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Abstract

The increase of musculoskeletal diseases and trauma injuries due to the changes in the human life
style in the more recent decades has been one of the major driving forces of the research for bone
substitutes and regeneration. The most recent researches and the best products in the market, point to
polymeric/ceramic composite grafts, as they have shown the best results on bone regeneration.

In this work different composite scaffolds were developed, with the purpose to identify the ones with
adequate structure and properties. The produced scaffolds are based on chitosan (CH) with small and
Large Molecular Weights (MW) and ceramics like biphasic ceramics (75% hydroxyapatite and 25% [3-
TCP), mesoporous bioactive glass (MBG), mesoporous hydroxyapatite (MHap), in different
concentrations and a combination of the mesoporous materials (12.5% MHap/12.5% MBG and
25% MHap/25% MBG).

The mesoporous ceramics were produced by the sol-gel method with Pluronic® as surfactant. The
membranes were obtained by lyophilization of the composite suspension. Resulting membranes were
neutralized and dialyzed so they would not dissolve on contact with liquids.

The new MHAp showed a lower crystallization temperature in the XRD, FTIR and DST-TGA analysis.
The samples were also analyzed by TEM.

The composites had a high porous structure, with interconnected pores. Furthermore, the scaffolds with
higher ceramic content presented column like pores and compressive modules increased with the
ceramic concentration.

The materials used in the composites and the composites themselves, were tested for cytotoxicity, and
none presented any cytotoxic response. In addition, adhesion tests showed that scaffolds produced
with CH of lower molecular weight, have higher cell adhesion and proliferation than those produced
with CH of high molecular weight. Moreover, compositions involving the mixture of MHap and MBG
presented the best adhesion and proliferation results.






Sumario

Um dos maiores impulsionadores da investigagédo de substitutos e regeneradores 0sseos tem sido o
aumento das doencas e lesBes osteo musculares, devido as mudancas de comportamento humano
nas mais recentes décadas. Destes substitutos destacam-se os compoésitos de base ceramica e
polimérica, devido aos resultados muito positivos conhecidos, durante a fase de investigacéo, bem
como quando ja integrados em produtos existentes no mercado.

Neste trabalho séo desenvolvidos diferentes compdsitos, com o propdésito de identificar a composicéo
com a estrutura e propriedades mais adequadas aos mesmo. Os compaésitos produzidos tiveram como
base o quitosano (CH) com baixo e alto peso molecular, bem como diferentes concentracdes de
bifasicos (75% hidroxiapatite/25% (-TCP), Bio vidro mesoporosos (MBG), Hidroxiapatite mesoporosos
(MHAp) e a combinacdo dos materiais mesoporosos (12,5% MHap/12,5% MBG e 25% MHap/25%
MBG).

Os ceramicos mesoporosos foram sintetizados em sol-gel com adicdo de Pluronic® como elemento
surfactante. As membranas resultantes das suspensdes compésitas foram obtidas por liofilizaco,
posteriormente neutralizadas e finalmente dialisadas, para ndo se dissolverem em contacto com
liquidos.

A MHAp analisada por difracdo de raio-X (XRD), FTIR e DST-TGA demonstrou que esta nova estrutura
apresenta menor temperatura de cristalizagdo. Recorreu-se também ao TEM para analisar este
material.

Os compdsitos apresentaram uma estrutura porosa, com poros interconectados e nas composicdes
com maior percentagem de ceramicos, formam-se poros colunares ao longo da amostra. Por sua vez
0 modulo de compressdo das membranas aumentou com 0 aumento da concentracdo de ceramicos
nas membranas.

Todos os materiais utilizados nos compa@sitos e os proprios compasitos foram submetidos a testes de
cito toxicidade e nenhum apresentou propriedades citotoxicas. Por outro lado, os testes de adesao
demonstraram que CH de baixo peso molecular apresentou melhores adesbes e proliferacbes
celulares que o polimero de elevado peso molecular. Em adi¢do, os materiais que tiveram a melhor
adesao e proliferagdo foram os compésitos constituidos por ambos 0s materiais mesoporosos
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PBS - Phosphate buffered saline
PEO - Poly (Ethylene Oxide)
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poly-HEMA - Poly-hydroxyethylmethacrylate
PPO - Poly (Propylene Oxide)

PUR - poly (urethane)
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SBF - Simulated Body Fluid

SEM - Scanning Electron Microscopy
TEOS - Tetraethyl orthosilicate
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TEP - Triethyl Phosphate

TGA - thermogravimetry analysis
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Motivation

One of the major social goals for this century is life quality improvement (including paid reduction,
enhanced mobility and autonomy, increase life expectancy) and overall wellbeing. However, the rising
geriatric population and sedentary lifestyles increased problems such as the chronic skeletal conditions
and Musculoskeletal disorders (MSK). The MSK includes issues as severe as low back and neck pain,
hip and knee osteoarthritis (OA), rheumatoid arthritis (RA), gout and low bone mineral density and bone
mass (Osteoporosis) which are becoming the most common causes of disability worldwide, the
Disability-Adjusted Life Years (DALY) is worsening also due to debilitant fractures that reach 5.8 million
of which 51% in Europe and North America. [1]-[4]

Just in the European Union (EU) the number of new fractures in 2010 due to Osteoporosis, was
estimated at 3.5 million, comprising approximately 620,000 hip fractures, 520,000 vertebral fractures,
560,000 forearm fractures and 1,800,000 other fractures. Related to these fractures was estimated
43,000 deaths. These numbers are predicted to increase 28% to a total of 4.5 million in 2025. [5]

The goal of achieving an increased overall wellbeing, have boost the researches on
biomaterials/biomedical materials for bone implantation, replacement and regeneration of organs over
the last four decades with consistent growth of global market demand. [6], [7]

Likewise, the spine injuries and disorders affect life quality. These spine problems include defects
caused by spine trauma, congenital anomalies, infections and degenerative diseases. Currently the
majority of spine treatments recourse to spine fusions. Within next generation orthopedic biomaterials
tailor-made, aim to meet the need of each patient, orthopedic procedure and make it the less evasive
possible at the lowest price. [3], [8]

Next generation materials will attempt to reproduce the various properties of the original tissue, to aid
the regeneration and consolidation of bone. These new materials share an improved composition
similar to bone structure (e.g. chitosan), mineral phase (HAp) and mechanical properties. These
improvements lead to biomaterials production of 3D hierarchical structures design, to improve bone
regeneration. [8]

The main objective of this work is to develop a lyophilized porous strip for bone regeneration
applications composed of a mixture of calcium phosphates, bioglass and natural polymer (chitosan),
thus conferring good biological properties. The ultimate goal is to study potential materials and
compositions, that in the future can be used as products for posterolateral spine fusion applications,
with CE marking.

The next section contains a short introduction to ECBM and biomaterials evolution, as context for bone-
mimicking biomaterials research and development understanding.
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1 Introduction

1.1 Bone structure and composition

The composition of secondary bone is important focus of this work. These bones are found in both
mature cortical and cancellous bones. The cortical bones have a dense and compact structure as the
cancellous bones have a trabecular or spongy, with less organization than cortical fraction. [9]-[11]

The overall composition of the extracellular matrix of bone, is about 25 wt% organic components
(glycoproteins, proteoglycans, sialoproteins, bone “gla” proteins), 65 wt% mineral component like
hydroxyapatite (HAp) (Ca10(POa )s (OH)2), and 10 wt% water content, except for the various cell types
that populate the matrix. [10], [12]

The organic matrix of bone represented in Figure 1.1 consists approximately of 90 wt% type | fibrillar
collagen and 10 wt% noncollagenous proteins. Type-I collagen molecules aggregate in triple helices
(tropocollagen) which are stacked longitudinally (Figure 1.1 D). [13] A collagen fibril is made up of
staggered rows of axially packed and tropocollagen molecules with lateral crosslinks. [10], [14]-[16]
These crosslinks can be enzymatic or nonenzymatic. [17]-[20]

The enzymatic links are further divided into divalent immature ketoimines and trivalent mature
pyridinium crosslinks. Their total amount and ratio are related to the mechanical properties of bone,
such as stiffness, tensile strength, and fracture toughness. [17]-[20] The divalent are formed via the
action of the enzymes lysyl oxidase and lysyl hydroxylase, that then undergo spontaneous reaction to
form a trivalent mature pyridinium cross-link and strengthens the bone structure. [18], [20] The
nonenzymatic crosslinks result from accumulation of product’s advanced glycation end (AGE) and are
correlated with increased of bone brittleness due to aging or disease. [17], [18], [21]

The spaces within the collagen fibril are templates that are populated by mineral during bone formation.
While collagen is the main organic component of the extracellular matrix, the matrix contains a multitude
of other noncollagenous proteins (NCPs). [21], [22] This proteins have a regulatory function in the
process of biomineralization, but some, like Osteopontin (OPN), also have direct implications for the
mechanical properties of bone, though their structural role in the formation and regulation of the
extracellular matrix. [23], [24]
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Figure 1.1 - Hierarchical structure of bone from nanostructural (Collagen) to microstructural. Where A is the
Haversian system; B) trabecula; C) Volkmann’s canal; D) collagen; E) hydroxyapatite crystal and F) collagen
fibril. Adopted from [25]

Bone mineral or bone apatite, can be found inside the collagen fibril (intrafibrillar mineral, Figure 1.1 F)
as well as surrounding it (extrafibrillar mineral) in different fractions, depending on the type of bones.
[10], [21]-[23] The morphology of the mineral particles can be classified in four hierarchies: the thin
(5 nm base), elongated (50-100 nm) and curved crystals aggregate laterally (width 20-30 nm) to form



the platelets often described in literature. Those morphologies can aggregate in order to form complex
shapes for diverse purposes. [26], [27]

The chemical composition of bone apatite is far from the stoichiometric hydroxyapatite, as it is highly
substituted with ions from the physiological fluids along with around 4-8 wt% carbonate. These
substitutions can occur in any of its four crystallographic domains: the P0O;~ tetrahedral positions, the
Ca?* () positions (phosphate surrounded hexagonal columns) or Ca?* (ll) positions (staggered triangular
surrounding hydroxide) or in the OH~ “channel” positions. [14], [17], [28], [29]

PO, (1)

Figure 1.2 - HAp crystal molecular organization, at the left schematic representation, for two different Ca
positions and at the right representation of the tricalcium phosphate (TCP) structure. Oxygen atoms are shown as
small red balls, phosphorous as purple balls, calcium atoms as big blue balls. Adapted from [30]

In general, the composition of ion substitutes present are: COs 2~ (around 5 wt%), Na* and Mg?* (both
between 0,5 and 1 wt%), K*, Sr2*, CI~, F~ (up to 0,1%), and trace amounts of several other metallic
elements: B, Al, Si, Ti, Cr, Mn, Fe, Co, Zn, Sr, Cd, La, and Pb. [10], [11], [27], [29], [31] These ions can
aid the restriction of apatite crystal growth [32] and the stabilization of an amorphous calcium phosphate
phase. [33]

The mineralized collagen fibrils bundle together in fibril arrays or fibers. Collagen fibers are arranged in
parallel stacks.[15], [16] A lamella consists of typically parallel fibril arrays, but can be arranged in
parallel stacks, with a slight angle offset, or alternating at sharp angles. [11], [34]-[36]

