NNERSITA Department of
| TRENTO Ind':lslrlal Engineering

XXXIV cycle

Doctoral School in Materials, Mechatronics and System
Engineering

3D printing of bone scaffolds using powders derived
from biogenic sources

Francesca Cestari

January 2023






3D printing of bone scaffolds using powders derived
from biogenic sources

Francesca Cestari

Email: francesca.cestari@unitn.it

Approved by: Ph.D. Commission:

Prof. Vincenzo M. Sglavo, Advisor Prof. Gian Domenico Soraru
Dept. of Industrial Engineering Dept. of Industrial Engineering
University of Trento, Italy University of Trento, Italy

Prof. Simone Sprio
ISTEC-CNR
Faenza

Prof. Francesco Baino

Dept. of Applied Science and
Technology

Politecnico di Torino

University of Trento
Department of Industrial Engineering

January 2023



University of Trento - Department of Industrial Engineering

Doctoral Thesis

Francesca Cestari - January 2023

Published in Trento (Italy)

by University of Trento ISBN: - - - -- - - - -



Abstract

This doctoral work was developed in the frame of bone tissue
engineering, dealing with the fabrication of scaffolds for the
regeneration of bones. At this purpose, calcium phosphates derived from
natural sources are very interesting because they are more similar to the
bone mineral and possess better bioactivity. Indeed, the bone mineral is
different from synthetic hydroxyapatite as it is non-stoichiometric,
nanosized, it presents a high degree of disorder and contains many
additional ions and impurities such as CO32-, Mg?+, Sr%*, Na*, etc. These
characteristics can be easily obtained by synthesizing hydroxyapatite
from natural sources, such as corals, starfishes, seashells, animal bones,
bird eggshells etc.

The natural sources used in the present work are three types of biogenic
calcium carbonate, i.e. calcium carbonate that is produced by living
organisms in the form of aragonite or calcite. Among the different
sources, three biogenic calcium carbonates were chosen: cuttlefish
(Sepia Officinalis) bones, mussel (Mytilus Galloprovincialis) shells and
chicken eggshells. Besides their abundance and availability, they were
selected because of their different composition: aragonite in cuttlebones,
calcite in eggshells and a mixture of aragonite and calcite in mussel
shells.

After the first chapter, which is a theoretical introduction, this thesis is
divided into other five chapters. Chapter 2 contains a careful
characterization of the three biogenic raw materials while Chapter 3
deals with the synthesis of hydroxyapatite starting from these natural
sources. The process developed here takes place entirely at nearly room
temperature, which allows the organic part of the biological materials to
be preserved. This synthesis process is basically a wet
mechanosynthesis followed by a mild heat treatment (up to 150°C). The
study focuses on the influence of several process parameters on the
synthesis efficiency: temperature, milling time, pH and raw material. The
temperature used to dry the slurry after the wet ball-milling was found
to be the most important parameter, the higher the temperature the
faster the conversion of CaCOs into hydroxyapatite. Moreover, aragonite



was found to transform more easily into hydroxyapatite with respect to
calcite, and also to follow a different reaction path.

The synthesis process described in Chapter 3 allowed to produce
different bio-derived powders that were found to be non-stoichiometric,
nanosized, carbonated hydroxyapatites, containing also additional ions,
especially Mg?+ in the eggshell-derived material and Sr?* in the
cuttlebone-derived one. These powders were then used as a starting
point for the studies presented in the next three chapters.

Chapter 4 shows a very preliminary evaluation of the interaction with
human cells in vitro. First, the as-synthesized powders were
consolidated by uniaxial pressing and sintering at temperatures
between 900°C and 1100°C and their crystallographic composition was
analyzed. Then, after having established the non-cytotoxicity of the
sintered pellets, osteoblasts from human osteosarcoma cell line were
seeded on the pellets and their behavior after 1, 3 and 5 days of culture
was observed by confocal microscopy. In general, all materials promoted
good cell adhesion and proliferation, especially the eggshell-derived one.

