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Abstract

Despite the chemical and biological properties, #uecess of processes towards the
development of hard tissue engineering porous ma#estrongly relies on the control over
physical properties such as, porosity, average gameter, surface area, surface roughness
(tribological properties), compressive strength angstallinity. Polymeric materials do not
present sufficient mechanical properties for hasdue engineering applications, so the
incorporation of an inorganic filler, producing pas composite biomaterials arises as solution
to adopt towards the development of mechanicalawgat materials. Conventional methods of
polymer processing into porous materials, usualBkenuse of environmental hazardous
compounds, such as organic substances. Employtig aampounds leads to the need of a
further processing step of removal, in order torelase the potential toxicity of the produced
materials. This step usually involves the use ghttémperatures, which, on its turn may unable
the incorporation of thermosensitive bioactive coonpds during processing.

Supercritical carbon dioxide (scGOfoaming/mixing process (SFM) arises as a cleah an
environmental safe alternative towards the produactif porous biomaterials for hard tissue
engineering applications, allowing to incorporaialstive compounds without degrade them,
due to its easily achievable supercritical condgi@nd recovery feature. Also, €@xts as a
temporary plasticizer and as foaming agent, redyitia melting () and glass transition gJ
temperatures of several polymers facilitating tipeacessing.

This work is divided into four stages, with the mgoal to optimize processing and obtain
composite porous materials with controlled morpgglamechanical and thermal properties
towards hard tissue engineering applications.

On the first stage poly{caprolactone) (PCL)-based porous composite biamatgewere
produced by SFM by pressure quench at constanegsotry conditions, namely pressure (20
MPa), temperature (45°C), depressurization rat®lPa.min') and contact time (2h). Three
inorganic fillers were incorporated, hydroxyapatidA), montmorillonite (MMT) and
mesoporous silica nanoparticles SBA-15 type (SBA-kbtwo compositions (10 and 20 wt.
%). The obtained composites were morphologicallyaqrascopic and water absorption
analysis) and mechanically (compression tests)actenized. Composite porous biomaterials
were found to be morphologically and mechanicafliyanced due to the incorporation of these
fillers. The obtained results were not conclusimeorder to choose an inorganic type and
composition as the optimum towards the developroé@at porous composite biomaterial for
hard tissue engineering applications, since no lyemeous dispersion of the fillers was
obtained. So, SBA-15 was chosen as the ideal @llerto its high surface area and mesoporous
feature, ensuring to the biomaterial an extra dargier potential.

On the second stage PCL porous biomaterials weduped by SFM at variable processing
conditions in order to obtain an optimum set ofrapag conditions towards the development
of hard tissue engineering-grade materials, basedheir morphological and mechanical
properties. At constant pressure (20 MPa) and cbtitae (2h) a variation on scG@ensity

of 100 kg.m?® and 2 Pa.s on scG®iscosity were tested, by varying the operatimggerature,
employing 35, 40, 45 and 50°C. Two depressurizatides were also tested, of 1 MPa.hin
and 0.3 MPa.mih. It was found that operating at a temperatureéd®€4with a depressurization
rate of 0.3 MPa.mitand at a temperature of 45°C with a depressusizatite of 1 MPa.mih
similar morphological properties were obtained (B&vErage pore diameter of Gt50.0 and
0.6 £ 0.0 um respectively) tough the first set yieldatbiimproved mechanical properties
(Young's modulus of 32.6 3.0 MPa comparing to 23:8 1.2 MPa). The first set of operation




conditions was found to be the optimum, so theiobthresults in this work could be compared
with previous works.

On the third stage, PCL/SBA-15 (20 and 30 wt. %j)opse composite biomaterials were
produced by SFM at the optimal operating conditi@etermined in the previous stage. These
composite porous biomaterials were also additivatgd greener and safer liquid additives,
which are expected to act as porogenic agentsj@izss and polymer compatibilizers, such
as Glycofurol (GF), a FDA approved hydrotrope amthéxyl( tetradecyl) phosphonium bis
(trifluoromethylsulfonyl)imide (TTPB), a nontoxiomic liquid in a molar composition of 98%
relative to PCL and in three relative molar profmos, in mixture, (GF:TTPB) of 2:1, 3:1 and
5:1. The effects of the inorganic filler and liquadditives were assessed by scanning electron
microscopy - energy-dispersive X-ray spectrosc&@iyM-EDS), mercury intrusion, nitrogen
adsorption, helium picnometry, simultaneous diffiied thermal analysis (SDT), X-ray
diffraction (XRD) and with compression tests.

By macroscopic and microscopic (SEM) analysis a 9BAomposition of 30 wt. % was found
to be a high silica content. The results from SEPISEconfirmed the presence of the liquid
additives and the filler, as well as their improviedming effect, if compared with samples
without. From mercury intrusion the strong porogesfifect of TTPB was confirmed with an
increase on porosity from 28451.1 to 41.2+ 0.2 %. From nitrogen adsorption an increase on
BET surface area was found when a mixture of theeadditives in a molar proportion of 2:1
was incorporated, from 08 0.1 to 2.3+ 0.4 nt.g . Helium picnometry confirmed an overall
increase on the real density of the produced pocoogosite biomaterials when SBA-15 (20
wt. %) was incorporated. A decrease on the meliémgperature was found when the liquid
additives were incorporated (from 66t10.1 to 60.1+ 0.6°C for GF and to 649 0.9°C for
TTPB). The incorporation of SBA-15 was found to déittle effect on the melting temperature
and on thermal degradation temperature of the mexiiporous composite biomaterials.
Crystallinity of the produced additivated porousrbaterials was found to decrease when liquid
additives were incorporated, by SDT, but by XR@ats found to slightly change when a single
additive was incorporated (decreasing with GF awedeiasing with TTPB), but the same trend
was found by both techniques when a mixture oftéhe liquid additives was incorporated,
decreasing PCL crystallinity. By the compressiast,tagain, an increase on the compression
strength at rupture was found with the incorporatsd SBA-15 (20 wt. %) from 1.9 0.4 to
7.8+ 0.3 MPa. In overall, the addition of the liquidd#t/es led into more ductile materials,
as expected.

On the fourth stage, fixation devices of pure P@d RCL/SBA-15 (10 wt. %) composite, for
hard tissue engineering applications were produsaag stainless steel moulds, by SFM at
constant pressure (20 MPa), temperature (40°C)edsyrization rate (2 MPa.mip and
contact time (2h). Those devices were morphololyicgtaracterized by SEM-EDS. It was
found a reduction on average pore diameter, by énzamalysis, from 569.6 0.5 to 209.5t

1.2 pum, for the pin device, when SBA-15 (10 wt. W@s incorporated. It is showed that by
SFM it is possible to produce materials with thesickel shape, size and with controlled
properties, using large scale techniques, cou@iflgl to an extruder or to an injection blower,
for example.

With this work it is showed that SFM allows to abtgorous biomaterials with controlled
physical properties in a safer and environmentfaigndly manner when compared with
conventional techniques, allowing to process polgnag¢ low temperatures. It was shown that
is, thus, possible to incorporate, in the futurgigactive compound, in which PCL and/or SBA-
15 can act as carriers for delivery and/or corgmblielease, what would enhance the biological
activity of the produced biomaterials. Adding SBBi% revealed as a good approach with high




potential for hard tissue engineering applicatidnstays proven that incorporating TTPB the
processability of the polymer is facilitated and dyding GF the morphology of the porous
biomaterials, like average pore diameter, can berolbed. Such composite porous materials
can be used for these applications, through theorporation into bone/dental defects filling
materials (cements, hydrogels, etc.). With SFMsitpossible to produce materials with
controlled shape, size and physical propertiesagusnoulds, which largely enhances the
economic potential of such process




Resumo

Para além das propriedades quimicas e biolégisasesso de processos de desenvolvimento
de materiais adequados para engenharia de teaidos depende fortemente do controlo sob
propriedades fisicas como, porosidade, tamanhoong&dporo, area de superficie, rugosidade
da superficie, forca de compressdo e cristaliniddd&eriais poliméricos ndo possuem
propriedades mecanicas suficientes para aplicag@esengenharia de tecidos duros, a
incorporacdo de um enchimento inorganico, produziméteriais compdsitos porosos surge
como a solucdo a adotar para o desenvolvimentoaleriais com propriedades mecanicas
melhoradas. Os métodos convencionais de processadepolimeros em materiais porosos,
normalmente fazem uso de compostos perigosos Eardbiente, como substancias organicas.
Utilizando este tipo de compostos leva a necessidde acrescentar uma etapa de
processamento de remocao destes compostos, de doretuzir a possivel toxicidade dos
materiais produzidos. Esta etapa de processamgatajmente envolve a utilizacdo de
temperaturas elevadas, que podem, por sua vezlinaaacorporacdo de compostos bioativos
termo sensiveis durante o processamento. Estdhoabsta dividido em quatro etapas, com o
principal objetivo de otimizar o processamento stiiiico e obter materiais com propriedades
morfologicas, mecéanicas e térmicas controladas ppli@acdo em engenharia de tecidos
0sseos.

O processo de foaming/mistura comA&0percritico (SFM) surge como uma alternativa &imp
e amiga do ambiente para a producédo de materieas@®para aplicagcbes em engenharia de
tecidos duros, permitindo a incorporacdo de conggolsioativos sem os degradar, devido a
facilidade em atingir as condi¢gbes supercritica@p e a sua possivel recuperagdo. O, CO
atua, também, como um plastificante temporario macagente dédoaming reduzindo as
temperaturas de fusdon()Te de transicao vitrea {)lde varios polimeros, facilitando o seu
processamento.

Este trabalho encontra-se dividido em quatro etaggas o0 principal objetivo de otimizar o
processamento e obter materiais compdsitos poresos morfologia, e propriedades
mecanicas e térmicas controladas para aplicac&ngenharia de tecidos duros.

On the first stage poly{caprolactone) (PCL)-based porous composite biamatgewere
produced by SFM by pressure quench at constanegsoty conditions, namely pressure (20
MPa), temperature (45°C), depressurization rat®lPa.min') and contact time (2h). Three
inorganic fillers were incorporated, hydroxyapatiidA), montmorillonite (MMT) and
mesoporous silica nanoparticles SBA-15 type (SBA-kbtwo compositions (10 and 20 wt.
%). The obtained composites were morphologicallyaqrascopic and water absorption
analysis) and mechanically (compression tests)actenized. Composite porous biomaterials
were found to be morphologically and mechanicafliyanced due to the incorporation of these
fillers. The obtained results were not conclusimeorder to choose an inorganic type and
composition as the optimum towards the developroé@at porous composite biomaterial for
hard tissue engineering applications, since no lyemeous dispersion of the fillers was
obtained. So, SBA-15 was chosen as the ideal @llerto its high surface area and mesoporous
feature, ensuring to the biomaterial an extra ivacompound carrier potential.

Na primeira etapa foram produzidos materiais pa&agmmpositos a base de por SFM por
pressure quenclsob condicbes de operagédo constantes, nomeadapressgio (20 MPa),
temperatura (45°C), taxa de despressurizacdo (1LniP e tempo de contacto (2h). Foram
incorporados trés enchimentos inorganicos, hidpatiee (HA), montmorillonite (MMT) e
nanoparticulas de silica mesoporosa do tipo SBASBA-15), em duas composic¢des (10 e 20
wt. %). Os compositos obtidos foram caracterizadaanto a sua morfologia (analise
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macroscopica e teste de absorcdo de agua) e qasmst@s propriedades mecanicas (testes de
compressao). Os biomateriais compositos apresemtardo propriedades morfolégicas como
mecanicas melhoradas com a incorporagdo destesmamtbs. Os resultados obtidos nao
foram conclusivos de forma a se poder escolheriponde inorganico e composicdo como
O0timo para o desenvolvimento de um biomaterial casitp poroso para aplicacdo em
engenharia de tecidos duros, uma vez que foramrseoiyidas dispersdes heterogéneas dos
enchimentos inorganicos. Portanto, SBA-15 foi dgdol como enchimento inorgéanico ideal
devido a sua elevada area de superficie e camdEsoporoso, garantindo ao biomaterial
compdésito um potencial extra de transporte de 8nbsts bioativas.

Na segunda etapa foram produzidos biomateriaissperde PCL por SFM sob condicdes de
operacao variaveis com o objetivo de se determinarconjunto de condi¢cbes de operacdo
Otimo para a producdo de materiais para aplicagéergenharia de tecidos duros, com base
nas suas propriedades morfologicas e mecanicaes&go e tempo de contato constantes (20
MPa e 2h respetivamente) foi testada uma variagib0@ kg.r# e 2 Pa.s na densidade e
viscosidade, respetivamente, do seC@br variacdo da temperatura de operagdo, utdzan
como temperatura de operacéo 35, 40, 45 e 50°@nfFmstadas, igualmente, duas taxas de
despressurizacdo, de 1 MPa e 0.3 MPa. Operanda éemnperatura de 40°C com uma taxa de
despressurizacdo de 0.3 e a uma temperatura decdBP@ma taxa de despressurizacao de 1
MPa foram obtidos biomateriais com propriedadedohimgicas semelhantes (diametro médio
de poro BET de 0.5 £ 0.0 e 0.6 £ 0.0 um respetivaeeno entanto o primeiro conjunto de
condicbes de operacdo originaram biomateriais cooprigdades mecanicas melhoradas
(modulo de Young de 32.6 £ 3.0 MPa comparando c8® 2 1.2 MPa). O primeiro conjunto
de condicfes de operacéao revelou-se como o Gtienfwroha a que os resultados obtidos neste
trabalho possam ser comparados com os resultatideobm trabalhos anteriores.

Na terceira etapa foram produzidos por SFM bion@secompdositos porosos de PCL/SBA-
15 (20 e 30 wt. %) sob as condi¢cdes de operacamastdefinas na etapa anterior. Estes
biomateriais compasitos foram também aditivados aditivos liquidos verdes e seguros, que
€ esperado que atuem como agentes porogénicosfigaates e compatibilizantes, como
glicofurol (GF), um hidrétopo aprovado pela FDA BhExyl( tetradecyl) phosphonium bis
(trifluoromethylsulfonyl)imide (TTPB), um liquid@nico ndo toxico, numa composi¢cdo molar
de 98 % relativa & PCL e em mistura, em trés pgdiss molares (GF:TTPB) de 2:1, 3:1 e 5:1.
Os efeitos do inorganico e dos aditivos foram adals com microscopia eletronica de
varrimento (SEM-EDS), intrusdo de mercurio, adsog azoto, picnometria de hélio, analise
térmica diferencial simultanea (SDT), difracéo de+X (XRD) e com teste de compressao.

Através da analise macroscopica e microscoépica (SNl biomateriais produzidos, 30 wt. %
revelou-se como uma concentracéo de inorganicaorelétzada. Os resultados obtidos através
de SEM-EDS confirmaram a presenca dos aditivosdégue do enchimento inorganico, bem
como o0 seu efeito porogénico, quando comparado aomstras sem enhcimento e néo
aditivadas. A partir de intrusdo de mercurio confiu-se o forte efeito porogénico do TTPB
com um aumento na porosidade desde 28.5 + 1.14d4a2at+ 0.2 %. A partir de adsorcao de
azoto verificou-se um aumento na area de supeBEiequando uma mistura dos dois aditivos
numa propor¢ao molar de 2:1 foi incorporada, dés@le: 0.1 para 2.3 + 0.4%g%. Picnometria

de hélio confirmou um aumento feral da densidadedes biomateriais compdsitos porosos
produzidos quando SBA-15 (20 wt. %) foi incorpora@bservou-se uma diminuicdo na
temperatura de fusdo quando os aditivos foram paocados (desde 66.1 + 0.1 to 60.1 = 0.6°C
para GF e para 64.9 + 0.9°C no caso do TTPB). Arparacdo de SBA-15 revelou-se como
tendo pouco efeito na temperatura de fusao e npet@tura de degradacdo dos biomateriais
produzidos. Observou-se que a cristalinidade daosdteriais porosos aditivados produzidos,
por SDT, diminui quando os aditivos liquidos saiadados, mas por XRD, observou-se que
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a cristalinidade é ligeiramente alterada quandasimples aditivo € incorporado (diminuindo

com GF e aumentado com TTPB), no entanto a mesrdérieia, quando uma mistura dos dois
aditivos foi incorporada, é observada pelas duasgdas, diminuindo a cristalinidade da PCL.
Com os testes de compressdo, uma vez mais, um Bumenmesisténcia a compressao foi
verificado com a incorporacdo da SBA-15 (20 wt.dégde 1.9 £ 0.4 para 7.8 £ 0.3 MPa. Em
geral, verificou-se que a adicdo dos aditivos tqsi levou a formacdo de materiais
mecanicamente mais frageis e menos resistentan@ressao, como esperado.

Na quarta etapa, foram produzidos dispositivosa@edio, utilizando moldes de aco inoxidavel,
de PCL pura e compositos de PCL/SBA-15 (10 wtgala aplicacdo em engenharia de tecidos
duros, por SFM a presséo constante (20 MPa), tetypar(40°C), taxa de despressurizagéo (2
MPa.min) e tempo de contato (2h). Estes dispositivos fararfologicamente caracterizados
utilizando SEM-EDS. Verificou-se uma reducdo nantéfro médio de poro, por andlise de
imagem, desde 569.6 £ 0.5 para 209.5 + 1.2 um,@dispositivo pin" de fixacdo, quando se
adicionou SBA-15 (10 wt. %). Mostrou-se que por S&Mossivel produzir materiais com a
forma desejada, tamanho e propriedades controlatiésando técnicas de larga escala, como
por exemplo, acoplando a técnica de SFM a umasodaou injetora.

Com este trabalho fica demonstrado que com a tkoiéc SFM é possivel obterem-se
biomateriais porosos com propriedades fisicas olatas de uma forma segura e amiga do
ambiente, quando comparada com as técnicas coomaigi permitindo processar polimeros
a baixas temperaturas. E demonstrado, igualmeunéeé possivel, entdo, possivel incorporar
no futuro, um composto bioativo, no qual tanto & Rbu a SBA-15 podem atuar como
veiculos de entregallibertacdo, o que melhorariatigdade biolégica dos biomateriais
produzidos. Adicionando SBA-15 revela-se como umedbordagem, com elevado potencial
para aplicagcbes em engenharia de tecidos duroa. dgfavado que incorporando TTPB a
processabilidade do polimero fica facilitada e iad@ndo GF a morfologia dos biomateriais
porosos, como tamanho meédio de poro podem serotadis. Biomateriais compdsitos
porosos, como os produzidos neste trabalho, podanutsizados no tipo de aplicacées
proposto através da sua incorporacao em mategasnchimento de defeitos dentarios/0sseos
(cimentos, hidrogéis, etc.). Com a técnica de SHdSSivel produzir materiais com forma,
tamanho e propriedades fisicas controladas, utdizanoldes, o que aumenta largamente o
potencial econdmico deste tipo de processamento.
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1. Introduction

1.1.  Tissue Engineering

Throughout the History, mankind has created mytrerning asexual generation of beings,
regeneration of organs and body parts or miracutauss from traumas, being the most known
examples the creation of Eve, in Genesis and thé ofyPrometheus, in ancient Greece. The
desire of a long life with quality of living, frdeom physical trauma, for family and loved ones
has always existed, but sickness, malformationsaandients followed the History of mankind,
leading to a desire of improving the life of thasdfering from these diseases. The methodical
increase of the perception of Nature, trough stfierknowledge allows nowadays that this
dream of humanity is achievable trough Tissue Eewjimg (Lanzat al, 2007; Meyeeet al,
2009; Horch, 2006).

Tissue engineering is a multidisciplinary fieldttbangs together the principles and knowledge
of engineering to life sciences, such as biologyards the knowledge of relationships
functions-structures of human tissues, normal attighogical, and the development, using
biomaterials, stem-cells and bioactive agentsubgstutes to restore, maintain or improve the
tissue function, being identified as a branch gereerative medicine (Duarét al, 2013; de
Matoset al, 2013; Patedt al, 2010). Over time regenerative medicine techrsduse evolved

to provide better quality of living for patientstoping to be effective and lifesaving, being
organ transplant the best known case. Howevery#iting lists for this type of procedure are,
generally all over the world, very large, leadingdieath of many of the waiting patients, due
to the shortage of donors and to the increasingaddrand need for new organs and/or tissues.
The transplantation from one individual to anotlaingraft, or from another species to human
beings, xenografts, can result in chronic rejectiom the immune system of the receptor or in
transmitted diseases (Takahastal, 2012; Lanzat al,, 2007; Bonfield, 2006; Reverchon and
Cardea, 2012). Owing to this problem, researchraauiket for tissue engineering applications
have grown significantly in the past years with gwal to avoid, simultaneously, the long
waiting time for the medical procedure and theatspm response by the receptor, being pointed
a global market growth towards 2019 of 56.9 billlda8D with a CAGR (Compound Annual
Growth Rate) of 22.3% (Websitel).

Currently, tissue engineering techniques are basethree main approaches: using isolated
cells from the host, replacing just the cells of tissue to recover/heal, being a minimally
invasive approach, using substances inducing nesudi growth with the ability to work as
markers, such as differentiation/growth factors asithg matrices/materials, scaffolds, which
can transport cells and/or differentiation/growtctbrs, or combining the aforementioned
approaches two by two or all at once, as showngnrgE 1. Nanotechnology arises as a new
technology to couple to tissue engineering appresclproviding morphological and
topological improved approaches, for example bydpoing nanocomposite scaffolds with
improved surface area and nanopores and/or susfegieeered materials with nanoroughness
(Duarteet al, 2013; Lanzat al, 2007).
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Figure 1. Tissue Engineering Approaches.

Off all of the approaches, the most promising talsahe main goal to generate new tissue is
the one using scaffolds seeded with cells in tierior/surface and/or applying jointly
differentiation/growth factors. Scaffolds have asnary function to provide a temporary three
dimensional (3-D) structure inducing and favouraa) growth and formation of new tissue,
without losing its structural integrity (throughatie desired time) (Nishidat d., 2015). It is

in the design and development of this fundamerdg] I tissue engineering applications, that
goes to engineering and materials science. Théotttahew tissue ingrowth matrix, can be
made of one material (polymeric, metallic, cerareic,) or by a mixture of these, in this case
being formed by a composite material (this kinanaiterials will be discussed further ahead in
section 1.4.). It is widely accepted, for all apptions in tissue engineering using scaffolds,
that these should consist of materials with a perstucture (Fanovich and Jaeger, 2012;
Duarteet al, 2009). Porous materials are classified by theraye pore diameter of their
structure, accordingly to IUPAC (International Unmiof Pure and Applied Chemistry) standard,
being classified as micropores, pores with diametger than 2 nm, as mesopores, pores with
diameter higher than 2 nm and lower than 50 nmnaacropores all with diameter higher than
50nm (Rouquerokt al, 2012).

In order to be fully functional and fulfil its priany function, the scaffold should be designed,
produced and characterized in order to meet soe@fg@tions. It must exhibit a reproducible
3-D macrostructure similar to the tissue to repatktitute, a high porosity (to about 90%) and
with high interconnected pores (open pores wittessdo the neighbouring pores) enhancing
the transport of nutrients and body fluids as aslcell migration and communication, with a
macroporous rich structure (of 100-500 pm) in ordlerfavour cellular adhesion and
proliferation, but also with micropores and mesegaio allow the diffusion of nutrients and
body fluids as well. Interconnectivity of the stiuie reveals to be of major concern as Uebersax
and co-workers showed, that highly interconnectedctires yielded into a homogenously
cellular distribution and vascularization thanewfinterconnected structures (Reinwetdl.,
2014; Fanovich and Jaeger, 2012; Lerabal, 2012; Reverchon and Cardea, 2012; Uebersax
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et al, 2006). In Table 1 are shown the obtained regtdtm several research groups in the
formation of new bone tissue as function of theopily and average pore diameter of the
produced scaffolds, for example. It must, as wellye similar mechanical properties to the
tissue to repair/substitute, must be made of bictkable, biocompatible and easily sterilizable
materials with a degradation rate suitable to thw tissue formation rate, without releasing
toxic sub-products to the biological medium resifiem the degradation of the material, the
ideal degradation mechanisms of the scaffold netenust be essentially by hydrolytic,
enzymatic or ionic strength (pH of the medium) actiadditionally the material(s) constituent
of the scaffold must not induce inflammatory or iomme response by the host, usually caused
by the existence of residual amounts of solventd usethe production of the scaffold
(Reverchon and Cardea, 2012; Sultana, 2012; Cdltiat, 2010; Rezwaet al, 2006).

Table 1. Reported effects in literature of average pore sizscaffolds in the growth of new bone tissue.

Average pore

size diameter Scaffold material Porosity  Reported effects
(um)
30-100 (80% < 50 um of formed bone tissue, growth

Calcium Aluminate ~47% of fibrous tissue (Klawitter and
Hulbert, 1971).
600 pum of formed bone tissue, growth
Calcium Aluminate ~47% of fibrous tissue (Klawitter and

100)

60-100 (37% <

100) Hulbert, 1971).
<350 Poly(D,L-lactideeo- —75% Sample with larger amount of formed
- glycolide) (85:15) bone tissue (Whanet al, 1999).
90 — 120 Honeycomb-shaped i Promote chondrogenesis (Kararade
Hydroxyapatite al., 2004).
50 — 400 Hydroxyapatitefs- i Optimum distribution for osteogenesis
Tricalcium phosphate (Karandeet al, 2004).
100 — 200 ﬂ%dggzgﬁé':gdgggﬁ% i Substantial.growth of bone tissue
Protein-2 (Karageorgiou and Kaplan, 2005).
Facilitate vascularization and cellular
growth, as well as migration of cells
= 100 and 150 Chitosan - and nutrients, pores should be highly
interconnected (Costa-Pingt al.,
2011).
Poly(e-caprolactone) Enough size for cellular adhesion,
300 - 350 /Thermoplastic zein/ - proliferation and migration (Salerrmed
Hydroxyapatite al., 2010 (a)).

The main methods to manufacture porous scaffoldsgednic and inorganic basis (polymeric
and/or ceramic) are mainly based in techniques saghfibre felt and fibre bonding,
electrospinning, freeze drying, solvent casting padiculate leaching, melt moulding, solid
free form techniques (SFF) and foam productionnegres (Luet al, 2013; Subiat al, 2010;
Maet al, 2004; Lanz&t al, 2007). Fibre felt and fibre bonding consistsamnecting polymer
fibres at their crossing points using a secondanlyrper that is later removed. Through
electrospinning, polymer fibres are manufactureplyapg a very high voltage to a capillary
tube filled with a solution with polymer and soltewhich is held at the tip of the capillara
surface tension, when the strength of the elefiérid overcomes the surface tension of the drop
of the solution at the tip of the capillary, istiated a polymer jet. When the jet contacts with
the surrounding air, the solvent starts to evapdi@ming a polymer fibre. These textile-like
techniques have as main advantages the capalailipaduce ultra-fine fibres with spatial
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orientation, high aspect ratio, and high surfaceaawith controlled pore geometry, these
features enhance a better cellular growth, howeratuced scaffolds by these techniques have
low mechanical strength, fast degradation rateliamited variations regarding fibre diameter.
Freeze drying techniques are based in sublimatieginployed solvent in which the polymer
was dissolved. To achieve this the solution isdroand then the solvent is sublimated in a high
vacuum, creating pores where the solvent were wittiee formation of a meniscus, resulting
from the phase equilibrium, which would lead inte tollapse of the formed pores, the pore
size can be controlled with the freezing rate dedaH of the solution. This technique has the
main advantage using mainly water as a solventheuimain drawbacks are concerning to the
difficulty to achieve a hierarchical structure (e good pore size distribution) and to the long
processing times and small pore sizes @¥ial, 2004; Subiat al, 2010; Luet al, 2013; Lanza

et al, 2007). Solvent casting and particulate leaclang often one of the most employed
techniques in the fabrication of porous scaffoltlsonsists in the casting of a low boiling point
solvent, usually organic solvents are employed/anral salt from the mixture with polymer,
followed by the evaporation of the solvent andfgsdlution of the salt particles in an aqueous
medium. The pore size can be controlled with thewamof salt particles added to the polymer
solution and/or by the salt type, usually poroimgiare manufactured by this technique. It has
as main advantages that is very inexpensive ang aza$ simple to perform, but the major
drawbacks of this technique rely on the use of migsolvents. After evaporation of the solvent
it is very likely to remain some residual concetitrain the scaffold and due to the toxicity of
the organic solvents this will increase the toyiof the scaffold, and the presence of such
hazardous compounds in materials for biomedicatfphaeutical applications are highly
regulated. Also, in order to completely remove éhhganic solvents high temperature can be
employed, denaturising thermal sensitive compoutiite, drugs or proteins, making it
impossible to add these type of bioactive compouadbke scaffolds by this technique (Ma
al., 2004; Luet al,, 2013; Subiat al, 2010; Lanzat al, 2007). By the melt moulding technique
the mixture polymer/porogenic agent particles &pt into a mould and heated above the glass
transition temperaturel{) or melting temperaturefy() of the polymer, then the mixture is
removed from the mould and placed into the adeguatdium for leaching the particles of the
porogenic agent, yielding to the porous scaffolisTechnique has the main advantage to allow
the manufacturing of scaffolds with shape and sixtomized to the patient needs, but the
major drawbacks fall once again on the use of ltezer organic solvents (Suleaal, 2010).
SFF techniques include methods for manufacturirdfalds such as rapid prototyping (RP),
selective laser sintering (SLS) and 3-D printingelfmmoulding is pointed out from several
authors as a SFF technique), the process to mdardgmorous scaffolds by these techniques
comprises in general, the use of a computer aidsiyd (CAD) software in which the structure
of the scaffold is designed, then the materiategipced by layered manufacturing techniques,
starting from the bottom and moving up layer byelagf polymer conducted by the CAD
software. The major advantages and drawbacks séttechniques are the very same as the
ones of the melt moulding techniques, adding theaathge of a greater control over the
porosity and interconnectivity and the drawbackheaf cost of operation of these kind of new
technologies (Karandet al, 2004; Subiat al, 2010; Rezwaeet al, 2006). Foam production
techniques allow the manufacturing of a type of enat with great interest in the
biomedical/pharmaceutical field - foams, foamsdetned as two phase materials, constituted
by a solid matrix and gaseous voids resulted flioenbiowing agent action (Lest al, 2005).
The main techniques to produce foams are gas fagrthiermally induced phase separation
(TIPS) and using chemical or physical foaming agé@FA or PFA). These techniques are
based on the use of a blowing agent, dissolvedfiocated into the polymeric matrix or
polymeric solution with a solvent, as the blowingeat is removed the porous structure is
formed (Jacobst al, 2008; Rezwaet al, 2006). These techniques have the main advantages
to produce structures with controlled pore sizeshwhierarchical distribution, the main
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drawbacks fall into the low interconnectivity aimgéiow mechanical properties of the produced
scaffolds (these techniques for foam manufactuniiigbe discussed further ahead in section
1.2.) (Karageorgiou and Kaplan, 2005; Laretaal, 2007; Reverchon and Cardea, 2012,
Karandeet al, 2004; Taiet al, 2007; Jacobst al, 2008; Rezwaet al, 2006).

Despite the high number of available techniqued,jatlependently of the gains and drawbacks
in the use of each one, it is particularly diffictd control simultaneously, in a precise manner,
the macro, micro and nano characteristics and cirfaemistry of the scaffold in order to
achieve its objectives as above mentioned. To obittite surface chemistry of the scaffolds one
can also employ surface engineering techniquesatenml coating techniques, through which
the surfaces of the materials are functionalizegtysical adsorption or chemical modification,
allowing a better imitation of extracellular mataxd protein adsorption (Lanza al, 2007;
Ohtsukiet al, 2007).

1.1.1. Hard Tissue Engineering

Tissue engineering based alternatives, are incrglgsirequired in the field of clinical
regeneration of new bone/dental tissue. Increaseegl of materials to ensure a better filling of
large orthopaedic/dental defects as well as ofopledic/dental grafts made since the 60s of
the XX century, to arose more and more researahpgrdedicated to the development of these
kind of alternatives. From the 90s of the pastwsnincreasing knowledge of the bone/dental
tissue biology and of the natural regeneration ggechas led to appearance of commercial
solutions towards bone/dental regeneration (RBairgl., 2000; Lanzat al, 2007; Hollingeret

al., 2005; Zhangt al, 2014; Neekt al, 2014; ).

Bone is a tissue in constant renovation, with thiéty to self-regenerate. Its main function is
to ensure structural support to the human bodyirsgras well as a mineral reservoir,
supporting muscular contractions resulting from th@ement as well as the body weight,
protecting more sensible organs and/or tissues fimmviolent actions resulting from the
exterior and from the movement of the human bodgll{irger et al, 2005; Salgadet al,
2004). The bone structure is a hierarchical streconstituted of two distinctive parts,
trabecular or spongy bone (20% of the skeleton) @nrtical or compact bone (80% of the
skeleton). Trabecular bone possess a highly patusture (50 to 90% porosity) similar to a
sponge. This structure allows a greater availablerue to the presence of blood vessels, as a
greater surface area, allowing the growth of largeabers of plackets and blood cells (red and
white blood cells) (Salgadet al, 2004; Website 2; Tal, 2012). Opposing, cortimaie has an
almost solid structure with only 10% porosity.dtdonstituted by cylindrical microstructures
made up of multiple layers of osteoclasts and @gtes with metabolic function to growth and
reabsorb bone tissue. Is the cortical structurthefbone tissue which allows to bear major
loads and all motor activities of the human bodglg&doet al, 2004; Website 2).The two
structures together form one of the most “intelijenaterials known to Man, allowing to
support high mechanical loads and presenting highcwarization and cell transport
characteristics due to its structure with high acefarea, at the same time. It is reported that
cortical bone can bear a compressive strength U@B®180 MPa and trabecular bone 4-12
MPa, the elasticity of these materials, indicatgdhe Young’s Modulus, is reported as being
of 3-30 GPa and 0.02-0.05 GPa, respectively, shpiiat the bone tissue is little elastic and
is able to support high mechanical loads and thatcal bone is more elastic than trabecular
bone (Yanget al, 2001).

Bone tissue is made of a truly composite matemaiure of two or more materials of different
nature), of fibres of type I collagen (organic partd hydroxyapatite crysta@aio(PO4)60H2,

(HA) (inorganic part), collagen fibres act as natien points towards the formation of HA
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crystalsin vivo, about 10 to 20 wt. % of its composition is wakbert of its dry mass, the organic
part represents 30 wt. % and the inorganic 60-7@4ythough bone tissue is also constituted
by other proteins and salts (Website 2; Hollingteal, 2005). Bone is a dynamic and in constant
activity tissue, its fabric, maintenance and reghisan result from the interaction between three
types of cells, osteoblasts, osteocytes and ost&sclOsteoblasts have as main functions to
synthesize and regulate the deposition of the bissie extracellular matrix and the
mineralization and deposition of these compountstime organic structure of the tissue, their
activity is regulated in response to the mecharstatuli which they suffer from the human
being physical activity, osteocytes have as mamnttions the calcification of the bone matrix
and the blood-calcium homeostasis, keeping thelibqum of the bone system between the
inorganic component and its interaction with theldigical medium, osteoclasts, in their turn,
are the main instigators of the bone resorptioadileg to the lysis of bone cells allowing
renovation of the tissue (Salgaebal, 2004; Conawagt al, 2011; Sahoet al, 2013).

Dental tissue, much like bone tissue is also médecomposite material constituted by enamel,
dentin, cementum and dental pulp. The inorganiatapart, hard tissue of the human teeth,
is constituted by the first three, in which enansetonstituted by 96% inorganics, mainly
hydroxyapatite crystals, dentin is constituted By76% of inorganics and the cementum by
45-50% of inorganics. The organic counterpart aftdtissue is mainly composed by collagen
fibres, much like bone, except the enamel partwinch its organic counterpart is mainly
constituted by proteins like amelogenins and enmsigZhanget al, 2014; Hosoya and
Nakamura, 2015). The regeneration mechanism ofatldigsue is very similar to the
mechanism of bone tissue, being stimulated as Wwglmechanical stimuli, the type of cells
responsible for dental tissue regeneration are totitasts and pulp cells. Although the origin
of hard tissue forming cells for the regeneratidrdental tissue is controversial, the most
promising proposal refers that bone marrow-derivedsenchymal cells participate in
osteoblast-like cell differentiation, giving to tHermation of new dental tissue a similar
mechanism to the new bone tissue formation (HosogaNakamura, 2015; Neet al,, 2014).

The mechanical behaviour of dental tissue variesraingly to the type of tooth. Tough, the
most studied are the molar teeth, being reportéaesador compressive strength of the third
molar teeth of 4.88-5.7 GPa and for Young’'s moduiuse range of 87.5 - 97.72 GPa (Zhang
et al, 2014).

The increasing aging of the population, unhealilyirng practices, and the growing number of
leukaemia cases in developed countries, led towathrin clinical procedures with the need to
a bone/dental graft or bone/dental cement, makiegsame motivations, as referred above,
leading to the appearance of commercial technadogieissue engineering applications, as
well as the increase in scientific research, the/ wame that motivate the appearance of
commercial and scientific research in the fielthafd tissue engineering. When there is clinical
need to treat a bone/dental defect, an autologons graft is the standard practice to employ
(Damien and Parsons, 1991, Salgati@l, 2004; Oryaret al, 2014; Babu and Ogle, 2015).
This procedure has the advantage to minimize altoaztro the immune and/or inflammatory
response, as eliminating a possible transmissiatiselase, however, it has major limitations
related to limited availability, donor site morhkigiand possibility of future complications
related to the removal of tissue from healthy ai&shooet al, 2013; Salgadet al, 2004;
Oryanet al, 2014; Damien and Parsons, 1991). As alterndtivihe standard practices to
bone/dental graft substitutes, arise the solutpmmsted by the techniques of tissue engineering,
motivating their appearance in the market and rebeas scaffolds for bone/dental grafts
substitutes as monoliths, bone/dental cements alythpric-based fixation devices as screws
and/or pins (produced by conventional extrusioaftipn processes) (Kumbar and Laurencin,
2011; Babu and Ogle, 2015).