Osteons are the main structure of secondary bone and consists of a central canal (Haversian), occupied
by a blood vessel and surrounded by concentric lamella (Figure 1.1). [11], [27] Canals perpendicular to
the Haversian canal, the so-called Volkmann canal, link adjacent osteons. Lacunae resident osteocytes
populate the bone surrounding the Haversian canal, with long axis concentric to the Haversian canal.
Canaliculi extend from the lacunae, linking adjacent osteocytes to each other and to a filtering
surface.[10], [12], [16] This lamellar structure is the center of spine fusion treatment, since it is where
bone regeneration will occur with the osteoblast differentiation to osteocytes. [10], [11], [14] This
structure is present cortical and trabecular bone. The cortical bone or compact bone is the major
structure of the skeleton (around 80%) and forms the hard shell-like surface of a bone, while trabecular
bone, also called cancellous or spongy bone, fills its core representing around 20% of the total skeleton
with different proportions of cortical and trabecular bone at various locations in the skeleton. [9]-[12]
The vertebral column, for example, consists predominately of trabecular bone. [11]

Compact bone is almost solid (6% porosity) with spaces only for osteocytes, canaliculi and blood
vessels. In contrast, trabecular bone is 50 to 90% porous, making its modulus of elasticity and ultimate
compressive strength as much as 10 times less than that of cortical bone (Table 1.1). Cancellous bone
has a sponge-like morphology, with a honeycomb of branching bars, plates and rods of various sizes
called trabeculae, which undergo constant remodeling (orientation and local density) for better
functionality of the bone depending on the typical load applied. [9]-[11], [13] The pores in this sponge-
like structure houses the bone marrow. [10], [11], [13]
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Table 1.1 - Summary of the mechanical properties and porosity of human bone. [37]

Compressive Flexural Tensile Elastic Porosity (%)
strength strength strength modulus
(MPa) (MPa) (MPa) (GPa)
Cortical bone 130-180 135- 193 50-151 12-18 5-13
Cancellous 4-12 NA 1-5 0,1-0,5 30-90

bone
NA indicates data not available.

1.2 Bone Graft Substitutes

The increasing awareness of bone disorders resulted in the acceleration of investigation for bone
grafting and bone regeneration. Bone-grafting materials can be divided into two main groups, based on
the material source (e.g. natural and/or synthetic bone grafts).

Natural bone grafts can thus be divided in these three types: allografts, xenografts and autologous. [15],
[38] Other materials used in allografts technique include the transplanted material from human cadavers
and xenografts, obtain from animal bone. These organic materials present a problem with immunogenic
reactions and risk of acquiring transmissible diseases, examples include: human immunodeficiency
virus (HIV-1 and HIV-2), hepatitis B and C, syphilis and human T-cell lymphotropic virus (HTLV-1 and
HTLV2) from tissues and fluids, as it has been recorded multiple times in the past. [6], [15], [39]-[41]
To reduce these risks, allogeneic bone undergoes through alternative process techniques such as:
lyophilization, irradiation or freeze-drying to remove all immunogenic proteins. These techniques
consequently decrease their biological performance. [40]-[43]

In the autograft technique, bone from another part of the body (autologous) will be transplanted to fill
the gaps providing optimal results and almost no risk of immunogenic response. The autograft
presented properties such as Osteoinductivity (induction of differentiation of undifferentiated stem cells
into osteoprogenitor cells); Osteoconductivity (migration of osteogenic host cells into the transplanted
material) and Osteogenic (properties forming bone from the interior of transplanted material). These
properties make autologous the current “gold standard” of care, for bone repair and regeneration of
defects that do not heal spontaneously.[12], [15], [40], [42], [43]

In the spine case, lliac crest autograft, obtained from the Gordy tubercle of the tibia, distal tibia, the
proximal ulna and distal radius, is the most effective treatment for spine fusion as it provides both the
osteogenic factor and scaffold necessary for fusion. [6], [15], [40] However, the failure rates are between
5% and 35%, the high mortality rate associated with complications in wound healing, additional
surgeries, infections, prolonged wound drainage, sensory loss and chronic post-operative pain. On the
other hand, it is an inadequate and there is a limited supply of bone for gap filling, with possible damage
of lateral femoral cutaneous nerve, that may lead to paranesthesia and disturbances of gait. In addition
some extreme rare complications may happen, including pelvic fracture, peritonitis and arterial injury.
[6], [40], [44]

These facts led to the development of alternative bone graft options, including synthetic bone graft
substitutes. These grafts try to mimic the mineral composition of bone tissue. These synthetic materials
have the potential to perform as well as an autograft without it's disadvantages for the patients, although
there are still challenges of accomplish this at an affordable product cost .[15], [40]

Synthetic bone substitutes can be produced from metals, ceramics polymers or composites of previous
groups. The metallic implants such as titanium and its alloys, stainless steel and cobalt-chromium alloys
are used for load-bearing orthopedic applications because of their mechanical and morphological
similarities with trabecular bone. However, it lacks tissue adherence, which may lead to additional
surgeries, in order to remove bone implants, due to malfunctions, corrosion, or as a result of stress-
shielding effect. Metallic implants also present a high risk of toxicity, by accumulation of metal corrosion
ions due to acid pH and high surface area associated with porosity.[8], [42]

The ceramics, such as calcium phosphate, alumina, carbon and glass ceramics, are the major type of
bone grafts substitutes available in the market, either alone or in combination with other materials
because of their versatility and variety from different forms, porosities, pore sizes or topographies. An
example of natural ceramics is coralline hydroxyapatite (HAp), while synthetic HAp, 45S5 bioactive
glass (composition in wt%: 45 SiO2, 24.5 Naz20, 24.5 CaO and 6 P20), beta-tricalcium phosphate (B-
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TCP) or alfa-tricalcium phosphate (a-TCP) are among the synthetic ceramics more commonly used.
The most common combinations of ceramics are biphasic ceramics (BPC) mixtures of either B-TCP +
HAp or a-TCP + HAp.[8], [42], [45], [46]

One of the major improvements in the ceramic materials for grafts applications, is the doping of the
materials and structural modifications. The doping with Zinc proved to increase cell adhesion and
proliferation [47]. Additionally better mechanical properties and biological response with co-doping of
Zinc and Fluor.[48]

Out of the recently develop structures, the Mesoporous structure is the one with better improvement of
both the biological response and the mechanical properties of the material. The biological response
showed bioactivity due to their outstanding surface area values and porosity. The high efficiency in drug
incorporation and releasability such as antibiotics, anticancer drugs or cytokines, confirmed bioactivity.
[49], [50] The improved mechanical properties include higher resistance during the swelling and assays
of simulated body fluids (SBF).[51]

This structure is obtained from the incorporation of surfactant agent to the sol-gel processes [51] or a
surfactant catalyst in the micro-wave syntheses [52], as presented in Figure 1.3.
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Figure 1.3 - Schematic of the syntheses of mesoporous particles. Adapted from [53] and [54].

Research in polymeric materials can be breakdown in two branches: the natural and synthetic polymers.
The natural polymers such as collagen, fibrin, gelatin, starch, hyaluronic acid or chitosan, offer the
advantages like good biocompatibility, bioactivity and biodegradability. Some of the natural polymers
like chitosan, show antibacterial properties which prevent bacterial infection of the wound. [55] Those
natural polymers are present in the structural native extracellular matrix of tissues and will contribute to
a promising development of biomimetic biomaterials research, by using processes such as
electrospinning and lyophilization, to create extracellular analogue matrixes.[8], [56], [57]

The Chitosan is composed of § (1—4)-linked 2-acetamido-2-deoxy-B-D-glucose (N-acetylglucosamine)
and is obtained from the partial deacetylation of chitin. [58], [59] The degree of deacetylation (DD),
crystallinity, and molecular weight (MW) are the main aspects in which chitosan can be modified to
obtain different physical and mechanical properties. [58]-[60]

Chitosan consists of carbon (44.1%), hydrogen (6.84%), and nitrogen (7.97%), with a molecular weight
in between 50 KDa and 2000 KDa and DD between 40 to 98%. Due to this properties chitosan has a
strong hygroscopic nature. [58], [60]

The most used synthetic polymers are poly (methyl methacrylate) (PMMA), poly (urethane) (PUR) and
poly- (a- hydroxy acids) such as poly-glycolic acid (PGA), poly-lactic acid (PLA), poly- (¢-caprolactone)
and poly- (lactide-co-glycolide) (PLGA) a copolymer of PLA and PGA.[8], [42] These polymers provide
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great versatility, as they can have different porosities, pore sizes, degradation rates, mechanical
properties and poly-hydroxyethylmethacrylate (poly-HEMA), shown also osteoinductivity upon
implantation.[8], [61] However, they also present disadvantages as inflammatory responses from high
local concentration of acidic degradation products. This problem can be managed with ceramic addition which will
reduce the polymer degradation. [62], [63]

Composites, such as calcium phosphate—ceramic coating on metallic implants and polymer—ceramic,
in different material combinations can overcome same of the drawbacks as bone grafting materials, but
in general the results discourage the apparent initial advantages.[42]

Table A. 1 presented in Appendix I, summarizes the different groups of bone substitutes: natural and
synthetic biodegradable polymers, ceramics (including bioglasses), metals and composites.

So far, there is no ideal bone substitute that comprises all the properties of an autograft, namely:
osteoconduction, osteoinduction and osteointegration (scaffold integration with the host bone [64],
[65]).[8], [66]

The mechanism of osteoinduction by biomaterials is still under investigation, but several studies showed
that biomaterials need to meet very specific requirements in terms of (a) macrostructure, (b)
microstructure and (c) chemical composition in order to be osteoinductive. [9], [12], [66]-[68]

1.3  Market

In a quick market view, it's clear that biomaterial-based bone graft can substitute natural bone grafts in
spine-fusion. In the UK it has showed that only 4 out of 59 commercially available products could
perform equally or better than bone autograft.[6], [12], [15] Some of these products were Alpha-BSM
(DePuy),[69] a resorbable calcium phosphate paste, Cortoss (Orthovia),[70] a non-resorbable bioactive
glass cement, Vitoss (Orthovia),[71]-[74] a resorbable composite of calcium phosphate and collagen,
and Norian SRS (Synthes),[75] a resorbable CaP cement, NanOss® 3D Plus™ ( RTI Surgical),[76],
[77] preformed strip composed of osteoconductive nanostructured hydroxyapatite, combined with an
engineered extracellular matrix bio scaffold that mimics a natural bone growth solution. From all those
products, only Vitoss and NanOss shown signs of osteoinduction, an essential property for successful
bone regeneration and spine fusion.[74], [77]

It's also important to note that most of the products available are based on calcium phosphates, the
exception being the bioglass cement (Cortoss™ or BIOGLASS C®), which has similar properties to
CaPs possessing tunable degradability allowing direct contact with bone tissue. Despite the proven
bioactivity, none of these materials can sustain loads by themselves and therefore are typically used in
combination with metallic fixation apparatuses. [6], [66]
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2 Materials and Methods

2.1 Materials

For the study of composite scaffolds two Chitosan types supplied by Bioceramed were used. One with
low Molecular Weight (CHL) of 100 KDa with a Degree of Deacetylation (DD) of 80% and a second with
high Molecular Weight (CHH) of 500 KDa with DD of 79.4%. For the polymer solution lactic acid was
used 2-Hydroxypropanoic acid or CHsCH(OH)CO:2H, purchased to HiMedia (minimum assay = 99.0%).

Bioceramed also supplied ForRegen (FR) (Lot:2015002), a biphasic powder with 75.2% w/w of HAp
and 24.8% w/w of [ ftricalcium phosphate (B-TCP), particle size D50% =2.18 um and
D90% = 10.51 pm.

