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Abstract

The use of biomaterials in the human body for different therapeutic and diagnostic purposes is
a very common practice nowadays. Among the available materials, polymers show huge
potential thanks to their ability to be manufactured specifically for different needs. Among the
polymers used in biomedical applications, polylactide (PLA) is one of the most used due to its
well-known biocompatibility and bioresorbability, in addition of being approved by the FDA for
its use in the human body. Despite all the advantages associated to PLA, its use is restricted in
certain applications because of its inherent brittleness and stiffness; this makes PLA unsuitable
for the regeneration of soft tissues (e.g., nervous tissue). One of the most used strategies to solve
this problem relies on its copolymerization with a comonomer that provides flexibility to the final
material. Via the precise control over the synthesis conditions (i.e., comonomer ratio, catalyst,
temperature and reaction time), it is possible to adapt the properties of the final copolymer to
the requirements of the specific biomedical application. The appropriate mechanical properties,
cytocompatibility and surface topography will be decisive for a correct interaction between the
cells and the material. Thus, the material should ideally mimic the extracellular matrix in which
the cells reside to achieve the viability of the implanted device, thus avoiding an inflammatory
process after its implantation that could promote the formation of a scar tissue around the
implant. In the present thesis, different polymeric systems based on PLA were synthesized and
characterized. Subsequently, they were processed in different ways with the aim of studying their
interaction with representative cells of the nervous system. Firstly (Chapter 3), the synthesis of
poly(L-lactide-co-e-caprolactone) (PLCL) has been explored, obtaining different mechanical
behaviours depending on the composition and chain microstructure. Furthermore, through
different thermal treatments, a variety of surface topographies and roughness have been
obtained. The most representative ones have been selected to study the interaction between
the seeded cells (fibroblasts) and the different surfaces. Next (Chapter 4), ethylene brassylate
has been studied as an alternative of caprolactone in copolymerization with lactide. In this way,
the copolymers poly(L-lactide-co-ethylene brassylate) (PLEB) and poly(D,L-lactide-co-ethylene
brassylate) (PDLEB) have been synthesized. Additionally, through a sonication process, carbon
nanotubes have been incorporated into the polymer matrix. Again, the copolymers obtained
have been characterized and the viability and interaction of astrocytes with them have been
studied, also exploring the nanostructuring of the samples and how it affects the cell behaviour.
Finally (Chapter 5), a study has been carried out on the inflammatory process of cells (microglia)

when faced with a lipopolysaccharide (LPS) stimulus, for which an inflammatory model has been



generated based on cell viability and the measurement of different characteristic markers of this

state. Based on this inflammatory model, the interplay between PDLEB copolymers and microglia

has been studied.

In summary, in this thesis various copolymers based on lactide have been synthesized, which
show mechanical properties compatible with those observed in the nervous tissue. The
interaction of these materials with astrocytes and microglia has been subsequently studied,
placing particular attention on the effect of surface topography and addition of carbon
nanotubes on the cell response. We expect that the present thesis may open the doors to future
work related to the neuroinflammatory response of cells in presence of implantable polymeric

devices.



Resumen

El uso de biomateriales en el cuerpo humano para diferentes fines terapéuticos y de diagnosis
es una practica muy comun hoy en dia. Entre los materiales disponibles, los polimeros muestran
un gran potencial gracias a su capacidad para ser fabricados de forma especifica para las
diferentes necesidades. Entre los polimeros empleados en aplicaciones biomédicas, la polilactida
(PLA) es de los mas usados debido a sumas que conocida biocompatibilidad y bioreabsorbilidad,
ademas de estar aprobada por la FDA para su uso en el cuerpo humano. A pesar de todas las
ventajas asociadas al PLA, su uso esta restringido en determinadas aplicaciones debido a su
inherente fragilidad vy rigidez; esto hace que el PLA no sea adecuado para la regeneracion de
tejidos blandos (p.ej., el tejido nervioso). Una de las estrategias mdas usadas para solventar este
problema reside en su copolimerizacién con un comondémero que aporte flexibilidad al material
final. Mediante un preciso control sobre las condiciones de la sintesis (es decir, el ratio de
comondmero, catalizador, temperatura y tiempo de reaccidén), es posible adaptar las
propiedades del copolimero final a los requisitos de la aplicaciéon biomédica especifica. Las
propiedades mecanicas adecuadas, la citocompatibilidad y la topografia superficial serdn
determinantes para que se dé una correcta interaccién entre las células y el material. Asi pues,
idealmente el material deberia imitar la matriz extracelular en la que residen las células para
lograr la viabilidad del dispositivo implantado, evitando asi un proceso inflamatorio tras su
implantacidén que podria inducir la formacidn de tejido cicatricial alrededor del implante. En la
presente tesis, se sintetizaron y caracterizaron diferentes sistemas poliméricos basados en el
PLA. Tras ello, fueron procesados de diferentes formas con el objetivo de estudiar su interacciéon
con células representativas del sistema nervioso. En primer lugar (Capitulo 3), se ha explorado la
sintesis de poli(L-lactida-co-ge-caprolactona) (PLCL), obteniendo diferentes comportamientos
mecanicos dependiendo de la composicién yla microestructura de la cadena. Ademas, mediante
diferentes tratamientos térmicos, se han obtenido una variedad de topografias superficiales y
rugosidades. De las cuales, se han seleccionado las mas representativas para estudiar la
interaccion entre las células (fibroblastos) sembradas y las diferentes superficies. Seguidamente
(Capitulo 4) se ha estudiado el brasilato de etileno como una alternativa a la caprolactona en la
copolimerizacion con la lactida. De esta manera, se han sintetizado los copolimeros poli(L-
lactida-co-brasilato de etileno) (PLEB) y poli(D,L-lactida-co-brasilato de etileno) (PDLEB).
Ademds, mediante un proceso de sonicacidn, se han incorporado nanotubos de carbono a la
matriz polimérica. De nuevo, se han caracterizado los copolimeros obtenidos y se ha estudiado

la viabilidad y la interaccién de astrocitos con los mismos, explorando también Ia



nanoestructuracién de las muestras y como afecta sobre el comportamiento de las células.
Finalmente (Capitulo 5), se ha llevado a cabo un estudio sobre el proceso inflamatorio de las
células (microglia) ante un estimulo de lipopolisacdridos (LPS), para lo cual se ha generado un
modelo inflamatorio en base a la viabilidad celular y la mediciéon de diferentes marcadores
caracteristicos de este estado. Sobre la base de este modelo inflamatorio, se ha estudiado la

interaccion entre los copolimeros de PDLEB y la microglia.

En resumen, en esta tesis se han sintetizado varios copolimeros basados en la lactida que
muestran propiedades mecdnicas compatibles con las observadas en el tejido nervioso.
Posteriormente se ha estudiado la interaccién de estos materiales con astrocitos y microglia,
poniendo especial atencidn al efecto de la topografia superficial y a la adicién de nanotubos de
carbono sobre la respuesta celular. Con todo ello, esperamos que la presente tesis pueda abrir
las puertas a futuros trabajos relacionados con la respuesta neuroinflamatoria de las células en

presencia de dispositivos poliméricos implantables.
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Laburpena

Giza gorputzean helburu terapeutiko eta diagnosi desberdinetarako biomaterialak erabiltzea oso
ohikoa da gaur egun. Eskuragarri dauden materialen artean, polimeroek ahalmen handia dute,
behar desberdinetarako berariaz fabrikatzeko duten gaitasunari esker. Aplikazio biomedikoetan
erabiltzen diren polimeroen artean, polilaktida (PLA) da gehien erabiltzen den horietako bat,
biobateragarritasun eta bioxurgagarritasun ezagunak dituelako. Gainera, FDAk onartzen du, giza
gorputzean erabiltzeko. PLAri lotutako abantaila guztiak gorabehera, erabilera mugatua du
aplikazio jakin batzuetan, berezko hauskortasuna eta zurruntasuna dituelako; horren ondorioz,
PLA ez da egokia ehun bigunak birsortzeko (adibidez, nerbio-ehuna). Arazo hori konpontzeko
estrategia erabilienetako bat azken materialari malgutasuna ematen dion komonomero batekin
kopolimerizatzea da. Sintesiaren baldintzak zehatz-mehatz  kontrolatuta (hau da,
komonomeroaren erlazioa, katalizatzailea, tenperatura eta erreakzio-denbora), posible da
amaierako kopolimeroaren propietateak berariazko aplikazio biomedikoaren eskakizunetara
egokitzea. Propietate mekaniko egokiak, zitokonpatibilitatea eta azaleko topografia
erabakigarriak izango dira zelulen eta materialaren arteko elkarrekintza egokia gerta dadin.
Beraz, idealki, zelulak bizi diren zelulaz kanpoko matrizea antzeratu beharko luke materialak,
ezarritako gailuaren bideragarritasuna lortzeko. Horrela, inplantearen inguruan orbain-ehuna
sortzea eragin lezakeen hantura-prozesu bat saihestuko litzateke. Tesi honetan, PLAn
oinarritutako hainbat sistema polimeriko sintetizatu eta ezaugarritu ziren. Ondoren, hainbat
modutan prozesatu zituzten, nerbio-sistemako zelula adierazgarriekin duten elkarreragina
aztertzeko. Lehenik eta behin (3. kapitulua), poli(L-laktida-ko-e-kaprolaktona)ren (PLCL) sintesia
aztertu da, katearen konposizioaren eta mikroegituraren arabera portaera mekaniko
desberdinak lortuz. Gainera, hainbat tratamendu termikoren bidez, azaleko topografia eta
zimurtasun wugari lortu dira. Horietatik adierazgarrienak hautatu dira ereindako zelulen
(fibroblastoak) eta gainazalen arteko elkarreragina aztertzeko. Jarraian (4. kapitulua), etileno-
brasilatoa aztertu da, kaprolaktonaren alternatiba gisa, laktidarekin kopolimerizatzeko. Horrela,
poli(L-laktida-ko-etilen brasilatoa) (PLEB) eta poli(D,L-laktida-ko-etilen brasilatoa) (PDLEB)
kopolimeroak sintetizatu dira. Gainera, sonikazio-prozesu baten bidez, karbonozko nanohodiak
sartu dira matrize polimerikoan. Berriz ere, lortutako kopolimeroak ezaugarritu dira, eta
astrozitoek horiekin duten bideragarritasuna eta elkarrekintza aztertu dira, laginen
nanoegituraketa ere aztertuz eta zelulen portaeran nola eragiten duen aztertuz. Azkenik (5.
kapitulua), lipopolisakaridoen (LPS) estimulu baten aurrean zelulen hantura-prozesuari

(mikroglia) buruzko azterketa bat egin da. Horretarako, hantura-eredu bat sortu da, zelulen
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bideragarritasunean eta egoera horretako markatzaile bereizgarrien neurketan oinarrituta.
Hantura-eredu hori oinarri hartuta, PDLEB kopolimeroen eta mikrogliaren arteko interakzioa

aztertu da.

Laburbilduz, tesihonetan PLAN oinarritutako kopolimero batzuk sintetizatu dira, nerbio-ehunean
behatutakoekin bateragarriak diren propietate mekanikoak erakusten dituztenak. Ondoren,
material horiek astrozitoekin eta mikrogliarekin duten elkarreragina aztertu da, eta arreta
berezia jarri da azaleko topografiaren efektuan eta erantzun zelularrean karbonozko nanohodiak
gehitzean. Beraz, espero dugu tesi honek ateak ireki ahal izatea =zelulen erantzun
neuroinflamatorioarekin zerikusia duten etorkizuneko lanei, gailu polimeriko inplantagarrien

arloan.
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Chapter 1

CHAPTER 1. Hypothesis and Aims

HYPOTHESIS

The topographical aspects and mechanical properties of lactide based copolymers can be
adjusted by a precise control over the synthesis conditions (i.e., comonomer feed ratio,
catalyst/initiator, reaction time and temperature), the incorporation of nanofillers into the
copolymer matrix and by thermal treatments, which modulates the cell behaviour and the

neuroinflammatory process.

AIMS

The main aim of this thesis is the fabrication of polymeric scaffolds with the capacity of
attenuating the inflammatory response of cells implicated in the neuroinflammatory response
after the device implantation. To achieve this general aim, three specific objectives were

stablished:

1. Synthesis of poly(lactide-co-e-caprolactone) (PLCL) copolymer films with mechanical
properties compatible with the neural tissue showing a wide variety of surface
topographies.

2. Synthesis of poly(lactide-co-ethylene brassylate) (PLEB) copolymers reinforced with carbon
nanotubes (CNT) with mechanical properties that match with nervous system.

3. Fabrication of nanopatterned and smooth polymeric scaffolds and their role on the

neuroinflammation process.
To achieve these principal objectives, the following sub-objectives should be considered:

1. Synthesis of poly(lactide-co-g-caprolactone) (PLCL) copolymer films with mechanical
properties compatible with the neural tissue showing a wide variety of surface
topographies (Chapter 3).

1.1. Synthesis of PLCL copolymers with different compositions and chain
microstructures.
1.1.1. Synthesis of PLCL copolymers controlling the comonomer mass feed

ratio and the catalyst/initiator.
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1.2.

1.3.

Chapter 1

1.1.2. Analysis of the different copolymer compositions, their mechanical
properties and the resulting chain microstructures.

Obtention of different surface topographies.

1.2.1. Isothermal treatments to control crystallinity degree and crystal
morphology.

1.2.2. Characterization of the different topographies obtained.

Interaction between cells and different surface topographies.

1.3.1. Analysis of the cell adhesion to the different surfaces.

1.3.2. Evaluation of the impact of surface topography on cell morphology.

2. Synthesis of poly(lactide-co-ethylene brassylate) (PLEB) copolymers reinforced with

carbon nanotubes (CNT) with mechanical properties that match with nervous system

(Chapter 4).
2.1.

2.2,

2.3.

Synthesis of LA-EB copolymers, CNT addition and film fabrication.

2.1.1. Synthesis of poly(D,L-lactide-co-ethylene brassylate) (PDLEB) and
poly(L-lactide-co-ethylene  brassylate) (PLEB) copolymers and
characterization.

2.1.2. Incorporation of CNT.

2.1.3. Film fabrication by compression moulding.

Analysis of mechanical properties and surface properties.

2.2.1. Analysis of mechanical properties at room and body temperature.

2.2.2. Studying of contact angle by sessile drop method.

Cytotoxicity analysis and cell morphology.

2.3.1. Cell viability of astrocytes on copolymer samples.

2.3.2. Cell morphology of astrocytes by immunostaining.

3. Fabrication of nanopatterned and smooth polymeric scaffolds and their role on the

neuroinflammation process (Chapter 5).

3.1

3.2.

Fabrication of nanopatterned poly(D,L-lactide-co-ethylene brassylate)

(PDLEB) scaffolds and their examination.

3.1.1. Fabrication of nanostructured scaffolds by nanolithography.

3.1.2. Examination of nanostructured scaffolds by scanning electron
microscopy.

Establishment of an inflammatory model.

3.2.1. Cell viability assay of microglia stimulated with lipopolysaccharides

(LPS).

22



3.3.

Chapter 1

3.2.2. Measurements of nitrites and TNF-a secreted by Griess and ELISA
assays, respectively.

3.2.3. Measurements of ROS and Iba-1 expression.

Study of the interaction between poly(D,L-lactide-co-ethylene brassylate)

(PDLEB) scaffolds with cells.

3.3.1. Secretion of nitrites and TNF-a by microglia seeded on smooth
poly(D,L-lactide-co-ethylene brassylate) (PDLEB) scaffolds with
different CNT concentrations.

3.3.2. Secretion of nitrites and TNF-a by microglia seeded on and
nanopatterned  poly(D,L-lactide-co-ethylene brassylate) (PDLEB)
scaffolds with different CNT concentrations.

3.3.3. Cell viability assay of microglia seeded on smooth and nanopatterned
poly(D,L-lactide-co-ethylene brassylate) (PDLEB) scaffolds with

different CNT concentrations.
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Chapter 2

CHAPTER 2. Introduction

Abstract

Although biomaterials have been used throughout human history, it was not until 2009 when a
complete definition was stablished. By studying and developing new biomaterials, we are now
able to fabricate scaffolds for tissue engineering applications to repair, regenerate or replace
injured tissues in the human body. Ideally, these scaffolds should replicate the physical, chemical,
mechanical and morphological properties of the extracellular matrix where cells reside. For this
purpose, polymers are a good alternative to elaborate these scaffolds due to the possibility to
finely tune their final properties. Among the polymers, one of the most used is the polylactide
(PLA) which owns well-reported biocompatible and bioresorbable properties and is widely used
for drug delivery systems, implants and cellular scaffolds. In spite of these properties, the use of
PLA for the replacement and regeneration of soft tissues in the human body is restricted due to
its inherent stiffness and brittleness. To modulate this behaviour, the copolymerization with
macro(lactones) as e-caprolactone or ethylene brassylate, is one of the most explored strategies
to provide flexibility to the polymeric chain. Also, the thermoplastic nature of these LA-based
copolymers allows the addition of (nanolfillers in the polymer matrix as carbon nanotubes to
enhance copolymers properties (i.e., roughness and mechanical properties). Being the tissue of
the central nervous system the target of this thesis work, the mechanical properties of this soft
tissue should be considered to avoid the mechanical mismatch with the material. Also, the
interaction of the surface topography of copolymers with astrocytes and microglia, which have a
main role in the immune response of nervous system, should be studied. These strategies could
modulate the inflammatory response to a foreign body that could lead in cellular death and the

encapsulation of the biomaterial by the glial scar.
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Chapter 2

2.1. Biomaterials in tissue engineering

Although the concept of biomaterials is relatively recent, different materials have interfaced with
the human body (e.g., implants, prostheses, etc.) throughout history. For example, the Romans,
Egyptians and Etruscans already used gold in the field of dentistry more than 2000 years ago
(Figure 2.1.) [1]. Glass eyes [2] or wooden teeth [3] have also been frequently used in the past.
Through the development and use of synthetic plastics at the beginning of the 20th century,

these materials were used to develop novel implants.

Figure 2.1. Etruscan multi-material dental bridgework composed of carved dog or calf teeth

joined by gold plates [4].

As an example, poly(methyl methacrylate) (PMMA) was first considered in the field of dentistry
in 1937 [5]. Also, after the World War I, it was observed that fragments of PMMA from war
machinery were embedded in soldiers' eyes without causing major problems, suggesting that
some materials would cause only a mild reaction to a foreign body [3]. Later, research was also

carried out with different tissues commonly used for vascular replacements [6].