1.2.  Foams Manufacturing Processes

Foams, as referred, are defined as two phase milai@onstituted by a solid matrix and gaseous
voids resulted from the blowing agent action, aad be classified as rigid or flexible foams
depending on their composition, physical properéied cell morphology (Leet al, 2005).
Foams can be used in several applications fromdsand heat insulation, cushion, absorbents,
weight-bearing structures and tissue engineeririglgndue to their high aspect ratio, strength-
to-weight ratio and achievable cellular interconngty (Lee et al, 2005; Zenget al, 2003;
Chen L.et al, 2013; Salernet al, 2011).

As says their definition, the gaseous voids — calis resulted from the action of the employed
blowing agent on their manufacturing technique.vBig agents are gases that expand when
pressure is released, liquids that by heating ahal@se into gas, physical agents that are
leached out by concentration-derived driving foreeshemical agents that decompose or react
into gases by the influence of catalysts/heat (Ea2604; Zenget al, 2003; Chen Let al,
2013). The main techniques to manufacture foamsargtated above, thermally induced phase
separation (TIPS), using chemical or physical foapagents (CFA or PFA) and gas foaming
(Jacobset al, 2008; Eaves, 2004; Landrock, 1995).

Foamingvia the TIPS process takes place by dissolving thegnped into an organic solvent,
forming a single-phase solution at high temperatuféen the phase separation is induced by
temperature quench after which the solvent is read@ither by freeze-drying, evaporation or
supercritical extraction (Jacoks al, 2008; Jacobst al, 2004). Another common method of
the TIPS process is through a two-step procegheliiirst step, polymer pellets with blowing
agent are partly foamed with steam, then they r@msterred into a steam exposed mould
resulting in further foaming of the pellets whidick together and take shape of the mould
(Jacobset al, 2008). CFA is a thermally unstable compoundcivhs added to the polymeric
matrix. When the solution is heated, or a readbenveen two, or more, polymeric components
occurs, the CFA decomposes into gaseous compotigtsare released from the matrix
resulting in a cellular structure. Typically CFAeasizo compounds, hydrazine derivatives and
N-nitroso compounds (Eaves, 2004). PFA are usualer soluble salts such as NaCl or KCI.
The use of a PFA is through the method of castimd) laaching, in which the polymer is
dissolved into a high volatile solvent and the 8oluis casted into a PFA containing mould.
Then it is leached out into a solvent, in which B is soluble and the solvent is evaporated
resulting into a highly porous polymeric structyBuarteet al, 2012; Jacobst al, 2008).
Typically PFA are halogenated hydrocarbons suchhydrofluorocarbons (HFC’s) and
hydrochloroflurocarbons (HCFC’s) and hydrocarbohfC’§), namely low boiling point
aliphatic hydrocarbons (Eaves, 2004).

All of the above mentioned methods for the manui@ey of polymeric foams (mainly
polystyrene, polyurethane, poly(vinyl chloride), lymefins, poly(lacticeo-glycolic acid),
poly(lactic acid) and other biodegradable paliydroxy acids)) make use of toxic and/or
environmentally hazardous compounds, such as ietatianic solvents (VOC'’s), contributing
to greenhouse effect, air pollution and ozone depi@nd contamination of fresh water streams
(Eaves, 2004; Nalawad# al, 2006). Also, materials for tissue engineeringli@ations are
highly regulated by entities such as FDA (“Food &mdg Administration”) in USA and EMA
(“European Medicines Agency”) in EU. These entitiesve strict standards for the use and
residual amounts of hazardous/toxic compounds ptese materials for biomedical
application, such as tissue engineering applicatibsting them with the maximum allowed
residual concentration of each hazardous/toxic @mg@ in materials for
biomedical/pharmaceutical applications (Websit§V&bsite 4). Due to the high standards of




the required purity of the materials for tissueieagring applications, employing one of the
above mentioned methods, requires the use of fupiefication steps that usually are very
expensive (time and energy consuming) or make tikggb temperatures, which can lead to
the degradation of thermo sensitive compounds siscproteins, drugs and growth factors
making almost impossible to apply these most neemsdpounds for tissue engineering
applications through these methods (Nalawetdal, 2006; Salernet al, 2011; de Matost
al., 2013). In order to avoid this problem, gas faagntechniques arises eliminating any
residual amount of toxic/hazardous compounds ousieeof any VOC or HCFC.

Gas foaming is a method in which the blowing ageatgas or a supercritical fluid such as N
0O,, CO,, supercritical carbon dioxide (scGXand supercritical N The gas or supercritical
fluid is dissolved into the polymeric matrix andtéa is removed leaving a porous matrix
(Jacobset al, 2008; Jacobst al, 2004; Duarteet al, 2012). The most employed blowing
agents through this technique arg B8O, and scCQ, because they are cheaper and easier to
acquire, tough Coand scCQ are the most employed ones because carbon dioardaffect
several properties of the polymer enhancing itegssing (Eaves, 2004; Jacahsl, 2008).

1.2.1. Supercritical CO; Foaming/Mixing Process (SFM)

A supercritical fluid (SCF) is a dense phase afilassance which is in a state above its critical
temperature (J) and critical pressure {P(Liao et al, 2012; Kazariaret al, 2000). At the
critical point there is an equilibrium of liquid dgas phase, and the SCF shows properties both
typical of gas and liquid state but different frémose obtained under standard conditions. This
feature allows the SCF to have similar solvatingv@oto liquid state solvents and mass
transport properties better than those of conveatiorganic liquid solvents due to its gas-like
diffusivity, liquid-like density, low viscosity, lgh compressibility and low surface tension
(Liao et al, 2012; Kazariart al, 2000; Bhamidipatet al, 2013; Karimiet al, 2012). All of
these properties and features of SCF are easigdfuaccordingly to the desired properties to
employ, by changing the temperature and/or thespref the SCF, approaching the properties
of the SCF to the liquid or gas state (Kazagaal., 2000). Is this feature, of adjustable solvent
power, that makes the SCF a very attractive sol¥entmany applications like polymer
synthesis, particle formation, lithography, coatidying, extraction, impregnation of additives
into polymeric or inorganic matrices and blowingagfor solid state foaming and for tissue
engineering applications (Yuvaraj al, 2007; Wanget al, 2008; Rogerst al, 2001; Choket

al., 2006; Ratcharak and Sane, 2014; Coepal, 2003; Kazariaet al, 2000; de Matost al.,
2013; Kiran, 2009; Sekhon, 2010; Duba and Fiorl,2@rageet al., 2008).

Supercritical carbon dioxide arises as the mairaathgeous blowing agent to employ in the
manufacturing of foams for tissue engineering aapions, due to its easily achievable
supercritical conditions, ;E 31.1°C and B=7.38MPa, and because €@ a gas at ambient
conditions (pressure and temperature) leaving smlual amount left in the foam and can be
fully recovered, without contributing to greenhoe$iect (Bhamidipatet al, 2013; Nalawade
et al, 2006; Liaoet al, 2012; de Matoet al, 2013; Whiteet al, 2012). It has also unique
properties of great interest, it is non-toxic, ritammable, chemically inert, is a GRAS
(Generally Recognised as Safe) compound, abunidarpensive and commercially available
in high purity (Liaoet al, 2012; Nalawadet al, 2006; Salernet al, 2011). Amongst all of
the special properties and features of the sci€@ specially its low critical temperature and
pressure and total removal feature that make it desirable for the production of materials
for tissue engineering applications, allowing togass thermo sensitive compounds such as
proteins, drugs and growth factors, also by beimgleyed a supercritical fluid there is no




formation of a meniscus resulting from a phase rstjom, avoiding any pore collapse in the
material (Liacet al, 2012; Nalawadet al, 2006; de Matost al, 2013; Whiteet al, 2012).

For many non-polar low molecular weight compountS@, is a good solvent, as well as for
amorphous fluoropolymers and silicones, but forheigmolecular weight compounds and
polymers it is usually a very poor solvent (for i@sfable operating conditions, namely
temperature and pressure) however the solubilitgo®G in many polymers is very high,
being function of the temperature, pressure, médeaweight, crystallinity of the polymer and
week interactions with functional groups of theymoér chains. For instance, sc&®@ more
absorbed by the amorphous chains of the polymars bly the crystalline ones and has good
affinity with the carbonyl group of polymers, beirtge Lewis acidity of C® the main
contributor to its solubility since in this moleeuthere is a charge separation between the
carbon and oxygen atoms. In this case, the pothdlaetron density moves towards the oxygen
atoms, resulting in a carbon atom with a partiaifpee charge acting as a Lewis acid and the
two oxygen atoms have partial negative charges@ets a Lewis base, leading to the carbon
atom acting as an electron acceptor in a Lewis-lbag® interaction with carbonyl groups
(Nalawadeet al,, 2006; Kiraret al, 2008; Liacet al,, 2012; Daviet al, 2008; Goodship and
Ogur, 2004; Kazariaat al, 1996; Jacobst al, 2008; Kim and Kim, 2007).

Manufacturing foams applying scG@s the blowing agent, and temporary polymer et

Is a process that can be divided into three stg@dsstly scCGO, is absorbed by the polymer
until it is saturated, at constant temperature pressure, leading to the formation of a
homogeneous solution of polymer + scC8urrounded by a pure scgpPhase; (ii) secondly
and after the system reaches its equilibrium, theeation and formation of bubbles can be
induced by a thermodynamic instability, which candchieved either through temperature
increase (temperature soak method) or pressureater(pressure qguench method); (iii) lastly
the growth, expansion and coalescence of bubbsedt 'eom a combination of mass transfer
and fluid dynamics resulting from the flow of sc€Ohese process stages are represented
schematically in Figure 2. Throughout the (i) stag€Q is absorbed into the polymer chains
resulting in their swelling lowering theg+ plasticization of the polymer as well as thgoT
the polymer, the viscosity of the polymer decreaged consequently the polymer state
becomes rubbery also this melting point depressiows a more uniform sorption of G@hto

the polymer. The effect of scG@uring this stage mimics the effect of heating ploé/mer.
This depression on th&,, of the polymer allows to “melt” polymers, like p¢é-caprolactone)
(PCL), poly(lactic acid) (PLA) and poly(3-hydroxytywate-co-3-hydroxyvalerate) (PHBV),
which are the most used pakyrbydroxy acids) with scC&foaming/mixing process, at a lower
temperature than in ambient conditions, allowingige any kind of mould, producing tailor-
made materials, or to incorporate an extruder amdwad following the (i) stage of the process
(de Matoset al, 2013; Duarteet al, 2012; Frerich, 2015, Salerebal, 2013; Nofar and Park,
2014, Kiran, 2010; Le Moignet al, 2014; Sauceaet al, 2011). The most important process
conditions influencing the solubility of the scg{ the polymer, and thus the swelling, are the
free volume between polymer chains (molecular wedglthe polymer) and crystallinity of the
polymer (as referred). Increasing the operatingsgqaree will lead into an increase in the
concentration of C@within the polymer chains since the scQ@olecules are forced between
the chains consequently increasing the polymerlswgednd its plasticization effect. As a result
of the increased free volume and enhanced chainlitpdbe diffusion of CO, molecules is
therefore facilitated. Increasing the operating gerature, for a given pressure, there is a
decrease in the density of the s¢Gahich is associated with lower solubility of t68, into

the polymer leading to a lower plasticization effétacobset al, 2008; Whiteet al., 2012;
Kazarian, 2000; Karimet al, 2012; Bhamidipatet al, 2013; Salerno et al., 2013; Fanovich
and Jaeger, 2012). At constant temperature, indutire thermodynamic instability by




decreasing the operating pressure, stage (ii), cinquthe nucleation of bubbles, the
concentration of C@in the polymer will decrease leading to an inceeas theT, of the
polymer, and vitrification occurs with the finalqoois structure — foam, fixed into a glassy state
(Whiteet al, 2012; Jacobst al, 2008; Nalawadet al, 2006).
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Figure 2. Schematic representation of the three stagelseo§¢CQ foaming/mixing process.

The nucleation of scC0n viscous liquids such as polymers, resultintheaformation of pores
leading to the final porous polymeric structuraespften modelled using as basis the classical
nucleation theory, claiming that the Gibbs freergpeequired to create a void in a liquid,
resulting into a bubble, is in mechanical and thetymamic equilibrium with the surrounding
fluid. However, the system, molten polymer + s¢C@ not very similar to a liquid + gas
system. Due to that limitation, several approadiese been made to model and describe the
nucleation mechanism of bubbles, leading to the&tion of pores, in molten polymer + sc&£O
systems. Colton and Suh, developed a model capabescribe this mechanism for this type
of systems, validated with experimental result€gbaet al, 2008; Colton and Suh, 1987).
Accordingly, the bubble nucleation mechanisms lierformation of pores can be either one of
two types, homogeneous or heterogeneous. Thefiesbccurs when molecules of gas or SCF
dissolved in a homogeneous polymer aggregate darog period of time, producing a stable
bubble nucleus. If is added to the system a soladbtktive it will affect the surface tension of
the mixture, and if the mixture of polymer and diéi has a lower surface tension than the
pure polymer, the activation energy to occur homeges nucleation is reduced and the rate
of nucleation increases. Heterogeneous nucleatiours when a bubble forms at an interface
between two phases such as polymer and an addititleis case the presence of an interface
will reduce the activation energy for this mechaniscreasing the nucleation mechanism
(Colton and Suh, 1987). Both mechanisms, in systemnen they occur simultaneously,
compete for available COduring the depressurization of the system, buhis situations,
heterogeneous nucleation occurs preferentiallyesitscactivation energy is lower than the one
required for the homogeneous mechanism (Tsimpliaail, 2011; Colton and Suh, 1987)
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The final morphological properties of the produpedous materials, for example porosity and
average pore size are easily tuned with propercteteof the process conditions, mainly
temperature, pressure, saturation time and depresson rate (Liacet al, 2012; Whiteet al,
2012; Jenkin®t al, 2006; Karimiet al, 2012). Increasing the operating pressure, th€®sc
intake is greater leading to higher concentratio@©, absorbed by the polymer, this will lead
to, as referred, an increase in chain mobility palymer swelling, resulting in the formation
of more nucleation sites increasing the final pbeesity but decreasing their average diameter,
giving rise to foams with narrower pore size dmsition. In its turn, increasing the operating
temperature, the viscosity of the homogeneous maxpolymer + scCQis decreased so that
there is less resistance to the bubble formati@hcaalescence, increasing the average size of
the final pores but decreasing the pore densityingirise to foams with larger pore size
distribution. Throughout the depressurization stdgenucleation of bubbles competes with
diffusion of scCQin the polymer which results in pore growth, s@wstr depressurization
rates lead to greater average pore diameter, #irece is more time for bubble to grow and
coalesce, but the pore density is lower, fasterafsurization rates, on the other hand, leads to
smaller average pore diameter since the nucleadidast, leaving few time for bubbles to
growth, but there are more nucleation sites, one€Q molecules do not have time to diffuse
to larger bubbles, leading to a greater pore dgnAit increase in the saturation time leads to
larger pores since it provides more time for the, @@lecules to absorb into the polymer chains
(Liaoet al, 2012; Whiteet al, 2012; Fanovich and Jaeger, 2012; Kaeial, 2012; Nalawade

et al, 2006; Collinset al, 2010; de Matost al, 2013).

1.3. Biodegradable Polymers, Green Plasticizers and Polymer Compatibilizers

Biodegradable Polymers

As a requirement for the scaffolds to employ inaadhtissue engineering application, the
material from which they are constituted must becbmpatible and biodegradable or
bioabsorbable, as referred in section 1.1. In aw&ifil this requirement the choice of material
to employ in this type of applications falls intd@degradable polymer.

Biodegradable polymers is a class of polymershihae been receiving great attention over the
last few years due to their environmentally frigntdature for several applications, such as
packaging and for biomedical/pharmaceutical apptog, such as drug delivery devices,
medical devices (wound dressings, dental substittdixation devices as screws) and tissue
engineering/regenerative medicine applications yfperic-based scaffolds and organ
replacements) (Takahag#tial, 2012; Vroman and Tighzert, 2009). Accordinglytteir source
and/or method of production biodegradable polymers] polymers in general, can be
classified as natural or synthetic, being the firsts produced from renewable sources and are
usually expensive and available in large quant{ilre$he environment), and the latter ones are
produced from non-renewable sources like petroleumd are usually non-expensive and
available in limited quantities (due to the nonawable feature of their raw materials)
(Vroman and Tighzert, 2009). Naturally-derived pobrs are proteins (collagen, gelatine,
fibroin, etc...) and polysaccharides (cellulose, ioh&ind derivatives, alginate, starch, etc...),
these type of polymers have great potential torbpl@yed in tissue engineering applications
since some are naturally-occurred in the human fertyare present in the extracellular matrix,
thus mimicking better the natural environment mizing the rejection of the material by the
host, but these polymers also have great limitatraainly due to their difficult processability,
poor mechanical behaviour, high crystallinity limg their solubility, low degradation
temperature, high batch heterogeneity, acquisdast and that they can act as diseases carriers
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(Duarteet al, 2012; Lacroixet al, 2014). In order to avoid these problems, oneeasaploy
biodegradable synthetic polymers.

The biodegradation feature of a polymer depend®mnigtof its nature but also of its chemical
structure and application medium. Biodegradatiomucs by action of enzymes and/or
occurring chemical reactions associated with tledogical medium of application (Vroman
and Tighzert, 2009; Sultana, 2013). There are atbgradation mechanisms for polymers, but
these are not derived from any microorganism orahgr biological action, being named only
as degradation paths/mechanisms for polymers, gradable polymers can also be degraded
by these mechanisms. Such paths/mechanisms inghhdoinduced degradation, thermal
degradation and chemical degradation as oxidatmm iristance (Scott, 1990). Among
biodegradable synthetic polymers, there are sortehydrolysable groups such as ester, amide
and urethane or polymers with chains at which watded additives that work as chain-
cleavage points (Vroman and Tighzert, 2009). Amthregse type of synthetic biodegradable
polymers, aliphatic polyesters ((poky)—hydroxy acids) are by far the most studied polymers
in biomedical/pharmaceutical research and apptinatias well as for proposed tissue
engineering applications. Of this polymers poly(Blactic acid)) (PDLA), poly(lactic-co-
glycolic acid) (PLGA), poly(3-hydroxybutyrate) (PHiBand polyg-caprolactone) (PCL),
derivatives and their copolymers are the most used studied for tissue engineering
applications (Nishidat al, 2015; Bakeet al, 2011; Goswamet al, 2013; Andreat al.,
2011; Takahaslhet al, 2012; Leeet al, 2015; Yeet al, 2009; de Matost al, 2013; Fanovich
and Jaeger, 2012; Salerno and Domingo, 2013).

Between this group of synthetic aliphatic polyestesne of the most studied for
biomedical/pharmaceutical and hard tissue engingeapplications is PCL. PCL is a semi-
crystalline polyester, with chemical structure présd in Figure 3, with hydrophobic
behaviour, is FDA approved (as used in biomedieaiaks and combination products), has a
T, of -60°C and &y, in the range of 59-64°C and is obtainealring-opening polymerization
of the monomee-caprolactone and its source can be either nabursynthetic (Karimet al.,
2012; Kiranet al,, 2008; Takahashat al, 2012; Woodruff and Hutmacher, 2010).

,/O\/\/\)J\\

Figure 3. Chemical structure of poly{caprolactone).

Since PCL has a non-toxic nature and was found ttytocompatible with several body tissues,
also has been shown that PCL is a bone tissue ¢iniepanaterial due to its compatibility to
support bothn vitro andin vivo bone cell and tissue growth without inducing immawamd/or
inflammatory response, preserving its mechaniaattion making it the most studied polymer
for biomedical/pharmaceutical and hard tissue exgging applications (Salerrat al,, 2012;
Salernoet al, 2010 (a); Dash and Konkimalla, 2001). Its confplgl with several
hydrophobic drugs and other bioactive compoundsiressa uniform distribution of these
compounds within the PCL matrix to employ, enablmglease up to several months due, also,
to its biodegradation rate. All of these featunesraaking PCL the material of choice towards
the development of scaffolds, fibres, films, mies|lhydrogels and nano and micro carriers, as
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spheres and/or particles, towards drug deliveryiegons. It is also already used in finished
medical devices such as sutures, wound dressimgsioh devices and contraceptive devices
(Dash and Konkimalla, 2012; Woodruff and Hutmac€1,0). PCL is degraded in biological
medium by enzymatic action of lipases inducing biytic cleavage of the polymeric chain by
bulk degradation, which rate is pointed out to Bey2ars, depending on the molecular weight,
until total degradation, making it the ideal maé&for long-term applications, its degradation
product is 6-hydroxycaproic acid which is metabadizia the citric acid cycle. For tissue
engineering applications, PCL is advantageous siri@eve better rheological and viscoelastic
properties over other biodegradable aliphatic s, allowing it to be used in a very wide
range of manufacturing methods of scaffolds, aksoearbonyl group allows a good processing
with scCQ as referred in the previous section. PCL in preseri pressurized C(presents a
depression in it§,,(40-45°C for 14.4-27.5 MPa) which allows the pracesbe conducted at
temperature near the body temperature without induany degradation on thermo sensitive
compounds (Sivalingaret al, 2003; Woodruff and Hutmacher, 2010; Kazararal, 1996;
Takahashet al, 2012; Kiraret al,, 2008).

In order to improve biological properties of polysienamely PCL, as well as processability
parameters by changing its thermoplastic propemiesticizers and/or compatibilizers can be
used The use of these type of compounds allowdwctien on polymer viscosity, allowing a
better processing in extrusion/injection processed promote miscibility with immiscible
substances. Other methods rely on surface moddicétchniques, in order to allow protein
and other biomolecules to adsorb on the surfacth@fpolymeric matrix, improving cell
adhesion.

Green plasticizers and polymer compatibilizers

In recent years ionic liquids (ILs) have receivéémtion from both the academic and industrial
research in an exponential way (Chen BeKal, 2013; Keskiret al, 2007). lonic liquids are
salts that are liquid at room temperature and pressontrasting with common salts that
usually do not melt below 800°C. A liquid salt lassified as an ionic liquid if its upper limit
of melting temperature is around 100°C, higher imglsalts systems are usually referred as
molten salts (Keskiet al, 2007; Liviet al, 2014; Chen B-Ket al, 2013 ; Silveet al, 2012).

ILs have a large number of properties which malantta very desirable material both for
academic research and industrial application, #neyased on their negligible vapour pressure,
non-flammability, chemical stability, solvating &tyi both for organic, inorganic and
organometallic materials, high thermal conductivitigh electrochemical range and recycling
feature, since they have negligible vapour pressiueg do not evaporate allowing a full
recovery of the employed IL giving them their “gné@and sustainable feature (Keslahal,
2007; Diaset al, 2012; Chen B-Ket al, 2013). Due to their properties ILs are seemed as
greener alternatives to conventional VOC's, givthgm their “green feature” (Silvet al,
2012; Duartest al,, 2012). ILs are constituted both by an anionaodtion, and their properties,
such as viscosity, density, hydrophilicity, solit§iland toxicity, can be easily tuned by the
choice of cation and/or anion or by their alkyl icisa making them a very desirable material
for several applications such as solvents, theflmigs, lubricants and surfactants for layered
silicates, antimicrobial agents, solvents for podyimation reactions, electrolytes, plasticizers,
foaming agents and stabilizers for proteins (Duattal, 2012; Diaset al, 2012; Liviet al,
2014; Gilmore, 2011; Keskiet al, 2007; Vrikkiset al., 2009).

ILs have also been proven to be good plasticizats faaming agents both for natural of
synthetic-derived polymers (Di&s al, 2012; Wang and Hou, 2011). This feature, empigyi
jointly with scCQ,, facilitates the plasticization and acts as a fiognagent of the polymer in
the (i) stage of the SFM process (presented omosett?.1.), lowering the surface tension of
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the mixture, promoting homogeneous nucleation ofepoleading to foams with more
homogeneous pore size distributions with largerrantke interconnected pores than using only
scCQ as foaming agent, but the harmful potential of sdonctional groups used on ILs is
already known and one can assert the toxicity@&tinployed IL only by the functional group.
(Colton and Suh, 1987; Saleretb al, 2013; Salernet al, 2014). In order to achieve these
effects, the employed IL must have good affinitythwscCQ, and also low or negligible
toxicity, since for tissue engineering applicati@iisof the employed materials must be non-
toxic, and should be environmentally safe followihg green chemistry ideology. The toxicity
of ILs is a difficult and complicated issue, in fiterature, mainly due to the lack of regulation
by the authorities but the harmful potential of sofunctional groups used on ILs is already
known and one can forecast the toxicity of the @yl IL only by the functional group (Dias
et al, 2012; Keskiret al, 2007). Phosphonium-based ILs are, by these m#dangleal choice
of IL to employ in the production of scG@ssisted foams towards tissue engineering
applications, since they have high thermal and atenstability and are produced in large
scales (Dia%t al, 2012; Fraser and MacFarlane, 2009; lavial, 2014). Also, it has been
proven that Trihexyl( tetradecyl) phosphonium iiglgoromethylsulfonyl)imide (TTPB) has
low cell toxicity and has been proposed as plasdicfor biomedical-grade materials (Rosa,
2013; Diaset al, 2012). Phosphonium-based ILs can be functioedlizy the choice of the
alkyl chain of the functional group long alkyl chai are considered G&hobe and
perflurinated chains are considered &fbilic (Livi et al, 2014). In Figure 4 A is shown the
molecular structure of the employed phosphoniunetdk. As it can be seen, the anion is
functionalized with fluor atoms, which are knowm fbeir great affinity with C@ molecules
allowing a good processability of polymers by SFidgess (Jacolet al, 2008).

Several ILs have already been used with sc@©foaming agents for several applications,
namely biomedical applications the most studiedesys involves the use of 1-butyl-3-
methylimidazolium acetate, 1-butyl-3-methylimidanoh chloride, 1-butyl-3-
methylimidazolium hexafluorophosphate, alkyltripiilenphosphnium and perfluorinated
alkylpyridinium-based ILs, N, N, N-trimethylethamohmonium pentoate and Trihexyl(
tetradecyl) phosphonium bis (trifluoromethylsulfdnyide (Duarteet al, 2012; Silvaet al,
2011; Martinset al, 2014; Bendaoud and Chalamet, 2014; Andaes@i, 2009; Liviet al,
2012; Rosa, 2013).

In Figure 4 B is also presented another employetponnd, Glycofurol (GF), which is already
used as an injectable solvent in parenteral phaut@al formulations, is usually regarded as
a nontoxic and non-irritant solvent, is a FDA apa solvent for biomedical/pharmaceutical
applications and is biocompatible (Roeteal, 2009; Allhenn and Lamprecht, 2011; Boongird
et al, 2014). Also, by its chemical structure with allgphobic head and a hydrophilic alkyl
chain, one can expect, that in the mixture with R@H s€0,, the hydrophobic end will have
good affinity with the polymer, acting as a hydogte — surfactant-like behaviour but it is not
a molecule big enough to self-aggregate. GF acta pslymer compatibilizer promoting
interfacial adhesion between the polymer (PCL) amdbther immiscible phase, like an
inorganic phase, when manufacturing a composites &tfiect is due to the fact that GF is a
linear molecule with two different natures, beinge@ompatible with the hidrophilic phase of
the mixture (for example, an inorganic phase) deddther compatible with the hidrophobic
one (for example, PCL). Glycofurol will concentratiethe interface and stabilize both phases
allowing a better dispersion of the immiscible gh#woughout the polymeric matrix, also GF
can act as a foaming agent facilitating the polyprecessability in SFM process (Welge and
Wolf, 2001).

Employing liquid additives in SFM process, the peolubility of CO, within the crystalline
parts of polymers, and since PCL is a highly ciiigs@polymer, is increased allowing a more
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homogeneous dispersion of the £@olecules within all of the polymeric matrix and s
obtaining a more homogeneous porous strucutre ri®ade al, 2011). Other green and safe
liquid additives already proposed and used combwniéd SFM process are ethyl-lactate and
ethyl-acetate, which act as plasticizers facilitgtpolymer processing (Salereb al, 2014).
Using GF, its plasticizer effect will enhanced ewveore the | and T, depression, by lowering
the surface tension of the mixture.
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Figure 4. Chemical structures of the employed green plastis and polymer compatibilizer (B), A. Trihexyl(
tetradecyl) phosphonium bis (trifluoromethylsulfmgide (TTPB), B. Glycofurol (GF).

1.4.  Nanocomposites and the Effects of Nanofillers in the scCO; Foaming/Mixing Process

The best approach of tissue engineering applicat®ttough biomimetism of the natural tissue
in order to ensure a good acceptance by the hganmm without inducing immune and/or

inflammatory response. The imitation of the physipeoperties of the natural tissues, is

achieved by controlling the physical propertieshaf employed materials in tissue engineering
applications. As referred in section 1.1.1., bassue is a truly composite material, composed
of type | collagen and hydroxyapatite. So, follogvithhe biomimetism approach, a material to
employ as a substitute for bone/hard tissue mysadeell, a composite material, miming the
natural tissue. Moreover a single polymeric mateaanot fulfil the mechanical requirements

for hard tissue substitutes, so a composite masaposed by a polymer and an inorganic
filler is the best approach to achieve this funwiorequirement (Liaet al, 2012).

A polymeric-based composite material is a matertahposed by two immiscible phases in
which one is a polymer (matrix — continuous phase) the other is a filler (disperse phase), a
nanocomposite material is a material wherein therfhas at least one dimension at the
nanoscale (smaller than 100 nm) (L&t@l, 2012; Chen B-Ket al, 2012; Chen Let al, 2013;
Leeet al, 2005). Nanocomposites are a class of materiéttsamhanced properties, comparing
with micro and macrocomposites, the addition ahalsamount of nanoparticles, for example,
can improve significantly several properties withdosing the inherent properties of the
polymer, polymer nanocomposites show excellentnz@aetween strength and toughness.
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Such materials provide the ideal choice for appbee requiring high strength, light weight,
flammability resistance and the addition of an gamic filler, allows to control and tailor the
biocompatibility and biodegradation rate of the pasite material. Also, nanofillers have a
high aspect ratio with high surface area ensuritgr@er three dimensional interface to the
composite, and a great surface area as well.€t.ak 2005; Liacet al, 2012; Tsimpliaraket

al., 2011; Tsimpliaraket al, 2013; Chen Let al, 2013). Several methods have been reported
for incorporation of nanofillers in polymeric mateis such as physical mixtura-situ
polymerization, melt intercalation, solution intelation and scC® that could act as a
plasticizer and as a carrier (in some cases) (Nadaet al, 2006; Shielet al, 2009; Bonilla

et al, 2014; Tsimpliaraket al, 2011; Leeet al, 2005; de Matost al, 2013).

In the SFM process nanofillers act as heterogeneacisation sites due to the interface created
by them, lowering the activation energy for nuadlmat favouring the heterogeneous
mechanism. High number of fillers, high nucleanhsity, result in high nucleation rate and
therefore high pore density, but with small sizeesithere is a high number of nucleation sites
leading to a smaller amount of available blowingragfor bubble to grow. The presence of
nanoparticles, for example, can provide a greaterconnectivity of the porous structure. The
greater the surface area of the fillers the grahtemterface favouring nucleation. This ability,
allows to control the pore size distribution andepdensity controlling the concentration of
fillers and their size/surface area (Nalawatlal, 2006; Jacobst al, 2008; Leeet al, 2005;
Collins et al, 2010; Chen Let al, 2013). The shape, size and distribution of tHers$
throughout the polymeric matrix as well as the paueleation efficiency can be tailored by
changing the surface chemistry of the nanofilllensering even more the activation energy for
nucleation and allowing a better dispersion offilhers within the matrix, this can be achieve,
for example, through chemical modification of tilkefs surface by adding a surfactant (Chen
L. et al, 2013; Tsimpliaraket al, 2011).

For hard tissue engineering applications sevetatdihave been proposed, with the objective
either to improve mechanical properties, bioconigietf and osteoinducity. The most
commonly used fillers proposed for this type of laggtions are micro and nano particles of
hydroxyapatite (HA)p-tricalcium phosphateg¢TCP), carbon nanotubes, montmorillonite clay
(MMT), layered silicates and micro and nano pagsabf silica (Delabardet al., 2012; Mouet

al., 2011, Eriskeret al, 2008; Mattioli-Belmonteet al, 2012; Wuet al, 2010; Collinset al,
2010; de Matost al, 2013; Bonillaet al,, 2014).

Mesoporous silicates, have been widely studiedpaodosed for several applications, due to
their unique chemical and physical properties, rgmefood industry,
biomedical/pharmaceutical, for drug delivery, dragrgeting and tissue engineering
applications. Of the mesoporous silicates, bytfa#, most used is Santa Barbara Amorphous
type 15 (SBA-15). This material exhibits high sedaarea and pore volume, also, possess
ordered cylindrical pores structures with tunabdeepdiameters and easily functionalizable
surfaces. These features provide very large intsuréace area and pore volume, which allows
a high adsorption of drugs and proteins into te&ictures (Heikkila et al., 2010; Hudsen

al., 2008; Izquierdo-Barbat al, 2011; Jaganathan and Godin, 2012;eXwal, 2012). It is
known that crystalline forms of silicates are taxittuman and that particle size, surface, shape
and chemistry play a major role determining theavesur of cells in contact with these
materials, however, SBA-15 has been reported asohipatible and bioabsorbale by some
authors, being pointed applications in the bioma&daarmaceutical and tissue engineering
field, still there are a lack of regulation regaglithe use of nanoparticles for these type of
applications besides all the efforts made recebylyFDA, namely (Hudsoret al, 2008;
Jaganathan and Godin, 2012; Heiklgldal,, 2010). Comparing SBA-15 to other commonly
used mesoporous silicates like Mobil Crystallinetéials type 41 (MCM-41), it is clearly that
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MCM-41 have higher surface area (105@gh comparing to 718 Agl), improving surface
properties of composites produced with this fillewwever, pore diameter of SBA-15 is larger
than pore diameter of MCM-41 (8.5 nm comparing.tbrim) allowing a greater adsorption of
compounds, like drugs or growth factors into thenposite material (Appendix J).

1.5.  Objectives

The main goal of this work is to develop, produ¢d_fased porous biomaterials, with drug
carrier potential, by scCCfoaming/mixing process (SFM), a green and sushéénprocess,
and characterize them morphologically, thermallg amechanically for hard tissue engineering
applications. To improve mechanical properties SEAis incorporated (20 and 30 wt. %),
producing PCL/SBA-15 porous biomaterials with erdeahdrug carrier potential, by SFM. To
achieve control over morphological propertiesefilflistribution, as well as to facilitate polymer
processing, glycofurol (GF), a FDA approved solyamd trihexyl( tetradecyl) phosphonium
bis (trifluoromethylsulfonyl)imide (TTPB), a non-mtoxic ionic liquid, are incorporated,
acting as green and non-toxic blowing agents, igiasts and compatibility agents.

The operating conditions, such as temperature,spresand depressurization rate were
optimized and selected accordingly to morphologacal mechanical properties of the obtained
porous biomaterials, and contact time was selecédidwing the solution to become
homogeneous (reaching stage (ii) of the foaminggss) and then adding the appropriate time
to claim, without doubt, that the solution is sated.

2. Materials and Methods

2.1.  Materials

Poly (s-caprolactone) (PCL) (CAS [24980-41-4]), in pelferm, with a number average
molecular weightH,,) of 45000 g.mot, glycofurol (tetraglycol CAS [31692-85-0]), metlwn
HPLC (CAS [67-56-1], purit99.9%) and acetone G.C. (CAS [67-64-1] pui®P.5%) were
purchased from Sigma-Aldrich. Mesoporous silica H&xagonal SBA-15 type (SBA-15)
(average BJH framework pore size 8.5 nm, BET saréaea 718 fg?, total pore volume 0.93
cm.gl) was supplied by Claytec (USA), Hydroxyapatite (HAverage BJH framework pore
size 26.4 nm, BET surface area 10.6gh, total pore volume 54.3 chy') was acquired at
AgoraMat, Portugal, Montmorillonite (MMT) was aceed in Algeria, of natural source and
suffered acidic activation (MMT H. Trihexyl( tetradecyl) phosphonium bis
(trifluoromethylsulfonyl)imide (TTPB) (purity>98%yvas purchased from Cytec Industries
(France). Carbon dioxide (purity of 99.998% (v/was supplied by Praxair (Spain). All
chemicals were used as received except PCL, PClpreasssed from pellet into powder form
in order to allow a greater superficial area féating the physical mixture and enhancing the
interaction with scCgQ reducing the needed processing time.