At this point, the bio-derived materials were found to induce a good
cellular response but, in order to foster the regeneration of bones, a
scaffold must also contain a large amount of interconnected porosity.
Among the numerous methods to fabricate porous structures, additive
manufacturing is surely very attractive due many advantages, such as
the possibility of customizing the shape based on tomography images
from the patients, the fact that no mold is needed and the freedom of fully
designing the porosity. Indeed, not only the size and the amount of
porosity are important, but also the shape of the pores and their position
and orientation have a deep effect on the interaction with the cells.
Therefore, Chapter 5 and Chapter 6 deal with the fabrication of scaffolds
by 3D printing, following two different approaches.

In the study presented in Chapter 5, the powders synthesized from
cuttlebones, mussel shells and eggshells were used in combination with
a thermoplastic polymer (PCL, polycaprolactone) to obtain bioactive
composites. Composite materials made of 85 wt% PCL and 15 wt% bio-
derived hydroxyapatite were used to fabricate porous scaffolds by
extrusion 3D printing. The biological in vitro tests showed that the
composite scaffolds possess better bioactivity than the pure PCL ones,
especially those containing mussel shell- and cuttlebone-derived
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powders, which promoted the best cell adhesion, proliferation and
metabolic activity of human osteosarcoma cells after 7 days of culture. In
addition, the elastic compressive modulus, which was found to be
between 177-316 MPa, thus in the range of that of trabecular bone, was
found to increase of about ~50% with the addition of the bio-derived
nanopowders.

Finally, in Chapter 6, the cuttlebone-derived powder was used to
fabricate porous bioceramic scaffolds by binder jetting 3D printing. Due
to serious technical issues related to the printing of a nanosized powder,
10 wt% of bio-derived powder was mixed with a glass-ceramic powder
with bigger particle size. Moreover, the organic part of the cuttlebone
had to be previously eliminated by a heat treatment at 800°C. Thanks to
the great freedom of design that is allowed by the binder jetting process,
scaffolds with two different pore geometries were fabricated: with pores
of uniform size and with a size-gradient. Indeed, natural bone possesses
a gradient in porosity from the core to the surface, from porous
trabecular bone to dense cortical bone. The sintered scaffolds showed a
total porosity of ~60% for the pure glass-ceramic and ~70% for the
glass-ceramic with 10 wt% of cuttlebone-derived nanoparticles, which
most probably slowed down the densification by limiting the contact
between the glassy particles. All the bioceramic scaffolds promoted good
adhesion and proliferation of human bone marrow-derived
mesenchymal stem cells in vitro, without any significant difference
between the different samples. However, the scaffolds with the
cuttlebone-derived powder and with gradient porosity showed the
greatest decrease of metabolic activity after 10 days of culture, which
could be accounted as a sign of differentiation of stem cells.
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Chapter 1

Introduction

11 Regeneration and tissue engineering

Regeneration is defined as the reconstruction of a body part after its loss
or damage. For example, our blood regenerates if we lose some of it for
a wound and, in our everyday life, hair and skin keep renewing
themselves. Some animals show an exceptional regeneration ability
being able to reconstruct large parts of their body after their removal.
For example, newts can regrow an entire limb, including muscle and
bone, through the formation of a proliferative tissue called blastema,
while invertebrates of the Planariidae family and Hydra can even rebuild
the entire body starting from small body pieces. Other extraordinary
examples of regeneration in the animal world are zebra fishes and
axolotls [1].

Figure 1-1. Left: illustration of an axolotl, an aquatic Mexican salamander that can
regenerate its limbs. Right: Prometheus Bound, painted by Peter Paul Rubens, completed
by 1618, currently in the collection of the Philadelphia Museum of Art.

The phenomenon of regeneration is present also in myth. When Zeus
revoked the men’s privilege of using fire, Prometheus stole the fire from



the Olympus and gave it back to men. His punishment consisted in being
chained to a high rock, where an eagle came every night to eat his liver,
which regenerated every day, so that the punishment would continue
forever [2]. It is not clear whether ancient Greeks had some medical
knowledge about tissue regeneration or not, but, as a matter of fact, the
human liver exhibits an almost unlimited capacity to regenerate [3].