Despite the term “biomaterial” was still not coined, their study was already underway. But it was
not until 1975, when the Society for Biomaterials was stablished due to the growing success the
biomaterials were experiencing. Nevertheless, it was not until 1999 when the definition for
biomaterials was given in The Williams Dictionary of Biomaterials [7]. According to this
dictionary, a biomaterial was considered as a “material intended to interface with biological
systems to evaluate, treat, augment or replace any tissue, organ or function of the body” [7].

Later, in 2009, the definition was expanded determining that “A biomaterial is a substance that
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Chapter 2

has been engineered to take a form which, alone or as part of a complex system, is used to direct
through the control of the interactions with components of living systems, the course of any
therapeutic or diagnostic procedure, in human or veterinary medicine” [8]. Gradually, a new
scientific discipline focused on the exploration and use of these biomaterials was developed until

reaching the present day.

Accordingly, material science and the knowledge about biomaterials are part of the wide variety
of disciplines that are included within biomedical engineering. Biomedical engineering is defined
as the application of the engineering and design to medicine and biology, in order to advance in
diagnosis, monitoring and therapy, besides the management and development of medical
equipment [9]. Among all the disciplines covered by biomedical engineering (e.g., biosensor,
medical imaging, prosthetic devices, biomechanics, rehabilitation, etc.), tissue engineering is
what concerns us in the framework of the present thesis. In the context of tissue engineering,
scaffolds represent one of the approaches followed to repair, regenerate or replace injured
tissues in the human body, improving and supporting conventional therapies (e.g., autografts,
allografts, xenografts) [10]. These scaffolds should resemble the physical, chemical, mechanical
and morphological properties of the extracellular matrix (ECM) where cells reside (Figure 2.2.)

[11,12].

Figure 2.2. Schematic representation of astrocytes seeded on a polymeric scaffold which

provides a subtract similar to the extracellular matrix.

For this purpose, different materials are used depending of the specific applications, including
titanium and aluminium oxide for dental implants [13]; titanium alloys, stainless steel and

poly(tetrafluoroethylene) (PTFE) for hip replacement prostheses [14]; poly(vinyl alcohol) (PVA),

chitosan and bioactive glass for bone regeneration [15], etc.
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2.2. Polylactide and its copolymers as biomaterials

Among the most used materials, probably polymers are the most versatile biomaterials for the
fabrication of scaffolds, allowing to be processed with adequate control of their properties (i.e.,
pore size, morphology, surface topography, mechanical properties, etc.) which will be essential
for cell seeding, migration, growth and tissue formation [16]. One of the most used polymers in
this field is polylactide (PLA). PLA is an aliphatic polyester with well-reported biocompatible and
bioresorbable properties, used in different biomedical applications as drug delivery systems,
implants and cellular scaffolds for tissue engineering applications [17]. PLA became as a great
alternative to replace petroleum-based polymers, being part of the solution to the global
problem of “plastic” waste [18], since it is a derivate of lactic acid (LA), which is produced from
renewable resources as corn, straw or wheat [19]. Among the different methods of synthesizing
PLA, ring-opening polymerization (ROP) is the most commonly used approach to obtain polymers
with high molecular weight [20]. On this way, it is possible to change the properties of PLA via
the control of polymerization parameters as temperature, isomer composition, catalyst and
reaction time [21]. Also, due to the chirality of the LA molecule, there are two different forms of

lactic acid (enantiomers): L-lactic acid (L-LA) and D-lactic acid (D-LA) (Figure 2.3.) [22].
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Figure 2.3. Schematic representation of enantiomeric forms of lactic acid [23].

As aresult, three different forms of PLA could be produced: poly(L-lactide) (PLLA), poly(D-lactide)
(PDLA) and poly(D,L-lactide) (PDLLA) [24]. Controlling the ratio and distribution of L-LAand D-LA
in the polymer chains, properties of PLA would be different. L-LA would produce PLLA
(semicrystalline), while the racemic mixture of DL-LA would produce PDLLA (amorphous) [25].
As a thermoplastic, the glass transition temperature (Tg) of PLA is around 60 °C for both [25] and
the melting temperature (T.,) for PLLA ranges from 150 to 200 °C depending on several factors

as molecular weight or crystallinity [26]. Regarding mechanical properties, the Young’s modulus

30



Chapter 2

(E) of PDLLA is between 1 - 3.5 GPa and 2.7 - 4.1 GPa for PLLA and the elongation at break (g)
around 10% for both PDLLA and PLLA [27].

These properties restrict the use of PLA for the replacement and regeneration of several tissues
in the human body. For example, nerve tissue demands materials with an elastomeric and soft
behaviour showing a Young’s modulus between 0.5 and 16 MPa and an ultimate strain of 61 -
81% [28-30]. Among all the strategies to modulate the inherent stiffness and brittleness of PLA,
copolymerization with (macro)lactones has been widely explored to provide flexibility to the
polymeric chain and the resulting polymeric devices [31]. One of these macro(lactones) is the -
caprolactone (e-CL), used to synthesize poly(e-caprolactone) (PCL), which is a thermoplastic
semicrystalline polymer with T;=-60 °C and Tr, = 60 °C [32]. The copolymerization of &-CL with
L-LA results in poly(L-lactide-co-g-caprolactone) (PLCL), whit properties that will depend of the
comonomer ratio and the catalyst/initiator used, among other parameters, being common
commercially available compositions between 70:30 (L-LA:e-CL) and 85:15 (L-LA: €-CL) [33]. Due
to the semicrystalline nature of these copolymers, it is possible to apply thermal treatments,
modulating this crystallinity in order to create different crystal morphologies that may affect the
surface roughness [34]. Other macro(lactone) proposed herein is the ethylene brassylate that is
traditionally used as a fragrance ingredient in cosmetic industry [35]. It is extracted from castor
oil, allowing us to avoid dependence on fossil feedstock [36], representing a more economical

and greener alternative to e-caprolactone.

O
O/\/O O

g-caprolactone ethylene brassylate

Figure 2.4. Schematic representation of monomers of e-caprolactone [37] and ethylene

brassylate [38].

With thermal properties similar to PCL with T;=-30 °C and Tr, = 70 °C, poly(ethylene brassylate)
acquires high molecular weights (up to 247,000 g-mol) when it is synthesized using triphenyl
bismuth (Ph3Bi) as catalyst [39]. The copolymerization with LA results in poly(D,L-lactide-co-
ethylene brassylate) (PDLEB) or poly(L-lactide-co-ethylene brassylate) (PLEB) with adjustable

mechanical properties that can match those of the nervous system. Accordingly, lactide-ethylene
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brassylate copolymers could represent an interesting alternative to the more widely explored

PLCL copolymers [40].

Also, thanks to the thermoplastic nature of PLA and LA-based copolymers synthesized here, it is
possible to add (nanolfillers in the polymeric matrix during its processing. Hence, carbon
nanotubes (CNTs) were studied in this thesis as a strategy to enhance PLA properties. Being
allotropic forms of carbon, CNTs are cylinders-shaped constituted by layers of graphene ideally
with carbon atoms distributed in hexagonal lattice. Depending on the number of graphene
layers, there exist single-walled carbon nanotubes (SWCNTs) and multi-walled carbon nanotubes
(MWCNTs). MWCNTs were first observed in 1991 by lijima [41], formed by concentric layers of
graphene with diameters that could be from 5 to 100 nm [42]. In 1993, single-walled carbon
nanotubes (SWCNTs) were first synthesized [43,44], being a unique layer of graphene rolled with
a diameter that could vary from 0.8 to 2 nm [42]. The lengths of CNTs range from less than 100
nm to even few centimetres [45]. Both for its mechanical properties (Young’s modulus of 1 TPa
[46] and tensile strength of 100 GPa [42]) and its electrical properties (metal or semiconductor
depending on the orientation of the graphene lattice [42]) turned the CNTs as good candidates
as reinforcement fillers in several polymeric matrices. Additionally, these CNTs can impart
electrical conductivity to the resulting polymeric devices, every time a critical concentration of
CNTs dispersed in the polymer matrix is achieved, called percolation [47]. Also, the addition of
CNTs in the polymer matrix could grant of nanoroughness to the composite surface [48].
Considering all these properties, CNTs are a good strategy for their use in the biomedical field
due to their good compatibility shown and the ability to promote the adhesion and proliferation

of various cell lines [49], particularly for the regeneration of the nervous system [50].

2.3. Nervous tissue: function and cellular structure

With all this in mind, and being the tissue of the nervous system the target of this thesis work,
some points should be taken into account. Nervous system is responsible of all the body’s
functions and it can be divided in two parts (Figure 2.5.): central nervous system (CNS)
conformed by all nervous tissue enclosed by bones (spinal cord and brain), and peripheral

nervous system (PNS) formed by the rest of nerves and ganglia [51].
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Central Nervous System Peripheral Nervous System

Brain

Spinal cord

Nerve

(a) (b)

Figure 2.5. Schematic representation of central nervous system (CNS) a) and peripheral nervous

system (PNS) b) [52].

At cellular level, the nervous system consists on specialized cells with different functions. The
most recognized are the neurons, which are responsible of transmitting and receiving signals in
form of electrochemical impulses and neurotransmitters. Neurons form large networks that
generate a perception of the environment and determine the behaviour of the organism [53]. In
a second level are the glial cells (in CNS mainly oligodendrocytes, astrocytes, ependymal cells
and microglia, and in PNS: Schwann cells and the satellite glial cells) that own auxiliary functions
in the nervous system [54]. All these systems (i.e., neural cells, extra cellular matrix, fluids, blood
vessels, etc.) are compromised when a disorder or an injury takes place due to the limited
capacity of self-healing of CNS [55]. Different reasons could be the initiator of the disease that
leads to neuron death by a cationic imbalance of sodium (Na*), potassium (K*) and calcium (Ca?*)
increasing the concentration of free radicals inside cells and the consequent degradation of
them. This Ca?* imbalance produces the release of reactive oxygen species and nitrites and
consequently the neuronal death [56]. In addition, a disorder in the blood-brain barrier could
take place becoming permeable to cells from immunological system and causing the secretion
of inflammatory molecules as the tumour necrosis factor (TNF-a) and the interleukin-1B (IL-1B)
[57]. This would activate the microglia and the astrocytes complicating the situation increasing
the cellular death [58,59]. Consequently, from the injured area, a cascade of inflammatory
signals is initiated, with detrimental consequences in surrounding cells and tissues [60], leading

to animmune response for which microglia and astrocytes will isolate the damaged area and will
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form the glial scar [61]. This immune response is mainly mediated by the microglia and

astrocytes.

Astrocytes are star-shaped glial cells that represent the most abundant cells in the brain [59].
These cells participate in several functions as: maintenance and repair of blood-brain barrier,
supply of nutrients to the nervous tissue, maintain the extracellular ion balance, regulation of
cerebral blood flow, support for neural function, regulation of synapses and a role in the repair
and scarring process of the brain and spinal cord before injuries [62-64]. On the other hand,
microglia, which represents approximately the 12% cells in the mammalian brain [58], are the
macrophages that reside in CNS. They are responsible of: monitor the environment, clean the
extracellular space, the maintenance of the brain homeostasis [55]. As mentioned before, in
response to any external danger, microglia become activated releasing cytokines to
communicate with surrounding cells and change their functioning [54]. Also, if they detect any
malfunction in neurons, microglia will lead to the cell death by stimulating the production of
nitric oxide and the secretion of inflammatory signals (as reactive oxygen species) and cytotoxic
factors [58,65]. These events could lead to damage of the surrounding tissue and the destruction
of healthy neurons, if the inflammation becomes chronic [66]. On this way, a persistent
inflammation state is related with neurodegenerative diseases (i.e., Parkinson, Alzheimer,
multiple sclerosis, etc.) [53,67,68]. These processes limit the use of biomaterials for the

regeneration, therapy and diagnosis of the nervous system.

On the same way, after the implantation of a biomaterial, a cascade of neuroinflammation
processes is initiated and a chronic foreign body response is produced, leading to the
encapsulation of the biomaterial by the glial scar [69]. This automatically supresses the function
of the biomaterial, resulting in its failure and requiring its replacement. In the worst-case
scenario, the chronic neuroinflammation could induce neuronal death around the implanted
material. One of the more representative examples of biomaterial interfacing with the nervous
system are neuroelectrodes, commonly used to treat and monitor central nervous system
disorders. Most of them fail after being implanted due to the formation of a glial scar around the

implant that suppresses its function (Figure 2.6.) [66].
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Figure 2.6. a) Detail of the astrocyte glial scarring response to microwires placed in culture. b)
The fluorescent labelling with DAPI staining nuclei blue, GFAP staining green, and OX-42 staining
microglia red, shows the glial scarring and a layer of microglia (red) around the microwire and
astrocytes (green) outside of the microglial layer [66]. c) Fluorescent image of a Pt/Ir electrode
implanted for 8 weeks in the rat subthalamic nucleus shows stained in green for GFAP and blue

for DAPI [70].

One of the main reasons behind the failure of the implanted biomaterial can be ascribed to the
mechanical mismatch between the neuroelectrode and the nervous tissue. The mechanical
mismatch can be reduced by using soft and elastomeric copolymers with adequate mechanical
properties that can match the mechanical properties of the nervous tissue [71]. Another
property that could influences the glial scar formation is the surface topography and roughness
of the neuroelectrode. Considering that the implanted devices should mimic the ECM,
topographical cues at the micro- and nanoscale will determine the foreign body response and
can even suppress this response and improve the integration of the biomaterial in the host tissue
[72]. For all this reasons, the present thesis aims to synthesize different LA-based thermoplastic
copolymers with mechanical properties matching those of neural tissue. Then several strategies
to achieve different surface topographies were explored, including thermal treatments in order
to get different crystal structures, incorporation of CNTs on the copolymer matrix or the
nanolithography. Finally, we performed a study on the behaviour of different cell lines seeded

on the several varieties of scaffolds formulated.
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CHAPTER 3. Thermoplastic elastomers based on lactide
and caprolactone: the influence of chain microstructure on

surface topography and subsequent interaction with cells

Abstract

Surface biophysical properties of biomaterials, including surface topography and roughness,
determine the interaction of a biomaterial with the surrounding cells, tissues and organs
once implanted in the human body. Herein, the surface topography of thermoplastic
copolymers based on lactide and caprolactone showing elastomeric behaviour was
modulated by precisely controlling the chain microstructure (i.e., distribution and length of
the repetitive units within the polymeric chain). The synthesized copolymers were
subjected to different thermal treatments from the melt, leading to polymeric films with
various surface textures and roughness values. Copolymers synthesized with triphenyl
bismuth as a catalyst, with a more random distribution of the repetitive units, showed
limited crystallization capability. Accordingly, only the copolymer with higher amount of L-
lactide (i.e., 80 wt.%) subjected to an isothermal treatment from the melt at 70 °C was able
to crystallize, and spherulites of around 7 um were discernible by atomic force microscopy.
In contrast, the copolymers synthesized with stannous octoate, which had a more blocky
nature, showed axialitic crystalline domains at the submicron- to nanoscale when subjected
to anisothermal treatment from the melt at 50 °C, whereas well-defined spherulites of sizes
up to 14 um were obtained at 70 °C. Human fibroblast showed a more elongated
morphology when seeded on those samples having higher roughness values and larger
spherulites, whereas they had a more spread morphology when seeded on the amorphous,
smooth surfaces. As concluded from the present study, by precisely controlling the chain
microstructure of the synthesized copolymers, a wide variety of surface topographies can
be obtained, which has a clear impact on the way the biomaterial interacts with cells. This
opens the possibility to study the influence of surface biophysical properties on more
complex cell processes in the future, including inflammatory or foreign body response

processes.
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3.1. Introduction

Tissue engineering relies on the use of scaffolds to repair, regenerate or replace injured tissues
in the human body, thus overcoming the inherent drawbacks of more conventional therapies
(e.g., autografts, allografts, xenografts) [1]. Ideally, these scaffolds should mimic the intrinsic
physical, chemical, mechanical and morphological properties of the extracellular matrix (ECM)
where cells reside [2,3]. The surface topography of the scaffolds is of utmost importance in this
context, since it determines the interaction between the cells and the biomaterial, being able to
modulate the cell differentiation, adhesion, orientation and morphology [4-7]. Moreover, surface
topography also influences the foreign body response and accordingly determines the success
of the implanted biomaterial for its intended use. Controlling the surface roughness in silicone
breast implants [8] or nanopatterning the surface of intracortical microelectrodes with parallel
grooves [9] are clear examples of successful strategies to attenuate the inflammatory response

after biomaterial implantation.

Copolymers based on L-lactide (L-LA) and e-caprolactone (e-CL) have attracted particular
attention for the fabrication of biomaterials that interface with soft tissues in the human body,
which are characterized by an elastomeric and soft behaviour [10]. By precisely controlling the
copolymer composition, synthesis parameters (e.g., reaction time, temperature and catalyst)
and processing conditions [11], poly(L-lactide-co-g-caprolactone) (PLCL) copolymers presenting
a variety of mechanical properties (i.e., ranging from a glassy to an elastomeric behaviour),
degradation kinetics, shape-memory behaviour and controlled drug-release profiles can be
obtained [11,12]. Several studies around the synthesis, characterization and crystal morphology
of PLCL have been accordingly conducted, which show the great potential of this family of
copolymers [13-15]. The crystallinity behaviour of the PLCL copolymers is vital for tailoring the
surface topography of the scaffolds, as different crystallinity degree and crystal morphologies
lead to different surface textures and patterns. Thermal treatments, comonomer ratios and chain
microstructure (i.e., distribution of repetitive units and number average sequence lengths of the
comonomers) determine the supramolecular arrangements, which lead to different properties
and crystal morphologies of the copolymers, ranging from spherulites and axialite-like crystal
aggregates to amorphous forms [16—18]. Regarding chain microstructure, PLCLs with shorter
average length of L-LA unit sequences show a limited crystallization capability, faster degradation
rates and higher strain capability and strain recovery values in comparison with PLCLs with larger
average lengths (i.e., blockier character) [19]. Additionally, an increasing €-CL content results in

areduced crystallization capability of PLCL systems, while increasing the elongation at break and
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strain recovery values and leading to copolymers with different mechanical behaviour, ranging

from semi-crystalline plastic-like to elastomeric [20].