2.2.  Experimental Methods

2.2.1. Preparation of PCL into Powder Form

Approximately 12g of PCL pellets were dissolvedoi?00 mL of acetone at ambient
temperature and pressure under magnetic stirrifigr Bomplete solubilisation of the PCL, 20
mL of methanol were added slowly drop by drop a@a2. of water after following the same
method, until precipitation of PCL occurred. Affgecipitation of the PCL, it was allowed to
fully settle. Afterwards the supernatant was rengoaed the precipitate was poured into Petri
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dishes where it was allowed to dry at room tempeesdnd pressure until complete removal of
any residual solvent or anti-solvent employed bgpevation. The supernatant was centrifuge
at 5000 rpm for 10 minutes and then removed, aligwo the remaining powders to dry at
room conditions. After complete drying of the PGiwaler, it was mechanically sieved, in test
sieve trays of several diameters (0.6 and 0.35 ratadR 5657 Haan. W., Germany) and stored
in flasks accordingly to their diameter. For thafpened tests only PCL powders with
diameters equal or lower than 0.35mm were used.

2.2.2. Batch Solid-State Foaming/mixing Process with Supercritical Carbon Dioxide
Technology

Previously to the foaming process 1g of PCL, MMD (t. % and 20 wt. %), HA (10 wt. %
and 20 wt. %) and SBA-15 (10 wt. %, 20 wt. % andvB0%) were physically mixed, manually,
ina 7 mL glass flask or in a 5 mL PTFE (polyteurafoethylene) beaker (Sigma-Aldrich) both
with cylindrical shape, until homogenization of thexture. Then the porogenic/plasticizer
agents, GF and TTPB, were added in three molaroptiops 2:1, 3:1 and 5:1 (for 98% molar
of the employed amount of polymer) respectivelygpiag constant the molar fraction of GF
and varying the molar fraction of TTPB. The prefednassays of pure, composite and
addtivated PCL samples, were conducted in a bailiti-state foaming/mixing process, as
shown in Figure 5. The presented apparatus conigsisiscompressor, high pressure vessel
(approximately 23 cA), a temperature controlled water bath (ThermosifienHaake AC
150), a manometer (Lab DMM, REP transducer), a miggstirrer plate, high pressure valves
and fittings used to connect the system (High RresEquipment Company, Erie, USA).

The glass vial or PTFE beaker was placed inside high pressure vessel, leaving
approximately 20% of free volume allowing a betéfusion of the scC@ throughout the
entire sample, then the vessel was closed andeasiatine, immersed in the water bath at the
desired operating temperature. Later the vessefilleabswith CO, until the operating pressure
was reached, the filling time was the same forgepencessed material, and was approximately
10 minutes. The system was maintained at constamgdrature and pressure over a period of
time, established by visual observation of the esscallowing the solution to become
homogeneous and then adding the appropriate tirdaita, without doubt, that the solution is
saturated, being of 2 hours for every processeglkeamfter this stage, the high pressure vessel
was then depressurized until ambient pressure @zdhed at a constant depressurization rate,
in constant temperature.
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Figure 5. Experimental apparatus for the solid-state foanmmging with supercritical carbon dioxide. G&
Carbon dioxide vessel; G- Compressor; TC — Temperature controller; WB —té&dath; P — Purge; PT —
Pressure transducer; S — Sample; MS — MagnetigestiC — High pressure vessel; V — Screw downejal -
macrometric valve; m - micrometric valve; GT - gldsap; F - mass flow meter.
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In this work the operating temperature, pressutedapressurization rate were optimized and
selected accordingly to the morphological and meiciad properties of the obtained porous
biomaterials of pure PCL, selecting the most sistédr a material for hard tissue engineering
applications. In order to do so, the tested opegationditions were chosen concerning a
variation on the density and viscosity of sgC@ 100 kg.n? and 2 Pa.s, respectively, at
constant pressure of 20 MPa, operating with tempesa of 35, 40, 45, 50 and 55°C. All tested
conditions and scCOphysical properties are shown in Table 2. Two degurization rates
(AP /At) were tested, one fast of 1 MPa.rhiend another one slow of 0.3 MPa.rhimallowing

a depressurization time in the order of one hounrickv according to the literature is the
appropriate amount of time to obtain pores withiropm size for hard tissue engineering
applications (Bhamidipagt al, 2013).

Table 2. Tested physical properties ofCat, for optimization of the operating conditions towaporous
biomaterials for hard tissue engineering applicasa\Website5).

Pressure Temperature Saturation Density  Viscosity Depressurization

(MPa) (°C) time (h) (kg.m?3) (Pa.s)x10° rate (MPa.min™)
20 35 2 865.7 8.5 1and 0.3
20 40 2 839.8 7.8 1and 0.3
20 45 2 812.7 7.3 1and0.3
20 50 2 784.3 6.9 1and 0.3
20 55 2 754.6 6.4 1and0.3

A screw and a pin mould were also employed, andeplanside the high pressure vessel,
producing screws and pins of pure PCL and PCL/SBA1D wt.%) composites, at a pressure
of 20 MPa, a temperature of 40°C, a saturation win2h and a depressurization rate of 2
MPa.mint . All the samples were produced in triplicate Juiding filler selection assays.

For a better understanding, all of the manufacty@aus biomaterials and devices for this
work are shown in Table 3, and classified as tpe tf the corresponding assay.

L All of these operating conditions were establishftdr a second set of preliminary assays.
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Table 3. Manufactured porous biomaterials during this wavrith corresponding operating conditions, type amdount of filler and plasticizers and compatibilgents distributed

by type of assay.

Operating Conditions Filler (wt. %)

Green Plasticizers
and Compatibility
Agents (molar %

Type of Assay

Polymeric and mc_)lar
Matrix proportion)
CGo,
P o . AP /At -
(MPa) T (°C) Densgy (MPa.min?) MMT SBA-15 HA GF TTPB
(kg.nT°)
10 - - - -
- 10 - - -
- - 10 - - . .
20 45 812.7 1 >0 - - - - Filler Selection
- 20 - - -
- - 20 - -
35 865.7 0.3 ; ~ ~ _ ~
1 - - - - -
40 839.8 0.3 - - - - -
1 - - - - -
0.3 - - - - - o
20 45 812.7 1 Optimization
0.3 - - - - -
50 784.3 1
PCL 03
55 754.6 -
1 - - - - -
- - - 98
20
- - 98 -
- 30 - 98 -
~ 20 N Additivated and
20 40 839.8 0.3 20 2:1 Composite Porous
Z Z Biomaterials
- 20 - 31
- - 5:1
- 20 - - -
20 40 839.8 2 _ 1'0 - - - Fixation Devices
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2.3.  Characterization Methods

2.3.1. Morphological Analysis

Macroscopic Analysis

Macroscopic analysis was achieved through digitabtpgraphs of pure PCL porous
biomaterials, PCL/SBA-15 (30 and 20 wt. %) compessénd pure and composite PCL porous
biomaterials additivated with the liquid additivd®ie employed resolution was of 5184x3456
pixels.

Scanning Electron Microscopy (SEM) and Energy-Dispesive X-Ray Spectroscopy (EDS)

The morphology of porous biomaterials of pure PBCL/SBA-15, PCL addtivated with either
GF and TTPB and with three mixtures of these adekhti as the prepared devices, were
evaluated by scanning electron microscopy (SEM)guaimicroscope (Jeol JISM-5310, Japan)
coupled with an EDS analysis system Oxford X-Makhvan operating voltage of 10kV and
using AZtec software for image treatment and ED&8lyais. Mean pore size was determined
using ImageJ software, based on the horizontal leeeneter of the pores. The samples were
sputter-coated with a gold film for 20 seconds m@hickness).

Mercury Intrusion

Pore size distribution, porosity, total pore asda|etal density and bulk density of the produced
porous biomaterials were determined by mercurygitn (Autopore IV 9500 Micromeritics).
For this method all the samples were cut in pieads a height approximately of 1cm and a
thickness between 5-8 mm. Bulk density can be ddfias the density corresponding to the
volume occupied by the solid material and by all @mpty spaces that it composes. Skeletal
density is correspondent only to the material, @diclg all of empty spaces in the porous
material. Pore size distribution and total poreaxere obtained by application of Washburn’s
equation, in which all the pores are assumed aadridal with a circular opening (Webb,
2001). The presented results are the average andastl deviation of two samples.

Nitrogen Adsorption

Surface area, pore volume and average pore diaofatex produced porous biomaterials were
determined by nitrogen adsorption (ASAP 2000 Miceaitics, model 20Q-34001-01). For this
method all the samples were cut in pieces withighbt@pproximately of 1.cm and a thickness
between 5-8 mm. Surface area and average pore tdiamere calculated by the Brunauer,
Emmet and Teller (BET) method and pore volume byr&aJoyner and Halenda (BJH)
method. Nitrogen adsorption occurs by physical gatgm, condensation of the gas on the free
surface of the material, by van der Walls inteati Adsorption isotherms follow, usually one
of six forms: Type | isotherms, characteristic aEraporous materials, Type Il, characteristic
of non-porous materials and/or mesoporous materigype IV and V, characteristic of
mesoporous materials (showing a characteristicehgsis cycle in the process adsorption-
desorption) and Type VI, characteristic of nonparanaterials with an almost completely
uniform surface (Webb and Orr, 1997; Gregg and SIi982).The results presented are the
average and standard deviation of two samples.
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Helium Picnometry

The real density (skeletal density) and volume afngles were evaluated with helium
picnometry (Quanta-Chrome, MPY-2). For this metaidhe samples were cut in pieces with
a height approximately of 1cm and a thickness betm®8 mm. The real density, or skeletal
density, is defined as the density corresponding torthe volume of material, excluding all of
the empty spaces, in a porous materials. The pexseasults are the average and standard
deviation of two samples.

2.3.2. Thermal and Crystallinity Analysis

Simultaneous Differential Thermal Analysis (SDT)

The thermal behaviour and crystallinity of PCL p&d| powder, pure PCL porous biomaterials,
PCL/SBA-15 composites and plasticized with GF amé@B were evaluated on a Simultaneous
Differential Thermal equipment (TA Q600) using stard alumina pans. Measurements were
made on samples of 7-10 mg, from the centre of pemthuced biomaterials, so homogeneous
dispersion of fillers and plasticizers could beftomed, in a temperature range between 25°C
and 700°C at a heating rate of 10°C faWith this method were measured the amount aed rat
of change in weight, weight loss, degradation tawpee (), melting temperatureTy,),
enthalpy of fusion AH(T,,)) and crystallinity f.(%)).The degree of crystallinity of pure
composite porous biomaterials and plasticized Withand TTPB is defined by equation (1)
(Kong and Hay, 2002; Fukushineaal., 2009).

AHf (Tm)

wt. %SBA—15)
100

In which AH(T,,,) represents the enthalpy of fusion, at the melpiait, obtained from the
SDT analysisAH]?(Tr%) represents the enthalpy of fusion of the totatlystalline polymer at

the equilibrium pointT? andwt. %gp4_15 represents the percentage of weight of SBA-15 in
the prepared composites. For totally crystallind RID0% crystalline), the value af7 (Ty)

is reported in the literature as 139.3@pnkinset al, 2006; Chasin and Langer, 1990). All of

the presented results are concerning to the averadestandard deviation of two prepared
samples.

X-Ray Diffraction (XRD)

Crystallinity of pure and additivated PCL porousrbaterials was evaluated by X-ray
Diffraction (XRD) (Philips, X'Pert). Samples wenatin pieces with a height approximately of
1cm and a thickness between 5-8 mm and then podder¢he beam of light could capture
material of the sample and not the sample holdecesall the samples have voids resulting
from their pores. Samples were analysed with C@ati@ath (1x,; = 0.178896 nm andAg,, =
0.179285 nm), varying the diffraction angle2g@) from 6° up to 60°, an acquisition step of
0.004° and an acquisition time of 1s/step (40 k&t @B mA). The degree of crystallinity, can
be calculated by the following equation (2),
Y Ac

(0, - -
Xi(%) = SA Ty A 100 (2)
Wherey; represents the degree of crystallinity calculaecbrdingly to the results obtained by
XRD, A, represents the area of the crystalline parts cf sample (f) andA4, represents the

Xe(%) = X100 (1

AHP(T) x (1 -
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area of the amorphous parts of each samplés {the results presented are the average and
standard deviation of two samples.

2.3.3. Mechanical Analysis

Mechanical properties of all of the prepared poroosnaterials, such as compressive strength
and Young’'s Modulus, were determined using an oederm(\WWykeham Farrance, model no.
24251) at room temperature. The tests were perfbapplying increasing loads, of 0.25, 0.5,
1, 2, 4 and 5 kg into the samples, with 1 minuteriral between each load, measuring the
vertical deformation of the sample at every 3 sdsonith a deformation transducer (strain
gauge) coupled to a computer in which the defommatvas read with TRIAX software
(Durham University). The oedometer was adaptegpbyethe force only in the superficial area
of the cylindrical shaped biomaterial, as showRigure 6. All the samples were cut in the top,
until a cross-section was obtained, ensuring a lyemeous bearing of each load perpendicular
to the vertical axis. The heights and diametersawth sample used for determination of the
mechanical properties of the prepared biomateaats shown in Appendix C, Table C 1.
Compressive strength of each sample was deternplating stress (MPayersusstrain
(mm/mm). The maximum stress was defined as ultirsess (break of the porous structure).
The load applied at the top of each biomaterialcstre is multiplied by a load ratio of 11.04
corresponding to the further point of applicatidriaad in the loading arm. Finally stress was
determined by equations (3), (4) and (5) (Saleal, 2010 (b); Bakeet al, 2011; Whiteet

al., 2012),

Lep = Lgp X 11.04 (3)

In which L.r represents the effective load applied in the sasmfkgf) and.,, represents the
applied load on the loading arm (kg), and knowihgttl kgf = 9.81 N, since the only
acceleration involved in the system is the accat@araf gravity. So stress,, is determined by

Les
T 4
o= )
In which o represents the applied stress on the sample (MRd)}, the cross section of the
sample in which the load is applied{ymThe straing, of each sample was calculated with
equation (6),

(5)

Whereh, — h represents the difference between the initiallitelg (mm), and the final height,
h (mm), of the sample. Young's Modulus (linear etastodulus, E) was determined applying
linear regression on the elastic region of thetptbstressersusstrain curve, at 5% deformation
of each sample.
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Figure 6. Employed oedometer for mechanical characterizatbthe produced biomaterials. D -deformation
transducer; S — sample; CW — counterweight; L -ieddoad.

The results presented are the average and stateldetion of two samples.

For better understanding of the developed workis thesis, in Figure 7 is shown a scheme
consisting in the “flowsheet” of this work, towarttse development of porous biomaterials
towards hard tissue engineering applications bigsthte supercritical C{oaming/mixing

technology.

Optimization and selection of operating conditions-
Temperature and Depressurization Rate

Based on

Morphological (Nitrogen adsorption; Helium
picnometry; Mercury intrusion) and
Mechanical properties

Producing then

L 4 A

Pure PCL
foams

PCL+SBA-15 PCL+SBA-15 (20
(20 and 30 wt. and 30 wt. %) +

%) foams GF/TTPB foams

PCL+SBA-15 (20
and 30 wt. %) +
GF+TTPB foams

Molar

| 211 | | 31 ‘ |52r1 ‘ proportions

4

Morphological; Thermal and Crystallinity;
Mechanical Characterization

Figure 7. "Flowsheet" of the developed work towards the kbgweent and characterization of porous
biomaterials by solid-state supercritical @@aming/mixing technology for hard tissue engiirggapplications.
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3. Results and Discussion

3.1. Filler Selection - Description and Conclusions

Filler selection assays were performed producing-B&ed composites biomaterials, with 10
wt. % and 20 wt. % of three different inorganicdyil, HA and SBA-15, in order to, based on
their mechanical properties and porosity selectntiost suitable composite and composition
for hard tissue engineering applications. The assagre performed under processing
conditions such as P = 20 MPa, T = 45°C ARdAt = 1 MPa.min'. The used diameter of the
PCL powder wag 0.6 mm and< 0.85 mm for composite porous biomaterials withat0%

of HA and MMT (due to visual observations). The abéd biomaterials as well as the
characterization methods employed and obtainedtsezme showed and discussed in Appendix
A.

The obtained results are not presented and distussa more detailed way, in the main body
of this work because they were not conclusive iteoto select one inorganic filler and one
composition to use further in the development oL®@sed composite porous biomaterials for
hard tissue engineering applications.

The difficulty in obtaining conclusive results frahese assays was mainly due to the difference
between the particle size of the polymer and inmigpowder, making almost impossible the
physical mixture to be homogeneous. All the obtdicemposite porous biomaterials had,
visible at the naked eye, the two phases almosphzialy separated. This happened, despite
all the efforts to achieve a good physical mixtuckge to the difference between the density of
the employed inorganics and of PGy, = 1.1 9., pyuyr = 2.0 g.C1¥, py4 = 3.3 g.c?
andpgp,_15s = 1.8 g.crt)? inducing phase separation, during stage (i) ef4bCQ process,

by force of gravity. The surface chemistry of tlepéoyed inorganics could also affect their
dispersion, and affinity, with the polymer partglegreventing a homogeneous dispersion
throughout the polymeric matrix to be achievedthia specific case of MMT, its hydrophilic
character could make it to carry water moleculessanpreventing its homogeneous dispersion
in the hydrophobic particles of PCL, since the esgptl MMT and other inorganics were never
dried.

Even do this approach was not further explorethifssclear that some of the difficulties could
be avoided, requiring some future work, by dryingrganic particles, by surface chemistry
modification of the employed inorganic particleslam employing surfactants which would
help in the dispersion of the inorganics throughbet polymeric matrix (Tsimpliaralat al.,
2013; Tsimpliaraket al, 2011; Bonillaet al, 2014). From these assays it remained clear that
the most fined powder of PCL must be employed tteoto achieve good physical mixture
with fine inorganic particles and that using SBA-d$inorganic filler is a good approach to
produce mechanical improved biomaterials with gporbsity. However further work should
be done to fully understand and compare the tmaganic fillers in order to conclude which
one is most suitable for organic-inorganic compssfor hard tissue engineering applications.

3.2.  Optimization and Selection of the Operating Conditions

As shown in Figure 7, this work started by optini@a of the operating conditions, such as
foaming temperature and depressurization rate, fiorariation of approximately 100 kgim

2 These values are obtained from the informatiowigesl by the suppliers.
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in scCQ density and a depressurization time from a magdaitf minutes to hours, as shown
in Table 2 as well, on pure PCL biomaterials. Knayvihat the critical parameters in order to
control the morphology and/or mechanical propeniethe biomaterials are the concentration
of CO, within the polymeric matrix and the rate of €l@aving the matrix. These parameters
are linked to the solubility of COin the polymer which depend on the foaming pressur
temperature and intrinsic properties of the polyrfike molecular weight and chemical
structure. The selection criteria was based on halggical and mechanical analysis, based on
the required properties for a suitable scaffoldifard tissue engineering applications.

3.2.1. Morphological Analysis

Macroscopic Analysis

The effect of scC® density, viscosity and depressurization rate weraluated on the
macroscopic morphology of the prepared biomaterialBigure 8 are shown the digital images
of the obtained biomaterials.

1MPa.min™!

45°C
0.3MPa.min!

Figure 8. Digital images of the obtained porous biomaterifds the tested scCphysical properties, varying
temperature and depressurization rate. A. - Obtimerous biomaterials for a depressurization rate o
1MPa.min; B. - Obtained porous biomaterials for a depreszation rate of 0.3MPa.mih Top images — lateral
view, Bottom images — top view. Scale bar 1cm.

26



The temperature of 55°C was also tested, but veaartied since when the sample was removed
from the high pressure vessel it was still in aiselten state, which can be explained by the
fact that this temperature is too close to the imgpliemperature of PCL at ambient conditions,
preventing the full vitrification of the porous neatl, also no reproducible porous structure
was obtained operating at this temperature for defiressurization rates.

As can be seen, in all of the prepared sampledavagd a non-porous skin surrounding each
one. This is due to the rapid diffusion of £@om the surface of the sample during
depressurization (Whitet al, 2012; Jacobst al, 2008; Tsimpliaraket al, 2011; Fanovich
and Jaeger, 2012; Mard et al, 2013; Rosa, 2013). This effect was tested atidhgged as
shown in Appendix B, since firstly a glass vial waraployed in which the polymer powder
was placed for supercritical foaming/mixing progegsand in these cases the resulted non-
porous skin was very thick. Then a PTFE beakeremagloyed and the thickness of the non-
porous skin was found to be reduced, adding thargdge that the porous material did not
stuck to the walls of the beaker allowing it torbatilized for every produced sample unlike in
the case of the glass vial which had to be brokeedch produced porous material. This PTFE
feature has already been explored by some autRaiswaldet d., 2013) but the effect on
thickness reduction has never been reported.

From visual observation of the produced biomaterialss clearly that increasing foaming
temperature, decreasing scCdnsity and viscosity, the obtained structuresHasger pores,
and the same is evident when the depressurizasitth decreases, a slower rate leads to
structures with larger pores. A clearly change eight of the samples is also evident, when
temperature increases and when depressurizatierdeateases, which is due to the presence
of larger pores, samples with smaller pores (Idlwaming temperature) are also smaller since
pores occupy volume increasing the samples hewgh¢n larger. And, when combining a
higher temperature with slower depressurizatioa tta¢ obtained structure presents even larger
pores.

In Figure 9 is represented a digital photographrofxial cross-section of a produced porous
biomaterial.

Figure 9. Axial, top-to-bottom, cross-section of a prepapaidous biomaterial at P = 20MPa, T = 40° C and a
depressurization rate of 0.3 MPa.mirScale bar 1cm.

As can be seen, throughout the height of the predlbcomaterial, the distribution of pore size

appears to be different, yielding larger poreshim bottom of the sample and smaller ones on
top of the sample. This effect was clearly visiblall the performed porous structures, for the
optimization and selection of operating conditi@ssays of this work. This aspect can be
pointed out as a drawback of the SFM process,drdtisdsue engineering applications it can be
seen as an important feature, since for thesedf/pgplications a wide range of pore size is

required, but it should be obtained homogeneouslyughout the material and not separated
as is visible, in order to obtain so and to avdmkse heterogeneity, a double step
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depressurization stage is pointed as the soluSale(noet al, 2014; Huangt al, 2015; Bao

et al, 2011). What could explain this effect is thefubifvity of the CQ molecules during the
depressurization step. Initially bubble start toleate in the bottom on the molten polymer and
as the C@molecules start to leave the bubbles and outegpthymeric matrix, they find greater
physical resistance resulting from the vitrifyimyérs of polymer in the bottom leading to larger
pores, where the diffusivity of GQowards out of the polymer is lower and in the thogy find
less resistance and so the diffusivity is highadieg to smaller pores, since £@olecules
spend more time in the bottom of the sample amslifethe top due to their diffusivity. It can
also be seen that pores appear to grow more pnéifdhg on the height direction (foaming
direction), from top to bottom, because bubblesiocagrow freely on the radius direction due
to space limitation of the employed mould, thedeatfhave already been reported by some
authors (Xuwet al, 2004; Mathietet al., 2006).

Mercury Intrusion

Mercury intrusion was employed to determine theraye pore diameter, total porosity, total
pore area, skeletal density and bulk density, effoduced porous biomaterials varying with
foaming temperature and depressurization rateigar& 9 are shown the obtained results for
average pore diameter, porosity and total porefaraae two depressurization rates employed
as function of foaming temperature. The porouscsines produced at 50°C and with a
depressurization rate of 0.3MPa.miwere not analysed with this technique since it nais
possible to obtain reproducible results, being nesddrom the solution set.

As can be observed in Figure 10 A., both profiesmch a maximum in average pore diameter
when foaming temperature is increased (8.6).0 um for a depressurization rate of 0.3
MPa.min' and 0.4+.0.1 pm for a depressurization rate of 1 MPain part this effect can

be explained by the detection limits of the emptbtechnique (0.04-150m) in which larger
pores — of few hundregim, or even in mm scale, cannot be detected, dislbeasamples were
cut with a thickness between 5-8 mm so larger pooegd have been cut as well and not being
recognized by this technique as so, the only waastess correctly the average pore diameter
of the prepared porous biomaterials would be byyairey the entire sample as one piece, what
could not be possible.

The effect of temperature on the average pore demeclearly visible when temperature is
increased and depressurization rate is kept cangithrs effect can be explained because at
high temperatures the dilatation capacity of thiymper increases, its chains have increasing
free movement, facilitating the G@take into the polymer structure and theref@eitelling.

By increasing the operating temperature the visgadithe system is lower, as shown in Table
2, reducing the resistance to pore bubble nucleatnol coalescence resulting into an increase
on their size (Jacobs et al., 2008; Fanovich aegela 2012). Also, when density of sc£O
decreases, increasing operating temperature thbikiyl of COz in PCL increases, providing

a greater intake of CQwithin the polymeric matrix (Leeket al, 2006; Fanovich and Jaeger,
2012). When depressurization rate is decreaseck thanore time for bubble to growtia
diffusion of CQ, since during this stage diffusion competes withldde nucleation, leading to
larger bubbles and therefore to larger pores.t3s,expected that when depressurization rate
decreases, larger pores can be found but in snrall@ber, and when depressurization rate
increases, nucleation is rapid and a larger nurabpores is formed, but with lower diameter
(Whiteet al, 2012; Fanovich and Jaeger, 2012; Jen&irad, 2006; Salernet al, 2014).

By observation of Figure 10 B., it is clearly thiaé processing conditions corresponding to a
temperature of 40°C and a depressurization re@e8d¥1Pa.mirt, are the processing conditions
which allow to produce porous structures with geegbrosity, approximately 50% porosity.
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It is also evident that when temperature is in@daporosity tends to decrease, this is due to
the fact that when temperature increases, avem@gedimeter also increases, but the number
of pores decrease, since there are less nuclgaiots, because in the competition between
diffusion and nucleation, diffusion is enhancedjclhhwill lead to a reduced porosity of the
porous structure (Whitet al, 2012; Fanovich and Jaeger, 2012). When depieataon rate
decreases from 1 MPa.minto 0.3 MPa.mift porosity increases slightly for operating
temperatures of 35 and 40°C, at higher temperapuwessity decreases with a decrease Iin
depressurization rate which is explained by thegmee of larger pores, but in smaller number
(lower pore density).

When smaller pores are obtained, employing a fogmiemperature of 35°C and a
depressurization rate of 1 MPa.mjrfor example and as shown is Figure 9 C., a gréatal
pore area is obtained. When pores are smaller,shgiace area is larger and so the total pore
area increases (also related to the number of ploigis pore density is related to a high total
pore area) which is obtained when nucleation isaeobd, operating at lower temperatures
and/or at faster depressurization rates. Observiggres A., B. and C., it can be seen the
potential to employ two sets of processing condgjaat a pressure of 20 MPa, which are at a
temperature of 40°C and a depressurization rade3df1Pa.mint and at a temperature of 45°C
and a depressurization rate of 1 MPa:fince they are the operating conditions thateues
larger average pore diameters, better porositykeattér total pore area towards producing
biomaterials fitted to hard tissue engineering &agibns requirements, presented in section
1.1 and 1.1.1 of this work.

Same results were obtained by Fanovich and Jaglgen increasing foaming temperature from
30 to 40°C, observing an increase in average pareater from 130-18@m to 290um -1.5
mm. The same trend was found by the same authavelbas by Whiteet al. and by de Matos
et al, when decreasing depressurization rate an iner@asverage pore diameter was found
(Fanovich and Jaeger, 2012; Saleehal, 2012; Whiteet al, 2012; de Matost al, 2013).
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Figure 10. Obtained results from mercury intrusion for avgegoore diameter (A.), porosity (B.) and total pore
area (C.) for the two depressurization rates em@tbgis function of foaming temperature at constaassure =
20 MPa,® - 0.3MPa.mify & - 1 MPa.mirt.
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Nitrogen Adsorption

The obtained isotherms for adsorption and desarpsioown in Appendix D, Figure D 3 are of

type Il and IV for every produced porous biomatesiad processing conditions, revelling that
the produced materials have either very small p@iks in the case of using 35°C and 1

MPa.min' as foaming temperature and depressurizationeapectively) or mesoporous, since
all the obtained isotherms showed hysteresis, behagacteristic of porous materials and non-
porous materials show no hysteresis.

In Figure 11 are shown the obtained results fromogen adsorption, for surface area (BET)
and for pore volume of each produced porous biomnahtat each depressurization rate as

function of foaming temperature.
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Figure 11. Obtained results for pore volume (A.) and Surfacea (BET) (B.) from nitrogen adsorption, as
function of foaming temperature, for the two testegdressurization rate® - 0.3MPa.mji& - 1 MPa.mint at
constant pressure P = 20MPa.

By observation of Figure 11 A., porous structuresdpced at 40° C and 1 MPa.mihave
larger pore volume of 1.% 10% + 8.8x10* cm?.g!, comparing with the ones obtained
employing other processing conditions, this isifiest by the fact that the produced porous
structure under these processing conditions has)@sn in Figure 10 B and C., high porosity
and total pore area, so the pore volume will alsddrsger which might be indicative of a
material with a large number of pores. When indrepemperature, the pore volume increases,
since pores are larger when foaming temperatunecieased, when depressurization rate is
kept constant and equal to 0.3 MPa.hiAs depressurization rate is decreased the pdueneo

is almost always lower, except for a foaming terapee of 45°C when is higher.

Figure 11 B., indicates that the BET surface aneeeases whit foaming temperature for both
employed depressurization rates. When foaming testyoe is equal to 40°C the obtained
values for BET surface area are very close fortweedepressurization rates, 0£0.0 ntg?

for 1 MPa.mint and 0.4+ 0.0 nfg? for 0.3 MPa.mirt, being lower than the ones obtained in
previous works for similar operating conditions @0and a depressurization rate of 0.3
MPa.min* at P = 20 MPa) (0.2 0.2 nfg?) (Rosa, 2013). The increase of surface area with
foaming temperature might be due to the fact tisamples needed to be cut for analysis, and
since the largest pores were not assessed bytdwsaques (mercury intrusion and nitrogen
adsorption), so, the obtained values for surfaea and pore volume might induce in error,
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since when pores are smaller, like when poroustsires are produced with lower foaming
temperatures and with fast depressurization raie,can expect that the surface area and pore
volume would be greater than when porous biomdsesi@ produced with higher temperatures
or with slower depressurization rates.

These trend, of approximated morphological featafélse produced porous structures at 40°C
and depressurization rates of 1 and 0.3 MPalraird at 45°C and a depressurization rate of 1
MPa.mint, is observed for all the morphological propertissessed with mercury intrusion,
shown in Figure 10, and by nitrogen adsorptionwshim Figure 11, except for the pore volume.
This effect might indicate that similar morpholagjiproperties are achieved when using these
three combinations of processing conditions, whach presented, morphologically, as the
possible solutions sets for optimization of progggsonditions for the intended application of
the produced porous biomaterials in hard tissuegneegng.

In Figure 12 are shown the obtained results ofayeepore diameter of each sample, as function
of foaming temperature, obtained from nitrogen gokson.
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Figure 12. Obtained results for average pore diameter as tioncof foaming temperature from nitrogen
adsorption for the two tested depressurizatioes#® - 0.3MPa.mith, & - 1 MPa.min' at constant pressure P
= 20MPa.

Figure 12 shows the same trend for both depresgimiz rates but with a difference in
temperature of about 5°Ce., approximately the same values for average p@m@meater are
obtained for both depressurization rates but 5%@&itdor a slower depressurization rate and
5°C higher for a faster depressurization rate. iBpgen adsorption only a range of pores from
0.2 to 300 nm can be determined, this limitatiorevédent when foaming temperature is
increased and pore size increases, and in Figuris #2ident that average pore diameter
decreases with foaming temperature after reachmgxamum at 40°C, for a depressurization
of 0.3 MPa.mint and at 45°C for a depressurization rate of 1 MRetrfAllen, 1997). The
larger average pore diameter obtained was for gegating conditions of T = 40°C and a
depressurization rate of 0.3 MPa.mhjrof 112.5+ 2.7 A, but similar results were obtained
when a foaming temperature and a depressurizatitsm of 45°C and 1 MPa.minwere
employed respectively, of 106482.2 A.

The needed morphological properties for a matesiatable for hard tissue engineering
applications are, as presented in Table 1 in gedtib. and in section 1.1.1., of a material with
a distribution in pore size, from micropores to nopores up to 300-350 um, and a porosity
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from 50 to 90%. So, observing Figures 10 and 14 stilutions sets for optimization of SFM
operatingconditions, are operating either at 40%C®&3 MPa.mir or at 45°C and 1 MPa.min

1 since these are the conditions that allowed tainlporous biomaterials with larger average
pore diameters, higher porosity, suitable totabpmea and BET surface area.

All the obtained results from mercury and nitrogelsorption were plotted as function of seCO
density. The same trend in every property was obskesis well as the same shift of 5°C, since
foaming temperature is directly obtained from 86€Q physical property.

Helium Picnometry

The real density of the produced porous biomatenas evaluated with helium picnometry, in
order to understand if the density of the emplas&@Q has any effect on this physical property
of the polymeric matrix, as well as the foaming pemature and depressurization rate. In Figure
13 are shown the obtained results for the realitjens the produced porous biomaterials,
varying with the employed foaming temperature amdbioth used depressurization rates at
constant pressure. The supplier information conogrime density of the employed PCL is 1.1
g.cm®,
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Figure 13. Real density of the produced porous biomateredsfunction of foaming temperature, obtained from
helium picnometry, for the two tested depressuionatates® - 0.3MPa.mily & - 1 MPa.min' at constant
pressure P = 20MPa.

Accordingly to the obtained results, neither thagiy of scCQ nor the depressurization rate
have any change in the real density of the pure P&bus biomaterials. The only observed
variation is when a foaming temperature of 35°€ngployed, for both depressurization rates,
being smaller for the fast rate and higher forgtosver one.

As expected, since no other substance was adde€lto like an inorganic or a plasticizer,
when producing the porous biomaterials, the reasitg of the biomaterials is not changed by
the operating conditions such as temperature apiesigurization rate, being kept constant and
equal to 1.14+ 0.0 g.cn?. Other authors have also reported that depresgianizrate have no
effect on the density of pure PCL porous biomale(ide Matost al., 2013).

All of the obtained results for average pore disndbulk density, skeletal density, porosity,
total pore area, pore volume, BET surface areaeadlensity for each sample, from mercury
intrusion, nitrogen adsorption and helium picnomete shown in Appendix D, Table D 1.
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3.2.2. Mechanical Analysis

Mechanical properties, such as compressive strargtiyoung’s modulus were assessed with
an oedometer applying several loads into the sanple

In Figure 14 are shown the obtained values for Yy&aimodulus (at 5% strain) and compressive
strength (ultimate stress) for the two employed-eegurization rates as function of the foaming
temperature.
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Figure 14. Mechanical properties, Young’s modulus (A.) anan@ressive Strength (B.) of the produced porous
biomaterials as function of foaming temperaturey, the two employed depressurization re#:s - 0.2,
& _ 1 MPa.min' at constant pressure P = 20MPa.

An example of a stres®rsusstrain curve obtained by this analysis, and usextder to obtain
the presented values is shown in Appendix G, Figuie Table G 1 in Appendix G also shows
the obtained results from mechanical analysis ef ghoduced porous biomaterials for the
optimization assays. All the samples presentegiadl/stresyersusstrain curve of polymeric
materials, with a linear elastic zone, which isteolled by the bending of the walls (strut) of
the pores, until 5% strain, for all the producedops biomaterials, a plateau was reached, due
to the instability of pore walls and collapse ofg®and then a densification zone could be
identified, resulting when almost all the poreséawvllapsed and opposing pore walls touch
each other (Whitet al, 2012; Kweoret al, 2003; Lebourgt al, 2008; Salernet al, 2012).

Observing Figure 14 A., the Young's modulus appdarsncrease when temperature is
increased from 35 to 40°C (reaching a maximum d 350.3 MPa and 32.& 3.9 MPa at 40°

C for a depressurization rate of 1 and 0.3 MPalniespectively, and for higher temperatures
it decreases, when depressurization rate is keystaot. When depressurization rate is slower
the obtained values for Young’s modulus of the perbiomaterials are slightly lower for
temperatures from 35 to 40°C and for 50°C, for 4h&Cdifference is larger. Observing Figure
14 B, the compressive strength of the porous bieras is greater when foaming temperature
decreases, being achieved a maximum compressargttr(24. 4 0.8 MPa), when a foaming
temperature of 35°C is employed with a depressipizarate of 1 MPa.mih. When
depressurization rate decreases, is observed aadecn compressive strength for all of the
tested foaming temperatures. However, and analySmge 14, the samples produced at 35°C
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for both depressurization rates, despite presertiagyreater compressive strength of all the
produced porous biomaterials, once these are tmedberials with smaller pores, they present
the lower Young's modulus of all the produced parbiomaterials. These indicates that despite
the materials are very hard and can support higddothey are between the most elastic
biomaterials produced.

The mechanical properties of porous materials, ni@@ssentially on the geometric structure
of the biomaterial, comprising the number of pordsir size, distribution and their
interconnectivity, and on the intrinsic propertedghe polymeric material (Whitet al,, 2012;
Salerncet al, 2012). So, when porous materials have largeggpdhe supported stress will be
lower than when pores are smaller, since largeegpdave more empty volume, and the
thickness of their walls is generally smaller, liegdto less mechanical resistanée.,
increasing porosity and/or average pore diameterntechanical properties will decrease.
Observing Figure 8, on section 3.2.1., it can ngbat when temperature is increased, and
when depressurization rate is slower, the biomatepresented gradually larger pores as well
as more fragile structures, which validates thaioled results presented in Figure 14. Other
authors have already reached the same concluggasding the influence of porosity on the
mechanical properties of materials (Whéteal, 2012; Salern@t al, 2012; Mathiewet al.,
2006; Yoshimurat al, 2012; Kweoret al, 2003; Estellést al., 2006).

