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Resumo

As lesbes 6sseas sao o tipo lesdes traumaticas mais comuns. O processo regenerativo do 0sso € um
processo bioldgico complexo que é influenciado por varios fatores. Atualmente, os autoenxertos representam
0 padrao mais elevado da medicina regenerativa 6ssea, contudo apresentam varias desvantagens, tais como
disponibilidade limitada do tecido dador ou necessidade de intervencao cirtrgica adicional para colheita do
tecido dador. Assim, na area da engenharia de tecidos do 0sso tém-se procurado desenvolver novos sistemas
artificiais que simultaneamente enderecem esta problematica e consigam mimetizar com maior precisao o
tecido nativo. Neste trabalho, as excelentes propriedades regenerativas da fibroina de seda foram
combinadas com nanotubos de carbono e uma matriz descelularizada derivada de células para a obtencéo
de novas matrizes porosas (scaffolds) e hierarquizadas para aplicacdo em abordagens da engenharia do
tecido osseo. Estes scaffolds foram fabricados recorrendo ao método de reticulacao enzimatica, modelagem
através de congelamento e descelularizacao. A caracterizacao fisico-quimica revelou que os poros do scaffold
tinham cerca de 112 + 22 um e este apresentava uma porosidade total de 75 + 3%. Para além disso,
observou-se que 0s scaffolds possuem um E’ a rondar os 5 kPa, e que s&o bioativos, /7 vitro. Adicionalmente,
os estudos ex vivo de avaliacdo do possivel comportamento hemolitico revelaram que os scaffolds nao
possuem qualquer efeito hemolitico. Por sua vez, os estudos realizados /17 vitro envolvendo o uso de células
estaminais obtidas da gordura humana (hASCs) mostraram que os scaffolds sdo capazes de suportar a
proliferacdo celular. Para além disto, apesar do nivel de atividade metabolica exibido pelas células nos
scaffolds desenvolvidos ser semelhante aos scaffolds so de fibroina de seda, foi observada uma atividade da
ALP superior. Por sua vez, a analise histoldgica mostrou que células foram capazes de migrar para o interior
dos scaffolds e a produzir colagénio. A expressao de varios marcadores osteogénicos, tais como a ALP, OPN,
Runx-2 e Col la, também foi observada confirmando assim o potencial osteogénico dos scaffolds
desenvolvidos. Em suma, os scaffolds hierarquicos desenvolvidos neste trabalho mostraram um alto

potencial para uso em abordagens da engenharia de tecido 6sseo.

Palavras-chave: Engenharia de tecido 6sseo, scaffolds hierarquicos, matriz descelularizada derivada de

células, nanotubos de carbono, fibroina de seda



Abstract

Bone injuries are the most common traumatic injuries. The regenerative process of bone healing is
a complex biological process that is influenced by several factors. The current gold standard in bone
regenerative medicine are autografts which present several drawbacks, such as limited supply or donor-site
morbidity. Thus, in the field of bone tissue engineering, the development of new scaffold systems that
addresses the current limitations and more closely mimic the native tissue is being pursued. In this work, the
excellent regenerative properties of silk fibroin were combined with carbon nanotubes and decellularized cell-
derived extracellular matrix to obtain new scaffolds for bone tissue engineering applications. These easy to
produce scaffolds were fabricated using enzymatic cross-liking, freeze modeling and decellularization
methods. The physicochemical characterization revealed that the developed scaffolds presented pores with
= 112 + 22 um in size and a total porosity of = 75 + 3%. Furthermore, scaffolds presented an E’ of = 5 kPa
and were bioactive /7 vitro. Additionally, ex vivo hemolytic assay evidenced that scaffolds expressed no
hemolytic effect. Regarding biological evaluation, the cellular /7 vitro studies performed on adipose-derived
stem cells (hASCs) showed that scaffolds supported cell proliferation. Besides, despite the hASCs seeded on
developed scaffolds evidenced similar metabolic activity to standard silk fibroin scaffolds, they presented an
increased ALP activity. Moreover, the histological stainings showed that cells were capable to migrate into the
scaffolds and produce de novo collagen. The expression of several osteogenic markers such as ALP, OPN,
Runx-2 and Col la was also verified, further supporting the osteogenic potential of the developed scaffolds.
Overall, the hierarchical scaffolds produced in the present work show great promise for finding applications

in bone tissue engineering.

Key words: Bone tissue engineering, hierarchical scaffolds, decellularized cell derived matrix, carbon
nanotubes, silk fibroin
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CHAPTER I. General Introduction

CHAPTER I. General Introduction
1.1. Bone

Bone is a dynamic mineralized type of tissue that serves a variety of physiological functions (1).
Bones are the cornerstone of body structure as they maintain structural support and allow movement and
locomotion by providing levers for muscles (2). Furthermore, it serves as protection for internal organs, stores
calcium, phosphate, growth factors and cytokines, provides an environment for bone marrow production and
hematopoietic cell development (1,2). Structurally, bone can be divided in two different types: the more
compact cortical bone and the more porous trabecular bone (Figure 1.1). Cortical bone is dense and
composes the outer part of the tissue. It possesses higher stiffness and lower toughness due to the higher
mineralization content and absence of organic matter. Cortical bone is organized in concentric circles (3).
The core section of the bone is composed of trabecular bone. Trabecular bone is anisotropic, highly porous
and contains a sponge-like structure with interconnecting cavities (4). It is in the trabecular bone where most
metabolic activity takes place. Like cortical bone, trabecular bone is also organized in concentric circles. The
porosity of trabecular bone is sensitive to local cellular activity as the trabecular structures that regulate pore
size can be altered by mediators of cellular activity (5). The ratio between trabecular and cortical bone varies
dependent on the anatomic location (4) but overall cortical bone makes up 80% of the human skeleton, and
trabecular 20% (2). In terms of composition, bone tissue is a composite of organic and inorganic phases,
mainly made of collagen fibrils, calcium phosphates and a vast variety of structural proteins and
polysaccharides (4,6). The collagen fibrils are mineralized by hydroxyapatite (HAp), an extremely rigid and

anisotropic mineral, which is the most abundant mineral in bone and makes up for 65% of its constitution

(7).
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Figure 1.1 — Hierarchical structure of bone. Schematic representation of bone tissue showing compact cortical bone
(outer part), porous trabecular bone (inner part) and nanostructure of bone collagen fibers.

Bone injuries are the most common traumatic injuries. The regenerative process of bone healing is
a complex biological process that is influenced by the availability of blood supply, mechanical stability, size
of the defect and surrounding tissue injuries. Bone healing can occur directly or indirectly. Indirect bone
healing is the most common process, this is comprised by inflammatory response, bone repair and a
remodeling phase. There are several chemical and cellular factors involved in the healing process. The
recruitment of mesenchymal stem cells to initiate the healing cascade, collagen | and || matrix production or
growth factor involvement, such as growth factor-beta (TGF-8) or bone morphogenetic protein (BMP-2), which
are vital in this process (8). The current gold standard in bone regenerative medicine are autografts. These
present several drawbacks like limited supply, resorption variability, donor site morbidity or high failure rate
in certain sites. For these reason bone tissue engineering strategies have gained increasing interest. The
development of systems that promote osteogenesis, osteoinduction, osteoconduction and osteointegration

effectively is the future of bone regenerative medicine (8,9).
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1.2. Bone tissue engineering

1.2.1.Current approaches for bone tissue engineering

Bone tissue engineering approaches are the next step in bone regeneration. The need for better
solutions is great since the demand for bone grafts to treat injuries or pathologies is high. Most bone tissue
engineering approaches combine cells, specific culture conditions and biomaterial scaffolds with biochemical
and physical stimuli to achieve /n vifrobone formation. At the moment, the existing and most used approaches
are not patient specific nor biochemically specific. Long term implants are also very limited for many
applications, because of overtime stress shielding and implant loosening (10). Long term repair and favorable
clinical outcome by using responsive biomaterials capable of adaptation to the dynamic physiological and

mechanical /n vivo environments is still a major challenge in bone tissue engineering (11).

Currently, scaffolds that can provide mechanical support while modulating the healing process
represent the ideal regenerative bone therapy (12). Biomimetic three dimensional (3D) scaffolds that mimic
the physical and chemical properties of the native tissue extracellular matrix (ECM) are considered the ideal

substitutes for autologous bone grafts (13).

1.2.2.Hierarchical scaffolds

Bone tissue engineering heavily relies on the development of scaffolds for effective bone defect
reparation. Optimal scaffolds should possess osteoinductivity, facilitate cell attachment, proliferation and
migration. Scaffolds play a crucial role in bone tissue engineering by providing a 3D environment for cell
adhesion and proliferation (14). Mimicking the native tissue in its hierarchical structure, chemical composition
and properties is the ultimate goal of regenerative scaffold designing. In bone tissue engineering, the strife
for ever more biomimetic scaffold systems has led to use biomotifs in scaffold design, attempting to recreate
bone matrix structure and composition (15). There are several different approaches and targets for
biomimicry, ranging from introduction of molecules at the nano scale to the micro and macro structure of
scaffolds. An example of this is the structural mimicking of Harvesian bone as seen in the work of Zhang et

al. (16). In this work, inspired by the hierarchical structure and function of bone, a 3D printed biomimetic
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bone scaffold was developed. With this approach, mimicry of Haversian canals, Volkmann canals and
cancellous bone was achieved also combining a high control over the properties of these bone-mimicking
structures and multicellular spatial distribution. Osteogenic and angiogenic gene expression analysis of co-
cultured human bone marrow stem cells (nBMSCs) and human umbilical vein endothelial cells (hUVECs)
showed an increase of these markers when seeded onto the scaffolds. Similarly, when co-culturing rat bone
marrow—derived mesenchymal stem cells (rBMSC) and rat Schwann cells (rSC) onto the developed scaffolds,
the proliferation and expression of neurotrophic factors was verified. Evidencing the potential of this
hierarchical system for osteogenic, angiogenic and neurogenic differentiation. Which is substantiated by the
in vivo assay where rapid new bone formation and accelerated ingrowth of blood vessels was observed (16).
Another approach for the development of biomimetic scaffolds consists in the biomimicry of the chemical
composition of bone. Zhou ef a/. (17) developed 3D printed scaffolds with hierarchical biomimetic structure
for osteochondral regeneration. In this work, poly (lactic-co-glycolic) acid (PLGA) nanoparticles were used to
encapsulate transforming growth factor-beta (TGF-81). These nanoparticles with encapsulated TGF-B1 were
produced via the co-axial electrospraying method, while a stereolithography-based 3D printer was used to
create the scaffold of gelatin methacrylate (GelMA) and polyethylene (glycol) diacrylate (PEGDA). Both the
PLGA nanoparticles and nano hydroxyapatite were incorporated into the upper and lower layer of the scaffold.
By using this approach, the authors were able to release TGF-B1 in a controlled manner, emulating the bone
microenvironment. That interesting scaffold design successfully upregulated the expression of osteogenesis-
associated genes. The results evidenced the osteogenic differentiation potential of this system, which was

further confirmed by histological staining of calcium deposits with Alizarin red (17).

