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Abstract

Nowadays, orthopaedic surgery is one of the areas of greatest interest in medicine, and within it,
there are more and more surgical interventions carried out to solve problems related to the repair of
large bone defects or damaged cellular tissue. They appear either as a result of disease, some type of
trauma or the natural aging process. It is expected that in the near future this type of intervention will
be more and more frequent, necessary and serious, due not only to the aging of the population, but
also to the appearance of these ailments at younger ages. The decrease of the age when these problems
appear is a consequence of a change in lifestyle and an increase in obesity in the population.

Although bone tissue has the ability to self-regenerate, in the case of severe fractures with critical
sizes (>7 mm) or in the case of irregular fractures, this natural regeneration process is inhibited, which
is a great challenge for orthopedic surgeons. In these cases, when the natural process of healing and
bone regeneration is inhibited, the use of support materials, also called scaffolds, has proven to be
very effective. These scaffolds act as an extracellular matrix, which provides structural and
mechanical support to bone cells for their attachment, viability and growth, thus favouring their
regeneration. The main advantage of tissue engineering is the potential elimination of donor scarcity,
pathogen transfer, and graft rejection.

To highlight the social impact, it is worth mentioning that in the case of osteoporosis alone, it is
known that this disease causes more than 8.9 million fractures per year. One out of three women and
one out of five men over the age of 50 will suffer an osteoporotic fracture at some moment in their
lives. By 2050, the global incidence of hip fractures is expected to increase by 310% in men and 240%
in women, compared to 1990. Consequently, in recent years, an important effort in the development
of new repair techniques and in the use of new materials that favour cell regeneration is being done.

Scaffolds have been conventionally manufactured by techniques like solvent casting, freeze-
drying and salt leaching. However, these technologies allow to obtain porous structures, but their
geometry, porosity and pore size are not controlled. This control can be achieved by Additive
Manufacturing (AM) technologies.

Graphene and graphene-based nanomaterials (GBN) are nanomaterials that have generated
enormous interest in the scientific community in recent years due to their unique properties (high
electrical and thermal conductivity, high mechanical strength, high hardness, flexibility, large surface
area, etc). In relation to the field that concerns us, it has been proven that GBN are biocompatible

materials with low toxicity, having been discovered that they have very interesting properties from



the biological point of view and especially from the point of view of cell regeneration. It has
antimicrobial properties and has been shown to promote cell adhesion and osteoblast growth. Several
studies show that the incorporation of GBN in relatively low concentrations to different materials
considerably favours the proliferation of bone cells on them. Furthermore, it has been shown that the
addition of this material as a reinforcing agent is capable of greatly improving the mechanical
properties of many materials.

Therefore, GBN are promising candidates to be used as reinforcement for bone repair and
regeneration applications due to the exceptional combination of excellent mechanical, thermal and
electrical properties along with their proven antimicrobial and cell regeneration capabilities.

However, to produce scaffolds reinforced with GBN by AM technologies, it is urgent to study
the modification of available raw materials to adjust their properties to the needed for this purpose.
Besides, in the case of photocurable polymers used in some AM technologies, nanofillers may modify
their properties and could also affect other parameters, like printability, polymerization, mechanical
and/or biological performance.

Therefore, the main objective of this doctoral thesis is to develop 3D bone scaffolds reinforced
with GBN using Vat Photopolymerization techniques, i.e. stereolithography (SLA), that allow to
obtain scaffolds with improved mechanical properties and high cell proliferation activity. The
addition of GBN affected the resin performance from different points of view. Therefore, to reach the
final objective, it is important to understand the effect of GBN on polymerization, mechanical
performance, and cell response. To achieve the final objective, some partial objectives are proposed:

1. To define a procedure to prepare photocurable resins reinforced with GBN that allows to

obtain structures by vat polymerization technologies.
2. Tostudy GBN effect on the thermal and UV polymerization process of acrylic photopolymer.

3. To optimize the printing and post-printing processes of the GBN-reinforced resins to reach

good mechanical properties.

4. To study the efficacy of reinforced photocurable resins in terms of cytotoxicity and cell

proliferation.

In this doctoral thesis, a commercial acrylic resin (R) and three different GBN were used, which
differ in size, degree of exfoliation and surface functionalization. Firstly, the GBN dispersion was

optimized by adding monomer i.e., methyl methacrylate (MMA), to the resin. MMA is a liquid that



reduces viscosity, favouring homogeneous dispersion. It was found that MMA does not produce
significant changes in the mechanical properties of the resin and catalyzes the polymerization.
Therefore, the use of MMA is a very effective technique for obtaining a good dispersion of GBN in
acrylic-based resins.

It was found that the effect of GBN on resin properties highly depended on the functionalization
and the size of the nanofiller:

- Graphene (G) inhibits UV polymerization due to its high absorbance, which results in a poor
printing process, which was improved by increasing the exposure time. Furthermore, this
inhibition of polymerization leads to a lack of improvement in mechanical properties when
polymerization occurs by UV. However, when the samples were polymerized by heat, this
improvement was found. Despite its high absorbency, interlayer adhesion appears to be
adequate, but internal stresses occur that can be relieved by annealing after printing.

- Graphene oxide (GO) catalyzes polymerization thanks to the presence of oxygenated groups
on its surface. However, it was observed that it gives rise to a less cross-linked polymeric
structure than the resin. Despite this, it was observed that GO improves the properties when
the samples were post-cured. Therefore, with the adequate post-treatment, the GO shows a
reinforcing effect from the mechanical point of view.

- Graphite nanoplatelets (GoxNP) inhibit thermal polymerization but were not found to affect
polymerization during printing. However, the mechanical properties of the printed
specimens did not achieve the expected improvements. Analyzing the layers by microscopy,
it was found that the presence of GoxNP affects the adhesion between layers due to its large
size and low degree of exfoliation.

From the biological point of view, the cellular response of MC3T3 preosteoblasts was studied. It
was observed that all the nanocomposites made with R and GBN show low cell viability, which can
be improved by washing the samples with cell culture medium. Washing improved cell viability
because residual photoinitiator and monomer were removed, which were released into the medium,
producing a slight decrease in cell viability. However, washing procedure should be optimized in
future works to assure the biocompatibility of the nanocomposites.

Based on the results found in this study, future work would involve optimizing the percentage
of GBN added to achieve a more pronounced effect on both the mechanical and biological properties.

Besides, the study could be extended to the electrical properties of the scaffolds, which are very



interesting in biomedical applications. On the other hand, the functionalization of the GBN could also
improve the interaction between the resin and the nanofillers, resulting in better final performance of
the composite material.

Besides, ideally, the scaffolds should be biodegradable to be reabsorbed once the bone
regeneration process is complete. This biodegradation and control over the rate of disappearance of
the scaffold can be achieved using a resin synthesized in the laboratory, in which the molecular
weight and polymeric structure could be controlled in order to have this control over the rate of
degradation. The study carried out in this doctoral thesis opens the door to being able to modify
resins synthesized in the laboratory with GBN, understanding the effect that these nanomaterials can
have on the process of polymerization, printing and the appearance of internal stresses.

Taking into account all the aspects exposed above, it can be concluded that this thesis has
established solid foundations for manufacturing bone scaffolds with GBN by Vat
photopolymerization additive manufacturing technologies, i.e. stereolithography (SLA), Digital
Light Processing (DLP), Liquid Crystal Display (LCD), taking advantage of the good precision and

easy sterilization offered by these technologies.



Resumen

En la actualidad, la cirugia ortopédica es una de las areas de mayor interés en medicina, y dentro
de la misma, cada vez son mas las intervenciones quirurgicas llevadas a cabo para solucionar
problemas relacionados con la reparacion de grandes defectos dseos o tejido celular danado, ya sea
como consecuencia de una enfermedad, de algin tipo de traumatismo o del proceso de
envejecimiento natural. Se prevé que en un futuro proximo este tipo de intervenciones sean cada vez
mas frecuentes, mas necesarias y de mayor gravedad, debido no solo al envejecimiento de la
poblacion, sino también a la aparicion de estas dolencias a edades mas tempranas como consecuencia
de un cambio en el estilo de vida y un aumento de la obesidad en la poblacion.

Si bien el tejido 6seo tiene la capacidad de auto-regenerarse, en el caso de fracturas graves con
tamarfios criticos (> 7 mm) o en el caso de fracturas irregulares, este proceso natural de regeneracion
se ve inhibido, lo que supone un gran reto para cirujanos ortopédicos. En estos casos, cuando el
proceso natural de curacion y regeneracion dsea se ve inhibido, la utilizaciéon de materiales de soporte,
también llamados andamios o “scaffolds”, ha demostrado ser muy eficaz. Estos andamios acttian
como matriz extracelular, que aporta soporte estructural y mecdnico a las células dseas para su
adhesion, viabilidad y crecimiento, favoreciendo asi su regeneracién. La principal ventaja de la
ingenieria de tejidos es la potencial eliminacion de la escasez de hueso donante, transferencia de
patogenos y el rechazo de injertos.

Para comprender el impacto social, cabe comentar que tan solo en el caso de la osteoporosis, se
sabe que esta enfermedad causa mds de 8.9 millones de fracturas al afio. Una de cada tres mujeres y
uno de cada cinco hombres mayores de 50 afios sufrirdan una fractura osteopordtica alguna vez en su
vida. Se espera que para 2050, la incidencia mundial de fracturas de cadera aumente en un 310% en
los hombres y en un 240% en las mujeres, en comparacion con las producidas en 1990. En
consecuencia, en los ultimos afios se estd llevando a cabo un esfuerzo importante en el desarrollo de
nuevas técnicas de reparacion y en el uso de nuevos materiales que favorezcan la regeneracion
celular.

Convencionalmente, los andamios se han fabricado con técnicas como colada con disolvente,
liofilizacién y lixiviacion de sales. Sin embargo, estas tecnologias permiten fabricar estructuras
porosas, pero la geometria, porosidad y tamafio de poro no son controlables. Este control se puede

lograr con la fabricacién aditiva (FA).



El grafeno y los nanomateriales base grafeno (NBG) son nanomateriales que han generado un
enorme interés entre la comunidad cientifica durante los ultimos afios debido a sus propiedades
Unicas (elevada conductividad eléctrica y térmica, gran resistencia mecanica, alta dureza, flexibilidad,
gran area superficial, etc.). En relaciéon con el campo que nos concierne, se ha comprobado que los
NBG son materiales biocompatibles y con una baja toxicidad, habiéndose descubierto que presenta
propiedades muy interesantes desde el punto de vista bioldgico y sobre todo desde el punto de vista
de la regeneracion celular: posee propiedades antimicrobianas y ha demostrado promover la
adhesion celular y crecimiento de osteoblastos. Varios estudios demuestran que la incorporacion de
NBG en concentraciones relativamente bajas a diferentes materiales, favorece considerablemente la
proliferacion de células dseas sobre los mismos. Ademads, se ha demostrado que la adicion de este
material como agente de refuerzo es capaz de mejorar enormemente las propiedades mecanicas de
muchos materiales.

Por tanto, los NBG son candidatos prometedores para ser empleados como refuerzo en
aplicaciones de reparacién 6sea debido a su excepcional combinacién de propiedades mecanicas,
térmicas y eléctricas, asi como su probado efecto antimicrobiano y de regeneracién celular.

Sin embargo, para producir andamios reforzados con NBG por tecnologias de FA, es necesario
estudiar la modificacion de materias primas para ajustar sus propiedades a las necesidades de esta
aplicacion. Ademas, en el caso de polimeros fotocurables empleados en algunas tecnologias, las
nanocargas pueden modificar sus propiedades y afectar a otros parametros, como imprimibilidad,
polimerizacion y propiedades mecanicas y/o bioldgicas.

Con todo ello, el objetivo principal de esta tesis doctoral es desarrollar andamios dseos
tridimensionales reforzados con NBG usando tecnologias de fotopolimerizacion, i.e. estereolitografia
(SLA), que permiten obtener andamios con propiedades mecdnicas mejoradas y una elevada
capacidad de proliferacion celular. Los primeros resultados demostraron que la adicion de NBG
afecta a las propiedades de la resina desde diferentes puntos de vista. Por ello, para alcanzar el
objetivo final, es importante entender el efecto de los NBG en la polimerizacién, propiedades
mecanicas y respuesta celular. Por tanto, los objetivos parciales de la tesis son:

- Definir un procedimiento para preparar resinas fotocurables reforzadas con NBG que

permitan obtener estructuras por tecnologias de FA basadas en fotopolimerizacion.

- Estudiar el efecto de los NBG en la polimerizacion térmica y UV de la resina.



- Optimizar el proceso de impresion y post-impresion de las resinas reforzadas con NBG para
obtener unas propiedades mecanicas adecuadas.

- Estudiar la eficiencia de la resina reforzada en términos de citotoxicidad y proliferacion
celular.

En esta tesis doctoral, se us6 una resina acrilica comercial (R) y tres NBG diferentes, los cuales
difieren en el tamario, el grado de exfoliacion y la funcionalizacién de su superficie. En primer lugar,
se optimizd la dispersion de los NBG afiadiendo mondmero i.e., metil metacrilato (MMA), a la resina.
El MMA es un liquido que reduce la viscosidad, favoreciendo la dispersion homogénea. Se comprobd
que el MMA no produce cambios significativos en las propiedades mecénicas de la resina y cataliza
la polimerizacion. Por tanto, el uso de MMA es una técnica muy eficaz para obtener una buena
dispersion de los NBG en resinas base acrilica.

En el caso de los NBG, se observo que su efecto depende de la funcionalizacion y del tamafio de
la nanocarga:

- El grafeno (G) inhibe la polimerizacion UV por su alta absorbancia, lo que resulta en un
deficiente proceso de impresion, el cual se logré mejorar aumentando el tiempo de
exposicion. Ademas, esta inhibicion de la polimerizacion conlleva una falta de mejora en las
propiedades mecénicas cuando la polimerizacion ocurre por UV. Sin embargo, esta mejora si
se encontrd en las muestras polimerizadas térmicamente. A pesar de su alta absorbancia, la
adhesién entre capas parece ser adecuada, pero se producen tensiones internas que se pueden
liberar con un proceso de recocido tras la impresion.

- El oxido de grafeno (GO) cataliza la polimerizacion gracias a la presencia de grupos
oxigenados en su superficie. Sin embargo, se observéd que da lugar a una estructura
polimérica menos entrecruzada que la resina. A pesar de ello, se observé que el GO mejora
las propiedades de las muestras impresas postcuradas. Por tanto, con el adecuado post-
tratamiento, el GO muestra un efecto de refuerzo desde el punto de vista mecanico.

- Lasnanoplaquetas de grafito (GoxNP) inhiben la polimerizacién térmica, pero no se encontré
que afectaran a la polimerizaciéon durante la impresion. Sin embargo, las propiedades
mecanicas de las probetas impresas no lograban las mejoras esperadas. Analizando las capas
por microscopia, se encontrd que la presencia de GoxNP afecta a la adhesion entre capas por

su gran tamano y bajo grado de exfoliacién.



Desde el punto de vista bioldgico, se estudio la respuesta celular de preosteoblastos MC3T3. Se
observo que todos los materiales compuestos fabricados con R y NBG muestran una baja viabilidad
celular, lo que puede ser mejorado lavando las muestras con medio de cultivo celular. El lavado
mejord la viabilidad celular porque se logrd eliminar el fotoiniciador y el mondmero residuales, los
cuales se liberaban al medio produciendo una ligera disminucion en la viabilidad celular. Sin
embargo, el lavado debe ser optimizado en trabajos futuros para asegurar la biocompatibilidad de
todos los materiales estudiados.

A partir de las bases establecidas por este estudio, el trabajo futuro pasaria por optimizar el
porcentaje de NBG afiadido para lograr obtener un efecto mas acusado en las propiedades tanto
mecanicas como bioldgicas, pudiendo ampliar el estudio a las propiedades eléctricas de los andamios,
muy interesantes en aplicaciones biomédicas. Por otra parte, la funcionalizacion de los NBG también
podria mejorar la interaccion entre la resina y las nanocargas, resultando en unas mejores
propiedades finales del material compuesto.

Por otra parte, de forma ideal, los andamios deben ser biodegradables para ser reabsorbidos una
vez el proceso de regeneracion del hueso ha finalizado. Esta biodegradacion y el control en la
velocidad de desaparicion del andamio se puede lograr empleando una resina sintetizada en el
laboratorio, en la cual se podria controlar el peso molecular y la estructura polimérica para poder
tener este control en la velocidad de degradacion. El estudio llevado a cabo en esta tesis doctoral abre
las puertas de poder modificar resinas sintetizadas en el laboratorio con NBG, comprendiendo el
efecto que estos nanomateriales pueden tener en el proceso de polimerizacion, de impresion y de
aparicion de tensiones internas.

Teniendo en cuenta todo lo anteriormente expuesto, se puede concluir que esta tesis ha
establecido unos cimientos so6lidos para fabricar andamios 6seos con NBG por tecnologias de
fabricacion aditiva basadas en fotopolimerizacidn, i.e. estereolitografia (SLA), procesamiento de luz
digital (DLP), pantalla de cristal liquido (LCD), aprovechando la buena precision y la facil

esterilizacion que ofrecen dichas tecnologias.
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1. Introduction and Objectives

1.1. Introduction and Motivation

1.1.1. Scaffolds for bone tissue engineering

Bone is composed of a mineralised organic matrix and cells. The matrix provides the bone with
its mechanical properties and is comprised of organic and inorganic phases. In the organic phase,
type I collagen is the major component and it is responsible for the tensile properties of the bone.
Conversely, the inorganic phase comprises hydroxyapatite, which is responsible for exhibiting the
compressive mechanical properties and for providing the building blocks for new bone formation.
Cells are embedded in the matrix, which includes osteoblasts, osteoclasts, osteoprogenitor cells and

mature osteocytes [1].

Bone fractures and segmental bone defects are often caused by traumatic injury, cancer or other
diseases (e.g., osteoporosis or arthritis) [2]. When a defect appears, the spontaneous fracture healing
process begins through two different mechanisms, depending on the mechanical environment. If the
strain across the fracture site is less than 2%, primary or direct healing by internal remodeling occurs,
whilst secondary or indirect healing by callus formation takes place when strain is between 2 and
10% [3]. The latter type of healing is the process that most fractures follow and it depends on

osteogenesis, osteoinductivity and osteoconductivity [4].

However, sometimes bones defect cannot heal spontaneously. This situation occurs especially in
large segmental bone defects when the defect reaches a critical size [5]. The precise critical size
depends on several factors (i.e., anatomic location, age of the patient, soft tissue environment); in the
literature, it is suggested to include defect lengths greater than 1-2 cm and greater than 50% loss of
the circumference of the bone [6]. In these cases, additional surgical interventions that help and allow
bone healing are required. The available healing processes depending on the size defect are

summarized in Figure 1.1.
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Figure 1.1. Bone defect healing: from self-healing to bone tissue engineering.
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Among the conventional surgical solutions, it is important to highlight bone grafting, distraction
osteogenesis and induced membrane techniques [5]. Autologous [7], allograft [8] and synthetic bone
grafting [9] are extensively used for repairing bone defects. More specifically, autograft represents
the gold standard for the treatment of critical-sized bone defects since it contains all the characteristics
for new bone growth (osteoconductivity, osteogenicity and osteoinductivity). However, significant
problems are associated with its use, from donor-site morbidity to a limited amount of donor bone
[10-12]. Other associated issues, such as failed anastomosis, microvascular thrombosis and infection

or progressive deformities, have also been reported [13,14].

Another technique extensively studied since the 1950s is distraction osteogenesis. Ilizarov
successfully treated his first patient in 1954, reducing the healing time of tibial non-union [15]. This
method is based on the capacity of regeneration under tension that the bone presents naturally.
Despite the good results that the Ilizarov technique present [16,17], it also has some disadvantages,
such as prolonged treatment times, pin site infection [18,19], pin breakage and the inconvenience and
burden of prolonged external fixation, which includes muscle contractures, joint luxation and axial
deviation [20-23].

Finally, the induced membrane technique is a two-stage procedure that combines the use of a
temporary poly(methyl methacrylate) (PMMA) cement spacer, followed by bone grafting [24]. In
2000, the first cases using the induced membrane technique were reported [25]. Generally, this
technique achieves its purpose; however, some complications have been found. The most common
complications include infection, amputation, malunion, fracture and reoperation, and additional

bone grafting due to non-union [25-27].

To avoid problems encountered when using conventional methods, the field of bone tissue
engineering was developed in the early 1980s [28]. Researchers working in bone tissue engineering
have made a significant effort to create 3D porous matrices, known as scaffolds. They are based on
guided bone regeneration, the aim of which is bone regeneration and growth along the surface of the
scaffold [29].

Scaffolds act as a temporary matrix for the attachment, viability and growth of cells whilst
maintaining the structure of the regenerated bone in vivo [30]. The main advantage of bone tissue
engineering is the potential elimination of donor scarcity, pathogen transfer and immune rejection
[31].

1.1.2. Potential of Additive Manufacturing and Carbon-based nanomaterials in bone tissue
engineering

Scaffolds have been conventionally manufactured by techniques like solvent casting, freeze-
drying and salt leaching. However, these technologies allow to obtain porous structures, but their
geometry, porosity and pore size are not controlled. This control can be achieved by Additive
Manufacturing (AM) technologies. AM allows to imitate natural tissue or organs, which could
influence in the arrangement among cells, which is crucial for regenerative medicine. One of the main

advantages of AM techniques is the possibility to produce customised scaffolds with a reproducible

Development of nanomaterial based scaffolds for bone tissue regeneration
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internal morphology and pore architecture control, tailored mechanical and mass transport

properties and even produce scaffolds with functionally graded materials [32,33].

Carbon-based nanomaterials are promising candidates to be used as reinforcement for bone
repair and regeneration applications due to the exceptional combination of excellent mechanical,
thermal and electrical properties along with their proven antimicrobial and cell regeneration
capabilities. In general, carbon-based nanomaterials demonstrate antimicrobial activity. The cellular
membrane integrity, metabolic processes, and morphology of the microorganisms are affected by

direct contact with carbon nanostructures [34].

Besides, nanocomposites with carbon nanomaterials favour cell adhesion and proliferation on
their surface and encourage bone growth [35,36]. It is suggested that this bone regeneration capability
is due to different effects—e.g., the increase in surface roughness or the improvement of the
hydrophilicity because of the presence of carbon-based nanomaterials. It was also reported that
carbon-based nanomaterials present an increase in the protein absorption capability due to their large
surface area and ability to interact with proteins through van der Wall’s interaction, ionic bonding,
hydrophobic, and m- 7 interactions [37]. Furthermore, carbon-based nanomaterials are physically
similar to extracellular matrix (ECM) constituents due to their similar dimensions [38], which is vital
for scaffolds because cells in native are embedded within a microenvironment where soluble
molecules (cytokines and growth factors) and non-soluble components (ECM) can be found. This
microenvironment controls cell survival, cell cycle progression, and the expression of different

phenotyples while providing structural integrity [39].

The effect of carbon-based nanomaterials when added to a scaffold are summarized in Figure
1.2.
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Figure 1.2. Effects of carbon-based nanomaterials in biomedical engineering field [40]

However, to fabricate scaffolds reinforced with graphene-based nanomaterials by AM
technologies, it is important to study the modification of available raw materials to adjust their
properties as and when needed for this purpose. Besides, in the case of photocurable polymers used
in some AM technologies, the nanofillers used to modify their properties could also affect other

parameters, like printability, polymerization, mechanical and/or biological performance.
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1.1.3. Motivation of the thesis

In accordance with the aforementioned aspects, the motivation of this thesis and its contribution

is focused on the following concepts:

In this thesis, the effect of the addition of GBN on the printing process (i.e., stereolithography,
SLA) and the final performance of printed samples is studied, with the aim of optimizing the

manufacturing of bone scaffolds with improved properties.

As discussed in Chapter 2, although in the recent years, the use of AM and the addition of
GBN have been explored, there are only few studies focused on the use of SLA, and some of
them show a detriment on the properties when GBN are introduced in the resin. In this thesis,
SLA is used because it presents many advantages in comparison with other AM technologies,
i.e. high accuracy, liquid raw material that facilitates the introduction of nanomaterials, high

control of porosity and geometry.

In this thesis, a commercial resin is studied because it is the most widely used with this
technology and, very recently, some biocompatible formulations are already available.
However, in future research, a resin with controllable biodegradability and adequate
properties is required in order to be used as scaffolds. In this sense, this thesis is intended as
a proof-of-concept study to elucidate how GBN affect printability and the properties of

photocurable resins to provide the basis for further progress in this direction.

With this study, it is expected to deeply understand how to use GBN in SLA to make the
manufacturing of scaffolds by this technology feasible. It will open up new possibilities and
research lines focused on aspects like the optimization of the GBN load, the study of the
geometry, its effect on mechanical, electrical and biological performance, the compromise

between mechanical and biological properties, etc.

Development of nanomaterial based scaffolds for bone tissue regeneration
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1.2. Objectives

The main objective of this doctoral thesis is to develop 3D bone scaffolds reinforced with
Graphene-Based Nanomaterials (GBN) using Vat Photopolymerization technology, that will allow to
fabricate scaffolds demonstrating adequate mechanical properties and high cell proliferation activity.

To achieve it, some objectives are proposed:

1. To define a procedure to prepare photocurable resins reinforced with GBN for the fabrication

of scaffolds using Vat Polymerization technologies.
2. Tostudy GBN effect on the thermal and UV polymerization process of acrylic photopolymer.

3. To optimize the printing and post-printing processes of the GBN-reinforced resins to reach

good mechanical properties.

4. To study the efficacy of reinforced photocurable resins in terms of cytotoxicity and cell

proliferation.
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2. State of the Art

In this chapter, the main advances up to date in the field of Bone Tissue Engineering (BTE) are

going to be summarized. The focus is on biodegradable polymer bone scaffolds reinforced with

Carbon-Based Nanomaterials (CBN) and manufactured by 3D printing. The main topics to be covered

are:

1. Justification for the use of nanomaterials as reinforcing agents in polymers used for Additive

Manufacturing.

2. Use of nanomaterials, especially CBN, as reinforcing agents in BTE. Types, properties,

advantages and limitations of these nanomaterials are discussed.

3. Auvailable technologies of Additive Manufacturing to fabricate bone scaffolds are analyzed

and compared. Besides, the potential manufacture of nanocomposites with each technology
is discussed.

4. Study of the state of the art of fabricating polymer biodegradable bone scaffolds by Additive

Manufacturing with the addition of carbon-based nanomaterials. The objective of this topic is

to understand the gap to be covered by this thesis.

The content of this chapter was published as a review paper in [1].

2.1. Scaffolds for Bone Regeneration

4]:

(1)

(2)
(3)

()

(6)

Ideally, to properly promote bone regeneration, scaffolds should meet specific requirements [2—

The material and its degradative by-products should be biocompatible and not evoke

inflammation or toxicity when implanted in vivo.
Three-dimensional structures should be manufactured in a reproducible manner.

High surface area is needed for cell-polymer interactions, extracellular matrix regeneration and
minimal diffusion constraints, which is important for different processes, e.g., cell migration and
nutrients and oxygen availability. It is achieved with a porosity of at least 90% and a pore size of
at least 100 um [2]. Furthermore, it should have an interconnected porous structure, with a pore
size suitable to allow cell adhesion, growth, vascularisation of the tissue and transportation of

nutrients.

Scaffolds should be capable of being resorbed once their function of providing a template for
regenerating bone has been completed. Permanent foreign materials inside the body leads to a
permanent risk of inflammation until the foreign body is encapsulated by fibrotic connective

tissue. Biodegradability would avoid this non-specific immune response [5].

The degradation or the resorption rate and the rate of bone formation should be similar. For this
reason, the degradation rate of the scaffold should have the potential to be adjustable depending
on the cell type.

Scaffolds should also demonstrate mechanical properties similar to bone.
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It is important to highlight that porosity and mechanical properties have an inverse relation. For

this reason, a compromise must be found between these characteristics.

The fabrication of bone tissue-engineered scaffolds is associated with the production of
controlled porous and interconnected structures since porosity and interconnectivity are two of the
requirements needed for achieving adequate bone repair and regeneration. The porosity is important
for cell adhesion, growth, revascularisation and adequate nutrition. Kuboki et al. [6] found that solid
particles did not promote the formation of new bone, while for porous particles of the same material,
osteogenesis occurred. Regarding interconnectivity, Conrad et al. [7] found that interconnectivity

increases permeability and, therefore, improves cell infiltration and bone ingrowth.

The size of pores is critical; if pores are not large enough, cell migration is limited, and they may
remain at the edges of the scaffold, thereby forming a cellular capsule. The minimum pore size is
approximately 100 um, due to cell size, migration requirements and transport [8]. Conversely, if the
pore size is too large, then the surface area decreases and consequently cell adhesion is limited. The
results from the study by Murphy et al. [9] corroborate this fact (Figure 2.1). In extreme cases, for
pores that were relatively large or small in size, cell proliferation was not promoted: cell number
remained constant or even decreased. However, intermediate pore sizes promoted cell proliferation

over time. Besides, the number of cells was not proportional to the pore size.
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Figure 2.1. Effect of mean pore size of collagen—glycosaminoglycan scaffolds on MC3T3-E1 cell attachment
and proliferation at different time points. The relation between mean pore size and cell response is non-linear

(Reprinted from [7], with permission from Elsevier).

Furthermore, pores within a bone tissue-engineered scaffold must be interconnected since this
interconnectivity, as well as the pore structure and overall porosity, is fundamental in determining

the osteogenic capability of a bone tissue-engineered scaffold [10,11].
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Both pore distribution and geometry of the scaffold are decisive for cell penetration, proliferation,
and differentiation, as well as in the rate of scaffold degradation, which must be in accordance with

the maturation and regeneration of new tissue.

To have the appropriate pore size distribution and interconnectivity, different approaches for
fabricating porous scaffolds have been studied: salt-leaching [12-14], gas foaming [15,16],
electrospinning [17-19] and freeze-drying [20,21]. However, with these fabrication methods, it is
possible to produce bone tissue-engineered scaffolds without completely controlling pore size

distribution and shape, porosity and interconnectivity.

In general, traditional methods present limitations related to the control of overall pore
architecture and interconnectivity and bone tissue-engineered scaffolds produced by these
techniques present poor reproducibility and accuracy [22,23].

Therefore, despite the great research advancements in the design, manufacture and application
of bone tissue-engineered scaffolds for bone repair and replacement, there still are some drawbacks
and challenges that need to be addressed. The main drawbacks of synthetic scaffolds are poor
biodegradability, potential toxic degradation of by-products, poor osteoconductivity, poor

mechanical properties, uncontrolled porosity or complicated reproducibility [24].
To reduce the previous weaknesses, two strategies have been explored:

- Nanomaterials have been proposed as reinforcing agents to improve mechanical and biological

properties.

- Additive manufacturing (AM) has emerged as a technology that enables the fabrication of 3D

porous scaffolds with a high level of reproducibility and accuracy with minimal human intervention.
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2.2. Nanomaterials for Scaffolds

The use of nanocomposite biomaterials in bone tissue engineering has emerged to improve the
mechanical properties as well as physicochemical properties of the polymeric matrix, such as
mechanical strength and Young’s modulus, hydrophilicity or biological response (e.g. cell adhesion,
proliferation, and differentiation, biocompatibility and antimicrobial effect). Nanocomposites for
biomedical applications normally have two phases: a biocompatible matrix and a nano-sized
bioactive/resorbable filler [25-27]. One of the main advantages of nanomaterials is their large surface

area, which results in a large volume fraction of interfacial material, even at low loadings.