All the obtained values for the mechanical projgsrof the produced porous biomaterials were
inferior to the ones required for bone tissue eegimg, except for trabecular bone
substitution/replacement. Since in an applicatidmend tissue engineering, and as referred, the
materials to employ must have similar propertieghi® natural tissue, namely mechanical
properties, so bone compressive strength is al804180 MPa for cortical bone and 4-12 MPa
for trabecular bone and Young’s modulus of 3-3Ga@Rd 0.02-0.05 GPa respectively. So,
and analysing Figure 14, the produced porous biemads of pure PCL, at both
depressurization rates either at 40°C and 45°6ugtable for trabecular bone tissue engineering
applications since they present values of YoungdsltMus, within the range of trabecular bone,
of 35.91+ 0.25 (at 40°C and a depressurization rate of 1.MiPa), 32.6+ 3.9(at 40°C and a
depressurization rate of 0.3 MPa.min23.9+ 2.1 (at 45°C and a depressurization rate of 1
MPa.min') and 11.5+ 1.6 (at 45°C and a depressurization rate of 0.2.Mm1?).

3.2.3. Selection of the optimum operating conditions

Observing Figures 10 and 12 it is very clearly tih&t morphological properties of pure PCL
biomaterials are approximately the same for bofireksurization rates, but with a disparity in
temperature of about 5°C, being reached approxiyndie same values at lowers temperatures
with a slower depressurization rate and at higeerperatures with a faster depressurization
rate. This is explained by the effect of both thpsmcessing variables on the morphological
properties of the porous biomaterials. As refervgdten foaming temperature increases, bubble
nucleation decreases and there is a formationgéidubbles leading to larger pores, and when
depressurization rate increases ®0bbles have less time to greia diffusion, but nucleation
rate increases. So when increasing temperaturel@mebssurization rate, there is a balance
between bubble nucleation and bubble growth sinbdaihe one obtained operating at lower
temperatures and slower depressurization ratesla optimizing the SFM process applied
to produce PCL porous biomaterials, based on th@matogical and mechanical properties it
should be taken into account the needed energychoe:ae higher temperatures, if a
thermosensitive compound will be added furtheramd(if it is stable at that temperature) and
the needed time to obtain similar porous structumedower temperatures and slower
depressurization rates. The most suitable procgssamditions, towards achieving porous
biomaterials for hard tissue engineering applicetjobased on the morphological and
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mechanical properties of the produced biomateai@d®mploying either a foaming temperature
of 40°C with a depressurization rate of 0.3 MPahaina foaming temperature of 45°C with a
depressurization rate of 1 MPa.njrboth at constant pressure of 20 MPa.

In Figure 15 is presented a Gantt chart compahegatch foaming process for both the most
promising solution sets as the two optimum solgitowards producing porous biomaterials
for hard tissue engineering applications.

Processing Time (min)

0 50 100 150 200 250 300 350 400 450 500 550 600

Physical Mixture

CO: Loading

Saturation Step

Depressurization

—
I
|
s s o |
Step N

Figure 15. Gantt chart of the tasks/operations of the empog@id-state batch-scCdoaming/mixing process
for two parallel batch processdll - processing at ROMPa, T = 40°C and\P/At=0.3 MPa.min', Il -
processing at P = 20 MPa, T = 45°C an@/At=1 MPa.min?.

In Figure 15 are shown the main four operationshef employed solid-state batch-scCO
foaming/mixing process, comparing the needed timea¢hieve porous structures with
approximately similar morphological propertiesshswn in Figures 8, 10, 11 and 12. The step
of physical mixture comprises the mixture of 1gP@L with inorganic towards the production
of composites and/or with a bioactive compound and/or an additive and approximately
takes 30 min for each mixture to be homogeneouth@rcase of optimization assays this step
takes about 10 min for each batch). The step of IG&ling comprises the loading of the high
pressure vessel with G@lready at the desired foaming temperature (the tieeded for the
water bath to reach the desired temperature ianallpl with the first step and takes about the
same time (not showed)) and takes about 15 miedoh sample, to reach and stabilize at the
pressure of 20 MPa. The saturation step compimesirhe during which the sample is left in
contact with scC@ until saturation is reached, this step takes @l (120 min). The
depressurization step, comprises all the time reeéatethe vessel to reach a pressure equal to
the ambient pressure. This step takes about 110 wiien a depressurization rate of 0.3
MPa.mint is employed and 20 min for a depressurizationohteMPa.mint. Observing Figure

14 is clearly that operating at 40°C and 0.3 MPanig more time-consuming than operating
at 45°C and 1 MPa.mih since the time to reach the 5°C difference isiigd (too small when
compared with the time needed for the depressioizatep). However, and as referred it is
needed to understand and evaluate if the energsuagption to reach and maintain the water
bath 5°C higher compensates the time consumptiah the productivity (number of
batches/day). This evaluation was not performed,cauld be done in future work, as well as
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evaluate further the morphological properties ot#diin porous structuress produced at this
two processing conditions, with other techniqués;esthe ones employed, as shown, reveal
large limitations, since these are techniques nsagible for characterizing porous fine
particles, and not very large constructs like tfedpced porous biomaterials.

Based on the mechanical analysis of all of the pced porous biomaterials, these solutions
sets are presented as the most suitable to exfplidher ahead, since they present the greater
Young’s modulus and a good and suitable compress$igagth (considering their porosity and
average pore diameter) for bone tissue engineebiegpite, these mechanical properties are
not close to the mechanical properties of the ahtwabecular bone, by adding an inorganic
phase, and as referred in section 1.4, they caenbanced. Once again, on mechanical
properties, these two sets of operating conditipnssent very close values, which validates
what was stated before regarding morphological gntogs, and since mechanical properties
are very dependent on morphological propertiedy@fmorphological properties of these two
sets of processing conditions are very similam tieir mechanical properties will also be very
similar, as verified. Taking into account Figure 46d what was discussed, employing a
foaming temperature of 45°C and a depressurizaditenof 1 MPa.mit will be time-saving as
well as enhance the productivity of these poroosiaiterials, but the energetic aspect was not
evaluated, even do one can speculate that despitegto increase 5°C on the water bath, the
time to keep them will be less than when employf8C and a depressurization rate of 0.3
MPa.min* and so the energy to reach 5°C higher will be atrtite same, or less, than to keep
40°C for much more time, as showed in Figure 15.

Despite all the stated advantages in using a foguemperature of 45°C and a depressurization
rate of 1 MPa.min, the selected optimum solution set, is by opegatih 40°C and at a
depressurization rate of 0.3 MPa.rhjlecause, and as referred on section 1.5, thik as

as main objective to further investigate the ol@dinesults in a previous work (Rosa, 2013),
and in order to compare safely the obtained redhlis optimum solution is the one that goes
against the operating conditions employed on tlegipus work. Still, this optimization step,
must be further investigate, using morphologicarakterization methods more suitable to the
produced materials, since a way to produce portbusiwgres with similar properties in a more
time-saving way appears to be found.
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3.3.  Additivated and Composite Porous Biomaterials

Based on the optimum solution set found for theatpeg conditions (P = 20 MPa, T = 40°C,
AP /At = 0.3 MPa.mirt, PCL/SBA-15 (20 and 30 wt. %) composite porousrizterials and
pure and composite additivated biomaterials with & TTPB (98% molar) as well as
additivated biomaterials with a mixture in threelangroportions of the mixture GF+TTPB
(2:1, 3:1, 5:1) were performed, comprising alwag%c9molar of the total mixture.

3.3.1. Morphological Analysis

Macroscopic Analysis

In Figure 16 are shown the digital images of themied porous biomaterials for the additivated
and composite assays, at the optimized operatinditons.

All the produced samples of additivated PCL, showeBigure 16 A., were cut in the same
proportion, ~10% of the sample height, so therBgs very well elucidative regarding the
difference in the obtained heights of the produperbus structures, shown in Appendix C,
Table C 1. The samples shown in Figure 16 B. an@v€e not cut for the digital photographs,
so it is also possible to verify in these figures obtained differences in height of the produced
porous biomaterials. The biomaterials produced withixture of GF and TTPB (2:1) and (5:1)
were produced using a glass vial, so, and as eefem non-porous skin was observed
surrounding these biomaterials with greater thisknthan the one observed on the other
biomaterials, which were produced using a PTFEdasaker. This non-porous skin is only
visible on the base of the biomaterials due deeffext of the additives on their surface, which
led to a reduction on the thickness of the non-p®rgkin throughout their height. The obtained
difference in heights is due to the presence gEliapores, which occupy larger volume leading
to higher porous structures.
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PCL-based foams

20 wt. % SBA-15

PCL+GF

PCL+GF+TTPB

30 wt. % SBA-15

PCL+GF PCL+GF+TTPB
@1

lom

Figure 16. Digital images of the obtained porous biomateriéis the additivated and composite assays, pregpare
at P = 20MPa, T = 40°C andP /At = 0.3 MPa.mint.A — obtained pure and additivated PCL biomater{@lsvt.

% SBA-15); B — obtained PCL/SBA-15 pure and adatiéd composites biomaterials (20 wt. %); C — ol#din
PCL/SBA-15 pure and additivated composites bionase30 wt. %). Top images — lateral view, Bottiomages

— top view. Scale bar 1cm.
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As can be seen in all the produced biomaterialap@porous skin was always formed
surrounding each one, the same effect was verifiethe filler selection assays and for the
optimization assays, however, and as referred diiose3.2.1, employing a PTFE mould this
non-porous skin thickness is considerably reduesdgan be seen on Figure 16 for all the
produced porous structures, except in the onesiaateid with a mixture of the liquid additives
in a molar proportion of 2:1 and 5:1, since forstdéiomaterials a glass vial was used.

Observing Figure 16 A., when GF is incorporatedersize appears to increase and when TTPB
Is incorporated, pore size appears to decreasethleupore density appears to increase,
comparing with pure PCL and GF-additivated poraosiaterials.

When a mixture of the two additives (2:1) is empldyhe obtained structure presents to be the
highest of all the produced porous structures. blumaterial has increased volume mainly by
its centre, where the additives were added in kiysipal mixture step. This same effect can be
seen in the biomaterial with TTPB added, in thedi@df the porous structure (top view), it is
visible a sudden change in pore size, of circutapse in its centre, in which is visible an
increase in pore size on that area, so it can belwded that the distribution of additives
throughout the polymeric matrix is not completelygnftogeneous. However, when the two
additives are employed together the distributionhef effect of both of them throughout the
matrix appears to be more homogeneous, as the ambiamic liquid is decreased.

Once again, and as referred in section 3.2.1pib$erved a variation on the distribution of pore
size throughout the height of the produced sampleisg possible to observe, in Figure 16 A.,
in the base of each porous strucutre, larger poréise base and smaller ones through the height
of the biomaterials. In Figure 17 is shown a digiiaotograph of an axial cross-section of a
produced biomaterial additivated with TTPB.

Bottom

Figure 17. Axial, top-to-bottom, cross-section of a PCL+TTBi®material at P = 20MPa, T = 40° C and a
depressurization rate of 0.3 MPa.min-1. Scale banl

As can be seen, in Figure 17, in the base of theyscbiomaterial, pores are much larger than
in the top section. As referred, this effect migatdue to the diffusion of GOnolecules out of
the polymer, which is lower in the base of the dtite, during the depressurization step,
possibly because in the bottom the physical rasistaf the vitrifying polymer is greater and
when CQ molecules leave the bubbles nucleated in the tmotteey find less resistance and
leave the polymeric matrix in a faster way, havanggher diffusivity out of the polymer in the
top layers. In Figure 17 it is also possible toashe that the dispersion of TTPB throughout
the polymeric matrix is not homogeneous, since tde/dhe centre of the biomaterial the
number of pores appears to increase, due to theteff this additive.

When 20 wt. % of SBA-15 is added, Figure 16 B., lieeght of all the produced composite
porous biomaterials appears to decrease, and ticlgarare found to be released from the
strucutres. This can be indicative that SBA-15 ipls are all incorporated within the
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polymeric matrix. The decrease in height might be tb the existence of smaller pores in the
composites. When GF is added to the composite lerah the same effect as in non-
composite biomaterials is observed, this additeads to the formation of very large pores,
heterogeneously dispersed throughout the polymmatrix. When TTPB is added, the
biomaterial height increases, showing that eithleas larger pores or has pores in high number,
revealing, again, that these additives increasestihability of CQ in the polymer, mainly
TTPB, as so appears.

When a mixture of the additives is employed itishie, Figure 16 B., for a molar proportion
of 2:1 the obtained structure is not neither homeges nor compact, since a very disordered
structure was obtained. As the amount of GF issimeed, the porous strucutres appears to be
more homogeneous, as well as the dispersion dfilkes throughout the polymeric matrix,
since GF acts as a polymer compatibilizer, as d@rpedhe effect of TTPB is also visible, since
smaller pores and in large number appear to beedrmue to the increase in height of the
additivated composite biomaterials (visible in tt@mposite biomaterial produced with a
mixture of 3:1), and when the amount of GF increas®l the amount of TTPB decreases (5:1),
larger pores appear to be formed. Observing Figérd., it is clearly that the interaction
between these two additives is very important igdato the main objective comprising the
production of composite biomaterials with homogergedispersion of the filler, with high
porosity.

Composites with 30 wt. % of SBA-15 were obtainethve very heterogeneous dispersion of
the fillers. First, observing Figure 16 C. (PCL3ing only PCL the polymer did not had the
capability to plasticize, and incorporate completdle SBA-15 nanoparticles within its
structure. As can be seen large amounts of SBAdkfcfes were not incorporated at all
remaining in the bottom of the flask (a glass flasks employed in order to allow the visual
effect). Adding GF to the mixture, more SBA-15 agel to be incorporated by the polymeric
structure, what was expected since GF acts asympolcompatibilizer with the inorganic
particles, allowing a better incorporation, howe\ard the obtained porous structure was not
homogeneous. As can be seen in Figure 16 C. (PC),#8hRes on the porous structure with
inorganic agglomerates and areas with only polyweme obtained, what was indicative of a
poor mixture of the SBA-15 with PCL. Several attésnpere performed achieving always the
same results (a very poor distribution of the iamig particles within the polymeric matrix).
When a mixture of GF and TTPB (2:1 molar) was ipooated, again it was not achievable a
composite biomaterial with a macroscopic homogeselstribution of the inorganic particles
in the polymeric matrix, Figure 16 C. (PCL+GF+TTEBL)). With this mixture an even better
incorporation was achieved, comparing when onlyaE added, still, and once again, a phase
separation was observed, as can be seen theseg@n of the porous structure rich in polymer,
in which the structure has grown (with large pades to the action of TTPB), and another
section which has not grown as much as the otherdure to the presence of large amounts of
SBA-15 particles, originating smaller pores. Agaseyeral attempts were made with this
mixture and SBA-15 proportion, and the same resuiie always achieved (a separation of
phases). Analysing the obtained results, macrosabpj it can be said that the maximum
amount of SBA-15, which can be incorporated by Pfolamed with scCg is within the
interval [20, 30[wt. %.

Due to the obtained results, the incorporation®@i8. % of SBA-15 particles within the PCL
polymeric structure was discarded, since compogitdshomogeneous dispersion of the filler
could not be obtained, and biomaterials with otlemposition, of the mixture
PCL+GF+TTPB, were not performed. Still, the produ@®rous structure with 30 wt. % of
SBA-15, presented in Figure 16 C., were charaadrizgarding its microscopic, mechanical
and thermal properties.
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Scanning Electron Microscopy (SEM)

SEM imaging was employed in order to analyse thephnaogy of powdered PCL and of SBA-
15 nanoparticles, in Figure 18 A is showed theiobthSEM photographs from PCL powder
and in Figure 18 B is showed the obtained SEM mragghs from SBA-15 nanopatrticles. These
materials were used as showed and physically npredously to the SFM processing of each
sample.

Figure 18.SEM photographs of PCL powder (A.) and SBA-15 pariitles (B.) both with a magnification of
X100. On the right top corner is showed a detagach photograph at a magnification o X1000 for Rfdwder
(A.) and at a magnification of X3000 for SBA-15 oyarticles (B.). Scale bar represents 100 um fatpgraphs
at a magnification of X100, 10 um for photographsanagnification of X1000 and 1 um for photographs
X3000.

Figure 18 A is very elucidative about the beneditgreparing PCL from pellet into powder
form. As can be seen PCL grains have a very largerficial area, since these particles appears
to be formed by smaller particles “glued” one totlwer, forming larger agglomerates. Due to
the irregular shape of these smaller particlesealagglomerates (PCL powder particles) show
a very large surface roughness which increasegptmalers surface area and aspect ratio
(although no suitable technique was employed tosomeaPCL powder surface area). This
increase in surface area enhances the mass trafis» molecules into polymer chains,
allowing a faster solubilisation of Ganto the polymer, throughout the SFM process. FEgu
18 B., shows that the large majority of SBA-15 naamticles agglomerates into larger particles.
This tendency difficult largely the physical mix¢ustep in order to achieve homogeneous
distribution of these particles throughout the podyic matrix, making it very hard to achieve
composite biomaterials with homogeneous dispergfahe filler. In order to avoid this, and
achieve composites with homogeneous dispersioheofiler (with good spacial distribution
of SBA-15 nanoparticles in the porous structurels iexpected that GF, acting as a polymer
compatibilizer between PCL and SBA-15, will enhariee distribution of the filler in the
composite biomaterial. It is also noticeable thBASL5 particles and agglomerates present a
very high surface roughness, yielding into largéeme area, which will promote the production
of composite porous biomaterials with increasefaserarea and aspect ratio.

The effect of the employed additives as well asSBA-15 nanoparticles on the morphological
properties of the produced composite biomaterigds wssessed with SEM. The obtained
photographs are shown in Figure 18 for pure andgtisdtbd PCL biomaterials, in Figure 19
for pure and additivated PCL/SBA-15 composite (20%) biomaterials and in Figure 20 for
pure and additivated PCL/SBA-15 composite (30 wth¥ematerials for three magnifications
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(X35, X100 and X5000, the latest is a magnificatba pore surface from the porous structure
of the biomaterial).

As can be observed in Figure 19, the changes imttrphology of the porous structures are
very clearly when additives are employed, as wektauctures with heterogeneous pore size
diameters. When GF is added, the plasticizer effact be verified, since larger pores are
obtained, comparing with pure PCL biomaterial, fawog the homogeneous nucleation
mechanism which by decreasing the surface tenditimeanixture molten PCL+scCGQleads

to the formation of larger pores. The surface mm&if the mixture is even further decreased,
and the plasticizer effect enhanced, when TTPRnwloyed, favouring even more the
homogeneous nucleation, leading to an increasgténaf nucleation which is translated into a
larger number of pores. This effect of both adégivs even more elucidative when a mixture
of both is employed. By reducing the surface tem&ibthe mixture, these additives increase
the solubility of CQ in the polymer, leading to the formation of largeres (more C@intake

by the polymeric chains) and in larger number, #ifect appears to be enhanced by TTPB,
since smaller pores and in larger number are egs@ldom more C@dissolved in the polymer.
When these additives are incorporated either adoimea mixture of both, the surface roughness
of the pore walls of the produced biomaterials appé¢o increase, which might be due to the
increase of solubility of C®in the polymer, which during the depressurizastep will drag
the vitrifying polymer, increasing the surface rbogss, which is better evidenced in Figure 18
on the porous biomaterial produced with a mixturéhe two additives in a molar proportion
of 2:1 (Karimiet al, 2012; Salernet al, 2013; Salernet al,, 2014).

When a mixture of these two additives is employed molar proportion of 2:1, even larger
pores are formed. As the amount of GF is increaseddof TTPB decreased, the morphology
of the porous structures appears to approach thmphology observed when only GF is
incorporated, since the morphology of the biomatgroduced with a GF+TTPB mixture of
molar proportion of 5:1, is the closest one to therphology presented by the biomaterial
additivated with only GF, which is understandabtes this is the mixture in which a larger
amount of GF was added. The ionic liquid appeafsie a role in the mixture which leads to
an increase in the interconnectivity of the posasr(ple with a mixture with a molar proportion
of 3:1) as well as an increase in pore size (sanvhlea mixture with a molar proportion of
2:1), although no other technique was used to ohetereffectively the interconnectivity of the
produced porous materials. When PCL is additivaii#ida mixture of GF and TTPB in a molar
proportion of 2:1, the structure presents a moioum distribution, of very large pore sizes,
when comparing with the other incorporated mixturEse obtained biomaterial additivated
with a mixture in the proportion of 3:1, appeardéothe material with higher interconnectivity,
presenting a very number of open pores with conmexto other pores, as can be seen in the
photograph with a magnification of X100 (middle igesof the sample PCL+GF+TTPB (3:1)),
which shows an open pore with pores in its surf@menecting it to other pores creating a
“communication” network. This effect can be duethie porogenic action of TTPB, which
decreases the surface tension of the mixture (mpibdymer+scCe@) allowing an increase in
the intake of C@ molecules within the polymeric structures and ¢aéter increasing the
solubility of CQ in the polymer which leads to a formation of mbubbles of C@enhancing
the formation of larger and more interconnecteagppas referred. Same results were achieved
in a previous work, in which adding these additjyesrous materials with larger average pore
diameters and with an increase in surface roughmess obtained (Rosa, 2013). Thus, Figure
19 is very well elucidative of the effects of thm@oyed additives, as well as their mixtures
towards the development of hard tissue engineenaigrials.
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Figure 19. SEM cross-section photographs of the producedyshiomaterials of pure and additivated PCL at R&MPa, T = 40°C andP/At= 0.3 MPa.min-1. The presented
magnifications from top to down are X35, X100 a®@00, respectively. Scale bar for X35 — 1mm, fd@dX1500pum and for X5000 - 10pum.
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Figure 20. SEM cross-section photographs of the produced ositgporous biomaterials of PCL and SBA-15 (20mjtat P = 20 MPa, T = 40°C antlP /At= 0.3 MPa.min-1. The
presented magnifications from top to down are X3B)0 and X5000, respectively. Scale bar for X3&wlfor X100 - 500pum and for X5000 - 10pum.
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PCL+GF+TTPB

PCL PCL+GF (2:1)

1KV XIS

30 wt. %
SBA-15

Figure 21. SEM cross-section photographs of the produced ositgpporous biomaterials of PCL and SBA-15
(20 wt. %) at P = 20 MPa, T = 40°C aid® /At= 0.3 MPa.min-1. The presented magnifications ftomto down
are X35, X100 and X5000, respectively. Scale baX8b — 1mm, for X100 - 500pm and for X5000 - 10pm.

When SBA-15 nanopatrticles (20 wt. %), as can ba se€igure 20, are incorporated in PCL,
or in mixtures of PCL+GF/TTPB, organic/inorganicngoosites are produced, changing
radically the morphology of all the produced conifoporous bioamterials. The nanoparticles
have great effect on the number of pores obtainetthe porous structures, as can be seen,
comparing pure PCL biomaterial with PCL/SBA-15 {0 %) composite biomaterial, one can
see the formation of a greater number of poresapptrently in smaller size. The obtained
pores appear to be much more interconnected, ladngst every one open. The surface of
each one, as seen in Figure 20 (PCL X5000), presaench more roughness and thus an
enhanced superficial area. Observing the surfadeeotomposite it is clearly that SBA-15
nanoparticles have a tendency to agglomerate anddoeas of the biomaterial very rich in this
filler and others with almost none, not being achik a perfect distribution of the particles
(Jacobset al, 2008). These nanoparticles act as heterogenagtisation points, favouring
heterogeneous nucleation, that by being more eteajg favourable than homogeneous
nucleation occurs preferentially, yielding porousniaterials with smaller pores, but in larger
number than on non-composite biomaterials, whenedg@neous nucleation is favoured, since
there is no interface (ensured by the presencleoh&noparticles) to favour heterogeneous
nucleation mechanism. This effect is very well petore in all the additivated and non-
additivated composite porous biomaterials, as ptesan Figure 19, and was showed by other
authors. (Jacobet al, 2008; Rosa, 2013; Collireg al, 2010; Whiteet al,, 2012; Fanovich and
Jaeger, 2012).

Incorporating GF to the composite, larger poresoétained with walls presenting very small
pores within, resulted from the action of the naartiples throughout the SFM process. The
effect of this polymer compatibilizer is well peptee, comparing the non-additivated
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composite with the GF additivated composite, incihagglomerates of SBA-15 tend to be
more displaced between them revealing an enhanspérdion of this filler throughout the
polymeric matrix, however these agglomerates didmstmed. Adding TTPB instead, leads to
a formation of even larger pores and to an evehlyigterconnected structure (as it seems)
with more open pores, leading to a very rich irgere communication network, which is
justified once again through the effects promotgthle incorporation of this ionic liquid, which
has great affinity with C®

As the GF amount is increased, adding to the coitgsos® mixture of this polymer
compatibilizer with the ionic liquid, larger poragpear to be formed on the biomaterials. When
a mixture in a molar proportion of 2:1 is employ#te sample appears to present a very high
density of pores, with heterogeneous pore sizeiloigion (as seems analysing Figure 20,
(PCL+GF+TTPB (2:1))) however, and possible duehtopresence of a high number of small
pores and very large pores as well, the sampleverysbrittle, and as can be seen, pores walls
collapsed, despite this, it is still visible th&etmorphology of this biomaterial presents a
structure with open pores. Adding to the compdsienaterials a mixture in a molar proportion
of 3:1, an intermediary morphology was obtainedveen the one obtained when mixtures in
a molar proportion of 3:1 and 5:1 are added, withce again, a heterogeneous pore size
distribution, but with a very high density of poréBhe morphology of the additivated
biomaterial with a mixture in a molar proportion®fl is the one which presents the largest
pores. Due to that, it is possible to see, obsgrthe photograph of the magnification of X100,
that the porous structure presents a highly intereoted network, with smaller pores within
the walls of the largest pores.

Concerning to the distribution and existence oflaggrates of SBA-15 nanoparticles within
the porous structure, biomaterials additivated véathmixture of the additives present an
improved distribution of these agglomerates/patichroughout the polymeric matrix, which
was expected since GF acts as a polymer compagéhilpromoting affinity and distribution of
SBA-15 nanoparticles throughout the polymeric matand TTPB which acts as both a
plasticizer and as an agent promoting the distobudf GF, and consequently the SBA-15
nanoparticles, due to its good affinity, ensureditgyphosphonium group, with the €O
molecules, which when diffusing within the polynuestructure, carry the ionic liquid and GF,
enhancing a good distribution of the filler yieldimn homogeneous dispersion of it in the
composite (Diagt al, 2012; Liviet al, 2014). Of all the produced additivated comp@sitéh

a mixture of the two additives, and presented igufé 19, the one which presents better
dispersion of the filler throughout the polymeriatnix is the one additivated with a mixture in
a molar proportion of 2:1. The other proportionsrokture, ensured good distribution of the
filler, analysing the obtained SEM photographs,diilitwith agglomerates in the inner surface
of pores from the biomaterial, yet smaller and dretpatially distributed than when only an
additive was incorporated.

Increasing the amount of the filler from 20 wt. 830 wt. %, the same effects are obtained,
concerning the morphology of the biomaterials, b much more evident fashion, as can be
seen in Figure 21. The non-additivated composith @0 wt. % of SBA-15 particles presents
a structure rich in very small pores, which asmefi is due to the heterogeneous nucleation
points ensured by the nanoparticles of the filkex,well as pores surfaces with a very high
roughness. In this porous structure the agglome@téhe filler are very well perceptive and
some SBA-15 aggregates can be seen to not becpdastby the polymeric matrix and are not
part of the composite, as shown as well in FigeAlk additives are added to the composite,
such as GF, the distribution of these particlesmnigroved, as more particles appear to be
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incorporated by the polymeric matrix. The incorpimta of GF to this composites also induces
the formation of larger pores, due to its poroge&fiect. Producing a PCL/SBA-15 composite
biomaterial additivated with a mixture of GF andPH in a molar proportion, led to the

formation of small pores but in larger number, tiveimen non-additivated composite was
produced. This mixture also induced a better distron of the filler throughout the polymeric

matrix, promoting a better dispersion of the filklaroughout the polymeric matrix, when

comparing with composite non-additivated and GFtadded biomaterials.

From the morphological analysis ensured by SEMstatys clearly that when SBA-15 is
incorporated, producing an organic/inorganic contppgssential morphological properties,
for hard tissue engineering application, are addeFirstly, hard tissues, namely bone, as
referred, is an organic/inorganic composite, tteelpced PCL/SBA-15 composite biomaterials
are of same nature and secondly, interconnectodityhe porous structure appears to be
enhanced by the presence of this nanoparticlegelhas the presence of a great overall porosity
and heterogeneous pore size distributions. Alstingdadditives such as GF and TTPB, helps
improving crucial properties such as surface roegknopen pore structure and distribution of
the fillers through the polymeric matrix, whichalls a better cellular adhesion (Reverchon
and Cardea, 2012; Reverchetral, 2008). From the SEM analysis, it was possibleotaclude
that incorporating a mixture of the two additivegtie composite biomaterials (20 wt. %) is the
best approach to achieve the desired morphologicaerties towards the development of
materials for hard tissue engineering applications.

In every sample prepared with GF and SBA-15 narmpes in both filler compositions, the
appearance of “fibre™-like structures was alwaytsiasal, as shown in Figure 22. When TTPB
was added to this mixture this effect was obsetodze more dispersed throughout the sample.
The visible amount of these “fibre”-like structuriesreased with the composition of SBA-15
and GF in the composites. In non-composite biomaseprepared with PCL and GF no such
structure was visible, despite all the efforts.composite and non-composite biomaterials
additivated only with TTPB, again no such structwes visible. In Appendix H, are shown all
the photographs of the samples in which those tsires were found as well as all the efforts
made in order to understand their nature and mesinaof formation.

A.

10 pm

Figure 22.SEM photographs of the observed tube-like strestuiound, at a magnification of X5000, on
biomaterials produced at P = 20 MPa, T = 40 &®,/At = 0.3 MPa.min'. A. Composite biomaterial with 20 wt.
% SBA-15 and additivated with a mixture of GF afdPB (3:1); B. Composite biomaterial with 20 wt. B8

15 and additivated with a mixture of GF and TTPBLJ5
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As seen on Figure 22, these “fibre”-like structuagpear to be formed only where SBA-15
agglomerates are found. A possible explanationti finding is that SBA-15 is partially
soluble on GF, due to its affinity with the hydrdphend of GF, and upon depressurization,
GF is dragged by COnolecules leaving the polymer, guiding the formatf these structures
in height. A possible mechanism of formation ofsstructures is found in Appendix H.

Average Pore Diameter

The horizontal Feret diameter was determined aadWerage pore diameter calculated, based
on the SEM photographs for each sample. An examiptbe obtained results is shown in
Appendix E, Figure E 1. The used method to detegrthie average pore diameter is explained
in Appendix E in further detalil.

In Table 4, are displayed the average pore dianf@teach produced porous biomaterial, based
on the obtained photographs by SEM imaging.

Table 4. Average pore diameter for each produced biomaltati# = 20 MPa, T = 40°C andP /At = 0.3
MPa.mint, based on morphological analysis by SEM imaging.

SBA-15 content Biomaterials Average pore

(wt. %) Composition diameter (um)
PCL 585.7 £ 153.7
PCL+GF 1136.4 £435.8
0 PCL+TTPB 390.2 £109.6
PCL+GF+TTPB (2:1) 1851.8 +918.3
PCL+GF+TTPB (3:1) 432.8 +147.3
PCL+GF+TTPB (5:1) 700.0 £ 165.0
PCL 195.2 £104.9
PCL+GF 224.2 £106.4
20 PCL+TTPB 171.7 £59.5
PCL+GF+TTPB (2:1) 318.9+131.9
PCL+GF+TTPB (3:1) 258.9+754
PCL+GF+TTPB (5:1) 246.5+79.1
PCL 89.1+34.3
30 PCL+GF 1146 £32.5
PCL+GF+TTPB (2:1) 89.8+£12.0

The calculated values for average pore diametefiroothe observation made on the analysis
of the SEM photographs. Adding GF to PCL, leadariancrease on average pore diameter,
from 585.7 + 153.7 um to 1136.4 + 435.8 um, anlightty decrease is observed when TTPB
is incorporated, but as seen previously the inaatpmn of this additive leads to an increase in
pore density and interconnectivity. When a mixuiréhe two additives is employed, very large
pores (1851.8 £ 918.3 praje obtained using a molar proportion of 2:1, degpie very large
deviation obtained. Increasing the amount of Geyaye pore diameter decreases for a molar
proportion of 3:1 and increases for a molar praparof 5:1, which is in accordance with the
observation made previously. This effect, as refisrcan be due to the porogenic effect of GF
on the SFM process, combined with the effect of B'DR the formation of pores.
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In Table 4 it is also clearly that when nanopagscbf SBA-15 are incorporated, producing
composites biomaterials (20 wt. %), average paaendier decreases, from 585.7 + 153.7 um
to 195.2 £ 104.9 um, which as referred is due ® lleterogeneities originated by the
nanopatrticles, leading to a nucleation of more 6dbbles yielding porous structures with high
pore density and with decreased average pore diametthe composite biomaterials the
incorporation of GF and TTPB has the same effedhasn-composite ones, leading to an
increase on average pore diameter, due to theargpaic effect promoting as well a higher
incorporation of SBA-15 nanoparticles within therified polymer, as seen on Figure 20.
Adding to the composite biomaterials a mixturehs two additives leads to the same effect
verified for non-additivated and non-composite babenials except when a mixture in a molar
proportion of 5:1 is used. With a mixture of 3:1dat1 approximately the same values for
average pore diameter were obtained, which coudevghat the optimum amount of GF, for
better dispersion of the nanoparticles, in the amets probably within this interval. Increasing
the amount of SBA-15 nanoparticles incorporatedieisfied, in the composite biomaterials
from 20 to 30 wt. %, a decrease in average poreeatiexr, what was expected and confirms the
visual observation by SEM imaging. When a filleingoduced in the SFM process, they act
as heterogeneities promoting the formation of laageount of bubbles which leads to
biomaterials with smaller pore sizes but with veasge porosity and surface area. In these
composite, the effect of GF is also noticeablegasing the average pore diameter, as well as
the effect of TTPB in the mixture with molar propon of 2:1, leading to a decrease on the
diameter of pores.

Observing Table 4, composite biomaterials (20 w}. & presented as the main suitable
candidates towards the development of materialshéod tissue engineering applications,
regarding their average pore diameter, since theyimathe suitable range for these type of
applications with macropores in the range of 3008, as presented in Table 1, being these
interval the most suitable to tissue ingrowth. Byserving Figure 20, they also present
mesopores, which induces degradation of the métefieient loading and release of bioactive
compounds and good diffusion of body fluids thromgithe matrix. The high deviation values
obtained, confirms the presence of a very hetere@en distribution of pore sizes, which for
the proposed hard tissue engineering applicataseferred on section 1, is a desirable feature.
Among these composite biomaterials, the ones adtktl with a mixture of the two additives
are presented as even more suitable materialsafor titssue engineering, they present pores
within the optimum range for tissue ingrowth, thiaiterconnectivity appears to be enhanced
and their surface area appears to be greater, goitll roughness, allowing better cellular
adhesion and proliferation, as well as efficientrient diffusion (due to the presence of more
open pores, which appear to communicate) (Saletrat, 2010 (a); Reverchon and Cardea,
2012; Reinwalcet al, 2014; Fanovich and Jaeger, 2012; de Matad, 2013)

The very same trend was observed in previous waskRosa, shows that incorporating GF in
the SFM process leads to a formation of porousttras with larger pores and when TTPB is
added smaller pores are obtained in those strisctlrehis work, however, when a mixture of
the additives (2:1) is employed a slightly increaseverage pore diameter is observed, despite
Rosa showed a slightly decrease, from pure PCLysostructure. This difference can be
explained since for this analysing only a smalaartthe porous material was analysed, as well
as for SEM sampling the materials had to be cuttwbald have led to the destruction of the
larger pores leading to non-representative areakweoimaterial. In this work, at least four
samples of each porous material were analysed tisveetermination of average pore diameter.
Adding nanoparticles of SBA-15, producing compositematerials, it has also been shown
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that leads to a formation of smaller pores, agrede an increase on pore density and overall
porosity of the biomaterials, the same trend, iasirey the amount of fillers was observed. de
Matos and co-workers, also showed that adding m&eflead to a decrease on average pore
diameter. Salerno and co-workers also verified rameiase in average pore diameter when
incorporating plasticizers in the SFM process oL lBG-polymers, verifying what was expected
towards the effect of these additives in the SFBtess, lowering the surface tension of the
mixture molten polymer+scCOeading to an increase on the solubility of Ofthin the
polymer (Rosa, 2013; de Mateskal, 2013; Salernet al, 2013). Observing the obtained high
deviation values it can be concluded that all thedpced porous biomaterials are highly
heterogeneous, presenting a wide distribution of pzes, as seen in Appendix E. This feature
is advantageous concerning a hard tissue engimeapplication, since a wide distribution of
pore sizes are required for cell adhesion, growth@oliferation.

Pore density was also measured for all the prodpoeaus biomaterials except the produced
composite biomaterials with a filler composition 80 wt. %, using Image J software,

considering the obtained images from SEM imaginigis Tmeasurement serves only as an
estimation of the pore density of the produced litemals, since for some samples the
measured photographs were not representative amtir@ porous structure (since for others,
more samples were analysed). The calculation o plensity was performed based on the
equation proposed by Salerno and co-workers (Saktral, and presented on Appendix E,

equation E 3. The obtained results are also predemtd discussed in Appendix E.