Overall the complex structure of bone tissue requires a multidimensional approach that takes into
account multiple structural and biological factors. Hence, to more closely mimic the natural tissue and provide

better solutions for bone lesions, an increase in complexity and effectiveness of scaffolds is necessary.

There is a vast variety of materials with different properties used to produce scaffolds for bone tissue.
Calcium phosphates such as HAp or tricalcium phosphate are the most commonly used bioactive inorganic
materials for making ceramic scaffolds. These types of scaffolds are highly biocompatible and
osteoconductive due to similarities between their chemical composition and natural bone composition
(18,19). Furthermore, HAp scaffolds are capable of osteointegration through chemical bonding and inducing

bone tissue formation all while exhibiting controlled degradation rate (20). The major problem concerning
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ceramic scaffolds is the brittle nature, low mechanical stress resistance compared with bone (21) and poor
fidelity of these materials. Hydrogels due their inherent biomimetic structure, ability to incorporate
biomolecules, controlled degradability, intrinsic cytocompatibility and versatility are a promising formulation
for bone tissue engineering application. The ability to control the stiffness and structure to more precisely
mimic complex tissues makes hydrogels optimal scaffolds with increased functionality (22). Furthermore,
hydrogels are cost effective and can incorporate nanoparticles, biological factors or cells to create modified
hydrogels that can serve as delivery vessels for pharmaceuticals, antibodies, nucleic acids, growth factors

and stem cells (23-27).

Nanocomposite scaffolds are a combination of organic and inorganic components to try to mimic the
organization of natural ECM. Nanocomposites can be produced through many different methodologies such
as composite formation with nanomaterials, molecular self-assembly or electrospinning (28-30). These
scaffolds have shown to regulatory affect cell adhesion, migration, proliferation, genetic expression, among
other osteoblast’s and bone derived stem-cells’ behavior aspects (31-34). Research in this area is mainly
focused on new nanoscale elements that could more effectively provide structural and mechanical advantages

to the bone while directly influencing cellular behavior.

1.2.2.1. Multi-walled carbon nanotubes

Another interesting approach is the use of carbon for nanoparticle development. The unique and
versatile properties of carbon have made it an ideal candidate for the development of new bone tissue
engineering strategies. Carbon can be processed in several different dimensions, from 3D graphite, two-
dimensional (2D) graphene, one-dimensional (1D) carbon nanotubes to zero-dimensional (OD) carbon dots
or carbon nanodiamonds (35). The most used iteration of carbon nanoparticles is carbon nanotubes, namely
single-walled carbon nanotubes (SWCNT), double-walled carbon nanotubes (DWCNT) or multi-walled carbon
nanotubes (MWCNT) (Figure 1.2), according to the number of layers constituting their structure (36). These
nanotubes possess good strength, elasticity, and fatigue resistance and can be used to improve the overall
mechanical properties of constructs. Their high affinity for cell binding proteins can promote stem cell
differentiation and their electrical conductivity can be controlled by adjusting size and diameter (37,38). The
carbon nanotubes’ unique electrical conductivity has gained increasing interest in bone tissue engineering.

Electrical stimulation can accelerate bone formation, regeneration, ECM protein synthesis, and enhance
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osteogenic markers expression (39). Compared to the other two forms, MWCNTs possess higher structural
stability due to its multi-layered architecture. On the other hand, the various concentric layers confer the
material with higher rigidity and a fiber-like shape that may increase physical destructiveness (36). Another
important advantage of carbon nanotubes is that their micrometer length and nanometer diameter resembles
constituents of ECM of connective tissue such as collagen fibrils (40). With this in mind, Swietek et a/. (40)
used hydroxylated MWCNTSs in combination with magnetic iron oxide nanoparticles incorporated into a porous
PCL matrix to create a multi-functional system that enables multi-way cell stimulation. These hybrid
nanoparticles were synthesized by co-precipitation, and the solvent casting/porogen leaching method was
used to fabricate the scaffolds. This preliminary research developed with an osteoblastic cell line showed that

the carbon nanotubes had a positive effect on cell adhesion (40).

Despite the recent leap in bone tissue engineering approaches, the biomimicry of the natural tissue
and its ECM in its architecture and composition is still the ultimate goal for bone regenerative systems.
Furthermore, the theoretically best available materials for tissue regeneration applications are still natural
derived. The ability to directly use components that are naturally present in the ECM is an advantage to mimic
specific aspects of this tissue (41). Currently, collagen, glycosaminoglycans, chitosan, silk fibroin and elastin
are the most widely used naturally derived polymers for tissue engineering applications (42-44). These
natural polymers often possess low mechanical properties. Therefore, the combination of two or more
polymers can be used to further biomimicry with the ultimate goal of creating more effective, viable and

versatile scaffold.

Mag = 25.00 K X Signal A= SE2 EHT = 3.00 kv Wb = 2:2fm

Figure 1.2 — Representative image of multi-walled carbon nanotubes. Multi-walled carbon nanotubes imaged using
scanning electron microscopy (scale bar = 100 nm).
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1.2.2.2. Silk Fibroin

Silk fibroin (SF) is a hydrophabic structural protein most commonly obtained from Bombyx morithat
comprises an equimolar ratio of a heavy hydrophobic chain and a light relatively hydrophilic chain (Figure
1.3) (45,46). Silk fibroin molecular structure possesses the necessary phenol groups in the tyrosine side
chains for enzymatic cross-linking, a process used to bind polymeric chains and thus improve polymers
propetrties (47,48).
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Figure 1.3 — Silk composition. Representation of silk obtained from silkworm cocoon, showing sericin and fibroin and
fibroin’s molecular composition.

[ts unique mechanical properties make it a versatile tool for multiple applications. In the case of
scaffold production, this biopolymer presents specific advantages in both versatility and mechanical strength.
SF porosity can be controlled through ice-templating allowing the production of anisotropic or hierarchical
structures (49). The ability to use several processing techniques to obtain a vast array of morphologies and
scaffold types, from nanoparticles to hydrogels, is another great advantage of SF (50). More specifically the
SF structure similarity to the native structure of collagen type | combined with its excellent mechanical
properties, slow degradation rate, and high morphology control makes it an extremely versatile material for
bone tissue engineering applications (46). Moreover, SF can be used in a vast array of applications such as
load-bearing scaffolds or sutures, taking advantage of the SF flexibility and high tensile strength (50). Also, its

mechanical strength is superior when compared to other biodegradable polymers, like collagen or chitosan,
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and its proteolytical degradation presents an advantage when compared to synthetic polymers (51). The
usefulness of these characteristics prompted Liu ef a/. (52) to develop a biomimetic porous SF/biphasic
calcium phosphate (BCP) scaffold with improved mechanical properties, using phase separation method and
freeze-drying. In fact, the results showed that the addition of SF improved scaffolds’ mechanical properties
when compared to pure BCP scaffolds and improved pre-osteoblasts cells growth. That system demonstrated
to mimic the natural bone matrix and to display excellent osteogenic capacity in a rat model, as evidenced
by the rapid proliferation of seeded osteoblasts and the increased alkaline phosphatase (ALP) activity.
Furthermore, the possibility to form an apatite layer through the exchange of calcium and phosphorous
between BCP and body fluids, may provide osteoblast with the necessary elements to secrete bone matrix

(52).

The ECM plays an important role in native bone tissue, it provides a structural platform for cell
adhesion and its components also regulate cell behavior. Being part of the natural bone tissue, it stands clear
that the use the ECM for production of scaffolds would provide huge advantages in respect to the mimetic

ability, and ultimately consist the best possible raw material for scaffolds development.

1.3. ECM

In order to achieve critical biophysical and biochemical support, cells produce and secrete ECM. The
ECM is a network of well-organized non-cellular components that provide not only structural support but also

cellular regulation (53).

Fibrous-forming proteins like collagens, especially collagen type | and I, elastin, fibronectin (FN),
laminins, proteoglycans (PGs), glycosaminoglycans (GAGs) and other glycoproteins are the main constituents
of the ECM. Different chemokines, cytokines and growth factors are bond to specific ECM molecules and can
be released according to the physiological needs of the cell (54). In terms of structure, the ECM tends to form
a complex matrix network composed of large fibrillar structures that are connected with ECM molecules.
Among its component’s collagen is the most abundant protein in the ECM and alongside laminin and FN
confers structural resistance. GAGs are one of the main biomolecules in the ECM. Along PGs they fill most of

the empty spaces in the matrix. The negative charges and their high-density lead to high osmotic swelling
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pressure, making them ideal space fillers, a trait shared with PGs. They are also involved in cell proliferation,
cell migration and cell-to-cell and cell-to-matrix interactions (55,56). As mentioned above, PGs are also vital
for the structure and functionality of the ECM. They participate in several important cellular processes like

cell adhesion, apoptosis, differentiation, migration, proliferation and signaling (57).