But how is regeneration possible? In order to regrow new tissues a
cellular source is needed. This source is generally either stem cells or
progenitor cells, or, alternatively, it requires dedifferentiation or
transdifferentiation of cells. Moreover, regeneration seems to be
connected to genetic programs related to the embryonic development,
which might explain why fetuses show superior regeneration abilities
and, in general, why the regeneration capacity decreases with ageing [1].

Unlike axolotls, humans can regrow a lost body part only to a limited
extent. When the missing part is too big, i.e. when the defect size is
greater than a certain critical size, the body cannot restore the original
tissue, which is replaced with scar tissue, loosing functionality. For
human bone the critical defect size is typically around 2 cm, depending
on the anatomical site [4]. That's why, in many cases, we need to help the
tissue to regrow.

One of the first examples of aided bone regeneration can again be found
in the Greek myth. When the young Achilles lost an ankle bone due to a
burn, his father Peleus, or, in other legends, the centaur Chiron, who was
an expert in medicine, exhumed the skeleton of the agile giant Damysus,
took a piece of the giant’s ankle bone and put it in the child’s foot. With
the additional help of some drugs, the giant’s bone was perfectly
incorporated and Achilles acquired his legendary fleetness, becoming
the hero we all know [5]. Since giants are not humans, this can be taken
as an example of xenograft, which is the implantation of a tissue coming
from a donor belonging to another species. Besides myth, bone grafting
was known since ancient times and, for example in Armenia, around
2000 BC, an ancient surgeon inserted an animal bone graft in a 7 mm-
skull defect [6].

Apart from xenografts, alternative options are allografts, where the
tissue donor is another human, and autografts, when the donor is the
patient himself. Autografts are currently the “gold standard”, but
collecting the bone material from the donor site can be painful and can



cause injuries. On the other hand, allografts and xenografts carry the
risks of being rejected and transmitting diseases, especially for the latter,
since they come from animals [7]. Moreover, the supply of bone material
to be implanted is often limited or insufficient.

Tissue engineering was developed to overcome these difficulties and it
involves the use of one or more of the following elements:

e Scaffolds, that are artificial three-dimensional structures used
to sustain tissue ingrowth [8];

e C(Cells, which serve as cellular source for regrowth; examples are
mesenchymal stem cells, bone marrow stromal cells,
osteoblasts and embryonic or adult stem cells [9];

e Growth factors, which are polypeptides synthesized by the
bone tissue in very low concentrations that act as local
regulators, stimulating or inhibiting the growth [10].

In this frame, the present work deals with bone scaffolds derived from
natural sources, therefore cells and growth factors will not be further
discussed.

1.2 The bone structure

Natural bone is a highly complex composite material organized in a
porous hierarchical structure that performs many important functions.
It provides structural support and protection to organs, it acts as a
mineral reservoir to maintain mineral homeostasis and it is a source of
mesenchymal and hematopoietic stem cells [11]. Bone cells and blood
vessels are embedded in a matrix of organic, mainly collagen I, and
inorganic, the bone mineral. The bone tissue is therefore a polymer-
ceramic composite material, consisting of about 33-43 vol% minerals,
32-44 vol% organic and 15-25 vol% water [12].

The hierarchical structure of bone is depicted in Figure 1-2. Two types
of bone can be distinguished based on their macrostructure: cortical (or
compact) bone and cancellous (or spongy or trabecular) bone. The
porosity of cancellous bone is in the range of 75-95% and its density is
around 0.2-0.8 g/cm3 [12]. The struts of cancellous bone are called
trabeculae, they are typically 50-300 pm thick and their orientation
depends on the load directions [13]. It usually constitutes the inner part
of bones, while the outer shell is made of cortical bone, with porosity 5-



10% and density about 2 g/cm3 [12]. The mechanical properties of
trabecular bone are highly dependent on its porosity, the compressive
modulus being in the range 50-660 MPa [9,14,15] and the yield stress
between 1-10 MPa [15]. Cortical bone, instead, has a compressive
modulus of 7-30 GPa [9,12] and a yield stress of 50-230 MPa [16].
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Figure 1-2. The hierarchical structure of bone. Reproduced from [13].

