), glutaraldehyde (0.14
M), sodium cacodylate buffer (pH 7.4)

3.3. METHODS

3.3.1. Surface functionalization

3.3.1.1. PET sample preparation

All processes were performed on circular PET membranes with 0.1 mm thickness
and 25 mm diameter in dimension, except for AFM and SEM analysis, that were
performed in PET membranes with 13 mm diameter. Before all plasma activation

treatments, the PET substrates were cleaned with ethanol.

3.3.1.2. Plasma treatment

A Zepto laboratory-sized plasma system from Diener Electronics (g = 105 mm, L
= 300 mm, V = 2.6 L) was used for the plasma activation of the samples. Several
plasma treatments were performed, taking into account the effect of two main
parameters: used gas and plasma treatment time. Based on these parameters,

three combinations of these parameters were used:

1. Oxygen gas treatment ( 2 to 10 min, 100 W);

2. Mixture of Argon and Oxygen (2 to 10 min, 100 W);

3. Argon pre-treatment (2 min, 100W) and then only oxygen treatment (2 to 10
min, 100W).

3.3.1.3. Grafting approaches

a) EDA grafting
Immediately after the plasma treatment, PET samples were immersed in

different EDA solutions for 24 h as shown in table 3.

Table 3 - EDA grafting conditions.

Denomination Solvent Temperature (°C) EDA concentration (v/v) |

w2025 20 25%

w2050 water 50%

W5050 50 50%

E2025 25%
Ethanol 20

E2050 50%
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After the grafting treatment, all samples were removed from the reactive
solutions, rinsed firstly in distilled water, then in isopropanol and again in distilled
water. Finally, the grafted samples were dried under vacuum condition at room

temperature before analysis.

b) D-Lysine grafting
Immediately after plasma treatment, PET samples were immersed in D-lysine
solution 0.04 (g/ml) at 37 °C, for 2 h, using PBS as a solvent for the pH 7 solution
and using deionized water for the pH 9.5 solution (using 0.1 M NaOH to adjust the
pH). After the treatment, all samples were removed from reactive solutions and
rinsed three times with PBS. Finally, the grafted samples were air dried before

analysis.

3.3.2. Physico-chemical characterization

3.3.2.1. Differential scanning calorimetry (DSC)

The DSC test procedure was the same described on chapter 2, but applied to 10

mg PET membrane samples.

3.3.2.2. Contact angle

The wettability of PET after plasma activation and after surface grafting was
assessed by the sessile drop method, measuring the water contact angle on the
samples using a 3 pl drop of deionized water, at room temperature using a OCA 20
unit from Dataphysics. A minimum of six contact angle measurements were

performed for each condition.

3.3.2.3. Fourier transform infrared - attenuated total reflectance (FTIR-ATR)

spectroscopy analysis

The chemical bonding characteristics were analysed by Fourier Transform
Infrared Spectroscopy (FTIR) in Attenuated Total Reflectance (ATR) mode, using a
Jasco FT/IR 4100 system. All ATR-FTIR measurements (64 scans, 8 cm™ nominal
resolution) were performed immediately after the plasma activation and grafting of

the samples.
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3.3.2.4. Atomic Force Microscopy (AFM)

The surface topography, average roughness (R,) and surface height standard
deviation (Rq) of the PET substrates were assessed before and after the plasma
activation and after surface grafting using a Multimode Atomic Force Microscope
(AFM) from Digital Instruments using the tapping mode (scan size 5 x 5 pm? and
scan rate 1 Hz). A Nanoscope Il controller and Tesp AFM tips from Bruker were also

used.

3.3.2.5. Optical Profilometer

The surface profilometry was performed using a Bruker, model NPFLEX

equipment.

3.3.2.6. Scanning electron microscopy (SEM)

In order to evaluate the samples surface morphology, SEM analysis was
performed in a Quanta 400FEG SEM microscope (FEI, USA), after a gold-paladium

coating of the samples using a SPI sputter coater.

3.3.2.7. Evaluation of amino group density (Acid Orange Il)

To quantify the amount of exposed primary amine groups after PET surface
grafting, the Orange Il method was used. The amino-covered samples were
immersed on 3 mL of acidic dye solution (14 mg/mL) (adjusted to pH 3 with 1 M
HCl) and shaken for 1 h at 40 °C. The samples were then thoroughly rinsed three
times with water acidic solution (pH 3) to remove unbound dye. Once air-dried, the
colored samples were immersed in 2 mL of water adjusted to pH 12 witha 1 M
NaOH solution and shaken for 15 min at room temperature. The absorbance of the

solution was then measured at 485 nm.