Chain microstructure can be controlled by adjusting the conditions of the synthesis process, the
employed catalysts and the rates of incorporation of the comonomers [19]. In the case of PLCLs,
there is a large difference in the reactivity of L-LA and &-CL units in the ring-opening
copolymerization process, which naturally favours the formation of blocky chain microstructures
[21,22]. Adjusting the relationship between reactivities, favouring transesterification reactions
or controlling the polymerization temperature and reaction time [19] are common strategies to
modulate the randomness character of the resulting copolymers. The use of different
catalysts/initiators has also been studied as a strategy to tune the chain microstructure of PLCL
copolymers [14,15,22,23]. Stannous octoate (SnOct;) is the most commonly used catalyst for
ring-opening polymerization due to its good performance, with high conversion and reaction
rates and the possibility to obtain (co)polymers with high molecular weights. This catalyst has
been reported to lead to blocky PLCLs [14,19]. Bismuth salts (e.g., BiCls, Bi,Os, diphenyl bismuth
bromide [24,25]) used in different polymerizations, on the other hand, have been successfully
employed to synthesize PLCL systems with more random nature [19]. Triphenyl bismuth (Ph3Bi),
in particular, has been used in the synthesis of other random copolyesters, namely, poly(L-

lactide-co-6-valerolactone) and poly(ethylene brassylate-co-e-caprolactone) [26,27].

Inthe present chapter, with the aim of studying the effect of chain microstructures on the surface
topography and mechanical properties of the synthesized copolymers, a variety of PLCLs were
synthesized by ring-opening polymerization. Controlling the comonomer mass feed ratios and
the catalyst/initiator (i.e., SnOct;, or Ph3Bi), PLCL copolymers showing different compositions and
chain microstructures were obtained. These copolymers were subjected to isothermal
treatments to control crystallinity degree (determined by means of differential scanning
calorimetry) and crystal morphology (assessed by atomic force microscopy). Finally, human
pulmonary fibroblasts (i.e., MRC-5 cells) were seeded on PLCLs showing different surface

topographies to study the impact of surface topography on cell morphology.
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3.2. Materials and methods

3.2.1. Materials

e-Caprolactone (e-CL) monomer and Stannous octoate (SnOct;) catalyst were supplied by Merk
KGaA (Germany), while L-Lactide (L-LA) monomer was provided by Corbion (The Netherlands).
Triphenyl Bismuth (Ph3Bi) catalyst was obtained from Gelest (USA). Dichloromethane and
methanol were supplied by Labbox (Spain). Dulbecco's Modified Eagle Medium (DMEM), Hanks’
Balanced Salt Solution (HBSS), Penicillin/Streptomycin (P/S), Foetal Bovine Serum (FBS) and
rhodamine-phalloidin (Rd/Ph) were supplied by Fisher Scientific (Spain). Primary antibody
Vinculin (ab129002) was supplied by Abcam (UK). Secondary antibody AlexaFluor 488 donkey
anti-rabbit 1gG and 16% Formaldehyde (PFA) solution were supplied by Thermo Fisher Scientific
(USA). Phosphate-buffered saline (PBS), Triton X-100, Tween 20 and Fluoroshield with DAPI were

supplied by Sigma Aldrich (Spain). Chloroform was supplied by PanReac (Spain).

3.2.2. Synthesis

Four different PLCL copolymers were synthetized following our previously reported protocol [28].
Briefly, copolymers based on L-LA and e-CL were synthesized in bulk by one-pot-one-step ring-
opening polymerization (ROP) with two different feed mass ratios of 80 wt.% L-LA- 20 wt.% e-CL
and 70 wt.% L-LA- 30 wt.% &-CL. Predetermined amounts of the comonomers were placed into
around bottom flask and immersed into a controlled temperature oil bath at 140 °C until melting.
To ensure an inert atmosphere, a nitrogen stream was initiated under the surface of the melt for
15 min. Subsequently, the catalyst (Ph3Bi or SnOct,) was added at a 1000:1 comonomers:catalyst
molar ratio while stirring. After 24 h of reaction, the resulting product was dissolved in
dichloromethane and precipitated in an excess of methanol to remove impurities and those
monomers that had not reacted. Finally, the product was dried at room temperature and then

dried at 100 °C for 1 h to ensure the complete elimination of remaining solvents.

3.2.3. Differential Scanning Calorimetry (DSC)

The thermal properties of the synthesized copolymers were analysed by Q200-Differential
Scanning Calorimeter (TA Instruments). Samples weighing between 5 and 10 mg were
encapsulated in hermetic aluminium pans to study the glass transition temperature (Tg), melting
temperature (Tn,) and melting enthalpy (AHm). Two scans were performed. Both scans were

carried out from -40 to 200 °C at 20 °C min-L.
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3.2.4. Gel Permeation Chromatography (GPC)

Samples were prepared at a concentration of 10 mg-mL* using chloroform as solvent. Then, the
molecular weight (My) and distribution of the synthesized copolymers were determined in a

Waters 1515 GPC device equipped with two Styragel columns (102 - 10* A).

3.2.5 Nuclear Magnetic Resonance (RMN)

Proton and carbon nuclear magnetic resonance (*H NMR and *3C NMR) spectra were acquired in
a Bruker Avance DPX 300 at 300.16 MHz and 75.5 MHz of resonance frequency respectively,
using 5mm 0.D. sample tubes, following the previously optimized protocol [11]. Using the tables
of structural determination from Prestch et al. [29], the different signals were assigned. By
averaging the values of molar contents and the LA-CL dyad relative molar fractions that were
obtained by means of H and 3C NMR spectroscopy, the copolymer composition data, average
sequence lengths, and randomness character were calculated. The number average sequence
lengths (/), the Bernoullian random number average sequence lengths (/i)random and the

randomness character (R) were obtained using equations (Equations (1)-(4)):

(LA—-LA) + % (LA—CL) 3 2(LA)

lia = = 1
v 2 (LA~ CL) aa-cy Y
(CL—CL) +5(LA=CL)  2(CL)
o = ! “ta-cy @
5 (LA—CL)

l = ! ; (1 = 3
( LA)random - m' ( CL)random - (L_A) ( )
R = (lLA)random — (lCL)random (4)

lLA lCL

where (LA) and (CL) are the lactide and caprolactone molar fractions, and (LA-CL), (LA-LA) and

(CL-CL) are the LA-CL, LA-LA and CL-CL average dyad relative molar fractions, respectively.

3.2.6. Thermal treatments

The synthesized copolymers were subjected to three different thermal treatments within the
Q200-Differential Scanning Calorimeter (TA Instruments): quenching treatment and isothermal

crystallization treatments from the melt at 50 °C and 70 °C. Prior to these treatments, the
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thermal history of the samples was erased in a first scan by increasing the temperature to 200
°C. Afterwards, the isothermal crystallizations were carried out from the melt, quenching to the
specific temperature at a rate of 20 °C-min™t and maintaining at the selected temperature (i.e.,
50 or 70 °C) for 24 h. After the isothermal crystallization, the samples were rapidly quenched
within the DSC to -40 °C and subjected to a second scan from -40 to 200 °C at a rate of 20 °C-min
L. For the quenching treatments, a similar process was followed, first increasing the temperature
to 200 °C, rapidly quenching to -40 °C and performing a second scan up to 200 °C at 20 °C-min2.
The crystallinity degree (x) of the samples was calculated based on the amount of lactide in the
copolymer (determined from NMR analysis) and the enthalpy of fusion of the polylactide crystal

(AHm? = 106 J-g1) [30].

3.2.7. Atomic Force Microscopy (AFM)

The surface of the copolymers subjected to different thermal treatments (i.e., quenching and
isothermal treatments from the melt at 50 and 70 °C) was analysed using a Nanoscope V
Multimode AFM (Bruker). The images were obtained in PeakForce Tapping mode and employing
a scanasyst-air silicon tip on nitride lever type tip, with a tip radius of 2 nm, a resonance
frequency between 45-95 kHz and spring constant of 0.2-0.8 N-m™L. Polymeric films of 40-70 um
were obtained by solvent casting. Solutions of concentration 5 w/v% (weight/volume ratio) in
dichloromethane were poured into petri dishes. Samples were dried under the fume hood for
24 h at room temperature and then were vacuum-dried for another 24 h. Once the films were
obtained, they were thermally treated. Firstly, the resulting samples were melted at 200 °C and
held at this temperature for 2 min. Then, for isothermal treatments, the samples were cooled
from the melt to the selected crystallization temperature (50 or 70 °C) and kept for 24 h. Finally,
the films were rapidly cooled to room temperature. For the quenching treatment, the
temperature of the films was rapidly lowered from 200 to -20 °C. Finally, the films were placed
on glass disks and images of the topography (height image) and peak force error were acquired
in different areas and various scan sizes. To obtain a comprehensive view of the morphology of
the samples, several locations were scanned for each sample, progressively decreasing the scan
size to allow the observation of the smaller structures. Images were then analysed by Nanoscope
Analysis software. The size of crystalline formations was measured analysing the cross-sections
of the height images. The roughness of the surface topology feature of PLCL films were quantified

by the mean roughness (R.).
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3.2.8. Tensile Test

To study the mechanical properties of the resulting materials, the specimens were prepared by
compression moulding, as previously described [10]. First, a predetermined amount of
copolymer was melted at 180 °C and, subsequently, 250 bar were applied for 45 s. The samples
were then rapidly quenched within the compression moulding machine. In this way, films of 250
pum thickness were obtained for mechanical evaluation. The tensile tests were carried out with
an Instron 5565 testing machine at a crosshead displacement rate of 10 mm-min? at room
temperature (21 + 2 °C). All properties were determined as a mean value of at least four
determinations, using samples of 100 mm in length and 10 mm wide with an average thickness

of 250 um.

3.2.9. Cell adhesion and immunostaining

MRC-5 cells (ATCC CCL-171) were cultured in DMEM supplemented with 10% FBS and 1% P/S
and incubated in a humidified atmosphere (5% CO,, 95% relative humidity) at 37 °C. Samples of
5x5 mm from the selected systems showing different surfaces textures (PLCL 7030 Sn iso T = 70
°C; PLCL 8020 Biiso T = 70 °C; PLCL 8020 Sn iso T = 50 °C and PLCL 7030 Sn quenched) were
placed in a culture plate, extensively washed with ethanol and subsequently washed with PBS
before being air dried inside the biosafety cabinet. Then, samples were placed under ultraviolet
light for 15 min to ensure sterilization. For this study, cells were seeded at a density of 2000 cells
per sample. After 24 h of incubation, the culture media was aspirated and cells were washed
twice with PBS before fixation with 4% PFA for 5 min. Then the PFA solution was removed and
samples were washed again twice with PBS. A solution of 0.5% Triton X-100 in PBS was added
and kept under slight agitation for 7 min to permeabilize the cell membrane. The solution was
removed and the samples were washed again with PBS under slight agitation for 3 min, three
times. A solution (1% BSA, 0.1% Tween 20 and 1:100 primary antibody) was prepared and
samples were incubated with that solution in a humid chamber overnight at 4 °C. Then, the
samples were washed with 0.05% Tween 20 in PBS three times and incubated with a solution
containing the secondary antibody (1:200), Rd/Ph (1:100) and 1% BSA in 0.1% Tween 20 in PBS
for 2.5 h in the humid chamber at 4 °C. The solution was subsequently aspirated and the samples
were washed with a 0.05% Tween 20 in PBS for 7 min twice under agitation. Finally, they were
washed with PBS twice for 7 min under agitation and were kept in fresh PBS before observing

under fluorescence microscope. Nuclei staining with DAPI was carried out directly on the
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samples by adding a drop of mounting medium before observing them under the microscope

(Nikon Eclipse Ts2).

3.3 Results and discussion

3.3.1. Characterization of synthesized copolymers

In this work, four different PLCLs showing different comonomer ratios and chain microstructures
were synthesized by ring-opening polymerization (Table 3.1.). The M, achieved with this reaction
was slightly higher for those copolymers synthesized with PhsBi (PLCL 8020 Bi: 139,600 g-mol*!
and PLCL 7030 Bi: 121,400 g-mol?) than those with SnOct, (PLCL 8020 Sn: 101,600 g-mol*and
PLCL 7030 Sn: 112,300 g-mol?) [31]. As expected from the glass transition temperature values of
the homopolymers (i.e., Tz of PLLA around 60 °C and for PCL of -60 °C [32]), a higher T, was
observed in those copolymers with more LA content (PLCL 8020 Bi: 28.2 °C and PLCL 8020 Sn:
27.3 °C) than in those with a lower LA content (PLCL 7030 Bi: 14.0 °C and PLCL 7030 Sn: 18.3 °C).
On the other hand, T, and crystallinity degree (x) strongly depended on the used catalyst and
derived chain microstructure. The use of PhsBi as a catalyst resulted in copolymers with lower
Tm and x (PLCL 8020 Bi: T, = 105.5 °C; y = 15.9% and PLCL 7030 Bi Tr, = 127.6 °C; x = 2.0%) in
comparison to the copolymers synthesised using SnOct, (PLCL 8020 Sn: T, = 144.6 °C; x = 30.0%
and PLCL 7030 Sn T, = 135.0 °C; xy = 28.6%).

Table 3.1. Characterization of the synthesized copolymers.

PLCL 8020 Bi PLCL 8020 Sn PLCL 7030 Bi PLCL 7030 Sn

M. (g:mol?) 139,600 101,600 121,400 112,300
T¢ (°C) (2" scan) 28.2 27.3 14.0 18.3
Tm (°C) (1% scan) 105.5 144.6 127.6 135.0
AHy, (J-g) (1% scan) 13.3 25.4 1.5 21.0
X (%) 15.9 30.0 2.0 28.6
ha 3.65 5.38 2.45 4.31
Ies 1.24 1.70 1.28 2.42
R 1.08 0.77 1.19 0.65
% (weight) LA 78.9 80.0 70.7 69.3
% (weigth) EB 21.1 20.0 29.3 30.7
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Regarding the chain microstructure parameters, calculated by averaging the results obtained
from H and 3C NMR spectroscopy (Figures 3.1. and 3.2.), the use of PhsBi as catalyst favoured
the formation of LA-CL dyads and alternating LA-CL-LA triads, shortening the repeat unit length
values of LA (/la) and CL (lc) and leading to copolymers displaying a random character (R value
close to 1). This suggests the presence of alternating monomer sequences (-LA-CL-LA-CL-LA-CL-
) in the copolymer chains, explained by the transesterification reactions in the synthesis process,

which lead to a shortening of the blocks in the polymer chains [33].
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Figure 3.1. a) 'H NMR spectrum of PLCL 8020 Bi and signal association. b) *H NMR spectrum of
PLCL 8020 Sn. ¢) *H NMR spectrum of PLCL 7030 Bi. d) *H NMR spectrum of PLCL 7030 Sn.
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Figure 3.2. a) 13C NMR spectrum of PLCL 8020 Bi. Inall the C of caprolactone units the four triads,
CL-CL-CL,LA-CL-CL,CL-CL-LAand LL-CL-LLfrom the left to the right, are observed, except for both
€ and B methylene C where only dyads are observed, in CL-LA and CL-CL order for the C of €
methylene C and CL-CLand CL-LA order for the B one. b) 3C NMR spectrum of PLCL 8020 Sn. c)
13C NMR spectrum of PLCL 7030 Bi. d) 3C NMR spectrum of PLCL 7030 Sn.

This effect is especially remarkable in the case of the 70:30 comonomer feed ratio. More &-CL
was available during the synthesis process, allowing the easier formation of these alternating
sequences, which also explains the higher R value. On the other hand, the systems synthesized
using SnOct; showed a blockier (but still random distribution) tendency with lower values of R,
and longer repeat unit lengths. Considering the results obtained by NMR and DSC, it can be
concluded that a higher R and a shorter /4 (copolymers synthesized with PhsBi) limit the
capability of crystallization of the lactide units, causing the Ty, to be lower and reducing the

crystallinity degree greatly, which is evidenced in the first DSC scan (Figure 3.3.).
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Figure 3.3. DSC thermograms of the synthesized copolymers.

In the case of the PLCL 7030 Bi, the crystallinity degree of the nascent copolymer is negligible.
For the copolymers synthesized using SnOct,, a much higher crystallinity degree (x) was
observed, with fractions around 30% in both cases. Both the crystallinity fraction and the T,
were slightly higher in the case of the PLCL 8020 Sn system. This could be explained by both a
higher amount of crystallisable L-lactide units and the presence of longer repetitive units. It is
worth mentioning that the T signals present a larger AC, in the PLCLs with a lower crystallinity
degree, as a higher proportion of the copolymer undergoes the glass transition in these cases.
In the second scan (Figure 3.3.), all the PLCLs showed a homogeneous amorphous phase except

the PLCL 8020 Sn, which showed a minimal melting peak (Figure 3.4.).

o 2"scan
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K PLCL 8020 Bi
5 1
= PLCL 8020 Sn
z
=
= _X
E PLCL 7030 Bi
I
\ PLCL 7030 Sn
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-20 0 20 40 60 80 100 120 140 160 180
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Figure 3.4. Inset of the minimal melting peak observed in PLCL 8020 Sn.
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3.3.2. Thermal treatment

The synthesized copolymers were subjected to three thermal treatments (i.e., quenching and
isothermal treatments from the melt at either 70 or 50 °C) within the DSC to analyse their
crystallization behaviour (Table 3.2. and Figure 3.5.). In general, those copolymers synthesized
with Phs3Bi as catalyst were unable to crystallize under the studied conditions. The exception was
the PLCL 8020 Bi copolymer subjected to an isothermal treatment at 70 °C, in which a melting
peak centred at 108.6 °C was detected. In contrast, the copolymers synthesized with SnOct;
showed a greater ability to crystallize when they were subjected to isothermal treatments from
the melt, showing clearly discernible melting peaks with crystallinity degrees > 20%. However,
when these copolymers were rapidly quenched from the melt, they showed a completely

amorphous character.

Table 3.2. Thermal properties of quenched and isothermally crystallized poly(L-lactide-co-¢-
caprolactone) (PLCL) for 24 h T.: isothermal crystallization temperature; Tg: glass transition

temperature; Tn: melting temperature; AHy: melting enthalpy; x: crystallinity degree.