At the microstructural level, cortical bone and trabeculae are made of
sheets of mineralized collagen fibers aligned in the same direction. These
sheets, called lamellae, are 3-7 pm thick and are usually stacked on each
other. In the trabeculae of cancellous bone, lamellae are aligned almost
in the same direction, in the range *+ 30° [17]. In cortical bone, instead,
lamellae wrap up in concentric layers around a central canal forming an
osteon, that is made of 3-8 lamellae stacked with orientation + 45°
[9,18]. The osteon, with a diameter of approx. 200 pm, surrounds the
Haversian canal, which runs parallel to the long axis of the bone and
contains blood vessels and nerves. There are also canals transversely
aligned to the osteons, called Volkmann'’s canals, which connect the main
vascular channels to each other. The bone cells, osteocytes, are confined
in cavities called lacunae and communicate with each other through
small channels called canaliculi [12].

Lamellae are composed of mineralized collagen fibrils. A fibril is about
100 pm thick and it is an assemble of tropocollagen type I molecules,
which are 300 nm long and 1.5 nm thick and are composed of three
collagen molecules arranged in a triple helix. Apatite crystals of about 50
x 25 x 3 nm?3 occur in the longitudinal spaces between tropocollagen
molecules. Moreover, since adjacent molecules are longitudinally shifted
of 67 nm, apatite crystals are also forming are 67 nm pattern, as shown



in Figure 1-2 [13,18,19]. The mineral fraction and the orientation of the
lamellae are, of course, important factors that influence the mechanical
properties of bone, such as its modulus, its toughness and its anisotropy.

In conclusion, the hierarchical structure of bone is highly complex,
moving from the nanostructure, to the microstructure up to the
macrostructure. Moreover, living bone is a dynamic material that
undergoes continuous remodeling to meet the loading requirement,
repair micro-damages and maintain mineral homeostasis. Hormones,
growth factors and mechanical stresses lead to bone resorption by
osteoclasts and subsequent new bone formation by osteoblasts [20]. In
this way bone adapts to its needs, for example changing the thickness
and the orientation of trabeculae or the mineralization degree.

1.3 Bone scaffolds

Scaffolds are three-dimensional constructs meant to temporarily
substitute the tissue ECM (extra cellular matrix), host tissue cells and
promote cells attachment, proliferation and tissue ingrowth. In order to
do so, an ideal scaffold for bone regeneration should meet many different
requirements in terms of architecture, mechanical properties, chemical
properties, biological interaction, etc.. The desired features of an ideal
scaffold for bone tissue engineering (BTE) are the following:

e Porosity. Interconnected pores with dimensions in the range
200-500 pum are necessary to allow the penetration of cells and
give space for vascularization [8]. Micropores with diameters
lower than 10 pm are also desired, since they were found to
improve the cell-scaffold interaction [21].

e Biocompatibility. The scaffold should be not toxic and do not
induce immune reactions.

e Bioactivity. The material should be able to interact with and
bind with the host tissue [21]. Bioactive materials can be
osteoinductive, that is being able to stimulate the
differentiation of mesenchymal stem cells into osteoblasts, or
osteoconductive, meaning that they enable the deposition of
mineralized tissue on their surface. Osseointegration, which is
critical in load bearing applications, means that there is a stable
bond between the implant and the surrounding tissue [4].



e Bioresorbability /biodegradability. In order to be replaced by
natural bone, the scaffold should eventually be resorbed by the
body, with a degradation/resorption rate that matches the
growth rate of the new tissue. For load bearing applications, the
scaffold should maintain its physical properties for at least 6
months, then start losing them and be completely metabolized
within 12-18 months [22].

e Mechanical properties must be high enough for bearing the
specific loads and preferably match as close as possible those of
the hosting tissue in order to avoid the phenomenon of stress
shielding. In fact, if the mechanical properties of the implant
largely exceed those of the hosting bone, the implant will bear
the majority of the loads and the bone will start remodeling
reducing its density [4].

