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Resumo

A engenharia de tecidos (TE) visa a recriação de substitutos artificiais para melhorar a função de
um tecido que havia sido perdida ou danificada. Ao longo dos anos, diferentes biomateriais têm
sido explorados nesta área. Entre estes, destaca-se a policaprolactona (PCL), um poliéster alifático
sintético, biodegradável e biocompatível, que tem sido amplamente investigado em combinação
com técnicas de manufatura aditiva (AM). Não obstante, a PCL apresenta propriedades mecânicas
limitadas, sendo assim o seu reforço através da incorporação de cargas uma estratégia comum.

Desde a atribuição do prémio nobel pela realização de procedimentos experimentais ino-
vadores com um material a duas dimensões, o grafeno, o interesse pela área despoletou. O grafeno
é o elemento estrutural da grafite e consiste numa monocamada de átomos de carbono com hib-
ridização sp2 segundo uma estrutura planar semelhante a uma colmeia, composta por diversos
anéis benzoicos. A combinação do grafeno com diferentes polímeros tem sido explorada para
tirar partido das suas características únicas, como por exemplo as suas propriedades mecânicas e
térmicas. Trabalhos prévios demonstraram que os materiais à base de grafeno (GBM) melhoram
extensivamente o desempenho mecânico de uma diversidade de polímeros sintéticos, tais como a
PCL, mesmo quando incorporados em pequenas quantidades. Assim, cria-se a oportunidade de
explorar novos compósitos segundo tecnologias avançadas de processamento.

Recentemente, a capacidade de fabricar implantes com arquiteturas complexas através de téc-
nicas de AM, nomeadamente melt electrowriting (MEW), tem-se revelado fundamental no con-
texto de aplicabilidade biomédica, em particular no que às aplicações em TE diz respeito, sendo
dois dos tecidos mais investigados, o muscular esquelético e o cardíaco. A técnica de MEW, re-
sultante da fusão entre electrospinning e micro extrusão, apresenta inúmeras vantagens, nomeada-
mente (i) não requer o uso de solventes, pelo que evita possíveis problemas de citotoxicdade,
genericamente associado a outras técnicas; (ii) permite a impressão de fibras à escala micrométrica
de forma direta, precisa e sem instabilidades causadas por interferências de campo elétrico.

O objetivo da dissertação foi o desenvolvimento de implantes de PCL de grau médico com
GBM segundo a técnica de MEW, com propriedades magnéticas para posterior aplicação em
TE. Para tal, foram definidos objetivos específicos: i) preparar GBM magnéticos (@GBM), ii)
produzir compósitos PCL/GBM por mistura em fundido; iii) realizar caracterização morfológica,
química, térmica, reológica, cristalográfica e magnética das amostras; iv) otimizar a impressão dos
compósitos de PCL/GBM; e v) produzir e caracterizar implantes de PCL/GBM com arquiteturas
precisas.

Para alcançar o objectivo proposto, dois tipos (M e C) de nanoplaquetas de grafeno (GNP) com
diferentes dimensões laterais foram oxidadas através do método de Hummers modificado, e pos-
teriormente magnetizadas segundo o processo de precipitação in situ de cloreto de ferro. Através
de técnicas de espalhamento dinâmico de luz (DLS) e imagens de microscopia eletrónica de trans-
missão (TEM), registou-se que a GNP-M, a GNP-C e as nanopartículas de ferro foram obtidas
com um tamanho médio de 2 µm, 1 µm e 45 nm respectivamente. Não foram registadas diferenças
significativas entre a GNP, a GNP oxidada (GNP-ox) e @GNP quer para o tipo M, quer para o tipo
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C. Imagens de TEM revelaram que após o processo de magnetização, as nanopartículas de ferro
se encontram a recobrir a superfície da GNP. Por sua vez, os ensaios de potencial zeta revelaram a
estabilidade coloidal da GNP, GNP-ox e @GNP para ambos os tipos de GNP produzidos, aquando
da utilização de água como solvente, sendo que todos valores obtidos foram inferiores a -20 mV.

Seguidamente, filamentos compósitos de PCL/GNP foram obtidos por mistura em fundido.
Para este fim, diversas quantidades de @GNP foram testadas, nomeadamente: 2 e 10 wt.% de
@GNP-M; 2, 10, 15 e 20 wt.% de @GNP-C. Após a sua produção, imagens de microscopia
eletrónica de varrimento (SEM) das secções de corte transversais revelaram que a @GNP não
se encontra exposta à superfície dos compósitos, mas homogeneamente distribuída pela matriz
polimérica. Assim, técnicas de análise de superfície como espectroscopia no infravermelho por
transformada de Fourier (FTIR), e espetroscopia de fotoeletrões excitados por raios-X (XPS) rev-
elaram resultados semelhantes para a PCL e para os compósitos de PCL/GNP. Contrariamente, a
técnica de espetroscopia de raios-X por dispersão de energia (EDS) e por consequência de análise
em profundidade, revelou um aumento na percentagem atómica de ferro com o aumento da in-
corporação de @GNP. Ensaios de análise térmica por varredura diferencial de calorimetria (DSC)
demonstraram a ação da @GNP como núcleo de cristalização, pois a temperatura de cristalização
da PCL aumentou cerca de 94 % com a sua incorporação. Já os ensaios de termogravimetria (TGA)
revelaram a @GNP como agente de estabilização térmica, pois a temperatura de degradação máx-
ima da PCL aumentou cerca de 10 e 4 % com a incorporação de @GNP-M e @GNP-C, respeti-
vamente.

Segundo ensaios de difração por raios-X (XRD), a @GNP-M e a @GNP-C apresentaram
parâmetros de rede cristalina intermédios entre a Fe3O4 e Fe2O3, confirmando assim que os pós
obtidos consistem numa mistura entre ambas as estruturas. A presença de Fe-O e PCL nos com-
pósitos de PCL/GNP foi demonstrada através dos seus difractogramas normalizados. Adicional-
mente, com a incorporação de quantidades crescentes de @GNP, verificou-se uma intensidade
crescente dos picos relativos a Fe-O face aos picos relativos à PCL. Os ensaios de magnetização,
realizados por superconducting quantum interference device (SQUID), sugerem um comporta-
mento ferromagnético por parte dos materiais testados. A @GNP-M e a @GNP-C apresentaram
uma magnetização de saturação (MS) de 74 e 79 emug−1, respetivamente. Já a MS para compósitos
de PCL/GNP revelou-se cerca de 70 % do esperado.

Para posteriores estudos de impressão, selecionaram-se os compósitos de PCL/GNP-C em
prol dos compósitos de PCL/GNP-M, desde logo pela @GNP-C se ter apresentado com menores
dimensões e maior magnetização do que a @GNP-M. Assim, a impressão dos compósitos de
PCL/GNP via MEW foi estudada e otimizada de acordo com parâmetros chave, tais como pressão,
voltagem e velocidade de coletor. No global, todos os compósitos foram obtidos com diâmetros
de fibra a rondar os 20 µm para diversas condições de impressão. Não obstante, a impressão
de PCL/GNP-C-20, em função da sua maior viscosidade, revelou-se unicamente precisa para
condições de impressão altamente específicas. Por fim, foi apresentado um estudo preliminar
acerca da impressão de implantes com poros hexagonais em condições não otimizadas, onde se
demonstra que a impressão de PCL e respetivos compósitos segundo estruturas complexas é pos-
sível.

Em suma, estes resultados demonstraram, pela primeira vez, a compatibilidade de compósitos
de PCL/GNP com tecnologias avançadas de fabricação. A viabilidade de combinar tais compósitos
com MEW foi realçada através da impressão de implantes com microarquitecturas complexas.
As estruturas 3D obtidas podem ainda ser optimizadas e exploradas para diferentes aplicações
biomédicas, incluindo engenharia de tecidos e medicina regenerativa. Estão em curso ensaios de
caracterização biológica em implantes de PCL e PCL/GNP com uma linha célular mioblástica
imortalizada (C2C12) com o intutito de investigar a sua adesão, proliferação e diferenciação.



Abstract

Tissue engineering (TE) aims to recreate artificial tissue substitutes to improve a lost or dam-
aged tissue function. Over the years, different biomaterials have been explored for the purpose.
Among these, polycaprolactone (PCL), a synthetic biodegradable and biocompatible aliphatic
polyester, has been widely investigated in combination with additive manufacturing (AM) tech-
niques. Notwithstanding, due to its limited mechanical properties for some of the desired applica-
tions, reinforcement with incorporation of fillers is a common procedure.

Since the Nobel Prize "for groundbreaking experiments regarding the two-dimensional mate-
rial graphene", the interest in graphene has seen a tremendous increase. Graphene, a one carbon
atom thick sheet, is the elementary structure of graphite composed of sp2 carbon atoms arranged
in a flat honeycomb structure. Its combination with several polymers has been recently explored
mainly due to unique features, such as mechanical and thermal properties. Previous works have
demonstrated that graphene-based materials (GBM) are able to extensively improve the mechan-
ical performance of a diversity of synthetic polymers, such as PCL, even when incorporated in
small quantities, creating an opportunity to explore such new composite materials using advanced
processing technologies.

Recently, the ability to manufacture scaffolds with elaborate architectures by AM techniques,
namely melt electrowriting (MEW), has contributed significantly to several studies on biomedical
applications, with great potential in the fields of skeletal muscle and cardiovascular TE. MEW is
a novel emergent printing technique resulting from merging electrospinning and microextrusion.
Main advantages of MEW include (i) a solvent-free processing method, which avoids cytotoxicity
concerns commonly associated to other techniques; and (ii) the ability of accurately direct writing
microfibers onto a collector without instabilities caused by the electrical field.

Altogether, the primary goal of the thesis was to develop medical-grade PCL/GBM scaffolds
with additional magnetic properties via MEW for TE applications. The following specific ob-
jectives were set: i) to prepare magnetic GBM (@GBM); ii) to produce PCL/GBM composite
filaments by melt-blending; iii) to characterize GBM and PCL/GBM composites in terms of mor-
phological, chemical, thermal, rheological, crystallographic and magnetic properties; iv) to op-
timize PCL and PCL/GBM printing parameters; and v) to produce and characterize PCL/GBM
scaffolds with precise architectures.

To achieve the proposed goal, two grades (M and C) of graphene nanoplatelets (GNP) with
different lateral sizes were oxidized through modified Hummers method, and then magnetization
was achieved via in situ precipitation through the incorporation of iron chloride. Size characteriza-
tion was performed through dynamic light scattering (DLS) techniques and transmission electron
spectroscopy (TEM). GNP-M, GNP-C and iron nanoparticles were obtained with an average size
respectively of 2 µm, 1 µm and 45 nm. No significant differences were obtained between GNP,
oxidized GNP (GNP-ox) and @GNP for both GNP grade materials. Upon magnetization, iron
nanoparticles were found covering GNP surface, as observed by TEM. Zeta potential measure-
ments revealed the colloidal stability of GNP, GNP-ox and @GNP for both GNP grade materials
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in aqueous environment, being the obtained values < -20 mV.
Subsequently, composite filaments based on PCL/GNP were produced via melt-blending. For

this purpose, different filler ratios were tested: @GNP-M contents were of 2 and 10 wt.%, while
for @GNP-C, those were of 2, 10, 15, and 20 wt.%. After production, @GNP were found ho-
mogeneously distributed within the polymeric matrix, as observed throughout cross-sections of
composite filaments by scanning electron microscopy (SEM). Given that @GNP was not exposed
at the surface of composite filaments, surface analysis techniques such as Fourier transform in-
frared spectroscopy (FTIR), and X-ray photoelectron spectroscopy (XPS) revealed no differences
between PCL and PCL/GNP composites. In opposition, energy dispersion X-ray spectroscopy
(EDS), which analysis deeper into the samples, revealed an increase in iron at.% with growing
@GNP loadings. Furthermore, differential scanning calorimetry (DSC) assays demonstrated that
@GNP is behaving as a crystallization nucleus since PCL crystallization temperature increased
around 94 % with its incorporation. Thermogravimetric (TGA) analyses revealed @GNP as a
thermal stabilizer since PCL maximum degradation rate temperature increased around 10 and 4 %
with @GNP-M and @GNP-C incorporation, respectively.

According to X-ray diffraction (XRD) assays, @GNP-M and @GNP-C presented interme-
diate lattice parameters between Fe3O4 and Fe2O3, thus confirming that the powders consisted
of a mixture between both structures. PCL/GNP composites normalized diffractograms revealed
the presence of Fe-O and PCL. Herein, the higher the @GNP wt.%, the higher the intensity of
the peaks of Fe-O material compared to PCL. Magnetic experiments, via superconducting quan-
tum interference device (SQUID), suggested that materials presented a ferromagnetic behaviour.
@GNP-M and @GNP-C exhibited a magnetic saturation (MS) of 74 and 79 emug−1, respectively,
while PCL/GNP composites presented MS values around 70 % of the theroretical ones, regarding
the amounts of filler loaded and its MS.

These results, namely @GNP-C presenting lower average size, and higher MS than @GNP-
M, enabled the selection of PCL/GNP-C instead of PCL/GNP-M composites for further printing
studies. Therefore, PCL/GNP-C composites printability via MEW was investigated and optimized
according to key parameters such as feeding pressure, applied voltage and collector speed. Overall,
each composite was obtained with fibre diameters around 20 µm for a broad range of printing
conditions. Notwithstanding, given PCL/GNP-C-20 higher viscosity, its printability was only
accurate to highly specific printing conditions. Finally, through a preliminary study on the printing
of hexagonal microstructured scaffolds in non-optimized conditions, it is demonstrated that the
printing of PCL and PCL/GNP composites with complex patterns is possible.

Altogether, these results demonstrated, for the first time, the compatibility of PCL/GNP com-
posites with advanced fabrication technologies. The feasibility of combining such composite fila-
ments with MEW was herein proved by printing complex 3D microarchitectures. The obtained 3D
structures can be further optimized and explored for different biomedical applications, including
tissue engineering and regenerative medicine. Biological characterization experiments are being
performed on PCL and PCL/GNP scaffolds with an immortalized myoblastic cell line (C2C12) to
investigate their adhesion, proliferation and differentiation.
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Chapter 1

Introduction

1.1 Context

Globally, around 230 million major surgical procedures are performed [1]. Most of these involve

repair, replacement or regeneration of one or more damaged tissues or organs through disease

or injury [2]. The current gold standard treatment for these issues is the autograft, that is the

tissue transplant from one site to another in the same patient. It is also possible to transplant from

one patient to another (allograft). However, both approaches have major problems [3]. On one

hand, the amount of available donor tissue, as well as the need for a second injury site, which

results either in additional trauma to the patient either in new possible consequences such as pain,

infection, and donor-site morbidity, limits the autograft approach. On the other hand, the hurdle

to the allografts approach is based not only on the restrict amount of tissue available for all of

the patients who require them but also on the rejection risk by the patient immune system and the

subsequent possibility of infection or disease introduced on the patient, from the donor [2].

As an alternative, come out the concept of Tissue Engineering (TE), which was first pointed out

in 1998 in a National Science Foundation workshop being defined as "the application of principles

and methods of engineering and life sciences toward the fundamental understanding of structure-

function relationships in normal and pathological mammalian tissues and the development of bio-

logical substitutes to restore, maintain or improve tissue function" [4]. Thereby, TE field involves

a multidisciplinary knowledge, passed from experts on mechanical engineering, clinical medicine,

genetics, materials science to related disciplines from both engineering and life sciences [4]. The

acceptance process of tissue-engineered constructs has been changing over the last few years. In

the beginning, the constructs were prepared outside the body and only then incorporated into the

living being. Currently, the use of the constructs on a clinical environment implies the successful

implantation and evaluation of the prepared tissue/organ [5].

TE attention from the scientific community has increased terrifically over the last 25 years, not

only in the proper scientific point of view, according to the 1.2 million results on Google Scholar

[6], but also in the economic point of view. Kim et al. [6] reported that currently, there are a total

of 49 publicly listed TE companies in the US, employing nearly 146 millions of people. Another
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study pointed out that TE market is expected to grow from $10.8 billion in 2016 to over $22 billion

in 2025 worldwide [7].

Regardless of the tissue type, several key considerations are important when designing a scaf-

fold for use in TE, namely its mean pore size and architecture, which accuracy is highly dependent

on the manufacturing technique. These factors will directly influence both mechanical and bio-

logical properties, namely scaffolds biocompatibility and biodegradability [4]. Highlighting the

biological behaviour, the clinical environment for TE constructs is getting closer. The biggest

hurdle has been the regulatory issues, being that 86 % of all clinical trials in 2018 to get Food and

Drug Administration (FDA) approval failed, which originated a huge economic burden [8].

All the criteria mentioned above are dependent on the selected biomaterial, which is the basis

for scaffold production. In 1976, in the first Consensus Conference of the European Society for

Biomaterials, a biomaterial definition was given: "a nonviable material used in a medical device,

intended to interact with biological systems" [4]. Nowadays, the concept of biomaterial is different

since its understanding moved from only interacting with the body to influencing biological pro-

cesses toward the goal of tissue regeneration (TR). The current definition of biomaterial is a "any

substance or combination of substances, other than drugs, synthetic or natural in origin, which can

be used for any period of time, which augments or replaces partially or totally any tissue, organ or

function of the body, in order to maintain or improve the quality of life of the individual" [9].

Typically, three groups of biomaterials - ceramics, natural and synthetic polymers - are used in

the fabrication of scaffolds for TE. Each of these biomaterial groups has specific advantages and

disadvantages, therefore the use of composite scaffolds comprised of different phases is becom-

ing increasingly common [4]. Ceramic scaffolds, although not generally used for soft TE, there

has been widespread use of it, such as hydroxyapatite and tri-calcium phosphate, for bone TR

applications [4]. Natural polymers like hyaluronic acid, fibrin, chitosan, and collagen have good

biological compatibility, low immunogenicity, and osteoconductivity. However, natural polymers

suffer from high degradation rates and low mechanical stability. Opposingly, synthetic polymers,

like polycaprolactone (PCL) and polylactic acid (PLA) exhibit controlled degradation rates. More-

over, they possess the ability to be fabricated into complex shapes and have improved cell attach-

ment. Synthetic polymers can also be produced at low cost, in large quantities and have a longer

shelf life [10]. An emerging class of materials, smart (bio)polymers, besides being biodegradable,

biocompatible, renewal as well as inexpensive, exhibit a characteristic feature of undergoing fast

and reversible changes due to being sensitive to some factors such as temperature, humidity, pH,

the intensity of light, solvent or ionic composition, the introduction of specific ions and electrical

or magnetic fields [11].
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1.2 Motivation

The growing need for organs and tissues continuously stimulates the development of TE. Initially,

TE appeared with two dimensional (2D) scaffolds, which allows the growth of cells as a monolayer

culture flask, involving a single type of cells on a planar surface. Thus 2D scaffolds are not

a perfect representation of the normal environment in an organism, due to the limited cell-cell

interaction and lack of cellular organization [12, 13]. Therefore, the future of TE depends on

three-dimensional (3D) scaffolds [14, 15].

In 3D cell culture, aiming to mimic the real-life scenario, a cellular microenvironment is cre-

ated in the cell-cell or cell-extracellular matrix (ECM) interactions. There is also the possibility

of co-culture several types of cells [16, 17]. Moreover, 3D scaffolds which consist of nanofibres,

nanotubes or nanoparticles, are often made of polymers such as PCL and PLA, which were found

to be effective in influencing the fate of stem cells. Besides polymers, carbon-based materials

(CBM) offer an alternative of nanomaterials for TE due to their biocompatibility and mechanical

strength [18].

Regarding CBM and its compatibility with the natural ECM, scaffold based on them can en-

hance both cell-cell interaction and normal cellular functions in TE. CBM of different dimensions

such as fullerenes, carbon nanotubes, and graphite were successfully employed in many TE inves-

tigations due to their mechanical stability [19, 20]. These carbon nanomaterials are considered as

a physical analogue of ECM components such as collagen fibres due to their similar dimensions

[20, 21].

Graphene (G), being a one carbon atom thick sheet, is the elementary structure of graphite

and is composed of sp2 carbon atoms arranged in a flat honeycomb structure. Graphene-based

materials (GBM) can present different structure and properties such as graphene oxide (GO), re-

duced graphene oxide (rGO), graphene quantum dots (GQD), graphene nanosheets and graphene

nanoplatelets (GNP), also known as few-layer graphene (FLG).

Previous studies suggest that integration of G components have excitingly enhanced the cyto-

compatibility of biomaterials by osteointegration, stem cell differentiation into a variety of cells,

improved neuronal growth and branching, which boost the production of vascular endothelial

growth factor/pro-angiogenic gene for cardiac repair [22, 23, 24]. There are already several scaf-

fold fabrication techniques available including solvent casting [25], particulate leaching [26], gas

foaming, solution electrospinning [27], phase separation [28] and freeze-drying [28].

The main disadvantages of the previous scaffold manufacturing techniques are mainly based

on the use of organic solvents which is often related to cytotoxicity issues [29, 30]. Currently,

the challenge is the development of new scaffold designs and manufacturing approaches that al-

low the printing of a dynamic and accurately defined 3D pore architecture. Regarding this need,

appears additive manufacturing (AM) techniques [31, 32]. AM is a broad term that concerns sev-

eral methods that by using a computer-aided design can fabricate scaffolds via layer-by-layer fibre

deposition.
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An alternative processing technique for the fabrication of scaffolds for TE applications is so-

lution electrospinning [30], which is generally not considered as an AM technique due to the

dynamic and chaotic nature of fibre deposition. Generally, the limitations of AM include lower

resolution fabrication limits, while electrospinning is unable to accurately reproduce structured

3D scaffolds accurately [33].

Therefore, it appears a technique designated as melt electrowriting (MEW). It can produce

sub-micron diameter fibres - as low as 270 nm [34] - but these are exceptions rather than the rule.

This means that MEW does not normally result in the production of "nanofibres", which is one

of the original goals of electrospinning. However, MEW can readily produce fibres with "low

micron diameters" that allow the design of scaffolds for TE applications [35]. While MEW is

not considered useful for nanofibre production, there are compelling arguments for its use in TE

scaffold production, namely being a reproducible, robust and flexible process in manufacturing

biomedical materials [35].

Explained the current scenario on 3D cell culture, GBM and AM techniques is now essential to

enhance the onset of GBM scaffolds as a way to surpass the concerns on cell adhesion, prolifera-

tion and differentiation in the biomedical context. Currently, 3D printed GBM scaffolds, due to its

unique mechanical and electrical properties, are used for TE of heart, bone, cartilage, nerve, skin,

liver, etc [36, 37]. Additionally, several studies reported GBM biocompatibility and antibacterial

properties [38, 39].

The primary concern among the use of 3D printed GBM scaffolds is its toxicity. Despite

this worry, many investigations have been successful in proving its biocompatible nature [40].

Another concern is related to both mass transfer and oxygenation of the cells. These factors can

be improved by the manufacturer of a scaffold with a suitable pore size range and distribution.

Recently another key topic has started to be explored in the TE field, namely the achievement

of the fourth dimension (4D). To accomplish this goal, the scientific community has begun to

fabricate scaffolds with suitable smart materials to closely mimic the dynamic nature of tissues

against natural stimuli [41]. Therefore, a 4D printed scaffold is one that can be spatiotemporally

controlled over its physicochemical properties and structure. Physical stimuli include temperature,

light, and magnetic field, whereas humidity and pH are examples of chemical stimuli being the

most relevant for the present study the magnetic-responsive ones [41].

In summary, to the best of our knowledge, there is no reported work on the development

of magnetic PCL/GBM composites via MEW. So, here it is proposed an insightful approach to

achieve such materials.
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1.3 Goals

The main goal of the present work was to develop PCL/GBM scaffolds with additional magnetic

properties via MEW for TE.

To achieve this goal, the research pipeline was to:

1. Prepare magnetic GBM (@GBM) powders, namely GNP of grades M and C, via in situ

precipitation and produce PCL/GNP composite filaments by melt-blending.

2. Assess the morphological, chemical, thermal, rheological, crystallographic and magnetic

characterization of GNP powders and PCL/GNP composites.

3. Optimize PCL/GNP printability according to key MEW parameters.

4. Produce PCL/GNP scaffolds with linear and non-linear architectures via MEW.

5. Perform the characterization stated in 2) for the MEW printed scaffolds.

6. Evaluate scaffolds biocompatibility and tissue regeneration performance.

1.4 Structure

The remainder of this work has the following structure: Chapters 2, 3 and 4 present an overview on

PCL, GBM, and AM, respectively. Each chapter contains a brief scope, a detailed state-of-the-art

and a set of biomedical applications. Chapter 5 reports the used materials and the adopted exper-

imental methodologies to prepare @GNP powders, to produce, print and characterize PCL/GNP

composites. Chapter 6 covers the obtained experimental results. It is divided into several sections

that include GBM morphological properties, particle size, and stability; materials characterization

and printability. Chapter 7 comprises a general discussion of the most relevant results, in light of

the most recently available literature reports. Finally, chapter 8 presents the major conclusions that

can be drawn from the work presented in this thesis. Ongoing and future work is also presented

and proposed.
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Chapter 2

Polycaprolactone

2.1 Scope

Over the last years, biomaterials such as biodegradable polymers have attracted massive attention

in medical, pharmaceutical and biomedical engineering applications. Due to their biocompatibil-

ity, biodegradability and higher hydrolysability in the human body, aliphatic polyesters embrace

one of the most powerful classes of synthetic biodegradable polymers [42].