Energy-Dispersive X-Ray Spectroscopy (EDS)

The presence of the fillers and both additivesha produced porous biomaterials were
confirmed using EDS, coupled to the SEM apparatnsyugh the identification of the
distinctive chemical elements of each compound h& produced additivated and non-
additivated composite porous biomaterials. In Feg2@ is showed an EDS punctual spectra of
all the identified chemical elements within the raafditivated composite biomaterial (20 wt.
%).
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Figure 23. EDS spectrum of the produced non-additivated caitgpdiomaterial PCL/SBA-15 (20 wt. %). A —
SEM image, obtained from a pore surface with a nfangition of X5000, scale bar — 10 pm. B. — EDSctjaeof
the identified chemical elements.

The obtained spectra, presented in Figure 23, wosfihe presence of SBA-15 (S)Particles
by the identification of the chemical element SheTchemical elements C and O were also
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identified, resulting from the polymeric matrix,cam the case of O, also from the SBA-15
nanoparticles. The high intensity on the Si peakeals that there are agglomerates of SBA-15
nanoparticles, resulting from their tendency tarfauch structures. Chemical element Au is
resulted from the coating of the sample previoutéoanalysis.

In Figure 24, is showed a mapping of the chemitshents detected by EDS, as well as the
obtained spectra, from an additivated compositmhbterial with a mixture of the two employed
additives in a molar proportion of 2:1 (20 wt. %).

A B L D.

Figure 24. EDS mapping image of the produced additivated awmitg biomaterial (20 wt. %) with a mixture of
the two additives in a molar proportion of 2:1.-AObtained SEM image of the additivated compositmaterial
at a magnification of X150, scale bar — 250 pm:Bnapping image of the chemical element C; C. —pimap
image of the chemical element O; D. — mapping imafgithe chemical element P; E. — mapping imagehef t
chemical element Si; F. — mapping image of the atedralement S; G. — mapping image of the chengileahent
N; H. — mapping image of the chemical element F;EDS spectra of the identified chemical elements.

Analysing Figure 24, it is possible to see that SEAnanoparticles are very well distributed
throughout the polymeric matrix, since in Figure 24 the EDS mapping shows very few
agglomerates of the nanoparticles, and they aeglgldispersed in all the taken sample. In this
Figure 24 it also visible the presence of the idigjuaid, since is the only additive which has
distinctive chemical elements in its structure frtéme polymer, such as P, S, N and F, as
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previous seen in Figure 4. These chemical elemgets also detected by EDS but in not a
much accentuated way when comparing with CarbonGany@ien because these elements are
present in a very large amount that the elemerdasackeristic from the ionic liquid, which is
also noticeable in the obtained EDS spectra (Figdrk). In the EDS spectrum, gold (Au) was
detected, but this detection is neglected sincasahngples was sputter-coated with gold.

Mercury Intrusion

Porosity, average pore diameter, skeletal and dhetisity and total pore area were determined
using mercury intrusion. The obtained results & in Appendix D, Table D 3, the results
of skeletal and bulk density are only shown in frable and are not discussed in the main body
of this work, since helium picnometry provides imf@ation concerning the real density of the
produced biomaterials and therefor only the obthmesults of density, from this technique are
discussed here. As referred, due to the inabibtyobtain a reproducible feature on the
composite biomaterials prepared with 30 wt. %, ¢hesere not further morphologically
characterized.

In Figure 25 is shown the porosity of the produlbganaterials as function of the incorporation
of the two additives, alone and in mixture (threaanproportions) and of the incorporation of
SBA-15, an inorganic filler.
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Figure 25. Porosity, determined by mercury intrusion, of ftepared biomaterials at P = 20 MPa, T = 40 °C
andAP /At = 0.3 MPa.mintfor 2h for the additivated and composite ass{Is.0 wt. % SBA-151 - 20 wt. %
SBA-15.

As seen previously in Figure 19 and confirmed lmyuFe 25, the incorporation of TTPB yields
into porous biomaterials with high porosity. As sefom the employed additives, the ionic
liquid is the one which yields into a porous staretwith higher porosity (41.2 0.2 %), when

SBA-15 is not incorporated. This is result from giasticizer effect of TTPB, which enhances
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the absorption of more G@nolecules within the polymeric chains, by incragghe solubility

of CQ in the polymer due to its phosphonium group witimay to CO2. TTPB lowers the
surface tension of the mixture molten polymer +@g@&onsequently lowering the activation
energy for homogeneous nucleation to occur, inangdle nucleation rate of stable nucleus of
CO, yielding into porous biomaterials with increageuiosity. By these means, and observing
Figure 25, it is shown that TTPB has greater ptasdr effect than GF, since more €8
dissolved into the polymer by its action (Tsimpdiaret al, 2012; Karimiet al, 2012; Salerno
et al, 2013; Salernet al, 2014). As seen previously in Figure 19, as wedorporating GF
yielded into the formation of very large pores e prepared biomaterial. The existence of
very large pores, but in low density (low numbepofes per volume of material), yields into
materials with lower porosity.

Incorporating in the PCL-based biomaterials a mixtof the two additives yielded into
materials with lower porosity than the pure PCLnb&terial, except when a mixture in the
molar proportion of 3:1 was employed (3&53.9 %). Since, as seen previously, the action of
GF leads to a decrease in porosity, since it yigitts structures with very large pores, and
TTPB yields into structures with higher porosity, @timum, concerning the porosity of the
material, appears to be found in this molar praporof the mixture of the two additives.
Although, the biomaterial prepared with a mixtuneaimolar proportion of 2:1 (the richest in
TTPB) should present larger porosity of the thyext, as seen previously in this section, the
incorporation of this mixture yielded into biomasgs with a very heterogeneous structure with
the presence of very large pores. And the bionatg@repared with a mixture in a molar
proportion of 5:1 (the poorest in TTPB) should prdsa lower porosity, however it does not
happen. This is indicative that the influence orogiy of both additives when added in mixture
Is not linear.

The incorporation of SBA-15 nanopatrticles in a cosipon of 20 wt. %, on a non-additivated
porous biomaterial, led into an increase on th@gity of the porous structure. The presence
of these inorganic particles within the SFM progcessures an interface with the organic phase.
They act as heterogeneous nucleation points, favgpteterogeneous nucleation mechanism
(energetically more favour than the homogeneoushargsm), yielding into the formation of

a large number of pores, but in smaller size. Dnmétion of a very high density of pores leads
to biomaterials with increased porosity. The samed was also found and reported by several
authors in literature (Jacobsal, 2008; de Matost al, 2013; Rosa, 2013; Collired al., 2010;
Tsimpliarakiet al, 2011).

Once an additive is added to the composite bionahtg@orosity decreases, as seen in Figure
25. This can be due to presence of larger poresgi by action of the additives, which favour,
in their turn, homogeneous nucleation. In the caisedditivated composite biomaterials,
heterogeneous nucleation competes with homogemeecisanism for available GCSince the
first is more energetically favourable an increaseporosity, from the non-composite
additivated to the composite additivated biomateris visible (Jacobst al, 2008; Whiteet

al., 2012). Incorporating GF, a clearly increase anogity is visible, from the non-composite
biomaterial, from 8. A 1.6 % to 28.6t 4.7 %. The high deviation obtained, can be indieat

of a poor distribution of the SBA-15 nanoparticlelewever, in order to perform this analysis
the sample had to be cut into small pieces, whithdchave led to the loss of inorganic content
and/or destruction of the formed pores, since, adbserved in Figure 20, large and highly
interconnected pores appear to be formed, anddugtien of the sample size, these large pores
could have been destroyed. Adding TTPB to the cait@diomaterial, led to a reduction in
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porosity, which could be due to the poor spatiatribution of the inorganic particles
throughout the polymeric matrix.

Again, incorporating to the composite biomateriahiature of the two additives an optimum
is found when this mixture is in a molar proportioh3:1, concerning the porosity of the
material. Tough, only an increase in porosity, logiaon of the SBA-15 nanopatrticles, is
visible when mixtures in molar proportions of 2rideb:1 are incorporated. In the case of the
mixture in a molar proportion of 3:1 a reductionporosity is visible, incorporating the filler.
This can be indicative, that the mixtures in mgawportions of 2:1 and 5:1 ensure a better
dispersion of the filler, tough, the obtained pdoss lower than the one obtained with a
mixture in a molar proportion of 3:1.

As seen, highly porous PCL-based biomaterials egoroduced with SFM process suitable for
hard tissue engineering applications, although,amgresented in Table 1 on section 1, even
more porous materials are required. As shown is Work, incorporating a plasticizer like
TTPB and an inorganic filler like SBA-15 the porty2f the porous biomaterials can be highly
enhanced and increased.

In Figure 26 are shown the obtained values of {wba¢ area and average pore diameter from
mercury intrusion of the prepared biomaterialstf@r additivated and composite assays.
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Figure 26. Average pore diameter and total pore area, deteediiby mercury intrusior® ) of the prepared
biomaterials, at P = 20 MPa, T = 40 °C ad® /At = 0.3 MPa.min'for 2h, for the additivated and composite
assays, obtained from mercury intrusiC ). - 0 WiSBA-15[] - 20 wt. % SBA-15.
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The employed technique can measure pores withinrdhge of 0.04-150 pm, so, only
macropores were identified and measured.

The average pore diameter of pure PCL biomatddathe additivated and composite assays,
was found to be 0.2 0.0 um. This finding is different from the one abed for the
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optimization assays (05 0.0 um), tough, for the discussion of the addigdaand composite
assays results the first one was used, since épptimization assays, all the samples were
measured in one batch and for the additivated amaposite assays all the samples were
measured in another batch. So, that the obtairsedtseare comparable within each assay, each
result was used in its own type of assay, not beiggible to be compared between them,
despite the composition and processing conditidngie biomaterial were the same. The
obtained high deviations for total pore area ametdithe fact that this parameter is not a direct
measure of the technique and so these high devsatice obtained, even so it is possible to
analyze and discuss this property.

Observing Figure 26, generally, total pore areae@ses with decreasing of average pore
diameter. This is due to the high surface arearedslly smaller pores (which are present in
much larger number). This is an important featdreaterials for hard tissue engineering, as
explained, materials with increased surface areares a better cellular adhesion.

Again, by observation of Figure 26, the porogerffea of TTPB is observed. In this porous
structure, larger pores are obtained as well a$ potre area. That is indicative of the presence
of large pores in larger number, which are formad tb more absorption of GOvithin the
polymer. Although, as seen by SEM imaging, addifigyizlded into biomaterials with very
large pores, by mercury intrusion this biomatesgpears with smaller average pore size. This
can be due to the limitations of the employed tegpln the samples had to be cut into small
pieces which, in the case of porous structures vétly large pores, led to the destruction of the
pores inducing in error the analysis. Adding toRit&_-based biomaterials a mixture of the two
additives, larger average pore diameter is obtaméda mixture with a molar proportion of
3:1, with consequently lower total pore area. Addinmixture with a molar proportion of 2:1
yields into biomaterials with lower average poreesand consequently greater total pore area.
Once again, the effect of the individual additiiesnixture is not linear on the morphological
behavior of the porous biomaterials.

The size of the obtained macropores increasedtivincorporation of SBA-15 nanoparticles
(as determined by mercury intrusion), as seengarei 26. This is due to the effect of the filler
in the nucleation mechanism of €®@ithin the polymeric matrix. Similar results wdorind in

the literature, employing the same technique, asathount of inorganic filler increased, also
the average pore diameter increased, despite pexted effect of decreasing the average pore
diameter (as seen by SEM imaging analysis) (de $/et@l., 2013).

Adding GF to the composite biomaterial, a bettepdrision of the filler appears to occur, since
smaller average pore diameter are obtained. Incatipg the inorganic filler in the additivated
biomaterial with TTPB, a decrease on average pameter is observed, which is due to the
induced interface between organic and inorganisg@hacting as heterogeneous nucleation
points, although total pore area was found to deserémay be due to the formation of larger
pores by action of TTPB).

Incorporating in the composite biomaterials a nmmetwf GF and TTPB an even better
dispersion of the filler appears to be enhancee. mixture of both additives, generally, led to
biomaterials with smaller average pore size. Agdua effect of a single additive in mixture is
not evident, the mixture richer in TTPB (5:1) didtded into a porous strucutre with larger
average pore size diameter being the biomateriditiagted with a mixture in a molar
proportion of 3:1 the one reaching the larger ayenpore diameter and consequently lower
total pore area, 0.2 0.0 um and 8.9 0.2 nt.g* respectively.
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Nitrogen Adsorption

Surface area (BET and BJH), pore volume and avegrage diameter (BET) (in the range of
0.2 to 300 nm) were determined using nitrogen gudeoar. The obtained isotherms, for all the
prepared additivated and composite biomaterialsevedrtype Il and type IV, which are
indicative of mesoporous materials, and an exaroplan obtained isotherm is showed in
Appendix D, Figure D 4. The obtained values aredisn Appendix D, Table D 3. In Figure
27 is shown the obtained surface area and ave@gedmmeter of the prepared biomaterials
for the additivated and composite assays, detedrbyenitrogen adsorption.
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Figure 27. BET surface area and average pore diameter, deteunby nitrogen adsorptior® ) determined by
nitrogen adsorption of the biomaterials, preparédPa= 20 MPa, T = 40 °C andP /At = 0.3 MPa.min'for 2h,
for the additivated and composite assd_ls. - @WBBA-15[] - 20 wt. % SBA-15.

As can be seen in Figure 27, since surface agedirect measure of this technique the obtained
deviations are not very high contrasting to avegage diameter, which is an indirect measure,
presenting very high deviations, in some cases.

Concerning to surface area it stands almost immneglighat incorporating with TTPB non-
composite biomaterials leads to the formation ofemals with enhanced surface area (8.6
0.5 nf.g*! comparing to 0.8 0.1 nf.g?! of pure PCL biomaterial). Also, adding additives t
the PCL-based biomaterials always increases tHacguarea of the material. This effect can
be due to the favouring of the homogeneous nuoleanechanism induced by the liquid
additives (lowering the surface tension of the onigj allowing more CO2 to be absorbed and
yielding into the formation of more pore (mainly ine case of TTPB as previously seen).
Concerning to the effect of addition of TTPB on #wface area of PCL biomaterials similar
results were found in literature (Rosa, 2013),@ltih the effect, of incorporation of GF on the
surface area of the same type of biomaterials rtegn literature is contrary to the one found
in this work. Rosa, reported a decrease on sugee once GF was incorporated. Contrary to
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the findings of this work, this results is in aatance to the obtained SEM images as seen in
Figure 19, since larger pores yields into smallefaxe area of the material. Although, in this
work, the number of pores obtained once GF wasrprated, should have been much more
than for pure PCL biomaterial, which translate® ilarger surface area (Rosa, 2013). Tough
the obtained average pore diameter, from nitroglomtion, are almost constant for all the
non-composite biomaterials except when a mixturéheftwo additives is added in a molar
proportion of 3:1, yet in this case the obtainediakon is very high (100.3 70.4 A) so no
conclusion can be withdrawn from this result.

Incorporating SBA-15 nanopatrticles (20 wt. %), proidg composite porous biomaterials, the
surface area of non-additivated biomaterials irsgsdrom 0.8+ 0.1 nf.g' to 1.5+ 0.0 nf.g

1. This effect is due to the presence of a largenler of pores and to the surface roughness
ensured by the agglomerates of the inorganic fikdso, the porous feature of the SBA-15
nanoparticles ensures an enhanced surface areaadpect is very important concerning the
application of such materials in hard tissue ergying applications, since high surface area
enhances cellular adhesion as well as promotedetip@adation of the material promoting mass
transfer between the biological medium and the nat@reinwaldet al, 2014; Fanovich and
Jaeger, 2012).

Once the composite porous biomaterials are adtgtvavith GF the surface area decreases,
which can be indicative of the heterogeneity of @éinalysed sample, since as seen by macro
and microscopic analysis this sample had a cleamgd on morphology from the centre of the
sample to the border (varying accordingly to theezm which the additive was incorporated).
The obtained high average pore diameter is algvi@ence of such heterogeneity, perhaps the
analysed sample is not representative of the pedpaiomaterial, despite the efforts made to
be so. Adding TTPB to the composite biomateriaghkr surface area is achieved with
decreased average pore diameter, comparing toRikebiomaterial. This effect is resulted
from both the action of TTPB (inducing the formatiaf a large number of pores) and the action
of the inorganic particles (ensuring higher surfacea). The surface area reported in the
literature, of additivated PCL/SBA-15 compositerbaterials, decreases comparing the non-
composite biomaterials to the composite ones wvathel amount of filler. It only increases
significantly when a higher amount of filler is orporated (Rosa, 2013).

The additivated composite biomaterials with a migtof the two additives present reduced
surface area comparing to the non-additivated caitgobiomaterial and to the additivated with
TTPB composite biomaterial, although, all are lathan the additivated composite biomaterial
with GF. Of the three employed mixtures, adding>eune in a molar proportion of 3:1 reveals,
once again, as the material with better morpholqgamperties for hard tissue engineering
applications, of the three tested mixtures. Thssiitecan be elucidative that this mixture is the
one which yields into composite biomaterials witttter distribution of the filler throughout
the polymeric matrix.

Figure 28 shows the pore volume of the prepareahaierials for the additivated and composite
assays, determined by nitrogen adsorption.

As seen, pure PCL biomaterial presents a total poleme of 4.7+ 1.4 x 10* cni.g* and
when is additivated with GF this property suffelm@st no noticeable change. Although once
TTPB is incorporated, total pore volume increase$®.8+ 7.1x 10 cn.g™. This is, once
again, indicative of the porogenic effect of TTHRIe to its high affinity to C& more CQ
was absorbed by the polymer, yielding into the fation of more pores, as referred. Similar
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results were reported in literature, when GF ioiporated a decrease in pore volume is
observed, tough when TTPB is added pore volumeasas (Rosa, 2013).

When a mixture of both additives is added to thé BiGmaterial, comparing to the biomaterial
additivated with GF, pore volume slightly incregsesching a maximum with a mixture in a
molar proportion of 3:1, although this sample pn¢esea very high deviation (56:045.2x 10

4 cn?.gl) and no right conclusion can be made.
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Figure 28. Pore volume determined by nitrogen adsorptiorheffirepareciomateriak, at P = 20 MPa, T = 40
°C andAP /At = 0.3 MPa.min'for 2h, for the additivated and composite assays.

Incorporating SBA-15 nanopatrticles and producingposite biomaterials highly increases the
total pore volume of the materials, as seen in f@dftB. The inorganic particles acting as
heterogeneous nucleation sites, promote the nimbeat a high number of cells, yielding into
highly porous materials (Colliret al, 2010; de Matost al, 2013; Jacobst al, 2008). Same
results were found in literature, when an inorgasiocorporated, pore volume increases with
the amount of filler (Rosa, 2013; de Matisal, 2013; Tsimpliaraket al, 2011). Once GF is
added to the composite biomaterial, greater poewe is obtained, this result can be indicative
of a good distribution of the filler throughout tlp®lymeric matrix. GF acts as polymer
compatibilizer (has a hydrotrope feature) betwelea EBA-15 nanoparticles and PCL,
presenting and end on its molecule with affinityP©L and another with affinity to SBA-15,
so distributing the inorganic throughout the magielge and Wolf, 2001).

After a mixture of both additives is added porewoné decreases, which can be indicative that
the competition between the formation of large pqaue to action of the additives) and the
formation of smaller pores (due to action of thierfs) is balanced in the way for the first one.
Similar results were found in literature, when &tuwie in a molar proportion of 2:1 of GF and
TTPB was added to PCL/SBA-15 composites, the pol@we decreased (Rosa, 2013). In this
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case, the mixture in a molar proportion of 5:1 appeo be the one with enhanced dispersion
of the filler, since a greater pore volume was ivigta.

Concerning to the effect of GF on the dispersionhef filler, promoting the production of
composites with more homogeneous dispersion oiinibrganic, no conclusion can be drawn.
Of the performed morphologic analysis several didaot results were obtained, namely from
mercury intrusion and nitrogen adsorption. Futukwon the development of composites
additivated with GF and on their morphologic analyshould be performed, preferentially
analysing the entire sample.

Helium Picnometry

The effect of the liquid additives and of the filtn the real density of the prepared biomaterials
was assessed using helium picnometry. In Appendibable D 3, are listed the obtained results
so they can be compared with the determined bullskeletal density (with mercury intrusion).
In Figure 29 are shown the obtained results ofdeabity of the prepared biomaterials.
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Figure 29. Real density obtained from helium picnometry efglepareciomateriak at P = 20 MPa, T =40 °C
andAP /At = 0.3 MPa.min'for 2h.

Pure PCL porous biomaterial real density was fotiande 1.14+ 0.0 g.cn?®, which is slightly
lower than the value reported in literature (£.D.0 g.cn® by Rosa (Rosa, 2013)) and in the
optimization assays (14 0.0 g.cn¥). The obtained value is also lower than the valdiated

by the supplier (1.2 0.0 g.ct although the difference between the severalindtaresults is
not very high. Since the pure compounds densitpisery different from the obtained density
of the biomaterial of pure PCL, when either GF @iPB are added to the porous biomaterial
or with a mixture of both (except when a mixtureaimolar proportion of 5:1 is incorporated)
the density of the additivated biomaterial varigsel slightly increasingd;r = 1.09 g.crw,
prrpe = 1.07 g.crm).
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The porous biomaterial density is mainly influend®dthe incorporation of the inorganic
particles, due to the high density of SBA-P54,_1s = 1.82 g.cr¥). As seen in Figure 29, the
density of the biomaterials highly increased wiik addition of SBA-15 (20 wt. %). In the
composite biomaterials as there are additivateddéresity decreases, which is due to the
presence of another compound with lower density ®BA-15. In literature the same effects
are reported, when inorganics are added the rewitgeof the porous biomaterials increases
and when additives with lower density are incorpestathe density of the composite
biomaterials decreases (Tsimpliarakial, 2011; de Matost al, 2013; Rosa, 2013).

3.3.2. Thermal and Crystallinity Analysis

Simultaneous Differential Thermal Analysis (SDT)

SDT was used to determine if the method to powd&l Fpellets, SFM process,

plasticizer/polymer compatibilizer, filler and coogite composition had any effect on thermal
and crystallinity properties of PCL. In Figure 3@eashowed the obtained degradation
temperatures and melting temperatures for the emtiyporous biomaterials of pure and
additivated PCL and of composite PCL/SBA-15 addited and non-additivated. The
degradation and melting temperatures of pure (@¢NeL and powdered PCL are also shown.
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Figure 30. Degradation temperaturesll - Pure PCL (pelleti&@CL powder] -0 wt. % SBA-1_] - 20 wt.
% SBA-15[ - 30 wt. % SBA-15) and melting tempeezati ) of the produced biomaterials at P = 20 MFa,
=40 °C andAP /At = 0.3 MPa.min'for 2h, along with pure PCL (pellet) and powderedLP

It stays undoubtedly, by observation of Figure 88 @able F 1 in Appendix F, that the used

method to obtain PCL powder from pellet had nauefice on the degradation temperature (Td)
of the polymer, since for pure PCL (pellet) theanbéd Td was of 415.9@&4 °C and of 416.3

+ 0.3 °C for the powder PCL. Processing PCL withGg®ad, as well, no significant influence on the
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thermal stability of the polymer, having been oh¢gi a Td value of 4144 0.0 °C. A similar trend
was observed by other authors, leading to the asimri that PCL thermal stability is kept
constant before and after exposure to sc@@ran et al, 2008; de Matost al, 2013; Rosa,
2013).

The obtained degradations temperatures for thearaglpure liquid additives, was of 208.2 +
2.4 °C and 403.2 7.4 °C for GF and TTPB respectively. The degradatemperature of the
produced biomaterials is almost unchangeable, @415 nanoparticles are incorporated in
both compositions, yet a slightly increase on tegrddation temperature is reached when 30
wt. % and a mixture of GF and TTPB (2:1) is incagied, which could be explained by a
better dispersion of the filler in the polymeric tnbg leading to an increase on the thermal
stability, what was found by other authors as \(@Henet al, 2012; Rosa, 2013). This thermal
stability achieved with the incorporation of thisefi, might be due to the formation of polymer
networks and inorganic moieties, which appearsitoease when the amount of inorganic is
increased (Cheet al, 2012; Rosa, 2013; Bonil&t al, 2014). This shows that the used method
to mix the polymer with the filler, was used empiay suitable particle size of the polymer,
since if they were too big, the filler would actas impurity, due to the large voids between
the two phases during physical mixture that woadenformed, decreasing the thermal stability
of the composites (Leet al, 2005).

The liquid additives have negligible significanfest on the degradation temperature of the
prepared biomaterials. The only exception is wh&RB is added, in the sample PCL+TTPB,
reaching a lower degradation temperature of 464@0 °C, which is in disagreement with
what was found in previous works, in which the efffef this ionic liquid on the thermal
behaviour of the PCL porous structures was negédiBosa, 2013). When a mixture of the
two additives is used, the degradation temperaiightly decreases. This effect is indicative
that the two liquid additives marginally decrealse thermal stability of the prepared PCL-
based biomaterials. However this decreasing i@t expressive, and in overall the thermal
stability of the biomaterials is kept, when SBA-i&noparticles and the two liquid additives
(pure and in mixture) are incorporated.

The measured melting temperature for pure PCLd&pellas determined to be of 65.2 + 1.8 °C
which despite being marginally out of the intervaported by the supplier (59-64 °C) is in
agreement with the values obtained and reportditenature (Fanovich et al., 2013; de Matos
et al, 2013; Rosa, 2013). After exposure to seGIDP = 20 MPa and T = 40 °C, the obtained
calorimetric behaviour of PCL, is similar to theeoabtained for pure unprocessed PCL, as
shown on the obtained SDT profiles presented oarEgyF 3 and F 4 on Appendix F, since the
melting temperature of PCL is kept almost unchangédl +0.1 °C. This behaviour clarifies
that the polymer underwent complete melting, duthéoeffect of scC®(Kiran et al., 2008).
Increasing the SBA-15 composition within the preplsiomaterials, an increase in the melting
temperature is verified, as seen in Figure 30, doenore accentuated when 30 wt. % is
incorporated. This effect on tAg of polymeric matrixes in organic/inorganic compesitvas
also reported in literature (Chenal, 2012; Bonillaet al, 2014; Rosa, 2013; de Matesal,
2013).

The ionic liquid and the polymer compatibilizertihdhave major influence on thg, of the
produced composite and non-composite biomateriats, is noticeable in Figure 30.
Incorporating GF alone, the decrease Bp is more accentuated even when SBA-15
nanoparticles are added, appearing to decreasenemenwhen the composition of the filler
increases. TTPB has a similar effect but not in ensch accentuated way. When a mixture of
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the two additives is employed, are obtained inteliarg values, considering the effect of both
the additives alone. Again, when SBA-15 compositsoncreased,, values slightly decrease.
This effect clearly shows that PCL was effectivetgdified by the presence of both these
additives, which by decreasiriy, of the biomaterials, both composite and non-contgos
confirming their plasticizer/foaming effect on thelymer during SFM processing.

The obtained results allow to conclude that thedpced composite and non-composite
biomaterials do not melt and/or degrade under lechperature (~37 °C) which allows them
to be used in hard tissue engineering applicatsrsolid biomaterials.

SDT was used, as well, to determine the residuauatof inorganic after exposure the
PCL/SBA-15 composite biomaterials at 700°C. By olat#on of Figure 30, it is clearly that
PCL degrades at approximately 414.7 + 0.0 °C, w&r akposure to that temperature all the
organic component of the composite biomaterialessand the remaining mass is concerned
to the inorganic phase which does not degrade.hBget means it is possible to assess in a
qualitative way, if the produced composites are bgemeous or not In Table 5 is presented the
mass loss, and the real SBA-15 composition ohalliroduced additivated and non-additivated
composite biomaterials.

Table 5. Mass loss and real SBA-15 content of the prodacititivated and non-additivated composite
biomaterials at P = 20 MPa, T = 40 °€P /At = 0.3 MPa.min' for 2h.

SBA-15 content Biomate.ri.als Mass Loss (%) Real SBA-15
(wt. %) composition Content (wt. %)
PCL 80.7+£0.9 19.3+0.9
PCL+GF 86.5+0.2 13.5+£0.2
20 PCL+TTPB 85.3+0.1 14.7 £0.1
PCL+GF+TTPB (2:1) 89.4+£0.9 10.6 £ 0.9
PCL+GF+TTPB (3:1) 84.7+1.7 153+1.7
PCL+GF+TTPB (5:1) 87.7+1.2 124 +£1.2
PCL 79.7 £0.9 20.4+0.9
30 PCL+GF 80.4+1.0 19.6 £1.0
PCL+GF+TTPB (2:1) 81.1+0.2 18.9+0.2

All the produced non-composite biomaterials hadsasses approximately of ~98-99%,
which is indicative that all the organic phase wagraded and there was no inorganic phase
on those biomaterials, as expected, these valeeshawn in Table F2 on Appendix F.

As presented in Table 5, when 20 wt. % of SBA-1Baparticles were incorporated, the
obtained mass losses are within the range of 896,88nd therefore the real silica content in
the range of 19-10%. The biomaterial which presamtsal silica content nearest to the initial
amount added to the PCL powder during the physwature step is the non-additivated
biomaterial with a composition of 20 wt. %. This ane that the filler was homogeneously
dispersed throughout the polymeric matrix in thsnaterial. When the liquid additives are
incorporated, a decrease in the real silica congseobserved, contrary to what was expected,
since GF should act as a polymer compatibilizehaening the distribution of SBA-15
nanoparticles within the polymeric matrix, and TTiPBreasing the solubility of scGan the
polymer should increase even further the distrdwutf GF, when incorporated in mixture, and
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therefore of the filler. However, and consideri@tt SDT analysis was performed with
fractions from the centre of each biomaterial, ¢hadditives, as seen on section 3.3.1., had
large impact on the morphology of the biomaterigiglding into porous structures with
increased average pore diameter. By cutting thendierials those very large pores were
fractured and some of the plasticized SBA-15 ctalde been loose, leading these results into
error. Still, observing Table 5, it is clearly thatditivated composites present a more
homogeneous distribution of the filler. These ressshows that the mixture of molten polymer
+ SBA-15 + additive(s) should be stirred, since SBAhas a density greater than PCL, which
by gravity action will sediment on the mixture, apwlating on the bottom of the biomaterials,
yet to stirrer this mixture will be very difficulsince the viscosity of the mixture is very high
due to the molten polymer.

Once a mixture of the two additives was incorpatatee one which yielded into composite
biomaterials with more homogeneous filler spatiatribution for a composition of 20 wt. %
of SBA-15, was using a molar proportion of 3:1Haligh 5:1 yielded into a very similar result).
These result might be due to the effect of theddiquid which allows a better distribution of
GF and SBA-15 throughout the polymer, by enhantmegntake of C@molecules within the
polymeric chains, due to the good affinity betwdesmphosphonium group (due to the fluorine
atoms) and C&molecules (Jacolet al, 2008).

As seen in Table 5, for the composite porous bienads prepared with 30 wt. % of SBA-15
it is confirmed what was observed and stated basethe morphological analysis for these
composites, PCL does not have the capability torparate the total amount of the filler in this
composition, since all the produced biomateriatsent a real silica content equal and lower
than 20 wt. %, even when additives are employel asa&F, a polymer compatibilizer between
the inorganic and the organic phase. Based on tbehulogical analysis (macroscopic
analysis) and in the mass loss results, it is ptes$o conclude that the optimum amount of
filler that is possible to incorporate is withiretmterval [20, 30[(wt. %), and this study should
be conducted in future work, in order to determiilme@ maximum incorporation capacity of
SBA-15 particles by PCL of this molecular weight.

The effect of the SFM process, the used plastippeogenic agents and polymer
compatibilizer and the SBA-15 nanoparticles on tngstallinity of the obtained porous
biomaterials was evaluated concerning the obtaresdlts for melting enthalpy from SDT
analysis, shown in Table F1 on Appendix F. In Fgg8it are presented the obtained crystallinity
results from SDT analysis. The crystallinity of yrolers is an important characteristic since it
has major role determining its mechanical propgytgich as Young’'s modulus and impact
resistance, as well as it degradation rate, siigfeehmelting enthalpies and higher degradation
temperatures (which lead into higher degree oftalysity) yield into longer degradation times
for biodegradable polymers such as PCL, hinderirgewdiffusion within the polymeric
chains, as well as in drug permeability (Kong aray H2002; de Matost al, 2013; Natiet al.,
2008).
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Figure 31. Crystallinity of the produced biomaterials at P26 MPa, T = 40 °@QP /At = 0.3 MPa.min-1 and t =
2h., obtained with SDT analysis. Legerl: - Pu@iRpellet) and PCL powde[] -0 wt. % SBA-Lb, -20
wt. % SBA-15 - 30 wt. % SBA-15.

SDT analysis allowed to determine the crystallioitpure PCL to be 696 3.3 %. The method
used to obtain PCL powder from pellet, revelleddwe negligible influence on the crystallinity
of the polymer, as seen on Figure 31, showing thviar@tage of using this method, since it has
no effect on thermal and crystallinity propertidstite polymer, increasing its surface area,
enhancing mass transfer during the SFM processeBsong the polymer with scG@t P = 20
MPa, T =40°C andP/At = 0.3 MPa.mirt had, as well, little influence on the crystalljngf

the polymer, contrary to the results obtained mliterature which reported a decrease on the
crystallinity of PCL after scC¢&processing (Rosa, 2013; Jenk&gal, 2006; Kiraret al., 2008;
Shieh et al, 2009). The incorporated additives highly infloed the crystallinity of the
produced biomaterials, decreasing it. This decréaseore accentuated when only TTPB is
added. Once a mixture of the two additives is eygio intermediate values for crystallinity
are obtained, increasing with the GF proportiomitir results were found by Rosa, when
incorporating these additives a decrease on cliystyl determined by DSC, was found to
occur comparing with pure PCL porous material (R@64.3).

The incorporation of SBA-15 nanoparticles lead iata@ecrease in the crystallinity of the
biomaterials, which is more accentuated when a ositipn of 30 wt. % is incorporated. This
composition, as presented above, corresponds &x@ess of filler, which greatly slows and
hinders the crystallization of the polymer (Shetlal, 2009). The presence of the nanopatrticles
within the polymeric structure creates obstaclestfe polymeric chains to rearrange, inhibiting
the free movement of the chains due to the preseittes micropores, and create crystallites,
this happens due to the lack of intercalation betwthe organic and inorganic phase (Rosa,
2013; de Matoset al, 2013; Shiehet al, 2009; Jianget al, 2001). When a polymer
compatibilizer and a plasticizer are added, thetatinity observed is higher, due to the action
of this additives, creating more intercalation kestw the filler and the polymer (mainly due to
the action of GF, which is the one that leads imtgher crystallinity index) since SBA-15
nanoparticles are more dispersed throughout theixmakating less resistance for polymer
chains to rearrange during depressurization (Stti@h, 2009). In the literature several authors
reported a decrease on crystallinity after incamion of inorganic fillers, such as SBA-15 and
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MCM-41 nanoparticles, and other authors reportecresmse on crystallinity after the
incorporation of inorganics within polymeric magg(Rosa, 2013; de Matesal., 2013; Shieh
et al, 2009).

Producing PCL/SBA-15 porous composite biomaterialallows not only to obtain highly
porous structures with high surface area and roegg)ras previous seen on section 3.3.1., but
allows as well to produce thermally stable comgolsibmaterials with controlled and speeded
up degradation rate (lower crystallinity), whicheakey-points on the development of
biomaterials towards hard tissue engineering agfitios. The incorporation of additives such
as GF and TTPB allows to produce composite bionagewith better incorporation of filler
particles within the polymeric structure allowingeiter dispersion of the enhanced properties
by the filler throughout the entire composite biden@l, as well as controlled thermal
properties.

X-Ray Diffraction (XRD)

Molecular weight and crystallinity have been shovesdthe main properties of polymers
affecting their biodegradability. In order to unskand the biodegradability of the produced
biomaterials, crystallinity is an important aspcassess and to control, since it is known that
amorphous regions degrades prior to crystallinéonsg so tailor-made biomaterials can be
produced for the desired specific biomedical/phaeutical application (Yu and Dean, 2005;
Berenset al, 1992). The obtained results of the effect ofubed additives, GF and TTPB, on
the crystallinity of pure and processed non-compd3CL-based biomaterials, was evaluated
and confirmed using XRD. Figure 32 shows the XRRgoas of the prepared non-additivated
biomaterial and additivated biomaterials with o and TTPB. Figure 33 shows the XRD
patterns of the prepared non-composite additivhiedhaterials with a mixture of both the
employed additives in three molar proportions (3:1,and 5:1).
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Figure 32. XRD diffractograms of non-additivated PCL pordoismaterial = ), PCL additivated porous
biomaterial with GF= ) and PCL additivated porousimaterial with TTPB=— ).
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Figure 33. XRD diffractograms of additivated PCL porous biterials with a mixture of the two additives in
three molar proportions, 2:1== ), 3:= )and 5— ).

Observing the diffractograms presented in Figur2saBd 33, the typical PCL crystalline
behaviour is observed. PCL diffractograms, as saeually present broad peaks at
approximately 18° and 23° for amorphous regionsodimer peaks at approximately 25° and 27°
for crystalline regions (diffractions planes (1204 (200) respectively). A crystalline peak was
also identified at 34°, however, has an almostigidg area when comparing to the crystalline
peaks at 25° and 27° (de Mattsal, 2013; Yu and Dean, 2005; Zhaagal, 2005). The
identification of the crystalline and amorphousaares presented on Appendix F, Figure F 6.