A wide range of materials has been considered for bone tissue
engineering purposes, including metals, natural and synthetic polymers,
bioceramics, bioglasses and composites. An overview of the main
materials used to fabricate scaffolds for bone regeneration is given in
Table 1-1.

To summarize, metals have high mechanical properties (stiffness,
strength, toughness) and excellent biocompatibility, but they are usually
heavy and non-biodegradable and they can provoke stress shielding.
Bioceramics show the best bioactivity, being osteoconductive,
osteoinductive and favoring osseointegration, but they are hard and
brittle, which is an issue in load bearing applications. Natural and
synthetic polymers have the advantages of being processed easily and
possessing a wide range of compositions and properties. However, they
generally have low mechanical properties and poor bioactivity, being
osteoconductive but not osteoinductive [4,21,23].

Composite materials are widely used to overcome these limitations. In
particular, polymers are often used in combination with bioceramic
fillers in order to enhance the bioactivity of the polymer, improve its
mechanical properties and avoid the brittleness typical of ceramics [24-
26]. For example, hydroxyapatite (HA) and B-tricalcium phosphate (-
TCP) have been used as fillers to improve the bioactivity of PLA
(polylactic acid) [27-29] and PCL (polycaprolactone) [24,25,30-32].



Table 1-1. Overview of materials used in bone tissue engineering. Adapted from [4,21,23].

. . Main
Material type  Examples Main advantages disadvantages
Non- Ti alloys High mechanical Risk of stress
biodegradable properties shielding

Co-Cr
metals .
7 . High Non-
reonium biocompatibility  biodegradable

Biodegradable
metals

Bioceramics

Bioglasses

Synthetic
polymers

Stainless steel

Mg alloys

Hydroxyapatite (HA)

B-tricalcium
phosphate (B-TCP)

45S5 Bioglass®

Poly(e- caprolactone)
(PCL)

Poly(I- lactic acid)
(PLLA)

Poly(glycolic acid)
(PGA)

Poly(ethylene glycol)
(PEG)

Poly(lactic- co-
glycolic acid) (PLGA)

High mechanical
properties

High
biocompatibility

High bioactivity

High bioactivity

Ease of
modification

Wide range of
compositions and
properties

Risk of stress
shielding

Brittleness

Brittleness

Rapid
degradation rate

Some produce
undesirable
degradation
products

Low mechanical
properties
Limited
bioactivity



Main
Material type  Examples Main advantages
1altyp xamp ! v g disadvantages
Natural Collagen Some contain Low mechanical
polymers . cell-adhesion properties
Alginate .
sites
Silk Batch-to-batch
' Biodegradability variability
Chitosan May contain
Hyaluronic acid pathological
impurities

14 Bioceramics: calcium orthophosphates

From different combinations of CaO and P20s a great variety of calcium
phosphates can be obtained, classified depending on the phosphate
anion: ortho- (P043), meta (PO3°) and pyro- (P207*) [33].

Calcium orthophosphates (CaPs) are of great scientific interest due to
their abundance in nature and their presence in living organisms. They
consist of calcium (oxidation state +2), phosphorus (oxidation state +5)
and oxygen (reduction state -2). They can also include hydrogen, as
acidic anions like HPO4% or Hz2PO4, and they can incorporate water
molecules [33]. Table 1-2 lists different calcium orthophosphates and
their major properties.

The molar ratio between calcium and phosphorus (Ca/P ratio) is a useful
parameter to describe the stoichiometry of calcium orthophosphates
and it is the most common parameter in the field. Another possibility is
to use the following general formula:

(Cao)x ' (PZOS)y ' (Hzo)z- (1)

These approaches can both be used to draw pseudo-binary equilibrium
phase diagrams, which can be employed to predict which phase would
form after a synthesis route. Phase diagrams usually refer to a certain
partial pressure of water present, as in Figure 1-3 and Figure 1-4, which
show a part of the equilibrium phase diagram of the system Ca0O-P20s
with 0 Hg and 500 Hg of water partial pressure, respectively.



Table 1-2. Calcium orthophosphates and their major properties [33-35]. “n.p.” indicates

that the compound cannot be precipitated from aqueous solutions.