Polycaprolactone (PCL) was one of the earliest polymers synthesized by the Carothers group

in the early 1930s [43]. It is a family member of synthetic biodegradable aliphatic polyesters

which have found relevant use as a biomaterial in sutures, prosthetics and drug delivery systems.

Commercially, PCL is approved by the Food and Drug Administration (FDA) for use in hu-

mans. The main features of PCL that made this approval possible are biodegradability, biocompat-

ibility, compatibility with a broad range of other polymers and good processibility due to its high

thermal stability and relatively low cost, which enables the fabrication of a variety of structures

and shapes [44].

Currently, PCL is widely used mainly due to the birth of TE. However, after attracting tremen-

dous attention from the scientific community, the popularity of other resorbable polymers such as

polylactides and polyglycolides overcame PCL. These allow the polymer matrix to release encap-

sulated drugs within days or weeks with complete resorption 2-4 months after implantation [45].

Another crucial factor to its loss of popularity was related to the unsuitable mechanical properties

to be applied in high load-bearing applications such as the replacement of metal devices - screws,

plates, nails, among others - by using biodegradable implants.

In summary, for most of two decades, PCL as a long-term degradation polymer was passed

over due to the scientific community preference on faster resorbable polymers. The trend of inter-

est in PCL in the biomaterials field, namely in TE applications, is outlined in Figure 2.1, which

represents its recent resurgence.
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Figure 2.1: Number of publications on tissue engineering, in which PCL was used from 1998 until
2020. [Source: Web of Science]

2.2 State-of-the-art

2.2.1 Synthesis and physicochemical properties

Ring-opening polymerisation (ROP) of e-caprolactone is the main synthesis process of PCL - the

chemical reaction is described in Figure 2.2. However, over the last years, many efficient catalysts

have been used for that purpose [46, 47]. The polymerisation of PCL can be explained by several

mechanisms, namely anionic, cationic, coordination and radical one. Each method affects PCL

final molecular weight, end group composition and chemical structure of the possible copolymers

[48]. Several catalysts can be used to do this polymerisation, namely tin- and aluminium-based

ones. Stannous(II) 2-ethylhexanoate is a representative example of tin-based compounds. Gen-

erally, these catalysts are referred to as stannous octoate molecules. To have control over the

molecular weight of the PCL samples, it is necessary to use low molecular weight alcohols.

Figure 2.2: Ring-opening polymerization (ROP) of e-caprolactone to polycaprolactone. Reprinted
from [49]. Copyright © 2020 Informa UK Limited.
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According to PCL physicochemical properties (Table 2.1), it is a semi-crystalline polymer

with a melting temperature between 56 and 65 °C, and a glass transition temperature around -60

ºC. Its average molecular weight usually varies from 530 to 630000 gmol−1. PCL is soluble in

benzene, carbon tetrachloride, chloroform, cyclohexanone, dichloromethane, 2-nitropropane and

toluene, at room temperature. On the other hand, it has low solubility in 2-butanone, acetone,

dimethylformamide, ethyl acetate and acetonitrile. It is a versatile polymer since its chemical and

mechanical properties can be modified by copolymerization or, blending. Figure 2.3 represents

possible combinations of PCL with other materials [50].

Regarding the long-term degradation of PCL, it can take from months to two years. The exact

amount of time is dependent on the degree of crystallization, molecular weight and degradation

conditions [51].

Table 2.1: Summary of PCL physicochemical properties. Adapted from [49].

Property Range
Approximate degradation time (months) < 24

Average molecular weight (g mol−1) 530 to 630 000

Crystallinity (%) < 69

Decomposition temperature (ºC) 350

Density (g cm−3) 1.07 to 1.20

Elongation at break (%) 20 - 1000

Glass transition temperature (ºC) -65 to -61

Melting temperature (ºC) 56 to 65

Surface tension (mM m−1) 51

Tensile stress at break or max (MPa) 14

Water permeability at 25 ºC (g m−2 ) 177

Young modulus (GPa) 0.21 to 0.44

Figure 2.3: List of reported materials to blend with polycaprolactone, namely ceramics, natural or
synthetic polymers. Adapted from [50].
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2.2.2 Biodegradation

PCL has received considerable attention as a long term implantable biomaterial being that its

degradation rate is even slower than polylactic acid’s. In physiological conditions, such as in the

human body, it is degraded by the hydrolysis of its ester linkages [44].

The degradation of a semicrystalline polyester such as PCL in aqueous media occurs in a two-

stage process. The first step starts with the non-enzymatic hydrolytic cleavage of ester groups lead-

ing to mass loss, while the second step is related to intracellular degradation of PCL. According to

Azimi et al. [44] this was observed during experiments of PCL fragments uptake in phagosomes

of macrophages and giant cells. Additionally, it can be said that the first stage of the degradation

rate of PCL is virtually identical to the in vitro hydrolysis at 40 °C and obeyed first-order kinetics.

Therefore, the condition to guarantee that PCL is going to be fully resorbed and degraded via an

intracellular mechanism is having a molecular weight equal or less than 3.000 gmol−1.

Generally, at high temperatures, PCL degrades by end-chain scission, while at low tempera-

tures, it degrades by random chain scission [52]. During hydrolysis, carboxylic acids are formed,

which allow the auto catalyzation of the degradation. Notwithstanding, to achieve a faster decom-

position, the catalyzation can be performed by enzymes [53, 54].

In summary, regarding PCL molecular weight, distribution and possible copolymerization with

other glycolides, lactides or lactones, it can have a total degradation from months to two years.

2.2.3 Biocompatibility

In 1987, the following definition was suggested by Williams D.F "biocompatibility is the ability

of a material to be used with an appropriate and suitable reaction of the host for a specific applica-

tion". Recently a new definition of biocompatibility was set as "a set of the different interrelations

between a biomaterial and its environment, and their biological local or general consequences,

immediate or delayed, reversible or definitive" [55].

Indeed, biocompatibility takes into consideration the interactions between the biomaterial and

its biological environment. Additionally, the effect of one in the other and vice versa is also

considered. The interactions that exist in the interface differ in duration and intensity. Both factors

depend on the biomaterial and the desired tissue [55].

Inflammation can be triggered due to several factors namely the leaching of low molecular

mass compounds, which can happen via degradation or due to the presence of leachable impuri-

ties. Additionally, secondary inflammatory reactions can be activated due to the release of acidic

degradation products from implants and bioresorbable polymers. A key factor is the capacity of

the surrounding tissues in eliminate the by-products. Local temporary disturbances can be gen-

erated if this capacity is low, mainly due to low metabolic activity or poor vascularization [45].

Lofti et al. [55] reported a work in which the local fluid accumulation and the transient sinus

formation led to an increase in osmotic pressure. So, both bioresorbability and biodegradability

are significant factors when concerning biocompatibility problems on aliphatic polyesters.
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In this context, Manoukian et al. [56] outlined that PCL, after both short and long-term studies

performed did not exhibit any adverse reactions from the host tissue. Therefore, it was determined

to be biocompatible. In another work, Sell et al. [57] reported that besides PCL composites being

able to support and promote the growth of human coronary artery endothelial cells and adipose-

derived stem cells, the fibrous electrospun scaffolds when blended to gelatin, exhibited exceptional

biocompatibility with bone marrow stromal cells.

Another example of the biocompatibility and versatility of PCL is described by Samavedi et

al. [58] where the fabricated scaffolds of poly(ester urethane) with nHAPPCL via electrospinning

provided an alternative method for the regeneration of the damaged anterior cruciate ligament. Its

biocompatibility was assessed through the use of an MC3T3-E1 osteoprogenitor cell line. The

results indicated an active metabolic behaviour of the cells on the meshes.

Hence, regarding the use of polymers in scaffolds, medical devices or even drug-delivery

systems, biocompatibility is a factor that must be considered.

2.2.4 Biomedical applications

To conclude the chapter, this subsection concerns PCL biomedical applications, namely the TE

ones, which are viable due to its intrinsic physicochemical, mechanical and biological properties.

So far, PCL has been used in bone, cardiac, cartilage and skeletal muscle TE, among others.

Currently, the major worldwide cause of death is cardiovascular disease [59]. Therefore, im-

provement of the current and new designs on heart valves, vascular grafts and heart stent com-

ponents, are needed. Nonetheless, the current most crucial challenge is the creation of cardiac

engineered-tissue [49]. Kai et al. [60] outlined the manufacturing of randomly and aligned

PCL/gelatin-based scaffolds via electrospinning aiming the study of the fibres alignment influence

on cell attachment and alignment. The results showed that both scaffolds presented anisotropic

wetting features such as the ones demonstrated by the native cardiac tissue. Additionally, when

seeded in rabbit cardiomyocytes, the aligned PCL/gelatin scaffolds were able of trigger an increase

in cell attachment and alignment.

Concerning the skeletal muscle, Mondal et al. [49] stated that it constitutes around 48 % of

the body mass. Its main functions are the maintenance of the structural shape and the control of

Human body voluntary movement. Currently, the research on skeletal muscle TE mainly focuses

on PCL scaffolds with natural polymers such as collagen [61] and gelatin [62].

Summing up, besides over the last few years a considerable amount of work focused on PCL

and its composites for TE has been developed, there are still many challenges to address. There-

fore, alternatives are needed, such as combining PCL with GBM.
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Chapter 3

Graphene-based materials

3.1 Scope

Since the Nobel Prize in Physics in 2010, Graphene (G), as a carbon allotrope, in a "gold rush"

has triggered tremendous attention within the scientific community. A standard definition for G

is a two-dimensional (2D) crystalline material with sp2 hybridized atoms. It is the fundamental

building block of hexagonally bonded carbon materials and consists of a 6-ring honeycomb lattice

structure where each carbon atom is bonded to three neighbouring atoms. When wrapped up, G

forms fullerene, rolled up generates carbon nanotubes (CNT) and stacked creates 3D graphite (Gt)

[63], as it is represented in Figure 3.1. Other graphene-based materials (GBM) described in the lit-

erature comprise graphene oxide (GO), reduced graphene oxide (rGO) and graphene nanoplatelets

(GNP). GO is usually produced by the modified Hummers method (MHM), which consists of car-

rying out a reaction of Gt powder with KMnO4 and NaNO3 in concentrated H2SO4. Both KMnO4

and NaNO3 represents oxidant agents, while H2SO4 is used to promote the formation of epoxy

groups and surface defects on the honeycomb structure. During this reaction, the temperature must

be kept at a maximum of 45 °C. To stop the reaction, H2O2 must be added. GO possesses several

oxygen-cointaining functional groups, namely hydroxyl and epoxy in the basal plane, while at the

edges carbonyl and carboxyl are present [64]. Due to its strong oxygenation, GO is considered

hydrophilic and can be easily dispersed in water and further functionalized [65]. GNP or few-layer

graphene (FLG) are constituted by stacked graphene sheets with a thickness of 2 to 10 layers [66].

Figure 3.2 presents the chemical structures of different GBM, namely Gt, graphite oxide (GtO),

G, GO and rGO [67].

Currently, GBM are applied in diverse research areas, mainly due to its electrical, magnetic,

mechanical and optical properties. Furthermore, G and GBM have been described as having bac-

tericidal action, a property which made them an attractive choice for designing antimicrobial ma-

terials. Figure 3.3 shows the growing interest of GBM in the biomedical field.

13
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Figure 3.1: Graphene (G) as the 2D building block of hexagonally bonded carbon materials.
Adapted from [63].

Figure 3.2: Graphene-based materials family and its production methods. Reprinted from [67].
Copyright © 2020 Elsevier B.V.
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Figure 3.3: Number of publications on graphene in the context of biomedical applications from
2007 to 2020. [Source- Web of Science]

3.2 State-of-the-art

3.2.1 Synthesis and physicochemical properties

In 1999, G was exfoliated into thin lamellae comprising multiple G layers by Ruoff and co-workers

via a micromechanical approach [68]. In 2004, Geim, Novoselov et al. [69] achieved single-layer

G through the use of a similar approach but followed by the use of scotch tape to repetitively peel

of flakes from Gt. Since then, several studies have been focused on their production and scale-

up. To be applied in the most diverse research areas, particular criteria need to be met, therefore

methods to achieve controlled morphology, thickness and size are paramount.

Concerning G synthesis methods, it can be produced from top-down or bottom-up approaches.

Top-down approaches such as micromechanical, electrochemical and sonochemical exfoliation-

based methods can be complex and result in low yields [70]. Additionally, Gt intercalation fol-

lowed by microwave irradiation is also performed [67]. As bottom-up approaches, there is the

chemical vapour deposition, from liquid and gaseous hydrocarbons solid carbon sources, py-

rolysis/calcination, from glucose and CaCO3, solvothermal synthesis, from ethanol/sodium and

substrate-free deposition, from ethanol [67]. Figure 3.2 assembles some of the GBM types men-

tioned in the text, together with a succinct description of the corresponding synthesis methods.

GBM oxidation disrupts the aromatic system, introducing oxygen in the form of hydroxyl and

ether groups at the bulk surface and carboxyl and carbonyl at the edges of the sheets, leading to

a decrease of conductivity, which can be partially reestablished by reduction, resulting in rGO

when GO is used. There are several kinds of reduction processes namely chemical, thermal,

electrochemical, biological by the use of reducing sugars, solvothermal, microwave irradiation

and even though green tea polyphenols, vitamin C and resveratrol [67]. The most used are the

chemical and the thermal ones.
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1. Chemical Reduction: GO samples are immersed in a chosen chemical reduction agent for a

certain temperature range and time. At the end of the process, materials have less oxygen-

containing functional groups. It allows processing of large batches [71].

2. Thermal reduction: Very efficient method in terms of the production of rGO powders with

high performance. The method, itself, consists of removing both water and oxygen func-

tional groups via its evaporation [72].

Concerning the physicochemical properties, G stands out as a significant reference since it

owns plenty of unique properties, such as remarkably lightweight, high elasticity, unique specific

strength (G has a value of 48000 KNmKg−1 while steel has 154 KNmKg−1), high thermal con-

ductivity (G has a value nearby 3000 WmK−1 while cooper is around 400 WmK−1) and high

electrical conductivity. G has the tremendous ability to support high densities of electric current

(higher than cooper in a factor of 1000). As G is easily chemically functionalised, it can be com-

bined with several materials and devices according to the final application.

3.2.2 GBM composites

Since the discovery of G remarkable physicochemical properties and ability to be dispersed in sev-

eral polymer matrices, a new class of polymer composites with GBM as fillers has been created.

The production methods, characterization techniques, properties and applications of these poly-

mer/GBM composites have been extensively reviewed in the literature since GBM incorporation

can significantly improve the properties of host polymers, even at minimal amounts [73, 74].

Polymer/GBM composites can be produced by solvent blending, melt blending, in situ poly-

merization and covalent bonds. Solvent blending consists of blending the polymer with organic

solvents followed by solvent removal. Melt blending involves mixing polymer melt and filler (in

a dried powder form) under high shear conditions. In situ polymerization comprises the mixing

of GBM in a solution of monomers followed by polymerization. Covalent bonds between the

polymer matrix and GBM can also be done [74].

Solvent blending being the method that allows better GBM dispersion, has the disadvantage

of using organic solvents. Melt blending allows a large scale and more economical production

of polymer/GBM composites by using melt extrusion. However, its use has been hindered due

to the thermal instability of most chemically modified G [73]. Thereby, some challenges need to

be overcome to produce polymer/GBM composites, namely the homogeneous dispersion of GBM

with minimal restacking, and the effective blending of GBM with the polymer matrix.

The incorporation of GBM into polymeric chains has been used to improve their mechani-

cal, thermal or electrical properties. Sayyar et al. [75] produced a composite of PCL with well

dispersed and chemically modified rGO via solvent blending. The Young modulus and tensile

strength increased to more than double when compared to PCL while the electrical conductivity

increased around 14-fold. Wang et al. [76] prepared a nanocomposite of PCL with poly(sodium

4-styrene sulfonate) modified graphene via solution blending. Young’s modulus and yield strength
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of PCL were improved by around 12 % with 0.5 wt.% incorporation of modified graphene. PCL

crystallization rate increased approximately 6-fold by the addition of merely 0.05 wt.%.

Yu et al. [77] prepared PCL/GO composites via in situ polymerization by focusing on the

crystallization behaviour, namely on GO influence as a nucleation agent. Via wide-angle x-ray

scattering patterns, the authors identified that PCL crystalline structure was not affected. Dif-

ferential scanning calorimetry measurements indicated that crystallization temperature of PCL

increased around 1.2-fold with the incorporation of 1.5 wt.% of GO. Wang et al. [78] devel-

oped nanocomposites based on PCL and GO nanosheets via in situ polymerization. Thermal and

mechanical properties of PCL remarkably increased, namely its degree of crystallization that in-

creased around 1.4-fold. In comparison, tensile strength and Young modulus increased 2.5 and

1.5-fold, respectively, without a significant loss of elongation at break.

Composites with PCL and carbon-based materials have also been explored via melt blending.

Chin et al. [79] reported the preparation of PCL/multi-walled carbon nanotubes (PCL/MWCNT)

via this process in a twin-screw extruder with low rheological and electrical percolation thresh-

olds. MWCNT addition to PCL increased its crystallization temperature in 17 °C and degree of

crystallization in 65 %. Potschke et al. [80] also prepared PCL/MWCNT composites with only

0.5 wt.% of MWCNT at different rotation speeds via melt blending by using a micro-compounder.

The lowest resistivity (104 Ωm), as well as the better dispersion, were achieved at 250 rotations

per minute (rpm). At this rotation, the crystallization temperature of PCL increased from 26 to 42

ºC, while crystallinity values from 39 to 53 %.

3.2.3 Biodegradation

Fadeel et al. [81] defined biodegradation as a process where a microorganism transforms the

structure of an organic material via enzymatic or metabolic reactions.

Previously to describe the current state-of-art on the biodegradation of GBM, it is necessary

to highlight the urgent need on developing and optimize eco-friendly methods for GBM oxidation

and degradation. For the record, the heavy use of strong oxidants and concentrated acids such as

KMnO4 and H2SO4 threatens the environment. Additionally, vast amounts of graphitized materials

are discharged into it. Thus, they tend to be toxic to both fauna and flora [82].

Initially, GBM were considered as structurally persistent, however, subsequent in vitro and

in vivo studies evidenced that the degradation of both CNT and GO could be catalysed through

the use of oxidative enzymes, namely peroxidases [83, 84]. In another study, Jiménez et al. [85]

reported that several material properties influence the ability of each GBM in being biodegraded,

namely the lateral dimension, the number of layers, the nanomaterial dispersibility, the synthetic

energy, the C/O ratio [81] and the role played by surface functionalisation [86]. Figure 3.4 cat-

egorizes several GBM tested in biodegradation studies, namely GO, rGO, GNP, graphene oxide

nanoribbons (GONR) and rGONR.

In terms of biological behaviour, between GBM, the most studied 2D material is GO mainly

due to its easy surface modification and aqueous dispersibility. Kuraphati et al. [86] demonstrated

that myeloperoxidase could catalyze the degradation of GO in the presence of H2O2. Moreover, the
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Figure 3.4: GBM biodegradation categorization in terms of number of layers, C/O ratio and lateral
size. Reprinted from [85]. Copyright 2018 American Chemical Society.

authors were able to show that GO biodegradation could be enhanced through its functionalization

with catechol and coumarin, which are natural ligands of horseradish peroxidase. Overall, the

higher the degree of dispersibility, the higher the biodegradation extent. The different degrees of

dispersibility were proportional to the percentage of GO carboxylic groups.

Newly, it was outlined that isolated human neutrophils could promptly degrade single-layer

GO sheets with different lateral dimensions if, and only if, stimulated to produce neutrophil ex-

tracellular traps or activated to undergo degranulation with the release of myeloperoxidase [87].

Despite recent progress, much work remains to be done, namely in the biodegradation and clear-

ance of the GO.

Finally, three primary guidelines concerning the development, optimization and application of

GBM in the biomedical context were set. According to Bussy et al. [88], by using such guidelines,

the overall safety from exposure of the material is increased while the risk of adverse responses

happening is decreased.

1. Individual nano-G sheets should be used. It is related to the non-use of large, long and

wide structures. Indeed, research groups should these sheets since they will be efficiently

internalized and fully removed from the deposition sites by macrophages.
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2. Adequate surface hydrophilicity should be present. Essentially, the use of stable colloidal

dispersions as well as hydrophilic individual nano-G sheets will minimize the in vivo aggre-

gation.

3. Tissues accumulation should be avoided. Fundamentally, the research groups should use

a material that can be directly excreted or one that when chemically modified could be

efficiently degraded as well.

3.2.4 Biocompatibility

Firstly, it must be enhanced that all the fundamental definitions and concepts behind biocompat-

ibility are present in subsection 2.2.3. Indeed, the linkage of the final application with the bio-

logical response contrasts toxicity and biocompatibility. Therefore, a material can be intrinsically

biocompatible but toxic if not used in agreement with its final application.

Two factors must be considered in biocompatibility studies, namely the material intrinsic

physicochemical properties and the material derived properties from the interaction with biolog-

ical environment. Table 3.1 describes those properties [89]. Such considerations became even

more fundamental when studying new materials, i.e., materials without clinical history and lim-

ited knowledge about its toxic profile as is the case of GBM. Additionally, GBM differ in chemical

composition (e.g., G, GO, rGO, among others), which makes understanding even more complex.

The current incapacity of design and develop soft devices that besides being safe are also

sufficiently flexible to match the mechanical needs of the host tissue, has revealed itself as a

significant hindrance to the formulation of fully integrated biomaterials. Notwithstanding is of

common scientific sense that differences between the elastic moduli of the host tissue and the

biomaterial may trigger diverse unwanted biological responses [90]. Therefore, there is a high

expectation from the scientific community on GBM becoming the materials that can satisfy the

tissue integration needs mainly due to their tremendous flexibility [91]. As materials with planar

atom-thin structure, they can not only create flexible materials and maintain their mechanical

properties but also increase their weaker aspects, such as improve its stability and decrease its

brittleness [90].

Table 3.1: Essential material properties on biological response influence. Adapted from [89].

Material intrinsic
physicochemical properties

Material derived properties from
interactions with the biological environment

Elastic constants Ability to produce free radicals
Dimensions and shape Byproducts size and chemical properties

Porosity Degradation, corrosion, or wear profile
Surface chemestry,

roughness and morphology
Protein adsorption and desorption
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Recently, there have been several research groups reporting implanted GBM as having non

or minimal cytotoxicity [92], while others reported intense tissue fibrosis [81]. Thus, the current

conflicting information enhances the lack of knowledge in terms of GBM implants biological

responses.

GBM biocompatibility at the macroscale level is mainly influenced by surface chemistry and

surface reactivity along with its possible coating, either with biomolecules, either with chemical

contaminants. Nonetheless, for medical devices applications, GBM surface is the most desired

point of modification and subsequently of interest [93].

Concerning the chemical contamination, Bullock et al. [89] reported that it must be avoided

and that sterilization and depyrogenation are not minor issues. Additionally, it is worth mention-

ing that several chemical compounds that are regularly used in the production of GBM are/can

be highly toxic and subsequently impact negatively in the body response to GBM implantation.

Having in mind the planarity and high surface area of GBM, these chemical compounds will be

bioavailable since they are directly present in their surface.

Therefore, identifying these potentially dangerous chemicals in GBM synthesis process and

proceed to its substitution for more green alternatives is an urgent need [94]. As an example,

hydrazine which is a chemical compound used to (partially) reduced oxidized GBM is extremely

cytotoxic and carcinogenic. Currently, hydrazine substitution is not possible, so it is mandatory to

ensure the elimination of possible toxic residues via a full cleaning/purification process [95].

Overall, further studies in this research field are mandatory since GBM biological behaviour

remains unknown or, at least, not fully understood.

3.2.5 Biomedical applications

Over the last few years, the unique physicochemical properties along with biocompatibility have

made GBM highly attractive in several applications, namely in biological biosensing through the

development of electrochemical, fluorescent and field-effect transistor biosensors, in TE, namely

in bone, cardiac, cartilage, neural and skeletal muscle, in drug/gene delivery, in bioimaging and

photoacoustic imaging, in photothermal and photodynamic therapy, in the development of bio-

compatible scaffolds for cell culture, stem cell differentiation, among others [96]. According to

Banerjee et al. [97], GBM biomedical applications (67 %) have surpassed the non-biomedical

ones.

As described in subsection 2.2.4, myocardial infarction and coronary artery diseases are the

primary worldwide causes of death [59]. Regarding the limited capacity of regeneration from

cardiac tissue, any injury or damage may become a permanent one. Due to its anisotropicity

and presence of properly aligned collagen nanofibers with a diameter in between 10 and 100

nm [98] the cardiac tissue possesses outstanding mechanical properties and systematic contractile

rhythm. Additionally, it has high electrical conductivity (0.005 and 0.1 Sm−1 in the transverse and

longitudinal direction, respectively).