In the MBG syntheses, Tetraethyl orthosilicate (TEOS), Si(OCzHs)4, from Aldrich Chemistry (puriss. 2
99.0% (GC)), Triethyl phosphate (TEP), PO(C2Hs)s, from Fluka Analytical (puriss. = 98.0% (GC)),
calcium nitrate tetrahydrate (Ca(NOs)2 - 4H20) from AnalaR NORMAPUR (puriss.z 99.0% (GC)),
Pluronic F127 (F127), from Aldrich life Science and Ethanol from Sigma- Aldrich (puriss. 299.8% (GC))
were used.

For the MHap syntheses, calcium nitrate tetrahydrate (Ca(NOs)2 - 4H20) from AnalaR NORMAPUR
(puriss.= 99.0% (GC)), phosphoric pentoxide (P20s,) from Sigma-Aldrich, F127 from Aldrich life Science
and Ethanol from Sigma- Aldrich (puriss. 299.8% (GC)) were used.

For the neutralization it was used a solution of Sodium hydroxide (10% w/v) that was obtained by
dissolving sodium hydroxide pellets in Ultrapure (Milli-Q).

For the Simulated Body Fluid (SBF) production several trademarks contribute. Merck: Sodium chloride
(NaCl, J.T.Baker), Sodium bicarbonate (NaHCO3); Aldrich: Potassium chloride (KCl, Scharlau),
Potassium Hydrogen Phosphate Trihydrate (K2HPO4 - 3H20); Roth: Magnesium Chloride Hexahydrate
(MgClz - 6H20); Sigma-Aldrich HCI dilution of Hydrochloric acid (HCI); Honeywell: Calcium chloride
(CaClz); Fluka: Sodium sulfate (Naz2SOs); Apollo: Tris, or tris(hydroxymethyl) aminomethane
(CH20H)3:CNH: . Production of SBF was made according Kokubo’s protocol.[78]

For the PBS, sodium chloride (NaCl, J.T.Baker), Potassium chloride (KCI, Scharlau), Hydrogen
Phosphate (Na2HPO4, Sigma-Aldrich), Potassium dihydrogen phosphate (KH2PO4, Sigma-Aldrich) and
HCI (Sigma-Aldrich) were used.

For all the dissolutions and cleaning of samples it was used Ultrapure Water (Milli-Q).

Human osteosarcoma cells (SaOS2 cell line), cultured in McCoy’s 5A (Sigma-Aldrich) medium, were
used for the cytotoxicity and adhesion tests. In both tests, population quantification was a result of the
Resazurin (Alfa Aesar) reduction by viable cells. In the cytotoxicity tests, the positive control was
obtained using dimethyl sulfoxide (DMSO). Helix NP™ Green nuclear stain from BioLegend was used
for the cell fluorescence assay .

2.2 Synthesis

2.2.1 Sol-gel synthesis of MBG

The MBGs were synthesized by using a nonionic block copolymer PEO106 PPO70 PEO106 (F127), as
surfactant agent (PEO is poly -ethylene oxide- and PPO is poly -propylene oxide-). A typical synthesis
of MBG with molar ratio of Si/Ca/P=80:15:5 uses: TEOS (6.7 g), Ca(NOs)2 - 4H20 (1.4 g), TEP (0.73 g),
1M HCI (0.5 g) and 21% of precursor mass in F127 (1.853 g), were dissolved in ethanol (60 g), stirred
at room temperature and ambient conditions for one day. The resulting gel was introduced into a kiln at
60C’ in order to evaporate the solvent and induce the self-assembly (EISA) process. [79]

The dried gel, was calcined at 700°C for 5h with a ramp of 5°C/min and placed in a ball mill for 6h to
obtain the final MBG nanoparticles (NP).

2.2.2  Sol-gel synthesis of Hydroxyapatite

MHap powders were also synthesized by using F127 (1.96 g) and phosphoric pentoxide (P20s, 1.44 @)

and calcium nitrate tetrahydrate (Ca(NOs)z - 4H20, 7.88 g), used as precursors of phosphorous and

calcium, respectively, in a molar ratio of Ca/P=10:6. Precursor solutions were obtained by dissolution
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of the pentoxide and the nitrate in ethanol (30 mL). The precursor solutions and polymer solution were
mixed at ambient conditions until the solutions appears clear. All the solutions were added and
transferred to a heated silicone bath at a temperature of about 90°C. After reaction, the obtained gel
was dried at 80°C for 24h in a kiln.

The dried gel was calcined at 400°C and 700°C for 1h at 5C*/min to obtain a crystalline powder. This
powder was grounded in a ball mill for 6h to obtain the MHap powders.

For comparison, nHAp was synthesized by an similar process but without surfactant. [80]

2.2.3  Preparation of nanocomposite scaffolds

2.2.3.1 Lyophilization

The composite scaffolds were fabricated by lyophilization of chitosan (CH) and CH/ceramic solutions.
To produce the composite scaffold samples with different fractions of MHap, MBG, MHAp with MBG in
a ratio of 1:1 (MC) and FR, the solutions present in Table 2.1 were prepared with a similar procedure
as previously reported by [81]. CH solutions were obtained by dissolution of CH powder in lactic acid
(2% wlv) [62], The ceramics were ultrasonically dispersed (Ultrasonic processor UP400S from
Heilscher) in an acid solution until all the clusters were disaggregated and then the CH was added while
the solution was being agitated. Next, the composite dispersions were vigorously mixed using a
magnetic stirrer for 2h to 3h to obtain a homogenous mixture without polymeric aggregates.

Table 2.1 - Composition in %w/w of the composite solutions used to produce the scaffolds.

Sample organization Sample name Samples composition
Polymer Ceramic CHL CHH MHap FR MBG
(Yow/iw)  (Yow/w)  (Yow/w)  (Yow/w)  (Yow/w)
CHL 0% CHL 2 0 0 0 0
MBG 25% CHL + 25%MBG 2 0 0 0 0,5
50% CHL + 50%MBG 2 0 0 0 1
75% CHL + 75%MBG 2 0 0 0 15
MHap 25%  CHL + 25%MHAp 2 0 0,5 0 0
50% CHL + 50%MHAp 2 0 1 0 0
75%  CHL + 75%MHAp 2 0 15 0 0
FR 25% CHL + 25%MFR 2 0 0 0,5 0
50% CHL + 50%MFR 2 0 0 1 0
75% CHL + 75%MFR 2 0 0 15 0
MC 25% CHL + 25%MC 2 0 0,25 0 0,25
50% CHL + 50%MC 2 0 0,5 0 0,5
CHH 0% CHH 0 2 0 0 0
MBG 25%  CHH + 25%MBG 0 2 0 0 0,5
50%  CHH + 50%MBG 0 2 0 0 1
75%  CHH + 75%MBG 0 2 0 0 15
MHap 25% CHH + 25%MHAp 0 2 0,5 0 0
50% CHH + 50%MHAp 0 2 1 0 0
75% CHH + 75%MHAp 0 2 15 0 0
FR 25% CHH + 25%MFR 0 2 0 0,5 0
50% CHH + 50%MFR 0 2 0 1 0
75% CHH + 75%MFR 0 2 0 0,5 0

After obtaining the homogenous dispersions, the samples were transferred to Teflon tray with 11.8 cm?
of area and 6 mm of height separations. To remove the air bubbles and level the CHL and CHH
structures, the tray was kept in the freezer for approximately 16 hours. After the tray transference to
FreeZone Triad Cascade Benchtop Freeze Dryer (Labconco, 7400030 model). Lyophilization was
introduced at a step rhythm of 0.1mbar, as presented in Table 2.2 and Figure 2.1.[58]
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Table 2.2 — Description of the Lyophilization cycles used to obtain the scaffolds. [58]

Program Cycles

Description

Pre-Freeze

The sample is frozen till -52°C and hold for 3h

Primary Drying

The sample is heated till -25°C at 2°C-min-! and hold for 10h

Secondary Drying

The sample is heated till 17°C at 0.5°C-min-t and hold for 10h
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Figure 2.1 - Lyophilization parameters and samples temperatures during the process.

2.2.3.2 Neutralization

The resulting scaffolds still have lactate inside their structure and consequently the membranes dissolve
when in contact with water. Therefore, in order to maintain the scaffolds integrity when implanted the
lactate needs to be neutralized.

The neutralization process consisted of immersing the scaffolds in 10% w/v NaOH for 2 min, followed
by 48h dialysis (until reaching a pH of around 7) and again lyophilized (VaCo 2 by Zirbus). [62]

2.3 Characterization

2.3.1 Microstructure and Morphology of NP and scaffolds

2.3.1.1  X-ray diffraction (XRD)

The X-ray diffractograms were used to determine the crystal phases of the different samples. These
analyses were carried out at room temperature using a X'Pert PRO PANAlytical X-ray powder
diffractometer (Cu K-alpha radiation) operating at a voltage of 45 kV. The process had an angle range
of 10°-90° and the process parameters were: scan step size 0.033° (2 6).

2.3.1.2  Transmission electron microscopy (TEM)

The morphology of the MBG, MHAp and nHAp patrticles was examined in TEM (JEOL JEM 1400), the
samples were suspended in ethanol with a concentration of 1 mg/mL and dispersed on the sample
holder. The Images were recorded using a SC ORIOUS CCO camera.
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2.3.1.3  Nitrogen sorption porosimetry

Textural properties of the materials were determined by nitrogen sorption porosimetry, using a Gas
porosimeter Micromeritics ASAP 2010 at 77 K. For this measurement, samples were previously
degassed under vacuum for 10 h at 200°C.

The surface area was determined using the Brunauer—Emmett—Teller (BET) method and the pore size
distribution, has been determined from the desorption branch of the isotherm by means of the Barret—
Joyner—Halenda (BJH) method. The total pore volume was estimated from the amount adsorbed at a
maximum relative pressure.

2.3.1.4  Porosimetry

The porosimetry of the membranes were calculated by the Archimedes method reported in [82]. Using
Sartorius BP110 S balance and a 7 days PBS bath instead of an ethanol bath. This analysis used a
three replica for each scaffold.

2.3.1.5 Scanning Electron Microscopy (SEM)

The morphology of the composite scaffolds was examined in a field emission SEM (Hitachi S-2700).
The samples were frozen and broken in liquid nitrogen, mounted on aluminum platforms for
horizontal/transversal view and sputter-coated with gold-palladium conductive layer (Q3000T D
Quorum sputter coater). The images were taken with 15 kV and several magnifications.

2.3.2 Mechanical properties of scaffold

2.3.2.1 Compression modulus
The mechanical properties of the scaffold samples, were measured with a testing machine from
Rheometric Scientific (Minimat Firmware version 3.1), equipped with a 100 N load cell, at a crosshead
speed of 1 mm min? at room temperature and in compression mode. Prior to this test, the area and
thickness of the ten scaffolds replicates were measured, to calculate the normalization of the curve and
the standard deviation. [62], [83]

The compression modulus of the scaffolds was calculated by the slope of the stress—strain plot at 5 to
10% deformation range. [83]

2.3.3 Physicochemical properties

2.3.3.1  Fourier-transform infrared spectroscopy (FTIR)
Fourier Transform Infrared (FTIR) spectroscopy was performed over different materials, using a Thermo
Nicolet 6700 spectrometer in a wave range of 4000-500 cm™.