Compound Formula Ca/P Solubility pH Density
molar at 25°C stability (g/cm3)
ratio  (g/l) range

Monocalcium Ca(H2P04),*H,0 0.5 ~18 0.0-2.0 2.23

phosphate

monohydrate

(MCPM)

Monocalcium Ca(H,P04), 0.5 ~18 stable 2.58

phophate above

anhydrous 100°C

(MCPA)

Dicalcium CaHPO4*2H,0 1 ~0.088 2.0-6.0 2.32

phosphate

dihydrate (DCPD)

or brushite

Dicalcium CaHPO,4 1 ~0.048 stable 2.89

phosphate above

anhydrous (DCPA) 100°C

or monetite

Octacalcium Cag(HPO,4 ), 1.33 ~0.0081 5.5-7.0 2.61

phosphate (OCP) (PO4)4-5H, O

o-Tricalcium a-Cas(P0Oy); 1.5 ~0.0025 n.p. 2.86

phosphate

(a-TCP)

B-Tricalcium [3 -Caz(PO4), 1.5 ~0.0005 n.p. 3.07

phosphate

(B-TCP)

Calcium deficient  Caio-x (HPO4)x 1.5- ~0.0094 6.5-9.5 -

hydroxyapatite (PO4)6-x(OH)2x  1.67

(CDHA) (0<x<1)
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Compound Formula Ca/P Solubility pH Density
molar at 25°C stability (g/cm3)
ratio  (g/l) range

Hydroxyapatite Ca10(PO4)s 1.67 ~0.0003 9.5-12 3.16

(HA) (OH),

Fluorapatite (FA) Ca1o(PO4)6F2 1.67 ~0.0002 7-12 3.20

Oxyapatite (OA) Ca10(P0O4)60 1.67 ~0.087 n.p. ~3.2

Tetracalcium Cay(P0O4),0 2.0 ~0.0007 n.p. 3.05

phosphate (TTCP)

The phase diagram without the presence of water (Figure 1-3) shows the
stoichiometric compounds TTCP and TCP at Ca/P ratios equal to 2.0 and
1.5, respectively. TTCP (Ca4(P04)20), tetracalcium phosphate, is also
known as the mineral hilgenstockite and it is not stable in aqueous
environments as it slowly hydrolyzes to HA and CaOH. It is not present
in biological calcifications and it is used in medicine as a component in
self-setting bone cements [33].

TCP (Cas(P04)2), tricalcium phosphate, has three polymorphs. 3-TCP has
a rhombohedral structure and it is stable up to 1125°C, monoclinic a-
TCP is stable between 1125°C and 1470°C and o’-TCP has a trigonal
structure and it is stable at higher temperatures. When quenched, o’-TCP
always transforms into a-TCP, while a-TCP can be maintained at room
temperature as a metastable phase [36]. a-TCP is five times more soluble
than B-TCP (see Table 1-2), which makes the resorption rate of a-TCP
too high to be used as a scaffold material, so it is used mainly as a
component of bone cements [33].

[B-TCP is the stable phase at room temperature and, in its Mg-containing
form whitlockite (B-(Ca,Mg)3(P04)2, it is present in the human body in
some pathological calcifications like urinary stones [34]. Its crystal
structure is rhombohedral, space group R3c, with a = 10.432 A and ¢ =
37.40 A [37]. It is used in bone cements and it is employed as bone
substitute, especially in combination with HA to form BCP (biphasic
calcium phosphate) [34].
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Figure 1-3 Equilibrium phase diagram of the system Ca0-P.0s with 0 Hg of water partial
pressure. Redrawn from [38,39].

In the absence of water and at low concentrations of CaO, the phase
diagram shows also the presence of calcium pyrophosphate, CPP
(formula CazP207). CPP has also two polymorphs, as it undergoes a phase
transformation between the tetragonal 3-CPP and the monoclinic a-CPP
at about 1140°C (Figure 1-3). CPP has a Ca/P ratio equal to 1.0 and it is
attracting attention because its biological response is similar to that of
HA [40]. In its hydrated form, CazP207-2H20, CPP is present in the human
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body in synovium in joints, as a result of an inflammatory arthritis called
gout [41].
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Figure 1-4 Equilibrium phase diagram of the system Ca0-P20s with 500 Hg of water partial
pressure. Redrawn from [38,39].