In general, by controlling the volume fraction, arrangement, and morphology of the filler phase
within the matrix, it is possible to tailor the physicochemical and mechanical properties and the
response to the host tissue [28]. In this section, some of the most interesting data relating to the
application of nanocomposites in bone tissue engineering will be reported, especially the application

of carbon-based nanomaterials will be considered.

2.2.1 Ceramic nanomaterials

Ceramic nanomaterials, such as calcium phosphates or calcium silicates, may improve the
biological response by releasing calcium and phosphate ions that are essential for bone growth.
However, when the amount of inorganic particles is high, a detrimental effect on the mechanical

properties has been reported [29].

The most commonly used ceramic-based nanomaterial is nano-hydroxyapatite (nHA). It
demonstrates excellent biocompatibility and low toxicity. Several matrices have been filled with nHA
(thermoplastic polyurethane/dimethylpolysiloxane (TPU/PDMS), polycaprolactone (PCL), polylactic
acid (PLA)...) and, in all cases, it has been observed that comparing the nanocomposite with the
pristine matrix, it shows a reduction in hydrophobicity, as well as an increase in cell proliferation,

mineralisation, and differentiation [30-33].

Calcium phosphate nanoparticles have proved to improve mechanical resistance and the

attachment and proliferation of osteoblasts and can demonstrate an antibacterial effect [34,35].

Other ceramics, like nano-sized aluminium oxide [36], titanium oxide [37] or silicon oxide [38]
have been shown to augment different properties that make them very interesting as potential

nanomaterials for bone tissue engineering applications.

2.2.2. Metallic nanomaterials

In general, metallic nanomaterials are interesting in bone tissue engineering due to the

antimicrobial and bactericidal activity that some of them demonstrate.

Silver nanoparticles are well-known for their antimicrobial activity against a broad spectrum of
infectious agents [39]. Specifically, silver ions present a marked antibacterial effect since it causes
disruption of bacteria cell membranes, inhibits enzymatic activities and DNA replication [40]. In the

same way, copper and bronze also present bactericidal nature [41].
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Gold nanoparticles have also been used to create a polymer nanocomposite due to their inherent
low toxicity, antiseptic and antibacterial activity, which prevent bacterial growth in the surgical
wound [42,43].

Other metal ions, like strontium or copper, have been widely used to dope bioactive glasses,

improving their osteogenesis, angiogenesis and antibacterial activity [44,45].

Another interesting metal extensively used in bone tissue engineering is magnesium. It presents
adequate mechanical properties, specific strength, and elastic modulus, close to natural bone,
biodegradability and biocompatibility. However, its high degradation rate limits its application as a
matrix material, but the presence of magnesium as a nanomaterial induces osteogenic differentiation
[46,47].

2.2.3. Polymer nanomaterials

Polymers are not used as nanomaterials in bone tissue engineering, but as a delivery system for
other nanomaterials or to enable modification of the scaffold. For instance, poly(acrylic acid) (PAA)
or poly(methacrylic acid) (PMAA) grafted to carbon nanotubes improve the potential for cell
differentiation of scaffold [48,49].

In the case of polymers added to the scaffold, there are two different paths: co-polymers, formed
by two or more monomeric species; and polymer-polymer blends, which involve a mixture of two
polymers [28]. Among the copolymers used in bone tissue engineering, poly(lactic-co-glycolic acid)
(PLGA) [50,51] and poly(lactide-co-caprolactone) [52,53] are the most commonly used. Conversely,
in the field of polymer blends, many studies are found: gelatin-polyvinyl pyrrolidone [54], gelatin-
poly(lactide acid) [55], cellulose acetate-polycaprolactone [56], polyurethane/poly(lactic acid) [57],
poly(lactide acid)/polycaprolactone [58,59], etc. Sometimes, they are incorporated into a ceramic
scaffold to improve their toughness and processability. Both synthetic [60,61] and natural [62]
polymers are used for this purpose.

2.2.4. Carbon-based nanomaterials

Carbon-based nanomaterials have shown a high capability for bone tissue engineering since they
present excellent mechanical properties and intrinsic antibacterial activity [63]. The majority of
carbon-based nanomaterials have also been shown to promote cell regeneration and decrease the
hydrophobicity of the composite material. The interaction of carbon-based nanomaterials with
biological molecules depends on the chemical composition, shape, size, stability, functionalisation,
porosity, agglomeration of the nanomaterial. Therefore, it is important to study each carbon-based
nanomaterial individually [64]. All their biological advantages will be discussed in detail in the next

section.

Due to their geometry, carbon-based nanomaterials present an interesting toughening effect that
can follow four different mechanisms (Figure 2.2): (i) crack bridging - carbon-based nanomaterials
delay crack propagation, bridging the two surfaces and providing stress that counteracts the applied

stress, (ii) pull-out - carbon-based nanomaterials are pulled out the matrix, slowing down crack
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propagation by the interfacial friction, (iii) crack deflection - crack cannot continue its path for the
presence of carbon-based nanomaterials and it follows a tortuous path with high energy dissipation,
(iv) crack tip shielding - the crack has not enough energy for interface debonding and the crack tip is
restricted [65].

(9
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; -
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™
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Figure 2.2. Inhibition of crack propagation by graphene in bioactive glass scaffold by different mechanisms
[65].

Thanks to their biological and mechanical improvements, the addition of carbon-based nanomaterials
has the potential to transform relatively inert materials into materials demonstrating appropriate
mechanical properties and bioresponsiveness for bone tissue engineering scaffolds.

2.2.4.1. Types of carbon-based nanomaterials

In Figure 2.3, the structure of the different carbon-based nanomaterials is shown.

Fullerene Carbon dot Diamond

Figure 2.3. Carbon-Based Nanomaterials (Modified from [66]).
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Carbon nanotubes

In 1991, carbon nanotubes (CNT) were first reported by lijima [67], when he discovered multi-
walled carbon nanotubes (MWCNT). Later, in 1993, he discovered single-walled carbon nanotubes
(SWCNT) [68].

CNT present a tubular shape; their structure is like rolled-up graphene sheets. SWCNT diameter
typically is in the range 1-2 nm, they are generally narrower than MWCNT, and they tend to be
curved rather than straight [69]. In the case of MWCNT, the outer diameter depends on the number
of layers and ranges from 2 to 30 nm. Typically, the length is in the micrometre range but can differ

from 1 um to a few centimetres, in the case of MWCNT [70].

CNT present unique structural, electrical, mechanical, electromechanical, and chemical
properties, and as a consequence, their application in regenerative medicine has been widely

investigated [71].

Several studies have demonstrated that MWCNT can promote stem cell differentiation towards
bone cells and enhance bone formation. Furthermore, they act as a mode of reinforcement for
mechanical strengthening and biocompatibility [48,72-75], improving the performance of different
biomaterials. The case of SWCNT is very similar, and it has been proved that SWCNT can be
incorporated into some biodegradable polymers that present problems due to their poor mechanical
properties to successfully reinforce them [76], without adversely affecting the biocompatibility of the
matrix [77].

Graphene derivatives

- Graphene

Since its discovery in 2004 [78], the application of graphene (G) has experienced a significant rise.
Graphene is a two-dimensional carbon material, one atom thick. Its atomic structure is a honeycomb
lattice of carbon atoms and is the basic building block for graphitic materials. It presents a very high
surface area (32.216 m?>g"), higher than SWCNT, excellent thermal conductivity (3,000-5,000 W-m--K-
1), mechanical properties (130 GPa of intrinsic tensile strength with Young’s modulus of 1 TPa) and
electrical conductivity (5.9-10° S'm) [79-82].

Since it presents high electrical conductivity, G is used to manufacture electro-active scaffolds.
The addition of G stimulates cell proliferation and decreases the immune response [83]. Graphene
has also been shown to improve the mechanical properties of biomaterials without compromising

biocompatibility [84].

- Graphene oxide

Graphene oxide (GO) is produced by oxidising graphite in an acidic medium, increasing the

hydrophilicity of the surface and creating functional groups (i.e. hydroxyl, epoxy, carboxyl, carbonyl,
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phenol, lactone, and quinone) [85]. It can modulate their characteristics with the degree of oxidation.
Graphene oxide is an electrically insulating material because it has disrupted sp? bonding networks
due to the presence of functional groups. Their mechanical properties are excellent, but they do not
reach the values of G (28-47 GPa of intrinsic tensile strength, with Young’s modulus of 380-470 GPa)
[86,87].

Oxygen functional groups present in GO structure can form strong hydrogen bonding
interactions with the polymer matrix, improving the interfacial adhesion between them and,

therefore, the mechanical properties of nanocomposites [88].

Recent studies have demonstrated that GO promotes cell regeneration, which makes it an
interesting material for its application in regenerative medicine. For example, GO has been used to
induce piezoelectric behaviour that promotes cell proliferation by generating electrical stimulation
[89].

Many studies have reported the use of reduced graphene oxide (rGO) instead of GO in the
preparation of nanocomposites [62,90,91]. The reduction of GO leads to the elimination of most
oxygen-containing functional groups, thus the sp? structure and, therefore, electrical conductivity are
partially restored, consequently, rGO reaches excellent electrical conductivity and high mobility
[86,92,93].

- Graphene nanoplatelets

Graphene nanoplatelets (GNP) show a structure similar to idealised G, but in comparison, its
production is much more cost-effective. They consist of small stacks of G nanosheets, like the
structure found on MWCNT, but with a platelet shape. GNP may be functionalised with different
chemical entities, like carboxyl graphene nanoplatelets [94] or GO nanoplatelets [95].

In the case of carboxyl GNP, they offer good reinforcement from a mechanical point of view and,
due to their large surface area, surface roughness and high protein adsorption, they favour osteoblast

cell attachment, proliferation and differentiation [94].

Fullerenes

In 1985, Kroto et al. discovered fullerene [96], the third carbon allotrope, after graphite and
diamond. Fullerene presents a structure consisting of sp?carbons in a high symmetric cage. Carbon

forms pentagons and hexagons packed in a spherical shape [97].

Fullerenes have been used to reinforce polymers with poor mechanical properties. However,
ultra-short carbon nanotubes present better results in terms of mechanical reinforcement [98].
Carbon dots

Carbon dots are zero-dimensional nanomaterials that are formed by 2-3- parallel graphene
sheets. Carbon dots consist of a carbogenic core with oxygen, hydrogen, and carbon on their surface.
They present excellent solubility in water, biocompatibility, optical properties, chemical inertness and
neglectable toxicity [99,100].
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Some research works suggest that carbon dots do not affect cell viability, proliferation,
metabolism and differentiation [101]. They are not extensively used in the fabrication of bone tissue-
engineered scaffolds [102]. However, other biomedical applications, like drug/gene delivery,

bioimaging or photothermal and photodynamic therapy have been extensively studied [100,103].

Nanodiamond

Carbon atoms in diamond exhibit sp® hybridisation. Four bonds are directed towards the corners
of a regular tetrahedron. Diamond is extremely hard due to the rigidity of the three-dimensional
network [69]. Nanodiamond (ND) was discovered in 1963-1982 [97].

When added to a polymeric matrix, ND act as a cell growth support and improves the chemical
stability and the biocompatibility of the nanocomposite [104-106].

2.2.4.2. Carbon-based nanomaterials for bone regeneration

Antimicrobial activity

Contrary to bulk materials, nanomaterials have the capacity of crossing cell membranes easily,
leading to a destructive effect on the bacteria cell [107]. There are four main bactericidal mechanisms

of antimicrobial nanomaterials, and carbon-based nanomaterials could promote them:

i.  Reactive oxygen species (ROS) generation [108]: cell death is produced by the damage of DNA
induced by ROS. These ROS include superoxide anions, hydroxyl radicals, and hydrogen

peroxide.

ii.  Physical damage [109]: some nanostructured materials present sharp edges that can damage

the bacterial cell wall membranes.

iii.  Binding [110]: loss of cell membrane integrity and efflux of cytoplasmic materials can be

caused by binding materials on the bacterial cell wall.

iv.  Release of metal ions [111]: inhibition of adenosine triphosphate (ATP) production and DNA

replication produced by metal ions released into the media may cause the death of cells.

As a consequence of their different characteristics, each type of carbon-based nanomaterial

promotes one or several of these mechanisms, acting in different ways.

The antimicrobial activity of CNT can be related to the formation of cell-CNT aggregates that
damage the cell wall of bacteria and release their DNA content [112].

Compared to MWCNT, SWCNT presents more potent antimicrobial activity. Due to their smaller
nanotube diameter, they could have tight contact and penetrate easily into the cell wall. Besides, their

higher surface area allows SWCNT to interact better with the cell surface [113].

Antimicrobial activity is also affected by the length of the SWCNT. It is reported that the longer
the CNT, the higher the antimicrobial activity. It is explained by the interactions between cells and
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the SWCNT: the shorter SWCNT is more likely self-aggregated without involving lots of bacterial
cells [114].

Conversely, the main antimicrobial mechanism of graphene-related nanomaterials is membrane
stress provoked by direct contact with sharp nanosheets after cell deposition on graphene-based
materials [115]. Furthermore, GO can damage cell membranes via the generation of ROS. Thus, the
antibacterial mechanism of GO is affected by both, physical destruction and chemical oxidation,

which results in a decrease in bacterial resistance [116].

In the case of fullerenes, their antimicrobial activity could follow three different mechanisms: (i)
internalisation of the fullerenes into the bacteria, which inhibits the energy metabolism, (ii) the
impairing of the respiratory chain inhibits bacterial growth, and (iii) the induction of cell membrane
disruption [113,117]. The hydrophobic surface of fullerenes promotes the interaction with

membrane lipids and the intercalation between them [117].

Alternatively, ND presents antibacterial activity since they can form a covalent bond with
molecules on cell walls or adhere to intracellular components. This process inhibits vital enzymes and

proteins, leading to a rapid collapse of bacterial metabolism and finally cell death [118].

Accordingly, the use of carbon-based materials to improve the antimicrobial capacity of
biomaterials is very interesting and, therefore, their use in the manufacturing of scaffolds may bring

great improvements.

Osteoconductivity

First of all, it is important to establish the difference between osteoinductivity and
osteoconductivity. Osteoinduction is the process by which osteogenesis is induced, i.e. primitive,
undifferentiated, and pluripotent cells are stimulated to develop into preosteoblasts. Conversely,
osteoconductivity is the capacity of a material to allow bone growth on its surface or down into pores,

channels or pipes [119].

CNT demonstrate osteoconductivity and they can provide a favourable extracellular matrix for
cell adhesion due to their similar dimensions to natural collagen fibres [120]. Their osteoconductivity
may also be explained by electrochemical interactions between CNT and cells and by an increase in
hydrophilicity [121,122].

When graphene-related nanomaterials, especially G and GO, are added to a polymer matrix, it is
found that they increase cell adhesion and proliferation by increasing hydrophilicity [123-125]. It is
reported [126] that this effect is higher in GO, which increases hydrophilicity and it leads to better
cell behaviour.

However, to achieve osteoinductivity, it is necessary to add some functionalisation to GO surface,
like using poly(ethylamine) [123], poly(lactide-co-glycolide acid) [127], collagen [128], phosphates
[129], hydroxyapatite [130] and silanes [131].

In general carbon nanomaterials present osteoconductivity, but they are not osteoinductive.

However, a recent study [132] has reported that low oxygen-content graphene nanoparticles may
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favour the adhesion of cells and they can undergo osteogenesis on the surface of these

nanocomposites.

The case of fullerenes is completely different, fullerene-based films present a decrease in the
adhesion of cells with less spreading, growth, metabolic activity and viability. This is explained
because fullerene presents an electron-deficiency structure, which is responsible for its high chemical
reactivity. For presenting osteoconductivity, fullerene films need to be aged for one year. At that
moment, due to fragmentation, oxidation and polymerisation, fullerene supports cell colonisation
well [133,134].

Finally, ND incorporation leads to an increase in cell growth on the polymer. As in the case of
graphene-related nanomaterials, some studies demonstrated that the wettability is increased with the

addition of ND due to the oxygen termination of the diamond nanoparticles [135,136].

2.2.4.3. Limitations and toxicity

In general, carbon-based nanomaterials present inconclusive results when studying their
cytotoxicity. The reason is that their toxicity depends on many factors, such as the shape, size, purity,
post-production processing steps, oxidative state, functional groups, dispersion state, synthesis
methods, route and dose of administration, and exposure times [84,137,138]. This makes it very

difficult to obtain general conclusions which could be extrapolated to all cases.

Related to the cytotoxicity of CNT, once implanted in the body, MWCNT are thought to be
biopersistent [139] and could interfere with different physiological processes. For example, in vivo
studies reported that the presence of MWCNT agglomerates led to the attachment of multinucleated
cells. On its part, SWCNT were transported from the site of implantation to the lymph nodes and
potentially block potassium channel activities in mammalian cell systems. It was also found that the
needle-like shape of CNT promoted the mobility and penetration of membranes, uptake by cells, and
strong interactions with various protein systems. These findings may suggest undesirable effects

relating to cytotoxicity [140-142].

Another problem that can be found in the application of CNT is that the metal catalysts used in
their fabrication are generally trapped inside the nanotubes, which can lead to an increase in

cytotoxicity [143].

However, in contrast to these findings, other studies have reported no cytotoxicity effects when

CNT were incorporated into matrix-based materials for bone tissue-engineered scaffolds [144-147].

Concerning graphene-related materials, inconsistencies reported from studies are similar to the
studies using CNT. When they are used as substrate or coatings, some research studies [148-150]
found that G presented good biocompatibility and the ability to stimulate cell proliferation. Other
studies [142,151] reported some cytotoxicity risks since G presented an important tendency of being
agglomerate. When G sheets agglomeration occurs on the cell membrane, it can contribute to their

toxic properties. Besides, at high concentrations and long exposure times, ROS were generated by G.
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In the case of nanocomposites, contradicting evidence has also been reported when G and GO
are incorporated into a matrix. Luo et al. [126] found that the addition of G reduced cell adhesion,
whilst GO presented a positive effect. Tiirk et al. [152] also found cytotoxicity when G was introduced
into a matrix composed of Bioglass. However, several studies [83,125] reported no cytotoxicity when

G was introduced in scaffolds (Figure 2.4 and Figure 2.5).
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Figure 2.4. MC3T3 osteoblasts viability and proliferation measured by fluorescence intensity for G-
containing PCL scaffolds. The higher the G content, the higher the cell proliferation rate (Reprinted from [93],

with permission from Elsevier).
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Figure 2.5. Live (green) and dead (red) MC3T3-E1 cells were seeded on PCL-coated bioactive glass with
different percentages of graphene. (a),(b),(c) without graphene, (d),(e),(f) 1 wt.% G, (g),(h),(i) 3 wt.% G,
(), (k),(1) 5 wt.% G. After 7 days the density of cells on G-containing scaffolds was higher than without G.

However, after 14 days of incubation, a decrease in cell viability is observed due to the presence of G [152].
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In the case of GO, it was found that its presence may reduce cell proliferation rate due to an
increase in the intracellular ROS level [153]. However, other studies [154—-158] found that neither GO

nor rGO presented cytotoxic effects at low concentrations.

Fullerenes also present contradicting results. On one hand, it was found that fullerene
nanoparticles induced DNA breakage [159] and oxidative damage to cellular membranes due to ROS

generation [160,161]. However, other studies [162] demonstrated no cytotoxic effect on fullerenes.

In the case of ND, many studies concluded no cytotoxicity had been found [163-165]. In an
extensive study, no ROS generation was found. However, it was found that ND could easily access

the cell membrane, but they seemed to be nonreactive once inside the cell [166].

All these contradicting results make in vitro and in vivo studies crucial for the development and
the complete understanding of nanocomposites with carbon-based materials. However, despite the
contradictions found, in most cases, the biocompatibility of carbon-based nanomaterials was found
and cytotoxicity was reduced when carbon-based nanomaterials are used as reinforcement

embedded inside a matrix.

The area that needs further investigation relates to biodegradable matrices that release carbon-
based nanomaterials during their degradation process. Carbon-based nanomaterials were assumed
to be biopersistent, however, oxidative enzymes can catalyse the degradation of some carbon-based
nanomaterials (e.g. GO or CNT) [167]. Furthermore, carbon-based nanomaterials may affect the
degradation rate of the matrix and the toxicity of the degradation products. To the best of the authors’
knowledge, there are not many research studies relating to this approach.

Sanchez-Gonzalez et al. [168] found that the addition of rGO produced a slight acceleration in
the hydrolytic degradation process, reducing its mechanical stability faster when compared to the
pristine polymer. However, rGO was not released to the medium, but it remains embedded in the

polymer matrix.

Murray et al. [169] found that when G was added at high levels of loading (5 wt.%), the enzymatic
degradation rate was lower than the pristine polymer than the polymer with low levels of G (0.1 wt.%
and 1 wt.%). They also found that the mechanism by which the G was bonded to the matrix was also
affected by the degradation rate. When studying the toxicity of the degradative by-products, it was
found that G reduced the toxicity. This decrease in enzymatic and hydrolytic degradation rate when
GO was added was also found. [170-173]. In the case of enzymatic degradation, the effect of graphene
derivatives was due to the presence of sheets that prevented the diffusion of the enzymes into the
scaffold network [174].

Finally, Cabral et al. [62] found that neither G nor rGO had a significant effect on the enzymatic

degradation rate.

In the case of MWCNT, Joddar et al. [175] reported a decrease in degradation rate when added
to a biodegradable matrix. It may be concluded that the presence of carbon-based nanomaterials
incorporated into a matrix reduced the degradation rate and it could be tailored relative to the level
of nanomaterial loading.
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Table 2.1. Properties of carbon-based nanomaterials for bone tissue engineering applications.

Bactericidal

] Osteoconductivity Possible toxicity Refs
mechanism
Biopersistent
Electrochemical Easy penetration in 2114139
Carbon nanotubes  Binding interactions with cells  the cell membrane [147’] ’
Increase wettability Metal catalysts
trapped
Agglomeration on 83,115,125
Graphene Physical damage Increase wettability cell membranes 126,142,148
ROS generation 1%2]
Physlcal damage 115,116,153
Graphene oxide Increase wettability ROS generation 115116,
ROS generation —158]
Induce DNA
133,134,159
Fullerenes Binding Only after ageing breakage [162]
ROS generation
No cytotoxicity 135.136,163
Nanodiamond Binding Increase wettability [166,] ’

No ROS generation
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2.3. Additive Manufacturing

According to ISO/ASTM standard [176], AM technologies can be classified into seven different
groups: (i) binder jetting, (ii) direct energy deposition, (iii) material extrusion, (iv) material jetting, (v)

powder bed fusion, (vi) sheet lamination, and (vii) vat photopolymerisation.

Outside this classification, other novel techniques are emerging, as is the case of bioprinting,
which combines the use of 3D printing technology with materials that incorporate viable living cells.
However, this kind of material falls outside the scope of this review.

Among all the AM technologies, the focus of this review is on those used to manufacture
biodegradable scaffolds (i.e. polymer-based and ceramic-based), that allow the incorporation of

nanomaterials, more specifically carbon-based nanomaterials.

Researchers have developed biodegradable polymer scaffolds loaded with carbon-based
materials fabricated using one of three different AM techniques: (i) material extrusion (e.g. Fused
Deposition Modelling, FDM and Direct Ink Writing, DIW)), (ii) powder bed fusion (e.g. Selective Laser
Sintering, SLS and Selective Laser Melting, SLM), and (iii) vat photopolymerisation (e.g.
Stereolithography, SLA and Digital Light Processing, DLP).

In the case of biodegradable ceramic scaffolds, since they do not melt easily, these scaffolds are
fabricated by AM using mainly powder bed fusion (SLS). However, to counteract the natural fragility
of ceramics, they are usually blended with polymers. For this reason, sometimes other 3D printing
techniques are used, like DIW [46] or FDM [60].

The advantages and limitations of these technologies are detailed in Table 2.2. Accuracy defines
the minimum pore size that can be obtained with each technology. Methods used in each technology
for the dispersion of nanoparticles within the matrix are also indicated in the table; this aspect is
especially important because the optimal methods to obtain an adequate dispersion are very different

depending on the technology.

2.3.1. Material extrusion

These technologies are based on the extrusion of the material under pressure. The material is
deposited from a nozzle or syringe to fabricate components in a layer-by-layer manner. These
technologies require a liquid or a viscous material that is obtained mainly by two methods, melting

a thermoplastic material (FDM) or using a viscous ink (DIW) [177].

FDM has shown rapid development in recent years due to its simplicity, speediness and large-
scale rate of production. Raw materials in FDM are filaments that are partially melted by a heater and

extruded from a nozzle.

In the case of DIW, the material used is colloidal ink which is directly extruded through an orifice

or nozzle without heating. These inks can maintain their shapes during solidification or drying.
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2.3.2. Powder bed fusion

SLS and SLM are categorised as powder bed fusion technologies since it utilises thermal energy
to selectively melt powder materials of a powder bed. The raw material is typically in the form of
powder-based particles for these AM-based technologies [178]. Complete melting is achieved in SLM,
while in SLS heat provokes material fusion at the molecular level, instead of completely melted [179].

Thermal energy may be obtained by different sources such as lasers or electron beams. In the
case of scaffolds with carbon-based nanomaterials, technologies that obtain energy from laser sources

are used.

2.3.3. Vat photopolimerization

SLA technique was developed in the 1980s and was one of the first methods proposed for 3D
printing [180]. The SLA and DLP techniques involve solidifying a liquid photocurable polymer by
exposure to UV light. The photopolymer is placed in a tank and it is cured layer-by-layer on a support
platform with a light source (250 nm-400 nm).

The difference between the two techniques is the light source: in SLA, the polymer is cured using
a laser that forms each layer point-by-point; in DLP, all the layers are cured at the same time using a

matrix of lasers.

There is a third technology in this group: Liquid Crystal Display (LCD). Its printing process is
similar to DLP, but the cross-section is illuminated by using an array of UV-LCDs [181].

In Vat Polymerization technologies, polymerization of the resin occurs directly during the
printing process since photocurable resins polymerized by UV exposition. The addition of
nanomaterials to the resin to print structures with nanocomposites could affect the polymerization

process, resulting in low printability.

Components printed using these AM techniques require a post-curing process (usually, UV
exposure + temperature) to achieve their final properties. Considering biomedical applications, this
could be used to sterilise the components to be implanted into the body, which could be an additional
advantage [182].

Some researchers [183,184] have taken advantage of these AM techniques by modifying a non-
photocurable polymer to make it photocurable, allowing the use of biodegradable and biocompatible
polymers appropriate for bone tissue-engineered scaffolds.
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Table 2.2. Comparison of AM technologies available for biodegradable materials with nanomaterials.

FDM DIW SLS SLM SLA/DLP
Material Thermoplastic Polymer or Polymer or Thermoplastic Photocurable
polymer polymer + ceramic polymer polymer
ceramic
Morphology Filament Ink Powder Powder Liquid
Accuracy Low Medium-High Medium-Low Medium-Low High
(250 pm) (50 pm) (200 pm) (200 pm) (20 um)
Dispersion  -Solvent -Solvent mixing  -Melt mixing by = -Melt mixing -Solvent mixing
dissolution -Centrifuge extrusion -Ultrasonication
-Melt mixing by = mixing -Dissolution—
extrusion _Ultrasonication precipitation
-Physical
mixing
Advantages -Simplicity, -Flexible -High print -Excellent -Surface finish
lspeeclmelss and  manufacturing speed mechart\.lcal _DLP shows
arge—scz.a ¢ -Low cost -Good properties higher printing
production .
mechanical -Improved speed
-Large parts . .
-Low cost . properties density
manufacturing -Excellent part
- compared to .
-The most -Printing w/o SIS quality
common AM support i Al
echnology structures -Prin 1r}cg w/o fabricate
Suppor complex
structures
structures
-UV sterilisation
Limitations  -Support -Support -High -High -Extensive post-
structures structures temperature temperature treatments
required required -Possible -Possible -Uncured resin
-Highly -Deposited ink ~ unmelted unmelted toxicity
amiotroplc sl}:ould retain its powders powders Support
parts shape -Extensive -Extensive structures
-Clogging cleaning is cleaning is required
-Layer needed needed -Resin cannot be
delamination -Powder -Powder storage
Materials p;oducilon with p;oducilon with  indefinitely
affected by the ?1 equ;ft ?1 equ;ft - Nanofillers can
sterilisation owabtity owabtity affect the
process -Expensive -Limited pore polymerization
‘Limited pore size process of the
. resin
size
Ref [177,185-188] [177,189,190] [177,191-193] [177,194,195] [177,196-200]
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The addition of nanomaterials to improve the properties of additive manufactured structures has
been widely investigated. It is well known that the dispersion of nanomaterials is crucial for the
attainment of unique properties for the composite. For example, the presence of agglomerates reduces
the mechanical properties of the composite [89,171]. Consequently, the method of incorporating the

nanomaterials into the matrix is very important and is decisive to the final composite performance.

In the case of AM technologies, the dispersion of nanomaterials depends on the characteristics of
matrix materials. When they are solid (FDM, SLS and SLM), usually a solvent is used to disperse
nanomaterials easily by ultrasonication [185,192] or mechanical mixing [186]. In the case of materials
that melt easily and their viscosity is low enough, melt mixing can be used as a solvent-free alternative
[187,191]. Finally, in the case of powder matrix and powder nanomaterials, they can be mixed using
a rotary tumbler [193].

Conversely, DIW, SLA and DLP use liquid raw materials. Ultrasonication is the most common
method to achieve optimal dispersion of nanomaterials in liquid-based raw materials [196,198-200],
although other mechanical mixing methods have also been used [189]. Sometimes, when the viscosity

is high, a solvent is added, which promotes the dispersion of the nanomaterial [197].

2.3.4. Biodegradable materials for 3D printed scaffolds

One of the requirements that the materials must meet for being used as tissue-engineered bone
scaffolds is biodegradability. Among biodegradable materials that are used with carbon-based

nanomaterials, it is possible to distinguish between polymeric and ceramic materials.

2.3.4.1 Polymer matrices

Polymeric materials have been widely used for bone tissue engineering applications. They are
classified by their origin: (i) natural and (ii) synthetic polymers. Natural polymers include silk fibroin,
collagen, gelatin fibrin, elastin, cellulose, alginate, dextran, starch, chitin/chitosan,
glycosaminoglycans and hyaluronic acid, among others [201]. Bone scaffolds fabricated using natural
polymers by conventional methods have been extensively reported [202,203]. However, the preferred

polymers for AM are the synthetic biodegradable ones, and can be classified as follows [204-208]:

Aliphatic polyesters: include polylactic acid (PLA), polyglycolic acid (PGA), poly e-caprolactone
(PCL), poly (lactic-co-glycolide) (PLG) and poly-(3-hydroxybutyrate-co-3-hydroxybutyrate) (PHBV).
They usually undergo degradation through hydrolysis of the ester group situated along their
backbone with degradative by-products that are acidic. The degradation rate of these polymers is
easily controlled because they can be produced with a tailored structure. Their main drawback is their
reduced bioactivity. PGA presents a rapid degradation (2-4 weeks), while PLA degradation takes
months to years since it is more hydrophobic than PGA. To obtain intermediate degradation rates,
PLGA with varying lactide/glycolide ratios are synthesised. PCL can be degraded by different agents:
microorganisms, hydrolytic, enzymatic, or intracellular. Compared with PLA and PGA, PCL has a

slower degradation rate.
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Aliphatic polycarbonates: They present low thermal stability and reduced mechanical properties.
However, their controlled functional characteristics make them very interesting for bone tissue
engineering applications. Among them, poly(trimethylene carbonate) (PTMC) has been used for

fabricating bone tissue-engineered scaffolds with carbon-based nanomaterials using AM techniques.