2.3.3.2 Differential Thermal Analysis —Thermogravimetric analysis (DSC-TGA)

The thermal analysis of the HAp samples was conducted using a STA (NETZSCH STA 449 F3 Jupiter),
in the Differential Scanning Calorimetry (DSC) and Thermogravimetry Analysis (TGA) mode. The
samples were heated from 20°C to 800°C in nitrogen at a heating rate of 5°C min~! and a gas flow rate
of 30 mL min-L.

2.3.3.3  Swelling

The water uptake or swelling and retention abilities studies were performed in PBS at pH 7.4 at 37 °C
with five replicates of each sample. With the dry weight (Wo) of the scaffold registered, scaffolds were
placed in PBS buffer solution at pH 7.4 for 12h, 24h, 48h, 72h and 96h. The excess water adsorbed in
the interior and surface, was removed with filter paper (Filter-Lab 1300/80) and wet weight (W;) was
recorded of the three replica.

Both these properties are determined by the following ratio:
Mo 100
——
Wo

Where W, represents the final wet weight of the sample.
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2.3.3.4 Degradation

Degradation of the composite scaffold was studied in PBS medium, with ionic force of 0.06 and 5 pg/mL
of lysozyme from chicken egg white (Lysozyme BioChemica). [84], [85] The samples were immersed
in the degradation solution and incubated at 37 °C in closed falcon tube for 7 and 14 days, with enzyme
refreshing in 2 day periods. In the end of each predetermined interval to remove ions adsorbed on
surface, the scaffolds were taken from the degradation medium and rinsed methodically with Milli-Q.

The biodegradation was quantified by the sample’s variation of viscosity (HAAKE, MK 500) (six replicas
for each time) and by weight loss in the three replicas (after a lyophilization as a drying process). [86]
The quantification of the remaining weight is given by:

WO - Wf
—=x 100
Wo

weight remaining (%) = 100 —

The samples for viscosity were prepared dissolving the degraded scaffolds in a 1%w/v concentration
with lactic acid. The measurement was performed with a shear stress rate of 1 min-.

2.3.3.5 Bioactivity
For the Bioactivity tests, the different samples were cut in squares of 0,5 cm edge and immersed in

30mL of SBF solution to guarantee the ratio Vs = SA/lo, where Vs is the volume of SBF in mL and S, is
the samples apparent surface area in mm2. The samples were incubated at 37 °C in closed falcon tube
for 3, 6, 12, 24, 48, 72 hours and also for 7 days with two replicas of each analysis. [78] After the
specified periods to remove non adsorbed minerals, scaffolds were washed five times with Milli-Q. Then
in order to identify and analyze if the samples have an apatite precipitation, the scaffolds were dried at
ambient conditions, viewed using SEM.[78], [87]

2.3.4 Cell culture studies Cell

2.3.4.1 Cytotoxicity

The cytotoxicity tests were performed according to the ISO 10993-5 standard using the extract method.
Samples were sterilized with ethanol and irradiated with UV for 2 hours and then 2 extra hours at 80°C,
to guarantee the ethanol evaporation. For extract preparation, the scaffolds were immersed in McCoy’s
culture medium with a ratio of 25 mg/mL (mass of sample/volume of culture medium). These
preparations, as well as some extra medium for the extract dilution and the negative control, were
incubated at 37°C in a controlled 5% CO2 atmosphere for 48h.

The Saos-2 cells were seeded at a concentration of 30 k cells/cm?, on the wells and incubated for 24h.
Then, the medium was exchanged for the extract and 2 dilutions (12,5 mg/mL and 6,25 mg/mL) made,
each with 4 replicates. For the Resazurin test it was set a negative control (cells cultured in a standard,
non-cytotoxic environment) and a positive control (cells in a cytotoxic environment, created through the
addition of 10 uL of DMSOQ, a cytotoxic agent, to normal culture medium). [58]

The extracts and controls were incubated for 48h following the ISO 10993-5 regulation. After 48h, the
media were switched for a 1:1 solution of Resazurin and McCoy’s medium including extra wells for this
solution control and incubated for 3h. The cell activity was evaluated by measuring the absorbance of
the medium at 570 nm and 600 nm in a microplate reader (Biotek ELx 800UV). [88]

2.3.4.2 Cell Adhesion

The ability of the scaffolds to support cell metabolism, was evaluated through cell adhesion and
proliferation studies. [25], [89] The scaffolds were sterilized the same it was as done for the cytotoxic
tests. Then the materials for the cell culture and material controls, were fixed in a Teflon support in the
24 wells plate.

The Saos-2 were seeded at a concentration of 30 k cells/cm? directly over the sample surface and for
the cell control on the well. The cells were maintained in McCoy’s medium and incubated 37°C in a
controlled 5% CO:2 atmosphere for 24h. [25], [89]

The cell adhesion rate was determined by evaluating the reduction of Resazurin to Resorufin by
metabolically active cells. For this process the medium was substituted by 1:1 solution of Resazurin
/McCoy’s medium and incubated for 4h. The medium and McCoy’s control (both wells without cells)
were also incubated. The cell activity was evaluated by measuring the absorbance of the medium at
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570 nm (absorption maximum of Resorufin) and 600 nm (absorption maximum of Resazurin ) in a
microplate reader (Biotek ELx 800UV). [88] The Resazurin assay was repeated at 3, 6, 8 and 10 days
for evaluation of the cell proliferation for each of the six replicas of all the materials.

After the last readings, the materials were removed from the multi well plate, washed with PBS and
fixed with a 3.7% paraformaldehyde solution, incubated at room temperature for 15 min. Then, the
samples were washed with water and stained with Helix NP™ Green and observed through
fluorescence microscopy.[90]

2.3.5 Statistical treatment
All average values calculated and displayed in the graphics, include a representation of standard
deviation with a segment.

The calculation of the standard deviation used in the laboratorial data processing, was the sample
standard deviation.
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3 Results and Discussion

The results presentation and discussion will be divided in two stages. In the first stage it will be analyzed
the raw materials used in the composite scaffolds and in a second stage the produced membranes are
studied and analyzed.

3.1 Raw Materials Analyses
3.1.1 Physicochemical properties

3.1.1.1 FTIR
A FTIR spectroscopy was used to analyze the powders of the scaffolds and, later on to verify the
presence of the materials in the pretended composite scaffolds.

3.1.1.1.1 HAp

The FTIR analyses on the HAp is used to identify the temperature where HAp formation happens and
if the addition of F127 alters the final chemical composition of the sample. The FTIR analysis is
presented in Figure 3.1, where graphic A shows nHAp and graphic B the MHap. Each of the samples
is analyzed in the amorphous state (no sintering), sintered at 400°C and 700°C.
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Figure 3.1 - FTIR of nHAp (A) and MHAp (B)

The amorphous MHap and HAp shows the organic bonds in the range of 3556 cm™ to 2989 cm-,
1626 cm* and around 2956 cm . HAp first bands represent the presence of adsorbed water in the
stretching vibration modes of hydroxyl groups and the bending mode of H—-O—H molecules, respectively.
The last represents the -CH:z- bending and stretching vibrations of the PEO in the F127 surfactant. [91]—
(93]
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The FTIR spectra shows the inorganic carbon ions (COs %) in both sintered and no sintered samples.
These bands are located at 1456 cm™ to 1414 cm and from 742 cm™ to 879 cm, both a result of
asymmetric bending mode of COs 2. [90], [94] Both bands decreases in intensity during the
synthetization process and at the ends of the process (700°C for the nHAp and from 400°C in the MHAp)
it's weak peak almost totally masked with the PO4% bands. [90]

In the non-sintered samples, the FTIR analysis presented a band at 1350 cm* from the NO3- which
disappears during synthetization at high temperatures (700°C). [94]

The first indication of the formation of HAp is the formation of a broad bands centered at 1115 cm™,
1020 cm-t, in the range of 925 cm to 960 cm-1 and at 580 cm-L. The first bands correspond to P-O
vibrating bonds of the phosphate groups in the asymmetric stretching mode, the third a symmetric
stretching mode of the ion and the least to the asymmetric bending mode PO4%. [25], [62], [90], [93],
[94]

The described bands are summarized in Appendix Il Table A. 2.

The FR FTIR spectra is presented in Appendix Il, Figure A. 1. This material just shows two bands
already described above for the P-O vibrating bonds of the phosphate groups in the asymmetric
stretching mode and to PO43 asymmetric bending mode. [95]

3.1.1.1.2 MBG

Before Sintering

After Sintering

Transmittance (Arb. Units)

[4000 I 35|00 I 30|00 I 25|00 I 20|00 I 15|00 I 10|00 I 500
Wavenumber (cm™")
Figure 3.2 -FTIR of MBG before and after sintering at 700°C.
The FTIR spectra in Figure 3.2 shows MBG before and after the sintering process at 700°C.

The amorphous MBG still shows the organic bonds in the 3375 cm, 2983 cm to 2880 cm™ and
1433 cm to 1246 cm ranges. The first band is the O-H stretching vibration mode on the adsorbed in
material surface. [96] The other two organic bands represent the -CHz- bending and stretching
vibrations of the PEO in the F127 surfactant. With the sintering process at 700°C those organic bands
almost completely disappear. [91]

The rest of the bands represents the structural MBG bonds. The bands at 1150 cm?, the range of
820 cm™ to 780 cm and 569 cm™ corresponds to the Si—O-Si asymmetric stretching, symmetric
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stretching or vibration modes and bending mode, respectively. The Si—O bond with the Q2 and Q2 units
can be seen at 1032 cm! and the Q! and Q2 units at 947 cm. [51], [97]

The described bands are summarized in Appendix Il, Table A. 3.
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Figure 3.3 - FTIR of CHH and CHL.

In the FTIR spectra presented in Figure 3.3, the bands of the functional groups present in the CHH and
CHL are shown. These bands are also summarized in Appendix Il, Table A. 4.

The broad band in the range of 3270 to 3365 cm™ represents the overlap of N-H (3280 cmt) and O-H
(3358 cm™) stretching vibration. This band also is attributed to the polymeric intramolecular hydrogen
bonds. The band around 2867 cm™ and 2921 cm™ corresponds to asymmetric and symmetric
stretching mode of C-H of CHz, respectively. The symmetric stretching is present in both FTIR spectra
but with less intensity than the asymmetric stretching, so it is partially hidden with the overlapping of the
bands. [58], [98], [99]

The band around 1645 cm™ shows the C=0 stretching of amide | from the residual presence of N-
acetyl groups. The 1311 cm™ band is for the N-H bending of amide II. This group usually have one
more band at 1550 cm~*for the C-N stretching of the amide 11, which also were hidden by other bands.
[62], [98], [100]

The band 1581 cm™ represents the N-H bending of the primary amine. The absorption signal at 1423
and 1372 cm™ is attributed to all hydro carbonates bonds, CH2 bending and CHs symmetrical
deformations. [98]

The stretching of the C-O-C bridge is present in the wave number of 1149 cm™! and in the 1065 to
1016 cm™ range, respectively to an asymmetric stretching and a simultaneous symmetric and
asymmetric stretching vibration of the ester bond. [62], [100], [101]

The CH out of the plane bending of the ring of monosaccharides is visible by the band at 896 cm®. The
band around 650 cm™ represents the bending deformation of O—H on the polymeric structure. [62], [98]
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3.1.1.2 DSC-TGA

The thermal behavior of nHAp and MHAp was studied, by differential scanning calorimetry (DSC) and
thermogravimetry (TGA) analysis. This analysis allows the identification of the sintering temperature,
F127 elimination from the ceramic structure and optimization of MHap the process temperature.
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Figure 3.4 - DSC/TGA of A) nHAp and B) MHAp

The first mass loss in both TGA curves (hHAp and MHAp) is around of 5% at 125°C, along with a slight
endothermic peak in DSC curve. This loss is due to evaporation of physical water adsorbed, lattice
water result of dehydration of the structure and ethanol residues from the reaction.[25], [102], [103]

In the nHAp there were two rapid weight loss from 200°C to 300°C of 22.17% and from 400°C to 550°C
of 22%. The first weight loss is a result of thermal decomposition of organic macromolecules and the
second, is an indicator of precursor decomposition reactions (Ca(NO3)2.4H20). [25], [103], [104] It's
also important to mention the exothermic peak in DSC curve at 550°C, which may be assigned to the
transformation of the amorphous structure, into an organized crystalline phase without significant mass
loss. [103]

The last segments of nHAp, TGA curve correspond to a small mass lost after 550°C due to
decarbonation (1%) and a straight region without mass variations (700°C-800°C). The last segment
shows the HAp thermal stability. [102]

The MHAp DSC curve have three exothermic peaks, at 144°C, 215°C and 346°C. The peaks at a lower
temperature are a result of structural alterations due to thermal decomposition of block copolymer
templates. The peak at 346°C is most likely from the precursor, surfactant copolymers decomposition
reactions and crystallization temperature. [79], [103] The TGA also shows an almost straight region of
thermal stability (600°C-800°C).