3.3.3. Cell viability evaluation

3.3.3.1. Resazurin assay

L929 cell line was cultured in a-MEM (supplemented with 10% (v/v) fetal bovine
serum, 1% penicillin and streptomycin solution and 2.5 pg/mL of fungizone. Cells
were seeded at 2x10* cells per well (24-well culture plates) on the samples surface
(untreated PET substrate and EDA (W5050) and D-Lysine (pH 9.5) grafted PET
substrate) for 1, 3 and 7 days at 37 °C, in a 5 % CO; humidified atmosphere. After

each time point, 50 pl of resazurin at 37 °C were added to each well and the plates
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were incubated for 3 hours at 37 °C in a 5 % CO, humidified atmosphere. Then, the
fluorescence was measured at 595 nm using a microplate reader. This experiment

was performed in triplicate.

3.3.3.2. SEM analysis

The morphology of L929 fibroblasts seeded on the surface of untreated, EDA
treated (condition W5050) and D-Lysine treated (pH 9.5) PET, after each time point
was analysed by SEM. Briefly, samples with cells were firstly washed twice with PBS
and fixed with 1.5 % (m/V) glutaraldehyde in 0.14 M sodium cacodylate buffer (pH
7.4) over 15 min. Afterwards, samples were dehydrated using graded ethanol
solutions from 50 % (V/V) to 100 % (V/V). The samples lasted 10 min in 70 and 80%
ethanol solutions, 20 min in 90% ethanol solution and overnight in 100 % ethanol
solution. Finally, samples were placed onto aluminum stubs and coated with
gold/palladium using a sputter coater (SPI, USA) for SEM analysis in a Quanta
400FEG SEM microscope (FEI, USA).

3.4. RESULTS AND DISCUSSION

3.4.1. DSC
In Figure 14 it can be seen a DSC curve for a PET membrane, showing the heat

flow variation over temperature.
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Figure 14 - DSC of PET membrane.

As it can be seen, the endothermic peak represents the melting temperature of

the material, which is around 254 °C and the exothermic peak is related with the
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cold crystallization temperature around 121 °C. These values are similar to the
ones described for the PET yarn and are in accordance with the literature. Once
again, for the same reasons described before, the glass transition temperature is

not visible.

Using equation 1 it was possible to calculate the PET membrane crystallinity
degree which was approximately 41 + 1,8 %, being more amorphous than the PET

yarn.

3.4.2. Plasma treatment

For PET surface activation, oxygen and argon plus oxygen plasma treatment
gases were chosen to decrease its hydrophobicity and create new functional
groups. Oxygen was chosen in order to activate the surface, anchoring groups such
as carboxylic and hydroxyl and all conditions tested have used this gas because it
creates more groups that allow a better amines grafting. Argon was used as a gas

to clean the material surface and alter the surface morphology [70, 71].

3.4.2.1. Contact Angle

In order to enhance the further surface functionalization it is important to have
an initial surface with low contact angle to allow the solution to wet the surface
and obtain a more homogenous coating. To optimize the surface activation process
parameters and to obtain a suitable gas or gaseous mixture, treatments were
carried out at varying exposure times. In figure 15 is possible to observe the water

contact angle variation as function of each plasma treatment conditions.

All treatments led to the improvement of the hydrophilicity of the samples,
causing a water contact angle decreased.This increase in the wettability is
generally attributed to the introduction of chemical polar groups, such as carboxyl
(-COOH) and hydroxyl (-OH), with hydrophilic behavior on the polymer surface
[72].
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Figure 15 - Water contact angle (8) for different plasma treatment conditions.

The results presented in figure 15 show that for all conditions it is evident a
decrease of 0 over plasma treatment time and the lowest 6 values for all the
treatments were achieved at 8 min. At 8 min treatment it was observed a decrease
from 74.7 ° to 10.7 ° for the treatment with only oxygen gas; 11.7 ° for the mixture
of argon and oxygen and 10.13 ° for the treatment with 2 minutes argon plus 8
minutes oxygen. Similar trends were reported in the literature for different

polymers after treatments under atmospheric pressure [57, 72].