In bone, the ECM plays a vital role in the remodeling process. In this sense, the ECM of the various
bone tissue compartments play an important role managing bone remodeling by the interplay activity of
osteoblast and osteoclasts. Furthermore, the ECM acts as natural scaffold since it supports mineral deposition
and confers flexibility to what would be an overly rigid tissue. The cell matrix is also responsible for regulating
cell activity as it influences both osteoclast and osteoblast lineages and the differentiation of mesenchymal

stem cells to become osteoblasts (58).

The natural properties and proteins of the ECM can be extracted from tissues and organs or from
cellular monolayers using decellularization protocols. Decellularization prevents the occurrence of an
immunological response and as such is of great importance for further application of the ECM. That procedure
consisted of the removal of cellular content and genetic material without significantly compromising the ECM
structure and composition. The use of appropriate protocols to minimize the damage to the ECM is very
important. Essentially every decellularization protocol consists of a way to lyse cells and subsequent washing
to remove the resultant cellular content and genetic material. There are a vast array of protocols that can be
used to decellularize ECM, these agents can be categorized in chemical, physical and biological methods

(59).

The use of chemical agents is one of the most commonly used means of decellularization (60). These
include acids and bases, hypotonic and non-hypotonic solutions, alcohols, surfactants and solvents.
Surfactants are the most commonly used chemical agents and work lysing cells through the disarranging of
the phospholipid cell membrane (61). Within the surfactants sodium dodecyl sulfate (SDS) and Triton X-100

are among the most widely used.

Physical agents are frequently used in combination with chemical or biological methods and are
effective decellularization agents that can reduce the use of chemical reagents. Agitation, sonication,

mechanical pressure or freeze-thaw cycles are the most common treatments used and allow for disruption

10
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of cell membranes, detachment of cells from the ECM network and further rinsing to remove cell remnants

(62).

Regarding biological agents, enzymes are the most commonly used agents. Enzymes figuring in
decellularization protocols include nucleases, trypsin, collagenase, lipase, dispase, thermoslysin and a-
galactosidase (63). Those components possess a high specificity and can be employed to target nucleic acid
remnants after cell fraction or peptide bonds that bind the cell to its ECM (63,64). Despite this, achieving
decellularization with enzymatic treatment alone is difficult and enzyme residue can provoke an immune

response or hinder recellularization (63).

The appropriate strategy to tackle the decellularization of a certain tissue or cellular monolayer highly
depends on the characteristics of it. Nevertheless most decellularization protocols employ a combination
physical, chemical and biological agents to achieve optimal results, this emphasizes that decellularization
has to be tailored to achieve best results (65). Taking advantage of the specific properties each method has
to offer is a step forward in the development of improved decellularization protocols that more closely preserve

the ECM composition and structure.

1.3.1.Cell derived Extracellular matrix

Regarding the production of cell derived extracellular matrix (CDM), the cell source determines the
ECM composition, being that CDM compositions for the most part resemble the cells from where they were

obtained (66). Furthermore, CDM have been produced using both primary cells and cell lines (Figure 1.4).

11
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Figure 1.4 — Cell-derived extracellular matrix. Image of cell-derived extracellular matrix (CDM) obtained from hASCs
culture.

Primary cells directly harvested without passaging are usually considered the ideal cell source due
to their close resemblance to the /7 vivo phenotype (66). CDM can be derived from autologous cells, allow
for an easier pathogen elimination and can be created using patient-specific cells (67). Their high availability
and high degree of customization is also a major advantage. The use of CDMs allows for control over
parameters like cell types, culture systems or external stimuli (66). Despite this, its weak mechanical
properties poses an issue for its application in /7 vivo studies (68). Matrices can be engineered by introducing
soluble factors, proteins of interest or co-culturing different cell types before decellularization (69). Taking
advantage of CDM high availability and easy access Savitri ef a/. (70) used four different CDM obtained from
four different cell types to assess their effect on macrophage behavior and wound healing. In this study,
human lung fibroblasts, hBMSCs, human dermal fibroblasts and human umbilical cord-blood mesenchymal
stem cells were cultured for seven days. The subsequent decellularized matrices were then characterized for
their composition (70). This showcases the utility of CDMs allowing for fast and specific production of
decellularized CDMs (dCDM). Furthermore, the study of Noh ef a/ (71) illustrates the potential of CDM for
scaffold fabrication. They used CDM with high amounts of collagen type | to coat PLGA/ polylactic acid (PLA)

12
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scaffolds with the goal to mimic an osteogenic microenvironment. Collagen type I-overexpression cell line was
cultured for 4 days and then submitted to a brief decellularization process using Triton X-100, NH.OH, DNase
and RNase. The obtained matrices were then transferred into tubes, forming an aqueous suspension in which
the scaffolds were immersed and incubated. Human umbilical cord blood mesenchymal stem cells were
seeded onto three different types of scaffolds: CDM-coated scaffolds, plain polymer scaffolds as control group
and fibronectin coated polymer scaffolds. All scaffolds were placed in medium with osteogenic
supplementation. By analyzing the ALP activity and osteogenic gene expression it was shown that CDM-coated
scaffolds support osteogenic differentiation better than both plain polymer scaffolds and fibronectin-coated
scaffolds. This verifies the ability of this system to produce an optimal biomimetic 3D microenvironment for

cell differentiation even when compared with commonly used biomaterials derived from natural sources (71).

The use of dCDMs for scaffold fabrication is still in its early stages. However, this interesting

technology will certainly be vastly explored in the future and shows great promise for tissue engineering.

13
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2.1. Materials and methods

2.1.1.Scaffold’s production and characterization

2.1.1.1. Silk fibroin solution preparation

Purified SF was prepared by removing the sericin protein from the cocoons in a 0.02 m boiling sodium
carbonate solution for 1 h, followed by a 30 min wash with boiling distilled water to completely remove the
degumming solution. The obtained SF was dissolved in a 9.3 M lithium bromide (Sigma Aldrich, USA) solution
for 1 h at 70°C, and dialyzed in distilled water for 48 h using the benzoylated dialysis tubing (MWCO: 2 kDa)
(Sigma Aldrich, USA). SF was concentrated against a 20 wt% poly (ethylene glycol) (Sigma Aldrich, USA)
solution for at least 6 h. The final concentration of SF was determined by measuring the dry weight of the SF
solution placed in the oven at 70°C overnight. Meanwhile, the prepared SF solution was stored at 4°C until

further use (Figure 2.1).

Silk Cocoons Degumming in D?gurrlm?d Dissolving Dialysis for 48 h SF solution
boiling solution silk fibroin
5
\_/
9.3 M LiBr
0.02M
Na,CO,

Figure 2.1 - Silk fibroin production. Schematic representation of silk fibroin production showing the degumming of silk
fibroin followed by dissolution of obtained material with lithium bromide, and lastly, the submission of the dissolved material to
dialysis.
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2.1.1.2. Cell-derived ECM production

Human adipose-derived stem cells (hASCs) were isolated from the lipoaspirate samples obtained
under a protocol previously established with the Department of Plastic Surgery of Hospital da Prelada (Porto,
Portugal), and under subject’s informed consent. Next, 3,000 cells per cm? were seeded into a 150 cm? T-
flask in o-MEM medium (Gibco, USA) supplemented with 10% fetal bovine serum (FBS) (Gibco, USA) and 1%
antibiotic/antimycotic (AB) (Gibco, USA), and maintained at 37°C under a humidified atmosphere of 5% v/v
CO: in air. The medium was changed twice a week until cells reached 80% of confluence. Afterward, hASCs
were subcultured at an initial cell density of 3,000 cells per cmz in a 150 cm? T-flask and kept under o-MEM
medium supplemented with 0.05 mM ascorbic acid, 10 mM B-Glycerophosphate, 100 nM dexamethasone
(Sigma Aldrich, USA), 10% FBS and 1% AB. Cells were cultured for 6 weeks under a humidified atmosphere
of 5% v/v CO: in air and medium was changed twice a week in order to produce a condensed cell monolayer

with high amounts of ECM.

2.1.1.3. Decellularization

The decellularization was performed as described in Maia ef a/. (1). Briefly, previously obtained
condensed cell monolayers were subjected to six cycles of freeze at -80°C for 12 h followed by thawing at
37°C until completely defrost. Afterwards, condensed cell monolayers were cut into smaller pieces with = 3
mm. Then, they were incubated in a solution of 2% (v/v) Triton X-100 (Sigma Aldrich, USA) with 10% (v/v)
AB for 24 h at 4°C under 200 rpm. To remove Triton X-100 solution, monolayers were centrifuged at 5,000
rpm for 5 min at 4°C and the supernatant was discarded. The samples were vortexed and incubated in 0.1%
(w/v) of SDS (Sigma Aldrich, USA) with 10% (v/v) AB for 48 h at 4°C under 200 rpm. Condensed cell
monolayers were centrifuged at 5,000 rpm for 5 min at 4°C and the supernatant was discarded. Again, the
structures were vortexed. To remove any trace of detergents, the monolayers were transferred to ultrapure
water and sonicated during 45 min on ice. The ultrapure water was removed by centrifugation at 5,000 rpm
at 4°C for 5 min, the supernatant was discarded and the monolayers vortexed. Condensed cell monolayers
were subjected to the action of 0.006% of DNase (Thermo Scientific, USA) with 10% AB for 96 h at 4°C and

under 200 rpm. Lastly, the DNase solution was removed by centrifugation at 5000 rpm at 4°C for 5 min and
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the supernatant was discarded (Figure 2.2). The resulted decellularized cell-derived matrix (dCDM) was then

frozen and lyophilized for 48 h.

= T

£ = -
W M ) L
Y Y/
o ‘ U ‘ Y
Cell-derived Freeze-thaw Use of detergents Ultrasound DNase | Freeze-dr
extracellular matrix cycles under agitation water bath y

Figure 2.2 — Schematic representation of decellularization of cell-derived matrix process. Cell-derived matrices
were subjected to the action of freeze-thaw cycles, detergents, sonication, DNase and finally freeze-drying.