Vinyl polymers: poly(vinyl alcohol) (PVA) is one of the most used vinyl polymers. They are
hydrophilic materials. Hydrogels based on PVA show good biomechanical performance, and they

retain a large amount of water.

Polyurethanes (PU): are used for the fabrication of medical devices, especially long-term
implants and biomedical products (e.g. cardiovascular catheters and diaphragms of blood pumps).
The main disadvantage of PU is the toxicity of its degradative by-products, which can be reduced by

using specific prepolymers.

Non-biodegradable polymers: despite their inability to degrade when implanted in the body,
some different synthetic polymers have also been used in the manufacture of bone tissue-engineered
scaffolds: polyether ether ketone (PEEK), polyvinylidene difluoride (PVDF) and acrylonitrile
butadiene styrene (ABS).

2.3.4.2. Ceramic matrices

Among ceramic materials, bioceramics exhibit properties like biocompatibility, mechanical
compatibility, excellent surface compatibility, anti-thrombus effect, bactericidal effect, and good
physical and chemical stability, which make these materials suitable for being used for bone tissue-
engineered scaffolds [209]. However, their primary ionic and/or covalent bonds makes them
relatively brittle. This inherent brittleness, together with low ductility are major drawbacks for

bioceramics and therefore limit their application [210].

Additive Manufacturing has been investigated as a viable approach for the fabrication of
ceramic-based bone tissue-engineered scaffolds by Additive Manufacturing, the most common

ceramics used include:

Tricalcium phosphate (TCP): has good biocompatibility and does not present any cytotoxic
reaction. Bone formation is favoured in contact with TCP due to the release of calcium and phosphate
ions. Alpha-TCP (a-TCP) demonstrates a greater degree of solubility and a faster rate of degradation
when compared to beta- TCP (B-TCP) [209]. The degradation rate of B-TCP is within the same range

as the growth of mature new bone [211].

Hydroxyapatite (HA): its structure and composition are similar to the inorganic component of
human bones. HA is highly biocompatible, non-toxic, osteoconductive and it gradually merges with
the natural bone [212]. Its main drawbacks are its low mechanical properties and relatively low
degradation rate. To improve its mechanical strength, there are two paths: (i) use of reinforcements

like other ceramics and (ii) the fabrication of nano-sized ceramics [212].

Ca-Si-based ceramics: they present good compression properties and controllable degradation

rate. They improve the rate of new bone formation and bone regeneration through a gradual release
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of Si and Ca ions. However, like many other bioceramics, their brittle nature and low toughness

hinder their development in load-bearing applications [210].

Diopside, MgCaSi206 (Di): compared with HA and other bioceramics, offers improved
mechanical strength. The Ca, Si and Mg containing ionic products from extracts of Di can stimulate

osteoblast proliferation at low concentrations. However, its degradation rate is extremely slow [213].

Bioactive glasses (BG): they can comprise of Na20O, CaO, SiO:z and P20s. They are considered to
be the most promising biomaterials in bone tissue engineering applications as they exhibit
osteoinductive properties. Another attractive aspect of BG-based materials is their degradation rate,
which can be regulated by their chemical composition. Their poor mechanical properties (similar to

many bioceramics) are the main drawback [210].
2.3.5. 3D printed biodegradable polymer scaffolds with CBN

2.3.5.1. Material extrusion

Due to its simplicity and speediness, FDM is the most used technology when the matrix is a
polymer. Many studies incorporating GO into different thermoplastic matrices have been found. Both
biological and mechanical properties of the matrix were improved with the addition of GO. Melo et
al. [214] and Unagolla et al. [215] reported improvement in the antimicrobial properties and the
enhancement of cellular response. Melo et al. found an 80% increase in bacterial death after 24 h in
contact with PCL/GO scaffold.

Chen et al. [57] found that an increase of 167% in compressive modulus was achieved when 5
wt.% GO was incorporated into PLA-thermoplastic polyurethane (TPU) matrix and a maximum
tensile modulus increase of 75.5% on addition of 0.5 wt.% GO. This wt.% loading was also optimal in
terms of cellular growth and proliferation of NIH3T3 mouse embryonic fibroblast cells. Belaid et al.
[216] studied both mechanical and biological properties and reported an increase of 30% in Young’s
modulus when 0.3 wt.% GO was added to PLA. When the proliferation of MC3T3-E1 cells was
studied, they concluded that it was not until Day-7 that higher levels of viability were observed for
scaffolds containing 0.2-0.3 wt.% GO loading when compared with pristine PLA.

All these studies introduced the nanomaterial using a solvent that was subsequently evaporated
to obtain the filament to feed the printer. Figure 2.6 shows SEM images of PCL scaffolds with and
without GO and it can be observed how GO addition did not affect the printing process as relatively

similar geometries were achieved in all the cases.
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Figure 2.6. SEM images of PCL scaffolds with different percentages of GO, manufactured by FDM. Surface
roughness and irregularity increased with the addition of GO. The average diameter of the fibres did not
change with GO (Reprinted from [214], with permission from Elsevier).

G has also been used to improve the mechanical and biological properties of tissue-engineered
bone scaffolds. Wang et al. [83] conducted in vitro and in vivo studies using G-PCL scaffolds for
microcurrent therapy. They had previously found [125] an increase in cell attachment and
proliferation due to the high surface area, elastic modulus, and stiffness of the G-PCL scaffold. In this
case, it was not until Day-14 when G at a loading level of approx. 0.8 wt.% demonstrated a statistically
significant improvement in the proliferation rate. Furthermore, G presented improved mechanical
properties (i.e. compressive modulus and compressive strength) and cell affinity when compared to
CNT [217].

Sayar et al. [218] also used G powder as the reinforcement phase and FDM as the AM technique
and following printing the scaffold was crosslinked using UV exposition. When a loading level of 3
wt.% G was incorporated into PTMC - an increase in tensile strength (100%) and electrical
conductivity was demonstrated, which has the potential for electrical stimulation. It was found that

cell density, morphology, and viability did not differ when compared to the pristine PTMC.

Mechanical properties of ABS scaffolds reinforced with GNP at a loading level of 4 wt.% was
investigated by Dul et al. [219]. They reported an increase in Young’s modulus, however, the adhesion
between the matrix and reinforcement was relatively poor, which led to a decrease in tensile strength

and strain at break.

Alam et al. [220] worked with a commercial filament of PLA loaded with carbon nanofibres and
GNP. They found that the presence of nanomaterials produced internal porosity, which resulted in a
reduced compressive stiffness of 20%. In contrast, carbon nanomaterials improved hydrophilicity and
apatite deposition.
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Huang et al. [221] found that an addition of 3 wt.% of MWCNT into PCL increased the
compressive modulus, whilst the addition of 0.25-0.75 wt.% of MWCNT did not affect this parameter.
Nanoindentation properties improved from the addition of 0.75 and 3 wt.% CNT. These
improvements occurred due to an increase in polymer crystallinity due to CNT alignment. It was also
found that smaller CNT tended to agglomerate, thereby improving cell attachment and protein
absorption. Mimicking the natural bone tissue, Huang et al. [222], incorporated MWCNT and nHA
into PCL and found an increase in mechanical properties, cell proliferation, osteogenic differentiation

and scaffold mineralisation.

For all studies, the scaffolds fabricated using FDM with carbon-based nanomaterials produced

stable porous structures and the addition of nanomaterial did not hinder the printing process.

Another technology derived from material extrusion is Direct Ink Writing. It was more
extensively used for polymeric-ceramic matrices than polymeric. Jakus et al. [223] manufactured inks
with high levels of G loading in a PLG-based matrix. Tensile modulus increased by 200% with a level
of loading of 20 wt.% G. In vitro and in vivo studies demonstrated a good cellular response from
approximately 30,000 cells at Day 1 in PLG to more than 50,000 when G was incorporated (Figure
2.7).

a 20 vol.% Graphene 60 vol.% Graphene
feiate T gl o

Day 1

200 pm

Day 14

Figure 2.7. Photographs and cell viability (live cells in green and dead cells in red) of PLG scaffolds loaded
with G manufactured by DIW. An increase in cell viability was produced when G was added [223].
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2.3.5.2. Powder bed fusion

Researchers have also shown a high interest in SLS, especially using GO as the nanomaterials.
For the application of this technology, different matrices have been investigated. PVA demonstrated
very interesting properties for the application of bone tissue-engineered scaffolds. However, its low
mechanical properties may be an obstacle in terms of its development. From this point, Shuai et al.
[88] achieved an increase in compressive strength, Young’s modulus and tensile strength by 60%,
152% and 69% on adding GO into the matrix. This improvement was obtained for relatively low levels
of loadings (2.5 wt.%), and increases beyond 2.5 wt.% resulted in the formation of agglomerates and
ultimately the reduction of mechanical properties. Furthermore, they found an increase in cell
adhesion and attachment of the GO into the PVA matrix.

Feng et al. [224] focused their work on reducing the degradation rate of PVA. They blended PVA
with PEEK, a non-biodegradable polymer, which successfully reduced the degradation rate.
Additionally, Feng et al. [224] reported that 1 wt.% GO addition improved the interfacial bonding
between PEEK and PVA, which resulted in an improvement in mechanical properties (i.e. increases
of 97% and 150% in compressive strength and compressive modulus). An increase in MG63 cell

adhesion and proliferation was also reported when 1 wt.% GO was added to the PVA-PEEK matrix.

Shuai et al. [225] reported an improvement in the mechanical properties of GO-poly(L-lactic acid)
(PLLA) scaffolds when fabricated using SLS, and adding Ag nanoparticles [226], which also enhanced
antimicrobial activity due to the combination of the capturing effect of GO and killing effect of Ag.

Shuai et al. [89] also found that GO could be used to reinforce piezoelectric polymers for bone
tissue engineering applications. Scaffolds containing 0.3 wt.% GO reported an improvement in
compressive strength (100%) and tensile strength (25%) and cell adhesion were also enhanced by
electrical charge excitation. However, although the polymer was not biodegradable, it could be

applied in the field of bone scaffolds.

Not only have GO nanoparticles been used during SLS technology. Feng et al. [227] achieved
improvements for PHBV in terms of tensile strength and compressive strength (i.e. 94% and 52%)
when 2 wt.% of ND particles and 1 wt.% of molybdenum disulfide (MoS:z) nanosheets were added.
MoS:improved the dispersion of ND due to its steric hindrance effect and vice versa and was found
to be better dispersed within the matrix when it was added with ND by the sandwiched octahedral
ND particles.

All the studies regarding the polymer-based bone scaffolds with carbon-based nanomaterials
when fabricated using SLS technology adopted a similar dispersion method of the nanoparticles —
good GO dispersion was achieved using ultrasonication in water or a solvent that was evaporated to

obtain powder for printing (Figure 2.8).
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Figure 2.8. Preparation of PVA-GO powder for SLS printing: (a) SEM image of initial PVA powder; (b)
TEM image of initial GO; (c) photographs of GO/PVS suspension in deionized water after ultrasonication;
(d),(e) SEM images of the composite powder after evaporation of water [88].

2.3.5.3. Vat photopolymerisation

Finally, vat photopolymerisation was the least used AM technique for the fabrication of polymer-

based bone tissue-engineered scaffolds containing carbon-based nanomaterials.

Feng et al. [198] introduced 0.5 wt.% G into a commercial PU resin for SLA. G increased the
tensile and flexural properties of the matrix. Feng et al. [200] also fabricated DLP samples comprised
of the same PU resin and 0.5 wt.%. GNP. In this case, the flexural modulus was improved by 14%,
while fracture toughness increased by 28%. In both studies, Feng et al. used a solvent-free method to
disperse the carbon-based nanomaterials in the matrix using ultrasonication. Consequently, gyroid

scaffolds were fabricated by the two-vat polymerization technology (Figure 2.9).
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Figure 2.9. PLA/PUA gyroid scaffolds manufactured by (a),(b) SLA [198] and (c),(d) DLP [200]. The

addition of nanomaterials did not affect the printing process.

Table 2.3. Polymer scaffolds obtained by 3D printer with different carbon-based nanomaterials.

Nanomaterial
Technology Nanomaterial ) Matrix Effect of CBN Ref.
dispersion
FDM GO Solvent mixing TPU/PLA Increase tensile and [57]
(0.5 wt.%) compression modulus
Low amount of GO
increases cell
proliferation
GO Solvent mixing PLA Increase Young's [216]
(0.3 wt.%) modulus
Increase toughness
More efficient
promotion of cell
adhesion and
proliferation
GO Solvent mixing PCL Improve antimicrobial [214,215]
(7.5 wt.%/ properties
0.5 wt.%) Enhancement of cellular
response
G Melt mixing PCL Cell proliferation [83,125,217]
(0.78 wt.%) stimulation

Increase hydrophilicity
Increase compressive

modulus and strength
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Table 2.3. (Cont) Polymer scaffolds obtained by 3D printer with different carbon-based nanomaterials.

Technology Nanomaterial N.anom.aterlal Matrix Effect of CBN Ref.
dispersion
FDM G Solvent mixing PTMC Increase electrical [218]
(3 wt.%) conductivity
Increase tensile strength,
elongation at break and
Young’s modulus
No effect on cell
attachment and viability
GNP Melt mixing ABS Increase tensile modulus  [219]
(4 wt.%) Reduction in ultimate
tensile stress and strain
Reduction in creep
compliance
Carbon Commercial PLA CNF reduces [220]
nanofibers/ filament compression stiffness
GNP Improve bioactivity
(18 wt.%)
MWCNT Melt mixing PCL Increase in compressive  [217,221]
(B wt.%) modulus and strength
Improve cell viability
and proliferation
Increase polymer
crystallinity
Increase hardness and
elastic modulus
MWCNT/ Melt mixing PCL Increase compressive [222]
nHA strength
(0.75 wt.%) Improve cell attachment
DIW G Solvent mixing PLG Increase tensile modulus [223]
(20 vol.%) High loading decreases

the tensile strength
Increase cell

proliferation
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Table 2.3. (Cont) Polymer scaffolds obtained by 3D printer with different carbon-based nanomaterials.

) Nanomaterial .
Technology Nanomaterial ) ) atrix Effect of CBN Ref.
dispersion
SLS GO Ultrasonication PVA Increase tensile strength, [88]
(2.5 wt.%) of water elongation at break,
dispersion compressive modulus
and strength
Good cytocompatibility
GO Ultrasonication = PEEK*/ Increase surface energy  [224]
(1 wt.%) of water PVA Increase compressive
dispersion modulus and strength
Increase cell
proliferation
GO Ultrasonication =~ PLLA Increase compressive [225]
(1 wt.%) of solvent strength
dispersion Increase hardness
GO/Ag Ultrasonication =~ PLLA/ Increase compressive [226]
(1 wt.%) of solvent PGA strength and modulus
dispersion + ball Increase wettability
milling Antibacterial effect
GO Ultrasonication =~ PVDEF* Increase compressive [89]
(0.3 wt.%) of solvent strength, tensile
dispersion strength, and modulus
Increase hydrophilicity
Improve cellular
response
ND/MoS: Ultrasonication =~ PHBV Increase tensile strength  [227]
(2 wt.%) of solvent and modulus
dispersion Increase compressive
strength and modulus
Enhanced mineral
deposition
SLA G Ultrasonication =~ PLA/ Increase tensile strength ~ [198]
(0.5 wt.%) PUA Increase flexural
strength and modulus
DLP GNP Ultrasonication = PLA/ Increase flexural [200]
(0.5 wt.%) PUA modulus and toughness
No effect on printability
* Non-biodegradable
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2.4. Conclusions

Based on the studies, the fabrication of 3D printed biodegradable scaffolds modified with CBN

has been demonstrated to be an encouraging solution with interesting benefits: improved mechanical

properties, enhanced biological activity, easy control of porosity and design, among others.

However, although considerable progress has been made, thereby providing a promising clinical

platform for the repair and regeneration of bone, some aspects need to be examined in greater depth

since the technology is still in its infancy. Some of the major research and technical challenges that

the scientist community will need to address are:

Good performance of carbon-based nanomaterials is linked to a good dispersion within the
matrix, being one of the crucial and critical aspects to achieve during the manufacturing of

carbon-based nanomaterials derived bone tissue-engineered bone scaffolds.

It is important to study in-depth the influence that the level of nanomaterial loading exhibits
on the mechanical and biological properties since there is a balance to be attained to ensure
the optimal properties are achieved for both. The optimal level of loading reported depends
greatly on the study and the range from 0.2-18 wt.%. In general, using a level of nanomaterial

loading less than 1 wt.% offered the best results in terms of mechanical reinforcement.

AM technologies offer many advantages; however, materials need to have specific
characteristics to allow the fabrication method to function both effectively and efficiently. The
addition of nanomaterials can affect printability and therefore studying and optimising the
addition and dispersion methods are crucial for the development of bone tissue-engineered
scaffolds reinforced with carbon-based nanomaterials. Further studies regarding how
nanomaterials affect the 3D printing technique and how to mitigate possible adverse effects

need investigation.

The surface of the carbon-based nanomaterials is easily functionalized, and this
functionalization could improve the dispersion of the carbon-based nanomaterials and
ultimately the mechanical performance. Conversely, carbon-based nanomaterials can be
biofunctionalised to be used as biomolecular carriers, thereby increasing their bioactivity.
Both approaches are interesting and relevant to the fabrication of bone tissue-engineered
scaffolds using AM techniques. However, a better understanding of the regenerative effect
and bioresponsiveness of chemically functionalised carbon-based nanomaterials and the

mechanical performance of biofunctionalised carbon-based nanomaterials are required.

Another aspect that has to be highlighted relates to biodegradability. Ideally, bone tissue-
engineered scaffolds should be biodegradable; this opens up a new research avenue: to study
the behaviour of carbon-based nanomaterials and the associated degradative by-products
when implanted into the body. Some studies have appeared related to this issue, but
inconclusive and inconsistent results have been found. Further research about cytotoxicity
and possible adverse environmental effects is necessary before these scaffolds can be clinically
tested.
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- Finally, safety and succeed in clinical translation need to be demonstrated by facing the
regulatory and economic hurdles. However, the future of this technology is bright, and the
commitment of scientists and engineers will lead to a fruitful and impactful future in the

coming decades.
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3. Materials and Techniques

During the doctoral thesis, a commercial acrylic resin was used to optimize the dispersion, SLA
printing and post-printing processes with GBN. It was a commercial resin that was not certified as
biocompatible. This resin was selected because when this thesis started, there were not resins certified
as biocompatible commercially available. Acrylic resin was modified with three different graphene-

based nanomaterials, which differed in the exfoliation degree (size) and the surface functionalization.

In this chapter, the used materials and their composition are described in detail. In the second
section of this chapter, the focus is on the techniques used during the development of the
experimental research. The first two subsections explain the preparation of the mixtures and the
obtention of the solid samples that were subjected to the tests explained in the following subsections.
These tests were divided into five categories: thermal, physico-chemical, micro- and nanoscopic

analysis, mechanical and biological.
3.1. Materials

3.1.1. Acrylic resin

The resin used for SLA was a commercial photocurable acrylic-based resin Formlabs Clear
FLGPCL4 (Formlabs, Somerville, MA, USA), whose composition is shown in Table 3.1. From now on,
this resin will be called R.

Table 3.1. Acrylic resin composition according to manufacturer data sheet.

Component Weight %

Urethane dimethacrylate (CAS No: 72869-86-4) 55-75
Methacrylate Monomer(s) (CAS No: Trade secret) 15-25

TPO" Photoinitiator (CAS No: 75980-60-8) <0.9

* Diphenyl(2,4,6-trimethylbenzoyl)phosphine oxide

In Figure 3.1, the chemical structure of the main resin component is shown.

%Owoyﬂwﬁioﬁvoﬁ

Figure 3.1. Chemical structure of urethane dimethacrylate.

3.1.2. Graphene-Based Nanomaterials

Three different Graphene-Based Nanomaterials (GBN) were used in this thesis: Graphene,

Graphene Oxide, and Graphite Nanoplatelets. Its main characteristics are shown in Table 3.2.
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Table 3.2. Different GBN used and their characteristics according to manufacturer data sheet.

Average lateral

GBN ) Thickness Supplier
size (um)
Avanzare
Graphene (G) 2-4 1-2 sheets Nanotechnology
(La Rioja, Spain)
0.7-12 Nanolnnova
Graphene Oxide (GO) 4-8 o Technologies (Toledo,
nm
Spain)
Slightly” Oxidized Nanolnnova
Graphite Nanoplatelets 2-3 <5 sheets Technologies (Toledo,
(GoxNP) Spain)

"The oxygen content of GoxNP is <2 wt.%.

SEM images of the different GBN are shown in Figure 3.2. The lateral size of the different GBN

given by the manufacturer in the datasheet corresponded to the size measured by SEM.

Figure 3.2. SEM images of the different GBN: G (a), GO (b) and GoxNP (c).

3.1.3. Reagents

In addition to resins and GBN, some chemical reagents were used to prepare the samples and to

carry out some tests:

Isopropyl alcohol (IPA) supplied by PanReac AppliChem (Castellar del Valles, Spain) was

used to clean samples after printing.
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Phosphate buffered saline (PBS) tablets supplied by Sigma Aldrich (UK) was used to carry
out biodegradability tests.

Methyl methacrylate (MMA) supplied by Sigma Aldrich (UK) was used to reduce acrylic

resin viscosity and to improve the dispersion of GBN.

Industrial methylated spirit (IMS) supplied by Fisher Scientific (UK) and diluted to 70% was

used to clean and sterilized samples in cell culture lab.

Minimum essential medium eagle (MEM) alpha modification, with sodium bicarbonate,
without L-glutamine, ribonucleosides and desoxyribonucleosis supplied by Sigma Aldrich

(UK) was used to prepare cell media.

Fetal bovine serum (FBS) supplied by Biosera (Nuaille, France) was added to MEM to prepare

cell media.
L-glutamine supplied by Sigma Aldrich (UK) was the carbon source in the cell media.

Penicillin/streptomycin supplied by Sigma Aldrich (UK) was the last component of cell

media. It was a solution with 10,000 units penicillin and 10 mg streptomycin/mL.

Trypsin-EDTA solution (0.25%) supplied by Sigma Aldrich (UK) was used to collect cells
from the flask. Its function is to detach cells from the surface by attacking proteins.

Dimethyl sulfoxide (DMSO) supplied by Sigma Aldrich (UK) was used to avoid ice crystals

formation during the freezing of cells.

Dubecco’s phosphate buffered saline (DPBS) supplied by Sigma Aldrich (UK) was used to
completely remove media from cell culture flasks.

Resazurin sodium salt (Alamar blue) supplied by BioLegend (San Diego, USA) was used to

evaluate cell viability on the samples surface.
Calcein-AM supplied by Fisher Scientific (UK) was used for the cell viability tests.

Propidium iodide (PI) supplied by Sigma Aldrich (UK) was used for cell viability tests.

Images were taken after staining of samples with Calcein-AM and PI.
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3.2. Experimental Techniques

3.2.1. Dispersion of nanomaterials

To prepare the nanocomposites, different techniques to disperse and mix them with the resin
were used. Here, equipment is presented, but the experimental procedure and the load used will be

explained in the corresponding chapter (Chapter 4).

3.2.1.1. Ultrasonication

One of the methods employed to disperse nanofillers was ultrasonication by probe. In this thesis,
Branson 450 (Branson Ultrasonics Corp., CT., USA) was used. The frequency range applied was 1,985-
2,050 kHz at a 50% amplitude.

Ultrasounds were applied in 10 + 0.5 min intervals - pulses of 10 + 0.5 s on and 30 * 0.5 s off.
Besides, the solution was placed in an ice bath (6 + 2 °C) to avoid the overheating. On-Off cycles were

previously optimized by Paz et al [1] to assure that overheating did not occur.

3.2.1.2. Degassing equipment

After mixing and dispersion, degassing process was carried out in order to avoid the presence of
air in the mixture that could affect to the printing process and the final properties obtained. This

process consisted of two steps:

1) Ultrasounds bath: mixture was placed in an ultrasonic bath (Elmasonic p60h, Elma
Schmidbauer GmbH, Germany) for 15 + 0.5 min.

2) Vacuum application: after US bath, vacuum was applied in a vacuum drying oven (Vaciotem-
T, Selecta, Spain) for 15 + 0.5 min.
3.2.2. Preparation of samples
Samples were prepared by two different methods: compression molding using a hot plates press
and 3D printing.
3.2.2.1. UV lamp

Prior to some tests, samples were subjected to UV exposure. To do that, an UV LED lamp of 358
mW/cm? of light power and 405 nm of wavelength, supplied by Sovol (Shenzhen, Guangdong, China)

was used.

3.2.2.2. Hot Plates Press

To obtain samples by compression molding, Fontijne LabEcon 300 (Fontijne Grotnes B.V.,
Vlaardingen, The Netherlands) was used. Liquid resin was poured into a silicone mold with dog bone
shape and it was placed between two aluminum plates to assure the same pressure on the mold
surface. Pressure was set at 1.8 MPa to avoid the break of the mold and temperature was set at 160°C

to the acrylic resin.

Development of nanomaterial based scaffolds for bone tissue regeneration



3. Materials and Techniques

3.2.2.3. SLA Printer

Acrylic resin samples were printed with SLA printer Form 2 (Formlabs, Somerville, MA, USA).
The layer thickness was set at 100, 50 or 25 um, depending on the experiment, and the exposure time
was adjusted depending on the sample. G do not allow to obtain printed structures using the same
exposure time than R. For that reason, for samples R+G, exposure time was increased by 8.9 %, which

is the exposure time for standard black resin.

3.2.2.4. Postprocessing of printed samples

Cleaning
After printing, samples needed to be cleaned with Isopropyl Alcohol (IPA) in FormWash
(Formlabs, Somerville, MA, USA) equipment. It consists of a tank full of IPA where ultrasounds are

applied to improve the cleaning of the samples. The time inside FormWash was optimized.

Post-curing

After cleaning, SLA printed samples were subjected to a postcuring process in FormCure
chamber (Formlabs, Somerville, MA, USA). In this chamber, heat and UV is applied to finish the
polymerization process that has been started in the printer. Manufacturers of Acrylic resin

recommended to carry out this post-treatment.

Annealing

Annealing of printed samples was explored to release internal stresses and improve mechanical
properties. Annealing was carried out in the drying oven (Vaciotem-T, Selecta, Spain) at atmospheric

pressure and 100°C for 12 hours, as recommended by Manapat et al [2].

3.2.3. Jacobs’ working curve

Jacobs” working curve was used to analyze the behavior of light when it penetrated inside the
resin. It gave information about the penetration of light and the energy needed to polymerize the
liquid resin. The power of light decreased when depth increased, following a Beer-Lambert

relationship (Eq. 3.1):
P,=P,-e%Pv (3.1)

Where Po and P: is the power of light (mW/cm?) at the surface and at some depth z, respectively,
and Dy is the depth where the penetrating light intensity falls 1/e of Po. Writing Eq. 3.1 in terms of

energy instead of power, Jacobs” working curve equation (Eq. 3.2) is obtained [3].

E
Cq=D, In [E—O] (3.2)
c

Being Ca the cured depth, Eo the energy of the light at the surface and E. the “critical” energy
needed to start the polymerization.
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Liquid mixtures were placed in small trays and the UV lamp was placed at 45 mm from the resin
surface. Cured surfaces were cleaned with IPA in the FormWash for 3 minutes and, once cleaned, the
thickness was measured with a caliper with a precision of 0.01 mm. Exposure time was 3, 5, 10 and
15 s. At least, six measurements were done for each sample and they were averaged. In all cases, the

coefficients of determination (R?) of the regression line were higher than 0.99.

The power (Po) of the UV lamp used was 358 mW/cm? From this known information, it was

possible to calculate the energy for different exposure times (Eq. 3.3).

E0=P0't (33)

From Jacobs’” working curve equation (Eq. 3.2), if Ca vs In(Eo) was plotted, it was possible to obtain
Dp and Ec. Dy corresponded with the slope of the line, whilst Ec was calculated from the intersection

with x-axis, knowing that it was plotted as the natural logarithm.

Another useful parameter was the volume efficiency, yv. It was used to evaluate the effectiveness
of the polymerization, and it could be calculated from the parameters previously introduced
following Eq. 3.4 [4]:

<

Yv =% (34)

o

3.2.4. Thermal characterization

To carry out the thermal studies, i.e. polymerization degree, glass transition temperatures,
polymerization kinetics and thermal conductivity, DSC 882e Mettler Toledo (Greifensee,
Switzerland) and STARe software (Mettler Toledo, Greifensee, Switzerland) were used. Samples were
placed into aluminum crucibles with a capacity of 40 pL and 50 pm hole in the lid. In all tests, nitrogen

was used as the purge gas and was delivered at a rate of 80 mL/min.

3.2.4.1. Thermal and UV polymerization

Thermal polymerization of pristine (R) and reinforced (R+G, R+GO and R+GoxNP) resin was
studied with a heating ramp from 20°C to 250°C at 10°C/min. Three tests of each sample were
performed and the DSC thermogram of heat flow vs. polymerisation time was obtained.

To study the UV polymerization process and the effect that nanofillers could have on the UV
polymerization degree, three samples of the pristine and the reinforced resin were cured inside the
Form Cure chamber for different exposure times. The wavelength used for the UV cure was 405 nm,
the same value than during the printing of the samples. After UV exposition, DSC analysis was
carried out to the samples with a heating ramp from 20°C to 250°C at 10°C/min to complete the cure

of the samples.

3.2.4.2. Polymerization kinetics

A drop of 15-20 mg was placed in the DSC crucible and scans from 20 to 250 °C at three different

rates (5, 10 and 20 °C/min) were carried out. Activation energy (Ea) of the polymerization process was
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evaluated by model free kinetic (MFK) method, applied with STARe Software. Firstly, conversion
degrees () were calculated from the curves obtained at the three different rates. From these values,

Ea was calculated as a function of a.

It is important to highlight that activation energy calculated by MFK method changes with the
extent of the polymerization. Therefore, it is possible to distinguish between the different stages of
the polymerization reaction. Finally, MFK allows to simulate isothermal conditions to obtain the

needed time to cure the sample at different temperatures.

3.2.4.3. Glass transition temperature

A scan from 20 to 200 °C was carried out at 20 °C/min. Ty was read in the second scan to have the
thermal history erased. It was calculated as the midpoint of the step of the base line through

endothermal direction.

3.2.4.4. Thermal conductivity

Thermal conductivity (A) was measured by means of DSC following the procedure proposed by
Hakvoort et al. [5]. As pure metal, gallium was used and silicone oil was applied to improve the
contact with the sample, which was cut into cylinders with a height between 1 and 2 mm, and a

diameter of 6 mm.

The DSC scan was from 28 to 38 C at 0.5 °C/min, followed by cooling to -5 °C at 10 °C/min to
ensure the solidification of the gallium after each measurement. It was calculated according to Eq.
3.5:

A= ! h 3.5
- A (')

1 1
(555
where Sc and Ss are the slopes of the linear side of the melting peak obtained from the heat flow

vs. temperature curves for gallium and the sample, respectively; h is the height of the sample, and A,

its area.

3.2.5. Physico-Chemical Analysis

To analyze the chemical structure and the interaction with light of resins and their

nanocomposites, some techniques were used.