T (°C) Te1(°C) Tg2(°C) Twm(°C) AHm(J/g) x(%)

quenched 28.2 - - - 0.0

PLCL 8020 Bi 50 31.3 - - - 0.0
70 25.2 - 108.6 16.5 19.8

quenched 27.3 - - - 0.0

PLCL 8020 Sn 50 13.3 69.2 139.4 23.2 27.4
70 10.6 84.7 138.1 24.0 28.3

quenched 14.0 - - - 0.0

PLCL 7030 Bi 50 16.1 - - - 0.0
70 15.4 - - - 0.0

quenched 18.3 - - - 0.0

PLCL 7030 Sn 50 3.4 70.4 139.7 16.7 22.8
70 2.1 86.2 139.9 15.8 21.5

As expected, the crystallization capability of the copolymers increases with the length of the LA
repeat sequences (/). Accordingly, the calculated /i value for the PLCL 7030 Bi (i.e., lia = 2.45) is
not enough to produce crystalline domains under the studied conditions. In contrast, the
calculated /A value for the PLCL 8020 Bi (i.e., /.a = 3.65) is sufficient to form crystalline domains
when subjected to an isothermal treatment at 70 °C for 24 h. The copolymers synthesized with
SnOct;, as catalyst, thanks to their blockier character and subsequent longer 4 (i.e., Iia> 4), were
prone to form crystalline domains after being subjected to isothermal treatments from the melt.
Regarding the T, for those copolymers synthesized with SnOct, as catalyst, temperatures

around 139 °C were registered. On the other hand, for those copolymers synthesized with Ph3Bi
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as catalyst, the only system capable of crystallizing was PLCL 8020 Bi subjected to anisothermal
treatment from the melt at 70 °C, and showed a T, of 108.6 °C. In any case, the T,, values of
these copolymers are significantly lower than the T, of PLLA homopolymer (T, = 170 - 183 °C)
[28]. These differences could be attributed to the decrease of /i (Table 3.1.) promoted by the
presence of &-CL repetitive units [16]. Contrarily to the melting peaks commonly observed for
pure PLLA, which are relatively well-defined unimodal peaks [34], double endothermic peaks
were observed in our synthesized copolymers (Figure 3.5.). This can be explained by a melt-
recrystallization phenomenon. Low perfection crystals are melted to recrystallize with higher
perfection and melt again at a higher temperature. This could be due to the existence of crystals
with different morphologies of lamellae with variable thicknesses or by there being an

intermediate constrained phase between the crystalline and the amorphous phases [35].

@) .
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Figure 3.5. Differential scanning calorimetry traces of PLCL quenched (a, d, g and j) and

isothermally crystallized at 50 °C (b, e, h and k) and 70 °C (c, f, i and |) for 24 h.
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Regarding the variation of the crystallinity degree with the selected isothermal crystallization
temperatures, a clear trend was not observed. Those copolymers synthesized with SnOct;
showed very similar crystallinity degree values irrespective of the selected isothermal
crystallization temperature (i.e., PLCL 8020 Sn: 27.4 and 28.3% at 50 and 70 °C, respectively; PLCL
7030 Sn: 22.8 and 21.5% at 50 and 70 °C, respectively). For Ph3Bi systems, PLCL acts as a single-
phase amorphous copolymer showing a single hybrid T, located between the T4 values of the
pure homopolymers. However, for those copolymers synthesized with SnOct,, two Ty were
registered. The lower Tg is associated to the hybrid amorphous miscible LA-CL phase, composed
mostly of e-CL units and the higher T suggests the presence of amorphous LA domains which

are phase separated and may be constrained between the crystalline regions [36].

3.3.3. Atomic Force Microscopy (AFM)

The synthesized PLCLs showed distinct topographies depending on the used catalyst (PhsBi or
SnOct;) and subsequent heat treatment (quenching, isothermal crystallization at 50 and 70 °C),
from very smooth surfaces for amorphous samples to rougher ones for crystallized samples. In
line with the DSC observations, those PLCLs synthesized with PhsBi showed amorphous
structures, except the PLCL 8020 Bi isothermally treated at 70 °C. The rest of the samples
obtained using Phs3Bi showed a smooth surface (R; < 2 nm) with no discernible crystalline

domains (Figure 3.6.).
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600.0 nm 600.0 nm
Figure 3.6. Atomic Force Microscopy height images of quenched PLCLs synthesized using Ph3Bi

as catalyst a) PLCL 8020 Bi and b) PLCL 7030 Bi.

The sample treated at 70 °C presented spherulitic morphology with average size spherulites of 7
um. Nucleation points (white arrows) around which lamellae branch out and spherulites grow

are easily distinguished in Figure 3.7.

4.0 um 2.0 um 200.0 nm

Figure 3.7. Atomic force microscopy height image (above) and peak force error image (below) of

PLCL 8020 Bi isothermally crystallized at 70 °C. White arrows highlight nucleation points.

Regarding the PLCLs synthesized with SnOct,, both compositions, 8020 and 7030, presented an

amorphous nature after quenching from the melt, similar to those displayed in Figure 3.5.
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However, both copolymers showed crystallization capability after isothermal heat treatment at
specified temperatures. Interestingly, the final crystal structure varies depending on the degree
of undercooling and consequently, a variety of topographic textures were obtained in terms of
shape and roughness. This change in surface topology feature of the substrates following the
different crystallization strategies could influence not only the mechanical properties, but also
the interaction of the biomaterial with the surrounding cells and tissues once implanted.
Isothermal treatment at 50 °C resulted in a small axialite-like crystalline structure for both
copolymers, PLCL 8020 Sn and PLCL 7030 Sn (Figure 3.8.). The presence of numerous nucleation
points at low crystallization temperatures resulted in the early impingement of crystals that
cannot further grow resulting in a low roughness lamellar pattern. The average size of these
lamellar crystalline structures was calculated to be 285-300 nm and the mean roughness values

(Ra) 8.11 nm and 14.3 nm for PLCL 8020 Sn and PLCL 7030 Sn, respectively.

2.0 um 200.0 nm. 2.0pum 200.0 nm
a) PLCL 8020 Sn b) PLCL 7030 Sn

Figure 3.8 Atomic force microscopy height images (above) and peak force error images (below)

of a) PLCL 8020 Sn and b) PLCL 7030 Sn isothermally crystallized at 50 °C.

The isothermal treatment at 70 °C led to clearly defined spherulitic crystalline structures for both
copolymers (Figure 3.9.). The observed spherulites showed a typical crystalline structure of the
poly(L-lactide) homopolymer where edge-on and flat-on structures, numbered in Figure 3.8. as
1 and 2 respectively, are easily identified in the high magnification AFM images [37]. Although
there is a slight difference in the average size of the spherulites for both copolymers, 12 um for
PLCL 8020 Sn and 14 um for PLCL 7030 Sn, bigger spherulites could be observed for the latter
one, measuring up to 18 um. The fact that PLCL 7030 Sn forms larger crystals even with less

lactide content and shorter lactide building blocks (/.a for PLCL 7030 Sn =4.31 vs. / a for PLCL 8020
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Sn = 5.38), is attributable to two effects: (1) its more multiblock macromolecular chain
microstructure (R for PLCL 7030 Sn = 0.65 vs. R for PLCL 8020 Sn = 0.77), which might help in the
crystallization process and (2) the crystallization kinetics. Both copolymers have different glass
and melting temperature (see Table 3.1.) and, therefore, the 70 °C crystallization temperature
(T¢) involves different levels of undercooling (AT=Tn-T.) for each. Smaller undercooling, asin the
case of the PLCL 7030 Sn, implies the formation of less nucleation points, enabling the

spherulites to grow bigger before they collide with each other.

10.0 pm 10.0 um
a) PLCL 8020 Sn b) PLCL 7030 Sn

Figure 3.9. Atomic force microscopy height images (above) and peak force error images (below)
of a) PLCL 8020 Sn and b) PLCL 7030 Sn isothermally crystallized at 70 °C. [Number 1 and 2

pointed edge-on and flat-on crystalline structures, respectively].

The values of surface roughness as a function of heat treatment allows us to directly differentiate
the effect of crystallization process on PLCLs surface topology feature. Table 3.3. summarizes the
morphologies, crystal sizes and mean roughness (R,) of all the samples. Results revealed a
remarkable difference in the roughness of the samples with spherulitic morphologies and those
with either amorphous or lamellar morphologies. The presence of spherulitic morphologies,
especially the PLCL 8020 Sn and PLCL 7030 Sn systems treated isothermally at 70 °C, have
microcavities between the spherulites and characteristic topographies, leading to mean
roughness values greater than 110 nm. However, at the same crystallization conditions, the PLCL
8020 Bi samples showed lower mean roughness value, around 39 nm. The crystalline behaviour
of these copolymers is very conditioned by their L-lactide average sequence length (/ia) and

randomness character (R). Shorter /.o and higher randomness character, as in the case of the
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PLCL 8020 Bi, involve smaller and less regular/uniform/perfect spherulites as shown in Figure

3.6., resulting in less rough surfaces.

Table 3.3. Morphologies and roughness of quenched and isothermally crystallized PLCL.

Treatment Morphology Size Ra (nm)
qguenching amorphous - 0.223
PLCL 8020 Bi Iso. 50 °C amorphous - 1.76
Iso. 70 °C spherulitic 7 um 39.20
quenching amorphous - 0.882
PLCL 8020 Sn Iso. 50 °C lamellar/axialitic 300 x 32 nm/800 nm 8.11
Iso. 70 °C spherulitic 12 um 136
quenching amorphous - 0.215
PLCL 7030 Bi Iso. 50 °C amorphous - 0.302
Iso. 70 °C amorphous - 0.203
qguenching amorphous - 1.70
PLCL 7030 Sn Iso. 50 °C lamellar 285 nm x 25 nm 14.30
Iso. 70 °C spherulitic 14 um 110

3.3.4. Mechanical properties

The mechanical properties of the synthesized copolymers were determined by tensile test at

room temperature (21 * 2 2C) (Figure 3.10.), where three well differentiated behaviours are

discernible.

24

80:20 Bi

80:20 Sn

12

Stress (MPa)

70:30 Sn

70:30 Bi
— %

T
500 600

T T
300 400

Strain (%)

T T
0 100 200

Figure 3.10. Stress-strain curves of the synthesized PLCL copolymers.
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Those samples with a lower content in LA (i.e., PLCL 7030 Sn and PLCL 7030 Bi) presented an
elastomeric behaviour, characterized by a low stiffness and a high strain recovery capacity after
break (Table 3.4.). However, important differences were observed in the mechanical behaviour
depending on the selected catalyst (i.e., SnOct; vs. Ph3Bi). PLCL 7030 Bi showed a low secant
modulus at 2% of 6.5 MPa, a strain recovery of 88.8% and an elongation at break of 589.4%. In
contrast, although the PLCL 7030 Sn also showed an elastomeric behaviour, with a low secant
modulus at 2% of 18.9 MPa, a strain recovery of 83.5% and an elongation at break of 268.6%, it
also presented the strain-hardening phenomena at high deformations, reaching an ultimate
tensile strength of 16.5 MPa. On the other hand, the copolymers with higher content in LA (i.e.,
PLCL 8020 Sn and PLCL 8020 Bi) showed a plastic behaviour, characterized by a well-defined yield
point, a lower elongation at break (186.8% for PLCL 8020 Sn and 205.0% for PLCL 8020 Bi) and
strain recovery of 32.5% for PLCL 8020 Sn and 41.9% for PLCL 8020 Bi. Also, these copolymers
exhibited the strain-hardening phenomena at high deformations, which can be associated to the

chain alignment at high deformations.

Table 3.4. Mechanical properties of the synthesized PLCL copolymers.

. Ultimate
Young’s Secant . . .
tensile Elongation at Strain
modulus modulus at strength break (%) recovery (%)
20 () (1)
(MPa) % (MPa) (MPa)
PLCL 8020 Bi 1795.2 +206.2 693.4 £63.7 23.1+2.1 205.0 + 18.8 41.9
PLCL 8020 Sn  2667.3 +66.7 714.9+51.4 179+1.8 186.8 +21.0 32.5
PLCL 7030 Bi - 6.5+ 1.8 2.0+0.2 589.4 + 26.3 88.8
PLCL 7030 Sn - 18.9+3.1 16.5+0.4 268.6 £ 29.2 83.5

In general terms, it can be concluded that the more random distribution of the repetitive units
obtained with the catalyst based on PhsBi, results in softer copolymers with lower stiffness,
higher elongation at break and higher strain recovery after break. These behaviours are in line
with the results obtained in DSC (Table 3.2.). Copolymers with 80% of LA are tested at a
temperature under their Tg(28.2 °C for PLCL 8020 Bi and 27.3 °C for PLCL 8020 Sn), which results
in a plastic behaviour. In contrast, copolymers with a 70% in LA are tested above their T, (14.0 °C

for PLCL 7030 Bi and 18.3 °C for PLCL 7030 Sn) and displayed an elastomeric nature.
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3.3.5. Interaction of human fibroblasts with various polymeric topographies

The surface topography of a biomaterial is of utmost importance in determining the fate of the
surrounding cells, tissues and organs when the biomaterial is implanted in the human body. As
demonstrated in the present study, by controlling the chain microstructure of L-lactide and e-
caprolactone based copolymers, a plethora of surface topographies can be developed via several
thermal treatments from the melt, which will presumably determine the interaction of cells with
the biomaterial. Herein, the interaction of MRC-5 cells (human fibroblasts) with different surface
topographies was evaluated as a preliminary in vitro study to gain more insights about the
influence of surface topography on cell behaviour. Four PLCL samples displaying different surface
topographies were selected for this purpose: i) PLCL 7030 Sn subjected to an isothermal
treatment at 70 °C, ii) PLCL 8020 Bi subjected to an isothermal treatment at 70 °C, iii) PLCL 8020
Sn subjected to an isothermal treatment at 50 °C and iv) PLCL 7030 Sn subjected to a rapid
guenching from the melt. The selected samples had roughness (R.) values ranging from 1.7 to
110 nm, crystallinity degrees ranging from 0 to 27.4% and different crystal morphologies
(spherulitic, lamellar/axialitic), thus covering a wide range of surface topographies. As observed
in the obtained micrographs (Figure 3.11.a-d), cells had a more elongated morphology in the
PLCL 7030 Sn sample subjected to an isothermal treatment at 70 °C (Figure 3.11.a). This sample,
as previously concluded from the AFM evaluation, had a spherulitic structure with spherulites of
~ 14 um. In contrast, for the PLCL 7030 Sn sample subjected to a rapid quenching, cells showed
a completely different shape, characterized by a more spread morphology. The surface of this
sample was smooth and showed the lowest R, value among the studied samples (R, of 1.7 nm).
These differences observed under the fluorescent microscope were further supported by
quantitative values of nuclei area and aspect ratio (Figure 3.11.e and f). Statistically significant
differences (p < 0.05) were observed in these two parameters between PLCL 7030 Sn sample
subjected to an isothermal treatment at 70 °C or rapidly quenched from the melt. Accordingly,
the nuclei area increased from 412.2 + 8.4 um? in the isothermally crystallized copolymer to
571.1 + 11.3 pm? in the rapidly quenched sample. The aspect ratio (length/width) decreased
from 1.83 £0.03 in the isothermally crystallized copolymer to 1.72 £0.02 in the rapidly quenched
sample, thus confirming the conclusions drawn from the micrographs. A similar behaviour has
been reported in bibliography with human articular chondrocytes [38]. In the reported study,
human chondrocytes were seeded on the surface of PLLA with increasing sizes of spherulites.
Those cells seeded on the PLLA sample showing largest spherulites (30 - 50 um) display a more
elongated morphology and preferred orientation, similar to the so-called contact guidance

observed in nanostructured topographies. The PLCL 8020 Bi subjected to an isothermal
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treatment at 70 °C shows an intermediate behaviour between the aforementioned PLCL 7030 Sn
samples. In comparison to the PLCL 7030 Sn isothermally crystallized, the PLCL 8020 Bi sample
shows lower R, value (110 vs. 39.2 nm), lower crystallinity degree (21.5 vs. 19.8%) and smaller
spherulites (14 vs. 7 um). Statistically significant differences (p < 0.05) were observed in the
nuclei area (412.2 + 8.4 um? for the PLCL 7030 Sn vs. 490.3 + 9.5 um? for the PLCL8020 Bi) of the
cells seeded in these two samples. In the case of nuclei aspect ratio, although not statistically
significant, a slight decrease was observed (from 1.83 £ 0.03 for the PLCL 7030 Sn to 1.81 + 0.03
for the PLCL 8020 Bi), suggesting again that larger spherulites promote a more elongated shape
of the seeded cells. Finally, the PLCL 8020 Sn sample subjected to an isothermal treatment at 50
°C was analysed. This sample, contrarily to the previously analysed ones, had alamellar/axialitic
crystal morphology and a R, value of 8.1 nm. Although no significant differences were observed
with respect to the PLCL 8020 Bi sample subjected to an isothermal treatment at 70 °C, cells
appeared to be more elongated in the PLCL 8020 Sn sample isothermally crystallized at 50 °C
(nuclei area was 490.3 + 9.5 um? for the PLCL8020 Bi and 466.3 + 12.2 um? for the PLCL 8020 Sn;
aspect ratio was 1.81 + 0.03 for the PLCL 8020 Bi and 1.82 + 0.02 for the PLCL 8020 Sn). These

results suggest that, not only the roughness of the surface, but also the crystal morphology of

the sample may influence the cell fate.
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Figure 3.11. Micrographs of MRC-5 cells seeded on a) PLCL 7030 Sn subjected to an isothermal
treatment at 70 °C, b) PLCL 8020 Bi subjected to an isothermal treatment at 70 °C, c) PLCL 8020
Sn subjected to an isothermal treatment at 50 °C and d) PLCL 7030 Sn subjected to a rapid
qguenching from the melt. Blue: DAPI (Nuclei); Red: Rhodamine-Phalloidin (Actin filaments);
Green: Vinculin (Focal adhesions). Quantification of nuclei area e) and aspect ratio f) (N = 250).
Error bars represent the standard error of the mean. n.s. indicates that no significant differences

exist between the highlighted samples (p < 0.05).
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The surface topography influences several important aspects of cells, including adhesion,
proliferation and differentiation and strongly depends on the studied cell type. The strategy
described in the present study, that relies on adjusting the chain microstructure and thermal
treatments to tune the surface topography of the samples, would allow us to adjust the surface
biophysical properties of the materials to fit within the requirements of the intended use. For
example, osteoblasts show a better proliferation in samples with increasing surface roughness,
while fibroblast prefer smoother surfaces [39]. Controlling the surface topography also allows
preserving the characteristic phenotype of primary cultures (e.g., chondrocytes), which is vital
for regenerative strategies that rely on tissue engineering techniques [4,40]. More recently, the
impact of surface topography on the foreign body response, which will eventually determine the
success of the implanted material for its intended use, has attracted increasing attention [8,41].
Thus, considering the importance of surface topography on several aspects of the biomaterials,
we expect to further study the impact of these biophysical parameters on neuroinflammatory
processes in the future, by using our thermoplastic elastomers with controllable surface

topography and texture.