2.1.1.4. Evaluation of decellularization effectiveness

The decellularization effectiveness was assessed through visualization of cell nuclei and matrix
preservation by histology analysis, and DNA quantification. Herein, the decellularized tissue was transferred
to histological cassettes and fixed with 10% (v/v) formalin solution. After paraffin embedding, samples were
sectioned with 10 pum thickness by a microtome (Spencer 820, American Optical Company, USA). Standard
hematoxylin and eosin (H&E; Thermo Scientific, USA) staining was performed to assess the presence of cell
nuclei and Masson’s trichrome (Bio-Optica staining kit, ltaly) was performed to evaluate the preservation of
collagen content. DNA extraction was performed by means of using the DNeasy Blood & Tissue Kit (Qiagen,
Germany) and according to manufacturer’s instructions. For DNA quantification Quant-IT PicoGreen dsDNA
Assay Kit 2000 assays (Thermo Scientific, USA) was used according to the manufacturer’s instructions. The
fluorescence intensity was read at 485/20 nm (excitation) and 530/20 nm (emission) using a microplate
reader (Synergy HT, Bio-Tek, USA) and the readings were converted into ng/ml using a standard curve that
was produced with standard dsDNA solutions at different concentrations, ranging from 2,000 ng/mlto 250

ng/ml. Finally, the dsDNA quantification values were normalized by the dCDM dry weight.

2.1.1.5. dCDM solution preparation
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The dCDM was dissolved using 1 ml of 0.01 M hydrochloric acid (Honeywell, USA) and 10 mg pepsin
(Fisher Scientific, USA) per mg of CDM. The dCDM was placed in the solution under agitation at 200 rpm at

room temperature for 72 h until it was fully dissolved. After this, the pH level was adjusted to 7.0.

2.1.1.6. Scaffold fabrication

For scaffold fabrication four different conditions were prepared, SF scaffolds (SF scaffolds), SF
combined with multi-walled carbon nanotubes scaffolds (SF/CNT scaffolds), SF combined with dCDM
scaffolds (SF/dCDM scaffolds) and SF combined with dCDM and CNT (SF/dCDM/CNT scaffolds). For SF
scaffolds, SF solution was diluted to 8 wt% in distilled water and combined with horseradish peroxidase (HRP)
(type VI, 0.84 mg/ml) (Sigma Aldrich, USA) and hydrogen peroxide solution (H.0, 0.36 wt%; Panreac, Spain)
this mixture was then incubated at 37°C for 30 min. To obtain SF/CDM scaffolds, SF solution was combined
with dCDM solution for a final concentration of 8 wi% SF and 1 mg/ml of dCDM. For the SF/CNT scaffolds,
SF was combined with CNT to an end concentration of 8 wt% SF and 1 mg/ml of CNT. The SF/CDM/CNT
were fabricated combining SF, dCDM and CNT to an end concentration of 8 wt% of SF, 1 mg/ml of dCDM
and 1 mg/ml of CNT. All scaffolds, SF/dCDM, SF/CNT, and SF/dCDM/CNT were fabricated as described
for the development of SF scaffolds. In this reasoning, each solution was combined with HRP (type VI, 0.84
mg/ml) and hydrogen peroxide solution. This mixture was then incubated at 37°C for 30 min. After the

enzymatic cross-linking the scaffolds were frozen at - 80°C for 2 h and then freeze-dried for 24 h (Figure 2.3).

Silk fibroin
solution (8%) \’\

dcoM . ] E
(1 mg/ml) / \ HRP
= H,0,
) 3D SF composite
CNT ) scaffolds

(1 mg/ml) )
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Figure 2.3 — Schematic representation of scaffold production. Overview of the scaffold fabrication procedure using
enzymatic cross linking and freeze drying.

2.1.1.7. Microlcomputed tomography (MicrolCT)

Micro-computed tomography is a 3D, high-resolution X-ray imaging technique. Micro-CT measures
the decline of X-rays passing through tissues. The X-rays decline at different rates depending on the density
of the tissues (2). The resulting images are obtained by stacking individual images in order to produce a
three-dimensional view of the sample. This technique allows for the animation and quantification of regions
of interest provided that density differences can be made by thresholding. This technique is cost-effective and

can be used to examine the architecture of bone (2,3).

The micro-architecture of the produced scaffolds was investigated using a high-resolution micro-CT
SkyScan 1272 scanner (Bruker, USA) with a pixel size of 10 um. Standardized cone-beam reconstruction
software (NRecon v1.4.3, SkyScan) was used for data sets reconstructions. Representative data set of the
samples was segmented into binary images with a dynamic threshold of 22-40 (gray values). Then, the
binary images obtained were used for morphometric analysis (CT Analyser, v1.5.1.5, SkyScan) and

construction of 3D models (CTVox, v2.4, SkyScan).

2.1.1.8. Dynamic mechanical analysis (DMA)

DMA is technique used to study the viscoelastic properties of polymers. Using DMA it is possible to
calculate the stiffness (modulus) of the material under stress through the magnitude of the applied stress
and the consequent strain. More specifically, DMA works by measuring the stiffness and damping properties
of materials by applying a sinusoidal load to a specimen and measuring the resultant deformation at different

temperatures or frequencies (4,5).

The viscoelastic measurements were investigated using a DMA 8000 (PerkinElmer, USA) in the

compressive mode. The scaffolds were immersed in PBS overnight at 37°C. The geometry of the scaffolds
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was measured (with a micrometer of precision), clamped in the DMA apparatus and immersed in a PBS bath
with the temperature set to 37°C. After equilibration at 37°C, the DMA spectra were obtained during a
frequency scan between 0.1 and 10 Hz. A constant strain amplitude of 50 um was applied in each

experiment.

2.1.1.9. Bioactivity test

For a material to bond to living bone the formation of bone-like apatite on its surface when implanted
in the body is necessary, this can be reproduced in simulated body fluid (SBF) with ion concentrations closely
resembling those of the human plasma (6). This way, it is possible to predict /n7 vifro bioactivity of a biomaterial

by determining the ability of apatite formation on the material’s surface in SBF (7).

The /n vitro bioactivity evaluation was performed as described elsewhere (8). Briefly, scaffolds were
soaked for 7 and 14 days into polystyrene flasks containing SBF. The SBF solution was prepared under
continuous agitation of 60 rpm and at 37°C with ion concentrations similar to human blood as described in
Table 2.1 (8). Then the pH was corrected to 7.4, which is nearly equivalent to those of human blood plasma.
After, the scaffolds were washed with distilled water and allowed to dry at 37°C for 1 day and analyzed by
means of SEM (JEOL, JSM-6010LV) and elemental chemical analysis by energy dispersive X-ray spectroscopy

(EDS). All experiments were carried out in triplicate for each composition.
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Table 2.1 - Concentration of ions composing the SBF solution.

lon
lon concentration

(mM)

Na* 142.0
K* 5.0
Ca?* 2.5
Mg 2+ 1.5

Cl- 148.8
HPO%- 1.0
HCO32' 4.2
5042‘ 0.5

2.1.2.Cellular /in vitro studies

2.1.2.1. Cell viability and morphology

The cell morphology was assessed by F-actin staining. First, cells were rinsed with PBS, fixed with
10% Neutral Buffered Formalin (ThermoFisher Scientific) for 20 min and permeabilized for 5 min with 0.1%
v/v Triton X-100 (Sigma-Aldrich) in PBS. Afterwards, F-actin filaments were stained with Phalloidin—
Tetramethylrhodamine B isothiocyanate (Sigma-Aldrich, 1:100) and nuclei were counterstained with 1:1000
of the stock of 4,6-Diamidino-2-phenyindole, dilactate solution (DAPI, 1mg/mL, Biotium). Samples were
analysed by confocal microscopy (Leica TCS SP8).

Calcein AM is a cell-permeant dye used to detect living cells. In living cells, calcein AM is converted
to calcein, which presents green-fluorescence making it detectable under a fluorescence microscope. On the
other hand, propidium iodide (PI) is commonly used to detect dead cells since it is not a permanent dye and
thus can only stain cells whose membrane has been disrupted. Calcein AM and Pl are widely used in
live/dead assays (9).The cell viability was assessed by calcein-AM and propidium iodide (Life Technologies,

Carlsbad, USA) staining. At each time point, seeded scaffolds were incubated in 1 pg/ml calcein-AM and 5
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ug/ml Pl prepared in cultured medium for 30 min in the dark at 37°C in 5% CO.. After, samples were

immediately analyzed by confocal microscopy (Leica TCS SP8).

2.1.2.2. Cell seeding

All scaffolds were sterilized with oxide ethylene prior to cell seeding. Previously isolated hASCs were
cultured at a density of 3,000 cells per cmzinto a 150 cm? T-flask in a-MEM medium supplemented with 10%
FBS and 1% AB and maintained at 37°C under a humidified atmosphere of 5% v/v CO: in air. The medium
was changed twice a week until cells reached 80% of confluence. At this point cells were detached and seeded
at the scaffolds. For that, a drop (30 ul) of 150,000 hASCs in medium was seeded on top of SF, SF/dCDM,
SF/CNT, and SF/dCDM/CNT scaffolds. After 1 h at 37°C the drop was completely absorbed by the scaffolds
and 1 ml of a-MEM medium with 10% FBS and 1% AB was added to each well. Cultures were maintained in
48 well non-adherent plates to avoid cell adhesion to the bottom of the plates. Cultures were maintained at

37°C under a humidified atmosphere of 5% (v/v) CO: in air.

2.1.2.3. Cell Viability

Alamar Blue is a resazurin-based solution that uses the reducing power of living cells to measure
their metabolic activity (10). The reduction of resazurin into resorufin is caused by chemical reduction
reactions of the cells respiratory chain. Resorufin possesses fluorescence and thus its concentration can be
determined fluorescence spectroscopy (excitation between 530-560 nm and an emission at 590 nm).
Differences in resorufin detection can be associated with differences in metabolic activity of cell and infer on

the cells viability (11).

