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Abstract

Due to the accelerated growth of human population and the consecutive increase of life
expectancy, several problems related to aging have started to arise in the last decades.
Therefore, there is a demand for strategies capable to address problems like osteoporosis, bone
cancer and bone infections. One of those strategies is based on the use of materials that are
similar to the real bone so, the first step to succeed in finding a good bone substitute is to
choose the best suitable material . Since the natural bone is composed by an organic and an
inorganic part, the use of a hybrid polymeric -ceramic material sounds promising. The polymeric
part gives the material its biocompatibility and biodegradability, besides acting as a supportive
matrix, and the ceramic part confer s the properties that mimic the mineral phase of bone. In
this work, Konjac Glucomannan (KGM)and powders of Hydroxyapatite (HA) and N-Tricalcium
Phosphate (N-TCP) were used to develop 3D scaffolds via an additive manufacturing technique
(robocasting) because its ability to produce scaffolds with predefined morphology and
structure, such as 3D porous scaffolds that are ideal for bone ing rowth. The goal is that these
scaffolds can promote bone regeneration and at same time treat bone infections or kill cancer
cells.

In the first part of this work the hybrid polymeric -ceramic 3D scaffolds were submitted to
in vitro tests, to evaluate their capacity to promote the adherence and proliferation of human
Mesenchymalstem cells (hMSCs). The results obtained confirmed this hypothesis, but further
tests would have been necessary to evaluate if the cells were able to differentiate into the
osteogenic lineage.

After, nanoparticles incorporated with a drug, levofloxacin, were developed to be
incorporated on the scaffolds in order to grant them anti-microbial properties . Polydopamine
particles were also included in the s c af f wmdtediadsGas a strategy to provide a multi -
functional material with hyperthermic properties for cancer treatment applications. However,
it was not possible to see the incorporation of the drug into the nanoparticles, which lead us
to a new strategy to develop a bi -functional scaf fold for bone tissue engineering applications.

This strategy consisted on the incorporation of polydopamine (PDA) particles into the
scaffolds since their proven potential in the field of photothermal therapy to treat cancer cells.

The in vitro tests revealed improved adherence and proliferation of hMSCs througlout the
entire time of culture. In addition, a n U20Sosteosarcoma cell line was also used on the in vitro
tests of these scaffolds and the results demonstrate that the se cells had a better adhesion o n
the scaffolds that did not include the PDA in their constitution . However further assays need to
be performed, to evaluate the ability of these scaffolds increase their temperature under laser
irradiation. A simulated body fluid (SBF) assay revealed that the developed material could form
a carbonated apatite -like layer at their surface, showing promising properties for future in vivo
applications.

Taking together all the results obtained during this work and t he previously demonstrated

features of the PDA particles, we can conclude that the hybrid organic-inorganic 3D scaffolds



developed are promising candidates to be used in bone tissue engineering approaches and, in

particular, may act as a bi -functional material.
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Introduction

1. Bone tissue

Bone are living, active tissues that are constantly being remodelled. Specifically, bone is a
type of connective tissue that provides important functions in the body such as locomotion,
support and protection of internal organs and soft tissues. Moreover, bones function as a storage
for minerals (e.g. calcium and phosphate), as well as harbouring s ite for the bone marrow [1].

With the advance of the knowledge in the health area and the technological developments,
life expectancy is increasing thus leading to a rise of the amount of individuals that suffer of
age-related tissue loss or impairment . These events give rise to a reduced quality of life since
it can lead to a reduction of their capacity to perform basic tasks, such as walking, or even
cause social and psychological problems. In this way, it is urgent to find new and better
approaches to overcome this problem [2]. Bone graftis the second most commonly transplanted
tissue [3], approximately 2.2 million bone grafting procedures are performed a nnually
worldwide [4] .

Given the importance of this tissue, there is a need to know the structural, molecular and
functional biology of bone to better understand this tissue as a multicellular unit and with

dynamic structure [1].

1.1. Bone tissue dcomposition

1.1.1. Cellular composition
Bone is composed of 4 types of cells: osteoblasts, osteocytes, bone lining cells, and
osteoclasts. The origin of these cells is different aswell as their location and functions (Figure
1) [5].

A
Hematopoietic Mesenchymal
stem cells stem cells

Pre-osteoblasts

Osteoclasts

osteocasts
O e :_

. _bone matrix —

Figure 1 - Bone cells. Different origins and locations : (A) A schematic representation of the bone cells

and its different origins: Osteoblasts are originated from mesenchymal stem cells, which can originate

subsequently osteocytes and bone lining cells. Osteoclasts derive from hemopoietic stem cells. (B)

histological representation of the bone cells, showing its different localizations: Osteoblasts and

osteoclastsar e found on the boneds surface, wheAdoptedfrast eocyt es
[6,7].