3.4. Conclusions

In the present study, a plethora of polymeric films displaying a variety of surface topographies
were developed by precisely controlling the chain microstructure of lactide and caprolactone-
based copolymers. The composition of the copolymers defined the mechanical properties of the
resulting samples, which showed a plastic-like behaviour for those copolymers having 80 wt.%
of L-lactide and an elastomeric behaviour for those copolymers having 70 wt.% of L-lactide. The
selected catalyst (SnOct, vs. Ph3Bi) determined the chain microstructure, resulting in a more
random distribution of repetitive units when PhsBi was used as a catalyst. This fact clearly
determines the crystallization behaviour of the copolymers from the melt, which allowed us to
obtain a wide variety of surface textures, ranging from smooth surfaces in the case of amorphous
copolymers to rough surfaces in the case of copolymers having spherulitic or axialitic crystalline
domains. In our preliminary in vitro study using human fibroblasts as model cells, we observed
that cells interact differently depending on the surface biophysical properties of the films. This
encourages us to further study the influence of surface topography and roughness derived from
various crystallinity degrees and crystal morphologies on different cell processes, including

inflammatory processes and foreign body responses.
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CHAPTER 4. Lactide and ethylene brassylate-based
thermoplastic elastomers and their nanocomposites with
carbon nanotubes: synthesis, mechanical properties and

interaction with astrocytes

Abstract

Polylactide (PLA) is among the most commonly used polymers for biomedical applications
thanks to its biodegradability and cytocompatibility. However, its inherent stiffness and
brittleness are clearly inappropriate for the regeneration of soft tissues (e.g., neural tissue),
which demands biomaterials with soft and elastomeric behaviour capable of resembling the
mechanical properties of the native tissue. In this work, both L- and D,L-lactide were
copolymerized with ethylene brassylate, a macrolactone that represents a promising
alternative to previously studied comonomers (e.g., caprolactone) due to its natural origin.
The resulting copolymers showed an elastomeric behaviour characterized by relatively low
Young’s modulus, high elongation at break and high strain recovery capacity. The
thermoplastic nature of the resulting copolymers allows the incorporation of nanofillers
(i.e., carbon nanotubes) that further enable the modulation of their mechanical properties.
Additionally, nanostructured scaffolds were easily fabricated through a thermo-pressing
process with the aid of a commercially available silicon stamp, providing geometrical cues
for the adhesion and elongation of cells representative of the nervous system (i.e.,
astrocytes). Accordingly, the lactide and ethylene brassylate-based copolymers synthesized
herein represent an interesting formulation for the development of polymeric scaffolds
intended to be used in the regeneration of soft tissues, thanks to their adjustable

mechanical properties, thermoplastic nature and observed cytocompatibility.
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4.1. Introduction

Polylactides (PLA) are well-known biocompatible and bioresorbable polyesters used in several
biomedical applications as drug delivery systems, implants and cellular scaffolds for tissue
engineering applications [1]. However, due to its inherent stiffness (Young’s modulus (E) of 1 -
3.5 GPa for poly(D,L-lactide)(PDLLA) and 2.7 - 4.1 GPa for poly(L-lactide)(PLLA)) and brittleness
(elongation at break (g) of 10% for PDLLA and PLLA) [2], the use of PLA for the regeneration of
many tissues in the human body is restricted, because of the elastomeric and soft behaviour that
these tissues generally present. Thus, several strategies such as increasing the molecular mass,
cross-linking, incorporating nanoparticles/nanofibers [3] or copolymerization [4] are regularly
considered to modulate the mechanical properties of PLA [5]. Among them, the
copolymerization of lactide with (macro)lactones (e.g., caprolactone [6] or ethylene brassylate
(EB) [4]) has been widely explored as a strategy to provide enhanced flexibility to the polymeric
chain and the resulting polymeric devices [5]. EBis a macrolactone extracted from castor oil that
represents a more economical approach to alternative counterparts (e.g., e-caprolactone). In

addition, its natural origin allows us to avoid dependence on fossil feedstock [7].

In the present chapter, EB was used for the synthesis of LA-based copolymers with adjustable
mechanical properties that can match those of the nervous system, which shows Young’s
modulus between 0.5 and 16 MPa and an ultimate strain of 61 - 81% [8-10]. Accordingly, lactide-
ethylene brassylate (LA-EB) copolymers could represent an interesting alternative to the more
widely explored poly(lactide-co-g-caprolactone) (PLCL) copolymers [11,12], explored in the
previous chapter. The LA-EB copolymers synthesized in the present chapter show thermoplastic
behaviour, allowing its processing by both traditional (e.g., injection moulding, extrusion) or
more advanced (e.g., electrospinning, 3D printing, lithography) fabrication techniques.
Consequently, complex nanostructures mimicking the extracellular matrix where cells reside can
be developed, improving in this way the interaction between cells and the copolymer in terms
of proliferation, adhesion and cell fate [13]. Another advantage of thermoplastic (co)polyesters
is the possibility of adding (nano)particles (e.g., carbon nanotubes (CNT)) into the polymeric
matrix. CNTs are one carbon atom layers rolled as a cylinder that can improve mechanical
properties, provide nanoroughness [14] to the polymer surface and provide electrical
conductivity to the polymeric device [15]. Inthe biomedical field, CNTs have shown to be anideal
substrate due to their good compatibility and the ability to promote the adhesion and
proliferation of various cell lines [16], particularly for the regeneration of the nervous system
[17]. In the present study, poly(D,L-lactide-co-ethylene brassylate) (PDLEB) and poly(L-lactide-

co-ethylene brassylate) (PLEB) copolymers were synthesized by ring-opening polymerization
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using triphenyl bismuth as catalyst-initiator. To modulate their properties, CNTs were

incorporated into the polymeric matrix at different concentrations.

Finally, with the aim of studying the interaction of our materials with cells representative of the
nervous system, the metabolic activity and adhesion of mouse astrocytes (C8-D1A) were
assessed in both flat and nanopatterned surfaces. Astrocytes are the most abundant glial cells in
the nervous system and provide support and nutrients to neurons. When an injury occurs in the
nervous system, a gap can be created between the nerves. In the regeneration process to rejoin
the nerve cells, astrocytes can become reactive, contributing to the formation of a glial scar, a
physical and chemical barrier that prevents the correct axonal regeneration [18]. Previous
studies show that polymeric materials with specific topographies can influence the astrocytes’
inflammatory response, which is translated into the bio-integration of the implanted material
[19]. It has also been shown that CNTs can induce morphological changes in astrocytes,
provoking even functional changes [20]. Considering the relevance of astrocytes for regenerative
purposes, in the present chapter, their interaction with a fully implantable polymeric device is
preliminarily studied after a thorough characterization of the synthesized copolymers in terms

of mechanical, thermal, morphological and surface properties.

4.2. Materials and methods

4.2.1. Materials

Ethylene brassylate (EB) monomer was supplied by Sigma Aldrich (Spain), while D,L-lactide and
L-lactide monomers were provided by Corbion (The Netherlands). The triphenyl bismuth (Ph3Bi)
catalyst was obtained from Gelest (USA). Dichloromethane and n-Hexane were supplied by
Labbox (Spain). Multi-Walled Carbon Nanotubes (MWCNT), having an average diameter of 10-
15 nm with 5-15 walls and 1-10 um in length, were supplied by Arkema (France). Dulbecco’s
Modified Eagle Medium (DMEM), Hanks’ Balanced Salt Solution (HBSS), Penicillin Streptomycin
(P/S), Fetal Bovine Serum (FBS), AlamarBlue cell viability reagent and rhodamine-phalloidin were
supplied by Fisher Scientific (Spain). Laminin, PBS (Phosphate-buffered saline), Diiodomethane,
Fluoroshield with DAPI, Triton X-100 and Tween 20 were supplied by Sigma Aldrich (Spain), and
16% Formaldehyde solution was supplied by Thermo Fisher Scientific (USA). Chloroform was

supplied by PanReac (Spain).
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4.2.2. Synthesis

For the synthesis of the copolymers, we followed our previously described protocol [4]. Briefly,
copolymers from D,L-LA or L-LA and EB were synthesized in bulk by one pot-one step ring-
opening polymerization (ROP) with a feed molar composition of 70% LA and 30% EB.
Polymerizations were carried out in a round bottom flask immersed in a controlled temperature
oil bath at 140 °C. When the monomers were melted, a nitrogen stream was initiated under the
surface of the melt to purge the flask for 15 min. Subsequently, the catalyst (Ph3Bi) was added at
100:1 comonomers/catalyst molar ratio under stirring. After 72 h of reaction, the product was
dissolved in dichloromethane and precipitated in excess of n-hexane (previously cooled at 4 °C)
to remove the catalyst impurities and those monomers that had not reacted. Finally, the product
was dried at room temperature and then subjected to a heat treatment at 100 °C for 1 h to

ensure the complete elimination of any remaining solvent.

4.2.3.Incorporation of MWCNT in the polymeric matrix and composite preparation

First, the copolymer was dissolved in dichloromethane. Different amounts of MWCNT (0.1, 0.5
and 1 wt.%) were added while the polymeric solution was under stirring. This range of carbon
nanotubes was selected based on our previous work [15], where the resulting polymeric matrix
showed appropriate electrical conductivity and a slight stiffening with respect to the pristine
polymer at these MWCNT ratios. The mixture was sonicated with a UP400St ultrasonic processor
(Hielscher Ultrasonics, Germany) (with a 14 mm diameter sonotrode) for 20 min, with a 100%
amplitude, in pulses of 1 s. The mixture was then transferred into a beaker under stirring until
most of the solvent had been eliminated. The resultant product was vacuum-dried for 5 days to
eliminate the remaining solvent. The system without MWCNT underwent the same process.
Subsequently, films of 250 um thickness were obtained by compression moulding using a Collin
P 200 hydraulic press (Collin, Germany). First, a predetermined amount of copolymer was melted
at 140 °C for poly(D,L-lactide-co-ethylene brassylate) (PDLEB) and 160 °C for poly(L-lactide-co-
ethylene brassylate) (PLEB) for 5 min. Then, 250 bars were applied for 45 s. To eliminate any
remaining solvent, the film was placed under vacuum and 60 °C for PDLEB and 85 °C for PLEB for
30 min. Then, the film was cut into pieces and then processed again by compression moulding
to obtain the final film. The films were stored at -20 °C until their mechanical characterization to
avoid any possible aging during their storage. To create a nanopattern on the surface of the films,

lithography was carried out, as previously reported by us [11]. Briefly, a commercially available

78



Chapter 4

silicon stamp with a 300 nm period nanopattern was replicated on the surface of the film by

applying pressure and increasing the temperature to 200 °C [21].

4.2.4. Differential Scanning Calorimetry (DSC)

The thermal properties of the synthesized copolymers and final films were analysed by
Differential Scanning Calorimetry (DSC) on a Q200 model (TA Instruments, USA). Samples
weighing between 5 and 10 mg were encapsulated in hermetic aluminium pans to study the
glass transition temperatures (Tg), melting temperature (Tm) and melting enthalpy (AHm). Two
scans were performed. Both scans were carried out from -80 to 180 °C in the case of PDLEB and

from -80 to 200 °C in the case of PLEB, at 20 °C-min™’.

4.2.5. Gel Permeation Chromatography (GPC)

The molecular weight (M,,) and dispersity index of the synthesized copolymers and final films
were determined in a Waters 1515 GPC device equipped with two Styragel columns (102-10% A)
(Waters, Milford, MA, USA). Samples were prepared at a concentration of 10 mg-mL? in

chloroform and filtered with a 0.2 um pore size filter.

4.2.6. Nuclear Magnetic Resonance (NMR)

Proton and carbon nuclear magnetic resonance (*H NMR and *3C NMR) spectra were acquired in
a Bruker Avance DPX 300 (Bruker, USA) at 300.16 MHz and 75.5 MHz of resonance frequency,
respectively, using 5 mm O.D. sample tubes. From solutions of 0.7 mL of deuterated chloroform,
all spectra were obtained at room temperature. Experimental conditions are the same as
reported in the bibliography [4]. For *H NMR: 10 mg of sample; 3 s acquisition time; 1 s delay
time; 8.5 ps pulse; spectral width 5000 Hz and 32 scans. For *3C NMR: 40 mg, inverse gated
decoupled sequence; 3 s acquisition time; 4 s delay time; 5.5 us pulse; spectral width 18,800 Hz
and more than 10,000 scans. Using the tables of structural determination from Prestch et al.
[22], the different signals were assigned. By averaging the values of molar contents and the LA-
EB dyad relative molar fractions that were obtained by means of H and 3C NMR spectroscopy,
the copolymer composition data, average sequence lengths, and randomness character were

calculated. The number average sequence lengths (/;), the Bernoullian random number average
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sequence lengths (/)random and the randomness character (R) were obtained using equations

(Equations (1)-(4)):

(LA—-1LA) +%(LA — EB) 3 2(LA)

b = 1 “ta-mmy P

> (LA~ EB) ( )
(EB —EB) + 1(LA —EB) 2(EB)

e = T “ta-my P

5 (LA —EB)
1
(lLa)random = ﬁ; (leB) random = @ (3)
R = (lLA)random — (ZEB)random (4)
lLA lEB

where (LA) and (EB) are the lactide and ethylene brassylate molar fractions, and (LA-EB), (LA-LA)
and (EB-EB) are the LA-EB, LA-LA and EB-EB average dyad relative molar fractions, respectively.

4.2.7. Electron microscopy analysis

Scanning electron microscopy (SEM) (HITACHI S-4800) was used to analyse the surface
morphology of the scaffolds. Samples were coated with a 150 A layer of gold in a JEL lon Sputter
JFC-1100 at 1200 V and 5 mA before being analysed. The successful dispersion of CNTs on
polymeric matrix was studied by Transmission electron microscopy (TEM) (JEOL 1400 Plus) (JEOL,

Tokyo, Japan).

4.2.8. Tensile test

The mechanical properties of the resulting films were determined by tensile test with an Instron
5565 testing machine at a crosshead displacement rate of 10 mm-min at room temperature (21
+ 2 °C) and human body temperature (37 +2 °C). Samples of 100 mm in length and 10 mm wide
were cut from films of 250 um average thickness. All properties were determined as the mean

value of at least four determinations.
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4.2.9. Contact angle

Static contact angle measurements were carried out at room temperature by sessile drop
method in order to evaluate the surface energy of copolymeric films. To calculate it, the Fowkes’
method was applied by equation (5), where y; = yf + yzl[J are the total, y;i are the dispersive and
yf are the polar components of the liquid surface energy. Water (yf= 21.8 mJ-m? and yf= 51
mJ-m?) and diiodomethane (Y%= 50.8 mJ-m? and yf= 0 mJ-m2) were used as the test liquids
[23]. Briefly, at least 4 drops of 10 uL were placed on the surface of the films. Then, average

values of contact angles were obtained using a Kriiss Drop Shape Analyzer DSA100.

v1(1 + cos8) = 2< /Y?Y‘si + Yfﬁ) ()

where, y? and yz are de dispersive and polar components of the surface energy for solid surface

respectively.

4.2.10. Cell Viability assay

C8-D1A cells (ATCC, USA) were cultured in Dulbecco's Modified Eagle Medium (DMEM)
supplemented with 10% FBS and 1% P/S. Cultures were maintained in a humidified atmosphere
(5% CO,, 95% relative humidity) at 37 °C. Three circular samples of 10 mm diameter were
punched out from each system and placed in a 24 well plate. The circular samples were
extensively washed with ethanol and subsequently washed with PBS before being air dried inside
the biosafety cabinet. Finally, they were placed under ultraviolet light for 15 min. To enhance cell
attachment, laminin (1:200) was used to cover the films and wells. Samples were incubated for
2 h at 37 °C, and subsequently washed with PBS to remove the excess of laminin, before
astrocytes were seeded. To assess the cell viability, 10,000 cells were seeded per well. After
either 24 h or 48 h, the cell medium was replaced by cell medium containing 10% of AlamarBlue
reagent. Cells were incubated for 4 h sheltered from light. Finally, the metabolic activity was
determined by measuring the fluorescence (Aex = 480 nm/Aem =595 nm) of the media on a BioTek

Synergy H1 plate reader.
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4.2.11. Immunostaining

C8-D1A cells were seeded on the films in the same way as explained for the cell viability assay.
After 48 h, cells were fixed with 4% PFA for 10 min at room temperature. Then, PFA was aspirated
and the samples were washed with sterile HBSS twice. A solution of 0.5% Triton X-100 in PBS was
added to permeabilize the membrane of the cells and kept under slight agitation for 10 min. The
solution was removed and the samples were washed with PBS under slight agitation for 5 min,
twice. Then, 300 pL per well of rhodamine-phalloidin (Rd/Ph) solution was added, and the plate
was incubated under slight agitation for 15 min. Rd/Ph solution was removed and the samples
were washed twice with 0.1% Tween 20 in PBS for 5 min under slight agitation. Finally, samples
were washed with PBS for 5 min under slight agitation, and were kept in fresh PBS before
observing them under fluorescence microscope. Nuclei staining with DAPI was carried out
directly on the samples by adding a drop of mounting medium before observing them under the

microscope (Nikon Eclipse Ts2).

4.2.12. Statistical Analysis

At least 4 measurements for AlamarBlue were assayed. Results were presented as the mean
average + SD or SEM. One-way ANOVA, non-parametric Holm-Sidak or Kruskal-Wallis tests were
used to compare data from several groups, and they were followed by a Dunn's post hoc analysis.

We considered statistical significance to be *p<0.05.