Between the three plasma treatment conditions, although all present a ©
decrease over plasma treatment time for the conditions with argon this
phenomenon is more evident for the lowest treatment times, This may happen
because the material surface is less contaminated and its roughness has been
changed, enhancing oxygen plasma activation. At 8 min treatment, the argon gas

effect over oxygen gas is minimum, reaching a similar 6.

Based on these results, the conditions that were chosen for further surface
characterization were the 8 min oxygen plasma treatment after 2 min argon and 8
min oxygen plasma treatment. The treatment with gases mixture was excluded
because since the gases are pumped at the same time there would be a low oxygen
concentration at the plasma chamber and this gas was important for chemical

surface activation.
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3.4.2.2. FTIR-ATR

Figure 16, shows the FTIR-ATR spectra of PET, untreated and after the selected
plasma treatment conditions (with oxygen gas, figure 16-a, and with argon plus
oxygen gas, figure 16-b). Using this technique no detectable changes were

observed among spectra before and after the plasma treatments performed.
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Figure 16 - FTIR-ATR spectra of untreated and plasma treated samples. a) samples activated with oxygen
gas and b) samples activated with argon plus oxygen gases.

3.4.2.3. AFM

In order to see the effect of the plasma treatment on the surface roughness, the
treated samples were analysed by AFM. Table 4 shows the average roughness (R,),
standard deviation of surface heights (Ry) and a representative 3D height images

for the different conditions.

Table 4 - AFM results for untreated and plasma treated samples.

Treatment Sample Ra (nm) Rq (nM)

Untreated | 3.4:05 | 5.8+1.5

X 1.000 pw/div
2 200.000 nw/div
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8 min O,

2 min Ar

8 min O,

X 1.000 pw/div
Z 100,000 nw/div

As it can be seen in table 4, the surface average roughness didn’t changed
significantly between the untreated sample and both plasma treatments. On the
other hand, the treated surfaces seem to be more homogenous, being the peaks

more uniformly distributed and with similar height.

On the plasma treated samples, although the surface topography changes may
have contributed to the water contact angle decrease (see figure 15), the
maintenance of the average roughness indicates that the significant hydrophilicity
increase is mainly due to the chemical activation on the surface, which means that
the creation of new functional groups on the PET surface may have been

successfully achieved.

3.4.3. EDA grafting
In order to understand the reaction between EDA and PET surface, figure 17

represents a scheme of the reaction, showing how the grafting occurs.
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Figure 17 - Reaction scheme between PET and EDA [68].

Based on FTIR-ATR and acid orange results, only the EDA grafting conditions
that revealed to be more interesting were chosen to be analysed (W5050 and
E2050) because the other conditions didn’t present amino group characteristic
peaks (see figure 32 from attachments) and the acid orange method demonstrated

low amino group density (see figure 20).

3.4.3.1. FTIR-ATR

Figure 18, shows the FTIR-ATR spectra of PET, untreated and after the EDA
grafting conditions W5050 and E2050, using oxygen and argon plus oxygen plasma
(figure 18-a and figure 18-b, respectively).
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Figure 18 - FTIR-ATR spectra of untreated PET and EDA grafted samples (W5050 and E2050): a) samples
activated with 8 min oxygen plasma and b) samples activated with 2 min argon and 8 min oxygen plasma.

In the FTIR-ATR spectra of the PET surface after EDA treatments new bands
characteristic for amine, amide and hydroxyl groups were expected according to
reaction shown in figure 17; in figure 18-a can be seen that the treated samples
have a new peak at 3300 cm™ (A) that corresponds to the stretching vibration of
amine | and II. The region 1750-1500 cm™ is also rich in new peaks, being the 1630

cm” (B) and 1546 cm™ (C) peaks the amide | and amide Il stretching bond
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respectively, which confirms the presence of -CONH bonds on the PET surface,
which were obtained after plasma activation. The appearance of these peaks is
related with the presence of EDA, indicating that EDA has been linked to the PET
surface [73].

Between oxygen plasma treatment (figure 18-a) and argon plus oxygen plasma
treatment (figure 18-b), although the argon plus oxygen treatment presents the
same new peaks described previously between 1750-1550 cm™, they are less
intense and also the peak at 3300 cm™ barely appears, indicating less quantity of
amine groups for this type of plasma treatment. Moreover, for each plasma
treatment conditions, when comparing W5050 and E2050 samples, both present
similar peak signals, however the signal is more intense for the W5050 sample,

which indicates the presence of more amino groups.