Osteoblastsare cuboidal cells (Figure 1) representing 4-6% of total resident cells in the bone
and are known for their capacity of bone building. They derive from mesenchymal stem cells
(Figure 1. A) and can further differentiate into osteocytes or become bone lining cells  [8]. Their
morphologic characteristics include an abundant rough endoplasmatic reticulum and prominent
Golgi apparatus, as well as various secretory vesicles [1]. Since they can be classified as
polarized cells, osteoblasts are responsible to secret osteoid (unmineralized organic b one
matrix), that is formed before the maturation of the bone tissue. This matrix, which contains
a high amount of collagen (94%) and several proteins, growth factors and cytokines, allows the
mineralization of the tissue [9].

Osteocytesrepresent 95% of the total amount of bone cells and are the cells with the higher
life span (up to 25 years) [10]. They are spider-shaped cells that are embedded in the
mineralized bone matrix (Figure 1) and are formed when a number of osteoblasts become
completely surrounded by the matrix (at the end of a bone formation cycle) since, once
encapsulated in the bone, the cell is called osteocyte [11]. These cells are tightly connected
to each other through gap junctions, forming athree -dimensional net buried int he bone matrix.
These features allow them to have sensing and signal transport functions and they can act as
mechanosensors, since their interconnected network has the capacity to detect mechanical
pressures and loads, helping the adaptation of bone to dai ly mechanical forces [12]. Moreover,
osteocyte apoptosis plays a key role in the bone resorption, acting as a chemotactic signal
(during bone resorption, apoptotic osteocytes are engulfed by osteoclasts). In this way,
osteocytes act as orchestrators of bone remodelling, through regulation of osteoblast and
osteoclast activities [1].

Boneliningcells( BLCds) are thin, elongated cells that <cov

surfaces in the mature/adult s keleton and are linked to each other or to osteocytes through
cytoplasmic extensions or gap junctions [5]. Regarding their origin, it is thou gh that they derive
from previously active osteoblasts that have entered a quiescent phase [13], so they can be
referred as 0O0resting ost e dhisl.asltns 6f aocrt ,0 sBulrGdasc ec aons t ceiof
into osteoblasts able of producing osteoid and the matrix vesicles responsible for the
mineralization process, in the bone formati on cycle [13]. Though not completely understood,
itis thought that these cells hamper the direct interaction between osteoclasts and bone matrix
when bone resorption is not supposed to happe n, and participate in osteoclast differentiation
[1].

Osteoclasts are multinucleated cells (Figure 1) that are responsible for the bone resorption
during the bone remodelling process. They derive from Hematopoietic Stem cells (Figure 1. A),
in particula r from the monocyte -macrophage lineage [14], and they become differentiated
when stimulat ed by two essential factors: the monocyte/macrophage colony stimulating factor
(M-CSF) and receptor activation of NF-p B | i g a n d[15]. Rh& Nakrdc) balance between
bone formation and destruction is essential to form an adequate bone massso it is important
to maintain the correct balance between the activity of osteoblast s and osteoclasts. This is

achieved not only by systemic factors but also by keeping a cross -talk between osteoblasts and



osteoclasts. In this way, osteoclasts can produce factors that stimulate osteoblast

differentiation and function [8,15].

1.1.2. Extracellular matrix
The extracellular matrix (ECM) of each tissue is formed by the secreted product of resident
cells of that tissue and organ, being composed by a mixture of structural and functional proteins
arranged in a three -dimensional ultra -structure. The ECM is able not only to bind the cells
together, but also, to influence their survival, development, shape and migratory behaviour
[16].

Extracellular matrix

Bone
Protein

Growth factor

Hydroxyapatite

[

Polysaccharide
chain

J8jjmy J8Iape} BUUBOS A LONENSI)

Collagen

Figure 2 - Principal components of the bone ECM. Bones consist of living cells embedded in a matrix
that has both organic and non -organic components: The organic constituents are both collagenous and
noncollagenous proteins, whereas the inorganic part is com posed essentially of hydroxyapatite. The bone
ECM has also important biomolecules, such as growth factors and polysaccharides. Adapted from [17].