4.3. Results and Discussion

4.3.1. Synthesis and initial characterization of the copolymers

Table 4.1. summarizes the initial characterization of the synthesized copolymers. The reaction
was carried out at 140 °C for 3 days. In the case of poly(D,L-lactide-co-ethylene brassylate)
(PDLEB), the resulting copolymer presented a M,, of 242,850 g:mol'! and a T of 33.5 + 2.0 °C,
which are higher than the ones referenced in bibliography for copolymers with similar
composition [4]. In the case of poly(L-lactide-co-ethylene brassylate) (PLEB), the copolymer had
a My of 325,790 g-mol! and a T, of 41.0 + 4.5 °C. Additionally, the PLEB copolymer presented a
melting point with a Ty, of 158.0 + 1.5 °C and a crystallinity degree (x) of 29.1% (Figure 4.1.).
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PDLEB PLEB
M., (g-mol%) 242,850 325,790
T¢ (°C) (2" scan) 33.5+2.0 41.0+4.5
Tm (°C) (1%t scan) - 158.0 £ 1.5
AH,-AH (J g?) (1% scan) - 26.4
X (%) - 29.1
ha 16.00 11.36
Ies 1.30 1.45
R 0.83 0.78
% (weight) LA 86.8 80.6
% (weight) EB 13.2 19.4
% (molar) LA 92.5 88.7
% (molar) EB 7.5 11.3
o [ 1¥scan 2"scan
l PDLEB
)] PLEB
= PDLEB
ks
[T
%
e
PLEB
0 5|0 160 1;0 0 5|0 160 1%0

Figure 4.1. DSC thermograms of the synthesized copolymers.

As reported in bibliography, the conversion of LA is significantly higher than EB [4]. After the

synthesis, only 13.2 % and 19.4 % (in weight) of EB became part of PDLEB and PLEB copolymers,

respectively. As a result of this slower reaction rate, LA was consumed more quickly than EB.

Along with this, the randomness character (R) value was 0.83 for PDLEB and 0.78 for PLEB, which

led to random distribution of sequences (R—=>1). The incorporation of EB promotes the decrease

in the average sequence lengths of LA (/.a) as it has been reported in bibliography [4]. For
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example, a PDLEB (co)polymer with 97% in D,L-LA presents a /.aof 30.81, in contrast to our PDLEB
that showed a /a of 16.00 and of 11.36 for the PLEB counterpart. In that same study, the reported
EB-unit average sequence length presents a lgg of 0.93, which is lower than the one observed in
our PDLEB (/gg of 1.30) and PLEB (/s of 1.45) copolymers. As aresult, the chain microstructure of
our (co)polymers is more randomly distributed. The molar compositions depicted in Table 4.1.
were calculated by averaging the results obtained from 'H and *3C NMR spectroscopy (Figure

4.2.).
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Figure 4.2. a) 'H NMR spectrum of PDLEB 0% CNT. b) *H NMR spectrum of PLEB 0%CNT. c) *3C
NMR spectrum of PDLEB 0% CNT. d) 3C NMR spectrum of PLEB 0% CNT.

4.3.2.Incorporation of MWCNTs in the polymeric matrixand preparation of composites

The processing conditions followed to incorporate the CNTs in the polymer matrix induced a
decrease in the My,. Table 4.2. shows that PDLEB films had a final M,, between 190,150 g-mol!

and 215,390 g-mol?, which represents a lost in M, between 11.3% - 21.7% with respect to the
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initial molecular weight of the synthesized copolymer. In the case of PLEB films, with final M,,
ranging from 210,170 g-mol to 256,410 g-mol%, they experimented a decrease between 21.3%
- 33.6%. In both cases, the addition of CNTs did not seem to play a major role in the observed

molecular weight decrease.

Table 4.2. Molecular weights of the resulting films after their processing and incorporation of

CNTs.
My (g-mol?) PDLEB PLEB
%CNTs 0% 0.1% 0.5% 1% 0% 0.1% 0.5% 1%
Synthesized 242,850 325,790

Final film 207,540 190,150 194,120 215,390 | 250,050 210,170 256,410 216,270

AM,, (%) 14.5 21.7 20.1 11.3 23.2 35.5 21.3 33.6

Table 4.3. shows the thermal properties of the resulting films, which are also represented in
Figure 4.3. For PDLEB, the T, decreased from 33.5 + 2.0 °C to values between 25.0 £ 1.5 °C and
28.0 £ 2.0 °Cin the 1*'scan. For PLEB, the T; decreased from 41.0 £ 4.5 °C to values between 30.0
+1.0°Cand 37.4 £ 4.2 °C. The incorporation of CNTs seemed to slightly increase the observed T,
in the case of PLEB. This might be ascribed to the capacity of CNTs to reduce the mobility of the

polymeric chains in the amorphous phase [24].

Table 4.3. Thermal properties of the resulting films after their processing and incorporation of

CNTs.
Film PDLEB
%CNTs 0% 0.1% 0.5% 1%
Tg (°C) (1%* scan) 28.0+£2.0 25.0+15 27.0£0.5 27.0£2.0
T (°C) (2" scan) 28.0+3.0 27.0+3.0 29.0+1.0 27.0+£2.0
PLEB
%CNTs 0% 0.1% 0.5% 1%
Tg (°C) (1% scan) 30.0+1.0 340+1.0 335+1.0 37.4+4.2
Tm (°C) (1%t scan) 156.0 £ 0.0 159.0 £ 0.0 158.0£1.0 159.3 £0.7
AHm-OH (J-g7?) (1% scan) 12.0+1.0 11.0+0.5 8.6+2.7 10.1+1.6
T (°C) (2" scan) 30.0 £ 0.0 36.0£2.0 33.5+£2.0 347124
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Figure 4.3. DSC thermogram (2" scan) of final films.

The successful incorporation of MWCNTs and their dispersion in the polymeric matrix were
assessed by transmission electron microscopy (TEM). Figure 4.4. shows the TEM micrographs of
PDLEB films with either 0.5% (Figure 4.4.a) or 1% (Figure 4.4.c) CNTs, while Figure 4.4.b and
Figure 4.4.d shows PLEB with 0.5% and 1% CNT, respectively. The incorporation of 1% CNTs
resulted in the observation of many bundles of CNTs. In contrast, when 0.5% CNTs were

incorporated, a relatively good dispersion with fewer bundles was observed.
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Figure 4.4. Transmission Electron Micrographs (TEM) from PDLEB samples of 0.5% CNT a) and
1% CNTs c); and PLEB samples of 0.5% CNTs b) and 1% CNTs d).

4.3.3. Mechanical properties

Stress-strain curves of the synthesized copolymers at room temperature are presented in Figure
4.5. The PDLEB samples showed a typical elastomeric behaviour with relatively low Young’s
modulus and high elongation at break. In contrast, the PLEB samples showed a plastic behaviour,
characterized by a well-defined yield point and lower elongation at break and strain recovery

after break.
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Figure 4.5. Mechanical properties of PDLEB and PLEB copolymers with different % of CNTs at
room temperature.

Figure 4.6. shows the elastomeric behaviour of both (co)polymers PDLEB and PLEB at body
temperature (37 °C). PLEB samples showed the strain-hardening phenomena at high
deformations, whereas PDLEB samples displayed a more linear behaviour, keeping a constant

stress value with the deformation.
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Figure 4.6. Mechanical properties of PDLEB and PLEB copolymers with different % of CNTs at

body temperature.

The mechanical properties for PDLEB and PLEB copolymers are also summarized in Table 4.4. The
incorporation of D,L- or L-lactide in the copolymer had a strong impact on the strength-related
mechanical properties. In this sense, those copolymers synthesized with L-lactide showed much
higher values for Young’s modulus and strength, but lower values of elongation at break and
strain recovery after break. As anillustration, the films with no CNTs had a Young’s modulus and
yield strength at room temperature of 2076.6 + 171.0 and 14.1 + 2.5 MPa respectively for PLEB
films, whereas these values were much lower for the PDLEB counterpart (Young's modulus:
390.3 + 28.8 MPa/Yield strength: 0.7 + 0.1 MPa). However, the elongation at break and strain
recovery after break were respectively 177.2 + 7.6 and 27.5 £ 1.1% for PLEB films, but increased
to 397.2 £ 21.1 and 91.5 + 2.0% for the PDLEB counterpart. The lower glass transition
temperature of PDLEB copolymers, together with the lack of crystalline domains in their
structure, could be associated to the “softer” behaviour of the PDLEB films in comparison to
PLEB films. This same behaviour was also observed at body temperature (i.e., 37 °C) but with
lower strength-related values, due to the proximity of the glass transition temperature and the

corresponding glassy-to-rubbery transition.
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Table 4.4. Mechanical properties of the resulting films at ambient temperature (Ta) and body

temperature (T37).

Yield
Ultimate
Young’'s Secant strength or Strain
tensile Elongation
modulus Modulus at Offset Yield recovery
Strength  at break (%)
(MPa) 2% (MPa) strength at (%)
(MPa)
PDLEB 10% (MPa)
Ta 0% 390.3 + 28. 19.4+1.7 3.8+ 0.4 397.2 £21.1 0.7+0.1* 91.5+2.0
T37 6.6+ 0.6 0.7+0.1 > 167 0.3+0.1* 72.7+2.2
Ta 0.1% 763.9 £ 61.8 26.7 £5.6 5.9%+0.2 382.0 £ 25.5 1.6+0.2* 95.6+1.0
T37 45%0.2 0.7+0.1 >167 0.3+0.1* 83.2+3.1
Ta 0.5% 1337.5 +£102.6 146.4 £ 9.9 9.4+0.5 322.0+17.8 2.5+0.3* 93.4 £0.8
T37 5.7+ 0.6 0.9+0.1 >167 0.4+0.1* 74.1 £3.8
Ta 1% 1181.4 +41.9 77.5+13.1 54+0.4 307.4 £19.1 1.2 +0.2* 96.6 £ 0.3
T37 6.3+0.5 0.8+0.1 >167 0.4+ 0.0* 71.5+4.8
PLEB
Ta 0% 2076.6+171.0 638.8+81.2 21.6+04 177.2+7.6 141%25 27.1%11
T37 23.5+1.1 6.9% 0.6 > 167 0.9+0.1* 66.3+3.4
Ta 0.1% 2318.0+187.1 729.8+119.1 19.1+24 171.6+13.6 16.3+2.3 28.5+0.6
T37 30.6 £ 0.8 6.4+ 0.5 > 167 0.8+ 0.3* 65.0+2.5
Ta 0.5% 2395.6 +158.6 689.3+105.8 19.1+3.2 165.4+15.8 17.2+3.4 19.2+1.8
T37 24.1+£2.3 6.0+ 0.6 > 167 0.8+ 0.2* 61.5+£2.9
Ta 1% 2449.5 +£299.2 679.7 £78.5 18.3+1.2 123.2+10.3 18.3+1.2 21.2+£0.6
T37 16.5+1.5 5.81 0.6 >167 0.8+ 0.2* 62.4+3.6

*Offset Yield strength was calculated at a 10% of strain using the secant modulus at 2% as elastic

modulus (E).

Regarding the effect of CNTs, the addition of CNTs significantly increased the Young’s modulus in
PDLEB films from 390.3 + 28.8 MPa for 0% CNTs to 763.9 + 61.8 for 0.1% CNTs and 1337.5 + 102.6
MPa for 0.5% CNTs. However, the PDLEB sample containing 1% CNTs showed a decreased Young’s
modulus of 1181.4 + 41.9 MPa, which can be ascribed to the poor dispersion of CNTs in the
polymer matrix as observed in TEM images [15]. For PLEB, the Young's modulus did not

experience a significant increase with respect to the amount of CNTs, but there was a small
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difference between the samples with CNTs (2318.0 + 187.1 MPa for 0.1% CNTs, 2395.6 + 158.6
MPa for 0.5% CNTs and 2449.5 + 299.2 MPa for 1% CNTs) and those without (2076.6 + 171.0 MPa
for 0% CNTs). Regarding the yield strength for PDLEB, which was calculated as offset yield
strength at 10%, it suffered an increase from 0.7 £0.1 MPa for 0% CNTs to 1.6 + 0.2 MPa for 0.1%
CNTs and 2.5 £ 0.3 MPa for 0.5% CNTs. Contrarily, the 1% CNTs PDLEB sample showed a decrease
to 1.2 £ 0.2 MPa, in line with the decrease showed in Young’s modulus. On the other hand, for
PLEB the yield point increased slightly from 14.1 + 2.5 MPa for 0% to 16.3 * 2.3 MPa for 0.1%,
17.2 + 3.4 MPa for 0.5% and 18.3 + 1.2 MPa for 1%, also in line with the trend observed for the
Young’s modulus. The elongation at break was also affected by the incorporation of CNTs. In the
case of PDLEB, this value decreased with the addition of carbon nanotubes (397.2 + 21.1% for
0%, 382.0 + 25.5% for 0.1% CNTs, 322.0 + 17.8% for 0.5% CNTs and 307.4 + 19.1% for 1% CNTs).
Similarly, for PLEB, the elongation at break decreased slightly with the addition of carbon
nanotubes (177.2 + 7.6% for 0%, 171.6 + 13.6% for 0.1% CNTs, 165.4 + 15.8% for 0.5% CNTs and
123.2 + 10.3% for 1% CNTs). For strain recovery, in both cases, the observed value was not
influenced by the amount of CNTs. In this regard, the strain recovery for PDLEB samples was
between 91.5 + 2.0% and 96.6 + 0.3% , while for PLEB these values were between 19.2 + 1.8%
and 28.5 + 0.6%. Regarding the mechanical properties at body temperature (37 °C), the effect of
CNTs on the mechanical properties of the PDLEB and PLEB films was negligible. The softer
behaviour of the copolymers at body temperature may result in the deformation of the matrix

around the nanofillers, with little to no stress transfer between the two phases.

4.3.4. Contact angle

Regarding the contact angle measurements (Table 4.5.), it seems that the incorporation of CNTs
did not affect the calculated surface energy of the films. However, a slight difference was
observed between the PDLEB and PLEB films. For PDLEB films, the total surface energy (Ytotal) Was
between 78.0 and 79.1 mJ-m2 while for PLEB films, the yita Was between 71.5 and 74.2 mJ-m.
The lower surface energy of the PLEB samples in comparison to PDLEB samples suggest a slightly
more hydrophobic nature of the L-lactide containing copolymers. This can be ascribed to the
semicrystalline nature of this copolymer, which results in a poorer interaction with water due to

the more compact polymeric chains in the crystalline phase.
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Table 4.5. Contact angle measurements with water and diiodomethane as liquid test.

%CNTs Ouater () Odiiodomethane (°) V¥ (mIm?) v, (MIm?)  yioal (MI-m2)

PDLEB

0% 69.5+5.4 25.8+0.4 45.9 32.8 78.7

0.1% 71.0+1.2 23.5+1.0 46.7 31.3 78.0

0.5% 70.9 £ 0.7 19.9+15 47.8 31.3 79.1

1% 71.0+1.7 20.5+£0.6 47.6 31.3 78.9
PLEB

0% 73.8+2.1 29.9+£0.8 443 29.0 73.3

0.1% 75.3+1.4 28.6 0.7 44.8 27.5 72.3

0.5% 76.1 £ 2.6 29.0£25 44.6 26.8 71.5

1% 73.1 £0.5 28.9+0.7 44.7 29.5 74.2

4.3.5. Cell viability assay and immunostaining

The interaction between the synthetized non-nanostructured samples and the neural cells was
studied by seeding astrocytes (C8-D1A) on the surface of the materials. After damage to the
neural system, astrocytes migrate towards the injured site and are activated due to the
proinflammatory and prooxidant environment, generating the well-known glial scar and creating
a physical barrier that hinders regeneration [18,25]. In this scenario, the cytocompatibility of the
polymeric samples with astrocytes may directly affect the regeneration of the injured site after
implantation [17]. Firstly, the metabolic activity of cells was tested by means of the AlamarBlue

assay to study the possible impact of the sample composition and presence of CNTs (Figure 4.7).

Our results showed that, after 24 h of incubation, the astrocytes seeded over our polymeric
scaffolds containing increasing amounts of CNT presented a higher metabolic activity compared
to the cells seeded directly on the tissue culture plastic. For PLEB, the metabolic activity was
incremented asthe amount of CNTs increased (PLEB 0% CNT 113.8 + 8.3%, PLEB 0.1% CNT 146.2
+ 13.2%, PLEB 0.5% CNT 151.2 + 9.0%, PLEB 1% CNT 158.3 + 12.5%) (*p<0.05, Dunn’s method
One-way ANOVA Analysis of Variance on Ranks). These results suggested that the incorporation
of CNTs on PLEB scaffolds was beneficial for astrocyte culture at short periods. Actually, the CNTs
content has been reported to have a positive impact on the viability of astrocytes in vitro
compared to polymeric substrates alone [11,15,16,26]. Nevertheless, after 48 h of incubation,
the PLEB scaffolds showed a decrease in metabolic activity in comparison with samples at 24 h

(PLEB 0% CNT 94.5 +9.2%, PLEB 0.1% CNT 78.5 + 7.2%, PLEB 0.5% CNT 121.5 + 15.7%, PLEB 1%
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CNT 93.4 + 5.6%). This result can be ascribed to the crystallization (Table 4.6.) of samples after

incubation at 37 °C for 48 h.

Table 4.6. Crystallinity of PLEB films after 48 h at 37 °C submerged in culture media.

PLEB
% CNTs 0% 0.1% 0.5% 1%
X(%)0h 14.4 11.7 13.5 11.7
X (%) 48 h at 37 °C 30.4 31.1 31.3 31.7

Indeed, PLEB samples appeared to be more fragile and bend after incubation for 48 h with the

culture media, which may have resulted in a substrate that compromises the cell viability.
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Figure 4.7. Metabolic activity of C8-D1A cells seeded on the studied samples after 24 h and 48
h. (* p < 0.05 compared to the sample not containing CNTs. Dunn’s method One-way ANOVA
Analysis of Variance on Ranks); 100% metabolic activity was ascribed to C8-D1A cells seeded on
the tissue culture plastic in the absence of our samples, and relative values were calculated for

the rest of the samples.