Cell viability was assessed after 1, 14 and 21 days using 20% (v/v) of Alamar Blue reagent (ALAMAR
BLUE®, AbD, UK) in a-MEM culture medium, followed by 3 h of incubation at 37°C with 5% CO. and protected
from light. Afterwards, 100 L of supernatant was transferred from each well in triplicate to a new 96-well
cell culture plate. Fluorescence intensity was read at 530/20 nm (excitation) and 590/35 nm (emission)
using a microplate reader (Synergy HT, Bio-Tek, USA). Alamar Blue in medium was used as a blank. Values

were normalized with DNA values for each time point.
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2.1.2.4. DNA Content

DNA content was assessed after 1, 14 and 21 days of culture. Scaffolds were washed with PBS and
1 ml of ultra-pure water was added into each well and incubated at 37°C for 1 h. Scaffolds were then stored
at —20°C until analysis. Before DNA quantification, the samples were placed in an ultrasound bath for 30
min at 37°C to ensure for cell lysis. Quant-IT PicoGreen dsDNA Assay Kit 2000 assays was used according
to the manufacturer’s instructions to quantify dsDNA from cell lysates. The fluorescence intensity was read
at 485/20 nm (excitation) and 530/20 nm (emission) using a microplate reader and the readings were
converted while using a standard curve that was produced with standard dsDNA solutions at different

concentrations.

2.1.2.5. Histology staining

Hematoxylin and eosin staining is the most frequently used dye in histology for assessing formalin-
fixed, paraffin-embedded tissue sections (12). The negatively charged affinity of acidic eosin for cytoplasmic
proteins, and the positively charged affinity of basic hematoxylin for nuclear structures make it ideal for

histological applications (13).

Samples were collected after 1, 14 and 21 days and processed for histology. In this sense, constructs
were transferred to histological cassettes and fixed with 10% (v/v) formalin solution. After paraffin embedding
(Microm EC350-1, Thermo Scientific, USA), samples were processed in a spin tissue processer (Microm STP
120, Thermo Scientific, USA) and sectioned with 10 pum thickness by a microtome (Spencer 820, American
Optical Company, USA). Standard hematoxylin and eosin (H&E; Thermo Scientific, USA) staining was
performed using an automatic stainer (Microm HMS 7740, Thermo Scientific, USA) to assess cell distribution

and collagen deposition by Masson’s trichrome (Bio-Optica staining kit, Italy).
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2.1.2.6. Scanning Electron Microscopy

Scanning electron microscopy (SEM, JSM-6010 LV, JEOL, Japan) was used to assess the
microstructure of the scaffolds and observe the cell morphology after the seeding. For SEM analysis, the
samples were cut into cross-sections, and the internal surface of the scaffolds was observed. Scaffolds were
fixated in formalin 10% and prior to analysis sputter-coated with gold using a Leica EM ACE600 coater (Leica
Microsystems, Austria). For the cell-seeded scaffolds, these were fixated in formalin 10% and rehydrated with
a series of ethanol concentrations (30, 50, 70, 90 and 10% v/v), twice each concentration for 15 min, lastly
the scaffolds were placed in hexamethyldisilazane and left overnight at room temperature (RT) to dry. Prior
to analysis the scaffolds were sputter-coated with gold using a Leica EM ACE600 coater (Leica Microsystems,

Austria).

2.1.2.7. Alkaline phosphatase activity quantification

ALP is a membrane-bound metalloenzyme that plays an important role in bone mineralization (14).
Thus, the ALP activity has been widely used as an early marker for /in vifro osteoblastic phenotype

characterization (15).

To quantify ALP activity, cell lysate previously produced was used. For that, 80 pl of cell lysate were
combined with 20 ul of 1.5 M of Alkaline buffer solution (Sigma-Aldrich) and 100 pl of 4 mg/ml of
phosphatase substrate (Sigma-Aldrich, USA). Then samples were incubated in the dark for 1 h at 37 °C. At
this point, the reaction was stopped by adding 100 ul of 0.3 M of NaOH (PanReac AppliChem) and the
absorbance was read at 405 nm using a microplate reader. The ALP activity per h was determined using a
standard curve obtained from different dilutions of 4-Nitrophenol (Sigma-Aldrich) solution 10 mM, ranging

from O to 250 uM and normalized by the dsDNA quantification values.
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2.1.2.8. RNA Isolation and Real-Time Quantitative Reverse
Transcriptase-Polymerase Chain Reaction (qRT-PCR)

Real-time quantitative reverse transcriptase PCR is a valuable tool for analyzing RNA. A reverse
transcriptase approach is comprised by a few basic steps, in which the first step is the extraction, isolation
and quantification of the samples RNA. Afterwards the enzyme reverse transcriptase is used to obtain a
complementary single-strand DNA copy. This step requires the use of oligonucleotide primers, which can be
specific and non-specific, to anneal with the RNA in order to obtain a cDNA strand. Following the reverse

transcriptase reaction, the cDNA strand is amplified by PCR (16).

The total mRNA from the seeded scaffolds was extracted using the Direct-zolTM RNA MiniPrep kit
(Zymo Research, USA), following the manufacturer’s instructions. Briefly, after 1, 14 and 21 days of culture,
the constructs were washed with PBS solution, immersed in 300 pl of TRI Reagent, and storage at —-80°C
until further use. Samples were thawed at room temperature and sonicated using an ultrasonic processor
(Sonics Materials VCX-130PB Ultrasonic Processor, USA) to completely lyse the cells. The total RNA pellets
were reconstructed in RNase-free water (Gibco, Life Technologies, USA). For RNA quantification
determination, a NanoDrop ND-1000 spectrophotometer (Nano-Drop Technologies, USA) was used.
Complementary DNA (cDNA) synthesis was performed according to the protocol from the gScriptTM cDNA
synthesis Kit (Quanta Biosciences, USA) using a MiniOpticon real-time PCR detection system (BioRad, USA),
where 100 ng of total RNA was used to obtain single-stranded cDNA with gScript Reverse Transcriptase (RT).
The cDNA was further used as a template for the amplification of osteogenic (ALP, Runx-2, Col lac and OPN)
genes (Table 2.2) using the PerfeCta SYBR Green FastMix kit (Quanta Biosciences, USA) according to the
manufacturer’s instructions. Forty-five cycles of denaturation (95°C, 10 s), annealing (temperature specific
for each gene, 25 s), and extension (72°C, 30 s) were carried out in a Mastercycler ep realplex real-time PCR
system (Eppendorf, Germany). The transcript expression data of each sample were normalized to the
housekeeping gene glyceraldehyde-3-phosphate-dehygrogenase (GAPDH) of that sample, for each tested time
point. The relative gene expression was calculated according to the Livak (2-AACt) method, considering the

day 1 condition as the calibrator.
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Table 2.2- List of primer sequences used to amplify osteogenic-related markers.

Sequences
Gene Tn (°C)
Forward (5°-3’) Reverse (5’-3’)

GAPDH ACAGTCAGCCGCATCTTCTT GACAAGCTTCCCGTTCTCAG 58.4
Col la CGAAGACATCCCACCAATCAC GTCACAGATCACGTCATCCGC 59.6
ALP CTCCTCGGAAGACACTCTG AGACTGCGCCTGGTAGTTG 60
OPN CCCACAGACCCTTCCAAGTA GGGGACAACTGGAGTGAAAA 58.4

Runx-2 TTCAGACCAGCAGCACTC CAGCGTCAACACCATCATTC 58.1

2.1.2.9. Hemolytic assay

Adverse interactions between biomaterials and blood should be thoroughly analyzed to prevent
destruction of blood components. One of the major criteria which limit clinical applicability of blood-contacting

biomaterials is hemocompatibility (17).

To assess the hemolytic activity levels of developed scaffolds, 5 ml of blood were mixed with 45 ml
of PBS. Then, to obtain the red blood cells, samples were centrifuge (1,000x g, 4°C) during 10 min and the
supernatant was discarded. The centrifugation step was repeated until obtain clear OBS solution, thus
indicating that the pellet was clean. Afterwards, the obtained pellet was measured and combined with PBS
to make a solution of 3% (w/V). At this point, 80 ul of this solution was transferred into a well of a 96-well
plate and each developed scaffold was placed inside the solution. As positive control (7.e. 100% red blood cell
lysis), 80 ul of Triton X-100 was added to the solution, while as negative control (i.e. 0% red blood cell lysis),
80 pl of PBS was added. The plates were incubated at 37°C during 4 h, and afterwards centrifuged at 1000x
g for 10 min, at 4°C. Finally, the supernatant (80 ul) of each well was transferred into a new 96-well plate
and the absorbance was measured at 558 nm. For each sample 3 wells were prepared and data was

normalized with the controls, using the following formula:

Hemolysis (%) = [(Abs sample/Abs Triton X-100) — 1] x 100 (Equation 2.1)
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2.1.3.Statistical analysis

Statistical analyses were performed using GraphPad Prism 6.07. First, Shapiro-Wilk test was
performed to assess data normality. Non-parametric Mann-Whitney test was used to determine the
differences for the qRT-PCR results, whereas the non-parametric Kruskal-Wallis test followed by Dunn’s test
for multiple comparisons, were used for the analysis of the ALP expression results, metabolic activity, and

cell proliferation. The critical level of statistical significance was p<0.05. Data are presented as mean +

standard deviation.
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CHAPTER IlI. Results and Discussion

CHAPTER IIl. Results and Discussion

3.1. Results

Various characterization and biological assays were performed to assess the viability and
cytocompatibility of the developed scaffolds. hASCs were cultured on four different scaffolds formulations:

SF, SF/dCDM, SF/CNT and SF/dCDM/CNT scaffolds, where SF scaffolds were used as control.