The DSC-TGA analysis showed that the MHAp sample crystalized at lower temperatures revealing a
different structure from nHAp since the XRD and FTIR analysis presented the same results meaning
that the two samples have the same chemical composition however with different structural
organizations. From the STA is also possible to identify the sintering temperature for the MHAp and
nHAp powders. The MHAp can be sintered at 500°C and the nHAp need to be sintered at temperatures
at least around 600°C in order to be fully crystalized.
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3.1.2 Microstructure of the raw materials
In this chapter the raw materials used on the membranes will be analyzed based on their crystallography
(XRD and TEM), size (TEM) and porosity (Nitrogen sorption porosimetry).

3.1.2.1 XRD
In order to determine the level of crystallinity and crystalline phase of each used material, all the raw
materials used in the scaffolds were analyzed by XRD.

31211 MHap analysis

The study of crystallization and crystallographic organization during the syntheses of MHAp with the
addition of F127 in the Sol-Gel method was not previously analyzed. However, it's important to analyze
the crystallization temperature and organization of the used materials, so with this purpose is
represented in Figure 3.5 the crystallography analyses, comparing MHAp to nHAp in different stages
(no sintering and with sintering at 400°C and 700°C).
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Figure 3.5 - XRD diffractograms of nHAp (A) and MHAp (B) with no sintering and 1h of sintering at 400 °C and
700°C.

At 400°C the materials present a different degree of crystallization. The MHap shows an almost
completely crystalized structure with defined peaks similar to the diffractogram at 700°C. In the nHAp
sample at 400°C the crystallization is just beginning. This process is showed with the presence of
broader and of less intensity than the XRD diffractogram at 700°C. So, the MHap crystallizes at lower
temperature.
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At 700°C both materials present a crystallized structure with the typical HAp peaks. [105]

In Figure 3.6 the XRD diffractograms of the synthetized ceramics (graphic A) and the used polymers
(graphic B) are presented.
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Figure 3.6 - XRD of the ceramic (A) and the polymeric (B) materials.

The HAp particles used in this study (MHAp and FR) presented the major peaks for the HAp and the
FR diffractogram the major peaks for the HAp and the B-TCP phases.

The MBG sample only present a broad peak at 30° since this material it's totally amorphous. The
polymeric samples present a broad peak at 20° meaning that the used chitosan have a slightly
crystalline structure.

3.1.22 TEM

TEM images enables the study of NP structure and crystallographic organization. The MBG in Figure
3.7 (image A and B) and HAp in Figure 3.8 (image A for nHAp and image B for MHAp) allows to analyze
related morphology and structure.
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Figure 3.7 - TEM images of MBG nanoparticles.

The MBG NP showed in Figure 3.7 presents a pattern typical of a mesoporous structure composed
exclusively of poorly ordered wormlike aggregates with numerous individual mesoporous (white
nanodot). This structure is formed when the surfactant concentration exceeds the critical micelle
concentration during the ethanol evaporation, beyond the critical concentration, micelles are formed
and occurs co-assembly of silica-surfactant micellar species (Figure 1.3). This process results in
disordered cylindrical micelles. [106], [107]

Figure 3.8 - TEM images of nHAp (A) and MHAp (B) nanoparticles.

The HAp samples seem to present a similar structure to the MBG samples. However, to assure it, is
necessary to have higher magnification and Fourier transform patterns. [53], [106]

3.1.2.3 Nitrogen sorption porosimetry

The obtained nitrogen sorption porosimetry curve, used the Barrett— Emmett—Teller (BET) method to
calculate the specific surface areas and the Barrett—Joyner—Halanda (BJH) method to derive the
adsorption branches of the isotherms, calculate the pore volume and the mean pore size. The total pore
volume was obtained from the extent of adsorbed nitrogen at a maximum relative pressure. The
resulting values are presented in Table 3.1.

Table 3.1 - Physicochemical properties of MBG, nHAp and MHAp.

surface area (m?/g) pore volumes (cm?/g) pore sizes (nm)
MBG 223.5 0.19 3.5
nHAp 125 0.08 26.4
MHAp 19.9 0.11 21.4

The MBG presented lower surface area (224 m2/g) than previous studies with F123 in 80S15C
composition (351 m2/g) [79], [103], [108]. This fact could be attributed to the use of F127 surfactant at
low concentrations, which already showed a decrease of surface area on 70S25S. [79] However the
orders of magnitude are similar. The pore volumes (0.19 cm3/g) was also lower than the previously
reported values (0.49 cm3/g) [79], [103], [108], this fact could be due to the surfactant type, related
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surfactant concentration and oven calibration. The conjugation of these factors could be responsible for
the reduction of 61% in pore volume. In [79] study the F127 has reduced the pore volume by 20% and
in [108] study the oven was offset by plus 100°C calcination temperature, resulting a reduced pore
volume by 59%. However, the surfactant concentration is the major factor for reduction of pore volume,
so polymers lower concentration result in smaller micelles and create smaller templates for material
precipitation.

In the HAp study, the introduction of F127 surfactant increased the surface area, increased pore
volumes and reduced the pores size, it's the expected behavior, based on the introduction of F127 in
the bioglass syntheses reported by X. X. Yan et al. [103]. The obtained values for pore volume and pore
size in the nHAp sample are similar to previously reported values (0.1 m3/g and 27 m3/g, respectively)
[54], however the surface area was inferior than reported values (23 m?/g) this fact could be a
consequence of having bigger NP and therefore lower surface area. [109]

The obtained nitrogen sorption porosimetry results for the MHAp sample confirms the presence of a
mesoporous structure verifying the proposed hypotheses in Figure 3.8.

3.1.3 Cytotoxicity

Cell response to the materials was tested using Resazurin as a metabolic indicator. Resazurin is a blue
colorant that is reduced by metabolically active cells. Upon reduction, Resazurin changes to Resorufin,
which presents a pink color and high fluorescence. This conversion is quantified by measuring the
absorbance at 570 nm and 600 nm. Relative cell viability of the tested sample is obtained by comparing
with the negative control absorbance.[110]

If the relative cell viability for the highest concentration of the sample extract (100% extract) is equal or
superior than 70% of the control group, then the material shall be considered non-cytotoxic. [110]
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Figure 3.9 - Cell viability in response of the scaffold’s base materials cytotoxicity. Data obtained from a sample of
four replicas for each scaffold.

The cytotoxicity assay of the polymeric and ceramic materials presented in Figure 3.9 showed that for
all the materials and extract concentrations tested, relative cell viability is higher than 90%, in
comparison of these results with the negative control, and therefore the materials are cytocompatibility.
These results were expected because all the tested materials, with the exception of MHAp, had already
been tested in previous works and are part of the composition of clinically available products. [58], [89],
[90], [111].

These results suggest that all tested materials are safe to be used in the composite scaffolds. [110]
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3.2 Membranes analysis
3.2.1 Structural and Morphology Analysis

3.2.1.1 XRD

The XRD diffractograms of the polymeric membranes are presented in Figure A. 13, graphic A and the
composite scaffolds are presented in Figure A. 14 for the FR composites, Figure A. 15 for the MHAp,
Figure A. 16 for the MBG and Figure A. 13, graphic B for the mesoporous composite . In Figure 3.21
the diffractograms of higher ceramic concentration scaffolds are presented, where the CHL membranes
are in graphic A and CHH in graphic B.
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Figure 3.10 - XRD diffractograms of composite membranes with CHL (A) and CHH (B) with different ceramics.

All the composite membranes with MBG just presented a peak approximately at 20°. This peak is
attributed to chitosan present in the sample and already tested in raw material (Figure 3.6, graphic B)
and in membrane (Figure A. 16). The absence of any new diffraction peak confirmed that during the
membrane production and treatment the MBG maintained an amorphous state as the initial synthetized
material (Figure 3.6, graphic A). [87]

The composite membranes with MHAp and FR only present the broad peak of chitosan since the
intensity of the chitosan signal is higher than the ceramic. However, with the increase of ceramic
concentration the main peaks of these materials begin to appear.

3.2.1.2 Porosimetry

The major parameters of a scaffold for tissue engineering is the pore size, porosity and surface area.
[112], [113] These parameters have direct implications on the scaffold’s functionality during biomedical
applications, such as allowing the transport for tissue vascularization, cell adhesion, proliferation and
migration. [67], [112], [113] For these reasons it's important to test the porosimetry of the produced
scaffolds. The obtained results are presented in Table 3.2.
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Table 3.2 - Porosimetry results of the produced samples (data obtained of three replicas for each scaffold).

CHL CHH
Ceramics 0% 93% = 2% 95% + 2%
FR 25% 89% + 3% 89% + 1%
50% 85% + 5% 90% + 5%
75% 84% + 3% 81% + 3%
MHAp 25% 90% + 1% 89% + 3%
50% 85% + 2% 84% + 2%
75% 89% + 3% 87% + 2%
MBG 25% 91% + 2% 91% + 4%
50% 90% + 1% 87% + 2%
75% 95% + 2% 90% + 1%
MC 25% 94% + 3%
50% 90% + 1%

All values are between 80% and 90% of porosity. The polymeric membranes present a lower porosity
than the previous works with the similar polymer and same freeze dryer [58] but this could be due to
the contraction of the membranes after the lyophilization processes. Membranes produced with CHH
presented the average maximum value of porosity, which is in agreement with literature [114].

The increase of ceramic concentration did not present an evident direct variation in porosity values.
However, inclusion of ceramic the matrix tended to reduce scaffold porosity. For a better idea of the
real porosimetry values the analysis should use ethanol instead of PBS and water or with other method
such as mercury intrusion porosimetry.

Furthermore, is important to mention to the heterogenous distribution of pores throughout the
membrane, as can be observed in the SEM and Bioactivity chapters.

3.2.1.3 SEM

The morphologies of the scaffolds were examined with SEM. This analysis allows the study of pose
size distribution and sample structure. The SEM images of the produced polymeric scaffolds is
presented in Figure 3.11, where image A and B represent the CHH and image C and D represent the
CHL.