3.4.3.2. Amino groups density

From figure 19 it is possible to compare the primary amine group density for

each plasma treatment and EDA grafting condition.

o
2

Relative Absorbance (485 nm)

Untreated Water Water Ethanol Ethanol
50°C 50°C 20°C 20 °C
50% 50% 50% 50%

Figure 19 - Amino group density on untreated PET sample and EDA grafted samples (W5050 and E2050),
for each plasma treatment, based on acid orange absorbance.

Comparing the untreated sample with the treated ones, all the treatments result
in an increase of the acid orange absorbance meaning an increase of the amine
groups density. This behavior was expected because the PET chemical structure
doesn’t present any amine group and with the EDA treatment the amine groups

were introduced in the PET surface (see figure 17).
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When comparing the two plasma treatment conditions, the oxygen plasma
treatment presents a higher amine density for both EDA treatments than the argon
and oxygen treatment. These results are in accordance with the FTIR-ATR results,
where amine group peaks appeared and were more intense for oxygen plasma
treatment than for argon plus oxygen treatment (see figure 18). This may occur
because when using argon before oxygen the chamber is not empty and since argon
has higher molecular weight than oxygen it doesn’t allow the oxygen entrance. In
consequence, less oxygen will be pumped into the chamber and react with the

surface, creating less functionalizing groups.

Between the W5050 and E2050 samples the amine group density in W5050 is
higher than in E2050; varying, respectively, from 5.7 to 1.5, for the oxygen

treatment and from 1.5 to 0.5 for the argon and oxygen treatment.

However, for the same plasma treatment, according to figure 20, maintaining
the temperature and EDA concentration, the amine groups density is higher in
solutions with ethanol (W2050 and E2050 samples) than with water. Also, for the
same EDA concentration and using water as solvent (W2050 and W5050 samples)
the highest temperature led to the highest amino group density, which indicates
that temperature may favor the reaction process improving the covalent linking
between PET surface and EDA.

- Untreated
O w2025

Relative absorbance (485 nm)
w
1

Figure 20 - Amino group density on untreated and EDA grafted samples, for 8 min oxygen plasma
treatment, based on acid orange absorbance.

Since the 8 min oxygen plasma treatment results revealed to be more
interesting for amino functionalization than the argon and oxygen treatment, the
water contact angle, SEM and Optical profilometer analysis were only preformed

on samples treated with oxygen. For this reason, since D-Lysine grafting has the
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same final objective than the EDA grafting, only 8min oxygen plasma was

performed.

3.4.3.3. Contact Angle

In figure 21 is possible to see the values of water contact angle for untreated
PET and EDA grafting samples W5050 and E2050. In this case, it is important to
measure the grafted surface contact angle in order to see if the PET surface is

more hydrophilic, to allow a better cell adhesion.
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Figure 21 - Water contact angle for untreated and EDA grafted samples.

When compared with the untreated PET, both treatments result in a decrease of
0 leading to more wettability, decreasing from 74.7 ° to 65.9 ° and 61.0 ° for the
E2050 and W5050 samples, respectively. It has been found that when using the EDA
solution, using water solvent, besides aminolysis (figure 17) other reactions like
hydrolysis take place, creating more functional groups that easily react with EDA to
produce -COO™.NH**-, turning the PET surface more hydrophilic. On the other hand,
for the EDA solution using ethanol solvent, the PET ester group on the surface can’t
be hydrolyzed, being the E2050 sample more hydrophobic than the one treated in
water [68, 73].

Moreover, the contact angle is related with the amino group density because of

its hydrophilic character. So, the lowest contact angle observed for the W5050
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sample is in accordance with the FTIR-ATR and acid orange results (see figures 18
and 19), where more amino groups led to a surface more wettable [66].

3.4.3.4. SEM analysis

SEM analysis was performed in an untreated sample (figure 22-a) and W5050
(figure 22-b) and E2050 (figure 2-c) samples, which were previously exposed to 8

min oxygen plasma treatment.

The SEM image corresponding to the untreated PET (figure 22-a) revealed an

uniform surface without any relevant imperfections.

10 um —
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CEMUP| 10 000 x[10.00 kV| SE |ETD|10.0 mm CEMUP| 10 000 x[10.00 kV| SE |ETD|10.0 mm

Figure 22 - SEM images of the samples surface at a magnification of 10 000x; a) untreated PET sample; b)
W5050 sample; c) E2050 sample.