3.2.5.1. Fourier-Transform Infrared Spectroscopy

Infrared spectra were obtained with a Tensor27 Fourier-Transform Infrared (FTIR) spectrometer
from Bruker (Bruker Optik GmbH, Madrid, Spain), with attenuated total reflectance (ATR) technique.
DuraSample Diamond accessory formed by a 0.5 mm diameter diamond embedded in a ZnSe crystal
was used. The ratio signal-to-noise is better than 8000:1 (5.4 x 10-° noise absorbance). Spectra were
recorded with a resolution of 4 cm™ from 4000 to 400 cm ! by taking 32 scans.
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Polymerization degree (X) was calculated analyzing the peaks at 1733 and 810 cm?,
corresponding to C=O and C=C, respectively, and using Eq 3.6. Liquid is the intensity of the peak in the
corresponding liquid resin.

Io— Liouid c=
X=|1- c=C .llquldCO

-100 (3.6)
Iliquid c=C IC=O

3.2.5.2. UV-vis Spectrophotometry

Absorbance of the different samples at wavelength of 405 nm was measured by UV-Vis
spectroscopy using a Cary 4000 UV-Vis spectrophotometer (Agilent Technologies, Santa Clara, CA,
USA). Resin sample was used as reference to study the absorbance of the nanofillers.
3.2.5.3. Nuclear Magnetic Resonance (NMR)

The samples were all ran in deuterated water (D20) on a Bruker Avance-NEO-400 spectrometer
in D20 at 298 K. Samples were left in D20 for at least 24 hours before testing.

3.2.5.4. Viscosity

Viscosity was measured using a rotational viscometer Fungilab Smart Serie (Fungilab, Barcelona,
Spain). The measurements were made using a R3 stainless steel spindle at a rotation speed of 100

rpm.

3.2.5.5. Wettability

To determine water contact angle, Dataphysics OCA15 plus goniometer and SCA20 software
(DataPhysics Instruments GmbH, Filderstandt, Germany) were used. Drops of 3 uL of deionized

water were used to determine contact angle.

3.2.5.6. Density

Density was obtained applying Archimedes' Principle with the Density Kit (Mettler Toledo,
Greifensee, Switzerland). The solid was weighed in air (A) and then again (B) in the auxiliary liquid
with a known density (distilled water). The density of the solid (d) can be calculated with the Eq. 3.7:

A

Where do is the density of the auxiliary liquid, 0.99777 g/cm? at 22°C, and d. is the density of air,
0.0012 g/cm?.

3.2.6. Micro- and nanoscopic surface analysis

3.2.6.1. Dimensional stability

The effect of the nanofillers on printability and dimensional stability was studied by 3D printing

cube samples containing holes of different geometric shapes (i.e., circular and square holes) on their
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faces in order to determine if the addition of nanoparticles influenced the quality and accuracy of the
3D printed samples. The measurement of the images obtained with the optical microscope was
completed with GIMP 2.10.12 software. The background of the image was removed and it was
transformed into a binary image. The difference image with the reference (CAD file) was obtained

and black and white pixels were counted. Accuracy was obtained using Eq. 3.8 [6]:

Black pixels

05 A = .
% Accuracy Black pixels + White pixels

100 (3.8)

3.2.6.2. Optical microscopy

To obtain micrographs, Olympus DSX1000 digital microscope (Olympus, Shinjuku, Tokyo,

Japan) was used. To observe GBN in the resin matrix, in some cases, polarized light was used.

Besides, this microscope allows to measure roughness of the surfaces with a cut-off of 600 pm.
To carry out the measurements, 10x zoom and bright field were used. At least 6 measurements at

random directions were done in each sample.
3.2.6.3. Scanning Electron Microscopy
Images of the different GBN and the surfaces were taken by TENEO-LoVac (Eindhoven,
Nederland) Field-Emission Scanning Electron Microscope (FE-SEM).
3.2.6.4. Nanoindentation

Nanoindentation measurements were done with Hysitron TI Premier Nanoindenter (Bruker,
Dublin, Ireland). A Berkovich tip with a 50 nm of radius was used to carry out these tests. The loading
function of nanoindentation is shown in Figure 3.3. It is a trapezoidal loading function with loading

and unloading times fixed at 5 s and a holding time at peak load (2400 uN) for 2 s.

3000

Load (puN)
5 & B
s 8 8

(o)
o
)

o

01 2 3 4 5 6 7 8 9 1011 12

Time (s)

Figure 3.3. Cycle of nanoindentation.

Samples used to carry out these tests were parallelepiped of 20x20x5 mm printed with different
layer thickness: 100, 50 and 25 pm.
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From these measurements, stiffness, hardness and Young's modulus of the samples were

obtained and related with polymerization degree.

Stiffness (S) is the derivative of the load (P) with respect to indentation depth (h) in the initial

unloading curve. From this value, reduced Young’s modulus (E:) is calculated following Eq. 3.9.

R
" 2pA;

Where Acis the contact area, and {3 is a constant that depends on probe tip geometry.

S (3.9)

Besides, hardness (H) was calculated from maximum load (Pmax) and the contact area (Eq. 3.10).

Pmax
H=—— 3.10
» (310)

Prior to indentation, a delay of 1000 s was introduced to avoid artefacts related to inertia of tip

motion.

3.2.7. Mechanical Analysis

To evaluate the mechanical performance of the obtained samples, different tests were carried out:

hardness, tensile and dynamic mechanical thermal analysis.

3.2.7.1. Hardness

Shore D hardness tester (Bareiss GmbH, Berlin, Germany) was used for hardness measurements,
applying 50 N, following the standard UNE-EN ISO 868:2003 [7]. At least, four measurements were

taken for each sample.

3.2.7.2. Tensile properties

Standard dog bone samples 1BA from ISO 527-2:2012 [8] were printed and obtained by molding.
Tests were conducted using a Universal Testing Machine IBTH/500 (Ibertest, Madrid, Spain) with a

load cell of 5 kN, operating at a crosshead speed of 3 mm/min.
3.2.7.3. Dynamic Mechanical Thermal Analysis (DMTA)

Dynamic mechanical thermal characterization (DMTA, TA instrument Q800) was performed
with printed rectangular specimens (15.3 x 5.0 x 1.4 mm) in tension mode in a temperature range of

30-225 °C, at a single frequency of 1 Hz and a heating rate of 2 °C/min.

With the data obtained from DMTA, it was possible to calculate the molecular weight between
crosslinks in a thermosetting resin. Firstly, storage modulus had to be measured within the rubbery
plateau region (E’rubery) and, from that value and applying Eq. 3.11, molecular weight between

crosslinks (Mc) could be calculated:
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_R-T-d

c =

: (3.11)
E rubbery

Where R is the universal gas constant, T is the absolute temperature at which the modulus was
calculated (448 K) and d is the density of the polymer.

3.2.8. Biological Analysis

3.2.8.1. Basal culture media

Basal media without further enrichment was used as the selected medium for cell culture
comprised of MEM with 10% of FBS and supplemented with 1% penicillin/streptomycin, and 0.5 g/L

L-glutamine was used as the medium for cell culture.

3.2.8.2. Sterilization of samples

To carry out cellular studies, it was necessary to sterilize all the samples. The sterilization process

was carried out in two steps:
1) Cleaning with Industrial Methylated Spirit (IMS) 70% for 10 minutes in an ultrasonic bath.
2) UV exposure for 20 minutes inside the fume hood.

As control samples, polyester plastic coverslips (ThermoFisher, D13 mm) were used in all the
tests.

3.2.8.3. Cell culture preparation

Mouse osteoblastic precursor cell line (MC3T3-E1, P26) was used to evaluate cell response. First,
the retrieval of cells from -80°C was carried our in a water bath at 37°C. Cells were stored with DMSO,
which had to be removed by centrifugation (1500 rpm for 5 min). Media was added and cells were
transferred to a 175 cm? cell culture flask and incubated at 37°C and 5% CO.. Cells were regularly

checked under inverted microscope for growth rate, signs of infection or differentiation.

Every 2 days, media was changed until confluence was around 80%. When it happened, cells
were expanded into more flasks until the amount needed was achieved. To expand cells, trypsin was
used to detach cells from the flask surface and they were split in different flasks after trypsin removal
by centrifugation (1500 rpm for 5 min). Cell counting was done in a haemotocytometer (Marienfeld
Superior, Germany) to know the cell concentration and carry out the adequate dilution.

3.2.8.4. Cell viability

Samples used for these tests were disks of 10 mm of diameter and 4 mm thickness. In the case of
acrylic resin samples, they were printed, cleaned in IPA for 3 min and postcured with UV at 80°C for

90 min and, in the case of PLA and its nanocomposites, they were cleaned in IPA for 5 min.

After sterilization, samples were placed in 24 well-plates (suspension plates) and they were

inoculated with 20,000 osteoblastic cells and incubated for 30 min to allow initial cell adhesion to the
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surface. Subsequently, 1 mL of culture media was added and cells were cultured for different times

(1, 3 and 7 days) at 37°C and 5% COz. Two different tests were carried out with these samples:

1) Live/dead staining: two samples for condition was washed with DPBS and stained with 100
uL of calcein-AM and PI solution (1.5 pL of calcein-AM and 10 pL of PI in 1 mL of DPBS).

They were incubated for 30 minutes and images were taken with a microscope imaging

system (EVOS M5000, Thermo Scientific). Live cells were stained in green and dead cells in
red.

2) Alamar Blue: this test detects cellular metabolic activity and is based on the incorporation of
an oxidoreduction (REDOX) indicator that shows color change in response to aerobic
respiration, which lead to a chemical reduction of the culture medium. The equivalent to 10%
of the medium volume of Alamar Blue solution was added together with the culture medium.
After 4 hours of incubation, 100 pL were transferred to a 96-well plate. A TECAN Spark plate
reader (Tecan Trading AG, Switzerland) at a wavelength of 560 nm excitation and 590 nm
emission was used to determine fluorescence and absorbance at 570 nm was measured with
the same equipment. Three measurements were done for each of the three samples for each
condition.

3.2.8.5. Elusion tests

The objective of these tests was to analyze the cytotoxicity of possible leaching components
(residual monomer, photoinitiator, additives, etc). To carry out the tests, the procedure is the

following:
1) Sterilize the samples.
2) Ina24 well-plate, add ImL of fresh media in contact with 4 samples for each condition.
3) Two different ways to obtain the media were explored:
a. Use 3 different samples, one for each time slot (24, 48 and 72 hours).
b. Use the same sample, changing the media each day until 3 days:
i. 24-1: collect eluate after 24h of incubation
ii. 24-2: removed old media, add fresh media and collect it after 24 h
iii. 24-3: 24h after 2 washes.

From these tests, it is possible to know if the component that is released from the

sample can be removed.
4) Freeze the collected media.

5) Seed cells in a 96 well-plate (culture plates) with a population of 5,000 cells/well, with fresh

media.

6) Incubate for 24 hours at 37°C and 5% CO..
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7) Change the media for the eluates previously collected.
8) Incubate for 24 hours at 37°C and 5% CQO..

9) Carry out Live/Dead tests.

3.2.9. Statistical Analysis

The results were also evaluated for statistical significance using a one-way analysis of variance
(ANOVA) test with a post-hoc Scheffe’s test (SPSS 20.0 for Windows; IBM SPSS, USA). A p-value

lower than 0.05 was indicative of statistical significance.
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4. Dispersion of GBN: Effect on Polymerization, Printability and Mechanical Properties

The objective of this chapter was to explain the importance of the research presented in this thesis.
For this, the effect of the GBN on the different properties of the selected photocurable resin were
thoroughly studied.

Firstly, to succeed on the manufacturing of samples by SLA, the study of the effect of GBN on
printability was necessary, since the presence of GBN change the properties of the resin and may
affect its polymerization reaction and, therefore, its printability. Once a good printability was
obtained with all the nanofillers, mechanical properties of printed structures were studied. From the
obtained results, we realized that a deeper study regarding the polymerization process was necessary

and, therefore, polymerization kinetics were carried out (Chapter 5).

This chapter is divided into four sections. The first one is a brief introduction. In the second
section, the polymerization reaction of the GBN-reinforced resin was analyzed, then printability was
studied. These studies (polymerization and printability) were done with GBN dispersed directly in
the resin. However, in view of the results, dispersibility was improved with MMA and finally,

mechanical properties of tensile samples with MMA were explored.

Most of the content of this chapter was published in [1].

4.1. Introduction

As explained in Chapter 2, Graphene (G) presents properties that makes its use of very interest
in many fields. These properties include high surface area, superior mechanical properties, thermal
and electrical conductivity, excellent intrinsic carrier mobility and barrier properties [2,3], to mention
some of them. The main limitation of G is its difficulty to be manufactured at scale and its tendency
to form agglomerates when being dispersed within a solution [4]. Generally, other G-based
nanomaterials, such as graphene oxide (GO) or graphite nanoplatelets (GoxNP), present lower
properties than G (in terms of mechanical or electrical properties), but they demonstrate the ability to

be manufactured at scale and also can be dispersed more easily in a solution.

To achieve the advantages that nanomaterials offer, it is important to obtain a good dispersion
within the matrix materials. Many methods have been investigated to improve the GBN dispersion
within the matrix materials and reduce the incidence of agglomerate formation. In order to achieve a
good dispersion, it is important to pay particular attention to the methods used for mixing and

dispersion, and also chemical functionalization of the GBN.

In terms of mixing and dispersion, techniques like sonication using a soniprobe [5,6] or bath [7],
high-shear mixing [8], high-speed disk [9] and calendering processes [10,11] have been commonly
applied. When the resin viscosity is too high then ultrasonic or mechanical mixing cannot be applied
successfully, therefore it is necessary to reduce the resin viscosity. For this purpose, different solvents
have been used, e.g. THF [6], acetone [5,12], isopropanol [7] and water [13]. To improve GBN
dispersion, chemical functionalization like polymer grafting [6], self-assembly functionalization [12]

and the use of dispersants [13,14] have also successfully applied.
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In Vat Photopolymerization technologies, the polymerization of the resin occurs directly during
the printing process. Therefore, when a solvent is added to improve dispersion of GBN, it has to be
properly removed. If there are traces of solvent in the mixture, it can lead to a reduction in mechanical
properties since it can affect polymerization process impeding the crosslinking [15,16]. An alternative
for the use of solvents is the dispersion of GBN into the liquid with low-viscosity monomers before
curing [17,18].

Currently, GBN have been introduced to AM technology with respect to the fabrication of SLA
printed constructs. In terms of Biomedical Engineering applications, GBN have been reported to offer
enhanced mechanical properties [15,19-21], promoted cell differentiation [22], and increased
hydrophilicity and subsequently improved cell adhesion [23].

However, with respect to SLA and LCD techniques, there is currently a lack of knowledge about
the influence of GBNs on the polymerization reaction, but some issues relating to delamination [24]
and a reduction in maximum curable thickness per scan [25] have been reported when GBNs have
been incorporated into photocurable resins. With the addition of nanomaterials into the resin, a
competition takes place in terms of light absorption between the photoinitiator and the nanomaterial.

Usually, this competition leads to a less effective UV polymerization process.

Nanomaterials may influence the UV polymerization reaction due to changes in optical
properties, which results in variations in absorbance or transmittance of the resin [26,27]. They also
can act as light scattering and shielding centers [28]. Besides, the polymerization reaction may be
affected by the nanomaterial [29,30] if they act as chain transfer agents, thereby inhibiting polymer
chain growth [21], or as free radical scavengers that reduce the extent of polymerization reaction
[31,32].

These possible effects on polymerization reaction make a study investigating the influence of
nanomaterials on the polymerization reaction of photocurable resins of great importance, especially
in the context of efficacious 3D printing, as these modifications can affect printability and the
practicality of a particular 3D printing technique. These effect depends on many factors, e.g. type and
specific surface area of the nanomaterial — the latter factor affects the extents of shielding, which can

affect the degree of polymerization [33].
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4.2. Effect of GBN on polymerization of acrylic resin

4.2.1. Experimental Methodology

Chapter 3 provides all the details regarding the methodology used in all the experimentation
stages. In this section, particularities of experimental methodology that only applies to this chapter

are exposed.

Polymer resin blends containing 0.1 wt.% of each GBN were prepared and homogenously mixed
to ensure the full dispersion of the nanomaterial. The wt.%. of nanomaterial used was based on a
previous study [18], which reported that 0.1 wt% of G and GO demonstrated significant
improvement in mechanical performance when incorporated into an acrylic-based resin for

orthopaedic applications.

Base resin (R) and resin with the different nanofillers (R+G, R+GO and R+GoxNP) were studied
in this chapter. The method used to disperse the nanofillers in the resin was via sonication for 30 + 0.5

min. Degassing process was carried out after the sonication, as described in Section 3.2.1.2.

The extent of the polymerization reaction of the resin and the effect of nanofiller incorporation
was determined using Differential Scanning Calorimetry (DSC), testing at least three samples per
condition. The acrylic resin can cure via two different mechanisms (or a combination of both): (1)
thermal polymerization — by the application of temperature, (2) Ultraviolet (UV) polymerization — by
the application of UV light at 405 nm wavelength.

To determine the effect of nanofiller incorporation on these mechanisms, two different DSC tests,
already explained in Section 3.2.4.1., were performed: (1) Thermal polymerization: from these tests,
the effect of nanofillers on Thermal Polymerization Energy (Etta) and Polymerization Temperature
was studied. The Ewta expressed in J/g was determined as the area under the heat flow versus
polymerisation time curve. (2) UV polymerization: the degree of UV polymerization was studied by
subjecting the sample to different exposure times and completing the cure by thermal energy. In this
scan a first peak appeared due to the crystallization or crosslinking of the UV-cured resin. The area
of this peak will be referred to as Euv. By knowing the total energy for thermal polymerization (Etwotal)
and the energy needed to complete polymerization after UV (Ei), polymerization degree due to UV
radiation may be calculated (Eq. 4.1).

- Etotar — Etc
Polymerization degree (%) = —— - 100 4.1)
Etotal
FTIR spectra at different UV polymerization times, prepared as previously explained, were
normalised from the peak of -CHs symmetric stretching (1,375 cm™), and the polymerization process
was followed by observing the reduction of the C=C peak (1,636 cm™) [34]. These peaks were selected
because -CHsdid not change during the polymerization process, and C=C was the bond that changes
during this process. Furthermore, Shore D hardness was measured for samples as a function of

different UV exposure times.
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4.2.2. Results

In this section, results are exposed, but they will be discussed in depth in the following section.

4.2.2.1. Thermal polymerization

It can be noted that the required energy (Etwwi), calculated by measuring the area under the
polymerization peak (Figure 4.1), is similar for all material formulations investigated, being all the
values in the range from 21.2 to 22.0 J/g. Peak temperatures (polymerization temperatures) are
between 179-185 °C, being the values also similar for all resins (Table 4.1). A small shoulder appeared
around 120°C, which could correspond to a glass transition. A possible explanation could be that a
small part of the resin was polymerized during the sonication process, but it was negligible. The most
marked glass transition was found for R+GO sample, probably because of the catalysis effect that was
found in Chapter 5.

Table 4.1. Polymerization energy (mean value + SD) and Polymerization temperature (mean value + SD) of
R, R+G, R+GO, R+GoxNP.

Material Type Polymerization energy (J-g) Polymerization temperature (°C)
R 22.0+23 179+ 3
R+G 21.6+1.8 183 +2
R+GO 21.2+1.6 185+ 4
R+GoxNP 21.6+2.2 179+3
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Figure 4.1. DSC thermograms of R, R+G, R+GO, R+GoxNP.

4.2.2.2. UV polymerization

DSC and FTIR analysis

To compare the effect of applying different UV-light times during resin polymerization and as
example, base resin DSC curves are shown in Figure 4.2. It can be observed that, when samples are
irradiated with UV light, DSC curves show two exothermic peaks, the first one was between 70-84
°C, and the second one between 146-166 °C, depending on the UV exposure time. To the best of our
knowledge, there were no similar studies using photocurable polymers, however, Vicard et al. [35]
reported DSC curves of polymerization-crystallization process of polyamides. They reported a first
exothermic peak of polymerization, followed by another exothermic peak that corresponds to the
crystallization of the polymer formed in the previous peak. In the case of the resin used in this study,
it was a thermosetting polymer, which could not crystallize. The process that the cured resin could

carry out was crosslinking.

In this study, there was some cured polymer from the beginning of the DSC test due to the
previous UV exposition (DSC curves were obtained after the UV radiation; then, samples were
already pre-polymerized when DSC experiments began). Therefore, the first peak could be assigned
to the crosslinking of the UV cured polymer (UV-peak), whilst the second peak could be due to the

thermal polymerization of the non-UV polymerized resin (thermal-peak).
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Figure 4.2. DSC thermograms of R as a function of different times of UV polymerization.

For all material types investigated, the same trend was observed in relation with these two
exothermic peaks and the increase in the UV exposure time. The first peak increases with UV time
due to the increment of cured polymer by photopolymerization — the greater the UV-cured polymer,
the greater the necessary energy to crosslink it when temperature was applied. In contrast, as
expected, the peak of the thermal polymerization decreased as a function of UV time — the greater the
UV-cured polymer, the lower the remaining uncured polymer. When it is exposed to ultraviolet
radiation for 30 min, UV-polymerization of the resin is completed and, therefore, the peak of thermal

polymerization disappears.

Table 4.2 summarises DSC energies obtained from DSC thermograms for each measured time
and each nanofiller. It can be observed that at 0 min, all the samples showed similar behavior — non
UV-peak and a similar thermal peak with an energy about 21-22 J/g. However, for low UV exposure
times (1 min), when the nanocomposites are compared to R, it was observed that all nanofillers
reduced the extent of UV polymerization, with Euv lower than 3 J/g whilst R reached 11.3 J/g. From 5
min, this reduction was only found on the addition of G and GoxNP, being the energies of R+GO
similar than R. Finally, for longer times (20 min) R+G was the only material type that showed
differences compared to R. The sum of Euv + E« was constant, with some differences inside the

deviation of the energy measurements.
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Table 4.2. Mean DSC energies (]-g'") of R, R+G, R+GO, R+GoxNP.

R R+G R+GO R + GoxNP

min Euv E Euv E Euv Ex Euv Ex
0 0.0 22.0 0.0 21.6 0.0 212 0.0 21.6
1 11.3 15.9 1.3 234 2.8 222 22 243
5 18.1 15 13.2 9.7 17,5 2.3 11.9 9.6
10 18.3 15 15.8 48 18.0 2.1 18.6 4.0
20 22.9 0.7 17.9 2.8 19.7 0.0 21.0 1.1

FTIR spectrum of uncured resin is shown in Figure 4.3. Peaks corresponding to an acrylic resin

are observed in the spectra. Alkyl groups are found as two peaks in the range of 2870-2950 cm-! [36],
whilst the bonds C=0O, C-O and -C-C(=0)-O- of ester group appear at 1707, 1636 and 1165 cm’,
respectively [37].

Using FTIR analysis, the polymerization process can be followed as the polymerization occurs
by the opening of C=C bond at 1637 cm [34]. The detail of the decreasing of this peak with the UV

exposure time for R is shown in Figure 4.4. It can be seen how it decreases as the UV polymerization

time increases, until its disappearance at 30 min, when the polymer is completely cured. This

complete polymerization time is in accordance with the DSC results previously discussed.
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Figure 4.3. FTIR spectra of uncured R.
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Figure 4.4. FTIR spectra of C=C peak (1637 cm™) of R with different times of UV exposure.

To determine the effect that the nanofillers addition has over the UV polymerization process,
DSC and FTIR results were compared for all samples at the same UV exposure time. Figure 4.5 shows
the effect of the different nanofillers for 5 min of polymerization on the DSC thermograms. The first
peak, located between 70 and 80°C, as commented above, was due to the crystallization of the
polymer cured by UV. The higher the UV polymerization degree, the greater was this crystallization
peak. It can be seen how G and GoxNP presence reduced the area of this peak, which suggests that
for the same UV exposure time, the UV polymerization degree was lower in the case of these

nanofillers.

The second peak (150 — 160°C) corresponded to the thermal polymerization process of the
uncured polymer. Obviously, when the first peak increased, this second peak decreased because the
remaining unpolymerized resin decreased. In this case, G and GoxNP showed higher peaks than R

and R+GO, confirming the lower UV polymerization degree.
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Figure 4.5. DSC thermograms of R, R+G, R+GO, R+GoxNP after 5 min of UV cure.

When FTIR spectra were compared, the same tendency was observed. By studying the C=C peak
at 1637 cm™ (Figure 4.6), it is possible to compare the polymerization degree, which is more advanced

when the peak is less intense.

The FTIR results showed that R+G and R+GoxNP followed the same trend when compared to

the observed DSC data, after 5 minutes of UV exposure, their polymerization degree was lower than

in the case of the base resin and R+GO.
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Figure 4.6. FTIR spectra of C=C peak (1637 cm-1) of R, R+G, R+GO, R+GoxNP after 5 minutes of UV cure.
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Figure 4.7 showed the polymerization degree due to the UV exposure (Eq. 4.1) and data
presented in Table 4.2, at different exposure times. It can be seen how GO retarded the polymerization

process for short UV times; however, from 5 min of UV exposure the polymerization degree was
similar to R.

On the other hand, R+G and R+GoxNP showed similar tendencies regarding the evolution of
polymerization degree with time. The presence of these nanofillers showed a higher impact on the
degree of polymerization when compared to GO, especially for relatively medium and long periods.

They affect the process, achieving lower polymerization degrees than the initial resin, this effect was
especially notable in the case of G.

R R+G R+GO R + GoxNP
100

80 4 =

60 F—

Polymerization degree (%)

0 5 10 15 20

UV curing time (min)

Figure 4.7. Polymerization degree vs UV polymerization time of R, R+G, R+GO, R+GoxNP.

Hardness tests

Table 4.3 shows changes in hardness as a function of UV polymerization time for the different
nanocomposites. In all cases, hardness increased with time, showing the polymerization process
advance. The trend observed in the hardness was similar to the obtained data from the DSC and FTIR
analysis, the addition of G and GoxNP influenced the polymerization process of the resin; they did
not allow the resin to cure completely. Therefore, Shore D hardness was lower for these GBN. Whilst
hardness value of R was 82 after 60 min of exposure time, R+G and R+GoxNP were 67 and 71,

respectively. However, GO did not change the polymerization degree of resin — with a Shore D
hardness of 81 after 60 min.
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Table 4.3. Shore D Hardness of R, R+G, R+GO, R+GoxNP with different UV polymerization time.

R R+G R+GO R+GoxNP
5 min 71+1a 43 +2° 76 £ 23 53 + 4¢
10 min 79 £1a 54 +3b 79 £ 23 65+ 2¢
20 min 81+12 63 + 3P 79 £ 23 69 + 2¢
60 min 82 + 22 67 +1° 81+12 71 £2b

abeValues with different letters are significantly different (p < 0.05). ANOVA analysis was made for each time

but different times are not compared between them.
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4.3. Effect of GBN on printability of acrylic resin

4.3.1. Experimental Methodology

One of the most important parameters that need to be controlled to assure good printability is
viscosity. The viscosity was measured at 31°C, the printing temperature. At least three measurements
were conducted for each sample. Viscosity has a relation with dispersion and free volume of the
polymers. These two parameters also present a high effect on Ty and thermal conductivity. Therefore,
with Ty and thermal conductivity measurements it was possible to understand the changes in

viscosity and the dispersion of the nanocomposites.

Even with the adequate viscosity, in the printing process the light absorbance of the resin is of
vital importance because light has to reach the photoinitiator to trigger the polymerization reaction.
Besides, the characteristics of the resin (i.e. viscosity, absorbance, homogeneity of the dispersion) can
affect printing quality, which can be determined by dimensional stability. It will be analysed as
exposed in Chapter 3.

Dispersibility of the GBN was observed by optical microscopy on printed samples surface.

Polarized light was used to observe GBN agglomerates.

Wettability measurements can give information about layers adhesion since polymerized layer
has to be wetted by liquid resin to obtain adequate adhesion between the polymerized layer and the
new one. Hydrophilicity was studied by measuring the contact angle of water on the sample surface
at room temperature (20°C). At least ten contact angles were measured for each sample. Finally,

surface roughness of each 3D printed sample was measured following the procedure of Chapter 3.
4.3.2. Results

4.3.2.1. Characterization before printing

After the study of the effect of GBN before printing, it is important to analyse the characteristics
of liquid resin: viscosity and light absorbance. They can give information about possible problems

that could occur during the printing process.

It is observed that, in comparison with R, the incorporation of G produced a marked decrease of
the viscosity (59.1 %); on the contrary, the incorporation of GO and GoxNP showed a slight increase
by 18.2 and 25 %, respectively (Table 4.4). These differences are not statistically significant; however,
significant differences (p-value < 0.05) were found between R+G viscosity and R+GO/R+GoxNP

viscosity.

The reduction of viscosity could be due to an increase in free volume generated around the
nanoparticles [38]. To corroborate this hypothesis, Ts measurements were completed. It was observed
that the addition of G significantly reduced the Tg value, from 106 °C to 73 °C, which suggested an
increase in free volume. However, GO and GoxNP showed similar Tg than R (Table 4.4).
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Table 4.4. Viscosity (mean + SD) and Tg (mean + SD) of R, R+G, R+GO, R+GoxNP.

Material Type Viscosity at 31 °C (Pa-s) Tg (°C)
R 0.44 + 0.022> 106 +3
R+G 0.18 +0.09° 73+4
R+GO 0.52 +0.07° 105+2
R+GoxNP 0.55 + 0.06° 108 +3

abValues with different letters are significantly different (p < 0.05)

To determine if the presence of the nanofillers affects to the UV absorption, the absorbance of the
different uncured samples was measured by means of UV-Vis spectroscopy taking R as a reference.

Wavelength was set at 405 nm, the same that the printer used. Results are shown in Table 4.5.

Table 4.5. Absorbance at wavelength of 405 nm measured by UV-Vis spectroscopy.

Absorbance at 405 nm (a.u.)

R+G 1.43
R+GO 0.32
R+GoxNP 1.10

Measurements were taken using as reference the base R, then absorbance values showed the
difference between the light absorption of R and the resin with the different nanofillers. In general, it
was observed that, in all cases, samples with nanofillers had higher absorbance than R, being
especially noticeable in the case of R+G. These results suggest that G and GoxNP nanoparticles could

be absorbing a significant part of the UV-light that reaches the sample.

4.3.2.2. Printability

Cube samples were printed with the different resins prepared as explained in Chapter 3, an

example of the resultant samples is shown in Figure 4.8.
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Figure 4.8. Printed cubes with (a) R, (b) R+G, (c) R+GO and (d) R+GoxNP.

It can be observed that R+GO and R+GoxNP samples showed good printability, whilst R+G

presented important problems during printing process.

R+GO showed similar polymerization degree that R, therefore, a good printability was expected.
In the case of R+GoxINP, it seems that the slight decrease in polymerization degree showed did not
impede structure formation by 3D printing. However, the effect of G on the UV polymerization of
the resin prevented the structure to be properly formed. This could be due to a decrease in curing
depth, leading to a lack of adhesion between layers when G is present. It could be related with the

retardation in the UV polymerization previously discussed.

To avoid the problem of printability of R+G samples, exposure time was increased by 8.9%. With
this increment in exposure time, printability was not a problem when G is added to the resin.

Dimensional stability of R+G printed samples was carried out with this increase in exposure time.

4.3.2.3. Dimensional stability

Table 4.6 and Table 4.7 show dimensional stability of the different samples. As explained before,
R+G samples were printed with higher exposure time. Difference images — designed geometry versus
printed geometry - were obtained by subtracting the reference image (CAD file) to the binary image,

and these images were used to determine the percentage printing accuracy.

Development of nanomaterial based scaffolds for bone tissue regeneration



4. Dispersion of GBN: Effect on Polymerization, Printability and Mechanical Properties 103

Table 4.6. Accuracy of printed samples with circular holes.