Figure 3.11 - SEM images of CHH (A and B) and CHL (C and D) scaffolds at different magnifications.

Variable porous size and interconnected porous structure are observed in both polymeric membranes.
The produced structure is similar to human bone tissue presented in Figure 3.12, which will enable a
faster tissue regeneration by channeling and boosting new tissue formation. [113]
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Figure 3.12 - SEM image of human bone tissue with interconnected pores. Adopter from [113].

Since the SEM images of chitosan membranes are similar, only the composite membranes with CHL
are presented below (Figure 3.13). The CHH composite membranes are displayed in Appendix VII,
Figure A. 17.

Figure 3.13 - SEM imaging of low-MW chitosan with FR (A), MHAp (B) and MBG (C) composite membranes at
25%w/w (1), 50%w/w (2) and 75%w/w (3).

All the produced scaffolds presented interconnected porous structure in all the tested composite
compositions. The pores have a preferential orientation (Figure 3.13 C.2 and Figure A. 18) varying
inside the same sample mold, as a result of the cold front direction in the freezing stage of the
lyophilization process. [58] The samples also showed variations on pores sizes as observed in Figure
A. 18 from the deposition of ceramic materials before the lyophilization process.
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The structures presented a uniform distribution of ceramic NP in the polymeric structure with the
exception of same agglomeration nucleus in punctual locations on the high concentration membranes.
However, the NP appeared to be integrated within the chitosan matrices. [62]

All the produced scaffolds presented microporous structure with high porous size distribution not just
ideal for cell adhesion and proliferation, but also for interlocking between the scaffolds and surrounding
tissue which will improve the mechanical stability of the implant. [113]

3.2.2 Physicochemical properties
3.2.2.1 FTIR

The FTIR analysis for the polymeric scaffolds is presented in Figure 3.14 (graphic A) and for the
mesoporous composite scaffolds is presented in Error! Reference source not found. (graphic B). F
TIR spectra of the rest of the samples is presented in Appendix II: Figure A. 2 for the FR samples,
Figure A. 3 for the MHAp samples and Figure A. 4 for MBG samples. In all of the figures the graphic A
refers to the membranes with CHL and graphic B to those with CHH.
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Figure 3.14 - FTIR of polymeric membranes (A) and mesoporous composite membranes (B).

The polymeric membranes presented the same bands as the polymeric raw material. The composite
membranes present the bands for all the ceramic and polymeric materials used.

In Error! Reference source not found. it's possible to observe the width reduction of the 1000 cm b
and which corresponds to the major MBG and MHAp bands. This variation is due to the overlap of
asymmetric stretching mode of the PO43 group and to Si—O Q? and Q3 units. The MHAp also induces
the formation of 560 cm peak for the asymmetric bending mode of the PO43 . The introduction of MBG
alters the peak of Si—O-Si symmetric stretching at 800 cm™.

The composite membranes with just MHap or MBG present the CH FTIR bands and the variations
described above for the respective used ceramic.

3.2.2.2 Swelling
Swelling of the membranes occurs in three different stages. The first stage has a quick water absorption
attributed to the interaction between water molecules and the chitosan hydrophilic groups (OH and

NH2).[93] In the second stage, the swelling rate gradually slows down since the formation of hydrogen
bonding interaction within CH matrix, constrained the membranes swelling behavior. The last stage the
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swelling reaches the plateau due to stabilization of membranes. [115] Swelling behavior of the polymeric
scaffolds is as shown in Figure 3.15.

The membranes without ceramic have a longer first stage, still there is a significant increase of swelling
during 48hrs, which does not happen in the composite membranes. Following the samples 72hrs
submersion, the swelling rate starts to stabilize. [115]

At the end of the swelling test, the high-MW chitosan membranes showed higher swelling capacity and
higher uptake time than the membranes with CHL. [116]
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Figure 3.15 - Swelling behavior of CHL and CHH Polymeric scaffolds (A) and of CHL+MC scaffolds (B). Data
obtained from a sample of three replicas for each plot point.

The swelling behavior of composite membranes is presented in Appendix Ill, where Figure A. 5 presents
the swelling ratio of FR composite, Figure A. 6 for MHAp composite, Figure A. 7 for MBG and Figure A.
8 for the mesoporous composite. In Figure 3.16 is presented the resume of swelling capacities for every
stabilized composite scaffold.

The composite membranes with FR present swelling rates in same order of values for both the polymer
membranes. Comparing the composite scaffolds with the same type of polymeric membrane, the low-
MW polymeric scaffolds were of the same order and the CHH scaffolds presented a slightly reduction
of swelling with the addition of FR. The increase of ceramics concentrations in scaffolds, showed a
decrease of swelling capacity at a faster rate, as expected from previous studies. [62]

The composite membranes with MHAp, displayed swelling capacity in the same range of values, in
both polymers. The swelling capacity decreased, with the increase of ceramics concentrations for the
CHH membranes. In the low-MW membranes the increase of ceramics did not produce any significant
swelling variations.

The CHH/MBG composite membranes present slightly higher swelling ability than CHL/MBG.
CHL/MBG swelling behavior is similar to the that of the polymeric membranes. The swelling analysis of
the variation with MBG concentration shows that with the increase of ceramic concentration in the
scaffolds the swelling capacity increases, until it reaches superior values than those of the pure
polymeric membranes. This behavior was not expected, since previous works established BG to
decrease scaffolds swelling capacity [87], [117]-[119]. However, V. Maquet et al. [120] concluded that
the water absorption, in high concentration of BG composites, is much more swiftly (similar behavior to
Figure 3.15, graphic B), thus reaching higher swelling capacities in the short term analysis.
Nevertheless it's maximum water capacity is more stable than of polymeric scaffolds, which still did not
reach the plateau in the Figure 3.15 (graphic A) at the last measurement taken, so when stabilization
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occurs the swelling capacity will be similar or superior to the composite swelling capacity. Other reason
for the increase of the swelling capacity of the MBG membranes is the water retention inside the pores
of the MBG which is almost impossible to remove because of the small pores size.

The composites produced with mesoporous powders showed the similar swelling capacity for both
ceramic concentrations (25% and 50%). Swelling plateau is also attained sooner for these samples.
From all the samples, these compositions were the ones more stable in the last swelling stage.
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Figure 3.16 - Resume of composite membranes swelling capacity. Data obtained from a sample of three replicas
for each scaffold.

All samples were able to absorb water, in proportions of more than three times than their own weight.
The individual values obtained were greater than 300%, even in the scaffolds with higher ceramic
concentration. This swelling capacity can guaranty an increase of the pores size and volume, that
facilitates cell infiltration, growth through the scaffolds surfaces and the supply of nutrients and oxygen
to the interior regions of the composite scaffolds. [119], [121], [122]

However, studies [87], [122], [123] show that uncontrolled increase in swelling, can also decrease the
mechanical properties of the scaffolds which can be harmful for tissue regeneration applications.
Therefore, controlled swelling is ideal for the pretended applications. Nevertheless, D. Arcos et al. [51]
show that incorporation of mesoporous ceramics may increase compressive modulus after submersion
in SBF, so the MBG higher water retention capacity is a beneficial factor for tissue engineering
applications.

3.2.2.3 Degradation

The biodegradation behavior of the material is a crucial factor on the long-term performance of tissue-
engineered cell-material construct, as cells need a stable material to adhere and proliferate. [59], [124]
In order to, analyze the polymeric membranes biodegradation profile, the different MW chitosan
scaffolds were immerged in PBS containing lysozyme for 7 days and 14 days. The obtained results are
presented in Figure 3.17.
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Figure 3.17 - Viscosity decrease of CHL and CHH polymer in function of degradation time. Data obtained from a
sample of six replicas for each plot point and error bars are not visible in the presented scale.

The viscosity decrease was greater in the CHL, situation observed in other works [62]. Since the
samples viscosity alter in function of the polymeric chain size, a reduction of viscosity means a decrease
of chitosan MW and the low-MW chitosan suffered a higher degradation than the CHH. [86], [125]

The presented results are slightly higher than the expected (5% to 15% weight loss from [62], [126],
[127] and decrease of viscosity from [85], [128]) for the period of degradation time in stake. Two of the
factors outside from the reduction of polymer chain, that could have resulted in these values are the
absorbed water that remained after the scaffold primary drying (previous to the lyophilization drying) or
the PBS precipitations that remained after washing the samples. The absorbed water reduces the
polymer concentration and therefore decreases solution viscosity. [125] In the PBS precipitation
hypothesis, when the polymer was dissolved for the viscosity analysis, the precipitates were also
dissolved and altered the ratio between the original sample and the ones subjected to degradation. The
obtain results might be questioned if they are due to PBS crystals or water swelling. Although the result
seamed to point to water swelling since the samples presented a weight reduction after lyophilization,
further studies like X-ray fluorescence might be required to confirm this.

From the maximum weight loss analysis presented in Figure 3.18 and the degradation results of CHL
(89.3 £ 0.2%) and CHH (90.3 £ 0.8%), the composite membranes reduced the scaffolds degradation.
This behavior was expected since the Lysosome only degrades the polymer and the ceramic remains
unaltered. Therefore, the increase of ceramic concentration on the membranes decreases the
membrane degradation (Appendix V). [62], [63]
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Figure 3.18 - Degradation behavior of CHL composite scaffolds (A) and CHH composite scaffolds (B). Data
obtained from a sample of three replicas for each scaffold.
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The obtain weight data confirmed that CHL have a higher degradation rate and the results based on
the remaining weight fit in the previous degradation expectations. [62], [126], [127]

One of the solution for a lower polymeric degradation is to reticulate the polymeric membranes so that
the bonds between polymeric chains are stronger and the Lysozyme cannot reach the p-1-4 glycosidic
bond of the polysaccharides as easily. [126]

3.2.2.4 Bioactivity

Larry L. Hench et al. defined a biomaterial as a material “that elicits a specific biological response at the
interface of the material which results in the formation of a bond between the tissues and the material”.
[129] This bond is formed due to the formation of bonelike apatite on the scaffolds surface when
implanted in the living body (bioactivity). [78], [129]

The in-vitro bioactive study allows a simulation of the expected response of the materials in-vivo bone
bioactivity from the apatite formation on its surface, when immersed in SBF for a specified time gap,
since the SBF solution have a nearly equal ion concentrations to human blood plasma. [78]

The in-vitro bioactive results are presented in Figure 3.20, where column 1 presents the CHL
membranes, column 2 presents the CHL+25%FR membranes, column 3 presents the CHL+25%MHAp
membranes and column 4 presents the CHL+25%MBG membranes. The rows represent the time of
SFB immersion where row A is 3h, row B is 6h, row C is 12h, row D is 24h, row E is 48h, row F is 72h
and row F is 7 days. The same organization is applied to Appendix V, Figure A. 12.

This analysis showed the CHL almost did not present any apatite precipitation in the 7 days study.
However, the polymeric walls of the membrane changed texture and organization throughout the
majority of the tested times.

The composite scaffolds presented different responses to the test, nevertheless, all the composites had
an increase of apatite precipitation. The precipitation begins at spots with higher rugosities or with small
pores and then increases in size and distribution. The time gap of the assay did not show a high surface
coating for most of the tested scaffolds and in same samples was presented apatite precipitation and
for higher times no precipitation was registered (e.g. Figure 3.19Error! Reference source not found.
C), this fact could be due to from local increase of ceramic concentration.