So far, some research groups reported the regulation of the differentiation of a stem cell lin-

eage in vivo by using GBM, namely a G structure conjugated with a ring of pyrene. The advantage
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of using G was related to its high electrical conductivity [39]. Another study outlined cardiomyo-

genic differentiation using G, without signs of cytotoxicity [99]. Recently, it was reported the

improvement of efficacy in myocardial repair by rGO [100]. Overall, due to its unique proper-

ties, namely mechanical, electrical conductivity and easy surface functionalization, GBM holds a

magnificent promise for cardiac TE applications. To date, the most used materials in this field are

hydrogels. However, they have weaker mechanical properties than the desired ones as well as low

values of electrical conductivity.

Concerning cartilage TE, firstly is necessary to highlight that trauma, ageing, sports injury or

even degenerative diseases can lead to cartilage defects. Cartilage is an elastic and resilient tissue,

mainly due to the highly ordered arrangement of chondrocytes in the ECM. Nevertheless, since it

is an aneural avascular tissue, it has a limited ability to regenerate [101].

Newly, GBM has started to be tested as a scaffold material to promote cell adhesion, prolifer-

ation and differentiation mainly through its stimulation [102]. Qian et al. [103] reported the full

repair of a rabbit knee defect after just 18 weeks via the use of a 3D porous scaffold reinforced

with GO, in contrast to the one without GO. In another work, Kim et al. [104] outlined the use of

GO either as a substrate to promote cell adhesion, either as a protein, i.e., growth factor with the

finality of promoting the differentiation of chondrogenic adult stem cells. Besides the preliminary

work with GBM in this field, especially with GO, further work must be developed.

Regarding skeletal muscle TE, recently, Palmieri et al. [105] reviewed the use of GBM com-

posites on it as well as its futures perspectives. According to it, Chaudhuri et al. [106] described

a PCL/GNP composite capable of promoting the formation of myotubes in human skeletal mus-

cle cells derived from umbilical cord blood-derived mesenchymal stem cells. Later, Chaudhuri

et al. [107] developed a PCL/GO composite with ≈ 85 % of porosity to ensure mouse myoblast

cells (C2C12) growth. Probably due to enhanced conductivity of the composites, the authors were

able to guarantee a higher myogenic differentiation and ensure the expression of two myogenic

proteins, namely Desmin and MyoD. In a different perspective, Patel et al. [108] developed an

electrospun PCL/G composite to promote C2C12 cells adhesion, proliferation and differentiation

into myoblasts. Remarkably, PCL/G with 1 and 2 wt.% of G demonstrated higher myoblast activ-

ity, thus showing that the tuning of G concentration allowed the control over the biological activity

of the developed scaffolds. In summary, polymer/GBM composites appeared as a promising class

of composites capable of promoting and drive skeletal muscle tissue regeneration.
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Chapter 4

Additive manufacturing

4.1 Scope

Additive manufacturing (AM) is currently defined as "a very promising group of technologies for

scaffold developments with rigorously controlled internal architectures and mechanical properties

for tissue and organ regeneration" [109]. Indeed, as a novel approach, AM is a broad term that

concerns several methods that by using a computer-aided design can fabricate scaffolds via layer-

by-layer fibre deposition. AM trend in terms of published papers in biomedical applications over

the last few years is retreated by Fig. 4.1. Nevertheless, there are still some challenges that must

be surpassed [110]:

• Create advanced, closed and modular platforms that allow the automatization of the manu-

facturing process.

• Define versatile, reliable and consistent starting materials.

• Develop standard and easy regulatory pathways to produce new biomedical devices.

• Design and implement novel systems to allow control of the printing accuracy of the fabri-

cated products.

Another primary concern is the absence of an agreed and accepted terminology. To date, the

lack of consensus within the scientific community is generating uncertainty and misunderstandings

in the description of possible new approaches. In this chapter, AM techniques such as laser-

based technologies, namely stereolithography (SLA) and two-photon polymerization (2PP); fused

deposition modelling (FDM), pressure-assisted microsyringe (PAM) deposition, 3D bioplotting,

ink-jet bioprinting, electrospinning and melt electrowriting (MEW) are reviewed. Afterwards, the

focus is on the biomedical applications, namely in tissue engineering (TE).

23
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Figure 4.1: Number of publications on additive manufacturing in the context of biomedical appli-
cations from 2008 to 2020. [Source: Web of Science]

4.2 AM techniques

4.2.1 Laser-based technologies

SLA technique is based on the scanning of an ultraviolet (UV) laser over the upper part of a liquid

bath associated with a photopolymerizable material. The polymerization of the bath occurs only

in the places where the UV laser beam hits the bath surface. As a result, the first solid plastic

layer is created. Then, the layer is lowered into the bath. Afterwards, the polymerization process

is repeated until a precise architecture, and a specific number of layers is achieved [45].

Overall, SLA technique is not much used in the design and fabrication of scaffolds for TE ap-

plications, mainly due to the limited number of available photopolymerizable biomaterials. Cur-

rently, the materials used by SLA equipment are epoxy-based or acrylate-based resins. Despite the

available materials offer durable, robust, and accurate models, they lack in both biodegradability

and biocompatibility aspects [45].

To achieve the sub-micron scale appears the 2PP technique, in which a photosensitive resin

is polymerized via laser beam control in both time and spatial domain [111]. Nevertheless, this

method takes a long time to manufacture large structures.

4.2.2 Fused deposition modelling

FDM technique was invented and patented by Scott Crump in 1989. The first FDM 3D printer

was produced and commercialized by Scott’s Stratasys company. To develop scaffolds for TE

applications, FDM uses a computer-aided design (CAD) system to control the fibre extrusion of a

molten thermoplastic polymer. This principle makes possible the scaffolds mechanical properties

modulation [112].
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Over the last two decades, FDM has proved itself as a reliable technique. Notwithstanding, it

possesses limitations such as being able only to extrude thermoplastic polymers at high temper-

atures as well as not allow the incorporation of living cells or growth factors. Additionally, the

higher the number of layers, the higher the surface roughness.

FDM has also inspired several other extrusion-based techniques to fabricate 3D printed scaf-

folds such as 3D-fiber deposition (3DF) and bioextrusion. These techniques are multi-dispensing

systems, i.e., systems that can simultaneously dispense more than one material allowing the man-

ufacturing of scaffolds with different local physicochemical properties [112, 113]. In opposition

to FDM, in both 3DF and bioextrusion printing techniques, materials are filled in a cartridge as

pellets. Due to the longer time at high temperatures that materials are submitted to, both 3DF and

bioextrusion printing techniques are even more susceptible to thermal degradation. In summary,

FDM is a flexible technology platform that is highly used for processing thermoplastics polymers

such as polylactic acid (PLA), polycaprolactone (PCL) and elastomers.

4.2.3 Pressure-assisted microsyringe deposition

To solve the high processing temperature concerns of FDM, other techniques such as PAM and

wet-spun automated extrusion systems appeared, being able to manufacture scaffolds with a fibre

diameter of 20 µm [114].

It is worth mentioning that in PAM, several working modules can be installed in parallel on

a robotic micro-positioner. Thus, allowing the processability of polymer solutions and living cell

suspensions [114]. The primary shortcoming of these techniques is the low vertical dimension

resolution. Despite the improvements from FDM to PAM, hydrogels based in natural polymers

are still difficult to process.

Nevertheless, Tan et al. [115] reported the development of porous PLA/gelatin scaffolds via

an indirect fabrication approach based on rapid prototyping technology. For instance, the scaffolds

presented a 3D network of interconnected channels through which the nutrient supply to the culture

media was facilitated. Overall, the scaffolds showed no cytotoxicity. However, studies about cell

proliferation and differentiation throughout the pores were not assessed.

4.2.4 3D bioplotting and ink-jet bioprinting

So far, none of the described techniques can print scaffolds and seed cells simultaneously, and

subsequently are not capable of mimicking the cell distribution in native tissues. Therefore, new

AM techniques appeared, such as 3D bioplotting, ink-jet and valve-jet bioprinting.

Regarding 3D bioplotting, Figure 4.2 describes all the possible printable materials. The most

common printing paradigm is the encapsulation of cells into the hydrogel carrier. Afterwards, by

the application of pressure, the material is extruded. Although allowing the deposition of different

types of cells into the hydrogel, 3D bioplotting is limited about the fabrication of scaffolds with

complex shape, mostly due to the lack of optimal hydrogel carriers [116]. Another shortcoming of

3D bioplotting concerns scaffolds post-processing stability. Indeed, it is necessary to prevent the
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Figure 4.2: List of 3D bioplotting printable materials. Adapted from [119].

deformation of the construct by matching the density and viscosity properties of the used hydrogel

carrier. Highley et al. [117] described the use of self-healing hydrogels, being such printing

possible due to guest-host hydrogels noncovalent and reversible bonds which could be disrupted

by the application of a physical stimulus such as shear stress. Therefore, the used guest-host

hydrogels deformed to accommodate the extruded materials and self-healed to maintain material

consistency.

In opposition to 3D bioplotting, ink-jet bioprinting uses droplets to dispense cells. It is worth

mentioning that droplets are dispensed by the generation of an electromagnetic, piezoelectric, or

thermal stimulus. As the used droplets are in the picolitre range, the available resolution to print

live cells is high. Nevertheless, due to nozzle clogging, high-stress shears are generated and cell

viability is limited. Valve-jet bioprinting dispenses droplets containing bio-inks by using solenoid

microvalves driven by pneumatic pressure. It can generate an average of 1000 droplets per second,

contains high spatial precision, and uses volumes in the nanolitre range. Notwithstanding, and

similarly to ink-jet, valve-jet bioprinting is still a nozzle-based printing technology. Therefore,

cell viability is limited by the possibility of nozzle blockage [118].

4.2.5 Electrospinning

Electrospinning is a technique that uses a strong electrical field to obtain a network of polymeric fi-

bres, with a diameter range from micro to nanoscale, being the nano the most commonly achieved

scale. Via electrospinning is possible to print a wide variety of materials since volatile solutions

of natural to synthetic polymers. Regarding its extrusion process, the fibres are spun from an elec-

trodynamic Taylor cone that is formed as soon as the applied electric field overcomes the surface

tension of the polymer solution. The cost-effectiveness, rapid fabrication, simplicity and versa-

tility are some of the reasons for its increasing popularity in TE [120]. Overall, electrospinning

promotes fibres random deposition to resemble its arrangement in ECM. Thus, it is expected that

cells migrate, proliferate and differentiate as it happens in the biologic tissues.
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In opposition to achieve randomly oriented nanofibres, appears a technique designated as

MEW, which allows complete control over fibre deposition at the microscale. Therefore, com-

pared to electrospinning, MEW is able to accurately mimic the native structural organization of

ECM [121, 122].

4.2.6 Melt electrowriting

Historically, the first MEW approach was in 2011 [121]. Since that, MEW has been described with

different terminologies, namely direct-writing melt electrospinning (MES), melt electrodynamic

3D printing and near-field MES. Currently, the general definition is melt electrowriting, MEW,

and derives from "melt electrostatic writing", which is distinct from "melt electrostatic spinning"

as it was firstly described by Daryl et al. [123].

MEW allows an accurate fibre deposition through a direct-write jet without electrical instabil-

ities. Nevertheless, it must be enhanced the newly discovered facts about MEW [124]:

1. capacity to control the inherent jet/processing conditions instabilities, i.e., "fibre pulsing".

2. ability to overcome charges issues when manufacturing constructs with large volume via the

exploration of the present dynamic electric fields.

3. capacity to digitize the electrified jet and subsequently provide in-process quality control

and a reproducible outcome.

4. potential to process a wider range of polymers besides the gold standard (PCL).

5. aptitude to enhance scaffolds mechanical properties through the use of different MEW fibre

designs constructs with soft networks.

Notwithstanding, Taylor cone, as well as the ability of direct writing the molten jet with control

into a grounded collector plate, are the two critical factors to understand MEW. Additionally,

to achieve an accurately-printed MEW pattern having a stable jet is fundamental. Therefore,

processing parameters must be optimized.

In the next paragraphs, some key concepts, such as fibre pulsing, critical translational speed

(CTS), MEW processing parameters, MEW electrical field and MEW workflow, will be covered.

Further, the current printed MEW designs, MEW polymers, as well as the biomedical applications

and future perspectives, will be detailed.

MEW, besides requiring a heating source and a feeding pressure to continuously extrude the

polymer from the spinneret to the translating collector, needs an applied voltage to stabilize the

jet. It is worth mentioning that fibre pulsing is highly dependent on the applied voltage and mass

flow. Therefore, its combination can promote or avoid this phenomenon, being that if equilibrium

between the applied voltage and the mass flow is not verified, the jet becomes unstable, causing

an unpredictable and undesired fibre deposition [125].
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CTS must be achieved to print stable and straight fibres. It is defined as the collector speed

that matches the speed of the electrified jet. Below this speed, the direct-written fibre presents

sinusoidal, side-loops or even circular morphology, due to jet buckling phenomenon [122].

MEW is affected by several processing parameters, namely the feeding pressure, the applied

voltage and the collector speed. Additionally, the distance to the collector, the syringe spinneret di-

ameter, the downstream pulling and the upstream resistive forces also influence MEW printability.

Nevertheless, to obtain a steady-state, a balance between CTS and the combination of downstream

and upstream forces must be achieved [126].

Concerning the influence of feeding pressure, applied voltage and collector speed on fibre

diameter, the higher the pressure, the lower the voltage, the higher the collector speed, the lower

the resultant fibre diameter [127, 128]. Recently, Ko et al. [129] described that fibre diameter

would increase with a lower melt viscosity.

Newly, Ding et al. [130] reported a charge distributed model to define the charge transport

pathway during the printing process. Additionally, z-axis adjustments and voltage increment dur-

ing the MEW process were implemented to produce high-volume scaffolds with linear patterns

and uniform fibre diameters. Overall, it was determined from simulations and experiments that

the creation of defects in the upper layers are mainly due to the accumulation of charge, therefore

preventing a linear stackability.

To manufacture the next generation of MEW scaffolds, a standard workflow is mandatory.

According to Robinson et al. [124], it will involve three main steps:

1. parameter screening.

2. dimension-based design.

3. application.

Concerning the first step, MEW key parameters, such as the ones previously mentioned, are

systematically investigated. Typically a well-known polymer, such as the gold standard (PCL),

should be used. By the end of this step, the researchers should be able to eliminate the possibility

of occurrence of fibre pulsing, accurately identify the CTS, the minimum fibre spacing, and the

ideal height for the scaffold. Overall, the generated data guides the researches into the second step.

Here, to achieve a precise architecture, a fine-tuning/adjusting of the previously defined parameters

should be done. Such parameters are mainly related to fibre spacing, fibre diameter and scaffolds

height. If needed, the out-of-plane fibre arrangement should be adjusted as well. The final step is

intrinsically related to the fibre alignment of the desired tissue/organ.

4.2.6.1 MEW Designs

To accurately describe the current published MEW designs as well as its printing conditions, both

Figure 4.3 and Table 4.1 are used.
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Figure 4.3: List of MEW PCL scaffolds designs through the representation of SEM images. A)
square box [131], B-D) layers with different porosities [132], E) sinusoidal/serpentine [133] , F)
out of plane [134], G) hexagonal shape [135] , H) precision tubes [136], I-M) square, hexago-
nal, octagonal and dodecagonal shape, respectively.[137] The copyrights are the following: A) ©
Copyright 2020 IOP Publishing, B-G) Copyright © 1999-2019 John Wiley & Sons, Inc. H-M)
Copyright 2020 Elsevier B.V.,

Before describing each manufactured construct, it is worth mentioning a few general notes

about MEW stackability principles, compositions and designs. For instance, MEW constructs

are obtained via a repetitive fibre-by-fibre stacking. Moreover, by controlling the fibre diameter

during the printing, through the change of feeding pressure, applied voltage or even collector

speed, it is possible to produce multiphasic MEW compositions. Notwithstanding, by controlling

the placement of MEW fibres is possible to mimic a particular tissue shape. Overall, MEW can

manufacture constructs with linear (square or rectangle) and non-linear patterns (floral, hexagons,

which mimics the honeycomb structure, among others) with a high surface to volume ratio.

MEW resolution limits were explored by Hochleitner et al. [131], who reported the manufac-

turing of a high volume multimodal box-structured scaffold with a fibre diameter around 820 nm

(Fig. 4.3A) for TE.

In another study, it was reported the development of multiphasic scaffolds within a fibre-

reinforced matrix to develop a 2D electrophysiologic system. The design principle was based on

stacking fibres with different porosities. Overall, three box-shaped scaffolds were manufactured.

The first presented a 125 µm spacing (Fig. 4.3B), the second represented a membrane mesh (Fig.

4.3C), and the third was manufactured with a fibre spacing of 250 µm (Fig. 4.3D) [132].
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Table 4.1: Summary of MEW designs and its printing parameters, namely feeding pressure (P),
applied voltage (V) and processing temperature (T). Fibre diameter (Fd) and final application of
each design is also presented. Adapted from [124]. Copyright 1999-2019 John Wiley & Sons, Inc.

Design Fd (µm) P (bar) V (kV) T (ºC) Application/Aim Ref

square 0.82 ± 0.16 2.8 2.9 84
high volume

structures
[131]

layers with
porosities

11.18 ± 0.40
30.51 ± 2.42
49.93 ± 2.62

0.5
2.0
4.0

8.5 73
electrophysiologic

system
[132]

sinusoidal/
serpentine

19.76 ± 1.54 2.0 6.5 85 heart valve TE [133]

out of plane 13.30 ± 0.30 2.0 6.0 90 shear properties [134]
hexagon - 1.0 4.5 85 cardiac TE [135]

cylindric 18.20 ± 2.10 1.0 7.0 90
charge effects on
fibre alignment

[136]

square, hexagon,
octagon, dodecagon

11.23 ± 0.53 0.4 4.5 73 cell infiltration [137]

Saidy et al. [133] outlined the development of a mechanically enhanced scaffold for heart

valve TE. MEW was used to create collagen-based scaffolds with a controlled fibre deposition, to

mimic its natural wavy appearance. Thus, it was designed a scaffold with a sinusoidal/serpentine

architecture with an arc diameter of 1 mm and a circular fibre spacing of 0.5 mm (Fig. 4.3D).

De Ruijter et al. [134] designed a set of out-of-plane stabilizing fibres to improve the shear

modulus of hydrogel composites (Fig. 4.3E). To achieve such a complex structure, the electrified

molten jet was written in a back and forth way across a reproducible and consistent structure

similar to a wall.

Castilho et al. [135] reported the design of a novel hexagonal shape (Fig. 4.3G) to obtain

stretchable and mechanically enhanced scaffolds for myocardial regeneration. In vivo experiments

were performed with human induced pluripotent stem cell-derived cardiomyocytes. Through its

stimulation, the cells differentiated into human adult-like engineered myocardium.

McColl et al. [136] outlined a novel tubular design (Fig. 4.3H). Basically, controlled direct

writing of medical-grade PCL into a cylinder was performed. Overall, the paper provided insight-

ful knowledge on how the residual charge compromises the control over fibre alignment.

Finally, Youssef et al. [137] described the design of four different structures, namely a box

(Fig. 4.3I), a hexagon (Fig. 4.3J), a octagon (Fig. 4.3K) and a dodecagon (Fig. 4.3M). Due to its

high porosity, the generated scaffolds presented high infiltration capacity. In detail, a tomography-

based X-Ray submicrometer was used to generate local thickness maps comprising all the possi-

bilities between the different diameter, fibre-spacing and laydown patterns.

4.2.6.2 MEW Polymers

In this subsection, polymers that were processed by MEW for TE applications are highlighted,

being that PCL remains as the gold standard printable material due to its intrinsic properties such
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as low melting temperature, high thermal stability and long-time degradation. Notably, over the

last few years, several polymers have been printed for the first time, such as the commercially

available polypropylene, polyvinylidene fluoride, PCL-based composites [138], (AB)n-type seg-

mented copolymers [139] and photo-cross linkable polymers [122]. Additionally, Robinson et al.

[124] described poly(ureasiloxane) as a future viable MEW processable polymer.

Thermoplastic polymers are always an interesting starting point for a technique such as MEW

since besides being flexible are easily deformed above a specific temperature [125]. It is worth

mentioning that deformation is possible since the intermolecular forces that allow the polymer

chains to interact with each other are easily weakened. Hochleitner et al. [122] removed the lactide

component of poly-l-lactide-co-caprolactone-acryloyl carbonate (poly(LLA-CL-AC)) through the

use of UV radiation, and obtained PCL-co-AC, i.e., a copolymer with higher thermal stability and

subsequently a better printability.

In a different perspective, Castilho et al. [138] outlined the creation of polyhydroxy - methyl

- glycoside - co - caprolactone by the conjugation of PCL with a hydroxyl group. The authors

described the influence of scaffold architecture on cell alignment. The square-shaped scaffolds

promoted random cell arrangement. In comparison, the rectangular-shaped scaffolds induced cell

alignment according to fibre orientation. In another work, Hochleitner et al. [125] reported a novel

strategy to induce the formation of new bone tissue, through the junction of a triblock copolymer,

based on PLA-PEG-PLA and bioglass.

4.3 3D printed scaffolds for biomedical applications

To conclude the present chapter, this section highlights MEW manufactured structures for biomed-

ical applications, namely TE. It is worth mentioning the existence of two subsections, being the

first related to PCL/GBM scaffolds, and the second to a broader range of polymer/GBM scaffolds,

which are summarized in Tables 4.2 and A.1, respectively.

4.3.1 Polycaprolactone/graphene-based materials

Song et al. [140] outlined the manufacturing of a thermally and mechanically enhanced PCL/GO

scaffold via electrospinning aiming the estimation of its biocompatibility. The authors have used

low-differentiated mouse pheochromocytoma (PC12-L) and mouse marrow mesenchymal stem

cells (mMSCs). The results suggested that the incorporation of GO (0.3 - 0.5 wt.%) enhanced the

ability of PC12-L and mMSCs to adhere, proliferate and differentiate into osteo- and neuro-like

cells, respectively.

In another work, Melo et al. [141] reported the manufacturing of PCL/GBM composite fi-

bres via a combination of wet-spinning and AM techniques aiming the development of medical

devices with no bacterial infection signs. The best design definition was obtained when using an

ethanol bath due to better dispersion of GBM and dissolution of PCL. Fibres were obtained in the

microscale, having diameters of 100 µm.
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Table 4.2: List of studies on PCL/GBM scaffolds, its printing techniques and aims.

Scaffold Technique Aim Ref

PCL/GO electrospinning

stimulate cell adhesion, proliferation and
differentiation on low-differentiated
mouse pheochromocytoma (PC12-L) and
mouse mesenchymal stem cells (mMSC).

[140]

PCL/GBM
wet-spinning

combined with AM
develop medical devices with no bacterial
infection signs.

[141]

PCL/GO extrusion AM
scaffolds mean pore size and wt. \% of GO
influence on murine pre-osteoblasts
differentiation capacity.

[142]

PCL/pristine
graphene

extrusion AM
surface chemical modification (with NaOH)
effects on scaffolds biological behaviour.

[143]

P1-Latex coated
PCL/GO

screw-assisted
extrusion AM

induce osteogenic cell proliferation and
differentiation with no signs of cytotoxicity.

[144]

PCL/GO electrospinning
investigation of mechanical properties and
bioactivity during scaffolds
biomineralization process.

[145]

Concerning bone TE, Unagolla et al. [142] developed a PCL/GO scaffold via an extrusion-

based AM technique. The authors reported the study of the influence of scaffolds mean pore size

(400 and 800 µm) and GO incorporated content (0.1 and 0.5 wt. %) on murine pre-osteoblasts.

Overall, scaffolds showed no signs of cytotoxicity, as the pre-osteoblasts attached, proliferated

and differentiated well. Wang et al. [143] developed a PCL/pristine graphene scaffold via an

extrusion-based AM technique, aiming the investigation of surface chemical modifications influ-

ence on scaffolds biological behaviour. The results showed that the incorporation of 5 M NaOH,

increased the hydrophilicity of the scaffolds (≈ 13 % and ≈ 36 % for 0.5 wt.% and 0.75 wt.% of

pristine G) and consequently made them more suitable to promote cell behaviour. Once more, no

sign of cytotoxicity. Caetano et al. [144] reported the manufacturing of a PCL scaffold reinforced

by the presence of graphene via a simple extrusion AM. After guaranteeing the homogeneous

dispersibility of graphene on the polymeric matrix, the scaffolds were coated with a specific pro-

tein (P1-latex). Besides presenting no signs of cytotoxicity, the protein-coated scaffolds enhanced

osteogenic cell proliferation and differentiation.

Focusing on the general concept of biomedical applications, Wan et al. [145] reported the

study of mechanical properties and bioactivity of electrospun PCL/GO scaffolds. The results

showed that tensile strength, Young modulus and energy at break increased significantly (95 %,

66 % and 416 %, respectively) just by the incorporation of 0.3 wt.% GO. Additionally, its incor-

poration induced the improvement of bioactivity during the biomineralization process. Thus, it

was concluded that the developed highly porous electrospun PCL/GO scaffolds presented great

potential for biomedical applications.
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4.3.2 Other polymers/graphene-based materials

As previously stated, this subsection highlights the current published works on other polymers

than PCL and GBM composite scaffolds for biomedical applications.