When water is present (Figure 1-4), DCPA is found instead of CPP. DCPA
(monetite) is the anhydrous form of DCPD (brushite), both having Ca/P
ratio equal to 1.0. DCPD is found in several pathological calcifications,
while DCPA is never found in the human body. They are both used in
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calcium phosphate cements and as additives in toothpastes. DCPD is also
used as flame retardant, fertilizer, calcium supplement in food and
bakery improver in the food industry [33].

Pure stoichiometric hydroxyapatite (HA or Hap, chemical formula
Cas(P04)3(0OH), often written Ca10(P0O4)s(OH)2 to indicate that the unit
cell comprises two chemical units) has a Ca/P ratio equal to 1.67 and it
forms only in the presence of water (see Figure 1-4). The crystal
structure of HA is hexagonal, space group P63/m and cell parameters a =
b=9.437 Aand ¢ = 6.878 A. The unit cell presents (PO4)3 tetrahedra, Ca2*
cations and OH- anions arranged along the c-axis [37], which justifies an
oriented growth along the c-axis [42].

Although pure HA is never found in the human body, its similarity with
the bone mineral has made HA widely studied and used in the biomedical
field. HA has excellent biocompatibility and osteoconductive properties
and, therefore, it is applied as bone filler, bone tissue engineering
scaffold, bioactive coating, drug/protein/gene delivery system, etc..
However, HA is the most stable and less soluble calcium orthophosphate
after FA, which means that it is hard to be resorbed by the body. Another
issue is its brittleness, which makes it not suitable for load bearing
applications [42].

Calcium deficient hydroxyapatite (CDHA) forms by precipitation from
aqueous solutions with Ca/P ratios in the range of 1.5-1.67. In the
structure of CDHA some P0O42* ions are substituted by HPO4* ions, so that
the general formula can be expressed as

Cayo-x(HPOL)x(PO4)6-xOH,_y (2)

where 0 < x < 1, thus ranging from Ca/P = 1.67 (HA,x=0) to Ca/P = 1.5
(B-TCP, x = 1). The structure of CDHA can be considered as that of
stoichiometric HA with vacancies in the crystal lattice and more
disorder. When CDHA is heated at 1000-1200°C for 1-4 h, it transforms
into HA and B-TCP [43], their relative quantities depending on the Ca/P
ratio, as for the phase diagram in Figure 1-4. This biphasic material is
also known as BCP (biphasic calcium phosphate), its solubility being in
between those of HA and 3-TCP and, since it contains $-TCP, it is more
biodegradable than HA. For these reasons BCP is an attractive choice to
be used as bone substitute.
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Ca-deficient HA is thought to crystalize starting from amorphous calcium
phosphate (ACP), that is the most unstable and disordered of calcium
phosphates [44]. According to the Ostwald’s step rule [45], the first
compound that precipitates is not the most stable but rather a
metastable phase that is kinetically favored and that transforms step-by-
step into the most thermodynamically stable phase, through a series of
high-energy states. Therefore, ACP is not stable as it rapidly converts
into OCP and then into apatite, but it can be stabilized by the additions of
cations, like Mg?*, molecules (e.g. ATP, casein phosphopeptide and
proteoglycans) and synthetic polymers, like poly(ethylene glycol) [46].

ACP is believed to be the precursor of crystalline apatite also in many
biomineralization processes and it forms when phosphate and calcium
ions are mixed in a supersaturated solution [46]. Even if ACP is an
amorphous material, in 1974 Betts and Posner [47] proposed that it
possesses a short-range order, suggesting the existence of ordered
structures of about 9.5 A, with formula Cas(P0O4)s [48], that are called
Posner’s cluster. The Ca/P ratio of ACP depends on the pH [45] and it
varies from 1.18 to 2.50 [46]. Due to his role in biomineralization, ACP is
considered a promising material to be applied in bone tissue engineering
and in dentistry [49].