For PDLEB, the metabolic activity was augmented in a similar manner with respect to the cells
seeded on the tissue culture plastic in all of our polymeric scaffolds irrespective of the amount
of CNTs. The metabolic activity of C8-D1A cells was higher than the one observed on the tissue
culture plastic after 24 h (PDLEB 0% CNT 181.5 + 3.5%, PDLEB 0.1% CNT 190.7 * 4.3%, PDLEB
0.5% CNT 176.8 + 2.9%, PDLEB 1% CNT 181.6 + 2.2%); and also 48 h (PDLEB 0% CNT 232.5 + 3.8
%, PDLEB 0.1% CNT 227.6 £ 10.7 %, PDLEB 0.5% CNT 241.2 + 3.1 %, PDLEB 1% CNT 234.6 £ 5.7
%). Our results suggested a better cell proliferation on PDLEB scaffolds independently on the CNT
content with no statistical difference between the polymeric samples. Nevertheless, it needs to

be considered that the activation of reactive astrogliosis also supposes a raise in metabolic
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activity [27], together with a morphological change from thinner to stellate conformation with
bigger body size, cellular hypertrophy and thickened processes [28]. Hence, an immunostaining
assay against rhodamine-phalloidin (Rd/Ph) was performed to better assess the influence of the
material properties on astrocyte activation. Our results showed no activated astrocyte
morphology when seeded on PLEB, but cells appeared to have a squeezed appearance which
could be ascribed to the increased metabolic activity after 24 h and the decrease after 48 h, due
to a possible cell death. Astrocytes seeded on the PDLEB samples maintained a similar thin
morphology independent of the CNT content with no appearance of activated morphology
(Figure 4.8.). Thus, although future experiments should include GFAP staining and inflammatory
molecular experiments to discard this possibility of astrocytic activation, the differences on cell
viability assays might be ascribed to a better proliferation of the astrocytes on PDLEB substrates
rather than to the possible proinflammatory activation. We can conclude that all the PDLEB
scaffolds tested were cyto-compatible and supported the growth of astrocytes. Our results
clearly encourage the use of soft amorphous copolymers rather than non-amorphous in

combination with CNTs for the culture of astrocytes and possibly other neural cells.

0% 0.1% 0.5% 1% Inset

DL:EB

Rh/Ph DAPII..

Figure 4.8. Immunostaining against rhodamine/phalloidin (Rh/Ph) and DAPI showing the

L:EB

morphology of the astrocytes cultured over PLEB and PDLEB containing increasing amounts of

CNT after 48 h. Scale bar 100 um in the micrographs and the insets.

Finally, as aligned guided regeneration is a must for a correct reinnervation after injury to the
nervous system [18], we also studied the effect of the nanostructure on the astrocyte alignment.
Astrocytes seeded on nanostructured scaffolds were able to align, following the nanograting axis
(Figure 4.9.). An aligned nanotopography has even been ascribed to modulate the reactive
response of astrocytes [28], which could be beneficial for future experiments on neural culture

and tissue regeneration.

94



Chapter 4

n Temperature + Pressure n

e — V)4
7 J

Lithography

3D nanostructure um

Figure 4.9. a) Schematic representation of the fabrication of the nanostructured film and SEM
micrograph of the nanostructured film, b) photograph of the nanostructured film, c) C8-D1A
seeded on nanostructured PLEB 0.5% CNTs film and d) C8-D1A seeded on nanostructured PDLEB
0.5% CNTs film. Scale bar 100 um.
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4.4. Conclusions

The present chapter describes the synthesis of lactide and ethylene brassylate copolymers and
their nanocomposites with carbon nanotubes. The mechanical properties of the resulting
copolymers can be adjusted by the composition (L-lactide vs. D,L-lactide), as well as by the
incorporation of carbon nanotubes. The resulting copolymers displayed a soft and elastomeric
behaviour at body temperature, making them interesting as scaffolds for the regeneration of soft
tissues, including the neural tissue. Regarding their cytocompatibility with cells from the nervous
system (i.e., astrocytes), the softer mechanical behaviour and the absence of crystalline domains
in the formulation containing D,L-lactide seems to be more appropriate for the interaction of C8-
D1A cells in terms of metabolic activity and cell morphology. Finally, the thermoplastic nature of
these copolymers was exploited for the fabrication of nanostructured films, capable of
supporting the aligned growth of cells on their surface. Overall, the copolymers presented in this
work represent a promising alternative to the more widely studied poly(lactide-co-caprolactone)
copolymers for the fabrication of polymeric devices resembling the mechanical properties of soft

tissues.
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CHAPTER 5. Lactide and ethylene brassylate-based
thermoplastic elastomers and their nanocomposites with
carbon nanotubes: nanopatterned surface as strategy to

alleviate neuroinflammation after biomaterial implantation

Abstract

The poly(D,L-Lactide-co-Ethylene Brassylate) (PDLEB) and poly(L-Lactide-co-Ethylene Brassylate)
(PLEB) composites with carbon nanotubes synthesized and characterized in the previous chapter,
were here utilized to fabricate nanopatterned scaffolds to modulate the inflammatory response
of microglia. Due to the soft and elastomeric behaviour at body temperature capable of
resembling the mechanical properties of the neural tissue and the absence of crystalline domains,
PDLEB seems to be more appropriate for the development of biomaterials intended to be used in
the regeneration of the nervous system. Accordingly, PDLEB scaffolds were studied in this chapter
as a support for microglia, paying particular attention to the inflammatory response by cells,
which was evaluated in terms of nitrites and TNF-a release. The developed scaffolds did not
induce an inflammatory response by microglia. Moreover, when microglia were stimulated with
the pro-inflammatory LPS, the polymer was able to mitigate the inflammatory response.
Accordingly, PDLEB represents an interesting material for the development of polymeric scaffolds
that need to interface with the neural tissue, thanks to its appropriate mechanical properties and

the absence of an inflammatory response by cells associated with the neuroimmune response.
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5.1 Introduction

Traditionally, biomaterials have been designed to minimize their interaction with the
surrounding cells, tissues and organs, thus being considered as bioinert materials. Nowadays,
however, biomaterials are designed to actively and smartly interact with the human body with
the aim of accelerating or improving their regenerative capacity, i.e., bioactive. Accordingly, there
is an increasing awareness among researchers regarding the effects of the biomaterials on the

cell fate and interactions of the biomaterials with components of living systems [1].

Biomaterials have been successfully used for several applications in the nervous system such as
regenerative (e.g., scaffolds to promote peripheral or central nerve regeneration [2,3]),
therapeutic (e.g., intracranial electrodes to treat Parkinson’s and Alzheimer’s disease [4]) or
monitorization (e.g., intracortical microelectrodes to record action potentials of neurons to
understand and treat neurological diseases/disorders [5]) devices. For these applications, the
biomaterial and their properties (e.g., mechanical, physico-chemical or surface properties)
should be selected carefully to guarantee the success of the implanted device [6], since their
interaction with the host tissue could initiate a cascade of neuroinflammatory responses that
could lead to a chronic foreign body response and the encapsulation of the biomaterial by the
glial scar [5]. Considering the surface of the device being the first contact with the biological
environment, surface properties such as roughness and topography will be of great relevance for
its correct behaviour with the surrounding tissue. Whit this in mind, recent studies are focusing
in developing biomaterials with nano- and micro- topographies with the aim of modulating the
cell fate (e.g., adhesion, proliferation and differentiation of stem cells) [7] or attenuating the
immune response towards the implanted device (being able to even suppress it along with the
associated fibrosis, thus minimizing compatibility complications (e.g., breast implants)) [8].
Different studies highlight the role of the surface properties on the inflammatory response. For
example, a decrease on the astrocytic coverage was observed on nanoporous gold surfaces in
comparison to the smooth gold surface (from 23% to 10%), while neuronal surface was not
affected [9]. In another study, platinum electrodes coated with an electrically conductive
polymer (PEDOT:PSS) and with the surface modified by microimprint lithography [10] were able
to reduce the adhesion of reactive astrocytes in comparison to the non-modified surfaces. These
strategies were also tested in vivo, where nanopatterned microelectrodes were compared to
smooth control implants in a murine model [5], showing that molecular inflammatory and
oxidative stress markers (i.e., IL-1B, TNF-a, NOS2) were attenuated when the nanopatterned
microelectrode was implanted with respect to the smooth control. Nevertheless, most of these

studies use biomaterials that are much stiffer than the nervous tissue such as gold [9], silicon [5]
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or platinum [11] with elastic moduli in the range of few hundreds of GPa, whereas the elastic
moduli of the brain is in the order of few KPa. This represents an additional limitation for the
integration of the implanted biomaterial within the nervous tissue due to the well-known
mechanical mismatch mediated by local micromotions that eventually lead to glial scar
formation [12]. Bioresorbable polyesters, as poly(lactide) (PLA), poly(caprolactone) (PCL) and
their copolymers show great potential for their use as biomaterials thanks to their
biodegradability [13] and cytocompatibility (i.e., they are FDA-approved (co)polymers Generally
Recognized as Safe (GRAS)). In the present chapter, poly(D,L-lactide-co-ethylene brassylate)
(PDLEB) and poly(L-Lactide-co-Ethylene Brassylate) (PLEB) copolymers, synthesized and
characterized in Chapter 4, were used to study their interaction with murine microglia (i.e., BV2
cells). Their elastomeric behaviour compatible with nervous tissue and their thermoplastic
nature, allowed us to formulate various films with flat and nanopatterned topography.
Considering that BV2 cells owns immunological functions and are determinant in the
neuroinflammatory response to an implantable device, the interaction between our materials
and BV2 cells has been studied in terms of cell viability and the expression of different typical
inflammatory markers (i.e., nitrites and TNF-a release, ROS production and lba-1 expression). In
the present chapter, surface topography and the suitable mechanical properties have been
considered to develop a fully implantable polymeric device capable of attenuating the onset of
a proinflammatory response by the host tissue in vitro, thus reducing glial scar formation and

accordingly improving the integration and performance of the implanted material.

5.2. Materials and methods

5.2.1. Materials

Poly(D,L-Lactide-co-Ethylene Brassylate) (PDLEB) and Poly(L-Lactide-co-Ethylene Brassylate)
(PLEB) were previously synthesized in Chapter 4. Silicon stamp was purchased from NIL
Technology (Denmark) (with the following specifications: period: 700 nm; linewidth: 365 nm;
depth: 350 nm). Dulbecco’s Modified Eagle Medium (DMEM), Hanks’ Balanced Salt Solution
(HBSS), Penicillin Streptomycin (P/S), Fetal Bovine Serum (FBS), AlamarBlue cell viability reagent
and rhodamine-phalloidin were supplied by Fisher Scientific (Spain). Fluoroshield with DAPI,
Triton X-100, Tween 20, DCFH-DA and Lipopolysaccharides (LPS) from Escherichia coli 0111:B4
were purchased from Sigma Aldrich (Spain). Invitrogen Griess Reagent Kit, for nitrite quantitation

was provided by Thermo Fisher. DuoSet ELISA Ancillary Reagent Kit 2 was obtained from Bio-
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Techne (USA). 16% Formaldehyde solution was supplied by Thermo Fisher Scientific (USA).
Recombinant Anti-lbal antibody [EPR16588] (ab178846) was purchased from Abcam (UK).

5.2.2. Nanotopography fabrication

In order to replicate the nanotopography of a silicon stamp on the surface of the polymeric films
synthesized in Chapter 4, a nanolithography process was carried out. For this purpose, a
commercially available silicon stamp was used by placing it on polymeric films of PDLEB or PLEB
with 150 um of thickness. Then, by applying heat (200 °C) and a compressive force of 20 N for

15 min, the nanopattern was replicated on the polymeric surface.

5.2.3. Scanning electron microscopy (SEM)

SEM was used to assess the surface morphology of the scaffolds. Firstly, samples were coated

with a 150 A layer of gold in a JEL lon Sputter JFC-1100 at 1200 V and 5 mA and then analysed in
a HITACHI S-4800.

5.2.4. Cell Viability assay

BV2 cells (AcceGen) were cultured in Dulbecco's Modified Eagle Medium (DMEM) supplemented
with 10% FBS and 1% P/S. Cultures were maintained in a humidified atmosphere (5% CO,, 95%
relative humidity) at 37 °C. Three circular samples of 10 mm diameter were punched out from
each system of PDLEB and PLEB with increasing concentration of carbon nanotubes (0%, 0.1%,
0.5% and 1%) and placed in a 48-well plate. The samples were extensively washed with ethanol
and subsequently washed with PBS before being air dried inside the biosafety cabinet. Finally,
they were placed under ultraviolet light for 15 min. To assess the cell viability, 50,000 cells were
seeded per well. Control cells were seeded directly on wells. After either 24 h or 48 h, the cell
medium was replaced by cell medium containing 10% of AlamarBlue reagent. Cells were
incubated for 4 h sheltered from light. Finally, the metabolic activity was determined by
measuring the fluorescence (Aex = 480 nm/Aem = 595 nm) of the media on a BioTek Synergy H1
plate reader. Also, cell viability was measured in cells stimulated with different concentrations of
LPS (0, 5, 10 and 20 ng-mL1). Firstly, 50,000 cells were seeded per well directly on wells in a 48-
well plate. After 24 h of incubation with increasing concentrations of LPS, the cell medium was

replaced by cell medium containing 10% of AlamarBlue reagent and incubated for 4 h protecting
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it from light. Finally, metabolic activity was measured as previously described. In order to study
the cell viability of cells in contact with nanostructured samples, BV2 cells were seeded on PDLEB
samples with 0% and 0.5% CNT (with and without nanostructure) and stimulated with 20 ng-mL"

LLPS for 24 h. Following the protocol described above, the metabolic activity was determined.

5.2.5. Griess assay

Nitrite concentration in cell media was measured by Griess Reagent Kit. Cells were stimulated
with different concentration of LPS (0, 5, 10 and 20 ng-mL™) in different ways. On the one hand,
BV2 cells were only stimulated for 48 h before the measurement. On the other hand, cells were
insulted in two steps: firstly a stimulation with medium containing LPS for 24 h; afterwards,
medium was measured and replaced with fresh medium containing the same concentrations of
LPS, incubated and measured after another 24 h. Other experiments were carried out using the
Griess Reagent Kit, where BV2 cells were seeded on samples of PDLEB with different
concentrations of CNT (0, 0.1, 0.5 and 1% CNT) and with or without a nanostructured
topography. In these situations, half of the cells were stimulated with a concentration of 20
ng-mLtof LPS for 24 h, while the other half were not. Measurements of medium from each time-
point were carried out as described by the supplier using a BioTek Synergy H1 plate reader (A =

548 nm).

5.2.6. ELISA assay

TNF-a concentration secreted by cells was measured using Mouse TNF-a ELISA kit (R&D
Systems). Cells were stimulated with different concentration of LPS (0, 5, 10 and 20 ng-mL™?) in
different ways. On the one hand, BV2 cells were only stimulated for 48 h before the
measurement. On the other hand, cells were insulted in two steps: firstly, a stimulation with
medium containing LPS for 24 h; afterwards, medium was stored at -80 °C and replaced with
fresh medium containing the same concentrations of LPS. Cells were incubated for another 24 h
and then the medium was aspirated and also stored at -80 °C. Other experiments were carried
out using the Mouse TNF-a ELISA kit, where BV2 cells were seeded on samples of PDLEB with
different concentrations of CNT (0, 0.1, 0.5 and 1% CNT) and with or without a nanostructured
topography. In these situations, half of the cells were stimulated with a concentration of 20

ng-mL! of LPS for 24 h, while the other half were not. Measurements of medium from each time-
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point were carried out as described by the supplier using a BioTek Synergy H1 plate reader (A =

450 nm).

5.2.7. Flow cytometry for reactive oxygen species

Flow cytometry for reactive oxygen species assay was performed in a Beckman Coulter Gallios
cytometer analyser. Firstly, 50,000 cells were seeded per well in a 48-well plate and were
stimulated with LPS in different concentrations (0, 5, 10 and 20 ng:mL™) for 24 h. Then cells were
incubated with DCFH-DA for 1 h, which is used as indicator of reactive oxygen species (ROS).
Finally, cells were washed, trypsinized, centrifuged and resuspended in order to perform the

measurements.

5.2.8. Immunostaining

In order to detect the expression of Iba-1, BV2 cells were seeded at a density of 50,000 cells per
well in 48-well plate having glass coverslip on the bottom of the plate. Subsequently, a
stimulation with LPS (20 ng-mL™) was carried out in half of the samples for 24 h. Then, cells were
fixed with 4% PFA for 10 min at room temperature. Afterward, PFA was aspirated and the
samples were washed with sterile HBSS twice. A solution of 0.5% Triton X-100 in PBS was added
to permeabilize the cell membrane and kept under slight agitation for 10 min. The solution was
removed and the samples were washed with PBS under slight agitation for 5 min, twice. Then,
the solution containing 0.1% primary antibody (lba-1), 0.05% Triton X-100 and 1% BSA in PBS
was added in a drop method and coverslips were placed in a humidity chamber overnight at 4
°C. After overnight incubation, the samples were washed 3 times with a solution of 0.05% Tween
20 in PBS under slight agitation for 5 min. Subsequently, the solution containing 0.5% secondary
antibody (AlexaFluor 488 donkey anti-rabbit 1gG), 0.1% Tween 20 and 1% BSA in PBS was added
in the same way that the primary antibody solution, incubating it for 2.5 h at 4°C. Finally, the
samples were washed once with 0.05% Tween 20 in PBS for 5 min under slight agitation and
washed twice with PBS in the same way, to keep in fresh PBS before observing them under
fluorescence microscope. Nuclei staining with DAPI was carried out directly on the samples by
adding a drop of mounting medium before observing them under the microscope (Nikon Eclipse

Ts2)
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5.3. Results and Discussion

5.3.1. Preliminary characterization of the nanostructured samples

Due to the thermoplastic nature of PDLEB and PLEB copolymers synthesized in Chapter 4, it is
possible to create a nanopattern on the surface of the film by means of lithography. In this way,
by a thermo-pressing process at 200 °C and 20 N using a commercially available silicon stamp,

films were nanostructured (Figure 5.1.a.and b).

n Pressure n

Temperature

= — Al

Lithography

S4800 10.0kV 7 21hm x10.0k SE(M)

0.21 £0.01 um

0.48 +0.01 pm

Figure 5.1. a) Schematic representation of the fabrication of the nanostructured film. b)

Photograph of the resultant nanostructured film. ¢) SEM micrograph of the nanostructured film.

The resultant nanostructure was analysed by SEM and the faithful replication was confirmed by
measuring the ridges (0.48 £ 0.01 um) and grooves (0.21 +0.01 um) (Figure 5.2.c). Finally, circular

samples of 10 mm diameter were punched out for cell culture studies.
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5.3.2. Cell Viability assay on non-nanostructured films

The interaction between the synthesized non-nanostructured films and microglia (BV2 cells) was
studied by seeding BV2 cells on the surface of the circular samples of the PDLEB and PLEB films
containing different amounts of CNT. After the implantation of any device in the nervous system,
a neuroimmune response mediated by reactive astrocytes and microglia takes place. This
phenomenon leads to a chronic response against a foreign body and the consequent
encapsulation of the device by the glial scar, suppressing its function [5]. In this context, the
cytocompatibility and the cellular survival are vital to guarantee the viability of the implanted
device. Thus, the metabolic activity of BV2 cells was first tested by AlamarBlue assay to study the
viability of cells in contact with the polymeric samples and the possible effect of CNT (Figure

5.2.).