Starting by the non-TE ones, Bao et al. [146] showed the manufacturing of polyvinyl ac-

etate/GO nanocomposites via electrospinning in the field of photonics aiming the obtention of

efficient materials with ultrashort and fast pulses.

Aiming the creation of a novel strategy for lung cancer treatment, Ardeshirzadeh et al. [147]

developed a polyethene oxide/chitosan/GO (PEO/CS/GO) scaffold by electrospinning, with a fibre

diameter of 85 nm for 0.5 wt.% of GO. Overall, the developed scaffold had a maximum drug

loading of 85 % and an efficient controlled doxorubicin release at a pH of 5.3.

In a different perspective, Zhu et al. [148] reported the fabrication of a periodic lightweight

scaffold based on GO via direct ink writing to form a micro lattice aerogel. Overall, the developed

scaffold revealed itself as being highly conductive and having a compressive strain above 90 %.

Thus, highlighting its potential to play a crucial role as catalysts.

Concerning the fields of energy storage and electronics, Li et al. [149] reported the manufac-

turing of a flexible circuit based on rGO homogeneously dispersed in a PLA matrix. For instance,

PLA electrical conductivity increased as soon as rGO was incorporated. Nevertheless, the maxi-

mum achieved value was 4.76 Scm−1, with 6 % of rGO.

Aiming the investigation of biocompatibility and antibacterial properties of GO, An et al.

[150] reported the development of an electrospun PLA/PU/GO scaffold. After its characterization

via scanning electron microscopy, transmission electron microscopy and x-ray diffraction, it was

verified that both attachment and proliferation of microbes were prevented through the addition of

3 and 5 wt.% of GO to the PLA/PU composite. It is worth mentioning that two types of microbes

were used, namely the gram-negative Escherichia Coli and the gram-positive staphylococcus au-

reus. Indeed this study opened the possible application on antibacterial components and enhanced

the biocompatibility of GO in particular concentrations.

To explore the tremendous potential of graphene-based scaffolds in TE applications, Zhang et

al. [151] reported the fabrication of a nanofibrous PLA/GO scaffold by electrospinning. Addition-

ally, to improve the adhesion between PLA and GO, the GO surface was coated with polyethylene

glycol. Overall, the authors proclaimed that surface-functionalized GO addition did not comprise

the scaffolds cytocompatibility.

Regarding bone TE, Qi et al. [152] outlined an electrospun nanofibrous scaffold based on

polyvinyl alcohol and GO. Macro and microstructure of the developed scaffolds were evaluated

in terms of morphology, crystallinity, mechanical and biological properties by using mouse os-

teoblastic cells (MC3T3-E1). Overall, cellular viability was not affected by the addition of GO.

Nevertheless, the MC3T3-E1 cells could attach, grow and spread on the surface of the scaffolds.

Concerning skeletal muscle TE, Shin et al. [153] reported the development of a hybrid porous

poly-lactic-co-glycolic acid (PLGA) and collagen (Col) scaffold based on GO (PLGA-Col-GO)

via electrospinning and subsequently with continuous but randomly oriented fibres. In the study,
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an immortalized myoblastic cell line (C2C12) was used, and its attachment, proliferation and

differentiation were investigated.

Overall, electrospinning has been the most used printing technique while GO revealed itself as

the most used GBM. To conclude, so far, no PCL/GBM scaffold either with linear either with non-

linear patterns has been manufactured by MEW. Moreover, in these conditions, to the best of our

knowledge, no work has been published in PCL/GBM electric or magnetic stimulable scaffolds.



Chapter 5

Materials and Methods

5.1 Materials Production

Granular medical-grade polycaprolactone (PCL) (Purasorb PC 12) was purchased from Purac Bio-

materials, The Netherlands. Graphene nanoplatelets (GNP) grades M and C, were acquired from

XG Sciences, USA. According to the supplier, GNP were prepared through exfoliation of sulfuric

acid-based intercalated graphite by rapid heating in a microwave environment, followed by ultra-

sonic processing [154]. Its main features are present in Table 5.1. Additionally, the typical sizes

of a GNP-C sample can vary from diameter below to 100 nm, small flakes, to about 1-2 µm, larger

flakes. In contrast, the diameter of GNP-M is around 5 µm and its thickness between 5-8 nm [155].

Sulphuric acid (H2SO4, 95-98 %) and hydrogen peroxide (H2O2) were acquired from VWR,

Germany; Phosphoric acid (H3PO4, 85 %) and potassium permanganate (KMnO4) were pur-

chased from Chem-lab, Belgium and JMGS, Portugal, respectively. Iron (II) chloride tetrahydrate

(FeCL2 · 4 H2O, 99.0 %, Acros Organics) and ammonium hydroxide (NH4OH, 28.0-30.0 % NH3

basis) were purchased from ThermoFisher Scientific, USA. Filters with 5-8 and 17-30 µm of pore

size were purchased from Filtres Fioroni, France.

Table 5.1: Main features of GNP-M and GNP-C grade materials. Adapted from [155].

Grade
Average

thickness (nm)
Maximum

length (µm)
Surface

area (m2 g−1)
M [5-8] 5 120-150

C 2 <2 750

5.1.1 GBM oxidation and magnetization

Figure 5.1 describes magnetic graphene nanoplatelets (@GNP) production method. Firstly, GNP

is oxidized into GNP-ox via the modified Hummers method (MHM) as described by Pinto et al.

[156] Briefly, a mixture of 320 mL of H2SO4 and 80 mL of H3PO4 were added to 8 g of GNP

while stirring, and the solution was cooled using an ice bath. Then 48 g of KMnO4 were added

35
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Figure 5.1: Magnetic graphene nanoplatelets (@GNP) production method.

gradually and the solution was heated to 35 °C and stirred for 2 hours, followed by the slow

addition of 1200 mL of distilled water, under stirring with temperature being controlled using an

ice bath. Finally, 52 mL of H2O2 were added to stop the reaction. After overnight resting, the

solution was decanted to separate the solid phase from the acidic solution, centrifuged at 4000

rpm during 15 minutes, re-dispersed in distilled water and the process repeated until water pH was

achieved in the supernatant.

To obtain @GNP, a solution of iron chloride, namely FeCl2·4 H2O, is added in a proportion

of 1:20 (GNP-ox:iron chloride). Briefly, GNP-ox (2 mgmL−1) and FeCl2 · 4 H2O (40 mgmL−1)

dispersions were mixed and sonicated for 10 minutes (Bandelin Sonorex R K512 H, Germany),

pH was adjusted to 9 with ammonium hydroxide and the dispersion kept under stirring at 180 °C

overnight. Then, excess iron was removed by centrifuging five times at 4000 rpm for 15 minutes

and filtration using 5 L of distilled water to wash the material. In detail, two different filters were

used, one with 5-8 µm, and another one with 17-30 µm. The larger one was used to prevent the

loss of @GNP in case the smaller filter tears. @GNP retained in the filter was further washed by

centrifugation, as described above.

5.1.2 Melt blending of PCL/graphene-based materials composites

PCL/GNP composites were prepared by melt blending in a Thermo Haake Polylab (Thermo Fisher

Scientific, The Netherlands) with an internal mixing volume of 60 cm 3 at a temperature of 90 °C.

Firstly, PCL granules were, directly and gradually, added into the melt compounder under a rotor

speed of 100 rpm, and when all the sample was added, the rotor speed was increased to 250 rpm

and left to operate for 3 minutes. Then, the rotor speed was decreased to 100 rpm to add the

@GNP powder. As all the sample was added, the rotor speed was increased to 250 rpm and left to

operate for 3 minutes. After the blending process, the composites were extruded as filaments with
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a maximum diameter of 3 mm to allow printing. GNP-M contents tested were of 2 and 10 wt.%,

while for GNP-C, those were of 2, 10, 15, and 20 wt.% in a total of 5 g per sample (PCL+@GNP).

5.2 Materials characterization

5.2.1 Morphological characterization

5.2.1.1 Transmission electron microscopy (TEM)

Aqueous dispersions of GNP, GNP-ox, and @GNP were prepared at a concentration of 50 µgmL−1

and sonicated for 1 hour using an ultrasound bath (Bandelin Sonorex R K512H, Germany). Just

before sample testing, sonication was performed for 10 minutes to re-disperse agglomerates. Af-

terwards, 10 µL of each sample was deposited on a carbon-coated TEM grid and allowed to deposit

for 1 minute, followed by excess material removal by capillarity using filter paper.

Visualization was performed at 80 kV in a JEM 1400 microscope (JEOL, Japan), and digital

images were acquired using a CCD digital camera Orious 1100 W (Hamamatsu Photonics, Japan).

Sample’s lateral dimensions were measured from several TEM images using ImageJ software.

5.2.1.2 Scanning electron microscopy (SEM)

GNP, GNP-ox and @GNP powders, extruded filaments (cross-sections performed by cutting with

a sharp blade) and 3D printed scaffolds were applied on conductive carbon strips for visualization.

There was no need to submit the samples to any sputtering technique.

SEM imaging of @GNP powders, extruded filaments and 3D printed scaffolds, except the ones

with 15 wt.% of @GNP-C, was performed using an FEI QUANTA 400 FEG SEM (FEI company,

Hillsboro, OR, USA) with an acceleration voltage of 3 kV, at Centro de Materiais da Universidade

do Porto (CEMUP).

SEM imaging of GNP, GNP-ox and @GNP powders as well as PCL/GNP-C 15 wt.% extruded

filament was performed using a Phenom XL Desktop SEM (Thermo Fisher Scientific, USA) at

Associação Rede de Competência em Polímeros (ARCP).

5.2.2 Chemical characterization

5.2.2.1 Particle size distribution

Particle size distributions of GNP, GNP-ox and @GNP were determined by dynamic light scatter-

ing (DLS) through two types of equipment namely LS230 (Beckman Coulter, USA) and Litesizer

500 (Antoon Paar, Austria).

Independently of the used equipment, before the measurements, the materials were dispersed

in distilled water at a concentration of 50 µgmL−1 and sonicated for 1 hour. Just before sample

testing, sonication was performed for 10 minutes to re-disperse agglomerates.

Data from LS230 Beckman Coulter was collected performing three scans of 60 seconds, in-

cluding polarization intensity differential scattering and using Fraunhofer’s model. This model
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assumes a spherical shape for particles in suspension. This evaluation of size distributions does

not correspond to precise estimations of particle size and must be considered as relative evalua-

tions of deagglomeration of the different materials in water. Data from Litesizer 500 was collected

performing five scans of 60 seconds. The main difference to the other equipment is the conjuga-

tion of the dynamic light scattering (DLS), electrophoretic light scattering (ELS), and static light

scattering (SLS) phenomena.

5.2.2.2 Zeta potential

Before any zeta potential measurement, aqueous dispersions of GNP, GNP-ox, and @GNP were

prepared at a concentration of 50 µgmL−1 and sonicated for 1 hour. Just before sample testing,

sonication was performed for 10 minutes to re-disperse agglomerates.

Zeta potential of the aqueous dispersions was determined using a Zetasizer Nano ZS (Malvern

Instruments, UK). Each measurement was performed in triplicate at 37 °C in a disposable Zetasizer

cuvette. Results are reported as mean and standard deviation. Generally, Zetasizer Nano ZS is

equipped with a 4 mW HeNe laser beam with a wavelength of 633 nm and a scattering angle of

13 °.

5.2.2.3 Fourier transform infrared spectroscopy (FTIR)

GNP, GNP-ox and @GNP powders, extruded filaments, and 3D printed scaffolds FTIR spectra

were recorded using a VERTEX 70 FTIR spectrometer (BRUKER, Germany) in transmittance

mode at room temperature. Samples were measured in attenuated total reflection (ATR) with an

A225/Q PLATINUM ATR Diamond crystal with a single reflection accessory. The spectra were

recorded from 4000 to 400 cm−1 with 60 scans and a resolution of 4 cm−1.

5.2.2.4 Energy-Dispersive Spectroscopy (EDS)

EDS data of @GNP, extruded filaments and 3D printed scaffolds, except the ones with 15 wt.% of

@GNP-C, were obtained with EDAX Genesis X4M software (Oxford Instruments, Oxfordshire,

UK) according to the use of an FEI QUANTA 400 FEG SEM (FEI company, Hillsboro, OR, USA)

with an acceleration voltage of 3 kV, at Centro de Materiais da Universidade do Porto (CEMUP).

EDS data of GNP, GNP-ox, @GNP and PCL/GNP-C 15 wt.% extruded filament were obtained

with Element Identification (EID) package fully integrated on the Phenom XL Desktop SEM

(Thermo Fisher Scientific, USA) at Associação Rede de Competência em Polímeros (ARCP).

5.2.2.5 X-ray photoelectron spectroscopy (XPS)

@GNP films, extruded filaments, and 3D printed scaffolds surface were analyzed using a Kratos

Axis Ultra HSA equipment (Kratos Analytical, Manchester, UK) with VISION software for data

acquisition and CASAXPS software (Casa Software Ltd, UK) for data analysis. The analysis was

carried out with a monochromatic Al K X-ray source (1486.7 eV), operating at 15 kV (90 W),
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in fixed analyzer transmission (FAT) mode, with a pass energy of 40 eV and a step of 0.1 eV for

regions (C, O, and Fe) and 160 eV of pass energy and 1.0 eV of step for the survey. The peaks

were fitted using a Gaussian-Lorentzian shape and a Shirley background.

Before the measurements, @GNP solutions were submitted to sonication for 10 minutes to

re-disperse agglomerates. Then, one drop of each solution was added to a silicon substrate, which

was subsequently dried in an oven for 10 minutes at 45 ºC. This procedure was repeated between 3

to 4 times per solution to cover the silicon substrate uniformly, leading to the formation of @GNP

films. Three samples of each extruded filament (cross-sections performed by cutting with a sharp

blade) and 3D printed scaffolds, except the ones with 15 wt.% of @GNP-C, were applied on

conductive carbon strips.

5.2.2.6 Water contact angle (WCA)

Contact angle measurements were conducted with an ASTM C813 Optical contact angle (OCA)

and contour analysis equipment (Dataphysics instruments, Germany), and recorded with a Service-

component architecture (SCA) 20 under room temperature. Characterization was performed via

the Sessile drop technique. A distilled water droplet of 4 µL, with a dosing rate of 4 µLs−1 was

deposited on three different points of the PCL, PCL/GNP-M and PCL/GNP-C extruded filaments

over 120 s. A 700 series microliter syringe (Hamilton, USA) was used. Each measurement was

performed two times.

Before the measurements, the extruded filaments were cut with a sharp blade and placed under

an aluminum foil. Then, they were placed in an oven for 3 minutes at 90 °C and subsequently

uniformly spread with a spatula. This method guarantees that one of the surfaces of each produced

sample is flat, to allow measurements not affected by surface topography.

5.2.3 Thermal characterization

5.2.3.1 Differential scanning calorimetry (DSC)

Melting temperatures (Tm), crystallization temperatures (Tc), and degree of crystallization (Xc) of

GNP, GNP-ox and @GNP powders, extruded filaments, and 3D printed scaffolds were determined

with a DSC 214 Polyma (Netzsch, Selb, Germany). Sample amounts ranged from 6 to 10 mg.

The materials were heated to 150 °C at a heating rate of 10 ◦Cmin−1, then cooled down to -20

°C at a cooling rate of 10 ◦Cmin−1. Heating and cooling steps were repeated twice. Nitrogen gas

(30 mLmin−1) was used to maintain the inert atmosphere, and small sample size was preferred to

avoid the temperature gradient inside the sample.

The degree of crystallization (Xc) was calculated using Eq. 5.1:

XC =
∆Hm

∆H0
m× (1−wt f iller)

(5.1)

Where ∆Hm is the melting enthalpy, ∆H0
m is the melting enthalpy of 100 % crystalline PCL

and (1 - wt f iller) stands for the actual weight of polymer whose crystallinity is being evaluated.
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The specific heat of fusion of 100 % crystalline PCL ta as 139.5 J g−1 [157].

5.2.3.2 Thermogavimetric analysis (TGA)

The thermal stability of GNP, GNP-ox and @GNP powders, extruded filaments, and 3D printed

scaffolds were determined with an STA 449 F3 Jupiter (Netzsch, Selb, Germany). Sample amounts

ranged from 6 to 10 mg.

The thermograms were carried out from 30 to 1000 °C at a heating rate of 10 ◦Cmin−1 in

alumina crucibles under a 30 mLmin−1 nitrogen flow.

Isothermal curves of extruded filaments were carried out at 90 and 130 °C in aluminum cru-

cibles for 8 hours under a 30 mLmin−1 nitrogen flow.

5.2.4 Rheological characterization

Amplitude sweep tests were performed with an MCR 72/92 Modular Compact Rheometer (Anton

Paar, Austria). Extruded filaments were cut in pieces with a sharp blade and then placed over a

stainless-steel plate system with 40 mm diameter. PCL samples temperature was equilibrated for 5

minutes at 90, 130 and 180 °C, while for PCL/GNP-M and PCL/GNP-C 90 and 130 °C were used.

Subsequently, samples were subjected to an oscillatory stress sweep ranging from 10 to 1000 Pa,

at a frequency of 1 Hz. Storage (G’) and loss modulus (G”) were recorded.

5.2.5 Crystallographic characterization

The crystallographic patterns of GNP, GNP-ox, @GNP, extruded filaments, and 3D printed scaf-

folds were obtained by X-ray diffraction analysis (XRD), using a Smartlab diffractometer (Rigaku,

USA) in the Bragg-Brentano geometry over a 2θ = 15º - 70º range, at room temperature. The beam

consisted of Cu K α radiation with λ=1.540593 Å.

5.2.6 Magnetic characterization

GNP, GNP-ox and @GNP powders, extruded filaments, and 3D printed scaffolds magnetic mea-

surements were performed using a commercial Superconducting quantum interference device

(SQUID) magnetometer (Quantum design, Germany). The magnetization (M) as a function of

the applied magnetic field (H) at 310 K was obtained by applying a magnetic field up to 50

kOe. The temperature-dependent zero-field-cooled/field-cooled (ZFC/FC) measurements were

performed over the temperature range of 5 K to ≈ 370 K with H = 100 Oe.
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5.3 Materials printing

5.3.1 Melt electrowriting

Melt electrowriting of the developed materials was performed in a custom-built device, as schemat-

ically represented in Figure 5.2. The system was developed at the University Medical Center

Utrecht (UMC) as described elsewhere [135]. It is composed of four main modules namely, a dis-

pensing unit, a heating system, an electric field circuit and a computer-controlled collector plate.

The dispensing module contains a disposable glass syringe (3 mL Fortuna Optima Luer Lock

Tip, Poulten & Graf GmbH, Wertheim, Germany) where the raw polymers are inserted, coupled

to one end to a thin metallic nozzle (27 G, Unimed, Switzerland), and to the other end to a pro-

portional pressure regulator (Festo, Germany), which operates with air. The heating module is

composed of an electrical heating coil element wrapped around the glass syringe and directly con-

nected to a proportional–integral–derivative controller (TR 400, HKEtec, Germany) to control the

polymer melting temperature.

Figure 5.2: Schematic of the custom-built MEW device and its principal components, namely a
dispensing unit assisted by air-pressure; a heating system; a high voltage source electrode; and a
computer-assisted collector plate.



42 Materials and Methods

The electric field is generated by a high voltage (HV) source (LNC 30000, Heinzinger Power

supplies, Rosenheim, Germany) between a positive output applied to the syringe nozzle and the

grounded planar aluminum collector plate. The plate is driven by an advanced 3-axis motor con-

troller by two servomotors and one stepper-motor (Trio Motion Technology Ltd., UK). Fibre col-

lection was performed through the use of uncoated microscope glass slides (VWR International

GmbH, Germany).

5.3.2 MEW experimental parameters

PCL and PCL/GNP composites printability was systematically investigated according to key MEW

parameters namely the feeding pressure (P), the applied voltage (V) and the collector speed (CS).

Distance to the collector (DtC) and syringe spinneret diameter (Sd) were kept constant during the

investigation at 4.0 mm and 0.4 mm, respectively [135, 138].

The applied temperature (T) was set at 90 °C for PCL and PCL/GNP-C-2, at 105 °C for

PCL/GNP-C-10 and PCL/GNP-C-15 and at 120 °C for PCL/GNP-C-20, and kept constant through

the printing process.

The range of stable printing conditions namely feeding pressure (P) and applied voltage (V)

at critical translational speed (CTS) for PCL and PCL/GNP composites containing different filler

contents is shown in Table 5.2.

Table 5.2: Range of stable printing conditions namely feeding pressure (P) and applied voltage
(V) at critical translational speed (CTS) for PCL and PCL/GNP composites containing different
filler contents. Printing temperatures (T), distance to the collector (DtC) and syringe spinneret
diameter (Sd) variables are also present.

Material / Variable T (°C) DtC (mm) Sd (mm) P (bar) voltage (kV)
PCL 90 4.0 0.4 1 - 3 5 - 7

PCL/GNP-C-2 90 4.0 0.4 1 - 3 5 - 7

PCL/GNP-C-10 105 4.0 0.4 1.5 - 3 5 - 6

PCL/GNP-C-15 105 4.0 0.4 1.5 - 3 5 - 7

PCL/GNP-C-20 120 4.0 0.4 1.5 - 3 5 - 7

5.3.3 Fabrication process

Processing compatibility of the developed PCL and PCL/GNP composites was systematically in-

vestigated through the following methodology:

1. Find the Critical translational speed (CTS).

In detail, a combination of P and V was adjusted until a stable and continuous extrusion

jet was obtained. Then, a CTS selection basic tool path (Figure 5.3), with the following

properties, was prepared:

• Rectangular pattern, with long lines to allow jet stabilization after CS variation.
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Figure 5.3: Critical translational speed (CTS) evaluation pattern.

• Single-layer pattern.

• Between the beginning and the end of the entire pattern, CS was constant.

• After each pattern, CS was changed.

The CS gradient was chosen such that the minimum CS is below the anticipated CTS and the

maximum CS is above it. Typical values were between 10 and 2 mms−1 [135, 127].

Afterwards, a pattern was written using a large range of different CS (i.e. s = 2 ... 10 mms−1

in ∆s = 0.25 mms−1 steps).

Finally, the pattern was assessed with an Olympus BX43 microscope (Olympus Corpora-

tion, The Netherlands) to find the threshold where the CTS was exceeded (e.g. CTS was

found to be 5 mms−1). For the record, CTS was exceeded as no apparent coiling or wig-

gling in the fibre path was visualized (Figure 5.4). Thus, the CTS was obtained with a

precision of 0.25 mms−1.

2. Study the influence of feeding pressure (P), applied voltage (V) and collector speed (CS) on

fibre diameter (FD) and morphology.

Concerning the feeding pressure, PCL and PCL/GNP-C-2 were printed in a range of 1-3

bar, while PCL/GNP-C-10, PCL/GNP-C-15 and PCL/GNP-C-20 range from 1.5 to 3 bar.

Regarding the applied voltage, all materials were printed from 5 to 7 kV, except PCL/GNP-

C-10 which was printed from 5 to 6 kV. All printings were performed at CTS.

To study the influence of CS, firstly a combination of P and V was chosen, namely 2 bar and 6

kV (intermediate values regarding the ones presented in Table tab:SingleFibresPritingConditions).

Afterwards, a set of straight fibres was made at CTS, 1.2 CTS, 1.4 CTS, 1.6 CTS and 1.8
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Figure 5.4: Theoretical relationship between the critical translational speed (CTS), collector speed
(CS), fibre morphology and fibre diameter (Fd).

CTS. Subsequently, fibre visualization was performed through an Olympus BX43 micro-

scope (Olympus Corporation, The Netherlands), and its diameter was measured using Im-

ageJ software (n=20).

A Dino-Lite digital microscope (AnMo Electronics Corporation, Taiwan) was used to mon-

itor jet during printing.

5.4 Statistical analysis

Statistical analyses were performed using GraphPad Prism software (version 8.4.2, San Diego,

CA, USA). One-way analysis of variance (ANOVA) with Tukey tests for multiple comparisons

were performed. Differences between experimental groups were considered significant with a

confidence interval of 95 %, whenever p <0.05.



Chapter 6

Results

6.1 GBM morphological properties, particle size, and stability

TEM imaging of the powders (Figure 6.1) shows that GNP-M is constituted by individual platelets

with a length around 2 µm while GNP-C length is < 1 µm. GNP-M platelets have planar con-

formation, smooth surface with irregular and sharp edges. GNP-C platelets are more wrinkled,

presenting usually less sharp edges.

After oxidation, platelets planar form, as well as the sharp edges, are lost. GNP-M-ox and

GNP-C-ox have a wrinkled appearance and folded edges, which are indicated by yellow arrows

in Figure 6.1. It probably occurs because, during oxidation, oxygen-containing functional groups

are attached to the basal plane of GNP sheets, resulting in lattice distortion [64]. Additionally, the

platelets short dimensions allowing the oxygen-containing functional groups at the edges to form

hydrogen bonds, distorting the sheets [158].