The SEM images corresponding to the EDA treated samples (figure 22-b and 22-
c), present aligned and parallel “strips” in the surface of the PET, in-between

these oriented “strips” the space thickness is regular through the sample.
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This kind of topography is explained because the EDA etches the amorphous
regions between the crystallites and the polymer crystalline structure remains.
Also, the alignment of the “strips” may be explained because this orientation is
going to correspond to the membrane longitudinal production, since Goodfellow

PET membrane is biaxial oriented [74].

Between the W5050 and E2050 samples, the E2050 (figure 22-c) seems to have a
thinner grafting because it is visible the surface original imperfections, unlike
W5050 sample (figure 22-b) which seems to have a higher thickness. This indicates
that the E2050 sample presents a coating with low thickness, which is in
accordance with the FTIR-ATR and acid orange method results where the amino
group peaks are less intense and there is also a low amino group density,

respectively.

3.4.3.5. Optical Profilometer

In order to observe the surface topography and roughness after EDA grafting, the
treated samples were analysed by optical profilometer in order to analyse a larger
area. Table 5 shows the average roughness (R,), standard deviation of surface

heights (Rq) and a representative 3D height image for the different conditions.

Table 5 - Roughness results for the untreated PET sample and EDA grafted samples.

Treatment Ra(hm)  Rq (M)

Untreated

W5050 " 508 + 31 612 + 41
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As it can be seen, both EDA treatments increase the PET surface roughness,
presenting a distinct morphology, similar to the one presented on SEM images
(figure 22-b and 22-c).

As it was analysed before, the W5050 sample seemed to have a higher thickness
than the E2050 one. The results presented in table 5 confirm the conclusions taken
from the SEM images because the W5050 sample presented a higher roughness than
the E2050 sample. Moreover, when the roughness increases the surface contact
area also increases and enhances the cell adhesion, this may indicate that the
W5050 sample is more appropriate for cell adhesion and proliferation, due to its

higher roughness and surface area [75].

3.4.4. D-Lysine grafting
Since D-Lysine is the monomer of the Poly-D-Lysine, it may have a similar
interaction with cell membrane when used in the adequate concentration. Also, it

has the advantage of being cheaper than using directly Poly-D-Lysine.

For the D-Lysine treatments, it was study the effect of the pH in the link of D-
Lysine to the PET surface. The two selected pH values (7 and 9.5) were chosen
because of its effect on Lysine chemical structure (see figure 23). At pH 7, both
amino groups are protonated and may both link to the carboxyl groups created on
PET surface, after plasma treatment, so less amine groups would be available to
interact with cells. On the other hand, at pH 9.5 this phenomenon won’t happen
because only one amino group is protonated to link with PET surface, being one

exposed and available to interact with the living tissue [76].
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Figure 23 - Effect of pH on Lysine chemical structure [76].

3.4.4.1. FTIR-ATR

Figure 24, shows the FTIR-ATR spectra of PET, untreated and after the D-Lysine
grafting with pH 7 and pH 9.5 solutions.
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Figure 24 - FTIR-ATR spectra of untreated PET samples and D-Lysine grafted samples.

When comparing the untreated PET sample with the D-Lysine grafted samples,
no new peaks were observed. Nevertheless, FTIR-ATR signal peaks are attenuated
which indicates the deposition of a coating on PET surface for both pH conditions.
Between the two pH conditions, the FTIR-ATR spectrum of the pH 9.5 is more
attenuated, which may indicate the presence of a thicker coating, thus higher link

between the D-Lysine and PET surface.

3.4.4.2. SEM analysis

SEM analysis was performed in an untreated sample (figure 25-a), D-Lysine pH 7

(figure 25-b) and D-Lysine pH 9.5 (figure 25-c) samples.

The SEM image corresponding to the untreated PET (figure 25-a) revealed an

uniform surface without any relevant imperfections.
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Figure 25 - SEM images of the surface samples at a magnification of 10 000x; a) untreated PET sample; b)
pH 7 sample; c) pH 9.5 sample.

The SEM images of D-Lysine grafting (figures 25-b and 25-c) present that both
conditions led to a surface coating with low thickness, since it is possible to see the
original PET surface imperfections. Moreover the surface is covered with white
structures that may be salt crystallized structures from the PBS solution, being
difficult to distinguish it from D-Lysine. Like the FTIR-ATR results, that does not
detected new amino groups peaks, the SEM images did not allow to identify the D-
Lysine coating, once it is very thin and may be agglomerated on the salt structures

as reported in literature [77] for a coating of collagen with PBS solution.