Bone ECM is composed of both an organic component (approximately 35% of the total weight
of bone tissue) and an inorganic component (65%) (figure 2) [5]. The organic matrix contains
collagenous proteins (90%), that are predominantly type | collagen, and noncollagenous proteins
including osteocalcin, osteonectin, osteopontin, fibronectin and bone sialoprotein Il, bone
morphogenetic proteins (BMPs), growth factors and polysaccharides. In addition, it is also
composed by small leucine-rich proteoglycans including decorin, biglycan, lumican,
osteoaderin, and seric proteins [1,17]. The inorganic matrix is composed by mineral salts,
containing predominantly calcium and phosphate ions, that are responsible to form the
hydroxyapatite crystals, but phosphorus, sodium, magnesium, bicarbonate, potassium, citrate,
carbonate, fluorite, zinc barium, and strontium are also present. These two types of matri X,

are responsible for the characteristic stiffness and resistance of bone tissue, since the collagen



and the noncollagenous matrix proteins form a scaffold for hydroxyapatite deposition  (figure

3), which hardens this connective tissue [1,5].

A
Osteons and . Mineralized Coll d
Bone : Fibre . ollagen an
tissue Haveggn Patterns Fibres collagen hydroxyapatite

canals fibrils

9"@%7 4‘® T
7 @ﬂ &
@ -
o) (N
S/
v O N0
Macro ~ 100 pm ~50 pm ~5 pm ~500 nm Atomic
scale Osteon diameter Fibre patterns Fibre diameter Fibril diameter scale/
B

Hydroxyapatite

40%
Figure 3 - The collagenous and noncollagenous proteins of bone ECM (organic matrix) form a scaffold
for the deposition of hydroxyapatite (inorganic matrix) . (A) Hierarchical structure of the bone -
collagenous molecules asemble into fibrils that are mineralized via the formation of apatite crystals,
such as hydroxyapatite (B) Collagen microfibril model representing 0% mineralization (it is only present
the basic structural unit of collagen, Tropocollagen), 20% mineral conte nt (inset shows a hydroxyapatite
unit cell) and 40% mineral content - Hydroxyapatite deposits into the gap region of the collagen
microfibrils. Adapted from [18].

1.2. Bone Tissue - structure

The adult skeleton is composed by 80% of cortical (compact) bone and 20% of trabecular
(cancellous) bone. These two forms of bone tissue have the same composition and structure,
but differ in terms of density, porosity and location in the skeleton [19]. The cortical bone
comprises the outer tubular shell of the long bones (figure 4) and the outer surface of the small
and the flat bones, whereas the trabecular bone occurs near the ends of long bones (figure 4),
in the interior of small bones and between the surface of flat bones [20]. In addition, the
cortical bone is harder, denser and has less porosity (approximately 10%) than the cancellous
bone and it surrounds the bone marrow and the cancellous bone plates [19]. Its fundamental
functional unit s are the osteons, also called Haversian systems, from which blood vessels run,
allowing nutrient diffusion within the bone [21]. They have a cylindrical shape, forming a

network with several br anches (figure 4) [22]. Regarding the trabecular bone, itis characterized



by an interconnected network of small bone trabec ulae, that are aligned in the direction of the
loading stress (figure 4). This form of bone has a porosity of 50 -90%, where these pores are
filled with bone marrow and cells. D ue to this high porosity, the trabecular bone provides less
mechanical support when compared with cortical bone [21,23]. Given the structure of the
trabecular bone with larger surface area exposed to the bone marrow (when compared with
the cortical bone ) and since bone resorption and formation occurs on the bones surface, it is
possible to assume that the trabecular bone displays higher metabolically activity than the
cortical bone. In this way, it is possible to conclude that the cortical bone provides the
mechanical and protective functions of the bone, whereas the cancellous bone provides its
metabolic functio n (it serves, for example, to maintain serum mineral homeosta sis) and it is

crucial for transmitting loads from the joint surface to the cortex  [13].

Figure 4 - Bone structure . Bone is composed by cortical (compact) bone, which has cylindrical shaped
osteons that have in their centre Harvesian canals to allow the passage of blood vessels. It is also composed
by trabecular (cancellous) bone, that is an interconnected network of sm all bone trusses (trabeculae)
aligned in the direction of loading stress. Adapted from [24].

1.3. Bone Remodelling and Regeneration

Bone is a dynamic tissue that is continuously renewed through an active and dynamic
process called bone remodelling. This process is based on the correct balance between bone
resorption by osteoclasts and bone deposition by osteoblasts, since this feature is mandatory

to maintain a constant bone mass [25]. In fact, this is a highly complex cycle th at is achieved






























































































































































































