The obtained peaks for the additivated biomatenatls GF, as seen in Figure 32, are slightly
broader than for pure PCL biomaterial, which trates into a reduction of crystallinity, since
the amorphous region is larger, from 6F.8.2 % to 62.6 0.6 %. When TTPB is incorporated

a slightly increase in crystallinity to 684 0.5 %, is observed. The presence of the additives
decrease the intensity of the crystalline peakseas for the biomaterial of pure PCL, higher
intensity peaks are obtained.

The molecular structure of the polymer and initigfstallinity (previous to SFM process) affect
the scCQ@ solubility within the polymer, since scG@ adsorbed preferentially into amorphous
regions. The processing conditions, such as pressemperature and processing time also
affect the amount of scCGdissolved in the polymer (Kiragt al, 2008; Fanoviclet al, 2012).
Incorporating GF and TTPB in the mixture, the ptasér effect of CQis enhanced and more
COz molecules are adsorbed into the amorphous regiftte polymer chains increasing their
free mobility. This increased free movement enaldteshe polymeric chains to rearrange
inducing crystallization, enabling the crystallipat process to continue beyond the limits of a
melt crystallization, and the related, observedhgea in morphology (section 3.3.1) (Jenkins
et al, 2006; Fanoviclet al, 2012; Kiraret al, 2008). The incorporation of plasticizers allows
a greater mobility of the amorphous chains caugiegspacing between crystalline planes (d
spacing) to slightly increase, and is controlled tbg molecular weight of the employed
plasticizer/additive (Donhowe and Fennema, 1998¢dRet al, 2014; Berenst al., 1992). The
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increase in crystallinity index, as measured by XRB action of TTPB, shows that this
compound is, from the two employed, the one witkatgr plasticizer effect since it allows a
greater intake of C&by the polymer than GF, in the SFM process.

The observed effect of both additives is in disagrent with what was found by SDT analysis
despite, and as referred in literature a similandr should be found when comparing both
techniques (de Matat al, 2013; Yu and Dean, 2005). In Appendix F, Tabl &re presented

the obtained results of crystallinity index from RRomparing to the ones obtained with SDT.

Once a mixture of the two additives is incorporat@sl seen in Figure 33, crystalline peaks
present the same intensity as the biomaterialstiadidid with only one additive. The
biomaterial additivated with a mixture in a molaroportion of 5:1 presents a broader
amorphous area, although the Gaussian fit of ttea aas very hard to obtain, and a higher
crystallinity was obtained (65F 0.3 %) than the other additivated biomaterial$aimixture

of the additives. Nonetheless this biomaterial gmés the peaks with more intensity. The
biomaterial additivated with a mixture with a mofaoportion of 2:1 presents the narrower
amorphous region, but less intense peaks, pregemtimtermediate crystallinity index of the
three employed mixtures. The visible trend on tifiece of the three different mixtures on the
crystallinity of the prepared biomaterials, meadubg XRD, is also visible by SDT despite
values of different magnitude were obtained, as seppendix F, Table F 2. The reported
decrease on crystallinity of the prepared materiaysincorporation of a mixture of both
additives, leads to the conclusion that more anmurphiegions are formed during vitrification
of the polymer throughout the depressurization.step

This feature enables to produce biomaterials watlvel biodegradation rate, since their
crystallinity is reduced, which is presented astla@ioadvantage, despite the morphologic
effects, of using a mixture of both the additivesproducing porous materials towards hard
tissue engineering applications. Also, by contngllithe degradation rate, through the
crystallinity of the material, the release of admtive compound, which could be incorporated,
would be enhanced and accelerated if so would bieedl

3.3.3. Mechanical Analysis

Mechanical properties, such as compressive strargtiyoung’s modulus were assessed with
an oedometer applying several loads into the sanple

The effect of the additives and the filler compaasiton the mechanical properties of the
produced biomaterials was evaluated. Compressremgih (ultimate stress) and Young’s
Modulus (at 5% strain) are shown in Figure 34 A d&hdespectively. These results are
summarized in Appendix G, Table G 2.

Hard tissue engineering materials must presenaldeitmechanical properties allowing the
biomaterial to withstand the vivo stress and load bearing, protecting the newly-gaftissue
from excessive loads (Salermt al, 2012; Whiteet al, 2012). The prepared biomaterials
presented the typical stress versus strain prffiled in porous materials as well as in PCL-
based materials, as shown in Appendix G Figure Qré@senting an elastic linear zone,
controlled by the bending of the pore walls, thepladeau is reached due to instability of pore
walls and their collapse and then a densificatimmezcorresponding to when the pores are all
deformed and collapsed and their walls touch edbkrpas identified in the biomaterials
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prepared for the optimization assays (Wltel, 2012; Kweoret al, 2003; Lebourget al,
2008; Salernet al, 2012).

The mechanical properties of porous materials mikehthe prepared biomaterials, are very
dependent on their morphologic properties, suclpas architecture, size distribution and
density (Lebourget al, 2008). As seen in Figure 34 A, for the non-cosifgobiomaterials (0
wt. %) as the porous structures are additivated, dbmpressive strength decreases when
comparing with pure PCL biomaterial, the same trendbserved in Young’'s modulus, in
Figure 34 B. Incorporating only TTPB in the pordoismaterials led into materials with
increased mechanical strength to compression £121 MPa), than when only GF was
incorporated (0. A 0.1 MPa), the same trend is observed for the Yesumgdulus, in Figure
34 B, which led to the conclusion that of the twoptoyed additives TTPB is the one which
least decreases the mechanical properties of PG, And as expected, after observing the
SEM photographs, as shown in Figure 19 on sectidhl3when these additives are
incorporated, larger pores are obtained, whichvenamore evident when incorporating GF,
and the presence of larger pores leads into mag#drstructures, since they occupy a larger
volume reducing the thickness of the pore wallds Hifect of pore size and porosity on the
mechanical properties of porous materials, was falgod and reported in literature (Whéée

al., 2012; Salernet al, 2012; Mathiewet al, 2006; Yoshimurat al, 2012; Kweoret al, 2003;
Estelléset al, 2006).
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Incorporating mixtures of the two additives in thmlar proportions of 2:1, 3:1 and 5:1
respectively led into biomaterials with similar corassive strength and smaller than when
incorporating only a single additive. This could dige to the effect of GF on the polymeric
structure and on pore size of the biomaterialsjcied) the mechanical strength to compression
of the prepared porous materials, as seen in Figu&. The effect on Young’s Modulus, of
the incorporation of these mixtures of the two #ides, does not follow the same trend as the
compressive strength does. Incorporating a mixtueemolar proportion of 2:1 led into more
elastic biomaterials, followed by when incorporgten mixture in a molar proportion of 5:1.
However, when a mixture in a molar proportion df & employed, greater value of Young’s
modulus is reached (174 2.3 MPa) (more rigid biomaterial). This effect daa elucidative
that when a mixture of GF and TTPB is incorporaiadthis molar proportion, the obtained
morphologic structure allows to achieve more rignihmaterials, being indicative that,
concerning to a maximum on Young’'s modulus of adafied biomaterials, an optimum is
reached.

Nevertheless adding GF, TTPB and a mixture of the to the biomaterials, is not

advantageous concerning the improvement of mechlgmioperties of pure PCL biomaterials,
what is indicative that producing non-additivatedyamic/inorganic composite is the best
approach to produce mechanically improved mater@san be seen in Figures 34 A and B.

When SBA-15 nanoparticles are incorporated in lmaimpositions (20 and 30 wt. %) the
mechanical properties such as compressive strergthYoung’s modulus are improved, as
seen both in Figure 34 A and B. This improvementn@e accentuated when the filler is
incorporated in a composition of 20 wt. %, sincenpoessive strength is increased from+.9
0.4 MPa to 8.0t 0.4 MPa and Young’'s modulus from 32:63.0 MPa to 60.2 2.3 MPa,
which can be elucidative that 30 wt. % is a toohhagnount of filler, yielding into highly
heterogeneous structures of the biomaterials, sirecperformed mechanical test was difficult
with the heterogeneity of the porous structurethefbiomaterials (it was necessary to achieve
a truly homogeneous cross section) what is justiigthe lower mechanical properties of those
biomaterials. The mechanical properties of this-additivated composite biomaterial are in
the range of trabecular bone (4-12 MPa for compresdrength and 20-50 MPa for Young’s
modulus).

Adding the additives to the biomaterials one caxgdect an improvement on the mechanical
properties, since it is expected that the incorjpamaof the additives will homogeneously
disperse the filler throughout the polymeric mattwwever, as seen in the non-composite
biomaterials, the incorporation of both the ad@ishand in mixture, yielded into a decrease on
the mechanical properties of the biomaterials.eas $n Figures 34 A and B, yet the obtained
values are higher than the obtained for the nonpasite biomaterials due to the effect of the
inorganic.

Once more, when GF is incorporated, both compressiength and Young’s modulus of the
biomaterial are highly reduced. Since, as seenrbefor non-composite biomaterials, this
additive weakens the porous material due to itaged formation of larger pores. Although it
was expected a better filler dispersion adding 1815, effect is not visible on an improvement
of the mechanical properties of the biomaterialgeeithe effect of GF on the mechanical
properties overlaps the reinforcement effect of SERA Incorporating TTPB in the PCL/SBA-
15 porous composite biomaterial (20 wt. %) led iamoincrease on the compressive strength,
as well as on the Young’s modulus, as seen on &84 A and B. This can be indicative of a
good dispersion of the filler into a more homogarseeporous structure with smaller pores.

When a mixture of the two additives was incorpataie all the three molar proportions, greater
compressive strength is obtained with a molar priigpo of 2:1, despite its highly
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heterogeneous macroscopic morphology, yet it is e elastic PCL/SBA-15 porous
composite biomaterial. As the amount of GF is iasezl so the mechanical properties of the
additivated and composite biomaterials (20 wt. %grdase. Of these three mixtures, an
optimum, concerning the resistance to compressidrstffness, is reached employing a molar
proportion of 3:1, which might be indicative thhist proportion is the one that induces a better
dispersion of the filler, yielding into porous biaterials with a good distribution of pore sizes,
as seen on section 3.3.1, and (apparently) higidraonnected. Yet, the best values obtained
concerning hard tissue engineering applicationsguse entire material, as it was tested, are
achieved with a non-additivated composite biomat€#0 wt. %).

Similar results are found in the literature, whiéicate-based inorganic fillers are incorporated
into polymeric matrices for biomedical applicatidine mechanical properties are enhanced
(Rosa, 2013; de Mataxt al, 2013; Leeet al, 2003). However, opposite results were reported
concerning the incorporation of additives like d&ypter compatibilizer and ionic liquids (Rosa,
2013).

When the inorganic content is increased from 2Z80tavt. %, the obtained biomaterials become
more brittle and even more heterogeneous wheniagklivere incorporated, resulting in lower
compressive strength and Young’'s modulus. Thisbeamdicative that 30 wt. % is an excess
of inorganic content for PCL as polymeric matrixcleasing the inorganic content the interface
separation between the polymer and the filler Isaeed, leading to even more agglomerates
of filler, privileging proliferation pathways forracks to propagate (Mathieat al, 2005).
Similar results were found in previous works, wi@ereasing the inorganic content to 30 wt.
%, lower mechanical performance was achieved pioguteCL-based biomaterials (de Matos
et al, 2013). Incorporating GF the highly heterogenepasous structure obtained with a
visible phase separation, as seen in Figure 16egtioa 3.3.1, lead into very variable
mechanical behaviour, since non-reproducible mdggiostructures were achieved within the
replicas of the composition of this biomaterialsagn by the deviation bars showed in Figure
34 A. The high inorganic content led, in this c&s@an increase of the compressive strength,
comparing to the composite biomaterials preparett Wower filler composition. Adding a
mixture of GF and TTPB in a molar proportion of 20la composite biomaterial (30 wt. %),
originated biomaterials with phase separation, aitteterogeneous dispersion of the fillers.
This morphologic feature led into a very fragiledaastic biomaterial as seen in Figure 34 A
and B. This reveals that even with a mixture ofhbtte additives, the filler distribution
throughout the polymeric matrix is very poor, forst composition. Possibly, incorporating
larger amounts of ionic liquid and/or GF in mixtweuld help to achieve a better dispersion
of the fillers, in order to do so and to be moradaiosive, the other tested compositions of the
mixture of additives had to be tested for thigfikomposition as well.

All the obtained biomaterials in this work clearfyresented heterogeneous pore size
distributions, vertically orientated, inducing ldgahigher stress and deformation, resulting in
a lower global stiffness of the porous materiale@athe pore growth orientation, in the vertical
direction, induced by the guided diffusion pathG8d molecules, leaving the polymer during
depressurization, the produced biomaterials hawneotropic mechanical behaviour, just like
natural hard tissue (Mathieat al, 2005; Whiteet al, 2012; Salernet al, 2012; Lebourgpt

al., 2008; Zhangt al, 2014).

The performed compression tested was highly depgmda truly homogeneous cross section,
which was very difficult to achieve for some maasj in order to perform a reliable test. Some
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of the produced and tested replicas did not undargomogeneous compression which could
have led to misled mechanical properties.

3.4. Fixation Devices

The use of moulds in materials processing, allowrtmuce materials in a very easy and fast
way, with highly reproducible dimensions and shaféss feature is of great importance for
materials manufacturers at an industrial scalendgysioulds in scC®processing is possible,
as referred, some authors and some industrial raenuérs already have proposed and used
extrusion processes coupled to se@Olymer processing (Sauceaual, 2011; Kiran, 2010;

Le Moigneet al, 2014; Website 6). This is due to the effectaf®, on polymers, lowering
their melting and glass transition temperatur@yelhg to achieve a polymer melt, which when
incorporated in a mould, takes the shape of theladnmoducing polymeric materials with the
desired morphological features.

In this work a stainless steel mould of a pin ahd screw were employed, in order to produce
polymeric-based fixation devices with the requisbdpes for medical application in hard tissue
grafts. In those clinical procedures, using a pasimfixation device, which obviously does
not have the same mechanical performance of a lmetalice, the surgeon has to create the
plug assist on the healthy tissue in which the pelyc fixation device is placed, fixating the
graft. The use of polymeric fixation devices is adtageous concerning their biodegradable
feature, reducing the need of a second surgergnmve the metallic devices, as referred on
section 1.1.1.

3.4.1. Morphological Analysis
Macroscopic Analysis

In Figure 35 are showed the macroscopic photograptie obtained fixation devices of pure
PCL (A) and PCL/SBA-15 composite (10 wt. %) (B).

0 wt. % SBA-15

S A A "™

s

4-1:‘ :K )1 v

B. 10 wt. % SBA-15

ﬂm .

Figure 35. Digital images of the prepared fixation devicespafe PCL (A.) and PCL/SBA-15 composite (B.).
Produced at P = 20 MPa, T = 40°GP /At = 2 MPa.min? for 2h.
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As seen in Figure 35 the polymer took exactly thapg and dimensions of the moulds
originating fixation devices in the shape of pinsl &crews respectively. Figure 35 proves that
processing polymers with scG@ moulds, yields into highly porous fixation degs. Once
again, it is clearly the heterogeneous pore siggiblition, as seen mainly in Figure 35 A on
the cut devices, throughout the foaming directioaving been obtained larger pores on the
bottom of the device and smaller on the top, as $eethe prepared biomaterials in every
performed assay. This porous feature of such nadgegllows to achieve, as referred in section
1.1, good cellular adhesion, proliferation and gtoallowing the ingrowth of hard tissue, also
to control the degradation rate of such materiblghly porous materials present larger
interfacial area yielding into faster degradatiates.

A non-porous skin was formed around each deviceprasiously seen for other mould
materials, such as glass and PTFE. In this cadesinoe the mould material was stainless steel,
the formed non-porous skin appears to be much ehitkan the one observed employing the
glass and the PTFE vial. This non-porous skingseéerred, due to the rapid diffusion of £0
molecules from the surface of the vitrifying polynguring depressurization (Whitt al,
2012; Jacobst al, 2008; Tsimpliaraket al, 2011; Fanovich and Jaeger, 2012; Market

al., 2013; Rosa, 2013). This processing effect issmeble, since a totally porous device would
be the best approach, however the non-porous B&insaa more solid structure of the device.
If a reduction of thickness of the non-porous skiould be desirable, a PTFE mould should
be the best solution to employ, since, as fourtdignwork and presented on Appendix B, using
a PTFE surface in contact with the vitrifying polgna reduction of thickness of the non-porous
skin is observed.

Observing Figure 35 B, when SBA-15 is incorpordteiwt. %) pore size appears to decrease
and pore density appears to increase for both prdpbevices, but this claims can be confirmed
by observation of the SEM images, since no othehrigue was performed towards analysing
the porosity and average pore diameter of the medidevices in these assays.

The used pin and screw moulds had in their shalpeshead” of this devices, which was filled

with PCL patrticles. Though, the formation of suetf the devices was not verified, despite
the attempts to do so. This shows that the sutt&on of the molten polymer is very high,

and due to the shape constraint of the mould,ethéeincy of the molten polymer on the top of
the mould was towards the same shape of the coristtaother explanation concerns to the
diffusion path of the C&®molecules, during depressurization, dragging itréying polymer

on the foaming direction.

Scanning Electron Microscopy (SEM)

In Figure 36 are shown the obtained SEM photographtige produced fixation devices of pure
PCL, in order to observe the effects of process?@. with scCQ on the microscopic
morphology of the devices. In Figure 37 are shota dbtained SEM photographs of the
produced PCL/SBA-15 (10 wt. %) composite fixati@vites, so the effect of the filler on the
microscopic morphology of the devices could be ss=
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Figure 36. SEM cross-section photographs of the produceatifin devices of pure PCL at P = 20 MPa, T =
40°C,AP /At = 2 MPa.mint for 2h. On top are showed the SEM images with gnifigation of X35, on the left
is showed the obtained device from the pin mouidhe right the obtained device from the screw mhoaihd on
the bottom SEM images with a magnification of X500t a pore surface.
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Figure 37. SEM cross-section photographs of the produced ositgfixation devices of PCL/SBA-15 (10 wt. %)
at P =20 MPa, T = 40°CAP /At = 2 MPa.min® for 2h. On top are showed the SEM images with gnifization

of X35, on the left is showed the obtained devim® the pin mould, on the right the obtained devioen the
screw mould and on the bottom SEM images with anifiegtion of X5000 from a pore surface.
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Observing both Figures 36 and 37 it stays cledrttieanon-porous skin, visible on the border
of the samples at a magnification of X35 (top ingges very thick ( 0.2 0.0 mm) which is
result of the mould material, and as previouslyestausing a PTFE mould would help to
achieve a reduction on thickness of the non-postis

As seen in Figure 36, a highly porous structubisined, with pores of different sizes and the
larger pores appears to be interconnected. Poi@ssrappears to be very smooth, this feature
is not desirable since cells preferentially adiemough surfaces (Lanz al, 2007).

When SBA-15 nanoparticles are incorporated on éwicds (10 wt. %), Figure 31 top images,
the appearance of smaller pores and in larger numslEbserved. Also, the porous structure
appears to be much more interconnected. This idaltlee effect of the nanoparticles on the
SFM process, which act as heterogeneous nucleptions, inducing an interface between
polymer and inorganic, favouring heterogeneouseaimn mechanism yielding into smaller
pores and in larger number (greater pore dens#ty)seen previously on section 3.3.1.
Observing the pore surface of the composite devecatightly increase in roughness appears
to be observed, and as seen on the pore surfabe strew device, very small pores appears
to be formed (0.70 um), which is indicative of #féect of the filler on the processing, yielding
into the formation of very small pores throughdwe polymer matrix. Though the incorporated
amount of filler was not sufficient to achieve ayweough surface, as seen when 20 wt. % of
SBA-15 was incorporated into the produced biomakgrshowed on section 3.3.1. This is due
to the fact that all the filler was plasticizedthy polymer, and no aggregate was visible on the
cut surface of the devices. In Figure 38 is shoavé&dcture of the polymeric structure in which
the particles of filler are clearly visible.

3 "}; ‘
> & ')‘9
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Figure 38. Fracture of the PCL/SBA-15 (10 wt. %) composireew device prepared at P = 20 MPa, T =
40°C,AP/At = 2 MPa.min' for 2h.

As seen in Figure 38, the inorganic particles vedirencorporated inside the vitrified polymer,
since only a small amount was incorporated (1@4)1.This clearly states that in order to obtain
PCL/SBA-15 composites with a rough surface, andh\&it enhanced effect on pore size and
porosity a higher amount than 10 wt. % must be rpo@ted. Since all the SBA-15
nanoparticles were incorporated inside polymeriepealls and surface their effect on the pore
surface roughness and subsequently on surfacésameavery obvious.
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Average Pore Diameter

The horizontal Feret's diameter was determined thiedaverage pore diameter calculated,
based on the SEM photographs for each sample. Mp&oged method was the same for the
additivated and composite assays, as showed inn&ippd. In Table 6 are presented the
obtained results for the prepared fixation devickpure PCL and PCL/SBA-15 (10 wt. %)

composite.

Table 6. Average pore diameter of the prepared fixationices/from SEM imaging.

Average Pore

- 0 i
SBA-15 content (wt. %) Type of Device diameter (um)

0 Pin 569.6+ 0.5
Screw 385.1+ 0.8
10 Pin 209.5+ 1.2
Screw 243.7+ 1.4

Table 6 confirms the visual observations made baseboth the macroscopic digital images
and on the SEM images. When SBA-15 nanoparticlesnaorporated a reduction on average
pore diameter is observed, for the same type ofcdewvhich confirms their effect as
heterogeneous nucleation points, favouring thideation mechanism.

These assays showed that using SFM process ibf@sobtain tailor-made porous materials
with controlled macro and microscopic morphologgirg a suitable mould it is possible to
produce, in a non-toxic and environmentally frignalay, at easily achievable operating
conditions, the desired shape of a polymeric andomposite device for
biomedical/pharmaceutical applications. Due to ltwve employed operating temperature, a
bioactive compound can be incorporated in the @ésvenhancing its application on these fields
of application. Producing composite devices, thmechanical strength is expected to be
enhanced, tough not tested, as it was for the ceitgpbiomaterials, as seen on section 3.3.3,
as well as the pore size decreases, yielding dewith larger surface area and consequently
with faster and controlled degradation rate. Atgocontrolling the average pore size the release
of a bioactive compound would be controlled acaagtli to the desired release rate.

Energy Dispersive X-Ray Spectroscopy (EDS)

The presence of the filler and its dispersion withie polymeric matrix of the prepared devices
was evaluated and confirmed using EDS. This obsiervavas made detecting the presence of
the chemical element Si, since O is common bothéasilica particles and to the polymer. In
Figure 39 are shown a mapping of the chemical asngetected by EDS and the obtained
spectra, from the composite screw device (10 wt. %)
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Figure 39. EDS mapping of the composite screw device (1%vaf SBA-15)A. — Obtained SEM image of the
composite screw device at a magnification of XEs@Je bar — 250 um; B. — mapping image of the
chemical element O; C. — mapping image of the otenglement C; D. — mapping image of the
chemical element Si; E - EDS spectra of the idedtiéhemical elements.

By observation of Figure 39, it is possible to ¢onfthe presence and distribution of SBA-15
nanoparticles in the composite screw device, simdggure 39 D., the EDS mapping shows
very few agglomerates of the nanoparticles, ang tre clearly dispersed in all the taken
sample. In the EDS spectrum, gold (Au) was detedtedthis detection is neglected since the
samples was sputter-coated with gold.

4. Conclusions and Future Remarks

4.1.  Applications of the Produced Biomaterials in Hard Tissue Engineering

The produced porous materials in this work are @sep for applications in the field of hard
tissue engineering, inducing bone/dental tissuerregtion.

The application of such porous materials in thesdficould be performed in several different
approaches, one using the materials as a monalitither using the obtained materials in a
bone/dental cement/gel and another using the migeas a surface coating of a membrane
and/or bone/dental cement.

In the first approach, the monolith is placed iesid bioreactor and osteoblasts and/or
undifferentiated cells, collected from the hosg placed inside the porous materials. Then the
system is submitted to mechanical and/or anotherust (electrical/chemical) in order to
induce cellular differentiation into the desiregayof cells (if undifferentiated cells are used).
At that moment, when a proto-tissue is formed tlagemal supporting the proto-tissue is grafted
into the bone/dental tissue of the host, underesyrgrhen throughout the recovery time, the
new tissue is formed around the biomaterial (wlobures structural and mechanical support
during recovery time) as it starts to degradehis approach the prepared porous materials acts
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as a monolith scaffold, and it is expected to namtts morphological and mechanical
properties throughout the needed time to form nissué. In this type of application, the
monolith has to be made of standard dimensionsshagdes, employing moulds. Using SFM
process it was proven to be possible, howevercatranercial scale the economic valorisation
of such process would only be possible by coupingxtrusion/injection blow step.

In the second approach, the obtained porous bioiakteither composite or non-composite
additivated or non-additivated, could be incorpedahto a commercially available bone/dental
cement and/or into a seringable gel. For this aggrahe obtained materials have to be reduced
into fine particles, by mechanical action for exdén@fterwards the fine particles would be
physically mixed with the bone/dental cement migt(lvefore application) and/or with the gel.
For this specific application, the performed medtaranalysis are not very indicative how the
produced porous material would perform under cosgiom strength, since the test was
performed using the biomaterials as monoliths,\amad the entire structure. So for this case,
the mechanical analysis has to be reconsideredam@algise how the produced biomaterials as
fine particles would act under compression strengith and without incorporation into the
bone/dental cement/gel. Also, for this applicatitwe, existence of very large pores (millimetre
range) is not needed since by reduction of the htenals into fine particles they would be
destroyed, so concerning to the morphology of ibenhterials, in this case, the focus should
be in obtaining highly porous structures (porosity)h meso and micropores with a good
dispersion of inorganic fillers, like SBA-15 thrdumut the polymeric matrix with suitable
surface area and controlled degradation rate.

For this application a bioactive compound, likeragdfor example, could be incorporated into
the porous material by supercritical assisted impagion/deposition method, since it stays
proven that is possible to incorporate thermal is#rscompounds in the used SFM process.
By incorporation of the polymer and/or compositatrging a bioactive compound, into the

bone/dental cement/gel, this compound would be lygmeously dispersed in the matrix

ensuring another mass transfer barrier, helpingdoeve a more controlled release rate,
depending on the specific type of application. iguFe 40 is showed the scheme of this type
of proposed application of the produced biomatsiiathis work, for a bone tissue engineering
application.
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Figure 40. Schematic representation of a proposed applicatibtihe produced biomaterialss in this work, in the
field of bone tissue engineering.

After incorporation of the fine particles of theolmaterials (with or without incorporation of a
bioactive compound), the bone cement would be plarel hardened (polymerizent) situ
physically incorporating the porous particles. dsinseringable gel with the fine particles of
the biomaterials, the gel would be seringable tliyaato the bone defect, in which, due to the
nature of gel, the matrix would totally fulfil thaefect carrying the foamed particles (with or
without the bioactive compound), this approachesslevasive than the previous but the gel
does not ensure a suitable mechanical strengtiofue tissue application, however, introducing
composite foamed particles in the gel and/or theebmement their mechanical properties are
expected to be enhanced, as showed in this work.

The third proposed approach, concerns again thectied of the prepared biomaterials into
fine particles, by mechanical action for exampleeif the produced porous particles would be
used in order to coat a bone/dental implant. Tlaicg of an implant with this foamed highly
porous particles is very advantageous, since thmeyige mechanical reinforcement, greater
surface area to proteins and cells to adhere anthei case when a bioactive compound is
incorporated, the controlled release of such comgswalmost immediately after application
(if so is desired for a specific type of applicatiand need).
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4.2. Materials with Controlled Morphologic and Mechanical Properties

In this work it was proven that is possible to proel biodegradable porous biomaterials with
controlled physical properties in a green and susde way, using SFM technology. Such
properties can be controlled by adjusting the dpegaconditions, the presence and
composition of liquid additives such as hydrotrof@$) and ionic liquids (TTPB) and the

incorporation of inorganic particles such as SBA-Cbntrolling the morphologic properties,

such as porosity, pore size and surface area gitogrerties like degradation rate can be
controlled as well (despite it was not evaluatethia work).

Operating at a pressure of 20 MPa, a temperatud®, with a depressurization rate of 0.3
MPa.min! for 2h it was shown to be the best operating dow for hard tissue engineering
applications with pure PCL biomaterials, obtainsngtable properties such as porosity (38.0
2.5 %),BET surface are€)(4 + 0.04 nf.g}) and compression strength.9 + 0.4 MPa). However
operating at the same pressure and with the salm@asan time but at a temperature of 45°C
and a depressurization rate of 1MPa.msimilar morphologic and mechanical properties
appear to be found to when operating at 40°C &hMBa.min', with the advantage of a smaller
global operating time. Despite it, in this work ttigosen operating conditions relied on the
same that were used in previous works (Rosa, 20&8¢ it had been proven, in this work, that
they are suitable to achieve hard tissue engingepiade materials. However, and for future
work to develop, this similarity on morphologicaldamechanical properties obtained in PCL
biomaterials, operating at both operating condgieats, must be confirmed. Also, it must be
found if those similarities are maintained wheneothlowing agents, like GF and TTPB, are
incorporated as well as when SBA-15 is incorporateébe same proportions and compositions
used in this work. If similar properties are acleigywhat was found in this work can be
confirmed and the used SFM process can be optimized

The blowing effect of GF and TTPB was confirmedwad as their plasticizer effect. Revelling
to be two green and safe suitable blowing ageetsdbs scCe It was clear, by morphologic
and crystallinity analysis, that TTPB has the gregilasticizer effect of both employed
additives, since and due to its phosphonium groluiginwhas good affinity with C&molecules,
larger amounts of scGQare absorbed and diffuse into the polymeric chainseasing their
free movement. GF is incorporated in order to achleetter dispersion of the inorganic acting
as a polymer compatibilizer between PCL and SBA-15.

Of the three used mixtures of both additives, therphological, thermal and mechanical
properties of the biomaterials appear to be imptoae the amount of GF increased in the
mixture. However it was always needed to incorportie ionic liquid otherwise the
biomaterials would be too brittle to handle, présena highly heterogeneous morphology.
This approach must be further studied in future kydy reduction of the relative molar
proportion to PCL, and by optimization of the ambahGF and TTPB to achieve the best
morphologic and mechanical features for hard tigswgneering applications.

Incorporating an inorganic, such as SBA-15 nanages; both morphologic and mechanical
properties can be controlled by adjusting its cositpm, producing organic/inorganic
composites (similar to the natural composition afchtissue). Pore area is decreased, but
surface roughness, pore number and consequent®yfeugl area are increased, making it,
therefore, possible to control the degradability raf the material. Mechanical properties are
largely improved by the addition of SBA-15 on therbaterials, although the incorporation of
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the liquid additives led into a decrease on thespegsties. The optimum composition of SBA-
15 to incorporate in PCL-based biomaterials, adaliéd and non-additivated was between 20
and 30 wt. %, since with 30 wt. % it was found ®dn excess of inorganic, leading among
other effects to a reduction on the mechanical gmogs and to biomaterials with a high
heterogeneous dispersion of the filler.

Other inorganics could be used in order to obtaimmosites for hard tissue engineering
applications, as showed on the filler choice asgdps MMT andp-TCP, for example, could
be incorporated. However, SBA-15 is more advantagetw incorporate towards the
development of hard tissue engineering materiat€esit has a mesoporous structure with
highly orientated pores. This feature allows toomporate a drug and/or other bioactive
compound, by scCOmpregnation/deposition, on the inorganic parsicighich in turn, due to
its high surface area, will enhance and allow thieae a more controlled release of such
compounds suitable for the specific applicationNteoset al, 2013).

All the produced porous materials presented higmtial stability, showed by SDT, indicating

that they are suitable to be manipulated until ligrhperatures as well as to employ directly
into the biological medium without any change oe thaterials. The incorporation of TTPB

and SBA-15 yielded into even more thermally stabéerials due to the ionic liquids inherent
thermal stability even when added in mixture with. G

The employed SFM process, can be used to produoceippolymeric and composite devices

for several applications, namely biomedical/phamuogical. Since, just by using a suitable

mould, the desired device for a specific appligatmith controlled shape and sizes and with

controlled morphologic, thermal and mechanical prips can be easily produced. The

production of materials using moulds has numeralwa@tages, namely economic advantages
and can increase the industrial interest in suple tyf manufacturing process, consequently
increase the economic value of the SFM process.

4.3.  Experimental Apparatus Limitations and Possible Modifications

As the diffusion path of C®&molecules, during depressurization, is condudtedhe used
experimental apparatus, throughout the height efldtomaterials, pores with considerably
different sizes are obtained. On the bottom ofltisenaterials it was verified that the formed
pores are much larger than in the top, due to ¢loengtric conformation of the used apparatus.
The heterogeneity on distribution of pore sizes tesirable feature but not in this geometrical
separated way. To better understand this effeetdifiusion path was changed and the mass
transfer area for C&uring depressurization was increased. The oligneous structure and
its vertical cross section are showed in Figuréd4ihd B respectively.
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Figure4l. Obtained porous structure with increased massdfamarea for CQduring depressurization prepared
at P = 20 MPa, T = 40°CAP /At = 1 MPa.mint for 2h. (A) - Top view of the produced porous ctine; (B) -
Vertical cross section.

As can be seen a more homogeneous pore size diginbappears to be found along the
horizontal direction of the porous structure, wirereasing the mass transfer area. On the base
of the porous structure the existence of largee®@s not verified, since those are almost all
located at the top of the porous structure. Thidccbave happened, also, due to the increased
mass transfer area and more G@blecules were absorbed on the top of the sample.

From this effect, of the geometrical conformatidrih@ used experimental apparatus, with the
objective to obtain porous materials presentingtogieneous pore size distribution, with a
homogeneous spacial distribution, several geonatcienformations, concerning a changing
of the diffusion path of COmolecules during depressurization are proposed:

* Using a high pressure vessel with more exit pdot<CO; spatially distributed along
the vertical axis;

* Using a microporous mould, ensuring a G8it more spatially distributed along the
vertical and horizontal axis of the sample;

* Using a combination of these two proposes, emptpgaveral exit points coupled with
a microporous mould.

Employing the first proposal, the diffusion pathultbstill be limited, since it will only be
through the top cross section of the sample, whialdcstill yield into a heterogeneity in spatial
distribution of pore sizes. With only one exit poof CO, molecules, even employing the
second proposal, the path would be limited and des in the vertical direction. The last
proposal seems to be the most promising, sinceutdwot favour any diffusion path and could
yield into more homogeneous spatially distributextepsizes. In Figure 43 is showed the
proposed experimental apparatus.
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Figure 42. Proposed new configuration of the high pressussgkused on the experimental apparatus.

Despite the exposed potential drawbacks of thetirg proposals, in order to fully understand
if they could work or not they would have to be esimented and the pore morphology spatial
orientation of the produced materials analysed. thivd approach is the one which is pointed
to be the most promising because, on paper, it sé&eso.

4.4. Future Work

Considering the results found in this work, sevam@roaches for future work to be performed
are presented, since in the available time it watspossible to test every variable and to
continue the manipulation of the produced matetiaards the development of a ready-to-
apply material for hard tissue engineering.

Future work, should concern the production of adaied and composite biomaterials in
identical compositions by the SFM process, but eyipy a different operating conditions set,
such as P = 20 MPa, T = 45°%€P /At = 1 MPa.mint for 2h. With the objective to confirm
what was reported by the optimization assays is work. Operating at these conditions, for
the same composition of GF and TTPB, the amoui®BA-15 should be increased to 30 wit.
% and the experimental set started in this workthwhis inorganic content, should be
completed, if composite biomaterials with homogersedispersion of the filler are obtained, if
not the findings of this work are validated.

Considering the compositions of pure and mixturadditives, used in this work, future work
can be performed by varying the used compositwith, the objective to decrease the amount
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of ionic liquid, since this is the most expensiglisive/blowing agent. Although one should
always consider that the utilization of TTPB, waxified as very advantageous, with the
objective to produce morphological-controlled bidengls with homogeneous spatial pore size
distribution, as seen by the SEM analysis. Otherdan be used, and compared to TTPB, by
changing their anions and/or cations, taking irtcoant that phosphonium groups have good
affinity with CO, absorbing more C£molecules yielding into a greater plasticizer efffe

Continuing the work line, initiated and reportedRysa, future work could also be done, firstly
by performing a cytotoxic and/or biocompatibiligst of the produced materials, since no such
test was done in this work, although Rosa repditedoroduction of non-toxic materials this
property should be confirmed, in order to underdtdre behaviour of cells and/or bacteria
when in contact with the produced materials (R@#,3). Secondly by incorporating a
bioactive compound, dexamethasone for example alis bsteoinductive effect by scgO
assited impregnation/deposition, then proceedingndated in Figure 41, reducing the
produced biomaterials into smaller particles andnthmixing them with a bone/dental
cement/seringable gel, in order to produce matesaitable to the most promising application
approach, as referred. Then, the characterizatiethads to employ will ensure physical
properties more similar to the ones found on thalfimaterial for the proposed applications (de
Matoset al., 2013).