3.1.1.Scaffolds characterization

3.1.1.1. Evaluation of decellularization effectiveness

Hematoxylin and eosin and Masson's Trichrome staining were performed on the decellularized
condensed monolayers to verify the presence of nuclei and collagen respectively, in order to confirm
successful decellularization. As it can be observed from Figure 3.1, nuclei were successfully removed from
dCDM, while collagen was maintained as compared with control (CTRL), /e. no decellularized matrices.
Furthermore, the efficiency of the decellularization process was confirmed through dsDNA quantification
analysis. Results show that the value of DNA was inferior to 50 ng/mg of dCDM dry weight, the accepted

threshold for effective decellularization (1).
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Figure 3.1 — Characterization of decellularized material. A) dCDM stained with hematoxylin and eosin showing no
nucleus present. B) Masson's Trichrome staining performed on the CTRL and dCDM evidencing the collagen content (scale bar:
50 um). C) dsDNA quantification showing a drastic reduction of dsDNA content on dCDM as compared with CTRL, reaching less
than 50 ng/mg of dCDM dry weight as postulated (****p<0.0001)

3.1.1.2. Scaffold’s structure evaluation

Scaffolds composed by SF, SF/dCDM, SF/CNT and SF/dCDM/CNT were prepared and
characterized using micro-CT, SEM and DMA. The micro-CT and SEM were performed to analyze the porosity
and structure of the scaffolds (Figure 3.2). The micro-CT analysis showed differences in pore size (Figure 3.2
A). As seen in Table 3.2, SF evidenced a mean pore size of 83 + 9 um, SF/dCDM a pore size of 135 + 34
pum, SF/CNT and SF/dCDM/CNT a pore size of 63 + 29 um and 112 + 22 um, respectively. Additionally,
the total porosity of SF was 73 + 3%, of SF/dCDM was 76 + 4% and SF/CNT and SF/dCDM/CNT displayed
a total porosity of 60 + 3% and 75 + 3%, respectively. SF/dCDM and SF/dCDM/CNT presented the highest
total porosity and highest mean pore size. The values for mean trabecular thickness were very similar for all

conditions.
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Table 3.2 — Micro-CT analysis results. Total porosity (%), mean pore size (um) and mean trabecular thickness (um) for SF,
SF/dCDM, SF/CNT and SF/dCDM/CNT scaffolds.

Total porosity Mean pore size  Mean trabecular

(%) (um) thickness (um)
Samples Mean stdev  Mean  stdev Mean stdev
SF 73 3 83 9 37 5
SF/dCDM 76 4 135 34 35 5
SF/CNT 60 3 63 29 36 8
an\J/S e 75 3 112 22 39 6

Images of scaffolds structure obtained by micro-CT clearly shows the different pore size (Figure 3.2
A), corroborating the values obtained during quantitative analysis (Table 3.2). Nevertheless, it is important to
point out that no effect was observed in the size of the scaffolds, being all with ® 6 mm of diameter (Figure
3.2 A insets). Moreover, different densities of the different constituents of the scaffolds was observed, as
depicted in Figure 3.2 B. In this sense, it is possible to detect the presence of dCDM (in blue) since it presents
higher density than SF (in green), as well as the presence of CNT (in blue), being the formulation with dCDM
and CNT the one with more differences in the density of the scaffold (Figure 3.2 B). Finally, SEM analysis
clearly evidenced the different porosities of the scaffolds in accordance of the results obtained by micro-CT

(Figure 3.2 C).
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Figure 3.2 — Micro-CT and SEM analysis of SF, SF/dCDM, SF/CNT and SF/dCDM/CNT scaffolds. (A) Micro-CT
images showing scaffolds porosity. The inset shows pictures of the different scaffolds. (B) Visibility of different densities of the
materials that constitute the scaffolds. (C) SEM images showing the topography of scaffolds (scale bar: 500 um) and in higher
magnification the respective porosity (scale bar: 100 um).

Furthermore, using micro-CT analysis it was possible to assess the dispersion and possible
aggregation of the CNT (Figure 3.3). Using SF/dCDM as baseline and taking into consideration that the used
threshold does not possesses the sensibility to detect individual nanotubes due to the technique’s limitations
(applied threshold between 25-255 (total content) and 75/85-255 for differentiation of CNT) it was possible
to see that overall the formation of carbon nanotubes aggregates was low indicating an adequate homogeneity

in the scaffold matrix.
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Figure 3.3 — Evaluation of carbon nanotube dispersion. Micro-CT analysis of SF/CNT and SF/dCDM/CNT showing
nanotube aggregates (red regions) based on density, with SF/dCDM serving as baseline.

Concerning DMA, it was performed to assess the mechanical properties of the scaffolds, showing
that conditions containing dCDM (SF/dCDM and SF/dCDM/CNT scaffolds) possess approximately ten times
lower £” (kPa) values as compared with SF and SF/CNT scaffolds (Figure 3.4 A). Tan & was also analyzed
showing values below 1.0 that were constant up to 4 Hz for all conditions, evidencing that scaffolds’
mechanical properties can be situated in the leathery region, meaning the scaffolds are tough but flexible

(Figure 3.4 B).
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Figure 3.4 — DMA analysis. (A) Storage modulus (E'), and (B) Tan delta (Tan8) of SF, SF/dCDM, SF/CNT and
SF/dCDM/CNT scaffolds measured as function of frequency. Data is presented as mean + stdev (n=3).

3.1.1.3. /n vitro bioactivity assessment

Bioactivity was investigated by means of soaking SF, SF/dCDM, SF/CNT and SF/dCDM/CNT
scaffolds in SBF at 37°C for 14 days. In order to evaluate mineralization formation, EDS was performed and
SEM images were obtained. For all conditions, mineralization was verified after 14 days as depicted in Figure
3.5. Additionally, the formation of apatite crystals “cauliflower-like” structures on all conditions with exception
of SF/CNT was verified. The SF/dCDM/CNT scaffolds showed higher amounts of calcium (Ca) and phosphate
(P) as compared with SF/dCDM and SF/CNT scaffolds. When comparing SF scaffolds and SF/dCDM/CNT
scaffolds, despite the similar values concerning the Ca content, it was observed lower values on P in

SF/dCDM/CNT scaffolds.
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Figure 3.5 - In vitro bioactivity of SF, SF/dCDM, SF/CNT and SF/dCDM/CNT scaffolds. Representative SEM images
and EDS analysis at day 14 of: (A) SF; (B) SF/dCDM; (C) SF/CNT; and (D) SF/dCDM/CNT (scale bar: 10 pm).

3.1.2.Cellular in vitro studies

3.1.2.1. Cell viability and morphology

After 1, 14 and 21 days cell viability and morphology were evaluated (Figure 3.12). Live/dead was
performed to assess cell viability, staining live cells in green and dead cells in red. For all conditions cells

remained viable along the time of culture as depicted in Figure 3.12. After 21 days, a high number of viable
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cells was seen contrasting with the low number of dead cells. Additionally, it was possible to observe that
cells proliferated along the 21 days. To assess the morphology of cells, the cytoskeleton was stained using
Phalloidin (in red), and nucleus was stained with DAPI (blue colour). As it can be observed from Figure 3.12
insets, cells presented a round shape after 1 day of culture, but they shift to a spindle-like shape along the

culture for all conditions.

SF/dCDM SF/CNT

SF/dCDM/CNT

-

Day 1

Day 14

Day 21

Figure 3.12 - Cell viability and morphology. Representative images of viability and morphology of hASCs cultured on SF
scaffolds, SF/, SF/CNT scaffolds and SF/dCDM/CNT scaffolds through 21 days. Live/dead imaging showing viable cells stained
in green and dead cells stained in red (scale bar: 50um). The inset pictures show cells’ cytoskeleton and nucleus upon stained
with Phalloidin (in red) and DAPI (in blue), respectively (scale bar: 10 um).

3.1.2.2. Metabolic activity

Metabolic activity was analyzed using Alamar Blue assay at 1, 14 and 21 days (Figure 3.6). The
results were normalized using dsDNA quantification values. It was verified that the cells remained metabolic
active after 21 days in each of the conditions. At day 1, cells cultured on SF/dCDM/CNT scaffolds showed

highest metabolic activity among the four conditions, and the cells cultured on SF and SF/dCDM scaffolds
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showed the lowest metabolic activity. At day 14, the metabolic activity of cells cultured on SF/dCDM, SF/CNT
and SF/dCDM/CNT scaffolds decreased as compared to day 1, while increasing for SF scaffolds.
Nevertheless, cells cultured onto the SF/dCDM/CNT scaffolds also displayed highest metabolic activity, and
SF and SF/dCDM the lowest values. Finally, at day 21, it was observed that the metabolic activity of cells
cultured onto the SF/dCDM/CNT scaffolds decreased, but an increase in cells cultured onto the SF scaffolds
was observed. When comparing metabolic activity values of day 14 and day 21, it was possible to observe a
significant increase of metabolic activity values for SF, SF/dCDM and SF/CNT cell-laden scaffolds. Moreover,
the results showed that cells cultured onto SF/CNT scaffolds had significantly higher metabolic activity as

compared to the other three types of scaffolds at day 21.
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Figure 3.6 — Metabolic activity of cells seeded on scaffolds. Metabolic activity of hASCs seeded on SF, SF/dCDM,
SF/CNT and SF/dCDM/CNT scaffolds evaluated using Alamar Blue assay and normalized by ng of dsDNA. * - denotes
statistically significant differences when compared with day 1; $ - denotes statistically significant differences when compared with
SF at the same time-point; # - denotes statistically significant differences when compared with SF/dCDM/CNT at the same time-
point; 4 - denotes statistically significant differences when compared with SF/dCDM at the same time-point. ® — denotes
statistically significant differences between day 21 and day 14. Data is presented as meanz+stdev (n=9).