Sample Original image Binary image Difference image % Accuracy

R 98.61 +1.12
R+G 97.32 +1.56
R+GO 96.92 +2.53
R+
98.64 +0.14
GoxNP
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Table 4.7. Accuracy of printed samples with square holes.

Sample Original image Binary image Difference image % Accuracy

R 99.09 +0.31
R+G 97.13+1.02
R+GO 97.92 +0.50
R+
99.11 £ 0.31
GoxNP

Comparing both geometries, it was found that, in all cases except for R+G, the accuracy for
square-shaped geometry was higher than the circular-shaped geometry. Besides, it was noticed that
in comparison with base resin, G and GO reduced slightly printing accuracy, whilst this parameter
was not affected by GoxNP.

4.3.2.4. Dispersibility

Images taken to the different surfaces are shown in Figure 4.9. It can be observed that the best
dispersion is obtained for the sample R+GoxNP. In the case of R+GO some agglomerates can be

observed, being agglomerates more and higher for R+G sample.
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Figure 4.9. GBN dispersion of (a) R+G, (b) R+GO and (c) R+GoxNP. Red circles show GBN agglomerates of
different size.

4.3.2.5. Thermal conductivity

Thermal conductivity measurements were completed to evaluate, together with viscosity, the
nanofiller dispersion. Amongst other parameters (i.e. GBN type, amount), thermal conductivity
decreases with free volume; therefore, it is possible to have information about it through thermal

conductivity measurements.

Figure 4.10 shows the results obtained for the different nanofillers. The addition of GoxINP
slightly increased thermal conductivity, whilst G reduced this parameter. In the case of GO, thermal
conductivity was not affected by this nanoparticle. However, differences found between the

nanocomposites and R were not significant (p-value > 0.05).
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Figure 4.10. Thermal conductivity of R, R+G, R+GO, R+GoxNP.
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4.3.2.6. Wettability

Water contact angle on the different investigated surfaces are presented in Table 4.8. These
measurements could give information about wettability and surface energy, which could affect the

adhesion between layers adhesion and, therefore, printability.

R+GO and R+GoxNP slightly increased hydrophilicity of the resin. There were minor decreases
in contact angle: 4% for R+GO and 6.2% for R+GoxNP. However, R+G showed a subtle increase in
contact angle which means that its hydrophilicity was lower. However, with the deviations that these

values presented, differences were not significant.

Table 4.8. Contact angle (°) of water on sample surface.

R R+G R+GO R+GoxNP

729+1.6 74.0+3.7 70.0+2.7 684 +3.6

4.3.2.7. Roughness

The Ra parameters of roughness of the different samples are shown in Table 4.9.

Table 4.9. Roughness (Ra) of printed samples (um).

R R+G R+GO R+GoxNP

1.90+0.24 2.56 +1.20 2.23+0.53 1.87+£0.48

The obtained results showed that the addition of nanofillers may affect the roughness of 3D
printed samples. These differences of surface roughness are due to the surface finish; the higher the
roughness, the worse the surface finish. Therefore, these measurements were used as an indicator of
the printing quality. Although there were not major differences, it could be observed how the
addition of GoxNP did not affect roughness compared to R, GO addition slightly increased it (17%)
and G showed the highest increase (34%).
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4.4. Effect of GBN on tensile properties of acrylic resin

4.4.1. Experimental methodology

Dispersion of GBN in this case was done in a different way since in the previous section, it was
found that there were many agglomerates. It was thought that the problem could be the high viscosity
of the resin. Therefore, two options were considered to reduce the viscosity and improve the

dispersion:

(i) Addition of acetone to reduce the viscosity and improve the dispersion of GBN in the liquid.
Acetone needs to be properly evaporated after the dispersion because its presence may affect

mechanical properties, even if resin contains only small residues or traces [15,16].

(ii) Addition of methyl methacrylate (MMA) which is also a liquid with low viscosity. MMA does
not need to be removed because in the composition of the resin (Chapter 3) there are already

methacrylate monomers.

To facilitate the dispersion of GBN in the resin, the amount was reduced to 0.05 %wt. The

following procedure was followed:
(i) GBN were dispersed in the solvent via probe ultrasonication for 10 + 0.5 min.

(ii) Resin was added gradually. The volume was doubled in each stage until the whole volume
of resin (300 mL) was added. After each addition of resin, the same sonication cycle was

applied.
(iii) Finally, degasification was undertaken.
(iv)In the case of acetone, evaporation was carried out overnight with magnetic stirring at 35°C.

Prior to add GBN, it is necessary to know if these solvents had effect on the mechanical properties
of the resin. Samples of resin with acetone/MMA were prepared following the same procedure expect

step i. The ratio solvent:resin was 30:100 v/v.

Dog bone samples were printed by SLA with resin and resin with solvents to see the effect of the
solvents on the mechanical properties of the resin. With the best solvent, dog bone samples were
prepared and printed with the different GBN. As seen previously, the mixture R+G needs higher

exposure time.

Dispersibility was studied as previously explained in section 4.3.1.5. Besides, absorbance of the
liquid nanocomposite gives information about the dispersion of the nanomaterials and is related with
printability. Therefore, dispersibility was evaluated by means of optical microscopy and UV

absorbance.
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4.4.2. Results

4.4.2.1. Effect of solvent addition

Firstly, the effect of the solvents in the resin mechanical properties was studied. In Figure 4.11,
the normalized values of tensile strength and Young’s modulus are shown. The values of R were

taken as a reference: 34.5 MPa and 1.3 GPa, respectively.
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Figure 4.11. Effect of acetone and MMA on tensile properties of the resin.

The addition of acetone and MMA had no significant effect on Young’s modulus of the acrlylic-
based resin, with p-values of 0.910 and 0.726, respectively. However, analyzing tensile strength it was
observed that the addition of MMA produced a non-significant (p-value = 0.131) decrease in tensile
strength of 12%. Meanwhile, the tensile strength of the R+Acetone was approx. 70% of the tensile
strength of the resin (p-value = 0.001). This could be due to the presence of small traces of acetone due
to the evaporation process being incomplete or because the acetone degraded or changed the reactant
structure responsible for the polymerization. Considering these results, acetone was discarded as a
solvent to reduce the resin viscosity and only MMA was used to add the GBN. From now on, RtMMA

will be referred to as R’.

4.4.2.2. Effect of GBN addition

After the printing of the dog bone samples, they were tested and the results can be found in
Figure 4.12. The normalized values respect to R has been represented to facilitate the comparison

between the nanocomposites and the resin.
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Figure 4.12. Effect of GBN on tensile properties of the resin.

Unexpectedly, all the GBN produced a reduction on mechanical properties of the resin of around
20%. The highest decrease was found for R+G sample, probably due to the worse dispersion of this
nanofillers in the absence of oxygenated groups than improves dispersibility [4]. However, even in

the case of the nanofilles with these groups (GO and GoxNP), improvements were not found.
4.4.2.3. Dispersibility

In Figure 4.13, images taken with the microscope are shown to have an approximation of the

improvement in dispersion when MMA is added.

Figure 4.13. GBN dispersion of (a) R+G, (b) R+GO and (c) R+GoxNP with the addition of MMA.

When images of Figure 4.9 and Figure 4.13 are compared, an improvement in dispersion can
clearly be seen. Thanks to the reduction of the amount of GBN and the addition of MMA to reduce
the viscosity, the GBN are better dispersed inside the matrix. However, this improvement in
dispersibility is not associated with an improvement in mechanical properties.
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Table 4.10 shows the absorbance of the different mixtures, including the resin with MMA (R’).

Table 4.10. Absorbance of the different samples taking R as a reference.

Absorbance at 405 nm (a.u.)

R’ 0.02
R’+G 1.62
R’+GO 1.00
R’+GoxNP 1.82

The addition of MMA to the resin did not produce a variation on the absorbance of the sample.
However, the addition of GBN produced important changes in this parameter. The addition of
GoxNP showed a more notable increase of the absorbance than G, and the lowest effect was found
for GO.
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4.5. Discussion of the results

In this chapter, the effect of different GBN on the polymerization reaction and the printability of
an acrylic photocurable resin has been demonstrated. It was found that G affected polymerization
degree due to its high light absorption and, therefore, it also affected printability, being needed a
higher exposure time to manufacture printed structures. Conversely, GoxNP did affect
polymerization degree slightly, but it did not difficult the printing process. Finally, GO did not affect
polymerization reaction nor printability of the resin. Although the differences on UV polymerization
and wettability between G and GoxNP are subtle, their impact on the printing performance are highly
notable, due to the differences in light absorbance. R+G showed the highest light absorbance (Table
4.5). Therefore, G absorbs more amount of light (1.43 a.u) than GoxNP (1.10 a.u) and curing depth

could be reduced, which leads to lower interlayer adhesion and worse printability.

Polymerization reaction was studied using DSC, FTIR and Shore D hardness measurements.
First, thermal polymerization was studied to know the effect of GBN on the polymerisation separately
from the effect on UV absorption. Hence, it was demonstrated if nanofillers influence the
polymerization reaction by avoiding the polymer chain growth or terminating the polymerization
process. The obtained results suggested that the incorporation of nanofillers did not influence the
thermal polymerization process. Some studies [31,32] explored the capability of G to act as free radical
scavengers, which, in this study, could result in the capture of free radicals formed during
polymerization leading to a slowdown of this process. However, in this study, GBN did not seem to

impede polymerization reaction acting as free radical scavengers.

In terms of UV polymerization, the results of this study have demonstrated that the incorporation
of GBN has a significant impact on UV polymerization since the presence of these nanoparticles could
affect the UV-Vis light absorption. This effect could decrease the energy caught by the photoinitiator
resulting in a lower polymerization degree. It was more noticeable with the addition of G than GO
and GoxNP, which could be attributed to the darker color of G nanoparticles [39]. The higher the light
absorption, the lower the polymerization degree because the light that actually reaches the
photoinitiator is reduced. G, GO and GoxNP showed different colour and, therefore they hamper the
light absorption of the photoinitiator in different extent. G was the darkest, followed by GoxNP and,
finally GO, with a brownish colour. All of them presented a decrease in polymerization degree at low
exposure times; however, for high exposures times (>5 min) G only achieved 87.3 % compared to 96.7
% of base resin. Conversely, GoxNP achieved a 95% and GO was similar to base resin. It was found
that GBN do not change polymerization energy when this process is done by heat. For this reason, it
seems that when light is not involved in the process, GBN do not affect it. Therefore, the effect that
was found in polymerization degree is not due to GBN inhibiting polymerization, but avoiding light

to reach the photoinitiator.

The extent of the polymerization reaction determined the printability of the samples. If
polymerization degree is not adequate, curing depth decreases, leading to lack of interlayer adhesion.
GO and GoxNP allowed the printing process with the same parameters than base resin, whilst G did

not allow to obtain satisfactory printed structures. This negative effect on the printability suggests
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that the G resin did not present enough polymerization degree to achieve the minimum interlayer
adhesion to obtain a printed structure. This minimum polymerization degree was obtained by

increasing exposure time.

In terms of printing accuracy, GoxNP showed higher accuracy than GO and G, and similar to R.
Besides, the study of surface roughness revealed that the smoothest surface was obtained with
R+GoxNP and it was similar to R. These differences in accuracy could be explained by GBN
dispersion, viscosity results suggested that the dispersibility of GoxNP was slightly better that GO
and significantly higher than G. Perhaps the presence of agglomerates could diffract the light
affecting to the accuracy of the printed cross-section. To the best of our knowledge, this effect has not
been previously reported, however, some studies [40] using other 3D printing technologies found
that functionalized G nanoplatelets did not affected printing accuracy, except when the layer
thickness was high. Besides, this study shows the good accuracy of SLA compared to other 3D
printing techniques. For example, Zhou et al. [41] found a maximum accuracy of 85.68% using

powder-based ink-jet 3D printing.

Results suggest that there was a relation between printability, dimensional stability and
roughness. It was observed that the higher the effect of GBN on printability and dimensional stability,
the higher the surface roughness. In this sense, R+G showed the highest values of roughness and also
the higher dispersion in this value; R+GoxNP had similar roughness than R, and R+GO showed an

intermediate value.

In relation to nanoparticle dispersion, the differences observed between G, GO and GoxNP could
be better understood from a chemical point of view. Both, GO and GoxNP, had oxygenated groups
in their composition. These groups were the responsible for the better interaction between the
nanomaterial and the matrix thanks to the polarity of the nanomaterial, which increases the stability
of the dispersion [42]. It was seen in viscosity, glass transition temperature, and thermal conductivity

measurements.

It has been reported that an increase in viscosity is expected when nanofillers are well-dispersed
since more surface area is available for interaction with the matrix [43]. Therefore, GO and GoxNP
viscosity increase could suggest a homogenous dispersion of the nanofiller, probably improved due
to the presence of the oxygenated groups on their surface. Conversely, the addition of G decreased
the viscosity, suggesting a poor dispersion of these nanoparticles within the polymer matrix. Similar

findings were reported in other studies [38,44,45].

This decrease in the viscosity caused by the nanoparticles addition was attributed to some
physicochemical phenomena. Jain et al. [44] postulated that the decrease in viscosity could be due to
a selective physisorption of the highest molecular weight polymer chains on the nanoparticle surface,
leaving the low molar mass in the surrounding molten matrix. Conversely, Merkel el at. [38]
explained the decrease in viscosity by the excluded free volume induced around the nanoparticles,

which was accompanied by a reduction in the Tg.
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Therefore, since a decrease in Tg of G samples was found, it could be concluded that probably
the addition of G led to a decrease in viscosity due to the excluded free volume induced around the
nanoparticles. In the case of GO and GoxNP, viscosity was higher than R because the dispersion of

them was homogeneous and no changes were found in Tg.

In any case, despite the increase in viscosity observed when some nanofillers were added, the
viscosity is adequate for 3D printing since the values measured are < 5 Pa's, which is the highest

viscosity recommended [21].

In terms of thermal conductivity, it was highly affected by the type of GBN and, for this reason,
the direct comparison could not be done. However, G should present higher thermal conductivity
than the oxidized forms (GO and GoxNP) [46]. Therefore, the study of thermal conductivity led to a
similar conclusion: the slight decrease in thermal conductivity of R+G samples could be due to the

excluded free volume induced due to the presence of agglomerates.

In general, the larger particle size of the nanofillers, the better the exfoliation degree, better
dispersion of nanoparticles and better interfacial connections with the matrix, which leads to an
enhancing in thermal conductivity [47]. Furthermore, it is known that thermal conductivity increases
when the average size increases and the number of layers decreases due to the smaller total thermal
boundary resistances from the interface area [48]. The higher thermal conductivity of R+GoxNP could
be explained by its size and dispersion. According to data sheet, GoxNP average size (200-300 nm) is
x100 times the average size of GO (1.8-2.7 nm). Besides, viscosity measurements show better
dispersion of GOXNP than G and GO.

In the case of G, a reduction of thermal conductivity was observed. It could be due to the poor
dispersion of G within the matrix and the increase in excluded free volume, which could corroborate
the viscosity results and its effect on printability. The lack of chemical functionalization of G

explained the worst dispersibility of this GBN.

Previous studies [49] found that adding 0.5 wt.% of GO to an epoxy resin leads to an increase in
thermal conductivity of more than 200%. However, another study [50] found that GO presents no
effect on thermal conductivity of epoxy resin until a load of 2 wt.% Conversely, Wang et al. [51]
studied the effect of graphene nanoplatelets (GNP) on thermal conductivity by adding 25 vol.%.

Therefore, the effect of nanofillers on thermal conductivity depends on many factors, such as the
degree of dispersion. In this case, no significant effect was found and it could be due to the low
amount added. If a higher amount of well-dispersed GBN were added, free volume would be reduced

and thermal conductivity would increase [52].

Finally, wettability was studied. Previous studies have investigated the effect of GBN addition
on the hydrophilicity of polymers. It was found that the addition of GO coating to PCL scaffolds
increased hydrophilicity [23]. Different oxidation degrees was also studied and it was concluded that
the higher the O/C ratio of G, the higher the hydrophilicity [53,54].

In this study, it is noted that both GO and GoxNP increased slightly the wettability of the resin,
which could be due to their hydrophilic oxygenated groups (carboxyl, hydroxyl and epoxide
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functional groups) [55]. In contrast, the contact angle of R+G is subtly higher than R, which could be
due to the lack of oxygenated groups present on the G surface. However, there are no significant
differences between R and R+G; hence, printability issues do not seem to be caused by wetting

problems between liquid and cured resin.

In general, wettability is defined by surface energy, however, roughness can affect it. In this
study, results showed no tendency that could show a relation between roughness and wettability.
Therefore, it could be concluded that, in this case, wettability was affected mainly by chemical

functional groups and it was not related with roughness.

Results show a first approach to understand the effect of GBN on resin polymerization. The
current study tried to simulate the printing process by exposing the resin to UV light followed by
DSC analysis. However, the designed methodology differs from polymerization of the resin during
printing process because of the light source — 3D printed use a punctual laser light and Form Cure
use a UV lamp. Therefore, the effect of other parameters should be studied, as the UV source power
or intensity. Besides, different techniques to improve dispersion (e.g. combination of mechanical

stirring and sonication) could be tested.

It has been proved the viability of GBN to be used as fillers of photocurable resins; for potential
applications it would be necessary to continue studying these nanocomposites. For example, it would
be interesting to test them mechanically to assure their suitability to build 3D-printed structures with
improved properties and cell studies should be carried out to assure the effect of GBN in cell

adhesion, proliferation and differentiation.

Dispersion has been improved by the addition of MMA to reduce the viscosity of the resin.

However, an improvement in mechanical properties was not found when GBN were added.

Some studies show how the printed samples with GBN have a reduction in mechanical
properties [21,56]. Manapat et al [21] made four hypothesis: (i) the increasing concentration of GO
could produce an excessive inter-platelet interaction instead of GO-resin hydrogen bonding; (ii) GO
could act as barrier or hindrance to incoming laser light, reducing the efficiency of
photopolymerization; (iii) GO could inhibit the polymerization acting as a chain transfer agent; and
(iv) the presence of wrinkles in the graphene sheets could affect the stress distribution, hindering
good adhesion between GO and the resin. The effect of GBN in polymerization could be better

understood by studying the polymerization kinetics of the resin in the presence of GBN.

Therefore, a deeper study regarding the effect of GBN on polymerization reaction and
mechanical properties of acrylic resin needs to be done. And from this point, the research approach
of this thesis was done, being the focus of the work on understanding the effect of GBN and their

dispersion on the polymerization process and on the mechanical properties of the printed structures.
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4.6. Conclusions of this chapter

Before using a nanocomposite to print structures, it is important to know the effect that

nanofillers will have on the whole printing process, since it has been observed that the dispersion of

nanofillers on SLA resin can compromise many parameters, ranging from viscosity of the blended

resin to printability properties.

In terms of polymerization degree, it was found that G and GoxINP have a significant negative

effect when they are added to the resin. In the case of GO, its incorporation does not affect

polymerization degree.

Despite the negative effect that GoxNP showed on polymerization degree, it has been proved
that the incorporation of 0.1 wt.% of GO and GoxNP to the photocured resin did not

significantly affect printing quality, allowing their use in the preparation of new nanofilled

photocurable resins for SLA printing. However, it has been observed that the addition of 0.1
wt.% G demonstrated a notable negative effect on the printability. This could be explained
by the differences on type, functionalization and structure of GBN, that change dispersibility
and light absorbance. However, negative effect of G does not mean that it is not possible to
print with R+G mixture, but to compensate the negative effect of G on polymerization,

exposure time must be increase.

To improve the dispersion, solvents are usually added and, in this case, the addition of MMA
as solvent seems to present an improvement in dispersibility of GBN. However, in terms of
mechanical properties, the addition of well-dispersed GBN did not lead to an increase in
tensile strength and Young’s modulus. Consequently, it could be concluded that GBN were

affecting polymerization or printing processes of the resin.

Therefore, understanding how GBN affect polymerization and the properties of the resin is

crucial to adapt printing parameters (e.g., light intensity, exposure time, layer thickness, etc.) and

resin formulation (e.g., maximum permissible nanoparticles amount, photoinitiator amount, etc.) in

order to obtain a success 3D printing and take advantage of SLA accuracy.
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5. Study of the polymerization reaction

In this chapter, polymerization reaction of acrylic resin is studied in depth by means of
polymerization kinetics and curing depth. Besides, the optimization of post-printing parameters is
carried out. In SLA printer, it is only possible to choose between two exposure times: the preset for
Clear Resin and the one for Black Resin, which is 8.9%. higher. Resin manufacturer recommends to
postcure the resin after printing, and three different parameters can be optimized: cleaning time in

isopropanol (FormWash) and time and temperature in curing chamber (FormCure).

5.1. Introduction

Chapter 4 showed that many parameters could affect mechanical performance of the resin when
GBN were added, even when dispersion seemed to be adequate. From that point, we considered that
a complete understanding of the polymerization process could provide a relevant knowledge and
tools to achieve the objective of the thesis. In general, photocurable resins may present three different
photocuring mechanisms: cationic, radical or hybrid photopolymerization. The mechanism is chosen
depending on the wavelength of the lamp and the printing technology. With a wavelength of the
laser beam of 355 nm, both radical and cationic polymerization could be proceeded. However,
cationic photopolymerization could hardly work under 405 nm irradiation [1]. The printer used in
this work uses 405 nm wavelength, therefore, the polymerization of the acrylic resin is expected to be

radical polymerization.

In literature, the effect of different GBN on the thermal curing of different polymeric resins has
been widely studied, and two different tendencies were found: (i) the presence of nanofillers
accelerated the polymerization process by increasing thermal conductivity [2] or catalyzing the
reactions due to the presence of oxygenated groups [3,4]; (ii) nanofillers reduced the polymerization
reaction rate due to the steric hindrance that impeded the mobility of the reactants [2], or the increase
in viscosity, which hindered the mobility of the reactive species [5]. To the best of our knowledge,
few studies have been reported relating to acrylic-based photocurable resins. However, in the case of
epoxy-based photocurable resins, nanofillers may reduce the polymerization reaction rate acting as
radical scavengers, i.e. deactivating the photoinitiator, or due to its opaqueness against UV
wavelength, which led to a reduction of the quantum efficiency. Besides, the surface functional

groups may also deteriorate the photo-generated species [6].

Photopolymerization process is mainly governed by two parameters: the penetration depth of
the curing light and the critical energy. The penetration depth is specific for each resin, and it is related
to the absorbance, which depends on the composition. On the other hand, the critical energy is the
energy needed to polymerize [7]. Jacob’s working curve is widely used in literature as a basic
procedure for testing and characterizing photocurable resins, both theoretically and empirically [8-
12]. It establishes a relationship between the absorbed UV light energy and the cured thickness of the
photocurable polymer during UV light exposure.

To ensure sufficient interlaminar bonding, the actual curing depth has to be larger than the layer
thickness. If curing depth is not large enough, delamination may occur and, therefore, printed

structures present inferior properties [9]. To avoid delamination, exposure time could be increased to
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increase curing depth [8]. However, over-curing could occur, leading to a detriment in printing

accuracy.

The photopolymerization of acrylics present three different stages [13]: (i) Initialization: when

the photoinitiator, in this case, TPO (diphenyl(2,4,6-trimethylbenzoyl)phosphine oxide) absorbs UV

light, free radicals are produced, as shown in Figure 5.1a. These free radicals trigger the

polymerization by promoting the homolytic cleavage of carbon bonds (Figure 5.1b).
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Figure 5.1. Initialization stage. (a) Free radical production of TPO and (b) Cleavage of carbon double bonds.

(ii) Propagation: the radical monomer reacts with more acrylate or methacrylate monomers and

forms a radical oligomer. This stage can be seen in Figure 5.2.

(iii) Termination: it can occur via combination or disproportion. In the case of methacrylate

monomers the most probable pathway is disproportion [14].
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Figure 5.2. Propagation stage of photopolymerization of acrylic resin.
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However, even without thermal initiator, acrylate and methacrylate monomers have the ability
of initiate polymerization if heat is applied [15]. The resin used in this study is made of urethane
dimethacrylate and methacrylate monomers; therefore, the reaction that could occur is the

methacrylate monomers spontaneous self-initiated polymerization.

When a solvent is added to reduce the viscosity of the resin and improve the dispersibility of the
nanofillers, its addition could affect polymerization kinetics of the resin for different reasons: (i)
decrease in viscosity, (ii) change in components proportion, (iii) change in polymerization

mechanism, because the excess of monomer could disrupt the crosslinked polymer structure [16].
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5.2. Penetration of UV light: curing depth and nanoindentation

5.2.1. Experimental methodology

In this chapter, GBN were dispersed in the acrylic resin by using MMA, as explained in Section
4.4.1. To determine the behavior of light inside the resin, penetration depth was studied with Jacobs’
working curve, obtaining Dp, Ec and yv. Besides, to understand the relation between the layer

thickness and the curing depth, nanoindentation tests were carried out.

Nanoindentation measurements were done with the following procedure. In each sample, a
matrix of 3x9 measurements with a separation between each measured point of 12, 25 and 50 pm for
25, 50 and 100 pm of layer thickness, respectively were developed and these data were averaged
(Figure 5.3).

Layer thickness /2

x
x
x
>
x
x
x
x
x

Figure 5.3. Matrix of nanoindentation measurements.

Moreover, in samples with 100 um of layer thickness, three different zones were distinguished to
study the penetration of light inside a single layer (Figure 5.4). Zone 1 (top) is the zone of the layer
that is the nearest to the UV laser; zone 2 (center) is further that top and, finally, zone 3 (bottom) is
the furthest zone. In each part, a matrix of 1x9 measurements were done in three different layers for

each sample.

1. Top
100 H-m 2. Cerlter
3. Bottom

UV laser

Figure 5.4. Separated zones measured for samples with 100 um of layer thickness.
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5.2.2. Results

5.2.2.1. Jacobs” working curve

Figure 5.5 shows the Jacobs” working curves of the different mixtures and the regression lines.
Ca was calculated as the average of the measurements carried out at different zones of the cured

sample, whilst Eo was calculated for the different exposure times.

1400
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= 800 g .
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Figure 5.5. Working curves of acrylic resin and its nanocomposites with different exposure times.

R’ showed the highest values of curing depth, whilst R"+GoxNP showed the lowest. In the case
of R'+GO, the curing depth was similar to R. From Jacobs” working curves, the critical energy (Ec),
depth of penetration (Dp) and volume efficiency (yv) were extracted from the slope and the
intersection with x-axis of the regression lines (Table 5.1). These parameters directly affected the Ca.
The higher the Ec and/or the lower the Dy, the lower the Ca.

The obtained results are summarized in Table 5.1 where the absorbance values obtained in
Chapter 4 (Table 4.10) were also shown because a relationship between absorbance and the

parameters obtained from Jacobs” working cure was found.
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Table 5.1. Summarized data of Jacobs” working curve.

E: (m]/cm?) D, (uym) yv (mm?/]) Abs (a.u.)

R 235.10 351.22 149.4 0
R’ 170.18 347.39 204.1 0.02
R’+G 183.09 247.24 135.0 1.62
R’+GO 121.51 271.10 223.1 1.00
R’+GoxNP 65.41 135.46 207.1 1.82

The addition of MMA did not affect Dy for the acrylic-based resin. However, Ec was reduced,
which means that less energy was needed to trigger the polymerization. When GBN were added,
both parameters change. Comparing to R, D, was reduced, as well as Ec. However, when R” was taken
as reference, the effect of GBN was different - G produced an increase in Ec and a decrease in Dy,
whilst GO and GoxNP reduced both parameters. The reduction of Ec observed when GO and GoxNP
were added could suggest a catalytic effect of these GBN on the polymerization reaction. The decrease
of Dy observed for every GBN could be due to the absorbance of these GBN that led to a reduction of
the efficiency of light exposure in terms of free radical generation. This decrease was more
pronounced in the case of GoxNP, being consistent with the results observed in the absorbance

measurements.

5.2.2.2. Nanoindentation

To study the differences of mechanical properties throughout the layer thickness, normalized
values were calculated, taking as a reference the values measured in zone 1. Figure 5.6 shows the

results of each nanocomposite.
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Figure 5.6. Normalized reduced Young's modulus and hardness measured at different zones of the layer of (a)
R, (b) R’, (c) R+G, (d) R+GO and (e) R+GoxNP printed with 100 um of layer thickness.

Theoretically, mechanical properties of the top zone should be higher than for the center and
bottom because it was directly exposed to the UV light, regardless penetration depth. However, this
trend was not found in any case, being the differences negligible considering the high deviations (p
> 0.05). This, together with the Dy values found in working curves, suggested that the laser was
reaching all the points inside the layer and, therefore, in the whole layer polymerization was triggered
by UV in the printer and finished by heat and UV.

The effect of MMA and GBN on mechanical properties at nanoscale may be different depending
on the layer thickness. Therefore, the comparison of the different mixtures was done for each studied
layer thickness (25, 50 and 100 um). Table 5.2 shows the values of reduced Young’s modulus and

hardness for the resin.
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Table 5.2. Reduced Young's modulus and hardness of R printed with different layer thickness.

Reduced Young’s modulus (GPa) Hardness (GPa)
Layer thickness (um) 25 50 100 25 50 100
R 209+0.32 198+0.55 2.83+138 0.04+0.01 0.04+0.02 0.07+0.04

To facilitate the comparison and the drawing of conclusion, normalized values were calculated

and represented in Figure 5.7. As reference, the values of Table 5.2 were taken for each layer thickness.
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Figure 5.7. Normalized Er and H of samples with (a) 25 um, (b) 50 um and (c) 100 um of layer thickness.
* means differences with p-value < 0.05

In general, there are more differences between the samples in terms of hardness than reduced
Young’s modulus. A significant effect of the addition of MMA was only found for the layer thickness
of 25 um in both, reduced Young’s modulus and hardness. It could be because in this case, when the

layer thickness is low, the light penetrated well in all the layer and then the polymerization occurs
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homogenously via UV exposition. As the GBN mainly affect to UV polymerization, as seen in Jacobs’
working curves, in this layer that was mainly cured via UV exposure, the effect of GBN was more

pronounced that in those cured by two mechanisms (thermal and UV).

When G was added to R’, no significant differences were found, however, for the layer thickness
of 100 pm, hardness showed an increase with its addition, and for 25 and 50 um of layer thickness, a

slight decrease is found.

In the case of R'+GO, it presented significantly higher (p-value < 0.05) hardness and modulus
than R for 25 and 50 um of layer thickness. However, they are similar for the thickest layer. Compared
to R’, only the intermediate layer thickness showed higher values.

Finally, when R'+GoxNP samples were analyzed, it was found that their mechanical properties
were lower than the other mixtures for the smallest layer thickness, but this decrease in mechanical
properties was not found for 50 and 100 um of layer thickness, being the hardness similar than R'+G
for 100 pm.

Therefore, a clear trend was not found for any mixture and the conclusion that may be extracted
from the results was that depending on the kind of GBN and the layer thickness the response was
different but, in general, GBN did not produce a decrease in mechanical properties at nanoscale. It
was also seen that the higher the layer thickness, the lower the differences between the different

samples and the original resin.
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5.2. Polymerization kinetics

5.2.1. Experimental methodology

Liquid samples of R, R’, R'+G, R'+GO and R’'+GoxNP were prepared following the procedure of
Section 4.4.1. Polymerization kinetics were carried out as explained in Section 3.2.4.1. MFK model
calculated activation energy (E.) of the polymerization process from, at least, three thermograms
obtained at different rates. In this model, Ea was not considered as a constant during the whole
process, and it was calculated as a function of the conversion degree of curing. Two different
polymerization processes were studied: thermally-triggered and UV-triggered. The first process was
carried out with the liquid sample, whilst samples for UV-triggered polymerization were exposed to
2 s of UV light using the UV lamp before the DSC scan. FTIR spectra were recorded after 2s of UV
exposition to calculate the degree of polymerization following Eq 3.6.