The formulation of the produced additivated-biomiats, can also be changed. It can be mixed,
with PCL, a biopolymer, like gelatine for exampie,order to obtain porous materials with a
controlled and faster degradation rate without gihanthe biocompatibility. The mixture with
other polymers, like poly(p-dioxanone) (PDS), amet@mperature liquid polymer with high
anti-bacterial action and suitable for drug deljvapplications, already used in sutures, which
besides its biological properties can act as atipiasr in the SFM process (Jenkins, 2007;
Website 7; Leeet al, 2011; Bolancet al, 2005). Other polymers, that also revel highrede
towards the production of materials for hard tissngineering applications, are poloxamines.
These polymers already revealed to have osteoinveuetfect (until a certain concentration is
reached) and can highly enhance the formationwfhreed tissue (Rey-Ricet al, 2011; Puga
et al, 2012; de Matost al, 2015).
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6. Supplementary Data

Note: All the presented values on supplementarg de¢ showed with two decimal places for
better understanding of the presented deviatioligh@ presented values of the main body of
this thesis are rounded to the first decimal pfaoen the presented values on this section.

Appendix A —Filler Selection Assays

A.1. Framework and Objectives

The main objective of these assays relies on thieetof inorganic filler towards the production
of composite biomaterialsja supercritical carbon dioxide foaming technologygraen and
sustainable method towards the production of pohgnéiomaterials, for hard tissue
engineering applications. The choice of optimunteffilwill be based on the composite
biomaterial final morphological and mechanical mxjes, such as porosity, compressive
strength and Young’'s Modulus, respectively.

These assays were based on:

* Production of poly-caprolactone)-based organic/inorganic composites;

e Test hydroxyapatite (HA), mesoporous silicate SBA{¥pe (SBA-15) and acidly
oxidized montmorillonite (MMT) in two different copositions of 10 and 20 wt. %;

* Study and discuss the effects of adding thesedilad of their composition on the
morphological and mechanical properties of the casitp biomaterials;

» Detection of any limitations or any other variablgch may influence the supercritical
carbon dioxide foaming process.

A.2. Materials and Methods
A.2.1. Materials

The used materials towards the development of thesays are referred on section 2.1. of this
thesis.

A.2.2. Methods
A.2.2.1. Preparation of PCL into powder form

PCL was prepared into powder form, accordinglyn® method explained on section 2.2.1. of
this thesis.

A.2.2.2. Batch solid-state foaming process with supercritical carbon dioxide technology

Composite and non-composite biomaterials were pedd using the same supercritical carbon
dioxide foaming process explained on section 2Pt experimental process conditions are
shown in Table 3, on section 2.2.2., concernintpéoFiller Selection assays.

A.2.2.3. Water Absorption

The prepared composite biomaterials with both ianig compositions were placed inside
falcon tubes of approximately 50 mL, and filledilobmplete filling of the tube with Mili-Q
water. The tubes were vortexed and repeatedlyfiligh Mili-Q water until complete filling
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in order to completely remove all the air trappeside the biomaterials. Subsequently the tubes
were saved and allowed to stand. After 3, 6, 8 &hthours samples were removed from the
tubes and weighed, without removing the water diebrby these. After weighing the
biomaterials were placed again inside the falcdresuand the removing air process was
repeated. Following the 24h test the samples weighgd again after 96, 120, 144, 168 and
192h, between each measurement the air removinggsavas repeated. The pore volume was
determined based on the volume of water absorbeledlyiomaterials. This property can only
be determined assuming that all the pores of ii@aierial were entirely filled with water and
they are all interconnected, being possible tawidiat the absorbed volume of water is equal
to the pore volume. The absorbed water volumeteraened by the following equations,

Maw = M, foam — Mf foam (A1)
Wherem,,, represents the absorbed mass of water by the toaldmg),m; r,q., the initial
dry mass of the biomaterial (M@ roqm the final wet mass of the biomaterial after 192ig).

maw

V. =

o pw(T)

In which V,,, represents the volume of absorbed water’@ndp,, (T) the water density as
function of temperature, determined at the tempeeah which the test was conducted (mg.cm
%). Knowing the volume of which biomaterial, detenedl by equation A3, it is possible to
determine the percentage of pores by volume of baxrhaterial,

(A2)

Vfoam = Apgse X H (A3)
V.., X100
Vpore (%) = alv;— (A4)
foam

WhereVs, ., represents the envelope volume of the dry bioriai@n?), A, ... represents the
area of the base of each cylindrical-shaped biomaafen?), H the height of the biomaterial
(cm) andV,,. the percentage of pores in the biomaterial volume.

A.2.2.4. Mechanical Analysis

The mechanical properties of the produced compasiienon-composite biomaterials dry and
after 24h and 192h submerged in Mili-Q water, ngnmeeimpressive strength and Young's
modulus, were assessed using a TA TX Express Enbamexture analyser (Stable Micro
systems Company) equipped with 5 kg of load cedacéty. The biomaterials were cut until a
height of approximately 1.40 cm was reached andpcessed to a total of 25 % with a
compression rate of Imm.sThe load was applied vertically down through ¢eetre of each
biomaterial. Dry measurements and water-wet measnts were performed once. The water-
wet measurements were performed removing the bamat from the water and drying the
surface without removing the absorbed water.

The compressive strength of each biomaterial thd by the maximum supported force at a
strain of 25 %, and is determined by the followetgation,

o= Fapplied (A5)
Abase
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In which o represents the stress (PB)y,iicq represents the applied force in the biomaterial

(N) and4,4s. the cross-section area in which the force is apif). The strain can be defined
by the ratio of total deformation and its initiadight, determined by the following equation,

(A6)
Wheree represents the strain (mm/mrhj), the initial height of the biomaterial (mm) ahdhe
final height after compression of the biomatemahy).

Young’'s modulus is determined by linear regresdiorthe zone of plastic deformation,
determined at 5 % deformation, of the curve stvairsusstress (Whitet al, 2012).

A.3. Results and Discussion

All the produced composite and non-composite bienmts are listed on Table Al, with the
respective code and description.

Table A 1. List of abbreviation of the producéimateriak, and their description, at P = 20 MPa, T = 45°C,
AP /At = 1 MPa.mintfor 2h.

Sample Description
Blank poly(e-caprolactone)D, . = 1mm
P10HA poly(e-caprolactone)D, -+ = 1mm, 10 wt. % HA
P20HA poly(e-caprolactone)D, -+ = 1mm, / 20 wt. % HA

P10C poly(e-caprolactone)D, . = 1mm, / 10 wt.% MMT
P20C poly(e-caprolactone)D, .+ = 1mm, / 20 wt.% MMT
P10S poly(e-caprolactone)D, .+ = 1mm, / 10 wt. % SBA-15
P20S poly(e-caprolactone)D, .+ = 1mm, / 20 wt. % SBA-15

P85HAL0 poly(e-caprolactone)D, .. < 0.85mm, / 10 wt. % HA
P85C10  poly(e-caprolactone)D,, .. < 0.85mm, / 10 wt.% MMT
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A.3.1. Macroscopic Analysis

In Figure A.1 and A2 are showed the digital phoapins of the produced composite
biomaterials with a composition of inorganic coriteh10 wt. % and 20 wt. % respectively.

SBA-15
e = n

-

MMT SBA-15

10 wt. % Inorganic Content

Figure A 1. Digital photographs of the obtained compositematerias with 10 wt. % of inorganic content,
produced at P = 20 MPa, T = 45 °@P /At = 1 MPa.min for 2h. Top images lateral view. Bottom imageseba

view

MMT SBA-15
20 wt. % Inorganic Content

Figure A 2. Digital photographs of the obtained compositematerias with 20 wt. % of inorganic content,
produced at P = 20 MPa, T = 45 °G@pP /At = 1 MPa.min' for 2h.Top images lateral view. Bottom imagesghas

view.

As can be verified in Figures A.1 and A.2 either both inorganic content on composites or
for the non-composite biomaterial (pure PCL biomatg a non-porous skin around each
biomaterial, was always formed. This non-porous $kialso reported in literature and is due
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to the rapid diffusion of dissolved G@om the borders of the material into the mouldaze

in contact with the molten polymer (Whig¢ al,, 2012; Jacobst al, 2008; Tsimpliaraket al,
2011; Fanovich and Jaeger, 2012; M&rket al, 2013; Rosa, 2013). Only on the composite
biomaterial P20S, this non-porous skin was noffieeri This can be explained due to the high
amount of inorganic content, which due to the ladgerence between the diameter of PCL
particles and SBA-15 nanoparticles was not possibkechieve a good physical mixture, and
this might be have acted as an impurity.

Observing Figures A 1 and A 2 simultaneously fiassible to see that the produced composite
are not homogeneous, being found difficult to aeohia satisfactory physical mixture between
the organic and inorganic particles. That coulcekplained due to the enormous difference
between PCL and inorganic particles diametepgpc=1mm, Dyar. spa-1551-2 pm - and
Dpart. n4=0.17mm) and to the difference between organic adganic densitiesppc;, =
1.11g/cm3, pyyr = 2.01 g/cm3, pspa_1s = 1.82 g/cm3, pys = 3.26 g/cm3), in which
the inorganics, by gravity, have the tendency tdirsent on the bottom of the biomaterials.
This leads to the finding of another important @sging variable - stirring speed. The
employed stirring during scG@rocessing, was only promoting the diffusion ofx@@lecules
within the polymeric chains. Some attempts werégpered using stirring promoting diffusion
and stirring the mixture molten polymer + sc£®©inorganic particles, varying the stirring
speed in order to obtain composites with more hanegus spatial dispersion of the filler. The
biomaterials produced by this method, had to belntarger, since after the polymer vitrifying
during depressurization the magnetic stirrer waggded inside the biomaterials which had to
be later removed, ending up removing a large amobtimhaterial. Also, stirring a molten
polymer is very difficult to perform due to the higiscosity of such systems. This method,
besides having helped to achieve composites witle mmomogeneous dispersion of the filler,
by visual observation, was more wasteful concerning used material to obtain one
biomaterial, and it was stated that using increggiamaller particle diameter of PCL helped
to achieve the same results, since physical mixtagenhanced.

Comparing the employed fillers, MMT appears to léadarger pores followed by SBA-15.
Increasing the amount of inorganic content fromd.20 wt. %, in the composite biomaterials
with HA and MMT the pore size appears to be almasthangeable. In the composite
biomaterials with SBA-15 a much more visible morplgical change is verified. Due to the
big difference between the particles sizes PCLaowk plasticized completely the inorganic
particles. Also in this biomaterial is the short@kich can be indicative of the presence of very
small pores and in large number. This can be dubdovery large surface area of SBA-15
comparing to the other fillers ((500°g* for MMT, 10.6+0.1 m2.¢* for HA and 718 rag?

for SBA-15) leading to an increase on contact aea interface in the scG@rocessing,
enhancing the heterogeneous nucleation mechanisipy@et al, 2004; Rosa, 2013).

In Figure A 3, are presented the digital photogsaphthe samples with smaller PCL particle
size and inorganic content of HA and MMT of 10 %&.comparing to pure PCL biomaterial.
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HA, Dpart = 0.85mm MMT, Dpart = 0.85mm

HA, Dpart=0.85mm MMT, Dpart = 0.85mm

Figure A 3. Digital photographs of the obtained compositamaterias employing smaller PCL particle size with
10 wt. % of inorganic content, produced at P = 2@M T = 45 °CAPAt = I MPa.min-1 for 2h.Top images
lateral view. Bottom images, base view.

As verified in Figure A 3 reducing the particleesiaf PCL powder, it was achieved a better
physical mixture between the organic and inorgaparticles leading to composites
biomaterials with more homogeneous dispersion effilters (by visual observation). This
result shows that just by reducing the particlee stf the polymer, composites with
homogeneous spatial distribution of the filler aohieved without the need to waste material,
like when stirring directly the mixture.

A.3.2. Water Absorption

The water absorption test allows to determine apprately the porosity of each produced
biomaterial. By diffusion, the water will enter tperous structure and fully occupy the empty
space, it is assumed therefore that all the pdrésedoiomaterials are interconnected, allowing
water to completely fill every one.

The water temperature was measured to be T = 28,3fhd so the used value for water density
was 0fp,,qter(23.30 °C) = 998.20 kg.th

It has been found in this test the samples P20G$SR2d P10S samples have lost some of their
structural integrity, beginning to lose to the amu® medium inorganic particles from the
polymeric matrix leaving these into suspensionsTgfienomena can be explained by the fact
that the composite were not homogeneous, and ioabe of the composites with SBA-15, the
amount of this inorganic that was not plasticizeside the polymeric matrix was very large
which lead to its rapid separation when placedatewmedium. Also, the high affinity between
this inorganics and water, promoted their migrafrom the biomaterials towards the aqueous
medium.

All the presented results are normalized, concerttie initial mass of the biomaterials.

In Figure A 4. are shown the mass intake of wayeihb produced composites with 10 (A) and
20 B wt. % of inorganic content.
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Figure A 4. Water intake by the compositematerias with 10 (A) and 20 (B) wt. % inorganic contemguced
at P = 20 MPa, T = 45 CAP/At = 1 MPa.min-1 and for 2h, comparing to pure P@ibmaterial Legend:¢ -
PCL+HA,#& - PCL+MMT,# - PCL+SBA-1"®% -PC¥ - P85C® - P85HALO.

Observing Figure A 4. A, the composite with SBA#&Bhe one which can absorbe more water,
which may be indicative that this composite is three with the most porous structure.
Incorporating HA, lead to a lesser intake of waésen lesser than the pure PCL biomaterial
and incorporating MMT intermediate values were olgd. This can be explained not only by
the porosity of the biomaterials, but also by tfimgy of the inorganics with water, since PCL
is hydrophobic, if the inorganic have high affiniigth water, the water intake by the porous
structure will be enhanced. When the PCL powdeiglarsize is reduced, for both inorganics,
similar values are obtained which might be indigatithat these composites are more
homogeneous, still these biomaterials presentgedantake of water, then the composites
prepared with larger PCL powder particle size whitn same inorganics. This is well indicative
that the polymer particle size is an important pesing variable which must be taken into
consideration in order to achieve composites withhbdigeneous distribution of the filler.

When increasing the composition of inorganic inkiemnaterials, as seen in Figure A 4 B, the
biomaterial in which MMT was incorporated (P20Cijhs one presenting larger intake of water
followed by P20HA. The biomaterial in which was angorated 20 wt. % of SBA-15 (P20S)
presents smaller values of water intake, mainly tlués mass loss of inorganic particles
towards the aqueous medium. In this biomateriavas very difficult to plasticize all the
inorganic particles, what could be indicative thpérating at this conditions, 20 wt. % of SBA-
15 can represent an excess of inorganic conterR@dr. If it were not due to loss of mass in
this biomaterial, it can be seen that the trendiatier uptake was to obtain values higher than
those of the remaining samples, which might becattilre that this biomaterial is very porous.

As mentioned, knowing the mass of water absorbeithé®¥piomaterials, and assuming that all
the pores are interconnected and filled with wétex possible to determine the pore volume
and thus the volumetric percentage of pores of bioenaterials. Figure A 5 shows the
percentage by volume of pores of each produceddirnmal taking into consideration the stated
assumption.
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Figure A 5. Percentage of pore volume of the produced cortgaisimateriak at P = 20 MPa, T = 45 °@pP /At
=1 MPa.min-1 for 2h, based on the water absorptiest for 192h.

Through analysis of Figure A 5., it is possiblassess that SBA-15 filler is the one that ensures
a greater pore volume when incorporated in a compof 10 wt. %. This can be explained
by the small size of SBA-15 nanoparticles, when garimg to HA and MMT particles, as well
by its greater surface area, ensuring during deprastion greater number of nucleated
bubbles then the other fillers. It would be expdctnd analysing the trend that pore volume
increases with the amount of filler incorporatedha composites, that the composite with 20
wt. % of SBA-15 to present larger pore volume, hesvehis analysis was made based on the
biomaterials mass gain, due to water absorptioough, as seen previously the sample P20S
had a mass loss during this test, so the obtaiakek\or pore volume might not be accurate.
Concerning to pore volume, and analysing Figure, £8& fillers which lead to more suitable
values for hard tissue engineering are HA and SBAsince for MMT lower values are
obtained.

It stays clearly that incorporating inorganic fileon the PCL-based biomaterials, pore volume
is always increased, improving their morphologiogarties towards hard tissue engineering
applications.

A.3.3. Mechanical Analysis

The mechanical behaviour of the produced biomadseisaof great importance, since in their
end-use application, the biomaterial should pefentmic in all possible features the natural
tissue to substitute, in this study - hard tis$ierd tissue is constantly undergoing mechanical
stimuli of either the human body or from outsidegrefore an analysis of the response to
compression is relevant in order to decide whitrfensures mechanical properties closest to
the natural tissue. In Figure A 6 and A 7 are shtverobtained values of compressive strength
and Young’'s modulus, respectively as dry biomaleraand after the water absorption test
(192h contact time), wet biomaterials B.
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Figure A 6. Compressive Strength of the produced compobgiteateriak. A - Drybiomateriak, B - 192h water
wetbiomateriab.
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Figure A 7. Young’s modulus of the produced compdsiimateriak. A - Drybiomateriak, B - 192h water-wet
biomateriab.

Analysing the compressive strength of the prodwmedposite biomaterials, in Figure A 6 A,
it can be concluded that the obtained values arg senilar, but greater for composite
biomaterials. It is noted that the composite widlwR % SBA-15 is the one with greater
compression strength (0.3 MPa), however, the obthialues for the composites are all very
close to each other, allowing only conclude thateasing the MMT content of the composite
from 10 to 20 wt. % there is a decrease in compresgtrength., which might be due to the
presence of larger pores on the base of the biomlatiginated by a phase separation between
the polymer and the inorganic, as seen previolslgen varying the size of PCL powder
particles from >1 mm to 0.85 mm there is a sligatrédase in compressive strength of the
biomaterials to 0.28 MPa, for both used inorgarii¢ss can be elucidative of composites with
a more homogeneous dispersion of the filler, smceeparation of phase was formed.

Same results were reported in literature, incorfpogainorganics in the porous materials,
producing composite materials, the mechanical ptiggewere enhanced achieving greater
values of compressive strength and Young's modihlas in non-composite polymeric-based
porous materials (Salermd al,, 2012; Lebourgt al, 2008; Changt al, 2006; Rosa, 2013; de
Matoset al,2013).
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After 192h submersion of the composite biomaterialg/ater, observing Figure A 6 B the
compressive strength slightly decreases, for exafpDHA decreases from 0.29 to 0.27 MPa.
This observed decreasing of compressive strength general terms, negligible. It could be
expected that water would decrease the mechanioglkegies of the biomaterials, mainly
compressive strength, since PCL degrades by bukohysis, and the inorganic content could
start to be released into the agueous medium. Thahg degradation rate of PCL is very slow
and a test only after 192h cannot allow to seediffigrence on the average pore size. Also the
amount lost in some cases such as P20S was nigienifto lead into a significant change on
this mechanical property. This composite biomakenas also the one which yielded into
greater values for compressive strength, dry arath Wgater wet, which might be indicative to
be a good choice for hard tissue engineering agidics.

Observing Figure A 7 A, Young’s modulus of the camsipe biomaterials, decreases when
increasing the inorganic content, showing thatdileenaterials became more elastic, this result
Is not concordant with the results found in litarat in which when the amount of inorganic
content increases Young’s modulus increases (R84&,; de Matoet al, 2013; Changt al,
2006; Lebourget al, 2008). P10C, obtained the lower values for Ydsingodulus, this could
be due to an error performing the analysis. Thepuasite biomaterials produced with lower
PCL powder particle size, achieved the greater §®mumodulus (4.50 and 4.36 MPa for
P85HA10 and P85C10 respectively), what can be dwerhore homogeneous distribution of
the inorganic throughout the polymeric matrix, tret composites with SBA-15 present closer
values to these (4.48 and 4.36 MPa for P10C an& P&&pectively), which can be indicative
that SBA-15 is the inorganic which lead into greateung’s modulus values, considering the
heterogeneity observed in these composites.

After 192h submersion of the biomaterials in watdyserving Figure A 7 B, the Young’'s
modulus increases for all the performed biomateri@lespite the inorganic content loss
observed during the water absorption test, the ositgobiomaterials with SBA-15 are the ones
which lead into greater Young's modulus values @95and 5.27 MPa for P10S and P20S
respectively. Once again this could indicative ®BA-15 can be the ideal choice for improved
mechanical composite biomaterials, for hard tissugineering applications.

A.4. Conclusions

The prepared composite biomaterials, showed by asacpic analysis that the PCL powder
particle size is a very important process paramaterder to achieve good physical mixture
with all the employed inorganics, thus compositnimterials with a homogeneous dispersion
of the filler, without phase separation.

The formation of the non-porous skin layer surrangdhe biomaterials is an undesired effect
of the SFM process, and should be optimized inromeeduce the thickness or completely
eliminate this non-porous skin. This effect affeditectly the mechanical performance of the
biomaterials, inducing in error, as well as it eeded to be removed adding an extra step on
the batch foaming of porous structures.

All the employed inorganics have high affinity witrater, and the polymeric matrix have no
affinity with water since it is highly hydrophobi€his aspect, regarding surface chemistry of
the inorganics also limits a homogeneous dispersfaime fillers throughout the polymeric
matrix, since there is a low affinity between thdmorder to avoid this and achieve better
dispersion of the fillers on the hydrophobic polymnike inorganics could be dried before mixed
with the polymer, what was not performed. Also,face chemistry modifications could be
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performed and/or employing surfactant-like addgiypolymer compatibilizers, for example)
which would help to achieve composite biomaterialth homogeneous dispersion of the
inorganics (Tsimpliaraket al, 2013; Tsimpliaraket al, 2011; Bonillaet al, 2014).

Composite biomaterials presented, for both compost higher porosity than pure PCL
biomaterial, what is indicative that by incorpongtiinorganics porosity is enhanced and is a
good solution towards the development of highlyopgrmaterials for hard tissue engineering
applications. Incorporating 20 and 10 wt. % of HAde&EBA-15 respectively yielded into the
most porous materials, while incorporating MMT iathb compositions similar results were
found but less porous then incorporating the oith@mganics.

The mechanical analysis both at dry and wet camttrevealed that under dry conditions SBA-
15 is the filler which yield into mechanical impex biomaterials. However the obtained

results, in general terms, were very close fothadlperformed composite biomaterials. This is
due to the limitations of the employed test, sianby a 5 kg loading cell was available, and it

was not sufficient to know the true compressionavesur of the porous materials because no
material was completely deformed, so the presewdhakes for compressive strength are not
corresponding to the compression at brake. Thishamgcal test must be questioned and a
different test must be found, one which allowsgplg higher loads on the materials.

From analysis of all the obtained results, the mostbsensual conclusion is that an
organic/inorganic composite biomaterial must be uf@artured towards the development of
biomaterials for hard tissue engineering applicetid he choice of inorganic to employ as well
as its composition is not so consensual. SBA-1kgt into biomaterials with good pore

volume (in a composition of 10 wt. %) and good naetgbal properties (in both compositions).
However, the obtained results for porosity of HA (&t. %) and mechanical properties were
also considerably good, MMT is the inorganic whyeblded into intermediary pore volume

values (for both compositions) and mechanical pitogse(except for a composition of 10 wt.

%).

So, the obtained results are not very conclusiwk fature work should be done, firstly by

knowing the average pore diameter of each produmenhaterial, then by changing the

employed mechanical test, allowing to compressbibenaterials until brake of the material

and pore collapse. The mechanical performance eofrthterials under wet conditions is an
interesting analysis and should be performed uededitions mimicking the natural body

environment in which the materials will be applidthe PCL powder particle size to employ
should be the smaller possible allowing a more hggneous physical mixture, as well as the
surface chemistry of the inorganics could be medifand/or added to the mixture polymer
compatibilizers and/or surfactants.
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Appendix B — Optimization of Mould Surface

Using a glass vial, a non-porous skin layer wasifoan every produced biomaterial. This
effect had already been reported in literature iandue to rapid diffusion of COmolecules
from the surface of the sample during depressuoizg¥Whiteet al, 2012; Jacobst al, 2008;
Tsimpliarakiet al, 2011; Fanovich and Jaeger, 2012; Market al, 2013; Rosa, 2013; de
Matoset al, 2013). This non-porous skin had to be removéer @arocessing, and since cells
adhere only on porous surfaces, since are oneswhit provide a constant flow of nutrients,
as referred on section 1 of this thesis. It aldecéd the mechanical performance of the
biomaterials, inducing in error. These undesirddat$ were enhanced by the thickness of this
non-porous skin.

In order to eliminate the formation of this non-pas skin or reduce its thickness, and so avoid
the problems created by it, several authors referaaches like combining to scefrocessing

a porogen leaching step, adding a salt, for exaniplé¢he mixture which is later removed
reporting a porous feature of the non-porous sRaddrnoet al, 2012). This approach brings
extra concerns to the toxicity of the produced latsmals, since for removal of the porogen an
organic solvent usually is employed and/or residarabunts of porogen can be left on the
biomaterial increasing its toxicity. Since for biedical/pharmaceutical applications, and on
this specific work, for hard tissue engineering leggions, a non-toxic biomaterial must be
employed, and in this work following the green cleny ideology the use of this technique
would be contrary to the main goal of this work., Smwvards elimination or reducing the
thickness of the non-porous skin, several appraaaleee made concerning the mould surface
and type of mould.

Since no other type of mould was available, witlitatlle dimensions to fit inside the high
pressure vessel, the glass vial was used, but Vifidother film materials, in order to change
the mould surface chemistry. Three attempts wer@emaith three different materials lining
the glass vial, glass (without lining), PTFE filmdaacetate film. This test was performed
processing pure PCL (1g) biomaterials, at P = 2@MP= 45 °CAP /At = 1 MPa.mint for
2h.

In Figure B 1 are showed the digital photographiefobtained porous materials with the three
different films on the surface of the mould.
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Figure B 1. Obtainedporous materialsith three different materials on the surfacehs tmould, processed at P =
20 MPa, T = 45 °QyP /At = 1 MPa.mint for 2h.

As observed on Figure B 1, when using a glasgié&hon-porous skin presents a considerable
thickness, although not measured so all the affiona are made based on visual observations.
In this case the porous material was stuck on Esgand so the vial had to be destroyed so
the material could be removed.

Lining the vial with an acetate film the obtainezhrporous skin was even thicker and brighter
when exposed to light, than with the glass surfacthis case, the porous material did not stuck
into the surface of the mould, being able to beawsd without sacrificing the mould. Due to
the increased thickness of the non-porous skitljsncase, its removal was even more difficult.

When processing PCL with a film of PTFE on the ndosirface, the thickness of the non-
porous skin was significantly reduced, being mumhedr than when processing with other
surfaces. However there was still a formation @a-porous skin, as reported in literature,
when using PTFE moulds, but a thickness reductidhi® layer was never reported, in the best
knowledge (Reinwal@t al, 2013). Using PTFE film, the porous material dat stuck to the
mould, and it has been possible to be removedyeaaihout sacrificing it. This can be due to
the high hydrophobicity feature of PTFE, even higtiten PCL, which repeals the molten
polymer, and when vitrifying during depressurizatib does not stick to the surface of the
mould/vial. This effect could be confirmed analgsiihe contact angle between molten PCL
and PTFE, but was not performed during this work.

Observing Figure B 1, and based on the visual ebsiens the ideal material for the mould is
PTFE. With this material, the non-porous skin thieks is largely decreased and the mould
becomes reusable for every processed biomatetsd, Amploying a different material on the
mould, making it reusable, improving a drawbackso€Q processing, without increasing
toxicity of the final biomaterials is an excellesiternative for the proposed techniques for
removal of the non-porous skin.

Based on the obtained results, all the producenhdierials will be performed with a PTFE
mould, as shown in Figure B 2.
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Appendix C — Heights and Diameters of the Produced Biomaterials

For determination of mechanical properties of timraterials, their heights and diameters
must be known.

The diameter of the produced biomaterials varigl@ Idue to radial constraints ensured by the
shape of the mould, since in this direction therétie or no available space for the biomaterial
to grow during depressurization. So, the diametdghe biomaterials is almost equal to the
diameter of the employed mould.

The height of the biomaterials varied greatly adogy to the employed operating conditions
and to the inorganic content and/or incorporateditas (and their proportion when
incorporated in mixture). This happened becausthénvertical direction there was more
available space for the biomaterial to grow. Undenditions that provide the formation of
larger pores a greater increase in height wasiedyiflue to the more occupied space by those
pores and in contrary conditions a reduction irghewas verified since smaller pores were
formed.

For the mechanical analysis, as referred on se2ti®3, the biomaterials were cut, in order to
achieve a cross-section on the top.

In Table C 1 are presented the heights and diamefethe produced biomaterials for the
optimization assays.

Table C 1. Foaming heights and mechanical analysis heighesl dier determination of the mechanical
properties of the producesiomateriak for the optimization assays.

Temperature AP /At Foaming Mechanl_cal
(°C) (MPamin®)  height(cm) , 2naysis
height (cm)
35 0.3 0.83+ 0.08 0.83+ 0.08
1 0.89+ 0.01 0.89+ 0.01
40 0.3 1.65+ 0.06 1.36+ 0.02
1 0.73+ 0.03 0.73+ 0.03
45 0.3 2.04+ 0.29 2.04+ 0.29
1 2.00+ 0.32 1.56+ 0.08
50 0.3 2.27+ 0.07 1.69+ 0.04
1 1.91+ 0.19 1.78+ 0.06

In Table C 2 are presented the heights and diamefethe produced biomaterials for the

additivated and composite assays.
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Table C 2. Foaming heights and mechanical analysis heighésidor determination of the mechanical
properties of the producesiomateriak for the additivated and composite assays.

SBA-15 content Foaming Height Mechanical height

Biomaterials Composition

(wt. %) (cm) (cm)
PCL 1.65+ 0.06 1.36t 0.02
PCL+GF 2.01+ 0.11 1.90+ 0.23
0 PCL+TTPB 1.69+ 0.03 1.53+ 0.01
PCL+GF+TTPB (2:1) 3.21+ 0.45 3.21+ 0.45
PCL+GF+TTPB (3:1) 2.25+ 0.12 1.85+ 0.07
PCL+GF+TTPB (5:1) 2.50+ 0.15 2.20+ 0.01
PCL 1.08+ 0.06 1.08+ 0.06
PCL+GF 2.07+ 0.17 1.84+ 0.16
20 PCL+TTPB 1.75+ 0.02 1.42+ 0.20
PCL+GF+TTPB (2:1) 2.33+ 0.38 1.73+ 0.59
PCL+GF+TTPB (3:1) 2.10+ 0.17 1.74+ 0.37
PCL+GF+TTPB (5:1) 1.79+ 0.07 1.40+ 0.04
PCL 1.1740.05 1.17+ 0.05
30 PCL+GF 1.48+ 0.29 1.45+ 0.26

PCL+GF+TTPB (2:1)

2.51

1.11

The produced replicas of the composite biomatég@alwt. %) additivated with a mixture of
the two additives in a molar proportion of 2:1, ggeted always very non-reproducible
structures, with a very heterogeneous distributiblarge pores mainly on the top section of
the biomaterials as previously seen on Figure iriceSonly one biomaterial, produced with
this composition present a slightly ordered strigtthe one seen in Figure 16, its height was
measured and presented on Table C 2
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Appendix D — Obtained Results from Mercury Intrusion, Nitrogen Adsorption and Helium Picnometry

Table D 1. Obtained values from Helium picnometry, Mercutyusion and Nitrogen adsorption of the produtdaateriab for the optimization assays.

Pi?r?cl)lr?lrgtry Mercury Intrusion Nitrogen Adsorption
Temperature AP /At Average Skeletal Pore
(°C) (MPa.min™) | Real Density Pore p ity (% Densit Bulk Density; BET Surface  Volume  Average Pore
(9.cm®) Diameter orosity (%) enS|3y (g.cn) Area (nt.g?) (cm?.g) Diameter (A)
(g.cm)
(um) x 10
35 0.3 1.2440.12 | 0.48: 0.02 33.63t 090 1.040.01 0.71+0.01 | 0.25-0.01 3.41+0.42 51.21+ 5.58
1 1.05+0.04 | 0.21+ 0.02 39.80t5.73 1.03+0.02 0.61+0.06 | 0.41+0.07 5.50+0.92 54.25+ 0.68
40 0.3 1.1440.01 | 0474 0.01 3298250 1.09+0.03 0.73+0.04 | 0.44+0.04 4.640.10 112.52+ 2.65
1 1.12+0.01 | 0.35+0.10 36.55+1.33 1.040.01 0.68+0.01 | 0.54+0.04 1.48+0.88 50.88t 5.73
45 0.3 1.12+ 0.01 | 0.04 0.02 12.7%4.88 1.13+0.03 0.99+0.07 | 0.98+0.19 8.20+1.11 44.10+ 2.09
1 1.13+0.01 | 0.55+0.01 46.15+6.81 1.06+0.02 0574 0.07{ 0574 0.07 6.03+0.45 106.82 2.17
50 1 1.11+0.01 | 0.08+ 0.01 15.851.89 1.12+0.03 0.94-0.04 | 0.68-0.05 5.98+0.42 42.25+5.11

In Table D 2, are presented the obtained valuas freercury intrusion, of porosity and total poreaar®r every defined pore size range in order to
understand the heterogeneity of pore size distabuif the produced biomaterials from the optimmatassays as well as the distribution of porosity

for each pore size interval.
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Table D 2. Total pore area and porosity for each pore sizernval, obtained from mercury intrusion for the drwedbiomateriak from the optimization assays. TPA — Total Pore

Area.
Temperature 35 40 45 50
(°C)
Pore Size
Range (um)
AP/At
(MPa.min‘) 0.3 1 0.3 1 0.3 1 0.3
0.0055 — 0.05 TPA (m?.g?) 6.04+ 0.64 7.95+ 1.28 5.12+ 2.65 5.914+ 2.25 7.64+ 1.69 6.69+ 0.48 8.1 2.00
' ' Porosity (%) 1.04+0.11 1.5 0.11 0.85+ 0.41 1.02+ 0.27 1.61+ 0.33 0.85+ 0.04 1.68t 0.37
0.05—0.1 TPA (m?.g?) 0.09+ 0.03 1.55+ 0.36 0.01+ 0.00 0.30+ 0.10 0.02+ 0.01 0.09+ 0.03 0.04+ 0.00
' ' Porosity (%) 0.13+ 0.04 1.71£ 0.31 0.02+ 0.00 0.36+ 0.12 0.04+ 0.01 0.09+ 0.03 0.08+ 0.01
01-05 TPA (m?.g?) 0.21+ 0.07 2.34- 1.12 0.04+ 0.03 0.01+ 0.00 0.01+ 0.01 0.14+ 0.08 0.01+ 0.01
' ' Porosity (%) 0.85+ 0.31 6.57 2.58 0.22+ 0.19 1.13+ 0.45 0.24+ 0.03 1.00f 0.08 0.19+ 0.06
05-1 TPA (m?.g?) 0.08+ 0.03 0.30+ 0.13 0.05+ 0.01 0.0+ 0.02 0.01+ 0.00 0.08+ 0.03 0.01+ 0.00
' Porosity (%) 1.064+ 0.34 3.24+ 1.12 0.274 0.03 0.90+ 0.25 0.13+ 0.07 1.04+ 0.08 0.18+ 0.05
1-10 TPA (m?.g?) 0.11+ 0.04 0.24+ 0.08 0.11+ 0.07 0.10+ 0.02 0.00+ 0.00 0.09+ 0.03 0.02+ 0.00
Porosity (%) 5.36+ 1.54 8.93+ 1.90 5.65+ 2.01 4.69+ 1.10 1.12+ 0.37 3.58+ 0.68 1.7 0.43
10 - 50 TPA (m?.g?) 0.02+ 0.00 0.03+ 0.00 0.02+ 0.00 0.03+ 0.00 0.01+ 0.00 0.01+ 0.00 0.00+ 0.00
Porosity (%) 9.50+ 0.53 9.00+ 0.95 5.70+ 0.90 11.3# 0.89 2.05+ 0.40 10.58t 2.01 3.66+ 2.98
2 1
0 - 100 TPAMMO) 5004070 350050 575100  600:141  125t043  1300t474 150t 0.87
Porosity (%) 6.49+ 1.08 4.00+ 1.16 7.93+ 1.82 8.48+ 2.16 1.83f 0.84 13.30t 3.88 1.84+ 0.43
TPA (m2.g?)
100 - 150 Y 10° 2.75+ 0.83 2.25+ 0.43 3.25-0.11 2.00+ 0.00 2.25+ 1.09 4.67 1.25 1.75+ 0.83
Porosity (%) 5.89+ 2.09 4.12+ 0.42 7.44+ 2.90 4.70+ 0.26 4.78+ 1.38 8.55+ 1.13 5.50+ 1.70
TPA (m2.g?)
150 - 360 < 10° 2.00+ 0.00 1.00+ 0.00 1.50t 0.87 1.25+ 0.43 0.75+ 0.43 2.75+- 0.83 1.00+ 0.00
Porosity (%) 6.97+ 0.43 2.27+ 0.18 3.62+ 1.00 4.79t 1.44 3.64+ 0.49 6.56+ 1.53 3.47 0.86
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Figure D 1. Total pore arca® ) and porosit®& ) of the prodddeams from the optimization ags, from mercury intrusion for every defi
pore size interval. ~ Foam produced at P = 20 MPa, T = 35°C ah@l/At = 0.3 MPa.min'; B - Foam produced at P = 20 MPa, T = 35°C i
AP /At = 1 MPa.min%; C - Foam produced at P = 20 MPa, T = 40°C ak®l/At = 0.3 MPa.min* and D -Foam produced at P = 20 MPa, 1
40°C andAP /At = 1 MPa.mint, for 2h.