@GNP-M and @GNP-C images confirm the successful incorporation and distribution of the

iron nanoparticles across GNP surface, which are indicated by green arrows and green dotted lines

in Figure 6.1, respectively. Besides, loose iron nanoparticles were not found.

SEM imaging gives another perspective of the powders. According to Figure 6.2, iron nanopar-

ticles, represented by green lines, cover @GNP-C surface and are well dispersed, while they are

not so visible at @GNP-M surface. This is possibly explained by GNP-M higher number of

graphene single layers and higher lateral dimensions, which seems to affect iron nanoparticles

morphology and drive them preferentially between graphene layers instead of being exposed at

the surface, as in @GNP-C. It is worth mentioning that SEM images of all powders with lower

resolution and magnification are present in the appendix, in Figure B.1, and were used to analyti-

cally quantify the atomic elements (carbon, oxygen and iron) present in the samples via Energy-

dispersive X-ray spectroscopy (EDS).

45
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Figure 6.1: Transmission electron microscopy (TEM) images of GNP-M, GNP-C, GNP-M-ox,
GNP-C-ox, @GNP-M, and @GNP-C. Sharp and folded edges are indicated by red and yellow
arrows, respectively. Green arrows point out iron nanoparticles, while green dotted lines indicate
GNP edges. Scale bars represent 0.5 µm for GNP-M, GNP-M-ox and @GNP-M and 200 nm for
GNP-C, GNP-C-ox and @GNP-C.

Figure 6.2: Scanning electron microscopy (SEM) images of @GNP-M and @GNP-C powders.
Black arrows indicate GNP edges, which are represented by a black dotted line, while green arrows
point out iron nanoparticles circled by a green line. Scale bars represent 1 µm.

Lateral dimensions of iron nanoparticles and GNP powders were firstly determined from TEM

image analysis. Average particle size with and without statistical analysis are shown in Figures

6.3 and B.2. Additionally, box-plot of its particle size distribution is shown in Figure B.3.
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Figure 6.3: Average particle size of iron nanoparticles, GNP-M and GNP-C grade materials,
for its major (M) and minor (m) axis, determined from TEM images. A) represents a graphene
nanoplatelet as well as its (M) and (m) axis.

As GNP particles length is irregular, whenever any measurement was carried out, the major

(M) and minor (m) axis were taken into account. Iron nanoparticles were obtained with an average

size respectively of 56.1±31.28 and 43.1±21.67 nm for its (M) and (m) axis. The average particle

sizes for GNP-M, GNP-M-ox and @GNP-M were respectively of 2.1±0.60, 2.4±1.17 and 2.0±
1.14 µm; 1.6±0.45, 1.4±0.68 and 1.4±0.72 µm for its (M) and (m) axis. In comparison, GNP-C,

GNP-C-ox and @GNP-C presented average particle sizes respectively of 0.9±0.22, 1.1±0.39 and

1.3±0.43 µm; 0.7±0.14, 0.6±0.23 and 0.9±0.40 µm for its (M) and (m) axis. According to the

statistical analysis, GNP-M, GNP-M-ox, and @GNP-M are not significantly different from each

other. The same is observed within GNP-C grade materials. However, the differences between

GNP-M and GNP-C grade materials are statistically significant (p < 0.001), as expected since

according to manufacturer’s data, the maximum length of GNP-M is around 5 µm, while for GNP-

C it is usually <2 µm (Table 5.1).

Particle size distribution was also determined by dynamic light scattering (DLS) via Coulter

and Litesizer equipment (Figures 6.4 and B.4). GNP-M was obtained with an average size re-
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spectively of 5.3± 2.08 (Coulter) and 6.1± 2.47 (Litesizer) µm in volume; 1.9± 0.98 (Coulter)

and 2.1±1.45 (Litesizer) µm in number. Results obtained for the same sample were very similar

for the two types of equipment, which shows the reliability of the presented data. The differ-

ence between particle size distribution in volume and number is mainly due to the existence of

larger size agglomerates, which take a relatively high volume of the sample. Figure 6.4 demon-

strates this phenomenon since there are two sharp peaks for the distribution in volume and only

one for the distribution in number. GNP-M-ox was obtained with an average size respectively of

5.5±2.14 (Coulter) and 5.5±2.35 (Litesizer) µm in volume; 1.9±0.98 (Coulter) and 2.1±1.45

(Litesizer) µm in number; @GNP-M presented an average size respectively of 5.2± 2.06 (Coul-

ter) and 5.0±2.24 (Litesizer) µm in volume; 1.9±0.98 (Coulter) and 1.5±1.24 (Litesizer) µm in

number. Indeed, these values show the similarity between the particle size distribution of GNP-M,

GNP-M-ox and @GNP-M.

Similarly, GNP-C presented an average size respectively of 2.3± 1.54 (Coulter) and 1.1±
1.06 (Litesizer) µm in volume; 1.3± 1.17 (Coulter) and 1.0± 1.00 (Litesizer) µm in number. In

comparison, GNP-C-ox was obtained with an average size respectively of 1.2± 0.54 (Coulter)

and 1.0± 1.02 (Litesizer) µm in volume; 0.8± 0.94 (Coulter) and 0.9± 0.96 (Litesizer) µm in

number, while @GNP-C presented an average size respectively of 1.6±0.81 (Coulter) and 1.1±
1.07 (Litesizer) µm in volume; 0.9± 0.92 (Coulter) and 1.0± 1.05 (Litesizer) µm in number. A

summary of all methods taken into account is shown in Figure 6.5.

Figure 6.4: Particle size distribution in volume (%) and number (%) for GNP-M and GNP-C grade
materials, determined by dynamic light scattering (DLS), using a Beckman Coulter equipment.
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Figure 6.5: Particle size distribution in volume and number for iron nanoparticles (Fe-O), GNP-M
and GNP-C grade materials, determined from TEM images and DLS, using a Beckman Coulter
and a Litesizer equipment.

Both grades of GNP exhibited comparable colloidal stability in aqueous dispersions, accord-

ing to zeta (ζ )-potential measurements (Figures 6.6, B.5 and Table B.1). GNP-M and GNP-C

presented a surface charge of -27.6±0.6 mV and -28.3±0.6 mV. In comparison, GNP-M-ox and

GNP-C-ox displayed a higher surface charge (-29.1±0.7 mV and -29.6±0.3 mV), and therefore

higher colloidal stability. In opposition, @GNP-M and @GNP-C presented a surface charge of

-18.4± 4.75 mV and -21.0± 2.6 mV, respectively. The decrease in magnetized powders surface

charge in comparison to GNP and GNP-ox is due to the incorporation of iron nanoparticles, which

presented a charge of just -16.1±3.1 mV [159].

GNP were incorporated in PCL by melt-blending and resulting PCL/GNP filaments morphol-

ogy investigated using SEM. Figure 6.7 presents the average size of @GNP-M and @GNP-C

particles or particle agglomerates within the polymeric matrix, while Figure 6.8 shows PCL/GNP

filaments cross-sections where the embedded particles can be observed.
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Figure 6.6: Surface charge of iron nanoparticles (Fe-O), GNP-M, GNP-M-ox, @GNP-M, GNP-
C, GNP-C-ox and @GNP-C aqueous dispersions at an initial concentration of 50 µgmL−1 and pH
7.4 (n = 3) determined with a Zetasizer equipment.

In PCL/GNP-M-2 and PCL/GNP-M-10 samples, @GNP-M presented an average size re-

spectively of 2.1± 0.53 and 2.4± 0.81 µm. In comparison, in PCL/GNP-C-2, PCL/GNP-C-10

and PCL/GNP-C-20 samples, @GNP-C presented an average size respectively of 1.0± 0.45,

1.1± 0.33 and 1.5± 0.48 µm. These data is in agreement with @GNP-M and @GNP-C aver-

age particle size determined via TEM and DLS (Coulter and Litesizer equipment) (Figure 6.5),

since, according to these techniques, the average particle size of @GNP-M and @GNP-C was

around 2 and 1 µm, respectively. Additionally, it can be concluded that the higher the @GNP

loading, the higher the average particle size due to increased degree of agglomeration.

Figure 6.7: Average particle or particle agglomerates size of @GNP-M and @GNP-C in
PCL/GNP-M and PCL/GNP-C filaments cross-sections, determined from SEM images. (n = 50).
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Figure 6.8: SEM images of PCL/GNP filaments cross-sections. The green arrows indicate the
GNP agglomerates, while the blue arrows point to individual GNP. Scale bars represent 500 µm,
50 µm and 250 nm for top, middle and bottom line images, respectively. Bottom line images are a
zoom in from the light green square.

6.2 Chemical characterization of GBM

GNP powders Fourier transform infrared (FTIR) spectra were obtained to confirm the presence of

oxygen functionalities at the surface of GNP-M-ox and GNP-C-ox, as well as its partial reduction

into @GNP-M and @GNP-C.

FTIR spectra (Figure 6.9) revealed that a peak around 1995 cm−1 was identifiable for all sam-

ples (more visible on GNP-M, GNP-C, @GNP-M and @GNP-C) which is assigned to the aromatic

C-H bending vibrations. A sharp peak at around 1725 cm−1 is present in GNP-M-ox and GNP-

C-ox spectra, being assigned to C=O stretching vibrations, which demonstrates the presence of

carbonyl and carboxyl groups [95].

Although not visible in GNP-M and GNP-C spectra, the peak around 1608 cm−1 in GNP-M-ox

and GNP-C-ox and around 1565 cm−1 in @GNP-M and @GNP-C is present due to the stretching

of cyclical alkene (C=C) from the unoxidized graphitic domain [160].

The presence of ethers is evidenced by the appearance of strong absorption bands around 1275

and 1224 cm−1 for GNP-M-ox, GNP-C-ox, @GNP-M and @GNP-C and around 1041 cm−1 for

GNP-M-ox and GNP-C-ox, which are assigned to C-O stretching vibrations. Additionally, there is

a broad peak around 965 cm−1 to GNP-M-ox and GNP-C-ox, which is assigned to C=C (alkene)

bending vibrations [95].

In summary, successful oxidation is confirmed by the identification of several oxygen function-

alities at the surface of GNP-M-ox and GNP-C-ox, in opposition to original GNP-M and GNP-C.
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Figure 6.9: FTIR spectra of GNP-M, GNP-C, GNP-M-ox, GNP-C-ox, @GNP-M and @GNP-C.
The arrows indicate the contribution of several surface functionalities.

The partial reduction step is also demonstrated due to a decrease in the intensity of bands assigned

to oxygen-containing functional groups in @GNP-M and @GNP-C, comparing with GNP-M-ox

and GNP-C-ox.

PCL FTIR spectra (Figure 6.10) presents two sharp peaks around 2943 and 2854 cm−1, which

can be assigned to asymmetric and symmetric CH2 stretching vibrations. A clear peak around

1725 cm−1 is also present, being attributed to C=O stretching vibrations, which demonstrates the

presence of ester groups. The peak nearby 1470 cm−1 corresponds to CH2 bending vibrations.

According to Elzein et al. [161], the peak around 1293 cm−1 (υcr ) is attributed to the back-

bone C–C and C–O stretching modes in the crystalline PCL. Additionally, two other peaks are

present around 1237 cm−1 and 1163 cm−1 and are assigned to asymmetric and symmetric C-O-C

stretching, respectively.

FTIR spectra from PCL/GNP filaments and scaffolds (Figures B.7 and 6.11, respectively) are

similar to the ones from PCL polymer without GNP incorporation. The absence of changes in

PCL/GNP filaments, when compared to PCL polymer, was expected since @GNP is not exposed

at the surface of PCL/GNP composites but homogeneously distributed within its polymeric matrix

(Figure 6.8). Regarding the scaffolds, the absence of changes demonstrates that the used printing

technique does not interfere with samples in the chemical point of view, neither regarding GNP

exposure at the surface.
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Figure 6.10: FTIR spectra of PCL. The arrows indicate the contribution of several surface func-
tionalities.

Figure 6.11: FTIR spectra of PCL, PCL/GNP-M and PCL/GNP-C scaffolds. The arrows indicate
the contribution of several surface functionalities, while the dotted lines point out similar peaks.
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Energy-dispersive x-ray spectroscopy (EDS) analyses were performed to characterize GNP

powders before and after chemical oxidation and magnetization steps (Table 6.1). The distribution

of C, O and Fe atomic elements was determined for all powders and is presented in Figure 6.12

and Table 6.1.

GNP-M and GNP-C presented a O at.% respectively of 12.4 and 10.9 %. In comparison,

GNP-M-ox and GNP-C-ox presented a O at.% respectively of 47.1 and 52.9 %. Such increase in

O at.% from GNP to GNP-ox, demonstrates the successful introduction of oxygen functionalities

at both GNP grade materials surface. This quantitative contrast between C at.% and O at.% is

visible in Figure 6.12 through the greater blue colour intensity (oxygen) shown by both GNP

when compared to GNP-ox. Moreover, the EDS maps revealed that C and O atomic elements

are homogeneously distributed through GNP samples. At the same time, some heterogeneity is

verified for GNP-ox, which probably occurs due to the higher degree of folding of GNP-ox when

compared to GNP (Figure 6.1).

Table 6.1: EDS and XPS analysis of GNP, GNP-ox and @GNP powders, PCL, PCL/GNP fila-
ments and scaffolds. EDS outlines the content of C, O and Fe, while XPS presents the content of
C 1s, O 1s and Fe 2p. C/O ratio for each sample is present by both methods.

At.% EDS XPS
Type Sample/Element C O Fe C/O C 1s O 1s Fe 2p C/O

Powders GNP-M 87.6 12.4 - 7.1 - - - -

GNP-C 89.1 10.9 - 8.2 - - - -

GNP-M-ox 52.2 47.8 - 1.1 - - - -

GNP-C-ox 47.1 52.9 - 0.9 - - - -

@GNP-M 25.5 40.1 34.4 0.6 82.7 12.9 4.4 6.40

@GNP-C 20.7 42.3 37.0 0.5 49.2 28.1 22.7 1.8

Filaments PCL/GNP-M-2 78.2 19.8 2.0 4.0 76.4 23.6 - 3.2

PCL/GNP-M-10 67.3 26.0 6.7 2.6 76.4 23.6 - 3.2

PCL/GNP-C-2 77.1 21.5 1.4 3.6 85.8 14.2 - 6.1

PCL/GNP-C-10 73.2 20.3 6.5 3.6 78.2 21.8 - 3.6

PCL/GNP-C-20 67.7 22.3 10.0 3.0 78.8 21.2 - 3.7

Scaffolds PCL 75.2 24.8 - 2.6 75.6 24.4 - 3.1

PCL/GNP-M-2 73.8 25.6 0.6 2.9 76.2 23.8 - 3.2

PCL/GNP-M-10 74.2 24.3 1.5 3.1 76.5 23.5 - 3.3

PCL/GNP-C-2 74.3 24.7 1.0 3.0 76.7 23.3 - 3.3

PCL/GNP-C-10 65.7 32.9 1.4 2.0 75.7 24.3 - 3.1

PCL/GNP-C-20 68.4 24.3 7.3 2.8 75.3 24.7 - 3.1
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Figure 6.12: SEM images and EDS analysis maps of GNP, GNP-ox and @GNP, for GNP-M and
GNP-C grade materials. Scale bar represents 8 µm.

The partial reduction step is verified by the decrease of O at.% from 47.8 % and 52.9 % to

40.1 % and 42.3 % for @GNP-M and @GNP-C, respectively. On one hand, oxygen-containing

functional groups were removed due to the reduction process. On the other hand, through the

magnetization process, oxygen atoms were introduced due to the use of (Fe3O4). @GNP-M and

@GNP-C Fe at.% were of 34.4 and 37.0, respectively. EDS maps revealed that C and O are ar-

ranged with some heterogeneity in @GNP-M; @GNP-C also presented some heterogeneity on C

distribution. Generally, Fe is homogeneously distributed through the samples.
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EDS analysis were also performed to characterize the incorporation of the magnetized pow-

ders into PCL matrix in both filament and scaffold structure (Table 6.1). Concerning the filaments,

PCL presented C and O at.% of 75 and 25 %, respectively, which is in agreement with the val-

ues found in literature [162]. PCL/GNP-M-2 presented C, O and Fe at.% of 78.2, 19.8 and 2.0

%, respectively. In comparison, PCL/GNP-C-2 presented values of 77.1, 21.5 and 1.4 %. By

loading PCL with 10 wt.% of @GNP-M, its C, O and Fe at.% changed to 67.3, 26.0 and 6.7 %,

respectively, while PCL/GNP-C-10 presented 73.2, 20.3 and 6.5 %. Thus, as the amount of filler

increases, there is a decrease in C at.% and an increase in O and Fe at.%. PCL/GNP-C-20 revealed

even higher Fe at.% (10 %). For PCL/GNP scaffolds a similar trend was observed.

X-ray photoelectron spectroscopy (XPS) analyses were performed to characterize the mag-

netization degree of @GNP-M and @GNP-C as well as the effect of its incorporation into PCL

matrix, both in filaments and scaffolds (Table 6.1, Figures 6.13, 6.14, B.8, B.9, B.10, B.11, B.12,

B.13 and B.14). @GNP-M and @GNP-C presented a Fe 2p at.% of 4.3 and 22.7, respectively.

Figure 6.13: XPS analysis of @GNP-M and @GNP-C. Deconvolution of high-resolution C 1s, O
1s and Fe 2p XPS spectra. Content of C 1s, O 1s and Fe 2p chemical groups resulting from spectra
fitting.
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Such numerical difference is possibly explained by GNP-M higher number of graphene single

layers and higher lateral dimensions, which seems to drive the iron nanoparticles preferentially

between graphene layers instead of being exposed at the surface, as in @GNP-C (Figure 6.2).

Analysis of C 1s spectra of @GNP-M and @GNP-C revealed one broad peak, which could

be further deconvoluted in seven peaks (Figure 6.13). The first and second binding energies were

attributed to C=C (284.5 eV) and C-C (284.8 eV), for @GNP-M (C 1s at.% of 39.7 and 22.9,

respectively) and @GNP-C (C 1s at.% of 13.8 and 29.7, respectively) due to the formation of sp2

and sp3 hybridizations of carbon in the graphitic backbone. The third binding energy values, 286.1

and 285.8 eV, were associated with single bonds of C-O for @GNP-M and @GNP-C, being C 1s

at.% of 13.3 and 26.9, respectively. The fourth binding energy evidenced the presence of ethers

(287.2 and 287.5 eV) for @GNP-M and @GNP-C, being C 1s at.% of 7.7 and 9.6, respectively.

Carbonyl (287.8 eV) and carboxyl groups (288.5 eV) are also present in @GNP-M and @GNP-

C, being C 1s at.% of 3.5 and 2.1; 3.9 and 13.5, respectively. Finally, π-π* bonds (291.7 and

291.3 eV) were observed due to the presence of delocalized π electrons in the graphene lattice of

@GNP-M and @GNP-C, being C 1s at.% of 10.8 and 2.6, respectively [95].

Regarding @GNP-M and @GNP-C O 1s spectra analysis, one broad peak was observed,

which could be deconvoluted in four peaks (Figure 6.13). The first binding energy value was

attributed to C=O due to the presence of carbonyl groups (531.6 and 531.1 eV) for @GNP-M and

@GNP-C, being O 1s at.% of 17.7 and 13.6, respectively. The second binding energy value, 532

eV, was associated with single bonds of C-O for @GNP-M and @GNP-C, being O 1s at.% of

48.4 and 50.1, respectively. Ethers (532.7 eV) and carboxyl groups (533.1 eV) are also present in

@GNP-M and @GNP-C, being O 1s at.% of 8.7 and 25.2; 9.7 and 26.6, respectively [95, 163].

Fe 2p spectra for magnetic powders exhibited two main peaks, which could be further decon-

voluted in five peaks Figure 6.13). The first (710.0 eV) and second (711.9 eV) binding energies

were attributed to Fe (II) 2p 3/2 for @GNP-M and @GNP-C, being Fe 2p at.% of 15.1 and 24.0;

14.4 and 21.3, respectively. In comparison, the fourth energy value was attributed to Fe (II) 2p

1/2 (724.1 and 724.2 eV) for @GNP-M and @GNP-C, being Fe 2p at.% of 18.7 and 18.3, respec-

tively. The third and fifth binding energies were attributed to Fe (III) 2p 3/2 (717.4 eV) and Fe

(III) 2p 1/2 (729.4 eV) for @GNP-M and @GNP-C, being Fe 2p at.% of 22.2 and 19.9; 22.1 and

23.7, respectively. The presence of Fe (II) and Fe (III) suggests that the magnetic powders consist

of a mixture between Fe2O3 and Fe3O4.

XPS analysis were also performed to characterize the incorporation of @GNP into PCL matrix

in both filament and scaffolds (Table 6.1). Similarly to EDS, PCL filament and scaffolds presented

a C at.% of 75 and a O at.% of 25. For PCL/GNP composites similar values were obtained, except

for PCL/GNP-C-2 filament which presented 85.8 % of C 1s and 14.1 % of O 1s. Besides, no iron

is detected at the surface of any sample.

PCL C 1s high-resolution spectra can be fitted with the sum of three components (Figure 6.14),

namely hydrocarbons (284.5 eV), ether (286.0 eV) and ester (288.5 eV) groups, being C 1s at.%

of 69.5, 19.3 and 11.2, respectively. Analysis of O 1s spectra of PCL revealed one broad peak,

which could be further deconvoluted in two peaks (Figure 6.14). The first (532.2 eV) and second
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Figure 6.14: XPS analysis of PCL. Deconvolution of high-resolution C 1s and O 1s XPS spectra.
Content of C 1s and O 1s chemical groups resulting from spectra fitting.

(533.6 eV) binding energies were attributed to the presence of ether and ester groups, being O 1s

at.% of 36.4 and 63.6, respectively [164, 165].

Binding energies, C 1s and O 1s at.% presented a similar trend to PCL/GNP-M and PCL/GNP-

C filaments (Figures B.11 and B.12) and scaffolds (Figures B.13 and B.14), when compared with

PCL. The only exception to this tendency was PCL/GNP-C-2 filament which presented about

87.8 % of C at.% and 12.2 % of O at.%. Overall, the absence of changes from PCL to PCL/GNP

filaments and scaffolds was expected since @GNP is not exposed at the surface of PCL/GNP

composites but homogeneously distributed within its polymeric matrix (Figure 6.8). This result is

in agreement with FTIR data which revealed a similar spectra for every composite (Figures B.7

and 6.11).

The water contact angles at the surface of PCL, PCL/GNP-M and PCL/GNP-C filaments were

determined and results presented in Figures 6.15 and B.15.

Figure 6.15: Sessile drop water contact angle for PCL, PCL/GNP-M and PCL/GNP-C filaments
containing different filler contents.
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PCL presented a water contact angle of 76.8 °, which demonstrates its near hydrophobicity

since a sample is considered hydrophobic when presenting a water contact angle higher than 90

º [166]. PCL/GNP-M-2 and PCL/GNP-M-10 presented a water contact angle of 76.0 and 73.5

º, respectively, therefore being similar to PCL. In opposition, PCL/GNP-C-2 presented a water

contact angle of 97.0 º, which is significantly higher than the one observed for PCL. Regarding

that the lower the O 1s at.%, the higher the hydrophobicity and subsequently the higher the water

contact angle, this result is in agreement with XPS data since PCL/GNP-C-2 presented an O 1s

at.% of 14.13 % while PCL presented 24.0 % (Table 6.1) All the other PCL/GNP-C samples,

although having a higher contact angle than PCL, and so being slightly more hydrophobic, are

similar between them, and its contact angles were around 85 º.

6.3 Thermal analysis

Differential scanning calorimetry (DSC) was performed for PCL, PCL/GNP-M and PCL/GNP-C

composites. The results are shown in Figure 6.16 and in Tables 6.2 and B.2.

Figure 6.16: DSC thermograms for PCL, PCL/GNP-M and PCL/GNP-C filaments and scaffolds
containing different filler contents. First and second (heating and cooling) scans are represented
by green and black lines, respectively.
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Table 6.2: Crystallization temperatures (Tc1 and Tc2), melting temperatures (Tm1 and Tm2) and
degree of crystallization (χc1 and χc2) for PCL, PCL/GNP-M and PCL/GNP-C filaments and
scaffolds containing different filler contents.

Type Sample Tc1 (°C) Tc2 (°C) Tm1 (°C) Tm2 (°C) χc1 (%) χc2 (%)
Filaments PCL 19.8 19.4 66.9 54.2 52.6 47.0

PCL/GNP-M-2 36.2 36.3 65.5 55.5 47.3 48.7
PCL/GNP-M-10 37.3 37.6 64.6 55.8 51.2 44.3
PCL/GNP-C-2 36.2 36.3 61.6 55.7 45.6 48.2

PCL/GNP-C-10 37.5 37.7 60.9 55.3 47.8 48.5
PCL/GNP-C-15 38.6 38.6 60.8 55.5 42.8 45.0
PCL/GNP-C-20 38.7 38.7 56.7 55.4 49.1 49.7

Scaffolds PCL 19.8 19.4 66.9 54.2 45.6 39.1
PCL/GNP-M-2 35.5 35.6 58.6 54.6 53.6 47.8

PCL/GNP-M-10 37.4 37.3 58.7 55.2 48.3 48.7
PCL/GNP-C-2 35.1 35.1 55.2 55.2 42.3 39.1

PCL/GNP-C-10 37.1 37.0 56.3 55.7 52.1 42.0
PCL/GNP-C-20 38.3 38.3 58.5 55.1 57.1 42.6

The experiment consists of two series of heating and cooling scans, however, the first heating

scan is performed to erase the thermal history of the polymer. This phenomenon is quite evident

in PCL since it presented similar crystallization temperatures (Tc) ( Tc1 = 19.8 ºC and Tc2 = 19.4

ºC) but different melting temperatures (Tm) ( Tm1 = 66.9 ºC and Tm2= 54.2 ºC).