Finally, samples subjected and non-subjected to UV exposition were polymerized in the DSC
chamber and, from the second DSC scan, glass transition temperature was also analyzed. It gives
information regarding the crosslinking degree achieved after the thermally- and UV-triggered

polymerization of the different nanocomposites.
5.2.2. Results

5.2.2.1. Thermally-triggered polymerization

All the thermograms obtained showed one exothermic peak, which corresponds to the radical
polymerization of the resin. In this part of the study, TPO (the photoinitiator) did not produce free
radicals because the UV did not trigger its decomposition. Therefore, R polymerization occurred via
spontaneous self-initiated thermal polymerization of methacrylate monomers, which was triggered
at high temperatures (100-130°C). In general, it was found that this reaction resulted in a low

conversion of monomers to polymers and high conversion to oligomers (dimers or trimers) [15].
(1) Effect of MMA addition

The polymerization enthalpy and temperature were calculated from the first heating scan in DSC
(Table 5.3). Enthalpy corresponds to the area of the exothermal peak and temperature was

determined at the most exothermal point of the curve.

Table 5.3. Polymerization enthalpy and curing peak temperature of R and R’.

AHjpolymerization Ty (°C) at different rates (°C/min)

J/g) 5 10 20
R 122 +3 151 +£2 162 +2 176 £ 3
R’ 56 +5 152 +1 160+ 2 174+ 1

Development of nanomaterial based scaffolds for bone tissue regeneration



5. Study of the polymerization reaction 135

The addition of MMA to the resin produced a reduction of 54% in the energy released during
polymerization. A AH decrease means that MMA promoted and facilitated the polymerization

reaction [17]. In terms of peak temperature, it showed similar values for both samples at every rate.

The effect of MMA on conversion curves can be seen in Figure 5.8, where both, conversion curve

of R and R’ are shown.
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Figure 5.8. Conversion curves at 10°C/min of thermally-triggered polymerization of R and R’'.

The polymerization reaction of R’ started at lower temperature than R. However, once 50% of
conversion was reached, R required higher temperatures to continue its polymerization. Besides, the
slope of the conversion curve changed slightly on MMA addition, which could be attributed to a
change in polymerization rate. The addition of monomer led to a formation of more radicals, which

resulted in an increase in the initial polymerization rate (Figure 5.1b).

From conversion curves, activation energy as a function of polymerization degree was calculated

and plot in Figure 5.9.
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Figure 5.9. Activation energy of thermally-triggered polymerization of R and R’'.

On the contrary to R, analyzing the activation energy of R’ reaction, it was observed that during
the initialization stage the values or Ea are notably lower than propagation and termination stages,
which means that MMA favored the reaction. This was probably due to the decrease in viscosity,
which resulted in a higher mobility of chains. Besides, with the addition of MMA there was a higher
probability of occurrence of spontaneous self-initiated thermal polymerization of MMA compared to

larger acrylate monomers (e.g., UDMA).

Once a 5-10% of conversion was achieved, the Ea of R” was higher due to the increase in viscosity
due to the formation of a three-dimensional crosslinked network. Finally, in the termination stage,
from around 85% of conversion, Ea in both cases increased because this stage of the reaction was
diffusion-controlled because of the high polymerization degree and the restriction of chains mobility
[18].

(2) Effect of GBN addition

When GBN were added to the resin, they produced a change in both, polymerization enthalpy
and temperature. The parameters for the nanocomposites were shown in Table 5.4. As a reference,

results of R” were also shown.
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Table 5.4. Polymerization enthalpy and curing peak of R” and R'+GBN.

AHpnlymerizution

Ty (°C) at different rates (°C/min)

(/g 5 10 20
R’ 56 +2 152+3 160+ 3 174 +1
R+G 29+3 169+ 1 178+ 3 1813
R’+GO 38+2 15912 168+ 2 1812
R’+GoxNP 42 +4 164 +£2 171+£2 178+ 3

GBN showed a decrease in the polymerization enthalpy. This effect was more pronounced for

graphene. In all cases, peak temperature was higher than control sample (R’). This increase in the

peak temperature showed a retardation effect of GBN in the polymerization reaction [19]. R'+G

showed the most pronounce increase in temperature and the lower AH; therefore, it is possible that

R’+G reached a lower crosslinking or polymerization degree.

Conversion as a function of the temperature was plotted for every nanocomposite and they are

Ve

shown in Figure 5.10.
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Figure 5.10. Conversion curves at 10°C/min of thermally-triggered polymerization of R and GBN-reinforced

R".

In the conversion curves, a shift to higher temperatures of the curve produced by GBN was

clearly shown. Besides, a change of the slope of the R'+GO curve could indicate a change in

polymerization rate towards a faster mechanism, where GO acts as reaction catalyzer.
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These effects were better analyzed from the activation energy curves shown in Figure 5.11.
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Figure 5.11. Activation energy of thermally-triggered polymerization of R” and GBN-reinforced R’.

It can be observed that GBN had a different effect on Ea during the polymerization. The addition
of G resulted in higher activation energy in all the conversion range and it could be attributed to the
increase in viscosity and the hindering of chains mobility produced by the presence of graphene [19].
However, although the addition of GO also produced this increase in viscosity, in propagation and
termination stages the activation energy needed to complete the reaction was lower than R’. This
could be explained by a catalytic effect of the GO. Conversely, despite this catalytic effect during last
stages, it is observed that at initialization stage, GO inhibited the self-initiated polymerization. This
effect will be discussed later and is attributed to the oxygenated presents on the GO surface. In the
case of GoxNP, in the initialization stage, its effect was similar to GO, but in propagation and
termination stages it still showed an inhibition effect, probably because of the lower level of

oxygenated groups.
5.2.2.2. UV-triggered polymerization

The residual reactivity was also measured. Initially, the acrylic-based resin was already
polymerized to a certain degree, but this study was focused on how the reaction proceeded when it
is triggered by UV. FTIR was used to calculate the degree of polymerization after 2s of UV exposure.

Results obtained from FTIR spectra are shown in Table 5.5.
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Table 5.5. Degree of polymerization of samples subjected to UV for 2s.

Polymerization degree (%)

R 8.42
R’ 41.03
R’+G 2.87
R’+GO 6.96
R’+GoxNP 4.18

It can be observed that the addition of MMA greatly increased polymerization degree whilst
when GBN were added to R’, the polymerization degree decreased, especially in the case of G. This

lower polymerization degree agreed with the lower yv.

(1) Effect of MMA addition

Table 5.6 shows the analysis of the polymerization peak obtained for the thermal polymerization
of samples previously exposed to UV for 2s. In this case, as explained in Chapter 4, two exothermic
peaks appeared, but only the second peak corresponded to the polymerization reaction, and it was

the peak of interest in this study.

Table 5.6. Residual enthalpy and curing peak of R and R’ after UV exposure.

AHoesidual Ty (°C) at different rates (°C/min)

7/ 5 10 20
R 60 +3 157+ 1 160 + 2 169 £ 1
R’ 108 + 4 140+ 3 153 £3 160 =3

In comparison with thermal polymerization, when polymerization was triggered by UV, the
effect of the addition of MMA drastically changed. In this case, the area under the polymerization
peak suffered an increase of 74% and the temperature decreased. This reduction in temperature
suggests that this composite with MMA polymerized by heat more readily following UV when
compared to R, and the increase in enthalpy suggests that the crosslinking degree is higher than R.

From the DSC spectra, conversion curves of these samples were obtained (Figure 5.12).
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Figure 5.12. Conversion curves at 10 °C/min of UV-triggered polymerization of R and R’.

The addition of MMA produced a shift in the curve towards a lower temperature. However, the
slope of the curve was the same, meaning that the polymerization rate did not changed. In this case,
the photoinitiator was the source of free radicals in both cases and therefore, the presence of MMA
did not change the polymerization rate or mechanism. From conversion curves, activation energy
was calculated for each residual polymerization degree. The resultant curves are shown in Figure
5.13.
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Figure 5.13. Activation energy of UV-triggered polymerization of R and R’.
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At the beginning, both curves showed low activation energy because the reaction was initiated
by UV and therefore, there were free radicals available to polymerize. However, it could be seen how
the activation energy of R was higher than R’ for every conversion degree, which was consistent with
the catalytic effect previously commented. This could be explained by the higher viscosity of R
compared to R’ and the subsequent restriction in chains mobility. Besides, R” had a higher

concentration of monomers available, which could result in a lower E..

(2) Effect of GBN addition

Table 5.7 shows the residual enthalpy and the temperature of the polymerization peak of the

nanocomposites after UV exposition.

Table 5.7. Residual enthalpy and curing peak of R” and R'+GBN after UV exposure.

AHyesidual Ty (°C) at different rates (°C/min)

79 5 10 20
R’ 113+2 140 +3 153 +3 160 +1
R’+G 56 +3 155+2 164 +3 176 + 3
R’+GO 81+3 154 £ 4 161 +2 176 + 4
R’+GoxNP 80+2 153 +2 163 +3 179 £ 2

As reported previously in thermally-triggered polymerization, GBN reduced the energy and

increased the temperature. The increase in temperature explains that GBN retarded polymerization

and, together with the decrease in enthalpy, suggest a decrease in crosslinking degree.

The representation of the residual conversion after the UV initialization is showed in Figure 5.

14.
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Figure 5. 14. Conversion curves of UV-triggered polymerization of R" and GBN-reinforced R’.

The addition of G did not change the slope of conversion curves. However, the addition of GO
slightly increased the slope. This means that the addition of GO modified polymerization rate,
probably due to its catalytic effect, which was also observed in Figure 5.10. GoxNP produced a
decrease in the conversion curve slope, which could be interpreted as an inhibition in the

polymerization process, which was previously observed in thermally-triggered polymerization

(Figure 5.10).
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Figure 5.15. Activation energy of UV-triggered polymerization of R and GBN-reinforced R’.
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In relation with the activation energy, Figure 5.15 reported a similar trend to the thermally-
initiated polymerization. In the case of GO and GoxNP, at the initial stage, they inhibited the
polymerization. Once a certain conversion level was reached, this effect slightly changed and GO
catalyzed the reaction, whilst GoxNP still inhibited polymerization. This effect of GoxINP can be seen
in the conversion curve (Figure 5. 14) as a decrease in the curve slope. In the case of R'+G mixture, the
exposure to UV produced less free radicals, as graphene had a very high absorbance and did not
allow the whole light to reach the photoinitiator. For this reason, its polymerization enthalpy was

lower and its activation energy was higher.

The trend found for thermally- and UV-triggered polymerization was different and they were
compared in the discussion section.
5.2.2.3. Glass transition temperature

Table 5.8 reported the glass transition temperatures of the different samples. The polymerization

was triggered by heat and by UV.

Table 5.8. Glass transition temperature of samples with thermally- and UV- triggered polymerization.

T: (°C)
Thermal 209 +2
R
uv 208 +4
Thermal 206+ 3
RI
uv 202+3
Thermal 208 +2
R'+G
uv 210+ 3
Thermal 207 £ 2
R'+GO
uv 210+ 4
Thermal 205+4
R’+GoxNP
uv 211+2

Differences found were within the error of DSC measurements. Therefore, the differences in

polymerization did not result in changes in the T.
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5.3. Discussion of the results

MMA effect (decrease in Ec maintaining Dy) has previously been reported by Hofstetter et al [9]
when increasing the photoinitiator content. Therefore, the effect of MMA could be similar to the effect
of an increase in photoinitiator amount and promoted the UV polymerization, as can be seen in the
increase in yv. It could be due to the decrease in viscosity, which increased chains mobility and

facilitated the light to reach the photoinitiator, increasing the UV polymerization efficiency.

When GBN were added, absorbance of the resin greatly increased. This increase in absorbance
had an effect in the penetration depth of light. It was found that the presence of G, GO and GoxNP
produced a reduction in Dy (i.e., 29.6%, 22.8% and 61.4%, respectively), which is consistent with the
results observed in the absorbance measurements. The planar shape of GBN may block light

scattering throughout the resin [20], resulting in lower penetration depth.

In the case of critical energy, it was found that the addition of MMA produced a reduction of
27.6% of this parameter. Compared to R’, GO and GoxNP produced a reduction of Ec and G did not
change it. The reduction of Ec observed when GO and GoxNP were added could suggest a catalytic
effect of these GBN on the polymerization reaction due to their oxygenated groups. It was previously
found [4] that G and GO produced a catalytic effect on the polymerization of acrylics, being the effect

of GO more marked that G due to its higher levels of functionalisation.

The parameter of volume efficiency contains the combination of the effect of GBN on Dy and E.
Compared to R’, G reduced the efficiency (-34%) because it blocked the light and did not have a
catalytic effect, whilst GO (+9%) increased efficiency by catalyzing polymerization reaction. In the
case of GoxNP, it did not produce an important effect on this parameter (+1%). Its catalytic effect was
hindered by its low Dy.

Nanoindentation study showed that in every case, UV light cured the whole layer and, therefore,
no differences were found between the zones close to the light compared to the most distant areas.
These results agree with the Dy found which, in all the cases, was higher than 100 um. Besides,
samples with layer thickness of 100 um showed more subtle differences than the smaller layers, except
for R'+G and R’+GoxNP, which showed higher hardness for thicker layers because they mainly
affected UV polymerization and thicker layers had more thermally polymerized resin than thinner
layers. Therefore, for G and GoxINP it could be concluded that they needed UV exposition in the
printer to build the structure, but higher hardness was obtained when the degree of thermally
polymerized resin was higher. However, for R’'+GO samples, improvements were found when the

layer thickness is low because GO catalyzes UV polymerization.

Polymerization degree measured using FTIR spectroscopy reinforced the conclusions extracted
from Jacobs” working curves. The higher polymerization degree was found for R’, which showed the
lower Ec with the same D; than R. In the case of R'+GBN, their Ec are also lower than R, but the
decrease in Dp resulted in lower polymerization degree because light effect was hampered by the

presence of GBN. A relation between polymerization degree and yvwas found.
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However, Jacobs” working curves give little information about polymerization kinetics [9]. For

this reason, it is necessary to broaden the study to completely characterize the polymerization process

of nanocomposites.

To analyze polymerization kinetics, it is important to highlight some aspects:

It can be appreciated that all curves showed a sigmoidal form, which indicated that the
polymerization reaction was autocatalytic, as corresponds to free-radical polymerization of

acrylics [5].

In general, a change in the heat released during polymerization may be due to two causes [4]:
(i) the degree of polymerization has changed and (ii) the polymerization mechanism or rate
has been modified. It is possible to know if the reaction mechanism and the polymerization
parameters are the same by observing the conversion vs temperature curve. Its shape and
slope is related with the polymerization mechanism and rate; therefore, a change in its shape

and/or its slope indicates a change in the mechanism and the parameters [21,22].

In the case of resin with GBN, the decrease of enthalpy showed could be due to two reasons
[20]: (i) heat generated during the polymerization could be transferred to GBN, which would
result in a decrease of enthalpy; (ii) the planar shape of GBN could block light scattering
throughout the resin, impeding, totally or partially, the polymerization.

During thermally-initiated polymerization, when MMA is added, AH decreased and the slope of

conversion vs temperature curve changed. Therefore, a change in polymerization rate occurred due

to the addition of a new monomer: polymerization reaction of R” was faster than R. It could be

explained by three events: (i) the concentration of monomer was higher, (ii) the viscosity was lower,

and (iii) MMA is the smallest methacrylate monomer with the higher mobility. The combination of

these facts made the concentration and the mobility of reactants to increase [23].

To facilitate the comparison and the discussion of the polymerization kinetics, the activation

energy required for each stage of the polymerization is summarized in Table 5.9.
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Table 5.9. Activation energy (kJ/mol) of thermally- and UV-triggered resins.

Initialization = Propagation  Termination

(a=2%) (a=50%) (a=90%)
Thermal 100 88 113
R
uv 79 184 159
Thermal 82 114 118
R/
Uuv 92 101 83
Thermal 156 145 162
R'+G
Uuv 78 126 145
Thermal 124 93 79
R+GO
Uv 535 92 81
Thermal 158 131 121
R’+GoxNP
uv 652 97 115

The effect of MMA was also found in activation energy (Table 5.9), especially in the initialization
stage. Besides, R’ presents a broader range of temperature to complete its polymerization (Figure 5.8).
This could indicate that a less homogeneous network is formed during the reaction [24] because
UDMA and MMA could generate different networks.

The addition of GBN also produced changes in polymerization kinetics, but its effect was
different depending on the nature of the GBN. The addition of graphene did not change
polymerization mechanism nor rate. Therefore, the decrease in enthalpy observed in Table 5.4 could
be due to a decrease in crosslinking or polymerization degree. Besides, there was an increase in
temperature, which showed a retardation in the polymerization [19]. The extent of the reaction was
lower because graphene could cause steric hindrance and did not allow the polymerization to occur
properly. This effect was also found in the increase of activation energy compared to R” in all the

stages (Figure 5.11).

In the case of GO, its effect was different. In Figure 5.10, it can be seen a modification on the
polymerization rate. It could be due to the catalytic effect of the high concentration of oxygenated
groups that GO presented, which was also found in the decrease of enthalpy [17]. However, this effect
was not shown at the beginning of the reaction, where GO inhibited polymerization acting as radical
scavenger probably due to its oxygenated groups [6]. These groups are electrophiles and they can

react with nucleophiles carbons of methacrylate monomers, inhibiting this first stage of the reaction.

Finally, GoxNP effect was midway between G and GO. It decreased the enthalpy because the
crosslinking or polymerization degree achieved was lower than R’. As GO, it inhibited

polymerization reaction via radical scavenging, increasing activation energy (Figure 5.11). However,
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due to the lower amount of oxygenated groups, this trend was found in every stage, especially the
initialization.

When polymerization was initiated by UV exposure, the reaction completion by heat was studied
by DSC. It is important to highlight that in this case the initial conversion was not 0, since some
polymerization occurred during the UV exposure. This previous polymerization was not monitored,
but, as explained above, polymerization degree was obtained by FTIR spectroscopy (Table 5.5). It can
be seen that conversion vs temperature curves of R and R” presented a similar slope (Figure 5.12).
Therefore, a change in polymerization rate did not occurred. R” demonstrated higher initial

polymerization degree than R and, for this reason, the polymerization released more energy.

In the case of R'+G, it was previously found, by absorbance measurements and Jacobs” working
curve, that light could not reach photoinitiator because of the presence of G. For this reason, there
was less free radicals present in the mixture and the polymerization progress was retarded. It was
shown in a lower enthalpy, higher polymerization temperature and higher activation energy. When
GO and GoxNP were added, in the first stage, it seemed that they acted as radical scavenger due to
its phenolic hydroxyl or carboxyl groups on its surface. These groups may react with the initiator
primary radicals by hydrogen abstraction. This resulted in a reduction in the initiator efficiency and,
therefore, a retardation of the initialization stage of the reaction and an increase in activation energy
[25] (Table 5.9). When the reaction progressed, the functional groups on the surface were not free and
the scavenger effect disappeared.

If the released enthalpy of thermally-triggered polymerization is compared to UV-triggered
polymerization, different trends were found. At this point, it is important to highlight again that UV-
triggered initialization stage is not the real initialization because the formation of free radicals was
done prior to these tests and it was not monitored. In all cases, it was found that the enthalpy for UV-
triggered polymerization was higher than for the reaction triggered by heat. It could be explained by
the initial polymerization degree than involved an increase in viscosity and, therefore, an increase in
activation energy. This trend was not found for R since it did not have MMA in its composition and,

therefore, the spontaneous self-initiated polymerization probably did not occur in the same extent.

Finally, no significant changes were observed in Ty values, which suggests that, despite the
changes produced by MMA and GBN on the polymerization process, the resulting polymer was not

affected in terms of glass transition.
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5.4. Conclusions of this chapter

This chapter focused on the effect of MMA and GBN on the polymerization reaction of an acrylic-

based photopolymer when this reaction has been triggered by heat or UV. The addition of MMA

produced improvements in dispersibility and its presence favors the interaction of light with the resin

by increasing chains mobility. It resulted in an enhancement of both, thermal and UV polymerization.
The effect of GBN depended on the kind of nanofiller:

In the case of G, it inhibited thermal and UV polymerization, as was observed in the increase
in activation energy and in Jacobs” working curve. When it was added to the resin, it hindered

the penetration of UV light, resulting in lower volume efficiency.

GO showed a double effect. On one hand, it chemically inhibited the polymerization reaction
during the initialization stage but, conversely, during the propagation stage the R'+GO
showed a higher polymerization rate than R’. Therefore, it showed a catalytic effect during
this stage. In the case of UV polymerization, GO produced a decrease in Dy, but it was
counterbalanced by the catalytic effect, resulting in higher volume efficiency.

A similar trend than GO was found by GoxNP, but the reduction of E. was lower than GO
and the volume efficiency was not affected by its presence. GoxNP chemically inhibited
polymerization when it was triggered by heat. In the case of UV-triggered polymerization,
GoxNP acted as radical scavenger, increasing the activation energy of the whole
polymerization process, especially initialization when a higher amount of oxygenated groups

are available to react with free radicals.

Therefore, this research study demonstrated that G negatively affected the polymerization

process and printing parameters must be optimized, while GO favored the polymerization, without

presenting any negative effect. GoxNP affected polymerization, but printability was found to be

adequate (Chapter 4). Besides, MMA can be used to get nanocomposites with homogenously

dispersed nanofillers, which will allow to take advantage of the improvements of nanofillers together

with the good performance of Additive Manufacturing.
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6. Mechanical properties of the nanocomposites

In this chapter, mechanical properties of the nanocomposites are investigated. In Chapter 4, it
had been found that the expected reinforcing effect of GBN did not appear for printed samples.
Therefore, samples obtained by compression molding and UV molding were analyzed to study the
behaviour of the material in mass and suppress the effect of the printing process. Besides, different
post-treatments for the printed acrylic resin were explored in terms of tensile, dynamo-mechanical

and thermal response.

6.1. Introduction

VAT polymerization technologies have demonstrated some limitations with the addition of GBN
in terms of the modification of mechanical properties, regardless of the degree of dispersion achieved.
Hanon et al [1] found a reduction in ultimate tensile strength (UTS) of Digital Light Processing (DLP)
printed resin when graphene nanoplatelets (GNP) were added for every layer thickness (35, 50 and
100 pm), being the UTS for the thinner layer the highest. The decrease in the mechanical performance
was attributed to the generation of a more porous structures due to the presence of GNP and the
scattering of UV light, which generated unpolymerized regions around the nanoparticles. It was also
found that during the SLA printing process, less cohesion occurs between the layers due to the
presence of nanofillers [2]. Conversely, Feng et al. [3] compared conventional manufacturing (direct
casting) with the SLA of graphene-reinforced resin and found an increase in mechanical properties
when SLA was used as manufacturing technology. It could be due to the defects and bubbles that
inevitably appeared during casting, being the printed samples almost defect-free. Therefore, the
decrease in mechanical properties found by some researchers could be due to different effects of the
nanofillers on the printing process: decrease in cure depth and penetration depth, reduction of

polymerization degree, the absorbance of UV light, etc.

Besides, VAT polymerization technologies are based on the polymerization of photopolymers by
UV exposition. However, regardless of the addition of GBN, this polymerization is not complete
during the manufacturing process in the printer due to different reasons [4]: (i) low reaction
temperature, which results in trapped free radicals; (ii) radicals’ poor efficiency; (iii) fast curing
monomers and short UV exposure times, and (iv) high viscosity of the resin, which hinders the

dispersion and reaction of radicals.

Therefore, printed samples must be subjected to post-treatments to achieve complete
polymerization. Mendes-Felipe et al. [5] found that postcuring processes at room temperature with
and without UV highly affected mechanical properties, crosslink density and Tg of samples obtained
by SLA. Cingesar et al. [6] explored different post-treatments with and without UV exposition and
found that mechanical, thermal and physico-chemical properties were affected by the treatment.
Besides, Manapat et al. [7] reported a decrease in the mechanical properties of printed parts compared
to casted parts when Grey Forms resin with GO was used. To obtain similar properties, a mild
annealing (50 or 100 °C for 12 hours) was needed. The best results were found for 100 °C for 12 hours.

They hypothesized that the improvement was due to the removal of GO wrinkles.
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Both, post-treatments with and without UV light were explored in the literature. However, Bauer
et al. [8] stated that UV post-treatment can only marginally increase crosslinking unless an additional
photoinitiator was added to the material. Therefore, thermal post-treatment of acrylate based-resins

is achieved via thermal self-initiation reactions, which do not depend on photoinitiator availability.

It is important to keep in mind some limitations of VAT photopolymerization technologies. One
of the main shortcomings of these technologies is the distortion caused by shrinkage during
polymerization and layer-by-layer manufacturing processes. Residual stresses generated during this
process can cause cracks and delamination, which leads to a decrease in mechanical properties [9].
Even using commercial resins, shrinkage appears; therefore, when printing nanocomposites it is an

important aspect to study.

Shrinkage involves two different components: chemical or polymerization and thermal
shrinkage. The first kind of shrinkage occurs during crosslinking of the photopolymer and depends
on the chemical composition and polymerization reaction. Green samples (printed samples without
any post-treatment) present different curing percentages in their bulk due to different exposure to
the laser during the printing process. For this reason, during the post-curing process samples shrink

disproportionately causing distortion [10].

Chemical shrinkage can also be affected by the source that initiates polymerization since it can
be triggered by heat or by UV. Fuh et al. [10] found that different amount of energy is released when
heat or UV polymerization occurs, being the energy of heat polymerization lower than UV

polymerization.

Mechanical properties of printed samples depend on many factors [11]: adhesion between layers,
possible internal stresses due to shrinkage, polymerization degree, post-curing process, etc. All these
factors can hinder the reinforcing effect of GBN - starting from the premise that they are properly
dispersed. In this chapter, samples were manufactured with a hot plate press to reduce the effect of
the manufacturing process since parts were not manufactured layer-by-layer and, therefore, adhesion
between the layers did not affect final properties and they are less affected by shrinkage and
subsequent internal stresses. The objective of this part of the thesis is to understand which factors
affect the mechanical performance of printed samples and how these properties are affected by each
factor. Factors were classified into three groups:

- Polymerization: together with the conclusions obtained in Chapter 5, samples prepared by
molding were studied to remove the effect of the layer-by-layer manufacturing and elucidate

the effect of the polymerization source and trigger: by heat or UV-light.

- Adhesion between layers: printed and molded samples were compared and by micrographs

the interlayer zone was analyzed.

- Internal stresses: it was already explained how shrinkage produced during polymerization
could result in internal stresses, which could affect mechanical performance. To study the

possibility of reducing these internal stresses, different post-treatments were explored.

This methodology is summarized in Figure 6.1.
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Figure 6.1. Factors affecting mechanical performance of nanocomposites and methodology used to analyze

them.
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6.2. Mechanical properties of thermal and UV-polymerized nanocomposites

To obtain samples polymerized by heat and/or UV, different tests were carried out. Samples were
divided into three main groups, depending on the way they were manufactured: (i) samples obtained
by compression molding (thermally polymerized), where the main part of the polymerization
occurred in the hot plates press (HPP), (ii) samples obtained by UV molding (UV polymerized), where
the polymerization occurred in the FormCure chamber, and (iii) samples obtained by additive

manufacturing (SLA).
6.2.1. Experimental methodology

6.2.1.1. Experimental design

Standard dog bone samples were obtained with a silicone mold. The cycle in HPP was the same

for all the samples: 11 minutes at 160°C and cooling down with water.

Samples with UV exposition before HPP (“UV + HPP”), were subjected to UV for 2 seconds at
room temperature using the UV LED lamp. Conversely, samples with UV exposition after HPP (“HPP

+ Post”) were subjected to the post-printing process.

At least three batches of five samples were prepared for each condition. The different studied

combinations of heat and UV exposure are shown in Table 6.1.

Table 6.1. Conditions and nomenclature of samples prepared by compression molding.

Temperature Pressure . . L
Time (min) UV application
(°C) (MPa)
HPP 11’ No
HPP 11’ + Post After HPP
160 0.8 11
UV +HPP 11’ Before HPP
UV + HPP 11’ + Post Before and after HPP

To prepare samples by UV molding (Table 6.2), a FormCure chamber was used for both, “UV
11" and “Post” processes. “UV 11"” process was carried out at room temperature (20 + 2°C) with UV

exposition, whilst “Post” process was carried out as explained above.
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Table 6.2. Conditions and nomenclature of samples prepared by UV molding.

UV Exposure time (min) Postcuring
Uv1r No
11
UV 11’ + Post UV +80°C for 90 minutes

Besides, they were compared with samples obtained by SLA: “UV (printer)” and “UV
(printer)+Post”. Therefore, samples were prepared with different sources of initialization and

propagation of the polymerization. They are summarized in Figure 6.2.

Thermally-triggered

HPP 117 -

Thermal N Uv
Polymerization ‘ - . Polymerization

uv 11’

UV+HPP 11’
UV (Printer)

UV-triggered

Figure 6.2. Matrix of studied samples classified by the trigger and the propagation of the polymerization

soureces.

6.2.1.2. Post-curing treatment optimization

Besides, postcuring process needed to be optimized. To do that, dog bone standard samples were
prepared with the SLA printer with a layer thickness of 100 um. They were tested following the

procedure explained in Section 3.2.7.2.

Post-curing consists of two steps: firstly, samples were immersed in IPA in the FormWash and
then, samples were placed inside the FormCure chamber. This process determines the final
mechanical properties of the samples, and it needs to be optimized. The manufacturer suggested 10
min of IPA cleaning followed by 15 min at 60 °C in the FormCure. However, the manufacturer
suggested that 30 min at 60 °C resulted in a higher Young’s modulus. For that reason, this was the

time that was tested.
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To optimize the postcuring process, one-factor-at-time (OFAT) was used to reduce the number
of tests needed. Three factors were studied: time in the FormCure (t), the temperature in the

FormCure (T) and time in FormWash (C). Two levels were set for each parameter (Table 6.3).

Table 6.3. Parameters and their levels for OFAT method.

Parameter Level - Level +
T 60 °C 80 °C
t 30 minutes 90 minutes
C 5 minutes 10 minutes

Eight configurations were tested and at least four samples were manufactured for each one. They

are shown in Table 6.4.

Table 6.4. Experiments were carried out to optimize post-curing process.

Configuration T t C
1 - - -

T + - -

t - + -

C - - +

tC - + +

TC + - +

Tt + + -

TtC + + +

Tensile strength was used as a response to obtain the factor effects by applying Yates algorithm
[21].

6.2.2. Results

6.2.2.1. Effect of GBN on samples obtained by different trigger sources

To compare both thermally and UV-triggered polymerized samples, dog bone samples were

manufactured by compression molding. Thermally-triggered polymerized samples correspond to
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HPP 11" samples, whilst UV-triggered polymerized samples are referred to as UV+HPP 11’. The
tensile strength of both is compared in Figure 6.3.

% 1
1
60
50
* |
| |
E 40 l*—*| R
2 — R4G
£30
Z ‘ R+GO
R
% 20 ‘ 1 R'+GoxNP
H
10
0 I
HPP 11" UV+HPP 11'

Figure 6.3. Thermally and UV-triggered polymerized samples obtained by compression molding.