3.4.4.3. Optical Profilometer

In order to observe the surface topography and roughness after D-Lysine
grafting, the treated samples were analysed by optical profilometer in order to

analyse a larger area. Table 6 shows the average roughness (R,), standard deviation
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of surface heights (R;) and a representative 3D height images for the different

conditions.

Table 6 - Roughness results for the untreated PET sample and D-Lysine grafted samples.

Treatment Sample Ra (nm) Rq (nM)
Untreated 9.0+ 1 12 +2
pH7 I 149 +49 | 272 + 81

pH 9.5 ! 96 + 50 183 + 97

Similar to the EDA grafting, both D-Lysine treatments increase the PET surface
roughness, presenting a distinct morphology that may be attribute to the crystal

salt presence, as reported before.

Between the two D-Lysine conditions (pH 7 and pH 9.5), no big difference is
observed on surfaces roughness, where the crystals salt are the main cause of
surface roughness and its distribution is heterogeneous. Once more, the presence
of D-Lysine cannot be distinguish from the crystal salts, as it was described for the
SEM images (figure 25-b and 25-c).

3.4.4.4. Contact Angle
In figure 26 is possible to see the values of water contact angle for D-Lysine

grafting using pH 7 and pH 9.5.
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Figure 26 - Water contact angle for untreated PET sample and D-Lysine grafted samples.

Relating untreated PET sample with D-Lysine treated ones, the latter ones led to
a decrease of 6, meaning a higher wettability as it was expected due to the amine
group functionalization. A decrease from 74.7 ° to 25.9 ° and 24.6 ° were observed
for the pH7 and pH 9.5 treatments, respectively. Between the two pH conditions,
no significant difference can was detected through this evaluation, being both

conditions able to increase greatly PET surface hydrophilicity.

Although the other evaluations did not allow the precise identification of D-
Lysine, the significant 6 decrease indicates that D-Lysine is present, otherwise the
0 value would not be so low and the PET surface would not present a higher

wettability.

For in vitro cell culture studies the conditions that presented to be more
interesting to study were, for the EDA grafting, the W5050 condition since it
presented the highest amino groups density and wettability and, for the D-Lysine
grafting, the pH 9.5 condition since it FTIR-ATR spectrum were more attenuated

and presented the highest wettability.

3.4.5. Cell viability evaluation

In the field of tissue engineering, focusing on repairing damaged tissue, it is
required significant improvements for effective human application, being an
important task the cell-material interactions control, in which the scaffold must

promote cell adhesion and proliferation. In order to better understand the
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influence of the surface grafting being studied (EDA and D-Lysine) on the behaviour
of fibroblast cells adhesion and proliferation, these cells were cultivated in vitro
on the different PET surface conditions (untreated and with EDA and D-Lysine
grafting) and it was evaluate the cell viability using resazurin assay and SEM

analysis [77].

3.4.5.1. Resazurin assay

The fibroblast cells metabolic activity seeded on the untreated PET, EDA
(W5050) and D-Lysine (pH 9.5) grafting on PET surface was evaluate and compared
by the resazurin assay. Resazurin has been generally used as an indicator of cell
viability and its reduction is correlated with the cell activity, since living cells are
able to reduce the resazurin. Therefore the results presented in figure 27 are

proportional to cell metabolism and therefore cell viability [78].

As observed in figure 27, all the tested samples presented a metabolic activity
increase with time, being the EDA grafting sample (W5050 condition) that, over
time, always present more cell metabolic activity, followed by the D-lysine grafting
sample (pH 9.5 condition) and untreated PET surface, that presents the lower cell

metabolic activity.

4000

4 I =DA (W5050)
3600 4 [ D-Lysine (pH 9.5)

- Untreated

3200 +

Fluorescense (595 nm)

Day 3
Time (days)

Figure 27 - Metabolic activity of L929 cells seeded on the untreated and the two developed surface
grafting, after 1, 3 and 7 days of incubation.

Observing figure 27, among the tested sample the untreated PET presents the
lowest cell metabolic activity because of its lack of functional groups and low

wettability leading to the lowest cell adhesion and growth on its surface as
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expected since these parameters are described to be important on cell-material

interaction[66].