Regarding the filaments, PCL/GNP-M-2 and PCL/GNP-C-2 presented a Tc2 of 36.3 °C. Thus,

the incorporation of just 2 wt.% of @GNP into PCL matrix, lead to an increase of its TC, indicating

that the @GNP is behaving as crystallization nucleus, as proposed by Castilla-Cortázar et al. [167]

for PCL/GO, and similarly observed by Manafi et al. [168] for PLA/GNP composites.

By loading PCL with 10, 15 and 20 wt.% of @GNP, Tc2 still slightly increases. In detail,

PCL/GNP-M-10, PCL/GNP-C-10, PCL/GNP-C-15 and PCL/GNP-C-20 exhibited a value of 37.6,

37.7, 38.6 and 38.7 °C, respectively. As PCL is loaded with @GNP, its Tm do not change signifi-

cantly comparing with pristine PCL. Overall, PCL/GNP composites presented Tm2 values around

55 °C.

The degree of crystallization (χc) was determined and is presented in Tables 6.2 and B.2.

PCL filament exhibited a χc2 of 47.0 %, which is in agreement with its semicrystalline structure

[167]. @GNP incorporation into the polymer matrix seems to have no effect on crystallinity

since χc2 values varied only between 44.3 % (PCL/GNP-M-10) and 49.7 % (PCL/GNP-C-20).

For PCL/GNP scaffolds, a similar trend was observed when compared to PCL/GNP filaments.

By calculating the mean and standard deviation of all χc2 values, filaments exhibited a value of

47.3±1.6 % while the scaffolds displayed a value of 43.3±3.3 %. Such similarity between mean

values of χc2 for PCL/GNP filaments and scaffolds shows that the printing process does not affect

samples crystallographic properties.
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Thermogravimetric analysis (TGA) was used to evaluate the thermal stability of GNP, GNP-

ox, @GNP and iron nanoparticles as well as PCL, PCL/GNP filaments and scaffolds.

Thermograms (under a nitrogen atmosphere) for GNP, GNP-ox, @GNP and iron nanoparticles

are shown in Figure 6.17. The data revealed three main weight loss steps at temperatures above

100 ºC, mainly for GNP-ox and iron nanoparticles.

The first weight loss occurred between 100 and 225 ºC. Thermal decomposition during this

first step was quantified and is presented in Table 6.3. GNP-M-ox, GNP-C-ox and iron nanoparti-

cles presented weight losses of 34.7, 32.8 and 17.0 %, respectively, which corresponds to the loss

of oxygen-containing functional groups, namely carboxyl and epoxy [95]. @GNP powders exhib-

ited no weight loss between 100 and 225 °C, which suggests fewer oxygen-containing groups are

present following partial reduction and magnetization process.

The second weight loss occurred between 225 and 600 ºC. In the case of GNP-M-ox and

GNP-C-ox, the weight loss (15.5 and 16.7 %, respectively) corresponds to the partial combus-

tion of carbon skeleton and more stable functionalities such as carbonyls [169]. According to

Ebrahiminezhad et al. [170], the iron nanoparticle substantial weight loss (36.5 %) mainly around

300 ºC is attributed to the presence of carbonyls and hydroxyls.

Figure 6.17: TGA curves for GNP-M, GNP-C, GNP-M-ox, GNP-C-ox, @GNP-C and @GNP-M
powders and iron nanoparticles, under nitrogen atmosphere.
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Table 6.3: Weight loss (%) values for GNP-M, GNP-C, GNP-M-ox, GNP-C-ox, @GNP-M,
@GNP-C powders and iron nanoparticles according to three temperature intervals, under nitro-
gen atmosphere.

Sample
Weight loss (%) between

100 - 225 ºC 225 - 600 ºC 600 - 1000 ºC

GNP-M 0 9.2 17.9

GNP-C 0.6 7.1 24.3

GNP-M-ox 34.7 15.5 18.5

GNP-C-ox 32.8 16.7 21.6

@GNP-M 0 4.4 5.8

@GNP-C 0 6.2 2.6

Fe-O 17.0 36.5 1.9

The third weight loss step happened between 600 and 1000 ºC. Here, both GNP and GNP-ox

have significant weight losses (17.9, 24.3 % for GNP-M and GNP-C; 18.5 and 21.6 % for GNP-M-

ox and GNP-C-ox, respectively), which corresponds to the continuous combustion of the carbon

skeleton, already initiated in the previous step for GNP-ox samples. After all oxygen-containing

functional groups being lost in the previous two temperature steps, in this one iron nanoparticles

presented a weight loss of just 1.9 %; while @GNP-M and @GNP-C presented values respectively

of 5.8 and 2.6 %.

In summary, GNP-M and GNP-C presented total weight losses respectively of 27.1 and 32.2

%, while GNP-M-ox and GNP-C-ox exhibited total weight losses respectively of 68.9 and 71.2

%. Nevertheless, GNP weight loss is mainly due to carbon skeleton combustion, while GNP-ox is

mainly due to the loss of oxygen-containing functional groups for both GNP grade materials. In

comparison, @GNP-M and @GNP-C presented total weight losses respectively of 10.2 and 8.9

%.

To understand the previous result, it is worth mentioning that @GNP possesses more oxygen-

containing functional groups than GNP. However, less than GNP-ox, so it was expected that its

total percentage weight loss was an intermediate value between the GNP and GNP-ox. Neverthe-

less, @GNP-M and @GNP-C presented the lower total percentage weight loss, which is probably

due to the presence of iron nanoparticles (total percentage weight loss of 55.4 %), since others

[171, 172] reported the same behaviour.

Figure 6.18 shows the TGA curves obtained for PCL, PCL/GNP-M and PCL/GNP-C com-

posites. Thermal degradation is similar for all samples: a single step degradation mainly between

250 and 400 ºC is observed. Table 6.4 presents the initial decomposition (5% weight loss, T5%)

and maximum degradation rate temperatures (Td), as well as the weight measured at 545 ºC and

1000 ºC. Regarding the filaments, PCL presented a T5% of 288.9 °C. In comparison, when @GNP

is loaded, PCL T5% increased to around 350 °C for all samples, except for PCL/GNP-C-2, whose

value is around 330 °C.
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Figure 6.18: TGA curves for PCL, PCL/GNP-M and PCL/GNP-C scaffolds containing different
filler contents, under nitrogen atmosphere.

Table 6.4: Thermogravimetric parameters of PCL, PCL/GNP-M and PCL/GNP-C filament and
scaffolds, namely 5% degradation temperature, T5%, the temperature of maximum degradation
rate, Td , and measured weight at 545 ºC and 1000 ºC.

Weight (%) at

Type Sample T5% (°C) Td (°C) 545 ºC 1000 ºC

Filaments PCL 288.9 355.8 0 0

PCL/GNP-M-2 352.3 396.0 2.8 1.8

PCL/GNP-M-10 350.4 390.5 5.6 3.6

PCL/GNP-C-2 329.4 349.9 2.7 1.6

PCL/GNP-C-10 353.0 377.0 10.2 7.5

PCL/GNP-C-20 353.9 378.5 14.1 12.1

Scaffolds PCL 289.0 352.0 0 0

PCL/GNP-M-2 344.2 372.5 4.8 2.0

PCL/GNP-M-10 336.9 361.7 8.9 5.8

PCL/GNP-C-2 340.8 361.2 6.9 4.5

PCL/GNP-C-10 342.7 375.8 11.9 8.4

PCL/GNP-C-20 352.0 372.9 16.5 13.3
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The weight loss derivative (dTG) curves (Figure B.16) allow better differentiation between the

results. For instance, PCL presented a Td of 355.8 °C, while PCL/GNP-M-2 and PCL/GNP-M-10

presented 396.0 and 390.5 °C. By loading PCL with 2, 10 and 20 wt.% of @GNP-C, its Td changed

to 349.9, 377.0 and 378.5 °C, respectively. Thus, Td increase with graphene loading, which possi-

bly indicates that @GNP is acting as a thermal stabilizer [173]. For PCL/GNP scaffolds, a similar

trend for both T5% and Td was observed.

PCL fully degraded around 545 °C. Therefore, the weight measured at 545 °C for PCL/GNP

composites represents the actual amount of incorporated graphene. PCL/GNP-M-2 and PCL/GNP-

C-2 filaments presented 2.8 and 2.7 %, while PCL/GNP-M-10, PCL/GNP-C-10 and PCL/GNP-

C-20 presented 5.6, 10.2 and 14.1 %, respectively. A similar trend was observed for PCL/GNP

scaffolds, except for PCL/GNP-M-2 and PCL/GNP-C-2, which presented 4.8 and 6.9 % of the ini-

tial samples, respectively. It is worth mentioning that from the moment where PCL fully degraded

until the end of the experiment, samples continued its degradation although at a slower rate.

Isothermal curves, under nitrogen atmosphere, were performed to characterize the thermal

stability of PCL, PCL/GNP-M and PCL/GNP-C filaments during eight hours at 90 and 130 ºC

(Figure 6.19). Thus, these curves serve as a simulation of how the materials behave during a day

of printing. It is worth mentioning that 90 and 130 ºC are the minima and maximum temperatures

at which the materials were processed, respectively.

After 8 hours, PCL presented a weight loss of 6.8 and 8.5 % at 90 and 130 ºC, respectively

(Table 6.5). Taking into account the thermal stability demonstrated by the polymer at these temper-

atures in a short period in the previous TGA experiments (Figure 6.18), as well as the temperature

values itself (around 100 ºC), the small weight loss is probably due to the loss of water.

Figure 6.19: Isothermal curves for PCL, PCL/GNP-M and PCL/GNP-C filaments containing dif-
ferent filler contents at 90 and 130 ºC, during 8 hours.
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Table 6.5: Total weight loss (%) values at 90 and 130 ºC for PCL, PCL/GNP-M and PCL/GNP-C
filaments containing different filler contents, under nitrogen atmosphere.

Sample
Total weight loss (%) at

90 ºC 130 ºC

PCL 6.8 8.5

PCL/GNP-M-2 3.7 2.1

PCL/GNP-M-10 2.6 0.7

PCL/GNP-C-2 4.6 3.2

PCL/GNP-C-10 3.1 1.3

PCL/GNP-C-15 1.8 5.1

PCL/GNP-C-20 2.0 4.4

At 90 ºC, PCL/GNP-M-2 and PCL/GNP-C-2 presented weight losses respectively of 3.7 and

4.6 %. In comparison, PCL/GNP-M-10 and PCL/GNP-C-10 exhibited weight losses respectively

of 2.6 and 3.1 %, while PCL/GNP-C-15 and PCL/GNP-C-20 displayed weight losses around 2.0

%. Thus, at this temperature, the higher the @GNP loading, the lower the weight loss. However,

at 130 ºC, PLC/GNP-15 and PCL/GNP-20 presented higher weight losses than all other compos-

ites. Therefore, no conclusion can be taken about the relation between the loading of @GNP and

samples weight loss.

6.4 Rheological properties

To infer about filaments viscous behaviour during the printing, their rheological properties were

evaluated at 90, 130 and 180 ºC (Figures 6.20 and 6.21). As previously referred, 90 and 130 ºC

are the minima and maximum printing temperatures, respectively. However, this experiment was

also performed at an extreme temperature for PCL polymer, 180 ºC.

PCL presented a loss factor (loss (G”) / storage (G’) moduli) of 7.6± 0.6, 18.0± 1.6 and

47.9± 4.3 at 90, 130 and 180 ºC, respectively. Thus, the higher the temperature, the higher the

loss factor. As PCL behaves like a viscoelastic liquid [174, 175], the presented values are mainly

associated with category B of the image shown in Figure 6.20 which is in agreement with PCL

being considered the gold standard polymer for 3D printing.

PCL/GNP-M-2, PCL/GNP-C-2 and PCL/GNP-C-10 presented a loss factor of 6.6±0.1, 7.0±
0.2 and 6.4± 0.4 for 90 ºC. Although from a statistical point of view, the loss factor differences

are already significant when compared to PCL, both materials should still be viewed as part of B

category. However, a shift from category B to category C and so a hampering to the printing of the

materials can be seen in PCL/GNP-M-10, PCL/GNP-C-15 and PCL/GNP-C-20 which presented

a loss factor of 3.5±0.1, 4.0±0.5 and 2.2±0.3, respectively.
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Figure 6.20: Loss factor (loss (G”) / storage (G’) moduli) for PCL at 90, 130 and 180 ºC. A) to
E) represent several kinds of behaviour of water samples with increasing amounts of thickener.
A) ideally viscous (G” » G’), B) viscoelastic liquid (G” > G’), C) sol/gel transition (G” = G’), D)
viscoelastic solid or gel-like (G” < G’), and E) ideally elastic (G” « G’).

By increasing the temperature from 90 to 130 ºC, PCL/GNP-M-2 and PCL/GNP-C-2 loss

factor slightly increased to 18.0±1.6 and 18.4±1.4 (still similar to PCL), while for PCL/GNP-M-

10 and PCL/GNP-C-10 it raised to 9.1±1.0 and 9.0±0.6, thus overtaking the viscosity problem

with PCL/GNP-M-10. In comparison, PCL/GNP-C-15 and PCL/GNP-C-20 still presented a low

loss factor, namely 2.8± 0.6 and 1.6± 0.4, respectively. Loss factor values can be seen in detail

in Table B.3.

Figure 6.21: Loss factor (G”/G’) for PCL, PCL/GNP-M and PCL/GNP-C filaments containing
different filler contents at 90 and 130 ºC.
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6.5 Crystallographic and magnetic characterization

The crystallographic patterns and magnetic behaviour of GNP and GNP-ox for both GNP grade

materials were evaluated through X-ray diffraction (XRD) (Figure 6.22) and Superconducting

quantum interference device (SQUID) magnetometry (Figure 6.23).

GNP-M and GNP-C presented a sharp diffraction peak around 2θ = 26.5 ° corresponding to

the reflection of graphite (002) [176]. In comparison, GNP-M-ox and GNP-C-ox displayed a peak

around 2θ = 10 ° which corresponds to the typical reflection of GO (001). The presence of a peak

corresponding to the (001) plane indicates the presence of oxygen-containing functional groups,

thus confirming, the oxidation of GNP into GNP-ox [176].

Figure 6.22: Crystallographic patterns of GNP-M, GNP-C, GNP-M-ox and GNP-C-ox through
X-ray diffraction (XRD). B) represents a zoom-in of A) in the x-axis, from 6 to 20 º. The arrows
indicate the presence of oxygen-containing functional groups.
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Figure 6.23: Magnetic-hysteresis (M-H) curves of GNP-M, GNP-C, GNP-M-ox and GNP-C-ox
before and after subtraction of the diamagnetic and paramagnetic components, determined from
superconducting quantum interference device (SQUID) magnetometry, at room temperature.

Regarding the magnetic behaviour of the samples, the isothermal magnetic measurements re-

vealed that GNP and GNP-ox presented remanent magnetization in the order of 10−3 to 10−4

emu g−1 for both GNP-M and GNP-C grade materials, which indicates a ferromagnetic state.

Nonetheless, GNP-M, GNP-C and GNP-C-ox also presented a diamagnetic dependence, as can be

determined from the negative slope of the linear component. In comparison, GNP-M-ox presented

a paramagnetic behaviour denoted by the positive slope of the linear component. The remanent

magnetization and coercivity of the samples are summarized in Table B.4.

@GNP-M and @GNP-C diffractograms are shown in Figure 6.24A. Neither @GNP-M, nei-

ther @GNP-C presented the peak around 2θ = 10 °. Thus, indicating the (partial) reduction of

GNP-ox into @GNP, for both GNP grade materials, which is in agreement with FTIR (Figure
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6.9) and EDS data (Table 6.1) Moreover, @GNP-C presented a diffraction peak around 2θ = 26.6

° corresponding to the reflection of maghemite (Fe2O3) (211) [177]. Overall, the Miller indices

indicated the characteristic reflection peaks related to the crystallographic structure of cubic spinel

structures presenting an Fd3m symmetry, which is characteristic of iron oxides materials, namely

magnetite (Fe3O4) and maghemite (Fe2O3) structures [178, 179],

Regarding the lattice parameters, @GNP-M presented a= 8.382 Å, while @GNP-C presented

a= 8.364 Å, which are intermediate lattice parameters between Fe3O4 (a=8.396 Å, JCPDS no. 19-

0629) and Fe2O3 (a=8.346 Å, JCPDS no. 39-1346). Thus, showing that the powders consist of a

mixture between both oxides.

Figure 6.24: Crystallographic patterns (A) and M-H curves (B) of @GNP-M and @GNP-C, at
room temperature.
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The isothermal magnetic cycles were obtained for both samples and are presented in Figure

6.24B. The saturation magnetization (Ms) of @GNP-M, Ms = 74 emug−1, is lower than that of

@GNP-C, Ms = 79 emug−1. According to the analysis of the lattice parameters of both magnetic

samples, @GNP-M is composed of more (Fe3O4) phase than @GNP-C, and since this phase has

a higher magnetic moment than (Fe2O3) phase, the magnetic moment of the @GNP-M should be

larger. To better understand this disagreement, EDS and XPS data (Table 6.1 and Figure 6.13)

should be highlighted. For instance, according to EDS data, @GNP-M and @GNP-C presented

an at.% of 34.39 % and 36.99%. In comparison, according to XPS data, @GNP-M and @GNP-

C presented a Fe 2p at.% of 4.37 and 22.74 %. Additionally, through the XPS high-resolution

spectra, @GNP-M and @GNP-C presented a Fe 2p (II) at.% of 57.9 % and 54.2 %, respectively.

Overall, @GNP-C presenting the higher Ms is explained not by @GNP-C being the material that

presented the highest Fe3O4 phase, but rather, by being the material that presented the highest

amount of Fe-O nanoparticles.

The temperature-dependent zero-field-cooled/field-cooled (ZFC/FC) measurement of @GNP-

C was performed and is shown in Figure 6.25A. @GNP-C presented a ferromagnetic behaviour

throughout the temperature range of 5 K to 370 K. Figure 6.25B depicts the magnetic-hysteresis

(M-H) cycles of @GNP-C at the temperatures of 100, 200 and 300 K. @GNP-C presented a Ms

at 100 K of 91 emug−1. In comparison, by increasing the temperature to 300 K, the Ms decreased

to 81 emug−1. Therefore, the higher the temperature, the lower the Ms. Additionally, the coercive

field also decreased with increasing temperature, from 124 Oe (100 K) to 54 Oe (300 K).

PCL crystallization pattern and M-H curve were assessed and are shown in Figure 6.26. PCL

presented two strong diffraction peaks at 2θ = 21.88 º and 24.21 º corresponding to (110) and

(200) lattice planes of the orthorhombic crystalline form [180]. These data corroborate the PCL’s

degree of crystallization obtained through DSC, which was around 40 % (Table 6.2).

Figure 6.25: Magnetic behaviour of @GNP-C. A) Zero-field-cooled/field-cooled (ZFC/FC) mea-
surement at a fixed magnetic field of H=100 Oe; B) isothermal magnetic-hysteresis (M-H) mea-
surement at 100, 200 and 300K
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Figure 6.26: Crystallographic patterns (A) and M-H curves (B) for PCL, at room temperature.

Normalized diffractograms of PCL/GNP filaments based on @GNP-M (Figure 6.27A) and

@GNP-C (Figure 6.27B) confirmed the presence of both iron oxide (Fe-O) and PCL on the fil-

aments. The diffractograms were sorted from highest to lowest ratio of @GNP to PCL. A no-

ticeable decrease in the intensity of the peaks of Fe-O material compared to the PCL peaks was

observed, for both PCL/GNP-M and PCL/GNP-C composites. It is worth mentioning the pres-

ence of PCL/GNP-C-30 and PCL/GNP-C-40 filaments in these experiments as part of an initial

optimization process aiming the comprehension of which materials could simultaneously present

the best possible magnetization properties and be accurately printed.

PCL/GNP filaments M-H curves were assessed and are shown in Figure 6.27. Having @GNP-

M and @GNP-C as references, which as previously stated, presented a Ms of 74 emug−1 and

79 emug−1, the expected Ms for each composition was determined and the measured values are

consistently smaller than the expected values (Table B.4).

PCL/GNP-C-2 presented a Ms of 1.4 emug−1, while PCL/GNP-C-10 presented a Ms of 4.6 emug−1.

In comparison, its expected values were 1.6 emug−1 and 7.9 emug−1, respectively.

For the other PCL/GNP composites a similar trend was observed, except for PCL/GNP-M-2

which presented a Ms of just 0.05 emug−1. Overall, the experimental values are about 70 % of the

expected ones. It is worth mentioning that these results are more reliable for PCL/GNP-C filaments

due to the higher number of samples comparing with PCL/GNP-M. Overall, the materials behave

as soft magnetic materials due to their low coercivity [181].

Normalized diffractograms of PCL/GNP scaffolds based on @GNP-M (FigureB.18A) and

@GNP-C (FigureB.18B) confirmed the presence of both iron oxide (Fe-O) and PCL. A reduc-

tion in the intensity of the peaks of Fe-O compared to the PCL peaks was noticeable, for both

PCL/GNP-M and PCL/GNP-C scaffolds. It is worth mentioning that the same result was verified

for PCL/GNP filaments, as detailed above.

Regarding the M-H curves, PCL/GNP-C-2 scaffolds presented a Ms of 1.4 emug−1. By load-

ing the PCL with 10 and 20 wt.% of @GNP-C, its Ms increased to 4.6 and 10.6 emug−1, for 2, 10
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Figure 6.27: Crystallographic patterns and M-H curves of A) PCL/GNP-M and B) PCL/GNP-
C filaments containing different filler contents through XRD and SQUID, respectively, at room
temperature.

and 20 wt.%. In comparison, their expected values were 1.6, 7.9 and 15.8 emug−1, respectively.

PCL/GNP-M-2 was the exception since shown no MS, while PCL/GNP-M-10 presented a Ms of

5.4 emug−1. In comparion, its expected value was 7.4 emug−1.

In summary, these results indicate that the processing of PCL/GNP filaments into scaffolds

does not affect the magnetization state of the composites.

6.6 Fibre diameter and morphology

The fabrication process was split into two steps, as previously stated in methods subsection 5.3.3.

The first step consisted on assessment of the printing parameters that allowed deposition of straight

fibres for PCL and PCL/GNP composites. Critical translational speed (CTS) was determined from

the ratio between the real fibre diameter (FD) and the relative peak to peak fibre diameter (F ′D) and

was obtained whereas FD/F ′D = 1, as illustrated in Figure 5.4.
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Figure 6.28: Critical translational speed (CTS) of PCL and PCL/GNP-C composites containing
different filler contents. Graphical data represents the experimental ratio between the real fibre
diameter (FD) and the relative peak to peak fibre diameter (F

′
D), while visual data represents

the coiled, sinusoidal and straight shapes for 0.5 CTS, 0.75 CTS, 0.9 CTS and CTS for PCL,
PCL/GNP-C-2 and PCL/GNP-C-20. Scale bars represent 1 mm.

Quantitative (FD/F ′D) and qualitative (fibre morphology) data about CTS finding process for

PCL and PCL/GNP-C composites containing different filler contents collected at increasing CS

are presented in Table B.5 and in Figure 6.28. PCL presented a FD/F ′D ratio for 0.5 CTS, 0.75 CTS

and 0.9 CTS of 0.04±0.01, 0.09±0.01 and 0.51±0.05. In comparison, PCL/GNP-C-2 presented

0.06±0.01, 0.07±0.01 and 0.40±0.12. All the other PCL/GNP-C composites displayed similar

values to PCL and PCL/GNP-C-2. Although each material was printed at a combination of 2 bar

and 6 KV, the used printing temperatures were different, as described in methods subsection 5.3.2.

Thus, each material was obtained with a different CTS. For instance, PCL exhibited a CTS of

5.5 mms−1, while PCL/GNP-C-2 presented a CTS of 5 mms−1. In comparison, PCL/GNP-C-20

was obtained with a CTS of 4 mms−1.

Morphologically, 0.5 CTS presented a coiled shape, 0.75 CTS and 0.9 CTS displayed a sinu-

soidal one, while CTS presented a straight pattern. Repeatability of the process, mainly for PCL

and PCL/GNP-C-2 composites, is demonstrated in Figure B.19. In comparison, PCL/GNP-C-20

presented more randomly distributed fibres, since the frequency of each coiling or sinusoidal cycle

was not constant.
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The second step evaluated the influence of feeding pressure (P), applied voltage (V) and col-

lector speed (CS) on FD. A summary of the results is shown in Figure 6.29.