The CHL membrane with 25% FR had the better result with the formation of an almost complete layer
of apatite on the 72h sample.

Figure 3.19 - SEM images of the CHL+25%MC membranes after immersion in SBF for 3h (A), 6h (B), 12h (C),
24h (D), 48h (E), 72h (F) and 7days (G).
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Figure 3.20 - SEM images of the CHL membranes (1), CHL+25%FR (2), CHL+25%MHAp (3) and
CHL+25%MBG (4) after immersion in SBF for 3h (A), 6h (B), 12h (C), 24h (D), 48h (E), 72h (F) and 7days (G).

3.2.3 Mechanical properties of scaffold

3.2.3.1 Compression modulus

The developing of load-bearing scaffolds with high porosity is one of the major purposes of bone tissue
engineering. However, the highly porous structure is obtained at the expense of mechanical strength.
[112] In this tradeoff the highly porous structure is preferred in Tissue Engineering applications.

In order to analyze the compressive modulus of porous composite scaffolds, the samples were tested
using a mechanical testing machine and from the obtained data the slope of the stress—strain plot at 5
to 10% deformation range was calculated. During the test the pores collapse and the structure
underwent densification . [119]
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The typical stress-stain curves are classified in three regions: linear elastic, collapse plateau, and
densification regimes as illustrated in Figure 3.21 graphics A and B. [123]
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Figure 3.21 - Stress—strain curves of the chitosan scaffolds (A) and an example of different ceramic
concentrations of MBG with CHL (B).

The polymeric membranes presented a similar compressive modulus of 159 + 9 KPa for the CHL and
151 + 46 KPa for the CHH. The similarity in values were not expected since it's been reported a superior
mechanical behavior with the increase in MW of the polymeric chain. [62] However, the similar
mechanical strength of the different polymers could be due to the slight increase in the porosity in the
CHH scaffold.

With the increase of ceramic in the scaffolds, the elastic Slope tented to increase in on the first 15% of
the stress-strain curve, as showed in graphic B of Figure 3.21. This Slope increase means an increase
of compressive modulus of the tested membranes.

The resume of composite compressive strength is presented in Figure 3.22, where the scaffolds in
graphic A are from the CHL and the membranes in graphic B from the membranes with CHH.
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Figure 3.22 — Compression modulus of composite scaffolds with CHL (A) and CHH (B). Data obtained from a
sample of ten replicas for each scaffold.

52



The compressive modulus significantly increased with the incorporation of ceramic materials in both
low and high MW chitosan scaffolds for all the tested compositions. All composite scaffolds, except the
75%MBG, presented a higher increase of mechanical strength with the CHH than the low-MW CH.

The results showed a significant increase in the CHL membranes, especially for the MBG and MC
scaffolds. This fact could be due to the mesoporous structure of the produced MBG. Furthermore, the
CHL presented smaller errors bars, this fact is due to an easier NP dispersion and a more uniform
polymer solvability, where was granted no polymer granules. These facts render the CHL samples more
uniform.

The highest value of compressive modulus was obtained from the composite produced with
mesoporous powders. The MC membranes at 25% of ceramic concentration obtained comparable
compressive modulus results other composites at 50% ceramic concentration. The behavior was
obtained with half ceramic concentration, meaning less material thus lower cost solution.

3.2.4 Cell culture studies

The cell response to the composite membranes was evaluated through cytotoxicity, adhesion and
proliferation tests.

3.2.4.1 Cytotoxicity

The cytotoxicity of the composite scaffolds produced was tested to confirm that the synthesis of the
membranes does not cause chemical modifications. These modifications could alter the non-cytotoxicity
of chitosan. The results are displayed in Figure 3.23 for the polymeric membranes and in Appendix VIIl,
Figure A. 19 for the composite membranes with the FR biphasic, in Figure A. 20 for the MHAp, Figure
A. 21 for the MBG scaffolds and in Figure A. 22 for the mesoporous composites with low-MW chitosan.
In all these figures the graphics A are for the CHL and the graphics B for CHH.

Of the two tested polymers, CHL showed higher cell viabilities for all the composites. Comparing the
different ceramics results, MHAp had the lowest and MBG the highest cell viability. This fact is most
noticeable for the extracts with high concentration (12.5 mg/mL and 25 mg/mL).

None of the composite samples were cytotoxic, therefore all can be used in bone regeneration
applications.
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Figure 3.23 - Relative Cell Viability in cytotoxicity tests of CHL (A) and CHH (B) membranes. Data obtained from
a sample of four replicas for each membrane.

3.2.4.2 Cell Adhesion and Proliferation

The cell adhesion assays were performed in two stages. In the first stage, chitosan with different MW
were tested in order to identify the best response so that in the second stage all the tested composites
contained the same polymer. This selection method allowed the analyzes of the second stage to focus
on the different ceramics under study and their concentration on the scaffold.
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The first stage assay revealed that the chitosan scaffolds with CHL have a slightly higher cellular
adhesion (48 + 6%) than the CHH (41 £ 6%). These values were expected since chitosan is known for
its low cell adhesion [130]. The better response of low-MW CH could be due to the polymer slightly

higher degree of deacetylation, which is one of the major factors influencing cell adhesion to
chitosan.[58]

Cell proliferation on CHL scaffolds is also slightly higher than on CHH scaffolds and is presented in
Figure 3.24.

350 - CHL
CHH
300 -
= 250
[ _
2 200-
o {— T 17
£ 4501 | 72 g7
o Z
O 1004+ 7
/L
50 -
0 .
1 3 6 8 10
time (days)

Figure 3.24 — Cell proliferation of chitosan with CHL and CHH. Populations are normalized to day 1 values. Data
obtained from a sample of six replicas for each membrane.

Based on these results, on the second stage assay only the composite membranes with the CHL were
tested since they should also have better adhesion than the composite CHH based scaffolds. One of
the major purposes of this experiment is to identify the best sample for bone regeneration: therefore,
all ceramics were tested using their highest and lowest concentrations (75%w/w and 25%w/w). This

method guaranteed that all ceramics in composite scaffolds were tested and its possible to identify cell
adhesion dependence on ceramic concentration.

The second stage cell adhesion assay (24h), summarized in Figure 3.25 and Table A. 5 (Appendix VII),

presented that the MC scaffolds and the lower concentration MBG scaffolds, have a higher cellular
adhesion than the other tested materials.
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Figure 3.25 - Cell Adhesion to composite materials. Data obtained from a sample of six replicas for each scaffold.

In the FR and MHAp samples cell adhesion increased with the increase of ceramic concentration as
expected [62], however in the MBG samples the opposite was observed. This fact could be due to the
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increase of pores volume but decrease of pores on the surface (Figure 3.27 C.2) with the increase of
MBG concentration in the lyophilization process or morphology variations throughout the sample
(Figure A. 18).

The cell proliferation profile is presented in Figure 3.26, where graphic A represents the low-MW
chitosan with different concentrations of FR, graphic B the CHL with MHAp, graphic C the CHL with
MBG and graphic D the CHL with mesoporous composite.
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Figure 3.26 - Cell proliferation in composites with CHL of FR (A), MHAp (B), MBG (C) and mesoporous
composite (D). Populations are normalized to day 1 values.

Cell proliferation on the MHAp membranes was smaller for the highest ceramic concentration. This fact
is a result of the high concentration of material in contact with cells (direct contact) as is a reinforcement
of the cytotoxic assays that showed a decrease of cell viability with the increase of contact between
membranes and cells.

The other tested scaffolds showed a higher cell proliferation with higher ceramic concentration on the
membranes. From the results obtained, the 75% MBG and 50%MC presented superior cell proliferation.

Fluorescence microscopy confirmed that human osteoblasts were able to attach, proliferate and inhabit
almost all tested composite scaffolds for 10 days. The MBG and mesoporous composite presents the
greatest abundance of stained cells (the bright green spots), which corresponds to viable cell’s nucleus.
The presented cell density confirms the high cell adhesion and proliferation rate obtained by Resazurin
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reading. This test also indicates that the scaffolds support cell viability and could be a suitable support
for bone regeneration.

The cell populations did not present any preferential organization and appear to have infiltrated within
the scaffold, yielding a uniform population throughout the membrane.

The Fluorescence analysis in Figure 3.27 confirms the higher cell population in the MBG and
mesoporous composites. The MHAp did not present marked cell (Appendix VII, Figure A. 23), this fact
could be due to cell penetration into the interior of scaffolds and the microscope could not detect their
signal or due to the previously obtained signal from Resazurin reduction being a result of membrane
chemical variations during cell culture.

The cell controls and materials controls are presented respectively at Appendix VII Figure A. 25 and
Figure A. 24.

Figure 3.27 - Fluorescence images of FR (A), MBG (B) and MC scaffolds (C) with low (1) and high (2) ceramic
concentrations.
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4 Conclusion

The ceramic mesoporous materials (MBG and MHAp) were synthesized by the sol-gel method and
analyzed by FTIR, DSC-TGA, DRX, TEM, nitrogen sorption porosimetry and cytotoxicity tests. The
FTIR results showed the specific peaks of CH for the CHL and CHH samples, the HAp peaks for the
FR and MHAp and BG for the MBG. Furthermore, this technique showed a reduction of temperature for
the HAp syntheses with the addition of F127 to the reaction with the formation of the specific peaks at
lower temperatures. The DSC-TGA confirmed the FTIR results and guaranteed the elimination of the
polymeric surfactant with the 700°C calcination, since the F127 is eliminated at 400°C.

The XRD analysis of the raw materials confirmed the crystallographic organization of MHAp, the semi-
crystalline structure of the used CH and the amorphous structure of the MBG. The TEM images showed
patterns typical of mesoporous structure, with poorly ordered wormlike aggregates with numerous
individual mesoporous in both MBG and MHAp images. The nitrogen sorption porosimetry confirmed
the mesoporous structures of the produced ceramics, with smaller pores than previously reported
studies due to the surfactant concentration used in the synthesis. Moreover, the addition of F127 to the
HAp reaction, reduced the porous size and increased the surface area. The cytotoxic tests confirmed
that all materials are safe to be used in the composite scaffolds.

The pretended polymeric scaffolds were successfully produced by lyophilization. Neutralization and
dialysis processes were done to remove all the acid remaining in their structure, so it would maintain
their morphology on contact with liquids. The scaffolds were analyzed in terms of their morphology,
physicochemical, mechanical properties and cell culture studies.

The structural analysis resorted to XRD and the morphology from Porosimetry and SEM analysis. The
XRD showed the presence of major ceramic HAp peaks in FR, MHAp and MC composites. Also showed
the absence alteration of peaks in the MBG composites. The Porosimetry presented high values for all
the tested samples, with a slightly decrease with the addition of ceramic materials to the scaffolds. SEM
images showed that the CHL and CHH membranes presented similar structures with interconnected
pores, similar to the structure of the cancellous bone. The addition of ceramics to the CH solutions,
facilitated its integration into the chitosan walls and a preferable orientation of pores during the
lyophilization process. The added ceramics was distributed uniformly in the polymeric structure, except
for some agglomeration in punctual locations on the scaffolds, with higher ceramic concentration.