For the EDA grafting, since amine functionalization has shown to be a good mean
to improve cell adhesive properties and this approach presented the highest amine
concentration (see figure 18 and 19), it induced a higher cell growth than the other
approach. Moreover, the EDA grafted sample surface roughness and topography
(see table 5) may increase cell adhesion since it has been proved that a wavy 3D
system is more cell friendly than a flat and groove surface. Therefore, the groove
dimensions may have allowed cell anchorage and the alignment of cells through the
orientation of the surface features may also contributed to the highest cell
adhesion [79, 80].

Regarding the D-lysine grafting, the cell metabolic activity revealed that the PET
surface was modified since it allowed a better cell growth than the untreated. This
behaviour can be explained by the electrostatic interaction of the positively
charged D-Lysine with the negative charges of the cell membrane and, also, by the

high wettability of its surface that improves cell adhesion on the surface [69].

3.4.5.2. SEM analysis

Cell attachment, adhesion and spreading belong to the first phase of
cell/material interaction and are very important steps for determine the
performance of tissue scaffolds. The way this phenomenon occurs influences the
cell growth, which is going to affect the tendon tissue regeneration. Therefore,
SEM analysis was performed in order to observe cell adhesion and morphology on
the different PET samples [81].

Figure 28 shows the cell growth on the untreated PET, over the 3 culture time
points studied. In figure 28-a it is also possible to observe the untreated PET

surface, before cell seeding.
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Figure 28 - SEM analysis of untreated PET samples: a) without cell seeding; b) 1 day of incubation; c) 3

days of incubation and d) 7 days of culture.

Observing figures 28-b, 28-c and 28-d it is possible to see that cell adhesion
occurred and cell growth increased over culture time, even though the cells
presented different morphologies In figure 28-b it can be seen that some of the
seeded cells after day 1 presented a spherical shape and most of them have not
started to grow, indicating the initial stage of adhesion. On the other hand, cells at
day 3 and day 7 (figures 28-c and 28-d, respectively showed to be in a more
advanced stage of adhesion because cells presented a more spread shape and cells
growth have occurred covering the untreated PET surface gradually with culture
time. These results are in accordance with the resazurin assay, where it was

concluded that the cell metabolic activity increased due to cell growth.

Figure 29 shows the cell growth for the EDA grafted samples (condition W5050),
over all the culture times studied. In figure 29-a it is possible to observe the PET

surface morphology with the EDA grafting before cell seeding.
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Figure 29 - SEM analysis of EDA grafted (W5050) PET samples: a) without cell seeding; b) 1 day of
incubation; c) 3 days of incubation and d) 7 days of culture.

Observing figures 29-b, 29-c and 29-d it is possible to see that, like the resazurin
assay results showed, cell adhesion occurred and cell growth increased over culture
time. For all culture times, cells presented a well spread shape, being oriented
with the grafted structure. Although after day 1 and day 3 it is still possible to see
the original surface morphology, at day 7 the cells have grown and spread all over

the surface forming a continuous cell layer.

Although at day 1 and day 3 (figure 29-b and 29-c, respectively) the samples
surface did not seem to be completely covered by the cells, optical microscope
observation indicated that cell growth and distribution occurred through the
surface since day 1. Figure 30 shows the optical microscope images, in which cells
were coloured, for the EDA grafted PET surface at the different culture time points
studied.
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Figure 30 - Optical microscope images for EDA grafted samples: a) 1 day incubation; b) 3 day incubation
and c) 7 day incubation.

Figure 30 images are in accordance with the resazurin results, where the longest
cell culture time led to the highest cells density, which covered completely the
sample surface. These results show that SEM images did not represent the real cell
growth distribution that have occurred and it may be a result of cell detachment
from the surface during have the cell fixation and dehydration steps needed for

SEM analysis, due to the high cells number grown on these samples.

Lastly, Figure 31 shows the cell growth for the D-Lysine grafted samples
(condition pH 9.5), over the 3 time points studied. In figure 31-a it is possible to
observe the PET surface morphology with the D-Lysine grafting, where less crystal
salts were presented, when compared with figure 25-c, indicating that they don’t

cover all surface.

Figure 31 - SEM analysis of D-Lysine grafted (pH 9.5) PET samples: a) without cell seeding; b) 1 day of
incubation; c) 3 days of incubation and d) 7 days of culture.
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Once again, observing figures 31-b, 31-c and 31-d it is possible to see that, cell
adhesion occurred and cell growth increased over culture time since the sample
surface could be seen at day 1 but at day 7 it is not exposed. The SEM images are in
accordance with the resazurin results. For all incubation times, cells presented a
well spread shape, but at days 3 and 7 the cells are not so well defined, indicating

that some residues from the cell culture preparation may be presented.