Figure 6.29: Influence of feeding pressure (P), applied voltage (V) and collector speed (CS) on
fibre diameter (FD) for PCL and PCL/GNP-C composites containing different filler contents.

Concerning the influence of P (Table B.6), PCL presented a FD of 10.47±0.26, 12.57±0.36

µm for 1 and 1.5 bar, respectively. By increasing the P to 2, 2.5 and 3 bar, PCL FD changed to

12.88± 0.40, 14.92± 0.51 and 18.41± 0.38 µm, respectively. Thus, the higher the P, the higher

the FD. For PCL/GNP composites, similar values were observed. PCL/GNP-C-2 presented a min-

imum and maximum FD of 7.72± 0.36 and 18.53± 0.31 µm, while PCL/GNP-C-10 presented

11.73± 0.62 and 21.82± 0.91 µm. In comparison, by loading PCL with 20 wt.% of @GNP, its

minimum and maximum FD drastically increased to 18.76± 2.94 and 33.77± 3.40 µm, respec-

tively. It is worth mentioning that every experiment was performed at 6 kV.

Regarding the influence of voltage (Table B.7), PCL presented a FD for 5 and 5.5 kV of 15.58±
0.25 and 14.64±0.63 µm. By increasing the V to 6, 6.5 and 7 kV, PCL FD changed to 12.88±0.39,

12.53± 0.62 and 11.09± 0.32 µm. Thus, the higher the applied voltage, the lower the FD. The

same tendency was verified for the PCL/GNP composites. For instance, PCL/GNP-C-2 presented

a maximum and a minimum FD of 15.20± 0.50 and 10.02± 0.46 µm, while PCL/GNP-C-10
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presented 16.08± 0.69 and 13.72± 0.84 µm. In comparison, by loading PCL with 20 wt.% of

@GNP, its maximum and minimum FD drastically increased to 39.86±6.31 and 17.83±1.35 µm,

respectively. It is worth mentioning that every experiment was performed at a 2 bar. So far, except

for PCL/GNP-C-20, all materials can be printed with FD between 10 and 20 µm.

Concerning the influence of CS (Table B.8), PCL presented a FD for CTS and 1.2 CTS of

12.88±0.39, 11.68±0.41 µm. By increasing the CS to 1.4 CTS, 1.6 CTS and 1.8 CTS, PCL FD

changed to 11.05± 0.30, 10.44± 0.28 and 9.93± 0.35 µm. Thus, the higher the CS, the lower

the FD. For PCL/GNP composites, analogous values were observed. It is worth mentioning that

PCL/GNP-C-20, at CS = 1.6 and 1.8 CTS can already be printed with FD lower than 20 µm.

The CS variation induced changes not only on FD (Figure 6.29) but also on extrusion jet ap-

pearance (Figure 6.30).

Figure 6.30: PCL and PCL/GNP-C composites containing different filler contents extrusion jet for
2 bar and 6 KV at several CS, namely CTS, 1.2 CTS, 1.4 CTS, 1.6 CTS and 1.8 CTS. The white
arrow indicates the movement direction.
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Independently of the material, CTS images presented a straight extrusion jet, as expected since

CTS is defined as the CS that matches the speed of the electrified jet [134]. By increasing the CS,

the match is undone, and the jet starts to show jet-lag, i.e., as the CS starts to be much higher than

the material extrusion speed, the jet-lag appears. Overall, the higher the CS, the higher the jet-lag.

6.7 Preliminary study on scaffolds printability

Herein, it is demonstrated the non-optimized printing of PCL and PCL/GNP-C hexagonal mi-

crostructured scaffolds containing different filler contents (Figure 6.31).

Figure 6.31: SEM images of PCL and PCL/GNP-C hexagonal microstructured scaffolds contain-
ing different filler contents, composed of multiple stacked microfibers. From left to right, scale
bars represent 3 mm, 500 µm, 50 µm and 40 µm.

Ideally, upon single Fd and morphology assessment, PCL and PCL/GNP scaffolds with linear

(square) and non-linear (hexagon and re-entrant) patterns would be printed. However, during the

present work, a complete study on such printing process was not possible. Therefore, this section

appears as a preliminary study to show that the printing of PCL and PCL/GNP composites con-

taining different filler contents is possible and that by loading PCL with @GNP-C, its printability

is hampered.
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Discussion

The primary goal of the present work was to develop polycaprolactone/graphene-based materials

(PCL/GBM) scaffolds via melt electrowriting (MEW) for tissue engineering (TE). For this pur-

pose, specific objectives were defined: 1. to prepare magnetic GBM (@GBM) powders, namely

graphene nanoplatelets (GNP) of grades M and C, via in situ precipitation; 2. to produce PCL/GNP

composites filaments for both GNP grade materials by melt-blending; 3. to assess the morpho-

logical, chemical, thermal, rheological, crystallographic and magnetic properties of GNP powders

and PCL/GNP composites; 4. to optimize PCL/GNP composites printability, and 5. to develop

and characterize PCL/GNP scaffolds with linear and non-linear architectures.

Oxidized GNP (GNP-ox) is commonly obtained from pristine GNP by exfoliation methods,

such as the modified Hummers method used here and in our group previous works [158]. The

exfoliation process results in the introduction of several oxygen functionalities and consequent

loss of structural, thermal, and electrical properties. To restore some of the properties of pristine

GNP, over the years different reduction methods have been explored to produce reduced GNP

(r-GNP), including chemical, thermal, and electrochemical reduction pathways [67].

Single-step in situ formation of magnetic nanoparticles on reduced graphene sheets has been

previously described by Xue et al. [182] using a solution of iron chloride (FeCl2 · 4 H2O) and

oxidized graphene sheets (pH = 9, T = 180 ºC, t = 10 hours). Overall, it was reported the efficient

oxidation of Fe2+ into Fe3O4 nanoparticles and its deposition onto thermally reduced graphene

sheets. Following this protocol, in this research, a solution of FeCl2 · 4 H2O and GNP-ox was used

to produce magnetic and partially reduced GNP (@GNP), for both GNP grade materials.

Upon @GNP production, GNP powders morphology, particle size and stability was assessed.

Transmission electron microscopy (TEM) revealed the oxidation of the powders through the loss

of GNP planar form and sharp edges. Instead, both GNP-M-ox and GNP-C-ox presented wrin-

kled appearance and folded edges. This distortion is most probably due to the attachment of

oxygen-containing functional groups to the basal plane of GNP sheets during oxidation. Addi-

tionally, it may occur due to platelets short dimensions allowing the oxygen-containing functional

groups at the edges to form hydrogen bonds. Such a change in morphology has been reported

by others [64, 158]. Iron nanoparticles incorporation and distribution across GNP surface was
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confirmed by TEM and scanning electron microscopy (SEM). Both imaging techniques revealed

that iron nanoparticles are better distributed and more exposed at the surface of @GNP-C. This

is possibly explained by GNP-M higher number of graphene single layers and higher lateral di-

mensions, which seemed to affect iron nanoparticles morphology and drive them preferentially

between graphene layers instead of being exposed at the surface, as in @GNP-C.

The particle size distribution in volume and number revealed that GNP-M grade materials pre-

sented a similar average particle size. For GNP-C grade materials, a similar trend was observed.

In detail, GNP-M, GNP-M-ox and @GNP-M were obtained with an average particle size around 5

and 2 µm in volume and number, respectively. In comparison, GNP-C, GNP-C-ox and @GNP-C

presented an average particle size < 2 and < 1 µm, in volume and number, respectively. The dif-

ference between the particle size distribution in volume and number is mainly due to the existence

of agglomerates, which will take a relatively high volume of the sample. Concerning the iron

nanoparticles, while Xue et al. [182] obtained spherical particles with sizes between 4 to 10 nm,

in this work, the particles were obtained with an average size around 45 nm. The used proportion

of GNP-ox/FeCl2 · 4 H2O (1:20) may explain such difference, since Xue et al. only used 1:10.

The reduction of oxygen-containing functional groups at the surface of oxidized GBM usually

leads to the formation of unstable colloidal dispersions in aqueous solutions. Thus, limiting their

potential for biomedical applications and requiring further chemical functionalization toward im-

proving water solubility [67]. Nevertheless, in this work, both GNP-M and GNP-C grade materi-

als exhibited comparable colloidal stability in aqueous dispersions, according to zeta (ζ )-potential

measurements. The lower values were obtained to @GNP-M and @GNP-C, which presented a

surface charge around -20 mV.

Upon GNP powders morphology, particle size and stability assessment, @GNP were incorpo-

rated in PCL by melt-blending at 90 ºC (minimum printing temperature) under a rotor speed of

250 rpm for 3 minutes. Such mixing conditions have been reported by Potschke et al. [80] as the

ideal ones to obtain PCL/multiwalled carbon nanotubes (PCL/MWCNT) composites nearly free

of agglomerates.

To further determine @GNP particles or particle agglomerates average size as well as @GNP

distribution in the polymeric matrix, PCL/GNP filaments cross-sections were performed and as-

sessed via SEM. It is worth mentioning that cross-sections were made by cutting with a sharp blade

which slightly compressed the filaments and affected @GNP orientation according to the cutting

direction. Another procedure to obtain cross-sections is by using liquid nitrogen. Nevertheless, as

the filament fracture occurs, the filler is released from the polymeric matrix, therefore making its

use unfeasible.

Overall, in PCL/GNP-M filaments, @GNP-M presented an average size of 2.24 µm. In com-

parison, in PCL/GNP-C filaments, @GNP-C displayed an average size of 1.34 µm. These data is

in agreement with @GNP-M and @GNP-C average size determined from TEM and DLS (Figure

6.5), since, according to these techniques, the average size of @GNP-M and @GNP-C was around

2 µm and 1 µm, respectively. Therefore, @GNP-M was more easily identifiable than @GNP-C in

the polymeric matrix, due to presenting higher lateral dimensions and subsequently higher degree
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of agglomeration.

Altogether, @GNP seemed well dispersed through the polymeric matrix. Nevertheless, more

work would be necessary to confirm this. It is worth mentioning that the dispersion of @GNP

in the polymeric matrix for both filaments and scaffolds was unsuccessfully assessed using TEM.

Three approaches were performed. In each approach, PCL/GNP filaments and scaffolds were

impregnated and embedded in Epon resin. In the first approach, samples were incubated at 65 ºC

for two days to promote resin polymerization, while in the second the incubation was performed

at 37 ºC for three days. In comparison, in the third approach, samples were incubated at room

temperature for seven days. However, in any approach, due to the low hardness of the materials,

the resin was not successfully impregnated. Therefore, PCL dissolved, and samples structure was

lost.

Upon PCL/GNP filaments production and morphological evaluation, materials chemical, ther-

mal, rheological, crystallographic and magnetic properties were assessed.

The introduction of oxygen functionalities on GNP-M-ox and GNP-C-ox, as well as its par-

tial reduction into @GNP-M and @GNP-C, were confirmed by Fourier transform infrared spec-

troscopy (FTIR) and Energy dispersive x-ray spectroscopy (EDS). In comparison with GNP-ox,

@GNP exhibited lower oxygen content given that oxygen-containing functionalities, such as car-

boxyl groups, were partially removed during the partial reduction and magnetization single-step

process. It is worth mentioning that although not revealed in GNP-ox FTIR spectra, an additional

band in the wavenumber range of 3000 and 3600 cm−1, corresponding to O-H stretching vibra-

tions, most probably related to adsorbed water molecules and hydroxyl groups, was expected as

reported by Costa-Almeida et al. [183] and Al-Gaashani et al. [184] for graphene oxide (GO)

instead of GNP-ox.

FTIR spectroscopy revealed two absorption bands at 535 cm−1 and 615 cm−1 for both @GNP-

M and @GNP-C. However, the bands were not referred in the results chapter due to uncertainty

about their functional group association. Nevertheless, Bertolucci et al. [185] and Mohammed et

al. [186] hypothesized the band around 535 cm−1 corresponds to magnetite while the one around

615 cm−1 corresponds to maghemite. Therefore, suggesting that the magnetic powders could

consist of a mixture between magnetite and maghemite. X-ray photoelectron spectroscopy (XPS)

high-resolution spectra complements this data since @GNP-M and @GNP-C presented a Fe (II)

2p at.% of 57.8 and 54.1; and a Fe (III) 2p at.% of 42.2 and 45.9, respectively.

According to FTIR and XPS data, PCL and PCL/GNP filaments presented similar results. In

opposition, EDS data revealed an increase in both O and Fe at.% with increasing @GNP loadings.

FTIR and XPS techniques, having an analysis depth around a few nm, were performed to evaluate

PCL and PCL/GNP composites surface. In comparison, EDS technique, presenting an analysis

depth around a few µm, was performed to evaluate the samples as a whole. Therefore, the absence

of surface changes from PCL to PCL/GNP filaments was expected since @GNP is not exposed

at the surface of PCL/GNP composites but homogeneously distributed within its polymeric ma-

trix (Figure 6.8). Considering such similarity between PCL and PCL/GNP filaments, overall, no

significant changes were obtained in water contact angle experiments.
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To further determine materials crystallization (TC) and melting (Tm) temperatures, as well as

degree of crystallization (χc), differential scanning calorimetry (DSC) analysis were performed.

As described above, by loading @GNP into PCL, PCL TC increased around 94 %, indicating

that PCL crystallization takes place earlier. Overall, @GNP is behaving as a crystallization nucleus

as proposed by Castilla-Cortázar et al. [167] for PCL/GO, and similarly observed by Manafi et al.

[168] for PLA/GNP composites. In comparison, PCL Tm remained unaffected for both filaments

and scaffolds. Herein, we demonstrated that samples χc was not significantly influenced by the

presence of @GNP since the obtained values varied between 39.1 and 49.7 % for both PCL/GNP

filaments and scaffolds. In comparison, PCL presented a χc around 43 %. Several studies have

shown different trends for PCL χc variation with the incorporation of GBM. For instance, Castilla-

Cortázar et al. [167] revealed that by loading PCL with 0.5 wt.% of GO, its (χc) increased by 1.1

%. In another work, Duan et al. [187] outlined that by loading PCL with 1.0 wt.% of GO, its (χc)

increased by 26 %.

Thermal stability of GNP powders were assessed through thermogravimetric analysis (TGA).

GNP powders exhibited three main weight loss steps at temperatures above 100 ºC, namely be-

tween 100-225, 225-600 and 600-1000 ºC. The first weight loss concerned the loss of labile oxygen

functionalities such as carboxyl groups. In contrast, the second weight loss regarded the partial

combustion of carbon skeleton and more stable oxygen functionalities such as carbonyl groups.

The third weight loss referred to continuous combustion of carbon skeleton.

GNP-M and GNP-C presented a total weight loss of 27.1 and 32.2 %, respectively, being that

most of it was observed in the third step (17.9 and 24.3 %, respectively). In comparison, GNP-M-

ox and GNP-C-ox lose a total of 68.9 and 71.2 %, respectively, being that most of it was observed

in the first (34.7 and 32.8 %, respectively) and second (15.5 and 16.6 %, respectively) steps, thus

demonstrating successful oxidation of GNP-M and GNP-C. Costa-Almeida et al. [183] outlined

a similar result for GO. In detail, two main weight loss steps at temperatures above 100 ºC were

observed, namely between 145-225 and 225-630 ºC, being the weight loss of 43.5 and 15.1 %,

respectively.

In comparison, @GNP-M and @GNP-C presented a total weight loss of 10.2 and 8.9 %,

respectively, being that most of it was observed in the third step (5.8 and 2.6 %, respectively),

thus demonstrating successful partial reduction of GNP-M-ox and GNP-C-ox. Chang et al. [188]

reported a similar result for rGO, which presented a total weight loss around 20 % being that most

of it was observed above 500 ºC. Notwithstanding, @GNP is not only partially reduced but also

magnetic. Therefore, the 10 % weight loss difference between our work and Chang’s is probably

explained due to the presence of iron nanoparticles, which seemed to act as a thermal stabilizer

since @GNP grade materials nearly did not degrade. Such behaviour has been reported by others.

Fan et al. [171] outlined that by adding Fe3O4 to 2D-carbon flakes (2D-CF) in a proportion of 1:10

(2D-CF:Fe3O4), 2D-CF total weight loss decreased around 15 %. In another work, Xiu et al. [172]

developed multiwalled carbon nanotubes (MWCNT) decored with iron nanoparticles synthesized

by co-precipitation by the use of FeCl2 · 4 H2O and FeCl3 · 6 H2O in a molar ration of 1:2, being

MWCNT total weight loss decreased around 16.7 % with iron nanoparticles incorporation.
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To further determine materials initial decomposition (5% weight loss, T5%) and maximum

degradation rate temperatures (Td), as well as the actual amount of @GNP in PCL/GNP compos-

ites, TGA analyses were performed for PCL/GNP filaments and scaffolds.

Regarding the filaments, by loading @GNP into PCL, PCL T5% increased around 14-21 %

for all samples. In comparison, PCL Td increased around 10 % for PCL/GNP-M, and 4 % for

PCL/GNP-C composites. Similar values were observed to PCL/GNP scaffolds for both GNP

grade materials. Thus, suggesting that @GNP is behaving as a thermal stabilizer since PCL 5%

weight loss and maximum degradation rate took place at higher temperatures. Such behaviour

has been reported by others. Liang et al. [173] outlined that by adding 0.5 wt.% of GNP into

polypropylene, its T5% increased around 5 %, which was mainly attributed to the mass transport

barrier effect of GNP two-dimensional layered structure. Nevertheless, the authors pointed out

two additional factors to explain the filler behaviour, namely the dispersion status of GNP in the

matrix as well as its lateral dimensions. For instance, when the dispersion of GNP is uniform, the

formed path is tortuous, and the thermal properties are increased. In comparison, when GNP is

heterogeneously dispersed in the matrix, the formed path is simple, and the thermal properties are

weakened. On the other hand, the higher the samples lateral dimensions, the higher the tortuosity

of the path, the higher the decompositions temperatures, the higher the thermal stability.

The actual amount of @GNP in PCL/GNP composites is the weight measured after PCL full

decomposition, which took place around 545 ºC (Table 6.4). By taking into account all samples,

PCL/GNP composites were obtained with 75 % of the expected @GNP incorporated quantities.

Such a result represents the average of the relative deviations between the amount of obtained and

expected @GNP.

To further simulate the thermal behaviour of PCL and PCL/GNP composites during melt elec-

trowriting (MEW), isothermal curves, under nitrogen atmosphere, were performed at 90 and 130

ºC for 8 hours. At 90 ºC, PCL presented a total weight loss of 6.85 %. In comparison, at 130 ºC,

the total weight loss was 8.57 %. Considering the thermal stability demonstrated by the polymer

at these temperatures (Figure 6.18), as well as the temperature values itself (around 100 ºC), the

small weight loss is probably explained due to loss of water molecules. For PCL/GNP composites,

similar values were observed. Overall, it can be concluded that after 8 hours, at 90 or 130 ºC, the

samples did not thermally degrade.

To infer about PCL and PCL/GNP filaments viscous behaviour during MEW printing, their

rheological properties were assessed. Overall, PCL presented typical loss factor (loss (G”) / stor-

age (G’) moduli) values of a viscoelastic liquid [174, 175], which is in agreement with PCL being

considered the gold standard polymer for 3D printing. At 90 ºC, PCL/GNP-M-2, PCL/GNP-C-2

and PCL/GNP-C-10 presented similar values to PCL. In opposition, by loading PCL with 10 wt.%

of @GNP-M and 15-20 wt.% of @GNP-C, PCL loss factor decreased around 50 to 70 %, thus

indicating a possible hampering to the printing of these materials. At 130 ºC, PCL/GNP-M-2,

PCL/GNP-C-2, PCL/GNP-M-10 and PCL/GNP-C-10 presented similar values to PCL, thus over-

coming the possible printability problem on PCL/GNP-M-10. Nevertheless, by loading 15 and 20

wt.% of @GNP-C, PCL loss factor still significantly decreased (≈ 88 %). Although this experi-
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ment cannot guarantee the accurate or non-accurate printing of PCL/GNP composites, it gives an

idea about the possible hampering to its printability.

The crystallographic patterns and magnetic behaviour of GNP powders, PCL/GNP filaments

and scaffolds for both GNP-M and GNP-C grade materials, were assessed through X-ray diffrac-

tion (XRD) and Superconducting quantum interference device (SQUID) magnetometry.

The introduction of oxygen functionalities on the surface of GNP-M-ox and GNP-C-ox was

confirmed by the presence of a peak around 2θ = 10 °, which corresponds to GO (001) typical

reflection plane [176].

To the best of our knowledge, the intrinsic magnetism of graphene-based materials (GBM) has

remained divergent and controversial due to the absence of reliable experimental results. Herein

we demonstrated the presence of diamagnetic and ferromagnetic contributions in GNP-M, GNP-C

and GNP-C-ox. In comparison, GNP-M-ox displayed paramagnetic and ferromagnetic contribu-

tions. Several studies have shown comparable results. For instance, Shukla et al. [189] reported

the presence of ferromagnetism and diamagnetism in GO. On the other hand, Lang et al. [190]

outlined an oxidation degree independent paramagnetic behaviour in GO.

The partial reduction of GNP-ox into @GNP was observed since the peak around 2θ = 10 °

did not appear in @GNP-M and @GNP-C. Overall, the miller indices indicated the characteris-

tic reflection peaks related to the crystallographic structure of cubic spinel structures presenting

an Fd3m symmetry, which is characteristic of iron oxides materials, namely magnetite (Fe3O4)

and maghemite (Fe2O3) structures. Such a set of reflection peaks has been reported by others

[191, 192]. Nonetheless, an additional diffraction peak around 2θ = 26.6 °, corresponding to the

reflection of Fe2O3 (211) was detected in @GNP-C [177].

@GNP-M (a= 8.382 Å) and @GNP-C (a=8.364 Å) presented intermediate lattice parameters

between Fe3O4 (a=8.396 Å, JCPDS no. 19-0629) and Fe2O3 (a=8.346 Å, JCPDS no. 39-1346).

Thus confirming not only that the powders consist of a mixture between Fe3O4 and Fe2O3, but

also that @GNP-C present more Fe2O3 phase than @GNP-M. It is worth mentioning that Fe3O4

has a higher magnetic moment than Fe2O3, so it was expected that @GNP-M presented a higher

magnetic saturation (Ms) than @GNP-C. Notwithstanding, @GNP-M presented Ms = 74 emug−1,

while @GNP-C presented Ms = 79 emug−1. As previously stated, @GNP-C presenting the higher

Ms is probably explained not by @GNP-C being the material that presented the highest Fe3O4

phase, but rather, by being the material that presented the highest amount of Fe-O nanoparticles.

To further support this conclusion, according to EDS data (Table 6.1, @GNP-M and @GNP-C

presented an at.% of 34.39 and 36.99, while according to XPS data (Table 6.1, @GNP-M and

@GNP-C presented a Fe 2p at.% of 4.37 and 22.74.

According to the temperature-dependent zero-field-cooled/field-cooled (ZFC/FC) experiment,

@GNP-C revealed a ferromagnetic behaviour throughout the temperature range of 5 K to 370 K.

Additionally, @GNP-C MS increased with the decrease of temperature. It is worth mentioning

that during the MEW process, the materials are submitted to temperatures from 90 to 120 ºC as

described in subsection 5.3.2, so it should be enhanced that the MS variation with the temperature,

is reversible, as reported by Abenojar et al. [193].
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PCL orthorhombic crystalline form was confirmed by the presence of two diffraction peaks

around 2θ = 21.88 º and 24.21 º corresponding to (110) and (200) lattice planes [180]. Thus,

corroborating PCL degree of crystallization obtained through DSC, which was around 40 % (Table

6.2). Normalized diffractograms of PCL/GNP filaments revealed the presence of both Fe-O and

PCL. A noticeable decrease in the intensity of the peaks of Fe-O material compared to the PCL

peaks was observed, for both PCL/GNP-M and PCL/GNP-C composites. Having @GNP-M and

@GNP-C as references, PCL/GNP filaments presented MS values about 70 % of the expected

ones. This result is in agreement with TGA since the actual amount of incorporated @GNP in the

PCL/GNP composites was around 75 %. A similar trend was observed for PCL/GNP scaffolds.

Thus, indicating that MEW process does not affect the magnetization state of the composites. In

summary, the materials presented a typical behaviour of soft magnets.

So far, these results, namely @GNP-C presenting lower average size, and higher MS than

@GNP-M, enabled the selection of PCL/GNP-C instead of PCL/GNP-M composites for further

printing evaluation via MEW.

It is worth mentioning that printing temperatures were set at 90 °C for PCL and PCL/GNP-C-

2, at 105 °C for PCL/GNP-C-10 and PCL/GNP-C-15 and 120 °C for PCL/GNP-C-20, and kept

constant through the printing process, being its selection process related to previous rheologi-

cal evaluation. For instance, according to those experiments (Figures 6.20 and 6.21, Table B.3),

PCL/GNP-C-2 presented a similar behaviour to PCL at 90 ºC and subsequently was printed at the

same temperature.