The physical and/or chemical properties were tested by FTIR, swelling behavior, degradation test and
bioactivity assay. The FTIR spectra showed the junction of the bands presented in the raw materials
analyses, for the composite scaffolds and band variation on the overlay bands, confirming the ceramic
presence in XRD and SEM images. The swelling behavior, with the increase of ceramic concentration
in the scaffolds, showed a decrease of swelling capacity and a lower time reaching the swelling plateau.
The composite scaffolds with higher swelling capacity were the CHL+75%MBG and the MC. The
degradation tests showed a higher degradation for the CHL, that can be reduced by polymer
reticulation. The bioactivity assay presented an improvement with the addition of ceramic, as observed
with the increase of apatite precipitation, particularly in the FR sample.

The mechanical properties presented an increase of the compressive modulus, with the increase of
ceramic concentration. The best results were achieved in the CHL+75%MBG (836 + 185 KPa) and
CHL+50%MC (962 + 254 KPa).

The cell culture studies included cytotoxic tests, adhesion assays, proliferation tests and fluorescence
assays. The cytotoxic tests showed that none of the composite samples produced were cytotoxic,
therefore safe to be used in bone regeneration applications. The adhesion was higher on the CHL
membrane and the ceramics tend to improve cell adhesion to the scaffold’s membranes. The best
results were obtained for the MC scaffolds. Cell proliferation study showed the 75% MBG and 50%MC
presented superior cell proliferation. The fluorescence presented no preferential organization with cell
infiltrated within the scaffold and yielding a uniform population throughout the membrane.

All the produced scaffolds have given evidence of being Biodegradable and Bioactive. However, the
overall best performance composite was CHL+50%MC, meaning this sample obtained better results in
almost all tested scaffolds proprieties.
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5 Future Work

To Further improve the obtained results, the lyophilization process could be adjusted for better
uniformity thought-out the same membrane and to obtain more uniform structures in the samples with
higher ceramic concentrations. The 75%MC should be evaluated in a 1IMBG/1MHAp and different
ratios.

The neutralization process could improve if applied before the first lyophilization, so that FR could be
implanted completely in scaffold structure instead of being partially washed away during neutralization.
This process alteration would improve scaffolds bioactivity and compressive modulus.

To finish this study is still needed in-vivo such as sensitization tests, acute systemic toxicity and
material-mediated pyrogenicity to verify if all the requirements of 1SO10993 for posterolateral spine
fusion implants. Additionally, should be needed Gama irradiation studies with variation of dose and
radiation effect in the composite membranes, since this process is required for the product
commercialization’s.

It would be interesting to test the effect of a production of MBG and MHAp composite in a multilayer
MHAp/MBG/polymer and if it would have a better cell response and higher compressive strength.
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Appendix |

Table A. 1 - Bone grafting materials used for bone repair and regeneration: examples, advantages and
disadvantages.

Bone grafting materials Examples Advantages Disadvantages References
Polymers Natural Protein: collagen, Biodegradability Low mechanical  [8], [12],
fibrin, gelatin, silk Biocompatibility strength [16], [43],
fibroin Bioactivity High rates of [57], [67]
Polysaccharides: Unlimited source degradation
hyaluronic acid, (some of them) High batch to
chondroitin sulphate, batch variations
cellulose, starch,
alginate, agarose,
chitosan, pullulan,
dextran
Synthetic PGA Biodegradability Low mechanical  [8], [12],
PLA Biocompatibility strength [16], [43],
PCL Versatility High local [66], [67]
PLGA Hight tensile concentration of
poly-HEMA modulus acidic
degradation
products
Ceramics Calcium- Coralline or synthetic ~ Biocompatibility Brittleness [8], [16],
phosphate  HA Biodegradability Low fracture [37], [41],
(CaP) Silicate-substituted Bioactivity strength [43], [66]—
HA Osteoconductivity Degradation [68], [131]
(B-TCP) Osteoinductivity rates difficult to
Dicalcium phosphate  Antibacterial predict
dehydrate (DCPD) properties
Bioglasses  Silicate bioactive (Bioglasses) [8], [43],
and glass- (glasses (45S5, 13-93) [46], [66],
ceramics Borate/borosilicate [67]
bioactive glasses (13-
93B2, 13-93B3,
Pyrex®)
Metals Titanium and its Excellent Lack of tissue [8], [16], [67]
alloys mechanical adherence
Tantalum properties (high Corrosion
Stainless Steel strength and wear Risk of toxicity
Magnesium and its resistance, ductility) due to release of
alloys Biocompatibility metal ions
Cobalt—chromium
alloys

Composites

Calcium-phosphate
coatings on metals
HA/poly-(D,L-lactide)
HA/chitosan-gelatin
Alumina ceramic
(Al203)

Combination of the

above

Combination of
the above

(8], [43],
[66], [132],
[133]
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Appendix Il
Table A. 2 - Assignment of Hap with (MHAp) and without F127 (nHAp) FTIR spectra bands. [62], [93], [94], [97],

[134]
Wavenumber (cm™) Description
Hap without F127 Hap with F127

3556 3570 v (OH) stretching mode
3479 3475
3446
2989 2997
1622 1637 v2(H-O-H) bending mode
1419 1414 v3(CO3?) asymmetric stretching mode
1452 1456
1367 v(NOz") stretching mode
1348 1333
1115 1116 v3'(PO4%) asymmetric stretching mode
1020 1020 v3(PO4%) asymmetric stretching mode
958 960 v1(PO43%) symmetric stretching mode
924 928
872 879 v2(CO32) asymmetric bending mode
814 814
742 746
600 600 va(PO4%) asymmetric bending mode
559 561
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Figure A. 1 - FTIR of FR.

Table A. 3 - Assignment of MBG FTIR spectra bands. [51], [91], [97], [135]

Wavenumber (cm™) Description

3375 V(OH>) stretching mode

2983 - 2880 -CH2- bending and stretching vibrations

1433 -1246 -CH2- bending and stretching vibrations
1150 Si—O-Si asymmetric stretching
1032 Si—O Q2 and Q8 units
947 Si—O Q! and Q2 units

820 - 780 Si—O-Si symmetric stretching or vibration
modes

569 Si—-O-Si bending mode
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Table A. 4 - Assignment of CHH and CHL FTIR spectra bands. [62], [98]-[100]

Wavenumber (cm™) Description
CHH CHL
3354 - 3292 3344 - 3278 v(N-H) and v(OH) stretching mode
2868 2866 C-H asymmetric stretching
1645 1637 v(-C=0-) stretching mode of Amide |
1583 1579 8(N-H) bending of the primary Amine
1421 1425 6(C-H) bending
1373 1371 CHs symmetrical deformations
1313 1309 v(-C=0-) stretching mode of Amide
11
1149 1149 v(C-O-C) asymmetric stretching
1057 - 1022 1065 - 1016 v(C-O-C) symmetric and asymmetric
stretching of ester band
889 887 0(C-H) bending vibration
658 617 0(0O-H) bending vibration
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Figure A. 2 - FTIR of FR composite scaffolds with CHL (A) and CHH (B).
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Figure A. 4 - FTIR of MBG composite scaffolds with CHL (A) and CHH (B).
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Figure A. 3 - FTIR of MHAp composite scaffolds with CHL (A) and CHH (B).
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Figure A. 5 - Swelling ratio of FR composites with CHL (A) and CHH (B). Data obtained from a sample of three

replicas for plot point.
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Figure A. 6 - Swelling ratio of MHAp composites with CHL (A) and CHH (B). Data obtained from a sample of

three replicas for plot point.
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Figure A. 7 - Swelling ratio of MBG composites with CHL (A) and CHH (B). Data obtained from a sample of three
replicas for plot point.
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Figure A. 8 - Swelling ratio of mesoporous composite (MHAp and MBG) with CHL. Data obtained from a sample
of three replicas for plot point.
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Figure A. 9 — Degradation behavior of FR composites with CHL (A) and CHH (B). Data obtained from a sample of
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Figure A. 10 - Degradation behavior of MHAp composites with CHL (A) and CHH (B). Data obtained from a

sample of three replicas for plot point.
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Figure A. 11 - Degradation behavior of MBG composites with CHL (A) and CHH (B). Data obtained from a

sample of three replicas for plot point.
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Appendix V

Figure A. 12 - SEM images of the CHH membranes (1), CHH+25%FR (2), CHH+24%MHAp (3) and
CHH+25%MBG (4) after immersion in SBF for 3h (A), 6h (B), 12h (C), 24h (D), 48h (E), 72h (F) and 7days (G).
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Figure A. 13 - XRD diffractograms of the polymeric membranes (A) and of mesoporous membranes with CHL (B)
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Figure A. 14 - XRD diffractograms of composite membranes of FR in different concentrations with CHL (A) and
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Figure A. 15 - XRD diffractograms of composite membranes of MHAp in different concentrations with CHL (A)
and CHH (B).
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Figure A. 16 - XRD diffractograms of composite membranes of MBG in different concentrations with CHL (A) and
CHH (B).
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Appendix VII

Figure A. 17 - SEM images of CHH composites with FR (1), MHAp (2) and MBG with different concentrations:
25% (A), 50% (B) and 75% (C).

Figure A. 18 — SEM images of CHL+25%MBG scaffold.
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Figure A. 19 — Relative Cell Viability in cytotoxicity tests of composite membranes with FR ceramic and CHL
(graphic A) or CHH (graphic B) scaffolds with different ceramic wt.% (25%, 50% and 75%). Data obtained from a
sample of four replicas for each scaffold.
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Figure A. 20 — Relative Cell Viability in cytotoxicity tests of composite membranes with MHAp ceramic and CHL
(A) or CHH (B) scaffolds with different ceramic wt.% (25%, 50% and 75%). Data obtained from a sample of four
replicas for each scaffold.

79



w1

60

Viability (%)

404

204

[ 16,25 mg/mL
F7712,5 mg/mL
[y 25 mg/mL

B3 Controls

R RS S S ]
AR S eSS,

25% 50%

T5%
Materials

C+ C-

[_]625mgmlL
120 F22712,5 mgimL
Ry 25 mg/ml
22 Controls
100+ Iy 7 :
[
K
]
B e
k2
B
By
ksl
k=
80 [l
7 ksl
k2
k<
k<
ksl
k=
53¢
ksl
k2
60 ]
k=
ks
k=
53¢
ksl
k2
k<
kxd
40 4 26l
[
%%
pesd]
5
k<
k2
158
Pt
204 384
Bl
o
k2
o2l
s
K
]
pesd]
0 . ke
25% 50% T5% C+ c-

Materials

Figure A. 21 — Relative Cell Viability in cytotoxicity tests of composite membranes with MBG ceramic and CHL
(A) or CHL (B) scaffolds with different ceramic wt.% (25%, 50% and 75%). Data obtained from a sample of four
replicas for each scaffold.
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Figure A. 22 — Relative Cell Viability in cytotoxicity tests of composite membranes with MBG and MHAp ceramic

with CHL. Data obtained from a sample of four replicas for each scaffold.

Table A. 5 - Cell Adhesion to composite materials in percentage (%).

Ceramic Materials

Ceramic concentration

Low (25%) High (75%)
FR 25+3 40 +2
MHAP 14+3 42+3
MBG 54+3 25+3
MC* 62+8 56 + 8

* in the MC composites, the high concentration is 50%
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-

Figure A. 23 - Fluorescence images of MHAp with 25% (A) and 75% (B) of ceramic concentration.

Figure A. 24 - Material controls for the Fluorescence images of FR (A), MBG (B) and MC scaffolds (C) with low
(1) and high (2) ceramic concentrations.




Figure A. 25 - Cell controls for the Fluorescence images (1 and 2), in transmittance (A), fluorescence (B) and
conjugations of the two images (C).
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