The spread shape of cells observed in SEM images are formed due to the
organization of the cytoskeleton filamentous proteins, which tend to assemble in
long bundles, leading to this kind of morphology, named filopodia, of the plasma
membrane. The cytoskeleton organization will, as consequence, control the cell
morphology and, once cell adhesion is establish, the cell shape can also be related
with the cell growth [81, 82].
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CONCLUSIONS

Nowadays tendon injuries are frequent and affect not only the older population
but also younger people, once they are many times associated with the practice of

sports and lifestyle.

Although there are some scaffolds available in the market, the future treatments
aim to use functional scaffolds that help the new tendon tissue to closely mimic
the native tendon. For that, the scaffold design must be similar to the tendon
hierarchal structure and its materials shall allowed a better cell-surface
interaction, such as cell adhesion, proliferation and differentiation and tissue

ingrowth.

In chapter 2, PET textile structures developed by Diana Morais were
charactherized at the physical, chemical and mechanical level. For the single PET
yarn, DSC and XRD demonstrated both a crystallinity degree of 55%, the weight
change during swelling and the capillary rise during the vertical wicking test
revealed water absorption, the yarn presented lower mechanical properties than

the braided structures, and no degradation occurred during the time points tested.

Regarding the braided structures, the one that presented to be more suitable for
a future application in the scaffold being developed by Diana Morais is the braid
with 16 yarns made at a high take-up rate (16YH) because its design (number of
fibers and braid angle) allowed this structure to present the best performance of
capillary rise and mechanical properties level when compared with the other

braided structures.

In chapter 3, in order to functionalize the PET surface it was perform initially an
oxygen plasma treatment to increase the PET hydrophilicity. After plasma

treatment, two grafting approaches were performed, with EDA and D-Lysine.

For the EDA grafting, FTIR-ATR and acid orange results allowed to choose the
conditions with the best amino functionalization, which were W5050 and E2050.
Other techniques, such as water contact angle measurement, SEM analysis and
optical profilometry indicated that, between the W5050 and E2050 treatments, the

W5050 would be the one more suitable to enhance cell adhesion, since it presented
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the highest amino groups, the lowest water contact angle and the highest grafting

thickness and roughness.

Regarding the D-Lysine grafting, two pH solutions were tested (pH 7 and 9.5).
The same steps were performed to choose the best condition to promote cell
adhesion. Although FTIR-ATR didn’t show the presence of amino groups, the
attenuation of the peaks, when comparing with the untreated PET sample,
indicated that grafting may have occurred and between the two pH conditions the
pH 9.5 condition properties revealed to be more interesting for cell culture studies.
Moreover the decrease of the water contact angle indicated that D-Lysine grafting

may have been successful.

Once the best grafting conditions were chosen, the aim of this work was also to
study the cellular response to the developed PET surface functionalization. Thus,
resazurin and SEM analysis were performed in order to analyse cell adhesion,
proliferation and morphology. The EDA grafting (W5050 condition) was the
approach that showed the best results, since it demonstrate higher cell metabolic
than the untreated and D-Lysine grafted samples, through all the culture time
indicating cell proliferation. Moreover, SEM results corroborate this conclusion,
since cell were spread through the surface indicating a good adhesion and cell
growth occurred being the surface all covered by cells at day 7. Nevertheless, D-
Lysine grafted samples also presented better cell response than PET untreated
sample indicating that the grafting occurred and it is suitable for surface

functionalization aiming cell adhesion and proliferation.

In conclusion, both grafting approaches enhanced the untreated PET surface
properties, such as surface hydrophilicity and cell adhesion and proliferation,

indicating that these grafting methods may be applied on the tendon scaffold.
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FUTURE WORK

With the aim of continue this study on tendon scaffold application, the next step
would be to apply these grafting methods on PET yarn being used on the scaffolds
under development, and study the effect of surface modification on PET yarn on
physico-chemical and mechanical properties and cellular response. If successful,
the functionalization could be applied on the braided structure of the optimized
scaffold. Once all the parameters are optimized, further in vivo tests must be

performed with the objective to evaluate the animal biological response.
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Figure 32 - FTIR-ATR spectra of untreated PET and EDA grafted samples, activated with 8 min oxygen
plasma treatment