* means differences with p-value < 0.05

These samples showed the difference between the source that initiated the polymerization. In
both cases, propagation and termination were carried out by temperature and pressure. It was found
that for all the samples, UV-triggered polymerization resulted in higher mechanical properties. The
addition of G in HPP11” samples led to a slight increase in tensile strength, which was not found for
UV-triggered polymerized samples. GO produced a small increase in tensile strength for both trigger
sources. In the case of GoxNP, its addition resulted in a decrease in mechanical properties in both
cases probably due to the higher activation energy required to polymerized, regardless of the source
that initiated the process, found in Chapter 5.

To check if differences found in terms of mechanical performance were due to differences in the

polymerization degree, it was calculated, and the results are shown in Table 6.5.

Table 6.5. Polymerization degree of thermally- and UV-triggered samples obtained by compression molding.

R R’+G R’+GO R’+GoxNP
HPP 11’ 29.2 34.5 28.7 16.4
UV + HPP 11" 50.5 56.6 62.7 194
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Analyzing the achieved polymerization degrees, the most important differences compared to R
were found for R’+GO (in the case of UV+HPP 11’) and R'+GoxNP samples (in both cases). When
polymerization occurred by heat, regardless of the trigger source, i.e. thermal or UV, is was found
that mechanical performance was directly related with the polymerization degree. Besides, the
reduction on mechanical properties of R'+GoxNP were due to the inhibition of the polymerization

process, as was found in Chapter 5.

6.2.2.2. Effect of GBN on samples obtained by different polymerization sources

Samples obtained by a different kind of polymerization (i.e. thermal and UV) were compared. In
this case, the whole polymerization process occurred by heat (HPP 11”) or by UV (UV 11”). Results

are shown in Figure 6.4.
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Figure 6.4. Tensile strength of samples obtained by compression and UV molding.
* means differences with p-value < 0.05

All samples except R'+G presented higher tensile strength when the polymerization occurred by
UV than thermal, +78% for R, +13% for R+GO and +140% for R+GoxNP. In the case of R'+G, samples
obtained by UV polymerization show slightly lower strength (-26%). It is important to highlight that
G and GO produced improvements in the resin when they were thermally polymerized, however,

these improvements were not produced by UV polymerization.

To make a deeper analysis of these results, the polymerization degree was determined by FTIR.
It is shown in Table 6.6.
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Table 6.6. Polymerization degree of samples obtained by thermal and UV polymerization.

R R’+G R’+GO R’+GoxNP
HPP 11’ 29.2 34.5 28.7 16.4
Uuv1r 24.3 19.5 10.2 16.7

These results were related to the conclusions extracted from Chapter 5. It was found that R'+G
required lower activation energy at the first stage of thermally-triggered process, leading to a higher
polymerization degree as well as mechanical properties. However, when polymerization was
triggered by UV, R'+G samples were found to produce fewer radicals when subjected to UV, which
agreed with the lower mechanical properties. This relation between mechanical properties and
polymerization degree was not observed in the case of GO and GoxNP. It is interesting to remark that
the case of GoxNP, presented a similar polymerization degree for both, however, it showed
considerable differences in tensile strength. This suggested that the lack of mechanical properties

could be due to other phenomena such as changes in polymer structure or shrinkage.

6.2.2.3. Effect of GBN on samples obtained by different manufacturing technologies

The printing process is different from the molding process and more factors appear due to the
layer-by-layer manufacturing, e.g. adhesion between layers. In Figure 6.5 tensile strength of samples

obtained via UV polymerization by molding and SLA are shown.

40
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Figure 6.5. Tensile strength of samples prepared by SLA and molding.
* means differences with p-value < 0.05
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Samples obtained by SLA showed higher tensile strength than those obtained by molding, except
for the sample R'+GoxNP. This decrease when GoxNP was added could be due to a reduction in
polymerization degree or an issue related to the layer formation that could affect the adhesion
between layers. To corroborate these hypotheses, polymerization degree was determined (Table 6.7)

and layers were observed by microscopy (Figure 6.6).

Table 6.7. Polymerization degree of samples obtained by UV molding and printing.

R R'+G R’+GO R’+GoxNP
uv1r 24.3 19.5 10.2 16.7
UV (printer) 48.6 46.0 46.3 421

Samples obtained by printing showed a higher polymerization degree than those obtained by
UV molding. However, tensile strength was not proportional to the polymerization degree; therefore,
the GBN effect was not only due to their effect on the polymerization reaction. The most remarkable
case was GoxNP, which showed a higher polymerization degree and lower tensile strength for
printed samples. Layers of UV (printer) samples were analyzed by optical microscopy to determine
the influence of GBN on layer formation. The detail of the interface between the layers can be seen in

Figure 6.6.

Figure 6.6. Layer formation of R (a), R'+G (b), R'+GO (c) and R"+GoxNP (d).
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The effect of the different GBN on the interface could explain the differences found in mechanical
properties. The GO produced the slightest effect on printing quality, only some marks can be seen
due to the presence of the nanofiller. In the case of G, the surface was not smooth and showed
imperfections, but the adhesion between the layers seemed to be adequate. Finally, the addition of
GoxNP produced a decrease in the adhesion between layers seen as a clear discontinuity in the
interface between the layers, which could be responsible for the observed decrease in mechanical
properties of printed structures. The effect of GoxNP on layers could be due to the higher size of this
GBN and the lower exfoliation degree compared to G and GO.

6.2.2.4. Optimization of postcuring process

Until this point, it was concluded that, in some cases, polymerization degree affected mechanical
properties and, to remove this factor a postcuring process was carried out. Different combinations of
the factors to optimize, i.e. temperature (T), time (t) and IPA cleaning time (C), were analyzed. The

response for each configuration is shown in Table 6.8.

Table 6.8. Response for each configuration.

Configuration Tensile Strength (MPa)

1 68.32 + 0.44

T 7231 +£1.94

t 70.24 + 0.64

C 67.41 +0.51

tC 69.27 +0.27

TC 71.58 +1.47

Tt 73.58 +0.67

TtC 72.71 £0.19

From these data, the effect of each parameter could be estimated, as well as the interactions

between them. The values obtained from the tensile strength were the following (Table 6.9):

Table 6.9. Effect of the three studied parameters and their interactions.

T t C
T 0.65 211 0.07
t 2.11 0.61 2.22
C 0.07 2.22 -2.50
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Focusing on the effect of each parameter, it could be concluded that the cleaning time in the
FormWash was the most affected. Besides, it presented a negative value (-2.50), which meant that the
higher the cleaning time, the lower the strength. Time and temperature inside FormCure had a similar
effect. The higher, the better, but their effect were not very important. The negative effect of C was,
in part, counteracted by an increase in t. Probably, it was because the solvent inside the resin was

desorbed inside the FormCure.

It could be seen that the combination of factors in FormCure that offered the higher response was
80 °C for 90 minutes. However, the most affecting factor was C. To optimize it, tests at lower cleaning

times were carried out, trying to maximize the response. The results of these tests are shown in Table
6.10.

Table 6.10. Optimization of time in FormWash.

Time in FormWash (min) Tensile Strength (MPa)

1 81.81 +1.40
2 81.61 +2.53
3 81.99 +1.93
4 80.14 £ 0.54
5 73.58 £ 0.67
10 72.71 +0.19

The trend indicated by the coefficient of Yates algorithm was supported by the results for
different times in FormWash. The higher the cleaning time, the lower the tensile strength. This could
be explained by the effect of the solvent inside the polymer network. It was placed in the free volume
and produced the swelling of the resin with the consequent reduction in mechanical properties [22].
In samples with C <3 minutes, the surface residual tack was found, therefore, these values for C were
discarded.

The parameters that will be used from now on for the post printing processing of acrylic resin
are shown in Table 6.11.

Table 6.11. Post printing parameters of acrylic resin.

Temperature in FormCure (T) 80 °C
Time in FormCure (t) 90 minutes
Time in FormWash (C) 3 minutes

It was proved that postcuring process was vital to achieving good mechanical properties.

Unexpectedly, cleaning in IPA was the factor that most affected mechanical properties.
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Unpolymerized resin was soluble in IPA, whilst polymerized resin was not soluble. Therefore, this
solvent was adequate to clean the samples. However, the inclusion of IPA molecules inside the
polymerized network could weaken the material, reducing its mechanical properties. The
temperature and time obtained in this study were the same when compared to Bayarsaikhan et al
study [29]. Besides, they found that post-curing process did not only affect mechanical properties, but

also biological performance. These parameters were used with all the resin mixtures.
6.2.2.5. Effect of post-curing on samples obtained by different polymerization sources

Post-curing was done for all the studied samples, and the final tensile strengths are compared in

Figure 6.7.
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Figure 6.7. Tensile strength of postcured samples obtained by molding and SLA.

* means differences with p-value < 0.05

When post-curing was carried out, in every case an increase in tensile strength was found
compared to the same sample without post-curing. It is interesting to highlight the case of R"+GoxNP.
In most non-post-cured samples, R'+GoxNP showed the lowest tensile strength, but this trend was
not found when post-curing was applied. Differences between the nanocomposites seemed to be
reduced when post-curing was applied, maybe because polymerization degree of all of them was

similar after post-curing.

To demonstrate if differences were due to polymerization degree, it was calculated by FTIR and

results are shown in Table 6.12.
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Table 6.12. Polymerization degree of post-cured samples obtained by FTIR.

R R+G R+GO R’+GoxNP
HPP 11’ + Post 100 100 100 72.2
UV1T’ + Post 35.8 38.5 31.5 19.2
UV (Printer) + Post 51.6 48.6 50.4 514
UV + HPP 11’ + Post 100 100 100 100

Unexpectedly, not in all cases, 100% of polymerization degree was achieved. Samples that were
not subjected to heat (UV11” and UV (Printer)) achieved the lowest polymerization degree probably
because of a lack of photoinitiator or because its diffusion is not enough to reach the residual
monomer [8]. The remaining C=C bonds must have remained unreacted after the action of the

photoinitiator because they were trapped in the cross-linked polymer network.

As previously found in non-post-cured samples, polymerization degree did not correspond with
mechanical performance, and it was observed that samples obtained by UV showed better
mechanical performance with a lower polymerization degree. It could be because UV produced
structures with a higher degree of crosslinking than heat.

To summarize the finding until this point, it could be concluded that:

- G produced improvements in mechanical properties when polymerization was carried out

only by heat. When UV was present, its mechanical properties reduced.

- GO showed similar mechanical properties to R in every case, except for printed samples. The
only reason why this decrease could happen was because of the slight reduction in
polymerization degree or the presence of internal stresses during the printing process, which

will be analyzed in the next section.

- GoxNP inhibited thermal polymerization in both, thermally- and UV-triggered. Only in the
case of UV polymerization some improvements in mechanical properties were found. In the
case of printed samples, the mechanical properties fell drastically because of an effect on

adhesion between layers.

- When post-curing was carried out, differences were reduced, but R'+GoxNP UV 11" + Post
and R'+GO UV (printer) + Post showed significantly higher tensile strength than R.
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6.3. Effect of post-treatments on mechanical properties

In this section, different post-treatments for the acrylic resin with and without GBN were studied.

In this case, all samples were obtained by SLA printing.

6.3.1. Experimental methodology

Different post-treatments of printed samples were analyzed in this section. Post-curing and

annealing were carried out as explained in Section 3.2.2.5. The nomenclature is shown in Table 6.13.

Table 6.13. Conditions and nomenclature of samples with different post-treatments.

Cleaning Post-curing  Annealing
As-printed No No
Post Yes No
3 min IPA
Ann No Yes
Post + Ann Yes Yes

Samples were analyzed from a chemical (FTIR and DSC), mechanical (tensile tests and DMTA)
and visual (SEM micrographs) point of view.

6.3.2. Results

6.3.2.1. Polymerization and crosslinking degree

In Table 6.14 the T values of each resin with the different post-treatments are shown.

Table 6.14. To(°C) of R, R+G, R+GO and R'+GoxNP samples obtained by DSC.

R R+G R’+GO R’+GoxNP
As-printed 109 £ 3 104 +6 103 +4 104 +1
Post 117 +3 110+ 4 110+ 2 111+2
Ann 111+£2 108 +4 105 +2 115+3
Post + Ann 121+£1 116 £2 112+ 4 117+ 4

When T; was analyzed, it was found that during the printing process, whilst R+GBN showed
lower Tg than R, when samples were postcured, T; increased in every case because the application of
UV together with heat increased the crosslinking degree of samples. In the case of annealing, its effect
was different depending on the sample: R and R'+GO showed similar Tg than as-printed samples,

whilst R'+G and R’+GoxNP showed an increase in this parameter. Finally, compared with the other
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post-treatments, post-curing+annealing produced the most crosslinked network with the higher Ts.

However, it is important to note, that in all cases, the T; of the resin with the GBN was lower than R.

To know if the different post-treatments increased the carbon-carbon double bond conversion,

polymerization degree was calculated for every sample and the results are shown in Table 6.15.

Table 6.15. Polymerization degree obtained by FTIR.

R R’+G R’+GO R’+GoxNP
As-printed 48.6 46.0 46.3 42.1
Post 51.6 48.6 50.4 514
Ann 48.5 48.6 48.3 51.3
Post + Ann 51.5 48.2 50.1 55.1

It was found that the addition of GBN, produced a reduction of polymerization degree during
the printing process compared to R, which was especially remarkable in GoxNP. When post-
treatments were carried out, it was found that all of them produced a minor increase in
polymerization degree, being the extent of this increase different depending on the treatment and the
sample. In the case of R and R'+GO, post-treatments with UV exposure were more efficient in terms
of polymerization degree. R'+G showed a similar polymerization degree regardless of the kind of
post-treatment applied. In R, R’+G and R'+GO samples, annealing after post-curing did not result in
higher polymerization degree, therefore, the application of heat after post-curing did not produce the
polymerization of the residual monomers. Conversely, post-treated R'+GoxINP samples showed in all

cases a higher degree of polymerization than the printed samples, even in the case of annealing.

Mendes-Felipe et al [5] found that crosslinking degree of an acrylic photopolymer depended on
the use of UV light in the postcuring process. When samples were postcured with UV light, a highly
crosslinked material with better mechanical properties can be obtained. Besides, the homogeneity of
the material was also affected by the postcuring process. In the case of thermally postcured samples,
the network presented two differentiated parts with different crosslinking densities. When UV is used

in the postcuring process, the material was more homogeneous.
6.3.2.2. Mechanical properties

The tensile strength of the nanocomposites subjected to the different post-treatments is shown in

Figure 6.8.
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Figure 6.8. Tensile strength of all the nanocomposites with the different post-treatments.

* means differences with p-value < 0.05

In the case of R'+G, taking R as a reference, it was found that for every post-treatment the addition
of G resulted in a significant decrease in the tensile performance. Conversely, the addition of GO did
not produce significant changes, except for post-cured samples, where an increase in tensile strength
was found. Finally, and as previously found, GoxNP produced an important decrease in the
mechanical performance when post-treatments were carried out without UV (Ann) and for as-printed

samples.

Stress-strain curves of post-cured and post-cured+annealed samples are shown in Figure 6.9,

together with the toughness calculated as the area under the stress-strain curve.
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Figure 6.9. Stress-strain curves of post-cured samples (a) and postcured + annealed samples (b). Toughness
calculated as area under the curve (c).

* means differences with p-value < 0.05

It was found that the addition of GBN decreased the toughness of the post-cured resin. However,
when annealing was applied to post-cured samples, behaviour under tensile forces changed, and the
stress strain curves can be seen in Figure 6.9b. All samples, except R'+G, showed an increase in
elongation at break when annealing was applied, and R'+GO and R’+GoxNP showed similar

toughness than R. R'+G showed a relatively poor mechanical behaviour.

Tensile tests also give information about strength, stiffness and elasticity through tensile
strength, Young’s modulus and elongation at break, respectively. These parameters are shown in
Table 6.16.
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Table 6.16. Young's modulus and elongation at break of samples with different post-treatments.

R R+G R’+GO R’+GoxNP
Tensile
34.49 +0.52 21.27 +1.52 28.41 +3.87 17.65 +2.35
Strength (MPa)
As- Young’s
. 1.29 +0.06 0.87 +0.34 1.06 +0.13 0.77 £0.12
printed  modulus (GPa)
Elongation at
29.49 + 8.56 28.66 +4.39 34.80 +3.87 20.20 +7.42
break (%)
Tensile
73.79+1.28 70.06 +4.23 77.55 +1.06 75.21 +2.39
Strength (MPa)
Post- Young’s
2.50+0.13 2.72+0.28 1.88 +£0.39 3.68 +0.33
cured modulus (GPa)
Elongation at
6.68 +1.52 4.80+1.11 5.25+0.49 4.77 +0.31
break (%)
Tensile
68.78 +0.50 50.77 + 3.86 61.74+7.43 20.34 +0.91
Strength (MPa)
Young’s
Annealed 2.28 +0.07 2.19+0.59 2.04+0.15 1.12+0.27
modulus (GPa)
Elongation at
6.54 +1.53 571+1.14 5.54 +0.74 482 +1.54
break (%)
Tensile
82.22 +0.96 75.81+4.13 81.49+1.67 79.21 +0.57
Strength (MPa)
Post- ,
Young’s
cured + 2.60 +0.11 2.74+0.18 2.37 +0.21 2.34+0.26
Annealed Modulus (GPa)
Elongation at
6.30 +0.86 3.99 +0.72 5.56 + (.82 6.21 +0.94

break (%)

In all cases, except post-curing+annealing, post-treatments led to an increase in the rigidity of

samples and a decrease in elongation at break. It could be due to the higher polymerization and

crosslinking degree which resulted in lower chain mobility. In the case of post-cured+annealed

samples, elongation increased for R'+GO and R'+GoxNP, which could mean that internal stresses

were released.

DMTA was carried out for the most interesting combinations of GBN and post-treatment, i.e.,
R’+G and R'+GO Post and Post+Ann. As a reference, R Post and R Post+Ann were tested. Tan o (Figure

6.11) was obtained and analyzed from these tests.
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Figure 6.10. Tan 6 of post-cured and post-cured + annealed samples.

The first zone of the curves corresponds to the glassy state of the polymer/nanocomposite and
when temperature increased the rubbery state was reached. Curves showed that only one transition
occurred during the heating. It suggested that all the samples analyzed were completely polymerized
and only a physical transition could be observed, which corresponded to the glass transition [5]. The
temperature of the peak on tan 6 (Ta) corresponds to the glass transition temperature. It was found
that DSC (Table 6.14) and DMTA (Table 6.17) detected similar temperatures and the minor differences
could be due to the heating rate used to do the DSC scans. However, they also presented a small
shoulder (T«) before the glass transition, marked with a red arrow in Figure 6.11, which could be
attributed to a sub-Tg [15]. To facilitate the analysis of the results, all the data explained in this

paragraph are summarized in Table 6.17.

Table 6.17. Summary of DMTA results.

Ta Ta’
(°C) (°0)
Post 115 75
R
Post+Ann 113 70
Post 112 68
R'+G
Post+Ann 114 59
Post 106 53
R’+GO
Post+Ann 105 53
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G and GO produced a reduction in tan 6 peak, especially GO. It suggested that GO interacted
with the polymer chains, probably inhibiting the crosslinking. It could also be observed by the width
of the peak, which is higher for R'+GO sample, regardless of the post-treatment, as can be seen in
Figure 6.11. The high width also suggested that a less homogeneous network was formed [5]. The
printing process and the post-treatments seemed to result in different networks, with different
crosslinking degrees and linearity, which could be demonstrated in the presence of a sub-Ts, which

probably corresponded to the glass transition of the polymer obtained during post-treatments.

R and R’+G showed similar temperatures for the final tan § maximum. It suggested that the same
final structure was obtained [16]. However, the addition of GO changed these values, especially for
Post samples. It could be read as a different final structure, with a lower crosslinking degree. It was
already found for the kinetics curves (Chapter 5), where a different polymerization rate was shown
by R'+GO samples. Polymer structure was studied by calculating molecular weight between
crosslinks (Mc), determined as explained in Section 3.2.7.3. using the density calculated for each

sample with the procedure defined in Section 3.2.5.6. Results are shown in Table 6.18.

Table 6.18. Density and molecular weight between crosslinks of post-cured and post-cured + annealed

samples.

d (g/cm?) M. (g/mol)

Post 1.185 133.3
R
Post+Ann 1.184 127.8
Post 1.181 133.8
R'+G
Post+Ann 1.184 137.9
Post 1.182 145.8
R’+GO
Post+Ann 1.181 128.5

It can be observed that R’+GO had a lesser crosslinked structure than R and R’+G, when the
samples were only post-cured. Regarding the annealing, it was observed that R and R’+GO subjected
to annealing after post-curing showed an increase in crosslinking degree (lower M.), which was
translated into an increase in tensile strength and Young's modulus (Table 6.16). However, this

increase was not found for R’+G samples.

6.3.2.3. Fracture surface

To analyze the interaction between GBN and the matrix and the fracture produced by the
different post-treatments, SEM images of the cryogenic fracture were taken. R'+G samples were
analyzed for every post-treatment and R, R” and R'+GO were studied for the best post-treatments:
post-curing and post-curing + annealing. Figure 6.11 shows the comparison of the R'+G surface with

the four post-treatments.
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Figure 6.11. SEM micrographs of fracture surface of R'+G with different post-treatments.

In the as-printed micrograph, it can be seen how the fracture showed a ductile behaviour due to
the low polymerization degree, which was also previously observed in the high elongation at break.
Comparing the different post-treatments, it can be concluded that the behaviour changed with them.
When Post was carried out, the fracture was more brittle than the as-printed fracture, showing a
smoother surface. Ann did not change the kind of fracture and the surface was similar to the as-
printed sample. Finally, when annealing was carried out after post-curing, an important change in
the surface was found. Its roughness highly increased compared to both, as-printed and post samples.

Therefore, this post-treatment resulted in a ductile fracture.

Figure 6.12 shows SEM micrographs of R, R'+G and R'+GO with two post-treatments, i.e. post-

curing and post-curing + annealing.
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Figure 6.12. SEM micrographs of fracture surfaces of post-cured and post-cured + annealed samples.

The roughness of the surface provides information about the behaviour (i.e. brittle or ductile)
and the crack deviation mechanism. The crack deviation is found as a change in the crack growth
plane because micro-cracks encounter stiff GBN and by-pass them [13]. When post-curing was carried
out, R and R’+G surfaces were smooth, without any undulation, which represented a brittle fracture.
Therefore, the addition of G did not produce crack deviation, probably due to poor adhesion and
interaction with the matrix. Post-cured R'+GO showed homogeneously distributed undulations,
which indicated a reasonably uniform dispersion of GO and a ductile fracture. Post+Ann samples
showed higher surface undulation as compared with post samples. Usually, this undulation indicates
a higher resistance to fracture [14].
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R'+GO showed ductile fracture surfaces, which should be reflected in an increase in toughness.
However, this increase was not found, probably because GO affected polymer structure, producing
a lesser crosslinked structure with lower toughness. Therefore, GO produced a double effect: on the
one hand, it changed polymer structure, with faster polymerization and lower crosslinking degree

and, on the other hand, it produced a toughening effect, which was only found on micrographs.
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6.4. Discussion of the results

This study demonstrated that photocurable acrylic-based resin can be polymerized via heat or
UV exposition. When only heat is involved in the process, it occurs by spontaneous self-initiated

polymerization of the methacrylate monomers [17].

UV-triggered polymerization produced polymers with higher tensile strength and higher
polymerization degree than thermally-triggered polymerization. The increase in tensile strength was
152%, 62%, 97%, and 897%, for R, R’'+G, R'+GO and R'+GoxNP, respectively. The highest increase was
found for R’+GoxNP samples because the presence of GoxNP greatly inhibited thermal
polymerization, and the previous exposure to UV light slightly hindered this inhibition. However,
the tensile strength of R"+GoxNP was significantly lower than the other materials for both thermally-
and UV-triggered polymerized samples because its polymerization degree is much lower than the
other materials. The addition of G and GO produced a slight increase in tensile strength for thermally-
triggered polymerized samples, whilst UV-triggered polymerized samples showed similar tensile

strength to R, but a slightly higher polymerization degree.

When polymerization was produced by UV exposition, the initialization of the reaction consists
of the absorption of UV light by the photoinitiator, which decomposes and produces free radicals.
The number of radicals formed is directly proportional to the number of absorbed photons [19]. GBN
absorbed part of these photons and, for this reason, when polymerization occurred via UV, either in

molding or printing, the polymerization degree was lower for R'+GBN (Table 6.7).

Feng et al [3] compared conventional manufacturing (direct casting) with additive
manufacturing (SLA) of graphene-reinforced resin and found an increase in mechanical properties
when SLA was used as manufacturing technology. It could be due to the defects and bubbles that
inevitably appeared in casted samples, being the printed samples almost defect-free. The same trend
was found for every sample, except R'+GoxNP, which showed a lower polymerization degree than

the other samples because of the effect of GoxNP on layer formation.

When post-curing was applied, in all cases, differences between the samples studied were
reduced. However, the polymerization degree was not in every case 100%, even after the post-curing,
which could be explained because of steric hindrance. De Leon et al [20] found that when the
polymeric 3D network is formed, monomers may find more difficulties when trying to diffuse across
this network. Compared to R, improvements in tensile strength were found for R"+GoxNP UV11’ +

Post samples and R'+GO UV (Printer) + Post samples.

It is well-known that a problem that acrylic resins present, specifically dental resins, is that the
percentage of carbon-carbon double bonds that are converted into single bonds to obtain a polymer
is low, which results in deficient mechanical properties [21]. Post-treatments slightly increased this
conversion compared to the conversion obtained in as-printed samples. However, the degree of

conversion was around 50% for all the samples.

SEM micrographs showed that the interaction with R was stronger for GO than G, which was

also seen in the tensile strength of the samples. The effect of annealing after post-curing was higher
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for R than for the other mixtures in terms of tensile strength. Analyzing SEM images, it was found
that R Post showed the layer ordering in the microstructure, which disappeared for the Post+ann
samples. This absence of layer ordered microstructure suggested that the annealing minimize the
anisotropy and released the internal stress concentration [22]. Besides, DMTA showed that R and
R’+G had a similar structure after printing and post-treatment, and R’'+GO had a different network
structure because GO affected the polymerization reaction, which was also found in the kinetics
study. In the case of R'+GoxNP, it needed a post-treatment with UV to achieve good mechanical

performance.

The reinforcing effect of GBN via the mechanisms explained in Section 2.2.4. could be better
found by subjecting the samples to cyclic loads or fracture tests, where the crack propagation is the
main failure mechanism. However, this kind of tests are more complex and time consuming, and are

not adequate for a first approach, therefore they should be considered for future works.
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6.5. Conclusions of this chapter

In this chapter, the mechanical performance of acrylic resin and its nanocomposites was studied

in depth, as a function of the polymerization source, manufacturing process and post-treatment

applied. The main conclusions that can be extracted from this study are:

Mechanical properties of acrylic resin with and without GBN were highly affected by the
source that produced the polymerization, i.e. heat or UV. The differences found between the
GBN could be explained by the differences in the polymerization kinetics found in Chapter
5.

Mechanical performance was also affected by the manufacturing process (i.e. SLA or
molding) because of the presence of defects and other factors, like adhesion between layers.
Adhesion between layers was found to be inefficient for R'+GoxNP, being adequate for the
other GBN.

The interaction between GBN and resin produced different roughness on the fracture
surfaces. It seemed that G had a weaker toughening effect than GO, which was well-

dispersed inside the matrix and it had good interaction with the resin.

Post-treatments produced an important increase in the mechanical performance of the
printed structures because they produced an increase in polymerization degree and they

released internal stresses.

Therefore, the effect of each GBN on the different factors studied in this chapter is

summarized in Figure 6.12.

183

D4

( ® G: Inhibited UV polymerization. Temperature needed to offer good properties
Polymerization * GO: Accelerated the process. Produced less crosslinked structure
L * GoxNP: Inhibited thermal and UV polymerization. Good properties achieved by UV
J
- "
® G: Produced surface with defects, but adhesion was adequate. Low interaction with R
Adhesion between layers |+ GO: Good adhesion between layers. Good interaction with R with toughening effect
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\ J %4
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Figure 6.13. Conclusions for each GBN.
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7. Biological properties of the nanocomposites

In this chapter, the biological properties of the nanocomposites are explored. To have a first
approach to the biological performance of the studied nanomaterials, in vitro cytotoxicity tests were
carried out with MC3T3 cells.

7.1. Introduction

Acrylic polymers have been used for over 80 years to manufacture prostheses. However, these
materials have a limitation in terms of biological performance: the residual monomer that remains
after polymerization may influence the biological properties of the final medical device [1]. The main
issue of residual monomer is that it can leach from the resin, together with other substances, like

formaldehyde, which also show cytotoxicity [2].

The mechanism behind the cytotoxicity of methacrylates and dimethacrylates monomers is the
reaction of highly active a,-unsaturated carbon-carbon double bonds with the amino and thiol
groups, leading to the inactivation and denaturation of proteins [3]. Results obtained in the study
carried out by Chan et al [4] suggested that differences in toxicity of acrylates and methacrylates could
be related to their electrophilic reactivity which corresponds to their ability to deplete glutathione
(GSH) and protein thiols Figure 7.1.
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Figure 7.1. Formation of MMA-GSH complex that leads to cytotoxicity [5].

Besides, the cytotoxicity of resin monomers is also associated with excessive reactive oxygen
species (ROS) production [6]. The presence of ROS can induce oxidative DNA damage and trigger

various signal transduction pathways, which may potentially affect chemical cytotoxicity.
Different parameters were found to influence the cytotoxicity of acrylic resins:

- Polymer to monomer ratio: the higher this ratio, the lower the residual monomer and,

therefore, the cytotoxicity [7].

- Polymerization method: Raszewski [1] explored different acrylic resins which differ in the
polymerization method (hot-cured, polymerized under pressure and at lower temperatures).
Their results revealed that there were differences in terms of cytotoxicity depending on the

polymerization method.

It was found that there was a negative correlation between residual monomer and cell

proliferation [8]. Therefore, it seems that by reducing the residual monomer amount, lower
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cytotoxicity may be achieved. Sheridan et al [9] found that the cytotoxicity effect was higher for the
tirst 24 hours after polymerization. They hypothesized that the toxic substances released into the
medium during the first day were either broken down over time or complexed with other chemicals
in the medium that could alter their cytotoxic potential. Besides residual monomer, impurities could
also appear and leached out over time. Unreacted fragments of photoinitiator due to its incomplete
usage in the polymerization reaction or plasticizers can increase cytotoxicity due to processes like

oxidative stress, enzymatic inhibition, and lipophilic reactions with cell membranes [10,11].

Several methods to reduce the cytotoxicity due to the leaching of some components of acrylic
resins were proposed in the literature, e.g. soaking in warm water [8,9,12], ultrasonic cleaning [13,14],
microwaving [12], autoclaving [15]. In the case of 3D printed acrylic resins, Oskui et al [16] explored
different post-treatment to improve the biological performance of the acrylic resin. Compared to
rinsing in IPA and water for different times, the exposure to UV light produced an important decrease

in cytotoxicity.

The monomer of the acrylic resin used in this study is urethane dimethacrylate (UDMA) and
methacrylate monomers. Compared with other acrylic monomers, UDMA is less toxic than Bisphenol
A-Glycidyl Methacrylate (BisGMA), but more toxic than Triethylene Glycol Dimethacrylate
(TEGDMA) and Hydroxyethyl Methacrylate (HEMA) [17]. Besides its cytotoxic effect, UDMA has
been shown to decrease cell differentiation of some cells, e.g. mouse embryonic stem cells [18], and
human pulp cells [19]. However, some studies [20] have found that UDMA enhanced HL-60 (human
promyelocytic leukemia cells) differentiation. Therefore, the presence of residual monomer is not

desirable in terms of cytotoxicity.