J[__JControl
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Figure 5.2. Metabolic activity of cells seeded on PDLEB and PLEB with different CNT
concentrations. (* p < 0.05 compared to the control sample. Dunn’s method One-way ANOVA

Analysis of Variance on Ranks).

Our results showed that, after 24 h of incubation, the microglia seeded over the PDLEB scaffolds

present a higher metabolic activity compared to the cells seeded directly on the tissue culture
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plastic (i.e., control). Inaddition, it seems that the incorporation of CNTs did not cause significant
differences in the metabolic activity of BV2 cells. On the other hand, PLEB samples showed
irregular values of the metabolic activity irrespective of the amount of CNTs. After 48 h of
incubation, a similar trend was observed: the metabolic activity of cells seeded on PDLEB
samples increased in comparison with the control cells. Cells seeded over PLEB still presented an
irregular behaviour, showing metabolic activities below control levels. This behaviour observed
in the microglia seeded over PLEB samples was similar to the one reported for astrocytes in
Chapter 4. Likewise, the circular samples showed morphological changes after the incubation at
37 °C and a crystallization process occurred, that may have affected the cell viability [14]. The
higher fluorescent intensity observed both in the control and in the PDLEB samples, suggested

that BV2 cells are able to grow/proliferate when seeded in our developed materials.

5.3.3. Establishment of the inflammatory model

In order to study the interaction and the inflammatory response of BV2 cells towards our
synthesized copolymers, an inflammatory model needs to be first established.
Lipopolysaccharide (LPS) is the major component of the outer membrane of Gram-negative
bacteria [15], and has been accordingly widely used to induce inflammation in models of
neurodegeneration [16]. In our particular case, we used LPS to stimulate microglia and create an
inflammatory milieu. For this purpose, BV2 cells were firstly seeded on a cell culture plate and
insulted with different concentrations of a LPS solution (0, 5, 10 and 20 ng-mL™). After 24 h of
incubation, the AlamarBlue assay was carried out and the results were analysed. Figure 5.3.
shows an increment on the metabolic activity after 24 h of incubation as the LPS concentration
increased in comparison to the control cells (5 ng-mL1111.7 + 3.7%, 10 ng-mL 114.5 + 3.0% and
20 ng-mL? 115.6 + 8.1%). As previously reported, this increased metabolic activity could be

associated with an inflammatory state of the cells [17,18].
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Figure 5.3. Metabolic activity of cells seeded on wells and stimulated with LPS (0, 5, 10 and 20
ng-mL?) (* p < 0.05 compared to the sample containing 0 ng:mL? of LPS. Dunn’s method One-

way ANOVA Analysis of Variance on Ranks).

Considering that an inflammatory condition of cells is related with the detection of nitrogen
compounds (i.e., neuronal nitric oxide synthase (nNOS), inducible nitric oxide synthase (iNOS)
and endothelial nitric oxide synthase (eNOS)) [19,20], the release of these markers by cells
stimulated with increasing concentrations of LPS was studied. To that end, the release of nitrites
was quantified using the Griess Reagent kit. Firstly, BV2 cells were seeded and stimulated with
LPS solutions (0, 5, 10 and 20 ng-mL™?) in different ways with the aim of establishing the most
suitable protocol to induce an inflammatory state. Figure 5.4. shows the results obtained after
LPS treatments; it can be observed how nitrite concentration in the supernatant of the cells
increased as the LPS concentration increased. In addition, a higher nitrite concentration was
monitored at 48 h when the insult of 20 ng-mL! was supplied in two doses (48 h 32.8 + 2.6 uM)
that in one (24 h 12.3 £ 0.8 uM, 48 h (single-dose) 13.8 + 1.6 uM).
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Figure 5.4. Nitrite concentration in cells stimulated with LPS at different time points. (* p <0.05
compared to the sample containing 0 ng-mL™! of LPS. Dunn’s method One-way ANOVA Analysis

of Variance on Ranks).

Other characteristic marker of an inflammatory state of the cells is the secretion of
proinflammatory cytokines, such as TNF-a [21,22]. By performing an ELISA assay, TNF-a was
detected and quantified in the supernatant of microglia under the same conditions described
above for the detection of nitrites. In this case, the TNF-a concentration (Figure 5.5.) was higher
when the cells were insulted in one single dose, being higher at 24 h (1927.8 +50.0 pg-mL) than
48 h (1579.1 + 176.5 pg-mL™1).
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Figure 5.5. TNF-a concentration in cells stimulated with LPS at different time points. (* p < 0.05
compared to the sample containing 0 ng-mL™ of LPS. Dunn’s method One-way ANOVA Analysis

of Variance on Ranks).

Also, in order to complete the inflammatory model, reactive oxygen species (ROS) were
measured by flow cytometry. ROS are also another indicator of an inflammatory state of cells
[23]. Once the cells were stimulated with different concentrations of LPS (0, 5, 10 and 20 ng-mL"
1) for 24 h, BV2 cells were incubated with DCFH-DA, which is used as an indicator of the presence
of ROS intracellularly. Figure 5.6., shows the results where a shift of the curves to the right should

be seen as LPS concentration increased. Unfortunately, a correlation between the increase of

LPS and the detection of ROS was not observed.
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Figure 5.6. ROS in BV2 cells stimulated with LPS at different concentrations.

Iba-1 is one of the most widely used protein markers [24] to confirm microglia activation. This
intracellular protein is related to the reorganization of microglia cytoskeleton and support the
phagocytosis process [25]. Accordingly, it has been reported that the expression of Iba-1 is
increased in activated microglia, suggesting that the increased expression of Iba-1 can be used
as a marker for microglial activation [26]. In the human brain, this protein is a sensitive marker
for microglial activation correlated to the intensity of tissue damage both in inflammation and
cerebral hypoxia [27]. In particular, lba-1 is a diagnostic marker used for routine
immunohistochemistry on either microglial cell lines or nerve pathologies like spinal cord injury
[28] and brain tumours [29]. Hence, an immunostaining assay against |ba-1 was performed to
better assess the influence of LPS on microglia activation. Our results showed that after 24 h of
LPS stimulation at a concentration of 20 ng-mL™ (Figure 5.7.b), BV2 cells showed an increased

expression of Iba-1, while untreated cells barely showed any expression of this protein.
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Figure 5.7. Iba-1 expression in BV2 cells. a) BV2 without LPS stimulus, b) BV2 stimulated with LPS

(20 ng-mL!) for 24 h. Scale bar 100 pm.

5.3.4. BV2 interaction with PDLEB. Nitrite and TNF- a secretion by BV2 cells

Inflammatory response after a device implantation will determine its viability since chronic
inflammation can cause detrimental consequences to the surrounding cells and tissues around
the implant. Hence, the thorough analysis of those events occurring after device implantation is
a must to guarantee safety and functionality aspects of the biomaterial. For this reason, in this
chapter, the interaction between BV2 cells and PDLEB samples was explored to study how our
material could modify this response. Firstly, to know if the addition of carbon nanotubes (CNT)
could have any effect on the behaviour of BV2 cells, microglia were seeded on samples of PDLEB
with increasing concentrations of CNT (0, 0.1, 0.5 and 1%). Half of the samples were insulted
with a LPS solution (20 ng:mL™) to induce an inflammatory response and test if our samples
would mitigate or reduce this response. Figure 5.8.above shows how the nitrite levels of cells
seeded on materials and without the LPS insult were at same levels as the negative control (i.e.,

BV2 cells seeded on tissue culture plastic without LPS stimulus).
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Figure 5.8. (above) Nitrite concentration in cells seeded on different materials and stimulated
with LPS. (below) TNF-a concentration in cells seeded on different materials and stimulated with
LPS. (“a” p < 0.05 compared to the negative control. “b” p < 0.05 compared to the positive

control. Dunn’s method One-way ANOVA Analysis of Variance on Ranks).
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On the other hand, although cells insulted with LPS showed a higher nitrite concentration than
the negative control, this level is far below the positive control (i.e., BV2 cells seeded on tissue
culture plastic with LPS stimulus). This result suggests that our materials do not produce a
secretion of nitrites by their own and, in addition, they were able to attenuate the nitrite
secretion. On the same way, secretion of TNF-a by BV2 cells seeded on PDLEB with 0, 0.1, 0.5
and 1% of CNTs was also measured (Figure 5.8.below). In Figure 5.8.below it can be seen how
the TNF-a follow the same tendency that nitrite release, showing that TNF-a concentration in
the cell supernatant was very close (but slightly higher) to the negative control on cells seeded
on PDLEB samples without LPS stimulus. On the other hand, BV2 cells seeded on materials with
the LPS stimulus showed, again, a higher concentration of TNF-a but far below the positive
control. In both assays, a correlation between the release of nitrites and TNF-a with the
concentration of CNTs was not clearly observed. Subsequently, and knowing the potential role
of the topography on cell behaviour, BV2 cells were seeded on PDLEB samples with 0% and 0.5%
CNTs and with two different topographical surfaces (flat vs. nanopatterned). Following the same
protocol, nitrite and TNF-a concentration were quantified. Figure 5.9.above shows the nitrite

concentration released in cell medium after the incubation of cells on different substrates.
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Figure 5.9. (above) Nitrite concentration in cells seeded on different materials and surfaces and
stimulated with LPS. (below) TNF-a concentration in cells seeded on different materials and
surfaces and stimulated with LPS. (“a” p < 0.05 compared to the negative control. “b” p < 0.05
compared to the positive control. Dunn’s method One-way ANOVA Analysis of Variance on

Ranks).
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In the absence of LPS stimulus, similar levels to the negative control were observed. In the
presence of LPS, nitrite concentration was smaller than in the positive control. Regarding the
results achieved from the TNF-a release (Figure 5.9.below), a similar trend was observed:
samples without the LPS stimulation showed values near to the negative control, whereas cells
with LPS stimulation showed results far below of the positive control. In the same way that CNTs,
the surface topography seems to have no effects on the cell behaviour in comparison with non-

nanostructured samples.

To confirm that these observations cannot be associated to potential cell death induced by the
surface topography, a viability assay was performed where cells were seeded over PDLEB
samples with 0 and 0.5% CNTs and with and without a nanostructured topography. Again, half
of cells were stimulated with a solution of 20 ng-mL™? of LPS, while the other half not. Then the
metabolic activity was measured by AlamarBlue assay. As shown in Figure 5.10., no significant
differences were observed in the metabolic activity of BV2 cells seeded on the different samples.

Once again, the observed metabolic activity was slightly higher when cells were stimulated with

LPS.
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Figure 5.10. Metabolic activity of cells seeded on different materials and surfaces and stimulated
with LPS. (“@” p < 0.05 compared to the negative control. “b” p < 0.05 compared to the positive

control. Dunn’s method One-way ANOVA Analysis of Variance on Ranks).
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5.4 Conclusions

The present chapter describes the fabrication of scaffolds, based on nanocomposites of lactide
and ethylene brassylate with carbon nanotubes, to control the proinflammatory state of
microglia in vitro. Due to the thermoplastic nature of the material, it is possible to recreate a
pattern on their surface by nanolithography to create nanopatterned scaffolds. In line with the
results observed in Chapter 4 regarding the cytocompatibility with cells from the nervous system
(astrocytes and microglia), the softer mechanical behaviour and the absence of crystalline
domains in poly(D,L-Lactide-co-Ethylene Brassylate) (PDLEB) seems to be more appropriate for
the interaction of microglia (BV2 cells) in terms of metabolic activity. Subsequently, a model of
inflammation where cells were characterized by the release of nitrites and TNF-a, the production
of reactive oxygen species and the expression of Iba-1 was established to analyse the interaction
between our scaffolds and BV2 cells. Finally, BV2 cells were seeded on PDLEB scaffolds and
analysed in term of nitrites and TNF-a release, showing that our scaffolds do not cause an
inflammatory response on cells and when an inflammation condition is induced, the materials
can partially attenuate it. Overall, the scaffolds presented herein represent the first steps for the
fabrication of polymeric devices for their interaction with soft tissues avoiding an inflammatory

response in the implantation area.
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Chapter 6. General conclusions and future perspectives

6.1. General conclusions

CHAPTER 3. Thermoplastic elastomers based on lactide and caprolactone: the influence of

chain microstructure on surface topography and subsequent interaction with cells

1.

Obtaining copolymers with different polymeric microstructures and different
crystallization behaviours. The selected catalyst and the monomer feed ratio used in the
copolymer synthesis determined the chain microstructure and the crystallinity degree.
Copolymers synthetized with Ph3Bi resulted in more random distribution of LA repetitive

units than those with SnOct,, which lead to a lower crystallinity degree.

Creation of different topographies through thermal treatments. Due to the different
chain microstructures and the L-LA content, different crystallization behaviours from the
melt were achieved, obtaining a variety of surface textures (both smooth and rough

surfaces).

Obtaining different mechanical properties resulting from the composition and
microstructure of the copolymers. Copolymers with 80 wt.% of L-lactide showed a
plastic-like behaviour while copolymers with 70 wt.% of L-lactide showed an elastomeric

behaviour.

Differences in cellular behaviour depending on surface topography. Cells seeded on
PLCL 7030 Sn samples treated isothermally at 70 °C (R, of 110 nm and spherulitic
morphology of 14 um) showed an elongated morphology, while cells seeded on PLCL
7030 Sn quenched samples (R, of 1.7 nm and smooth surface) showed a more spread

morphology.
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Chapter 4. Lactide and ethylene brassylate-based thermoplastic elastomers and their

nanocomposites with carbon nanotubes: synthesis, mechanical properties and interaction

with astrocytes

1.

Obtaining copolymers with elastomeric behaviour at body temperature suitable for
interaction with soft tissues, including neural tissue. Different mechanical properties at
room temperature were obtained by the addition of carbon nanotubes and the use of L-
LA or D,L-LA. In addition, at body temperature, two different mechanical behaviours
were achieved, where copolymers synthesized with D,L-LA showed a more elastomeric

behaviour than those synthesized with L-LA.

Cytocompatibility with cells of the nervous system. The mechanical behaviour and the
absence of crystalline regions in the copolymer with D,L-lactide is more appropriate for
the interaction with C8-D1A cells. A higher metabolic activity and a better cell

morphology was observed in those synthesized with D,L-LA,.

The thermoplastic nature allows the manufacture of nanostructured films, capable of
supporting the aligned growth of cells on their surface. Using a nanopatterned silicon
stamp, the nanostructure was successfully replicated on the film surface by a thermo-
pressing process. Cells seeded on nanostructured materials were able to be aligned with

the pattern.

Study how topography can affect the inflammatory process. These copolymeric
substrates are a promising alternative to polylactide-co-caprolactone copolymers for the
fabrication of polymeric devices for soft tissue applications (i.e., neural tissue). For this

use, an inflammatory control is necessary to ensure the viability of the implanted device.
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CHAPTER 5. Lactide and ethylene brassylate-based thermoplastic elastomers and their

nanocomposites with carbon nanotubes: nanopatterned surface as strategy to alleviate

neuroinflammation after biomaterial implantation

1.

Cytocompatibility with microglia of the nervous system. The mechanical properties
and the absence of crystalline regions in the copolymer with D,L-lactide is more
appropriate for the interaction with BV2 cells. A higher metabolic activity and a better

cell morphology was observed in those synthesized with D,L-LA.

LPS stimulation to induce an inflammatory response. To create an inflammatory model,
cell activity, nitrites concentration, TNF-a, ROS and |ba-1 were measured in BV2 cells
after the LPS stimulus, resulting that an insult of 20 ng-mL™* of LPS for 24 h is adequate

to induce an inflammatory response on microglia.

Poly(D,L-Lactide-co-Ethylene Brassylate) (PDLEB) copolymer to mitigate the
inflammatory response. The results showed that PDLEB scaffolds did not cause an
inflammatory response on cells. In addition, when an inflammatory condition is

introduced, the materials can partially mitigate it.
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6.2. Future perspectives

In this thesis project, a range of lactide-based copolymers showing mechanical properties
compatible with the nerve tissue were synthesized and characterized. Besides, various processes
(e.g., thermal treatments, CNTs addition and nanolithography) were explored with the aim of
modifying the surface topography of the films to finally study their interaction with cells relevant
of the nervous system (e.g., astrocytes, microglia). In Chapter 3, a variety of topographies were
obtained by applying thermal treatments to PLCL films. The most representative topographies
showing different roughness values were subsequently used as asupport for MRC-5 cells to study
the impact of the topography on cell behaviour. In Chapter 4, a new copolymer based on
ethylene brassylate and D,L-LA (PDLEB) or L-LA (PLEB) was synthetized and subsequently
reinforced with CNTs. As the target of this thesis is the nerve tissue, astrocytes were firstly used
to study their interaction with our synthesized copolymers. Finally, in Chapter 5, the interaction
of those copolymers synthesized in Chapter 4 with microglia was carried out. As an implantable
device will usually lead to an inflammatory response, the interaction was studied in terms of cell
viability, TNF-a release and nitrites production. The obtained results were promising, since
PDLEB copolymers showed a good interaction with microglia cells, allowing them to attach and
proliferate on the copolymer surface, and not inducing any inflammatory response by cells. Even
when a proinflammatory environment was induced, microglia seeded on our materials showed
a partial reduction of this state. With this in mind, and knowing that both astrocytes and
microglia are determinant in the immune response after a device implantation, the interaction
of astrocytes with the inflammatory model generated on this thesis should be further studied in
the future. To achieve this, astrocytes could be stimulated with conditioned media from
microglia previously stimulated with LPS. The coculture of both astrocytes and microglia seeded
on our samples could also be an option to study their behaviour in contact with our materials.
Other point that could be interesting to study is how the material could interfere with the
substances released by cells. That is, whether the material could modify or even absorb some of
them avoiding their detection by routine techniques. Another important point could be the study
of the degradation by-products on the inflammatory response on microglia. Other point that
could be explored is the electrical conductivity that CNTs could provide to the copolymer and
that could be exploited for the electrical stimulation of cells. During this thesis, some preliminary
studies of conductivity were carried out but clear results were not obtained. This point will be
important, considering that conductive materials could help neurons to proliferate and induce a

complete/better repair of the damaged tissue.
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