3.1.2.3. Cell Proliferation

Cell proliferation was also analyzed as shown in Figure 3.7. For that, dsDNA was quantified at 1, 14

and 21 days of culture. At day 1, SF/dCDM scaffolds showed higher rates of cell proliferation than SF/CNT.
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At day 14, comparatively to day 1, there was a significant increase in cell proliferation for all four conditions.
Furthermore, SF/dCDM scaffolds displayed the highest amount of cell proliferation at this time point while
the lowest increase was verified in the SF/CNT scaffolds condition. When analyzing the values of cell
proliferation at day 21, it increased in significantly in all conditions comparatively to day 1. Interestingly, when
comparing day 21 and day 14, SF/CNT samples displayed an increase of cell proliferation values. At day 21,
it was verified that SF/dCDM/CNT samples presented higher cell proliferation than SF/dCDM and SF/CNT,

but no differences were observed when compared with SF.
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Figure 3.7 - DNA quantification of hASCs seeded on SF, SF/dCDM, SF/CNT and SF/dCDM/CNT. * - denotes
statistically significant differences when compared with day 1; # - denotes statistically significant differences when compared with
SF/CNT,; e - denotes statistically significant differences when compared to SF/dCDM/CNT; 4 - denotes statistically significant
differences when compared with SF. $ - denotes statistically significant differences when compared to day 14. Data is presented
as meanz+stdev (n=9).

3.1.2.4. Histology and SEM analysis

Histological analysis was performed on the seeded scaffolds after 21 days to assess the cell
dispersion, morphology and collagen production. Masson’s Trichrome (TM) was performed to assess the
collagen content on cell seeded scaffolds. After 21 days, collagen was observed surrounding the cells for

conditions SF, SF/dCDM and SF/dCDM/CNT, but no collagen was detected for SF/CNT conditions.
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Hematoxylin and eosin (HE) staining was performed to observe cells grown on the scaffolds. The HE staining
showed that after 21 days, cells were clearly visible on the scaffold for all 4 conditions with some level of

penetration into the scaffolds (Figure 3.8, black arrows).

™ HE

Day 1

SF

SF/dCDM/CNT

Figure 3.8 — Histological analysis. Representative images of Masson’s Trichrome (TM) of hASCS cultured on SF, SF/dCDM,
SF/CNT and SF/dCDM/CNT scaffolds at day 1 and 21, staining collagen in blue (scale bar: 50 um). Representative images of

hematoxylin and eosin (HE) staining of hASCS cultured on SF, SF/dCDM, SF/CNT and SF/dCDM/CNT scaffolds at day 1 and 21
(scale bar:50 um; black arrows indicate stained cells).

To further complement this data, SEM was performed after 21 days. As expected scaffolds were

completely covered in cells with a high degree of confluence (Figure 3.9).
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Figure 3.9 — SEM analysis. Visible cells covering (A) SF scaffolds, (B) SF/dCDM scaffolds, (C) SF/CNT scaffolds and (D)
SF/dCDM/CNT scaffolds after 21 days of culture (scale bar: 10 um).

3.1.2.5. ALP activity quantification

The quantification of ALP activity was performed after 1, 14 and 21 days of culture and normalized
by the amount of dsDNA (Figure 3.10). At day 1, SF and SF/dCDM scaffolds had significantly lower ALP
expression than SF/CNT and SF/dCDM/CNT conditions. At day 14, comparatively to day 1, the values of
ALP activity decreased for SF/dCDM scaffolds, while the values increased for SF/CNT scaffolds. Furthermore,
similarly to day 1, SF samples had significantly lower ALP expression than SF/CNT and SF/dCDM/CNT,
whereas SF/dCDM showed lower expression than SF/dCDM and SF/dCDM/CNT samples. At day 21,
comparatively to day 1, a decrease in expression was observed for SF, SF/dCDM and SF/dCDM/CNT
scaffolds. Also, comparatively to day 14, a decrease in ALP expression for SF/CNT and SF/dCDM/ CNT
scaffolds was verified. Following the tendency of the previous time points the expression of SF/CNT was

higher than the other conditions.
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Figure 3.10 — Quantification of ALP activity of hASCs seeded on SF, SF/dCDM, SF/CNT and SF/dCDM/CNT
scaffolds for 21 days. * - denotes statistically significant differences when compared to SF; # - denotes statistically significant
differences when compared to SF/CNT; $ - denotes statistically significant differences when compared to SF/dCDM; 4 - denotes
statistically significant differences when compared to day 1; e - denotes statistically significantly differences when compared to
day 14. Data is presented as mean+stdev (n=9).

3.1.2.6. PCR analysis

The differentiation of hASCs seeded onto the scaffolds was analyzed by quantifying the relative gene
expression of osteogenic-related markers Col la, Runx-2, OPN and ALP (Figure 3.11). SF/CNT and
SF/dCDM/CNT scaffolds expressed significantly higher amounts of ALP than SF scaffolds for day 14.
Moreover, on day 21 there was a significant decrease of ALP expression for SF/dCDM, SF/CNT and
SF/dCDM/CNT scaffolds when compared to day 14 (Figure 3.11 A). For Runx-2, at day 14, SF/CNT and
SF/dCDM/CNT scaffolds showed higher amounts of gene expression than SF scaffolds. When comparing
day 14 with day 21, a significant increase was verified for SF scaffolds and a decrease for SF/dCDM/CNT
scaffolds (Figure 3.11 B). The expression of Col la for day 14 showed significantly higher levels of expression
for all conditions comparatively to SF scaffolds. Also a decrease was verified between day 14 and 21 for all
conditions. For day 21, SF and SF/dCDM scaffolds present lower expression levels than SF/dCDM/CNT
scaffolds (Figure 3.11 C). Finally, OPN transcript levels show significantly higher relative gene expression for
SF/CNT scaffolds comparatively to the other conditions for day 14. At day 21, an increase of expression for
SF scaffolds was verified. SF and SF/CNT scaffolds demonstrated higher expression than SF/dCDM and
SF/dCDM/CNT at day 21 (Figure 3.11 D).
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Figure 3.11 — Real time qRT-PCR analysis for different osteogenic associated genes. Relative expression of
osteogenic-related transcripts, namely (A) ALP, (B) Runx-2, (C) Col la and (D) OPN, by the hASCs cultured on SF, SF/dCDM,
SF/CNT and SF/dCDM/CNT scaffolds for 14 and 21 days. Fold changes in relative gene expression were calculated using the
2-AACt method. The significance levels were set to p<0.05 (*), p<0.01(**), p<0.001 (***) and p<0.0001 (****).

3.1.2.7. Scaffolds hemocompatibility

Hemolytic assay was performed to assess the hemocompatibility of the scaffolds. For all four different

formulations the obtained value of hemolysis percentage was 0% indicating no bursts of blood cells (Table
3.3).
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Table 3.3 — Results of Hemolytic assay. Results of hemolytic assay on SF, SF/dCDM, SF/CNT and SF/dCDM/CNT
scaffolds with PBS acting as negative control group (CTRL -) and Triton X-100 as positive control group (CTRL+).

Samples Hemolysis (%)
Sk 0
SF/dCDM 0
SF/CNT 0
SF/dCDM/CNT 0
CTRL- 0
CTRL+ 100

3.2. Discussion

Currently, in bone tissue engineering (BTE) the natural step forward is the development of biomimetic
approaches that recapitulate the native tissues environment ideal for regeneration of bone tissue (2). The
existent scaffold approaches have not yet the specificity to mimic the different dimensions of the natural

tissue. Hence, the challenge remains the development of more efficient hierarchical scaffolds.

In the present study, SF was combined with dCDM and CNT to produced hierarchical scaffolds,
aiming the mimicry of the bone structure, from macro to nanoscale. These scaffolds were evaluated regarding
their mechanical and structural properties, and their effects on cells behavior, namely viability, proliferation
and differentiation along the osteoblastic lineage. Firstly, the efficient decellularization of the dCDM was
verified by means of hematoxylin and eosin staining, to guarantee the absence of visible nuclei. This is of
great importance since it prevents the occurrence of an immunological response and as such is critical for
further application of the dCDM (3). Furthermore, Masson’s Trichrome showed a clear preservation of
collagen in the dCDM. Several studies have reported the importance of collagen on cellular differentiation
since it contains several biological cues that can modulate cells adhesion, proliferation and differentiation (4).
DNA quantification was also performed, demonstrating that the dsDNA content was below 50 ng/mg of matrix

dry weight, the accepted threshold for effective decellularization (1).
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Other important aspect for hierarchical scaffold production is their mechanical and structural
properties. A minimum of pore size ranging from 100 um to 150 um has been described to be required for
bone formation (5). Also, scaffolds should ideally possess between 60% - 90% of total porosity (6). The analysis
of the scaffold’s porosity showed that CNT appear to have a decreasing effect on pore size, since the SF/CNT
scaffolds presented lowest pore size (63 + 29 um) and total porosity (60 + 3%). On the other hand, the
incorporation of dCDM seems to increase the pore size since SF/dCDM and SF/dCDM/CNT present a pore
size of 135 + 34 um and 112 + 22 um respectively, countering the previous described effect of the CNT.
The pore size observed was smaller than seen by Ribeiro ef a/ who used SF and HRP/H:O. to fabricate
scaffolds using enzymatic cross linking and salt leaching. In fact, they observed a mean pore size of 361.4
um (7). This indicate that the chosen processing method can drastically influence pore size and the one
chosen for this work successfully resulted in pores sizes within the described optimum range for bone
formation. In a similar manner to pore size, total porosity increased with the presence of dCDM, to 76 + 4%
in the case of SF/dCDM and 75 + 3% in the case of SF/CNT/dCDM. The results are in the same magnitude
as that reported by Costa ef a/ that observed a 59.1% total porosity for SF scaffold (8). Besides these
observations, micro-CT results also showed that CNT appear to be adequately dispersed through the scaffolds
matrix. This observation is very important since CNT are predisposed to entangle and form agglomerates due
to the presence of van der Waals forces between the tubes and such agglomeration may hinder its application

(9).