Another component that could show cytotoxicity is the photoinitiator. The photoinitiator used
in this case is TPO. In literature, some studies found a cytotoxic character in TPO. Van Landuyt et al
[21] found that TPO usage in an adhesive as a photoinitiator implied lower biocompatibility
compared with other kinds of photoinitiators. Its cytotoxicity showed a dose-dependent behaviour.
Zeng et al [22] also reported medium cytotoxicity of TPO, but their results did not indicate a dose
dependent cytotoxicity.

The mechanism behind the possible cytotoxicity of TPO was explained by Popal et al [23]. They
hypothesized that the molecular structure of TPO suggested an interaction, e.g., with amino acids
residues of cellular proteins. This interaction could affect important protein functions, even at low
concentrations of TPO. Besides, the non-polar character of the phenyl groups could increase the

ability of TPO to cross thee cell membrane and interact with cellular metabolism.

Another possible mechanism of cytotoxicity of acrylic resin could be the effect of resin surface on
the cell adhesion. Some acrylic resins were found to be biologically inert because of their relatively
low wettability and the lack of biofunctional groups, that could cause a negative effect on cell

adhesion and biocompatibility [24].
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7.2. Direct and indirect viability

With the tests carried out in this section, direct and indirect cytotoxicity were analyzed. Cell
viability on the sample surfaces was studied. Besides, it was determined if there was any toxic
component that could be released to the media, resulting in a reduction of biocompatibility. Released

components could be the residual monomer, the photoinitiator, the plasticiers or other additives.

7.2.1. Experimental methodology

In this section, R” was also analyzed together with the other composites to discern if the possible
effect was due to the addition of GBN or the addition of MMA. Besides, MMA could be responsible
for the cytotoxicity of samples and adding it could modify the cell response.

Samples used to carry out these tests were postcured and sterilized. The timeslots selected were
24, 48 and 72 hours. As explained in Section 3.2.8.2., possible released components and their effect on

cytotoxicity were determined by elution tests.
7.2.2. Results

7.2.2.1. Direct viability

Calcein/PI staining images are shown in Figure 7.2. Live cells were stained in green, whilst dead
cells could be observed in red. Images quality was sometimes low because of the autofluorescence
that acrylic photocurable resins show [11].
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Control

R'+G

R+GO

R’+GoxNP

Figure 7.2. Direct viability on unwashed acrylic samples. Live and dead cells were stained in green and red,
respectively.

Surfaces of acrylic resin showed cytotoxicity, even after 24 hours of cell contact. Surface viability
seemed to increase after 24 h with the addition of GBN, specially GoxNP when staining images were
analyzed. Cell viability seemed to increase with time for R, R” and R'+GO samples. However, on R'+G
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and R'+GoxNP there were only a few cells after 7 days of culture time. The morphology of the cells

showed that they were metabolically inactive in all cases, being all of them spherical in shape.

It is important to highlight again the high autofluorescence that the acrylic resin showed, which
in some cases, resulted in not conclusive images. Therefore, these results must be completed with
Alamar Blue tests. Metabolic activity was evaluated using Alamar Blue tests. The results of these tests
for 1, 3 and 7 days of culture time are shown in Figure 7.2.
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Figure 7.3. Cell viability of acrylic resin and its nanocomposites determined by Alamar Blue.

Alamar Blue tests suggested that the addition of MMA decreased slightly metabolic activity after
all measured times, especially 3 and 7 days. The addition of all three types of GBN increased this
metabolic activity, compared to R’. For long times (7 days) R showed more active cells than the other

samples.

However, it was found that metabolic activity decreased with time. It could be due to two
reasons: (i) cells started to differentiate and during this process they died, or (ii) surfaces showed
cytotoxic behaviour. From Live/Dead staining it was possible to discern the reason for metabolic
activity reduction. Cells were not confluent at any time, with levels of confluence lower than 50%.
Therefore, differentiation could not start and the reduction of viability with time was due to surface
cytotoxicity. Therefore, it seemed that all the studied samples presented some cytotoxic behavior and

a deeper study was needed.

7.2.2.2. Elution tests

Analyzing the results obtained in the contact viability test, it was concluded that acrylic resin had
some toxic components that led to a decrease in cell viability. To find out if these toxic components
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were released to the media or were attached to the polymer structure, the following test was carried
out. In this case, cells were cultured with eluents collected after 24, 48 and 72 hours in contact with
the resin to assess the cytotoxicity of sample extracts. Figure 7.4 shows the Live/Dead staining images

of these tests.

Control

L) ““‘
ik

o

R'+G

R+GO

R’+GoxNP

Figure 7.4. Elution tests (24 h) with eluents collected after 24, 48 and 72 h in contact with R and its

composites. Live and dead cells were stained in green and red, respectively.
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It was found that R showed high cytotoxicity after 48 hours of elution, similar to the cytotoxicity
level at 72 hours. Therefore, it seems that there was still some residual monomer or any toxic
component that was released to the medium after 48 hours. When MMA was added to R, the eluent

had a similar cell performance.

The addition of GBN affected differently depending on the nanofiller. G showed higher
cytotoxicity after 24 hours. After 48 hours it showed similar cytotoxicity to 72 hours. In the case of
GO, it seems that it slightly reduced the elution of the toxic components, but it still showed high
cytotoxicity after 72 hours. Finally, the most important difference with R” was found for R'+GoxNP

samples. They showed high cytotoxicity after 24 hours of elution.

To determine which components were released from the samples and were responsible for the
cytotoxic behaviour of the eluents, 'H NMR spectra were obtained. To analyze them, it is important
to know where the characteristic peaks of the possible components (MMA and TPO) appear.

MMA spectrum showed the most intense peaks at 6.10, 5.55, 3.75 and 1.95 ppm, corresponding
to A, B, C and D hydrogens shown in Figure 7.3, respectively [25]. Acrylate monomers of the
commercial resin were unknown, but A, B and D hydrogens appear for all the acrylate monomers.

Therefore, monomers of the resin could also be detected from these peaks.

H ;CH3
C=
7 >
H ,C":D
0
hY
CH;

Figure 7.5. MMA molecule.

TPO (photoinitiator) could also be found in NMR spectrum of resin eluents. TPO characteristic
peaks are at 7.99, 7.55, 7.50, 6.80, 2.25 and 2.03 ppm for A to F hydrogens shown in Figure 7.4,
respectively [26].

HsC CH3

{ )-8
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Figure 7.6. TPO molecule.
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All spectra were referenced to the residual solvent peak, which in deuterated water (D20) will

be around 4.790 ppm. Figure 7.5 shows the spectra of unwashed samples.
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Figure 7.7. NMR spectrum of unwashed R (a), R’ (b) and R'+G (c). Peaks boxed in green are due to MMA
and in orange are due to TPO.

They presented very small peaks around 6.7 ppm. This is in the region where aromatic protons
fall and, based on the resin composition, the only place the aromatics would be coming from was the

photoinitiator. Therefore, in all the samples some residual photoinitiator seemed to be found.

Besides, the peaks around 3.8-3.7 ppm were due to residual monomer in the sample, which could
be responsible for the cytotoxicity. It was found that the R” samples showed some extra peaks that
did not appear in the other samples. These peaks could be associated with the acrylic monomer, and
it suggested that the addition of MMA led to a higher amount of residual monomer in the printed
resin. By DSC residual monomer should be found as an evaporation peak at low temperatures
(around 110°C [27]). However, the intensity of the analyzed peaks was almost in the limit of detection
of the equipment. Therefore, the amount of residual monomer and photoinitiator was very low and,

for this reason, evaporation peak at DSC did not appear.
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7.3. Viability of washed samples

7.3.1. Experimental methodology

These tests explored the possibility of removing the components that produced cytotoxicity
found in the previous section by 1 or 2 washing cycles of 24 hours each. Besides, with the best washing
procedure, elution was carried out for 7 days and Live/Dead staining tests were carried out for 1, 3

and 7 days of cell culture in a 48-well plate (culture plate).

Finally, direct viability was analyzed for the washed samples by Live/Dead staining and Alamar
Blue after 1, 3 and 7 days.

7.3.2. Results

7.3.2.1. Washing optimization

Cell viability was analyzed after 1 day to determine if cell viability improved with the washing

of the samples. Results of 1 and 2 washes are shown in Figure 7.8.

It seems that the washing procedure was successful in all the cases. Analyzing R, only with one
wash, the cell viability increased, whilst R” needed two washes to achieve the same level of cell
viability as R. R'+G showed lower cell viability in the pristine sample, but after one wash it achieved
the same level of biocompatibility than R. R'+GO was found to have the same cell performance than
R’ with the washing procedure. Finally, R'+GoxNP, which showed the highest cytotoxicity without

being washed, showed high cell viability after one wash and, even higher after two washes.

Therefore, the global conclusion that can be drawn after these tests is that acrylic resin had some
toxic components that were released to the media, causing high cytotoxicity levels. Fortunately, these
components could be removed after 2 cycles of 24 hours of washing with media, probably because
the residual monomer/photoinitiator released reacted with the proteins in the medium, following the

mechanism shown in Figure 7.1.
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Figure 7.8. Elution tests (24 h) with eluents collected after 24 h in contact with R and its composites after 0, 1

and 2 washes. Live and dead cells were stained in green and red, respectively.
Considering these findings, and to assure the possibility of toxic components removal, one more

test was carried out. Samples were washed twice with media, and eluents were collected after 7 days
of incubation with the sample. They were used to culture cells for 1, 3 and 7 days, and Live/Dead
staining tests were carried out (Figure 7.9).
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1 Day 3 Days 7 Days

Control

R'+G

R+GO

R’+GoxNP

Figure 7.9. Elution tests (1, 3 and 7 days) with eluents collected after 7 days in contact with double washed

samples. Live and dead cells were stained in green and red, respectively.

When samples were double-washed, eluents did not show cytotoxicity for culture times until 7

days at least.
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7.3.2.2. Direct viability of washed samples

Therefore, direct viability was determined on doubled-washed samples by Live/Dead staining

and Alamar Blue for 1, 3 and 7 days. The results are shown in Figure 7.10.

1 Day 3 Days 7 Days

Control

RI

R'+G

R'+GO

R’+GoxNP

Figure 7.10. Direct viability on washed acrylic samples. Live and dead cells were stained in green and red,

respectively.
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From staining images, it can be concluded that G and GoxNP increased cell viability compared
toRand R’. In the case of R"+GO, only some cells in spherical form, indicative of metabolically inactive
or dead cells, were found. However, quantitative results were only obtained by Alamar Blue tests,
which were more reliable because of the high autofluorescence of the resin. The results of Alamar

Blue tests can be seen in Figure 7.6.
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Figure 7.11. Cell viability of double-washed samples determined by Alamar Blue.

When samples were analyzed by the Alamar Blue test, it was found that the metabolic activity of
all of them was similar in every time slot. It is important to keep in mind that, according to ISO 10993-
5: 2009 [28], relative metabolic activities above 70% of the control indicate that specimens had no
cytotoxic effects. In this case, all the studied samples achieved levels of cell viability higher than 80%.
However, and as previously found on unwashed samples, metabolic activity decreased with time
without having confluence of cells on the surface. Therefore, samples still showed some cytotoxicity

and washing procedure should be optimized in future works.

To determine if the toxic components were completely removed after the washing, 'H NMR

spectra were recorded again. Figure 7. 7 shows the NMR spectra of double-washed samples.
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Figure 7. 12. NMR spectrum of washed R (a), R" (b) and R'+G (c).

It was found that all the peaks found in unwashed samples disappeared when they were washed
twice for 24 hours. Therefore, all the remaining monomer and photoinitiator were removed with the
washing procedure. For this reason, cell viability increased for washed samples compared to the
pristine samples. Even having achieved an important improvement on biocompatibility with

washing, other cytotoxic mechanisms could still be present, which should be studied more in depth.
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7.4. Discussion of the results

The surface of printed samples showed some cytotoxic behaviour due to the residual monomer
and photoinitiator. It was found that the addition of MMA decreased metabolic activity, which could

be due to the presence of a higher amount of residual monomer, as seen by NMR.

Analyzing indirect cytotoxicity tests of unwashed samples, it was found that the extracts of
unwashed resin showed cytotoxic behaviour. It had already been observed by Xu et al [29], who
studied acrylic resin cytotoxicity and the effect of rinsing time on this parameter. They concluded that
the cytotoxic behaviour was due to the residual monomer, which could be removed by rinsing in

ethanol.

R’+G and R'+GoxNP extracts showed higher cytotoxicity at short times (1 day) than the other

studied materials. Two hypotheses can explain this phenomenon:
- The nanofiller was released to the media together with the monomer or the toxic component.

- The nanofiller was not properly adhered to the matrix, resulting in a higher free volume

which favoured the release of toxic components.

By NMR, the reason could not be concluded because of the low loading of nanofillers and the

small signal that appeared due to the reduced solubility of resin.

Different methods were explored to reduce the cytotoxicity of extracts by reducing the amount
of residual monomer: rinsing in IPA [29], water [9] or autoclaving [15]. As it was found that washing
with media was effective in terms of reduction of cytotoxicity of eluents, the washing procedure was
carried out with media. After washing, collected eluents were analyzed and the toxic component had

been removed or, at least, it was not released to the media, as was corroborated by NMR.

After washing, the surface of all the studied samples showed higher biocompatibility than those
unwashed, reaching cell viability higher than 80% for culture times until 7 days. Washing was
especially efficient in the case of R’, which equalled the cell viability of the other samples after
washing. However, other mechanisms responsible for cytotoxicity could be present because cell
viability still reduced with time. Therefore, an optimization of washing procedure should be carried

out in future works.
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7.5. Conclusions of this chapter

Cell viability of acrylic resin and its nanocomposites was higher than 70% in all the cases, but
it reduced with time when cells were not confluence, which meant that surfaces showed

cytotoxic behaviour.
The addition of MMA produced a slight decrease in the cell viability of unwashed samples.

It was found that one of the responsible for the slight cytotoxicity were the residual

photoinitiator and monomer.

Eluents of washed samples showed no cytotoxicity, and their surfaces showed cell viability
higher than 80% in all cases, but some cytotoxicity still remained which needs to be explored

in future works.

The addition of GBN did not produce an increase in the cytotoxicity of the resin, which is of
high interest due to the controversial results found in the literature regarding the cytotoxicity
of GBN. Besides, when GBN were properly incorporated and dispersed within the matrix

they were not released to the medium and the indirect cytotoxicity was also adequate.
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8. Conclusions and Future Work

8.1. Final conclusions

The main objective of the thesis was to obtained GBN-reinforced photocurable resins that allow
for fabrication of 3D printedscaffolds using Vat Polymerization technologies. From the conclusions
extracted from each part of this thesis, the most significant contribution can be summarized as

follows:

1. It was found that dispersibility in photocurable resins was not adequate because of the high
viscosity that they presented. The dispersion was improved by the addition of MMA,
which, compared to the use of solvents, presented the advantage of not adversely affecting

mechanical or biological properties and it did not need to be removed.

2. A study was carried out regarding the polymerization process and the effect that both, MMA
and GBN had on it. It was concluded that MMA catalyzed the polymerization process and,
in the case of GBN, it mainly depended on the kind of GBN. Due to its high absorbance, G
and, to a lower extent, GoxNP inhibited the polymerization process, whilst GO catalyzed it
thanks to their oxygenated groups. It is important to highlight that GO catalyzed
polymerization reaction but, at the same time, produced a lesser crosslinked structure, that

partially hindered the toughening effect found analyzing the fracture surface.

3. It was found that during the 3D printing process, polymerization was not complete and
residual stresses appeared. Besides, the presence of GBN, specially GoxNP affected the
adhesion between layers. To control the final mechanical performance of printed

nanocomposites, optimized post-treatments must be applied.

4. Washing have demonstrated to reduce cytotoxicity of acrylic resin. Besides, GBN addition
have not increase cytotoxicity of the nanocomposites. Cytotoxicity was probably because
some toxic components were released to the medium, i.e. residual photoinitiator and
monomer. A washing procedure was studied to improve the cell viability of acrylic-based
resin, obtaining good results with an improve in cell viability and the removal of the toxic
components that were released to the media. However, this procedure needed to be

optimized in future works.
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8.2. Future works

From the results obtained in this thesis, many aspects could be studied in the future, and they

could give interesting results:

In this work, it was demonstrated that GBN could be used to obtain printed structures by
SLA and the effect that they have on polymerization, mechanical properties and cell response.
However, the amount of GBN added was not explored and the first step to continue with this

research would be optimizing the percentage of GBN added for each kind of GBN.

The optimization of the loading must be done not only from a mechanical point of view, but
also considering the biological performance. Therefore, it would be needed to carry out more
exhaustive study e.g., cell differentiation. Besides, it would be important to optimize the

washing procedure to achieve good biocompatibility.

Fatigue and fracture test must be done to test the reinforcing effect of GBN and see the
reinforcing mechanism. Besides, scaffolds are subjected to cyclic loads instead of static forces

and it is important to assure that the used materials can cope with this kind of loads.

GBN surface could be functionalized to improve the interaction with the resin, which could

lead to an improvement in mechanical performance.

To mitigate the negative effect that was found for some GBN different options could be
explored: adding a higher level of photoinitiator to reduce the inhibition in polymerization,
or including other nanoparticles e.g., silica or hydroxyapatite, to reduce the absorbance of the
GBN-loaded resin.

Form 2 printer used in this thesis did not allow to freely change of the printing parameters,
but to achieve the best performance of the nanocomposites it would be necessary to optimize

exposure time, layer thickness, etc.

Besides, the final application of this resin is for bone scaffolds. Therefore, it would be

interesting to study the mechanical and biological performance of porous structures.

In this thesis, commercial photoresins were investigated to understand the effect of GBN on their

properties and it has established a proper basis to know how to proceed and understand the effect

that nanoparticles could have in photocurable resins. However, having a commercial resin does not

allow for the control the properties, like molecular weight or degradation rate. For this reason, future

work relating to the synthesis of a photocurable degradable and biocompatible resin is proposed.

More specifically, the synthesis of poly(propylene fumarate) (PPF) has been explored.

PPF is a biocompatible and biodegradable polymer that has been investigated in its use for

biomedical applications (bone tissue engineering and drug delivery) since the late 1980s [1-3].

Yaszemski et al. [4] studied the degradation of PPF-based composite materials and found that the

mechanical properties of these materials increased with degradation time, which made PPF very

useful in the biomedical field.

Development of nanomaterial based scaffolds for bone tissue regeneration



8. Conclusions and Future Work 217

Some studies [5-10] explored the use of PPF as a photocurable resin. To make PPF photocurable,
a photoinitiator must be added and, to reduce the viscosity and make PPF printable, diethyl fumarate
(DEF) is used.

8.2.1. First promising results

PPF has been synthesized following the protocol proposed by Kasper et al [11]. It consists of the
synthesis of PPF by a two-step reaction of DEF and propylene glycol, obtaining a bis(thydroxypropyl)

fumarate diester intermediate, following the scheme shown in Figure 1.
0
/\OJ\/\I‘/O\/ * J\/OH
HO

o}
Diethyl fumarate Propylene glycol
Ethanco‘_/IZnC2
e}
HO o
Y\OJ\/\H/ W/\ OH
(0]

Bis(hydroxypropyl) fumarate

Propylene glycol

me}

Poly(propylene fumarate)
Figure 1. Two-step synthesis of poly(propylene fumarate) [11]

The first results show that it is possible to obtain PPF following this process, but some issues
relating to the control of the parameters during the synthesis were found and it took a long time to
obtain the polymer. When the reaction was successful, the product was characterized by RMN.

Spectrum is shown in Figure 2 and it suggests that the synthesis was successful.
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Figure 2. RMN spectrum of synthesized PPF

Besides, GPC was used to calculate the number average molecular weight (M) of the obtained
PPF, obtaining a Mn of around 6,000 Da.

The next step is to make the obtained PPF photocurable. In literature, it can be found different
proportions of DEF:BAPO:PPF. Therefore, the ratio has to be optimized. First attempts were carried
out by measuring the viscosity of the resin.
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Figure 3. Viscosity of PPF resin with different PPF:DEF ratio

However, due to the issues found in the synthesis and the lack of time, this study was not finished
and it needed more time to get conclusions. For this reason, the synthesis of PPF and its modification

with GBN are presented as future works.
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The results of this thesis established a good foundation to start the work with non-commercial

resins synthesized in the lab. Therefore, the following steps using a synthesized resin would be:

- Study the polymerization process of PPF with different photoinitiators and different

proportions of monomer.
- Set an adequate exposure time to achieve good printability.

- One advantage of producing the reins is that it is possible to study different procedures to
add GBN: dispersion in the reactants before the reaction, dispersion in DEF added to reduce

the viscosity after the reaction...

- Produce porous structures and study the cell response on them.
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Appendix

1. FTIR spectra

FTIR spectra of R, R+G, R+GO and R+GoxNP obtained in Chapter 4 are shown in Figure 1, Figure
2, Figure 3 and Figure 4, respectively.
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Figure 4. FTIR spectra of R+GoxNP subjected to 0 (a), 5 (b), 15 (c) and 30 (d) min of UV light.
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Appendix I

2. DSC thermograms

DSC thermograms used in Chapter 5 to calculate activation energy from MFK are shown in Figure 1 and

Figure 2. In both cases, different heating rates were used: 5°C/min (red), 10°C/min (green) and 20°C/min (blue).

In Figure 1, DSC thermograms corresponding to thermally-triggered polymerization can be seen.
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Figure 5. DSC thermograms of thermally-triggered polymerization of R (a), R” (b), R+G (c), R'+GO (d) and
R™+GoxNP (e).

In Figure 2, DSC thermograms corresponding to UV-triggered polymerization can be seen.
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Figure 6. DSC thermograms of UV-triggered polymerization of R (a), R” (b), R+G (c), R+GO (d) and
R’+GoxNP (e).
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3. Technical Datasheet

Technical DataSheet of acrylic resin and the three different GBN (G, GO and GoxNP) used in this work are
shown in this Section.
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MATERIAL DATA SHEET

Standard

Materials for High-Resolution Rapid Prototyping

High Resolution. For demanding applications, our carefully-engineered resins
capture the finest features in your model.

Strength and Precision. Our resins create accurate and robust parts, ideal for
rapid prototyping and product development.

Surface Finish. Perfectly smooth right out of the printer, parts printed on the
Form 2 printer have the polish and finish of a final product.

Prepared 04 .19 . 2016 To the best of our knowledge the information contained herein is accurate. However, Formlabs, Inc. makes no warranty,

Rev 01 04.18.2017 expressed or implied, regarding the accuracy of these results to be obtained from the use thereof.




Material Properties Data

The following material properties are comparable for all Formlabs Standard Resins.

METRIC' IMPERIAL' METHOD
Green? Post-Cured? Green? Post-Cured®

Tensile Properties

Ultimate Tensile Strength 38 MPa 65 MPa 5510 psi 9380 psi ASTM D 638-10

Tensile Modulus 1.6 GPa 2.8 GPa 234 ksi 402 ksi ASTM D 638-10

Elongation at Failure 12 % 6.2% 12 % 6.2% ASTM D 638-10
Flexural Properties

Flexural Modulus 1.25 GPa 2.2 GPa 181 ksi 320 ksi ASTM C 790-10
Impact Properties

Notched IZOD 16 J/m 25 J/m 0.3 ft-Ibf/in 0.46 ft-Ibf/in ASTM D 256-10
Temperature Properties

Heat Deflection Temp. @ 264 psi 427°C 58.4°C 108.9 °F 1371°F ASTM D 648-07

Heat Deflection Temp. @ 66 psi 497°C 731°C 1215 °F 163.6 °F ASTM D 648-07
"Material properties can vary with part geometry, 2 Data was obtained from green parts, printed 3 Data was obtained from parts printed using
print orientation, print settings, and temperature. using Form 2, 100 pm, Clear settings, washed Form 2,100 pm, Clear settings, and post-cured

and air dried without post cure. with 1.25 mW/cm? of 405 nm LED light for 60

minutes at 60 °C.

Solvent Compatibility

Percent weight gain over 24 hours for a printed and post-cured 1x 1 x 1 cm cube immersed

in respective solvent:

Solvent 24 Hour Weight Gain (%) Solvent 24 Hour Weight Gain (%)
Acetic Acid, 5 % <1 Hydrogen Peroxide (3 %) <1

Acetone sample cracked Isooctane <1

Isopropyl Alcohol <1 Mineral Oil, light <1

Bleach, V5 % NaOCI <1 Mineral Oil, heavy <1

Butyl Acetate <1 Salt Water (3.5 % NaCl) <1

Diesel <1 Sodium hydroxide (0.025 %, pH = 10) <1

Diethyl glycol monomethyl ether 17 Water <1

Hydrolic Oil <1 Xylene <1

Skydrol 5 1 Strong Acid (HCI Conc) distorted

FORMLABS MATERIAL PROPERTIES — STANDARD: Photopolymer Resin for Form 2 3D Printers



HIGH RESOLUTION STRENGTH AND PRECISION SURFACE FINISH

For demanding applications, our Our resins create accurate and robust Perfectly smooth right out of the
carefully-engineered resins capture parts, ideal for our rapid prototyping printer, parts printed on the Form 2
the finest features in your model. and product development. printer have the polish and finish of

.

CLEAR

Our Clear Resin polishes
to near optical transparency,
making it ideal for showcasing

internal features.

formlabs W

Photopolymer
Resin

Color Base

FLGPCBO1

a final product.

i

WHITE GREY BLACK
Our White Resin emphasizes Our Grey Resin has a smooth, Our Black Resin’s opaque matte
fine details and has a matte matte finish and shows details finish rivals the look of
finish with a warm, slightly beautifully without primer. injection-molded plastics,
ivory color. capable of producing incredible

looks-like prototypes.

COLOR KIT

Color Kit contains a Color Base cartridge and five Color Pigments.
Use Color Kit to mix and print matte, opaque parts in a range of colors
without the manual work of finishing and painting.

formlabs %%
Magenta

formlabs W
formlabs %
formlabs %%




avanzare LOW COST

AVANZARE Innovacion Tecnoldgica SL - C/Antonio de Nebrija, 8 - 26006 Logrofio (La Rioja). Spain - www.avanzare.es - sales@avanzare.es - Tel +34941587027

nanotechnology multifunctionality

AVAaNGRAPHENE (1-2 layers)

Product Description

This product consist on 1-2 layers of graphene

These products of graphene with lamellar structural morphology, are design for
their use as fillers for conductive polymers as an alternative to carbon nanotubes and
conductive blackcarbons and graphites due to its exceptional electrical conductivity.

This material is functionalized for their integration in most of the polymers such as
PVC, TPU, polyamides, polypropylene or ABS and also for their incorporation in
textiles

High conductivity can be obtained due to the easy to achieve percolation limit

avanGRAPHENE can be also use in resins and paints to obtain conductive resins,

pains and composites allowing to obtain less than 10 Ohm/cm of surface and volumetric
resistance

AFM picture of a single layer of graphene

AVANGRAPHENE (1-2 layers) 1-2
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AVANZARE Innovacion Tecnoldgica SL - C/Antonio de Nebrija, 8 - 26006 Logrofio (La Rioja). Spain - www.avanzare.es - sales@avanzare.es - Tel +34941587027

nanotechnology multifunctionality
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Graphene Oxide Characterization sheet

Reported data: FTIR Spectroscopy, Scanning Electron
Microscopy, elemental analysis, %Mn by ICP-OES, X-
ray diffraction (XRD), X-ray Photoelectron
Spectroscopy (XPS), Zeta-potential and solid state 13C
Nuclear Magnetic Resonance (NMR).

e FTIR Spectroscopy

Transmitance (a-.u.)
Transmitance (a.u.)

3550 2550 1550 550 2050 1550 1050 550

Wavenumber (cm*) Wavenumber (cm)

Left, full spectrum. Right, magnification between 2000 and 900 cm™
wavenumbers.

Assignment (cm™) 1713 C=0 (carbonyl/carboxy); 1611 C=C (aromatics); 1388
C-O (carboxy); 1217 C-O (epoxy); 1043 C-O (alkoxy).

e
GOM10.16 0003 x1,0k  100um GOM10.16 0008 x50k 20um

¢ Elemental analysis

%C %H %N %S %0

GO 51.25 2.19 0.31 0.86 43.99




e %Mn by ICP-OES

The residual amount of Mn'in graphene oxide measured by ICP-OES is 0.05%.

e XRD
=== Graphit
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Left, XRD pattern for as-prepared graphene oxide bulk material. Right,
comparison between XRD patterns of graphene oxide and graphite starting
material evidencing that complete oxidation have occurred.

e TGA

100 t
K 11.08%

100.00°C
£8.69%

Weight (%)

300.00°C
58.40%

787.92°C
I7.66% 02

200 o slo 200
Temperature (°C) Universal V41D TA Instruments

The first 11.9% mass loss (approx 100° C) it is due to water solvent molecules
absorbed into the GO bulk material, the following 30.49% decrease at 300° C

stands for GO decarboxylation process, further decomposition takes place up to
800°C.

Experiment settings: temperature scanning rate: 1 °C/min; temperature range
20-800 °C; purging inert gas: N2



e XPS

Cls Ols O/C atomic
ratio
GO 284.8 (38) |530.9(21) | 0.655

286.6 (54) | 532.5(79)
288.3 (8)

Cis O1s

GO GO

280 2!.34 258 292 5é8 51.32 51.36
BE (eV) BE (eV)

Binding energies (eV) and deconvoluted peaks (%) for C1s, O1s core levels.
Assignment (eV): 284.8 C-C 530.9 C=0
286.6 C-O 532.5.C-O
288.3 C=0

e AFM

Zjnm]
S in e in ko in
T S R S

AFM topographic image and magnification of GO deposited onto a silicon wafer.
The high profile of the observed GO flakes correlates accordingly calculated
values (0.7-1.2 nm).
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e Zeta-potential
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graphenit®

Graphite Nano Platelets

graphenit® is a series of chemically modified graphite nano-
platelets for industrial applications. Chemical modification on
the parent surface material yields different interactions with its
surrounding matrix: polar/non polar solvent; thermostable,
elastomer or thermosetting polymer, ceramic, etc. The ultimate
goal is to achieve a good dispersion in the target matrix.

Graphene (single carbon 2D layer) is an extraordinary material
at nanoscale dimension but difficult to manage in industrial
processes. graphenit® brings a portfolio of derivatives not only
in powder form but also in paste and masterbatch facilitating
the full exploitation of its properties.

graphenit-OX is a low dimensional carbon nano platelet shape
with a lateral dimension of about 2-3 micron with less than 5
layers thick. It is slightly oxidized (content of oxygen around 2%)
yielding to a superior dispersion behavior in different
solvent/matrix. It has been used with success as anti-corrosion
additive in powder coating formulation among other
properties.

Reproducibility between production batches is guaranteed by
our internal quality control sample analysis.

Inteasty @)

Industrial scale & affordable
Chemically Modified Graphene

REFERENCE DESCRIPTION

Gaphene nanoplatelets slightly oxidized (2%). Highly dispersion properties
graphenit-0X in polar solvents. High chemical stability. BET surface area of 101 m2/g and

bulk density of 0.2 g/mL. Less than 5 layers thick.

Graphite nano platelets have been claimed as mechanical reinforcement, electrical conductivity,
thermal conductivity, anti-corrosion, lubricant, flame retardant, etc.
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