113



8 19 10 7
18
17 9
7_
16 re
i 15 81
~ 6 14 S
2 13 N- re
E 5+ 12 o E o~
= ST = g &
o 1 o
Z 4 _90-? Z 5] £
2 g ® °
o r8 © S 4 r3 o
[ l; & o i
% 5 ':g 3 Lo
oo LS [
-4 24
L3 1
1 2 1
1
[ E—— —F—9—0¢ o o ol = -9 —+— 9o ¢ o 0
B 0d A D R P P P LT S P S NP L G S -
o ; : 5 . . , i i G 7 % - A A N9 o
o S A S
Q C O
Pore size intervals (um) Pore size intervals (um)
1 8
10 A ;
g =5
Ea e i
s
o
E 8 =
3 6 =
2 &
< Lo &
P 54 4
=] [s]
el b3 b
3
[l 2
2.
1
1 e
o e a ” . N

T U S\ MR SR
o A - & - . A N B
& A A

Pore size intervals (pm)
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Table D 3. Obtained values from Helium picnometry, Mercuntyusion and Nitrogen adsorption of the produdésimateriak for the additivated and composite assays. Prepate
P =20 MPa T = 40 °CAP /At = 0.3 MPa.min* for 2h.

SBA-15 Biomaterials Helium Mercury Intrusion Nitrogen Adsorption

Composition  Compostion Picnometry

(wt. %) Real Density; Average Porosity Skeletal Bulk BET Surface BJH Surface Pore Volume BET Average

(g.cm®) Pore (%) Density Density Area (nf.gl) Area (nf.g) (cnmi.g?d) Pore Diameter
Diameter (g.cmd) (g.cmd) x10* (A)
(Lm)
PCL 1.09+0.01 | 0.16+0.01 28.531.06 1.09-0.01 0.730.02 | 0.84+0.10 0.60+0.21 4.69+1.40 21.8%4.02
PCL+GF 1.0%0.01 | 0.04-0.01 8.6&1.64 1.020.01 1.0&¢0.01 | 1.51+0.01 0.06+0.06 5.45-5.20 13.250.11
PCL+TTPB 1.09+ 0.00 { 0.25+ 0.05 41.160.21 1.0&¢0.02 0.5940.01 | 3.58+ 0.5 3.00+ 0.91  25.04+ 5.88 27.62+ 2.70
PCL+GF+TTPB 1.094+ 0.01 | 0.04+ 0.00 10.780.35 1.0&0.03 0.960.03 { 2.27+0.38 193+ 0.24 17.887.09 30.2&7.49
0 (2:1)
PCL+GF+TTPB 1.09+0.01 | 0.18+ 0.03 30.433.87 1.130.01 0.790.05 | 1.91+0.46 1.78+0.47 56.08:45.20 100.3270.39
(3:1)
PCL+GF+TTPB 1.11+0.03 | 0.08+ 0.03 19.525.65 1.090.01 0.840.07 { 1.23+ 0.06 0.41+0.23 6.63+4.40 21.782.47
(5:1)
PCL 1.20+ 0.00 | 0.35+0.04 43.7#3.13 1.140.01 0.640.03 | 1.49+0.03 1.70+0.04 24.70t1.32 66.162.11
PCL+GF 1.1%0.00 { 0.2H4 0.05 28.564.68 1.120.01 0.8%0.06 | 0.64+ 0.01 0.54+0.06 33.08t 0.43 206.120.50
PCL+TTPB 1.1%0.01 | 0.21+0.05 34.964.77 1.120.03 0.730.03 | 1.72+ 0.13 1.66+0.19 18.80+ 2.92 43.283.52
PCL+GF+TTPB 1.1840.01 | 0.06+ 0.01 15.850.86 1.140.01 0.960.00 { 0.54+ 0.02 0.49-0.04 8.89% 0.66 65.532.72
20 (2:1)

PCL+GF+TTPB 1.174+0.00 | 0.15+ 0.02 27.532.62 1.140.02 0.8%0.02 { 1.29+ 0.07 0.3+ 0.03 7.88+0.48 24.4%0.21
(3:1)
PCL+GF+TTPB 1.19+0.01 | 0.10+ 0.01 23.160.91 1.180.03 0.9%0.01 | 0.27+0.01  0.19+ 0.03  14.2G+ 6.72 216.93111.74
(5:1)
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The distribution of porosity throughout the poreesranges, can be used as another tool to
understand the distribution of pore sizes in thmdpced biomaterials in order to choose the
optimal processing conditions. To understand wloglerating conditions set, yields into
biomaterials with a wide distribution of porositydughout all the pore size ranges, since for
hard tissue engineering applications are needegspralmost every size, as shown in Table
1, section 1.1. Observing Figures D 1 and D 2pthtained results of total pore area represent
what was expected, smaller pores have much lawgce area, due to their high aspect ratio.
The obtained high deviations are due to the fadtttiis property, total pore area, is an indirect
measure of the mercury intrusion technique. In db&ained values of porosity, also high
deviation values are obtained. This might be dubéaised method to determine this property,
and considering that the measured samples, wefeautifferent sections of the biomaterials
and, as shown, the produced biomaterials presqutea$ of different sizes heterogeneously
dispersed spatially.

Observing both Figures D 1 and D 2, it is visilblattin the range between 0.1 and 1 um, except
the biomaterial produced at a temperature of 3&rf€a depressurization rate of 1 MPa:fin

all the produced biomaterials presented very lowogity. This effect is not reported in
literature. This results shows that with the usegeemental apparatus for the SFM process,
when nucleation of the cells G@nolecules preferentially diffused into larger sedind/or
smaller, leading to the formation of larger andfmaller pores. PCL could preferentially forms
pores either larger or smaller, meaning that eilils size within this range are unstable and or
either they grow yielding into larger pores andfay collapse during depressurization. Despite
the proposed explanation this phenomena is no¢ guitlerstood.

All the produced biomaterials present porosity withll the other pore size ranges. Although,
despite the biomaterial produced at a temperatud® 8C and a depressurization rate of 0.3
MPa.mint, all of them present one or two peaks in porogibjch can be translated into
biomaterials with more pores within the peaks range, almost all of the produced
biomaterials presented porosity concentrated ieva fpore size ranges. Contrarily, in the
biomaterial represented in Figure H 1 (C), a widlstribution of porosity is observed, meaning
that with these operating conditions, biomatenelh wider distribution of pore sizes can be
obtained. This finding confirms, once more, thas operating conditions are the optimal in
order to produce biomaterials for hard tissue ezwgjiimg applications. Although, and as seen
previously, operating at a temperature of 45 °Caagléipressurization rate of 1 MPa.rhiields
into an almost similar distribution of porosity tlughout the pore size ranges, although not so
homogeneous as the considered optimal conditioogieVver, at these conditions higher
porosity is obtained for very small pores, whiclilddoe interesting concerning surface area of
the final porous material.

In Figure D 3, is showed, as an example, an oldas@therm, from nitrogen adsorption, by
the BET method, for a biomaterial of the optimieatassays.
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Figure D 3. Adsorption and desorption BET isotherms ofamaterialprepared at P = 20 MPa, T = 35°GP/A¢
= 1 MPa.min-1 for 2h, of the optimization assaysgénd: & - Adsorption Isothern® - Desorption Igoth.

In Figure D 4, is shown an example of an obtaimggbgption and desorption BET isotherm,
from nitrogen adsorption, of a biomaterial from #uglitivated and composite assays.
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Figure D 4. Adsorption and desorption BET isotherms of a contpeslditivatechiomaterial( PCL+GF+SBA-15
(20 wt. %)) prepared at P = 20 MPa, T = 40 %R /At = 0.3 MPa.min' for 2h of the additivated and composite
assays. Legendd - Adsorption Isothe®1, - Desorplsotherm.
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Appendix E — Determination of the Average Pore Diameter and Pore Density
with SEM Imaging

An example on how was determined the horizontattsediameter of each observable pore in
the photographs obtained by SEM, using Image dvaodt, is shown in Figure E 1.
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Figure E 1. Example of determination of the Feret diameten@ry observable pore on the photographs obtained
by SEM, for pure PChiomaterialproduced at P = 20 MPa, T = 40 °@P/At = (0.3 MPa.min-1 for 2h.

In the pure PCL biomaterial about 80 pores weretitled and measured, in composite
biomaterials about 200 pores were identified andsueed and in non-composite additivated
biomaterials about 10 pores were identified andsuesl for each biomaterial.

The pore sizes were grouped into 20 groups, farydsiematerial, and then plot in a histogram.
In Figure E 2 is shown an example of an obtainstbgram for the non-additivated composite
biomaterial (20 wt. %).
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Figure E 2. Obtained histogram graph from the distributiorpofe size measured by SEM imaging from the non-
additivated compositsiomaterial (20 wt. %) produced at P = 20 MPa, T = 40A€A¢ = 0.3 MPa.min-1 for 2h.

The average pore diameter and standard deviatiere determined based on the obtained
results from the histogram distribution, using e (E1) and (E2),
20
_ i—1 N
¢ =m0 = (ED)
(B2, i x 1)

In which ¢ represents the average pore diameter (upthe number of counts of the interval
i (dimensionless) and; the average pore size of the i interval (bin) (um)

~ _ S8 X (= B0 2

20 _

Wherea represents the standard deviation.

Pore density

Pore density of the produced biomaterials for thditavated and composite assays, except
biomaterials prepared with a filler composition3® wt. %, was determined by equation (E3)
as proposed by Salerno and co-workers (Saletab, 2013),

Py = (1)(%) (E3)
In which P, represents pore density of the biomaterial (pores’), n the number of pores

identified using Image J software aAd the cross sectional area of the sample analysed by
SEM. The obtained pore densities of the preparechaierials are presented in Table E 1.
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Table E 1. Obtained values of pore density of the prepdiechateriak for the additivated and composite assays,
atP =20 MPa T = 40 °CAP/At = 0.3 MPa.mint for 2h.

SBA-15 Biomaterials Pore Density
Composition Composition (pores.mmni?)
(wt. %)
PCL 5.47+1.93
PCL+GF 0.58+ 0.28
0 PCL+TTPB 15.77+ 1.52

PCL+GF+TTPB (2:1) 0.294 0.16
PCL+GF+TTPB (3:1) 4.80+ 1.16
PCL+GF+TTPB (5:1) 2.09+1.10

PCL 37.32+ 4.07
PCL+GF 14.97+ 6.25
PCL+TTPB 83.32+ 3.25

20 PCL+GF+TTPB (2:1) 13.44+ 2.09

PCL+GF+TTPB (3:1) 12.76+ 2.35
PCL+GF+TTPB (5:1) 12.63+ 1.80

As can be observed in Table E 1 pore density higiuseases when TTPB is incorporated. This
clearly shows the enhanced porogenic effect of T¢&Bpared to GF, which led to a decrease
on pore density. TTPB yields into a greater-@dsorption by the polymeric chains, increasing
their free movement, and therefore more bubbletoanged. Incorporating in PCL biomaterials
a mixture of GF and TTPB vyielded into a decreasgam density, comparing to pure PCL
biomaterial. The effect of both additives is naotelr, as the amount of GF increases on the
biomaterial from the mixture of 2:1 to the mixtwe3:1, an increase is verified from 0.29
0.16 to 4.80+ 1.16 pores.mm When adding a mixture of GF and TTPB in a molapprtion

of 3:1 better values of pore density are obtairgeunparing to the effects of the other molar
proportions) towards an application requiring hpgine density like biomedical/pharmaceutical
applications. Incorporating SBA-15 (20 wt. %) pdessity is highly increased to 37.324.07,

as expected, since this inorganic creates an aterith the polymer, this interface lowers the
activation energy of nucleation favouring the hegemeous mechanism. The presence of the
filler leads to a high nucleant density resultingan increased nucleation rate and therefore
high pore density (Nalawads al, 2006; Jacobst al, 2008; Chen Let al, 2013). Again
adding to the composite biomaterial TTPB, pore igns even further increased, due to its
porogenic/plasticizer action. GF lowers pore denssince its action as a blowing agent
promotes homogeneous nucleation yielding into Varye pores, decreasing pore density. In
the composite biomaterials, the trend verified ttoe nhon-composite biomaterials, when a
mixture of the two additives is incorporated, i merified. Greater pore density is obtained
when a mixture in a molar proportion of 2:1 is imparated, tough the obtained values for all
the three tested molar proportions are very sindl@&ach other. From this analysis it stays clear
that incorporating SBA-15, producing composite badenials, pore density is highly increased.
It was found also, that TTPB has high porogeni®actyielding into the production of highly
porous materials. GF can be added in order to mdtaiger pores, as seen by SEM analysis.
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Appendix F —Obtained Results from Thermal and Crystallinity Analysis

Simultaneous Differential Thermal Analysis (SDT)

In Figure F 1 is shown an example of a SDT praftained from a composite biomaterial (20
wt. %).
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Figure F 1. SDT profile for a non-additivated compoditematerial (20 wt. %) of the additivated and composite
assays. Prepared at P =20 MPa T = 40 &B,/At = 0.3 MPa.min' for 2h. Legend:— Heat flow,--. sample
weight.

In Figure F 2 is shown an example of a SDT prdji¢ained from a biomaterial additivated
with GF.
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FigureF 2. SDT profile for a non-composite additivated bioemn& (GF) of the additivated and composite assays.
Prepared at P = 20 MPa T = 40 °@P /At = 0.3 MPa.min* for 2h. Legend:— Heat flow,--- sample weight.

As stays clear, by observation of Figures F 1 gnid the first case, since no liquid additive
was incorporated, the observed mass loss is cdngtaih the polymer degrades leaving as
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residual mass the initially incorporated inorgacnntent, in the second case, a liquid additive
was incorporated which have a lower thermal stgttiian the polymer, degrading firstly. This
Is observed, in Figure F 2, as a small mass lossbgerved between 200 and 300 °C
corresponding to the degradation of GF. In thiseca@nce no inorganic content was
incorporated, the mass loss is total reaching 0%ghwat 700°C, indicating that all the polymer
and the additive were degraded.

In Figure F 3 is shown an example of the deternonabf peak area of the thermal events
detected by SDT, as well as the melting and deg¢aadeemperatures. The same intervals for
determination of the peak areas were used for gy@fprmed sample.
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Figure F 3. Example of determination of melting and degradatathalpies as well as melting and degradation
temperatures for pure PCL biomaterial of the addited and composite assays prepared at P = 20 MBa0
°C,AP/At = 0.3 MPa.mint for 2h.

In Figure F 4 is shown the determination of meltimgl degradation temperature and enthalpies
for pure unprocessed PCL.
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Figure F 4. Example of determination of melting and degradagathalpies as well as melting and degradation
temperatures for pure and unprocessed PCL

In Figure F 5 is shown an example on how the n@sswas determined based on the obtained
SDT profile.
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Figure F 5.Example of determination of mass loss and real $BAontent from SDT analysis, for a non-
additivated composite biomaterial (20 wt. %) frdme dditivated and composite assays prepared atP MPa
T =40 °C,AP/At = 0.3 MPa.min' for

In Table F 1 are presented the obtained values f8&WT of melting and degradation
temperatures, melting enthalpy, as well as thetaitysty and mass loss of the produced
biomaterials for the additivated and compositeayss
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TableF 1. Obtained values of melting and degradation temiuees, melting enthalpies, crystallinity and massslfrom SDT of the produckidmateriak for the additivated and
composite assays

SBA-15 content Biomaterials Compostion Melting Degradation Melting Crystallinity Mass loss (%)
(wt. %) P Temperature (°C) ~ Temperature (°C)  Enthalpy (J.g%) (%) °
- 420.32+ 7.39 - - 99.62+ 0.38
Pure TTPB
- 180.29+ 1.82 - - 97.20+ 0.97
Pure GF
68.10+ 0.14 416.34+ 0.25 98.61+ 1.90 70.79 1.36 97.71+ 0.34
PCL powder
65.23+ 1.79 415.86+ 0.39 96.95t 4.56 69.59t 3.27 99.98t 0.02
Unprocessed PCL
0 PCL 66.08+ 0.12 414.6% 0.02 97.06t 5.64 69.68t 4.05 99.79t 0.16
PCL+GE 60.06+ 0.59 414.63+ 0.32 66.17 3.24  47.50t 2.32 98.49t 0.16
PCL+TTPB 64.94+ 0.86 403.97+ 0.00 47.14 2.44 33.84t 1.75 98.32+ 0.23
PCL+GE+TTPB (2:1) 63.58 0.21 414.15+ 1.20 67.12- 1.45  48.18t 1.04 95.16t 1.19
PCL+GF+TTPB (3:1) 61.2% 0.44 410.27+ 0.44 64.10t 559  46.02t 4.01 98.72t 0.13
PCL 65.85¢ 0.11 416.41+ 0.08 62.62+ 3.24 56.19 2.91 80.70k 0.88
PCL+GF 59.07+ 0.66 411.23+0.11 76.15+ 0.90 68.33t 0.81 86.46t+ 0.21
PCL+TTPB 65.62+ 0.40 417.26+ 1.60 72.44k 4.05 65.00k 3.63 85.32t 0.09
20 PCL+GF+TTPB (2:1) 61.3% 0.50 414.64+ 4.97 50.54t 6.20 45.35t 5.56 89.39t 0.93
PCL+GE+TTPB (3:1) 62.08 0.46 411.57+ 1.55 63.90k 1.77 57.34k 1.59 84.69: 1.73
PCL+GF+TTPB (5:1) 59.5% 0.22 411.97+ 0.07 57.85k 1.10 51.9% 0.98 87.65k 1.16
PCL 69.54+ 0.03 416.35+ 0.96 34.16t 2.05 35.03t 2.10 79.66t 0.90
30 PCL+GF 57.82+ 2.17 417.50+ 0.22 4772+ 581  48.94+ 596 80.36t 1.03
PCL+GF+TTPB (2:1) 62.05+ 0.08 422.8A 1.19 53.38t 3.79 54.74t 3.89 81.12+ 0.22
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X-Ray Diffraction (XRD)

In Figure F 6 is represented the obtained diffrggam of pure PCL biomaterial, with the
crystalline peaks and Gaussian fit of the amorpheg®n identified.
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Figure F 6. Pure PCLbiomateria| prepared at P = 20 MPa, T = 40 °@QP/At = 0.3 MPa.min* for 2h,
diffractogram with crystalline peaks, Gaussiarofiamorphous region and diffraction planes ideatifi

In Table F 2 are presented the obtained valuesysfatlinity index from XRD and SDT for the
prepared non-composite biomaterials of the comeasitl additivated biomaterials assays.

Table F 2. Obtained crystallinity indexes from XRD and SbiTrfon-compositéiomateriak of the additivated
and composite assays, prepared at P = 20 MPa, D2&AP/At = 0.3 MPa.min' for 2h.

g?ggéiﬁ%i X?%g;ﬁt%&gl)ty SDT Crystallinity index (x.(%))
PCL 67.76+ 0.19 69.68t 4.05
PCL+GF 62.55+ 0.57 47.50f 2.32
PCL+TTPB 68.11+ 0.48 33.84t 1.75
PCL+GF+TTPB (2:1) 63.06+ 0.83 48.18+ 1.04
PCL+GF+TTPB (3:1) 60.39+ 0.10 46.02+ 4.01
PCL+GF+TTPB (5:1) 65.70+ 0.26 53.03+ 2.36

As seen in Table F 2, the obtained values from Xiter from the ones obtained from SDT.
In literature a good correspondence between thddalmiques is reported, when supercritical
foamed PCL is analysed (de Magisal, 2013; Yu and Dean, 2005). In this work, onlyoad
correspondence was found for pure PCL biomatértad.trend for the biomaterials additivated
only with one additive found by SDT is not found ¥RD, although once a mixture of the two
additives is incorporated the trend found by SD&asfirmed by XRD.
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Appendix G —Obtained Results from Mechanical Analysis

In Figure G 1 is shown an example of an obtaineskstersusstrain plot of a biomaterial for
the optimization assays, with the three zones ifledf linear elastic, collapse plateau and
densification as well as the rupture and failurnfso
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Figure G 1. Stress versus strain plot obammaterialprepared at P = 20 MPa, T = 35 °6P /At = 1 MPa.min!
for 2h for the optimization assays.

In Figure G 2 is shown an example of an obtaineesstversus strain plot of a composite
biomaterial (20 wt. %) of the additivated and cosipobiomaterials.

Stress (MPa)
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Figure G 2. Stress versus strain plot of a compositenaterial (20 wt. %) prepared at P = 20 MPa T = 40 °C,
AP /At = 0.3 MPa.mint for 2h for the additivated and composite assays.

In Table G 1 are shown the obtained results forgressive strength and Young’s modulus of
the produced biomaterials for the optimization gssas well as the bone mechanical
properties.
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Table G 1. Obtained results of compressive strength and ysumodulus of the prepardgomateriak for the

optimization assays.

Compressive

Young’'s

Temperature AP /At Regression
(°C) (MPa.min1) S(tI[/? Sg;h I\/E(Iz/ld;;l;s Coefficients

35 0.3 6.87+ 2.64 9.93+ 1.42 1.00+ 0.00

1 24.72+ 0.83 13.2A4 4.01 0.99+ 0.01

40 0.3 1.90+ 0.39 32.61+ 3.01  0.99+ 0.00

1 3.95+ 0.01 35.91+ 0.25 0.99+ 0.01

45 0.3 0.62+ 0.19 11.4A# 1.62 0.99+ 0.01

1 2.67+ 0.11 23.86+ 2.13  0.99+ 0.01

50 0.3 0.67+ 0.02 5.35+ 1.20 0.99+ 0.00

1 0.34+ 0.04 8.28+ 0.47 1.00+ 0.00

References(Yanget al, 2001)

Cortical Bone

130-180

3000-30000

Trabecular Bone

4-12

20-50

*The obtained values for the replicas of these litamials were exactly the same until the fourthirdatplace.

In Table G 2 are shown the obtained results forgressive strength and Young’s modulus of

the produced biomaterials for the additivated antmosite assays.

127



Table G 2.0btained results of compressive strength and Ysungdulus of the preparddomateriak for the

additivated and composite assays.

SBA-15 Biomaterials Compressive voung’s Regrgssion
content " Strength Coefficients
(Wt. %) Composition (MPa) Modulus (MPa)
PCL 1.90+ 0.39 32.61+ 3.01 0.99+ 0.00
PCL+GF 0.65+ 0.13 9.68+ 2.07 0.99+ 0.03
0 PCL+TTPB 1.18+ 0.05 17.05t 2.26 0.99+ 0.00
PCL+GF+TTPB (2:1) 0.47+ 0.00 4.26+ 3.14 0.97+ 0.03
PCL+GF+TTPB (3:1) 0.47+ 0.00 14.30+ 2.08 0.95+ 0.05
PCL+GF+TTPB (5:1) 0.39+ 0.08 8.13+ 1.68 0.98+ 0.02
PCL 7.97+0.31 60.1A4 2.31 0.99+ 0.00°
PCL+GF 0.63+ 0.01 1151+ 1.11 0.98+ 0.01
20 PCL+TTPB 3.38+ 1.23 17.05+ 2.26 0.97+ 0.01
PCL+GF+TTPB (2:1)  2.15 2.03 1.00
PCL+GF+TTPB (3:1) 0.77+ 0.00 16.80+ 4.40 0.96+ 0.03
PCL+GF+TTPB (5:1) 1.08+ 0.15 8.75+ 2.87 0.99+ 0.01
30 PCL 3.12+ 0.01 21.60t 6.69 0.99+ 0.00”
PCL+GF 3.33+ 2.56 12.98+ 2.67 0.99+ 0.00°
PCL+GF+TTPB (2:1) 0.52 6.55 0.98

ReferenceqYanget al, 2001)

Cortical Bone

130-180

3000-30000

Trabecular Bone

4-12

20-50

*The obtained values for the replicas of these litamals were exactly the same, since they brokieeasame load.
* The obtained values for the replicas of these btenmls were exactly the same until the fourthirdatplace.

The mechanical properties of the composite biormat€20 wt. %) additivated with a mixture
of the two additives in a molar proportion of 2uWtas only measured once, since from all
produced replicas it was only possible to achietleraogeneous cross section for performing
the assay, from one sample. nonetheless the assagttempted to be conducted with the other
replicas but the biomaterials were so fragile tivay were destroyed only by applying the
oedometer arm weight.

The composite biomaterials (30 wt. %) additivatathva mixture of the two additives in a
molar proportion of 2:1, had a non-reproducible raacopic structure. Several replicas were
prepared but the same macroscopic results were aeheved. Moreover, this biomaterial
presented always a very heterogeneous distributibrthe filler, resulting in a very
heterogeneous structure, as seen on section F@dre 16. In this biomaterial a phase
separation occurred, since the polymer grown \alyion the side of the biomaterial and the
SBA-15 particles were concentrated on the other sidthe biomaterial. So, the mechanical
analysis for this biomaterial was only performed@mndue to the high heterogeneity and non-
reproducible feature of the biomaterials.
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Appendix H — Silica “Fibres”

As referred on section 3.3.1, the unexpected faomaif “fibre”- like structures was verified

in the prepared composite biomaterials (20 and 8Q4y additivated with GF, increasing the
visible amount of those structures with the amair8BA-15. When TTPB was added to the
mixture, it was verified a larger dispersion of gresence of those structures throughout the
polymeric matrix. In non-composite biomaterials hraaditivated and additivated with GF
and/or TTPB, no such structure was visible.

As the amount of GF, in mixture with TTPB, incredsalso the visible amount of these
structures appeared to increase. So, the biomigpeeigared with a composition of SBA-15 of
20 wt. % additivated with a mixture of GF and TTRPBa molar proportion of 5:1 is the one
presenting larger amount of these structures,ettmposites with this inorganic content, and
the biomaterial prepared with 30 wt. % of SBA-15litidated with a mixture of GF and TTPB
in a molar proportion of 2:1 is the biomaterial wlnipresents the larger amount of these
structures.

In Figure H 1 are shown some examples of the obdestructures on the prepared biomaterials.

The presence and/or formation of such structuresti@ught to be due to several explanations,
since in the literature no work reported the fonoratof such structures, despite the natural
formation of spicules (but the obtained resultghis work were much different). The first
though was concerning a contamination of the pexpsamples. Tough, a contamination of the
entire sample was discarded, since on the sampédgsad at the same time, without GF and/or
SBA-15 no such structure was visible. Also, at hapotime, the same trend was visible, only
the samples with GF and SBA-15 presented thesetstas. But nonetheless it could still be
an organic contamination. Also, it was thought eéoacontamination either of the SBA-15
nanoparticles and/or the PCL powder particlespaigh on the non-composite biomaterials no
such structure was visible as well as on the nathtizdted composite biomaterials. To confirm
this speculation, SBA-15 nanoparticles and PCL powgirticles were observed with SEM,
which results are presented in Figure 18 on se@i8nl. In this analysis no “fibre”-like
structure and/or contamination were observed siid€ analysis was used. EDS was also
employed on the samples, in which these structuess observed, as showed in Figure H 2.

Through EDS analysis of the composite (30 wt. % additivated biomaterial with GF, as
seen in Figure H 2, the presence and/or formatiadhese “fibre”-like structures appears to be
a contamination of Na. however, the obtained resark highly inconclusive since, and as seen
on the obtained spectra (Figure H 2 (F)), the Nedm®ns are very low (0.2 wt. % with a
deviation of 0.0, which is indicative of very lowvetgction and/or an analytical error. Observing
the obtained mapping of O (Figure H 2 (D)) it isatlear that these “fibre”-like structures are
composed by O. Since no conclusive result was odtiaiother EDS analysis were performed,
as shown in Figure H 3. In this spectra, showeBigure H 3, Na was not identified, leading
into more inconclusive results about a possiblegammmation of the biomaterials and/or the
used compounds, such as GF and/or TTPB. Concethaigho additivated biomaterial with
TTPB presented any “fibre”-like structure (compesand non-composite), the contamination,
if any exists, could only be on GF, however, thenposite and non-composite biomaterials
additivated only with GF did not present any sutchcsure.
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Figure H 1. Observed “fibre”-like structures on the prepare@materias from the composite and additivated
assays. A — PCL+SBA-15 (20 wt. %)+GF; B - PCL+SBAA0 wt. %)+GF+TTPB (2:1);C - PCL+SBA-15 (20
wt. %)+GF+TTPB (3:1); D - PCL+SBA-15 (20 wt. %)+GHATPB (5:1); E - PCL+SBA-15 (30 wt. %)+GF; F -
PCL+SBA-15 (20 wt. %)+GF+TTPB (2:1Biomaterias prepared at P = 20 MPa, T = 40°@P /At = 0.3
MPa.min for 2h.
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FigureH 2. EDS mapping of the composite (30 wt. %) addiggaiomaterialwith GF. A. — Obtained SEM image
of the composite screw device at a magnificatiodatf00, scale bar — 5 um; B. — mapping image ottiemical
element C; C. — mapping image of the chemical ai¢i@e D. — mapping image of the chemical elemerE ©
mapping image of the chemical element Na; F - Eftsa of the identified chemical elements.
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Figure H 3. EDS area spectrum of the prepared compdsdmaterial (20 wt. %) additivated with a mixture of
GF and TTPB (3:1). A — Obtained SEM image oftflbenaterialat a magnification of X3500, scale bar — 10 um;
B — EDS spectra of the identified chemical elements

Since no conclusive result, concerning a possitdecbhtamination, was obtained, the next
possible explanation was that the formed structwe® silica-based structures. Silica is the
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used name for silicon oxide, in which are presémta of Si and O, as confirmed in both EDS
analysis, as seen in Figures H 2 and H 3.

The biomaterials in which these structures wereenlesl, suffered a thermal treatment, for
SDT analysis, from room temperature until 700 °Gni€ary to the other tested biomaterials,
these leaved a powder-like residue (despite the-EBA&ontent) with the shape of the sample
as seen in Figure H 4 (A.), and the other biomaleideaved all the residue “glued” to the
sample bearer borders. This powder-like residueamatyzed with SEM, as seen in Figure H
4 (B.).

A.

Figure H 4. Obtained residue from thermal heating until 700f@n SDT analysis (A) and SEM image of the
obtained residue (B), obtained at a magnificatidiX@0000, scale bar 1 um.

As seen on Figure H 4, even after heating of tleenbierial until 700 °C, these “fibre-like
structures are found, which reveals that thesectstres are not any organic contamination,
since after 700 °C it would all be destroyed. &esé structures are inorganic, what could be
indicative that they are of Silicon-nature.

In order to understand if the heating of the contpcaand the biomaterial additivated with GF
led into inorganic residues with the presence es¢h*fibre-like structures, a composite (30
wt. %) and additivated biomaterial with GF, was tedain a muffle furnace (Carbolite,
Sheffiled, UK) from room temperature ( ~20 °C) @ PC with a heating rate of 10 °C.min
Then the sample was analysed with SEM in ordeotdign the presence of these “fibre”-like
structures. A composite (30 wt. %) and non-addiéigabiomaterial, was also heated in the
muffle furnace until 700 °C, in order to compardhwthe biomaterial in which the “fibre”-like
structures were found. In Figure H 5 A is showesl ¢bmposite (30 wt. %) and additivated
with GF biomaterial after exposure to 700 °C intingfle furnace, in Figure H 5 B is showed
the SEM image after exposure to 700 °C in the madtftnace and in Figure H 5 C is showed
the SEM image of the non-additivated composite lai@mal (30 wt. %) after exposure until
700 °C.
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FigureH 5.0btained residue of the composite (30 wt. %) adaliédbiomaterialwith GF after exposure until 700
°C on the muffle furnace (A.), its SEM image (Bg magnification of X30000, scale bar 200 nm dreddbtained
SEM image at a magnification of X30000, scale H2® Am from a composite and non-additivabdesaterial
after exposure until 700 °C at the same conditi@h¥

Observing Figure H 5 B., some “fibre”/spicules stuues are observed on the inorganic
residue. Tough, these observed structures are smaler than the previous observed on the
prepared biomaterial s and in the residue fronSb& analysis, since the used magnification
to enable the observation of these structures whrhigher. However, in the residue from the
non-additivated biomaterial (Figure H 5 C), no swsthucture is found. Once more, these
observations are not very conclusive, which camndeative that no zone of the sample in

which the “fibre”-like structures were found wasalysed, which can be elucidative that the
presence of these “fibres” is not homogeneousigmkiomaterial (what could be indicative of

a local contamination).

After all the observations, the explanation whiglséen as the most accurate is that, somehow,
during scCQexposure and processing, and by action of GRntirganic nanoparticles assume
this morphological conformation. So, in order talarstand the effect of every variable (namely
operating pressure), acetone (low polar and hyaroighsolvent) was used to mimic the effect
of scCQ in PCL, and GF and SBA-15 (20 wt. %) were incogped in the mixture in the same
compositions of the prepared biomaterial s forathditivated and composite assays. Also, other
tests were performed, one with only acetone, PGL @R and other with GF and SBA-15.
These mixtures were stirred until acetone, which added for all the mixtures in a proportion
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able to dissolve all the PCL, had dissolved all #raployed PCL (1g). The obtained
macroscopic results are shown in Figure H 6.

Figure H 6. Obtained macroscopic results from the mixtures céténe+PCL+SBA-15+GF (98% molar) (A),
Acetone+PCL+GF (98% molar) (B); Acetone+PCL and @F+SBA-15.

As observed, in all the mixtures prepared with R@H acetone, PCL was totally dissolved. In
the mixture of PCL and acetone, showed in Figur@ (€) after a week approximately, PCL
started to precipitate. This could be due to sovaparation and loss of solvent mass. The same
happened in the mixture of acetone + PCL + SBA-T&+ after total solubilization of PCL, it
precipitated after a week approximately, as sedfigare H 6 A. In Figure H 6 (C), SBA-15
appeared to be partially soluble on GF, althoughtwiould have happened is a reduction of
particle size, as seen by the smaller particlehenvalls of the Erlenmeyer flask, and so by the
naked eye the SBA-15 particles are not visible.

In order to understand the effect of the molterypar and GF on the possible formation of
those “fibre™-like structures of SBA-15, as thougising the solution shown in Figure H 6 A,
acetone was evaporated (mimicking the depressimestep, and vitrification of the polymer)
yielding into a composite film of PCL and SBA-15i3 film was analysed using SEM, in order
to confirm the presence of those “fibre™-like sdlistructures. In Figure H 7 are shown the
obtained results.
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FigureH 7. SEM image of the obtained composite film fromestlevaporation, obtained at a magnification of
X7500, scale bar 5 um. The red circles show thaetified “fibre”-like structures.

As seen, even by this method, several “fibre”-bkeictures were identified, although in much
smaller number than in the prepared biomateria®S Enalysis was performed in order to
assess the chemical information of such struct@ese again, the obtained results from this
analysis were not conclusive and these structyspsaa to be of silicon nature. The other
prepared solutions, showed in Figure H 6 (B, C Bipdvere not analysed with SEM due to
limitation of the available time, although in theudre they will be analysed.

Even after all the attempts made to assess thenaimgl mechanism of formation of such

structures no conclusive result was achieved, atthall the obtained results appear to lead
into the conclusion that these structures arelicbsi nature, and are formed by action of GF.
In the literature, as referred, no similar resudtsweported. Only the formation of spicules is
reported in literature, although these structuresnat similar to the ones found in this work

(Muller et al, 2013; Wang, 2015).

A possible explanation of formation of these “fibli&e structures, since they are assumed to
be of silicon nature, concerns the self-assembthede structures by action of GF, acting this
as a surfactant. It is supposed that SBA-15 cgrab@lly soluble in GF, due to its hydrophilic
end. Then, at the depressurization step, the etherof GF, which is hydrophobic, is guided
and dragged by COnolecules leaving the polymer + inorganic + GFtome, self-assembling
the silica particles yielding into “fibre”-like stctures. The chemical mechanism is represented
in Figure H 8. This “fibre”-like structures presedtdiameters of 100 ~150 nm (measured by
image analysis using Image J software). Due to fémgure these structures present great
interest for development in silica nanotechnoloty, disclose the proposed nature and
formation mechanism.

135



R

L
/\/“‘\/Q

Figure H 8. Proposed self-assembly mechanism of the silikae'filike structures. Note — SBA-15 chemical

structure is not fully represented, only the stawetof a pore is.
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Appendix | —=Pressure Behaviour during Depressurization

In Figure 1 1 is shown the pressure behaviour dyite depressurization step of the batch SFM
process of a biomaterial for the filler selecti@says.
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Figurel 1. Pressure drop behavior during the depressurizasimp at a depressurization rate of 1 MPain

In Figure |1 2 is shown the pressure behaviour dyite depressurization step of the batch SFM
process of a biomaterial for the additivated anaposite assays.
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Figurel 2. Pressure drop behavior during the depressurizatiap at a depressurization rate of 0.3 MPa:hin

As can be seen, on Figure | 1, when the criticahtpof CC; is reached there is an added
difficulty to maintain the depressurization rat@stant, due to the phase change. When the exit
valve is opened, due to the large difference batwibe pressure inside the vessel and the
ambient pressure the pressure drop is very fasichwis translated in a higher rate of
depressurization within the first minutes.

137



Appendix J — Supplier Technical Data Sheet of SBA-15 and MCM-41

In Table J 1, are shown the physical properti€SBA-15, comparing to MCM-41, as supplied
by the manufacturer (Claytec (USA)).

Table J 1. Manufacturer information of morphological propesi of SBA-15 and MCM-41.

Claytec Framework Average BET Framework Total Pore
Number  Structure BJH Surface Pore Volume Volume
Framework Area (cmi.g?) (cmi.g?)
Pore size (m2.g?Y)
(nm)
1D-Hexagonal
01-001 MCM-41 Type 2.4 1050 0.79 0.92
1D-Hexagonal
01-002 SBA-15 Type 8.5 718 0.90 0.93

138