Considering the mechanical analysis, although the positive effect on pore size, the conditions
modified with dCDM showed a 10 times lower storage modulus than SF and SF/CNT scaffolds. The weaker
mechanical properties can be explained by presence of collagen in the dCDM, as verified by the Masson's
Trichrome, which is widely known to present low storage modulus (10,11). Furthermore, all scaffolds were
found to be elastic as evidenced by the tan 6 (<1) values. Results showed that even though the porosity of
the conditions modified with dCDM is more suitable for bone regeneration, its incorporation also results in
much weaker mechanical properties, very different from native bone tissue stiffness (e.g., ® 20 GPa in the
case of cortical bone) (11). Interestingly, studies have shown that scaffolds with lower stiffness (< 0.7 kPa)
were capable to stimulate cell proliferation and osteogenic differentiation at a higher level than stiffer scaffolds
(> 5 kPa) (12,13). Thus, the scaffolds with dCDM are within the limit of the optimum scaffolds’ stiffness
values to promote the differentiation along the osteogenic lineage. Besides, scaffolds were soaked in SBF
solution with the purpose of evaluating its bioactivity and thus foresee its behavior upon implanted in an /n
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vivo environment. SF scaffolds showed to be bioactive as expected since silk bioactivity is well known and
widely studied (14). Regarding SF/dCDM/CNT scaffolds, the results showed a very similar bioactivity to SF
scaffolds, suggesting that the addition of dCDM and CNT did not affect the SF bioactivity.

The effect of the developed scaffolds on cells was studied using hASCs cultured without
supplemented medium, namely in terms of cell adhesion and spreading, metabolic activity, cell proliferation,
ALP activity and gene expression. Cells seeded on SF, SF/dCDM and SF/CNT scaffolds evidenced an increase
in metabolic activity across all time points, in opposition to SF/dCDM/CNT scaffolds where the metabolic
activity decreased from day 1 to day 14. Additionally, for SF/dCDM/CNT, between day 14 and day 21 the
stagnation of metabolic activity is consistent with the stagnated cell proliferation which indicates that cells
were beginning to differentiate along the osteoblastic lineage. In fact, it is widely accepted that when cells
begin to differentiate, they become less proliferative as observed between day 14 and day 21 (15).
Interestingly, between day 1 and day 14, SF/dCDM evidencing the highest cell proliferation rate, which could
be related to of the presence of dCDM. In fact, it is described in the literature that scaffolds with cell-derived
matrices present improved cell proliferation rates (16,17). Moreover, the lower stiffness of the scaffolds can
result as well in improved cell proliferation (12). SEM images showed that the scaffolds were completely
covered in cells with a high degree of confluence corroborating that cells were able to proliferate along the
time of culture. This was further evidenced by Phalloidin-DAPI images, where cell elongation and random cell
orientation could be seen. Additionally, live-dead analysis showed that scaffolds had no deleterious effects on
cells across the 21 days of culture. In accordance to the previous results, HE staining also evidenced cell
adhesion and spreading across the surface with some level of penetration into the scaffold interior.
Furthermore, Masson’s Trichrome showed the presence of de rovo collagen in all conditions except SF/CNT,
indicating that cells were capable to produce and secrete their own endogenous collagenous matrix at their
pericellular space. These results suggest that CNT by itself may have a negative effect on collagen production,
which can be countered by the presence of dCDM. In fact, in conditions containing dCDM, cells were capable
to express collagen even in the presence of CNT. This observation contradicts the predominant trend on
effects of CNT on the production of collagen described in the literature since multiple studies have found that
CNT has a positive effect on collagen production (18,19). Taking this observations in consideration, further

analysis will be necessary to better understand this result.
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Regarding the evaluation of osteogenic differentiation, ALP, an early marker for osteogenic
differentiation and normally present in high concentrations in growing bone, was assessed (20). ALP activity
of cells seeded on SF/CNT and SF/dCDM/CNT scaffolds expressed the typical peak activity on day 14 with
following decrease, as expected, suggesting that cells were differentiating along the osteoblastic lineage (21).
Furthermore, It is well known and accepted that a decrease in ALP expression is associated with differentiation
and mineralization (21). In this reasoning, the higher ALP activity observed on cells seeded on SF/CNT and
SF/dCDM/CNT scaffolds might suggest a greater osteogenic potential. These results are in accordance with
previous studies who showed enhanced ALP activity in carbon nanotubes modified scaffolds (22). It is further
important to highlight that although dCDM had a visible positive effect on cell proliferation the same was not
verified for ALP activity. This result was not expected since the evidences found in the literature indicate that
cell-derived matrices have a positive effect on the ALP activity (16), for so, further investigation will be needed

to clarify such results.

As regards of gene expression levels, different osteogenic markers were assessed, namely Runx-2,
ALP, OPN and Col la. In the case of ALP and Runx-2, early markers of osteogenic differentiation, the results
showed that these genes were expressed at day 14, decreasing at day 21, as expected from early expression
markers (23,24). Thus, the increased expression for SF/CNT and SF/dCDM/CNT suggests that the addition
of CNT stimulates osteogenic cell differentiation. In accordance to these results, other studies have found
that the use of CNT upregulates Runx-2 gene expression (25) the same effect has also been observed for ALP
expression (26). In the case of OPN, important in bone modeling (27) and collagen production (28),
SF/dCDM/CNT and SF/CNT are the only conditions that displayed a pattern of early expression.
Furthermore, at day 14, the OPN expression is lower for SF/dCDM/CNT condition comparatively to SF/CNT,
this could suggest that cells cultured on SF/dCDM/CNT scaffolds were further advanced in the differentiation
stage. Additionally, and in accordance with other studies an upregulation on conditions with CNT was also
observed (25). For Col la, a marker of osteogenic differentiation related to bone formation and bone
architecture (29), the results showed higher expression on SF/dCDM, SF/CNT and SF/dCDM/CNT then on
simple SF scaffolds. This result suggest that the osteogenic potential of these scaffolds is superior as
compared to the control. It is important to highlight that SF/CNT and SF/dCDM/CNT possesses significant
higher gene expression for all four genes comparatively to the plain SF scaffolds, suggesting an earlier cellular

osteogenic differentiation and higher osteogenic potential than the SF scaffold.
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Finally, the hemolytic assay was performed to evaluate hemoglobin release in the plasma (as an
indicator of red blood cell lysis) on all conditions. According to Testing and Materials a material is considered
safe when its hemolysis percentage is under 2%, while a 5% limit is specified by ISO 10 993-5 (30,31). Results
showed no hemolytic effect for any of the scaffolds. Hence, the findings show that the scaffolds are

hemocompatible making them suitable materials for further in7 vivo applications.
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4.1. General Conclusions and Future Directions

Bone tissue comprises a complex hierarchical structure, crossing nanoscale to macroscale, which
provides distinct properties like high mechanical strength. Worldwide, bone tissue engineers have pursued
different biomimetic approaches to recapitulate the native bone tissue microenvironment, envisioning the
production of functional bone tissue. Despite the difficulty in mimicking the bone architecture and intrinsic
propetrties /n vitro, studies have been shown that hierarchical scaffolds present high potential to regenerate
bone tissue. In this sense, the internal cues comprised within hierarchical scaffolds have the ability to induce
bone regeneration. The ECM has gained increasing interest in recent years as an optimal biomaterial for
tissue engineering. Its importance in cell proliferation and tissue structure has long been known, but recent
development in decellularization methods have made its manipulation and controlled use possible. Hence,
due to its natural characteristics, it stands to reason that the use of decellularized ECM is of immense potential

for future bone tissue engineering breakthroughs.

With this in mind, the present work intended to develop scaffolds with a multifaceted hierarchical
structure, comprising biomimetic cues within different scale ranges. For that, new scaffolds consisting of 8%
SF, 1 mg/ml of dCDM and/and 1 mg/ml of CNT were prepared, envisioning the production of scaffolds not
only with improved mechanical properties, but also improved biological cues. The developed SF/dCDM/CNT
scaffolds revealed great potential for bone tissue engineering applications in the performed tests, as
demonstrated by the expression of osteogenic markers, suitable hemocompatibility, and good
biomineralization and improved mechanical properties. Nevertheless, in future studies it will be essential to
test the developed scaffolds using clinically relevant models, to evaluate their long-term effects and stability
in bone defects. Taking these results in consideration, future studies focused on the ability of SF to form
anisotropic structure to create guided architectures more suited for bone growth, could be an interesting
approach to convey an additional biomimetic dimension to the scaffold system. Moreover, carbon nanotubes
electrical stimulation can accelerate bone formation, regeneration, ECM protein synthesis, and enhance

osteogenic markers expression. The investigation of this interesting property when incorporated into a scaffold
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system and its effects on cells and the different scaffold materials could enhance the osteogenic potential of
these scaffolds. Additionally, functionalization of CNT may facilitate the incorporation of extra biochemical
cues into the scaffolds. This could open the way for potential drug delivery strategies that could further
complement the dCDM components. Such improvements may improve the interaction of develop scaffolds
with the surrounded bone defect environment. In fact, further investigation regarding the interaction
mechanisms between scaffolds and surrounded tissues should be given to clarify how the implanted cues
influence the bone regeneration process, namely regarding the development of blood vessels and nerve fibers.
It is known that the presence of both is crucial for the development of functional bone tissue, but most often
one or the other is disregarded when designing hierarchical scaffolds. Blood vessels are crucial to supply the
nutrients and oxygen to promote the formation of nerve fibers, which in turn deliver the necessary factors to
enhance vascularization. This interplay favors bone regeneration. The limited studies regarding such subject
are mainly due to the struggle towards creating a neurovascularized network within scaffolds that present
hard tissue properties. In this regard, an improved understanding about blood vessels and nerves interactions
within bone tissue is crucial, enabling to introduce such bioinspired cues into scaffold design and

consequently enhance its successful implantation.

Additionally, the inclusion of precise features to meet patient microenvironmental specificities is
essential to the successful engraftment upon scaffold implantation. For example, considering bone resections,

it would be important to include tumor inhibition cues besides bone regeneration cues.

Overall, further studies regarding bone tissue hierarchical structure would be valuable to develop
improved scaffold designs capable to meet the multiscale biological and physical cues of patient’s bone tissue

and consequently induce the formation of functional bone tissue.
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