As previously referred, thermal analysis, under nitrogen atmosphere, revealed no significant

weight loss for PCL and PCL/GNP composites after 8 hours at 90 and 130 ºC. Nevertheless, as

materials are printed under air atmosphere, to fully simulate the thermal behaviour of PCL and

PCL/GNP composites during the printing process, this experiment could have been performed in

an air atmosphere rather than a nitrogen one. For instance, Zue et al. [194] outlined the produc-

tion of GO and assessed its thermal stability in air and nitrogen atmospheres. Overall, the authors

reported that under air atmosphere, GO fully degraded, while under nitrogen atmosphere, GO pre-

sented a total weight loss of 60 %. Although Zue’s work was not performed to evaluate materials

long term stability, it showed that materials degradation was more evident under air atmosphere

rather than nitrogen.

In this research, it was outlined that the higher the applied temperature, the lower the MS.

Therefore, there could be a magnetic concern on submitting the materials to long time printings

at temperatures between 90 and 120 ºC. Nevertheless, through the zero-field-cooled/field-cooled

(ZFC/FC) measurement of @GNP-C, it is shown the MS reversibility throughout the temperature

range of 5 K to 370 K.

Herein, it was demonstrated PCL and PCL/GNP composites printability over a broad range of

printing conditions with fibres diameters (FD) around 20 µm, except for PCL/GNP-C-20, which

was slightly higher (FD around 30 µm). Regarding the literature, similar FD for PCL fibres have

been reported by others. For instance, Zaiss et al. [195] reported PCL scaffolds fabrication for

bone TE with FD around 15 µm, being the printing conditions: T = 80 ºC, P = 2 bar, V = 20 KV.
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In another work, Castilho et al. [135] outlined the fabrication of PCL hexagonal microstructured

scaffolds with FD around 20 µm, being the printing conditions: T = 90 ºC, P = 1 bar, V = 3.5

KV. Nevertheless, since to the best of our knowledge, no work has been published on PCL/GBM

composites development via MEW [196], no comparison can be made about the non-influence of

GBM incorporation on FD. Additionally, although as a preliminary study, it was demonstrated the

non-optimized printing of PCL and PCL/GNP-C hexagonal microstructured scaffolds, appearing

that the higher the @GNP wt.%, the higher the degree of printing hampering.

In summary, these results demonstrated, for the first time, the compatibility of PCL/GNP

composites with advanced fabrication technologies such as MEW through the printing of complex

3D microarchitectures.



Chapter 8

Conclusions and Future work

8.1 Conclusions

The present work focused on developing PCL/GBM scaffolds via MEW for TE. For this pur-

pose, specific objectives were defined: 1. to prepare magnetic GBM (@GBM) powders, namely

graphene nanoplatelets (GNP) of grades M and C, via in situ precipitation; 2. to produce PCL/GNP

composites filaments for both GNP grades by melt-blending; 3. to assess the morphological,

chemical, thermal, rheological, crystallographic and magnetic properties of GNP powders and

PCL/GNP composites; 4. to optimize PCL/GNP composites printability, and 5. to develop and

characterize PCL/GNP scaffolds with linear and non-linear architectures. Herein, the impact of

chemical modifications on GNP properties, as well as the combination of PCL with different GNP

fillers and wt.% were extensively characterized using multiple complementary techniques.

To achieve the proposed goals, oxidized GNP (GNP-ox) was obtained from pristine GNP by

the modified Hummers method. This chemical modification step resulted in the introduction of

several oxygen functionalities on GNP basal plane and edges, as demonstrated by a 6- to 7-fold

decrease of C/O ratio in GNP-M-ox and GNP-C-ox, respectively. Hence, GNP-ox presented a

wrinkled appearance and folded edges instead of the typical planar form and sharp edges of GNP.

Afterwards, @GNP were obtained from GNP-ox via in situ precipitation for both GNP grade

materials. Overall, iron nanoparticles were better distributed and more exposed at the surface of

@GNP-C.

GNP-M, GNP-M-ox and @GNP-M were obtained with an average size of≈ 2 µm. In compar-

ison, GNP-C, GNP-C-ox and @GNP-C presented an average size of ≈ 1 µm. Iron nanoparticles

displayed an average size of 45 nm. These results demonstrated that chemical modification (either

oxidation or magnetization) did not influence particle dimensions. Zeta potential measurements

revealed the colloidal stability of GNP, GNP-ox and @GNP for both GNP grade materials when

using water as a solvent, being the obtained values < -20 mV.

Afterwards, PCL/GNP composites filaments were obtained by melt-blending and its cross-

sections observed via scanning electron microscopy (SEM). Overall, @GNP was well dispersed

throughout the polymeric matrix. @GNP-M and @GNP-C particles or particle agglomerates were
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identified with an average size of 2.24 and 1.34 µm, respectively. As @GNP were not exposed at

the surface of PCL/GNP composites, but homogeneously distributed within its polymeric matrix,

surface analysis techniques such as Fourier transform infrared spectroscopy, and X-ray photoelec-

tron spectroscopy revealed no differences between PCL and PCL/GNP composites. In contrast,

energy-dispersive X-ray spectroscopy, which is an in-depth analysis technique, revealed an in-

crease in Fe at.% with increasing @GNP loadings. These results support the need of using mul-

tiple complementary techniques when assessing the properties of polymeric composites, such as

PCL/GNP, which is often limited and simplistic in the literature.

The obtained PCL/GNP composites exhibited a 94 % increase in crystallization temperature,

reaching 38.7 ºC, indicating that @GNP is behaving as a crystallization nucleus. In comparison,

its melting temperature (≈ 55 ºC) and degree of crystallization (≈ 43 %) remained unaffected.

Regarding PCL/GNP composites maximum degradation rate temperature (Td), PCL Td increased

around 10 and 4 % with the incorporation of @GNP-M and @GNP-C, respectively. Therefore,

indicating that @GNP is behaving as a thermal stabilizer. Concerning PCL/GNP composites loss

factor, PCL presented typical values of a viscoelastic liquid. Nevertheless, with 15 and 20 wt.%

loading of @GNP, PCL loss factor decreased around 50 - 80 %, therefore indicating a possible

hampering to the printing of these materials.

Regarding samples crystallographic patterns assessment, miller indices of @GNP-M and @GNP

-C indicated the characteristic reflection peaks of iron oxides materials, namely magnetite (Fe3O4)

and maghemite (Fe2O3) structures. @GNP-M and @GNP-C presented intermediate lattice param-

eters between Fe3O4 and Fe2O3, thus confirming that the powders consisted of a mixture between

both structures. Normalized diffractograms of PCL/GNP composites revealed the presence of both

Fe-O and PCL, being that the higher the @GNP wt.%, the higher the intensity of the peaks of Fe-O

material compared to PCL.

Concerning magnetic behaviour evaluation, @GNP-C (79 emug−1) presented a higher mag-

netic saturation (MS) than @GNP-M (74 emug−1). @GNP-C revealed ferromagnetic behaviour

throughout the temperature range of 5 to 370 K. Additionally, the higher temperature, the lower

the samples magnetic moment. Having @GNP-M and @GNP-C as references, PCL/GNP com-

posites presented MS values around 70 % of the expected ones. Overall, materials presented a soft

magnet typical behaviour.

These results, namely @GNP-C presenting lower average size, and higher MS than @GNP-

M, enabled the selection of PCL/GNP-C instead of PCL/GNP-M composites for further printing

studies. Therefore, PCL/GNP-C composites printability was investigated using MEW technique.

Several key parameters were optimized, such as feeding pressure, applied voltage and collector

speed.

Overall, fibres were obtained with a diameter of 20 µm for a broad range of printing conditions.

By tuning distinct printing parameters, fibre diameter could be finely controlled, independently of

chemical modification of GNP fillers. Notwithstanding, given PCL/GNP-C-20 higher viscosity,

its printability was only accurate under highly specific printing conditions. Finally, we were able
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to demonstrate a preliminary study on the printing of hexagonal microstructured scaffolds in non-

optimized conditions for both PCL and PCL/GNP composites.

In summary, these results demonstrated, for the first time, that PCL/GNP composite filaments

can be used as building units in combination with advanced fabrication technologies. The feasibil-

ity of printing graphene-PCL composites obtained from GNP with different grades and chemical

modifications was proved by printing complex 3D microarchitectures using MEW. The obtained

3D structures can be further optimized and explored for applications in tissue engineering and

regenerative medicine.

8.2 Ongoing and Future work

Following the promising results obtained for PCL/GNP composites printability, the study of PCL/

GNP scaffolds stackability (1, 5, 15, 25 and 50 layers) with two pore sizes (0.3 and 0.6 mm)

in linear (square) and non-linear (hexagon and re-entrant) patterns have already been initiated at

University Medical Centre of Utrecht, in Professor Miguel Castilho’s Lab. So far, printings on PCL

and PCL/GNP-C-2 with 1, 5 and 15 layers for both pore sizes and shapes have been performed.

Nevertheless, the work is still being optimized and is not included in this thesis.

Another initial key topic of this research was the achievement of four-dimensional (4D) print-

ing due to the transference of @GNP magnetic properties to the composite scaffolds. During

this research, materials magnetic properties were assessed and successfully evaluated. So far,

PCL/GNP scaffolds are clearly attracted and deformed by the existence of a magnetic field. Nev-

ertheless, the scaffolds are not able to fully achieve its original shape after magnetic field removal.

Therefore, the work is still being optimized and is not included in this thesis.

Other future work includes the achievement of the primary long-term goal of the thesis, i.e.,

the concept of TE, namely tissue regeneration (TR). So far, few experiments were performed

with immortalized myoblast cells (C2C12), mainly with PCL scaffolds, to evaluate its attachment,

proliferation and differentiation. Notwithstanding, procedure optimization is still necessary to

assess and evaluate PCL/GNP composites performance.

Regarding future outcomes of the present work, a review article on "Stimuli-responsive poly-

meric carbon nanocomposites soft networks" is currently being written. Additionally, a scientific

paper submission for Proceedings of the National Academy of Sciences of the United States of

America (PNAS) Journal is being prepared by the whole team.
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Supplementary material for Chapter 4

In this Appendix, representative schemas about several additive manufacturing (AM) technologies

are shown in Figure A.1. Additionally, a list of other polymers/graphene-based materials (GBM)

composites processed by those methods is presented in Table A.1.
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Figure A.1: Summary of AM techniques. Reprinted from [197] Copyright © 2017 Elsevier Ltd.
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Table A.1: List of studies on AM of polymer/GBM 3D printed scaffolds, and its main goals.

Material Technique Aim Ref

PVAc/GO electrospinning
Develop fibre lasers with ultrashort and

fast pulses (Photonics research field).
[146]

PEO/CS/GO electrospinning
Perform a controlled release of

Doxorubicin for lung cancer treatment.
[147]

GO inks direct ink writing
Design and manufacture compressive

G micro lattices for novel aerogels.
[148]

G films Inkjet Improve GBM ink formulations stability. [149]

PLA/PU/GO electrospinning
Investigate antibacterial properties and

biocompatibility.
[150]

PLA/GO electrospinning
Evaluate biological, mechanical,

morphological and thermal properties.
[151]

PVA/GO electrospinning
Scaffolds macro and microstructure

investigation.
[152]

PLGA/Col/GO electrospinning
Promote differentiation of myoblast for

skeletal muscle regeneration.
[153]

PCU/rGO electrospinning
Evaluate cytocompatibility and

hemolytic capacity.
[198]

PAN/rGO electrospinning
Control and stimulate the culture of

ADSCs.
[199]

PVA/rGO electrospinning
Improve GO dispersion within the

polymeric matrix.
[200]

PLA/rGO FDM
Develop flexible and highly

conductive electric circuits.
[201]

PLGA/G Inkjet
Evaluate the adhesion, proliferation, and

differentiation capacity in hMSC through

the use of neurogenic electrical stimulus.

[202]
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Appendix B

Supplementary material for Chapter 6

In this Appendix, supplementary Figures and Table for graphene-based materials (GBM) morpho-

logical properties (Figures B.1 and B.6), particle size (Figures B.2, B.3 and B.4), and stability

(Table B.1 and Figure B.5) are presented.

Regarding chemical characterization, PCL, PCL/GNP-M and PCL/GNP-C filaments Fourier

transform infrared (FTIR) spectra are presented in Figure B.7, while its x-ray photoelectron spec-

troscopy (XPS) C 1s, O 1s and Fe 2p surveys and high-resolution spectras are presented in Figures

B.8, B.9, B.10, B.11, B.12, B.13 and B.14. Additionally, Figure B.15 reveals PCL and PCL/GNP

composites water contact angles with statiscal analysis.

PCL, PCL/GNP-M and PCL/GNP-C filaments and scaffolds weigh loss derivate (dTG) curves,

under nitrogren atmosphere, are presented in Figure B.16. On the other hand, Table B.2 contains

its crystallization temperatures (Tc1 and Tc2), melting temperatures (Tm1 and Tm2), crystallization

enthalpy (∆Hc1, ∆Hc2), melting enthalpy (∆Hm1, ∆Hm2) and degree of crystallization (χc1 and

χc2).

Loss factor (loss (G”) / storage (G’) moduli)) of PCL, PCL/GNP-M and PCL/GNP-C filaments

at 90 ºC, 130 ºC and 180 ºC are presented in Table B.3.

PCL/GNP-M and PCL/GNP-C filaments saturation (Ms) and remanent magnetization (Mr) are

presented in Table B.4, while its dependence on the concentration of @GNP-M and @GNP-C is

presented in Figure B.17. On the other hand, crystallographic patterns and magnetic-hysteresis

(M-H) curves of PCL/GNP-M and PCL/GNP-C scaffolds are displayed in Figure B.18.

Fibre morphology of PCL and PCL/GNP-C filaments at different collector speeds (CS) are

presented in Figure B.19. On the other hand, Table B.5 contains information its critical translations

speed (CTS), namely the ratio between the real fibre diameter (FD) and the relative peak to peak

fibre diameter (F
′

D). Influence of feeding pressure (P), applied voltage (V) and CS on FD for PCL

and PCL/GNP-C composites is presented in Tables B.6, B.7 and B.8.
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GBM morphological properties, particle size, and stability

Figure B.1: Scanning electron microscopy (SEM) images of GNP-M, GNP-M-ox, @GNP-M,
GNP-C, GNP-C-ox and @GNP-C powders. Scale bars represent 8 µm.
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Figure B.2: Average particle size of iron nanoparticles and both grades of GNP from TEM images.
Measurements were performed by using ImageJ software and are relative to the sample’s major
(M) and minor (m) axis. A) represents a graphene nanoplatelet as well as its (M) and (m) axis.
Statistically significant differences are shown as * p <0.05, ** p <0.01, *** p <0.001 and **** p
<0.0001.
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Figure B.3: Box-plot of particle size distribution in number of iron nanoparticles and both grades
of GNP from TEM images. Measurements were performed by using ImageJ software and are
relative to the sample’s major (M) and minor (m) axis. A) represents a graphene nanoplatelet as
well as its (M) and (m) axis. Statistically significant differences are shown as * p <0.05, ** p
<0.01, *** p <0.001 and **** p <0.0001.
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Figure B.4: Particle size distribution for both GNP-M and GNP-C grade materials in in volume
(%) and number (%), determined by dynamic light scattering (DLS), using a Litesizer equipment.

Table B.1: Relationship between the zeta potential values (mV) and the solution stability be-
haviour. Adapted from [203].

Zeta potential (mV) Stability behavior
0 to ± 5 Flocculation or coagulation

± 10 to ± 30 Incipient instability

± 30 to ± 40 Moderate stability

± 40 to ± 60 Good stability

>±60 Excellent stability
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Figure B.5: Surface charge of iron nanoparticles (Fe-O), GNP-M, GNP-M-ox, @GNP-M, GNP-
C, GNP-C-ox and @GNP-C aqueous dispersions at an initial concentration of 50 µgmL−1 and pH
7.4 (n = 3) determined with a Zetasizer equipment. Statistically significant differences are shown
as * p <0.05, ** p <0.01, *** p <0.001 and **** p <0.0001.

Figure B.6: SEM images of PCL/GNP-C-15 wt.% cross-section. Scale bars represent 500 and
50 µm for A) and B), respectively.
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Chemical characterization

Figure B.7: FTIR spectra of PCL, PCL/GNP-M and PCL/GNP-C filaments. The arrows indicate
the contribution of several surface functionalities, while the dotted lines points out similar peaks.
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Figure B.8: XPS survey spectra @GNP-M and @GNP-C.

Figure B.9: XPS survey spectra for PCL/GNP-M and PCL/GNP-C filaments containing different
filler contents.
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Figure B.10: XPS survey spectra for PCL, PCL/GNP-M and PCL/GNP-C scaffolds containing
different filler contents.
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Figure B.11: XPS analysis of PCL/GNP-M and PCL/GNP-C filaments containing different filler
contents. Deconvolution of high-resolution C 1s XPS spectra. Content of C 1s chemical groups
resulting from spectra fitting.
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Figure B.12: XPS analysis of PCL/GNP-M and PCL/GNP-C filaments containing different filler
contents. Deconvolution of high-resolution O 1s XPS spectra. Content of O 1s chemical groups
resulting from spectra fitting.
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Figure B.13: XPS analysis of PCL/GNP-M and PCL/GNP-C scaffolds containing different filler
contents. Deconvolution of high-resolution C 1s XPS spectra. Content of C 1s chemical groups
resulting from spectra fitting.
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Figure B.14: XPS analysis of PCL/GNP-M and PCL/GNP-C scaffolds containing different filler
contents. Deconvolution of high-resolution O 1s XPS spectra. Content of O 1s chemical groups
resulting from spectra fitting.

Figure B.15: Sessile drop water contact angle for PCL, PCL/GNP-M and PCL/GNP-C filaments
containing different filler contents. Statistically significant differences are shown as * p <0.05, **
p <0.01, *** p <0.001 and **** p <0.0001.
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Thermal analysis

Figure B.16: -dTG curves for PCL, PCL/GNP-M and PCL/GNP-C filament and scaffolds contain-
ing different filler contents, under nitrogen atmosphere.
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Rheological properties

Table B.3: Loss factor (G”/G’) values for PCL, PCL/GNP-M and PCL/GNP-C filaments contain-
ing different filler contents at 90 °C, 130 °C and 180 °C.

Sample
Loss factor at

90 ºC 130 ºC 180 ºC
mean std mean std mean std

PCL 7.6 0.6 18.0 1.6 47.9 4.3
PCL/GNP-M-2 6.6 0.1 18.0 1.6 - -
PCL/GNP-M-10 3.5 0.1 9.1 1.0 - -
PCL/GNP-C-2 7.0 0.2 18.4 1.4 - -
PCL/GNP-C-10 6.4 0.4 9.0 0.6 - -
PCL/GNP-C-15 4.0 0.5 2.8 0.6 - -
PCL/GNP-C-20 2.2 0.3 1.6 0.4 - -
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Crystallographic and magnetic characterization

Figure B.17: Dependence of the saturation and remanent magnetization (Ms and Mr, respectively)
on the concentration of A) @GNP-M and B) @GNP-C.

Figure B.18: Crystallographic patterns and M-H curves of A) PCL/GNP-M and B) PCL/GNP-
C scaffolds containing different filler contents through XRD and SQUID, respectively, at room
temperature.
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Table B.4: Saturation magnetization (Ms), coercivity (Hc) and remanent magnetization Mr values
of GNP, GNP-ox and @GNP powders, as well as PCL/GNP filaments and scaffolds containing
different filler contents.

Ms

(emu g−1)
Mr

(emu g−1)
Hc

(Oe)
Sample Expected (E) Obtained (O) O/E ratio (%)
GNP-M - - - 2.0E-03 35.0
GNP-C - - - 9.0E-03 99.0

GNP-M-ox - - - 3.0E-04 460.0
GNP-C-ox - - - 8.0E-04 164.0
@GNP-M - 74 - 9.0 97.0
@GNP-C - 79 - 7.4 51.5

PCL/GNP-M-2 1.5 0.05 0.03 2.0E-03 68.0
PCL/GNP-M-10 7.4 5.4 72.9 0.8 94.0
PCL/GNP-C-2 1.6 1.4 87.5 0.2 52.0
PCL/GNP-C-10 7.9 4.6 58.2 0.6 54.0
PCL/GNP-C-20 15.8 10.6 67.1 1.6 64.5
PCL/GNP-C-30 23.7 18 75.9 2.9 62.0
PCL/GNP-C-40 31.6 23 72.8 2.8 61.5

PCL/GNP-M-2 1.5 - - 2.0E-03 150.0
PCL/GNP-M-10 7.4 5.4 72.9 0.8 96.0
PCL/GNP-C-2 1.6 1.2 75.0 0.2 80.0
PCL/GNP-C-10 7.9 4.6 58.2 0.6 63.0
PCL/GNP-C-20 15.8 10.9 69.0 1.3 62.0
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Fibre diameter and morphology

Figure B.19: Fibre morphology of PCL and PCL/GNP-C grade materials at 0.5 CTS, 0.75 CTS,
0.9 CTS and CTS. Scale bars represent 1 mm.
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Table B.5: Critical translational speed (CTS) for PCL and PCL/GNP-C composites containing
different filler contents. Ratio between the real fibre diameter (FD) and the relative peak to peak
fibre diameter (F

′
D), for several collection speeds (CS). CS is expressed as f × CTS.

FD/F ′D FD/F ′D

Sample f CTS
(mm/s) mean std Sample CTS

(mm/s) f mean std

PCL 0.5 5.5 0.04 0.01 PCL/ 6 0.5 0.07 0.01
0.75 0.09 0.01 GNP-C-15 0.75 0.09 0.01
0.9 0.51 0.05 0.9 0.36 0.07
1 1.00 0.00 1 1.00 0.00

PCL/ 0.5 5 0.06 0.01 PCL/ 4 0.5 0.06 0.01
GNP-C-2 0.75 0.07 0.01 GNP-C-20 0.75 0.10 0.01

0.9 0.40 0.12 0.9 0.27 0.16
1 1.00 0.00 1 1.00 0.00

PCL/ 0.5 3.5 0.05 0.01
GNP-C-10 0.75 0.06 0.01

0.9 0.40 0.08
1 1.00 0.00

Table B.6: Influence of feeding pressure (P) on fibre diameter (FD) for PCL and PCL/GNP-C
composites containing different filler contents.

FD (µm) FD (µm)
Sample Pressure (bar) mean std Sample Pressure mean std

PCL 1 10.47 0.25 PCL/GNP-C-15 1
1.5 12.57 0.35 1.5 9.27 1.11
2 12.88 0.39 2 13.76 1.27

2.5 14.92 0.51 2.5 18.31 1.62
3 18.40 0.37 3 21.95 2.23

PCL/GNP-C-2 1 7.72 0.36 PCL/GNP-C-20 1
1.5 8.92 0.40 1.5 18.76 2.94
2 12.05 0.54 2 27.55 4.10

2.5 13.58 0.64 2.5 29.84 4.02
3 18.53 0.30 3 33.76 3.40

PCL/GNP-C-10 1
1.5 11.73 0.62
2 13.72 0.84

2.5 19.33 0.43
3 21.82 0.91



Supplementary material for Chapter 6 131

Table B.7: Influence of applied voltage (V) on fibre diameter (FD) for PCL and PCL/GNP-C
composites containing different filler contents.

FD (µm) FD (µm)
Sample Voltage (KV) mean std Sample Voltage (KV) mean std

PCL 5 15.58 0.25 PCL 5 17.43 1.71
5.5 14.64 0.63 5.5 15.85 1.88
6 12.88 0.39 6 13.76 1.27

6.5 12.53 0.62 6.5 13.35 1.47
7 11.09 0.32 7 11.46 1.17

PCL/GNP-C-2 5 15.20 0.50 PCL/GNP-C-2 5 39.80 6.31
5.5 12.72 1.12 5.5 30.34 3.92
6 12.05 0.54 6 27.55 4.10

6.5 10.97 0.34 6.5 20.69 4.03
7 10.02 0.46 7 17.83 1.35

PCL/GNP-C-10 5 16.08 0.69
5.5 14.93 0.50
6 13.72 0.84

6.5
7

Table B.8: Influence of collector speed (CS) on fibre diameter (FD) for PCL and PCL/GNP-C
composites containing different filler contents. CS is expressed as f × CTS.

FD (µm) FD (µm)

Sample f CTS
(mm/s) mean std Sample CTS

(mm/s) mean std

PCL 1 5.5 12.88 0.39 PCL/GNP-C-15 1 6 13.76 1.27
1.2 11.68 0.41 1.2 13.28 0.95
1.4 11.05 0.39 1.4 12.47 0.79
1.6 10.44 0.28 1.6 11.25 1.76
1.8 9.93 0.35 1.8 10.65 1.32

PCL/GNP-C-2 1 5 12.05 0.54 PCL/GNP-C-20 1 4 27.55 4.10
1.2 11.09 0.57 1.2 23.67 2.53
1.4 9.61 0.47 1.4 22.01 4.38
1.6 9.33 0.43 1.6 17.43 1.72
1.8 8.63 0.77 1.8 16.95 2.03

PCL/GNP-C-10 1 3.5 13.72 0.84
1.2 13.66 1.03
1.4 12.97 0.82
1.6 12.08 1.49
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