15 The bone apatite

The mineral phase of human bones and teeth has been idealized as
hydroxyapatite, but it is actually very different from pure stoichiometric
HA. Biological apatites show a wide range of composition, varying not
only with the biological tissue (bone, dentine, enamel) but also within
the same category. In his book chapter “Phosphate minerals in human
tissues”, LeGeros [41] identified the following characteristics for
biological apatites:

1. Non-stoichiometry: Ca/P ratio of biological apatites ranges from
1.54 to 1.73;

2. Presence of impurities such as Na*, Mg?*, F-, HPO4%,, CO3%" etc.
that can be in the lattice and/or on the surface;

3. Co-existence of possible precursors like ACP and OCP.

A comparison between the average composition of human bone, dentine
and enamel is reported in Table 1-3.
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Table 1-3 Composition of human enamel, dentine and bone. Data expressed in %wt of
dried tissue [41].

Composition Enamel Dentine Bone
Calcium, Ca2* 36.5 27.5 245
Phosphorus, P 17.7 13.0 11.5
Sodium, Na* 0.3 0.6 0.7

Potassium, K* 0.08 0.05 0.02
Magnesium, Mg?* 0.34 0.81 0.55
Carbonate, CO3% 3.5 5.0 6.0

Fluoride, F- 0.01 0.02 0.02
Chloride, CI- 0.30 0.01 0.10
Pyrophosphate, P,07* 0.02 0.08 0.05
Total organic 1.0 20.0 25.0

In bone apatites, impurities can substitute Ca%*, PO43 or OH- in the
apatite crystal, as schematically described in Figure 1-5. These
impurities affect the morphology, the lattice parameters and the
crystallinity of the bone mineral.

B-type A-type

Caig (PO4)s OH,

/

Na,Sr, €03, €O
K’Mg’ HPO4, Cl,F,
VA P,0; H,0

Figure 1-5 Schematic representation of impurities substitution in biological apatites. Z
indicates trace elements (Pb, Ba, Zn, Fe and other cationic elements). B-type and A-type
refer to the type of carbonate substitution. Modified from [41].
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Calcium can be substituted by other cations, which are mainly Na*, Sr2+,
K*, and Mg?*, but there are also other elements that are present only in
traces, such as Pb, Ba, Zn, Fe etc.. Magnesium is known to inhibit the
crystallization of apatite, favoring instead the formation of §-TCP, and to
stabilize the amorphous phase (ACP).

All biological apatites contain significant amounts of CO3% (~3.5-6 wt%),
so that they are usually designated as carbonated hydroxyapatites. The
carbonate ion can substitute either the PO43- site, resulting in a so-called
B-type carbonation, or the OH- site, giving a A-type carbonation.
Carbonate substitutions of type A or type B are visible through different
bands in FT-IR spectra [50]. The incorporation of carbonate ions causes
a reduction in the size of the crystallites, thus a reduction in the
crystallinity, while increasing the solubility and decreasing the thermal
stability [41].

It should be quite clear now that the bone mineral is not hydroxyapatite,
but rather a particular kind of non-stoichiometric, carbonated and highly
substituted apatite, that shows a high degree of crystal disorder. For this
reason, the synthetic production of carbonated and ion-doped apatites is
of great interest for bone tissue engineering [51-56]. Indeed, the
incorporation of such ions in the apatite lattice was found to have
beneficial effects on the bioactivity of the implant. For instance, Sr2* is
thought to contribute in the modulation of key molecules and in the
regulation of genes that control bone resorption and promote
osteoblastic cell proliferation [32,57,58]. Similarly, Mg?* was found to
stimulate bone formation and to promote bone cells adhesion and
stability [59,60], possibly by affecting some ECM proteins and
transcription factors [61].

However, the incorporation of many different ions in the lattice of HA is
not costless or effortless. This is why natural sources of calcium minerals
such as corals, eggshells, seashells and animal bones are very attractive
for the production of bone-like apatite, which is the topic of the next
paragraph.

1.6 Synthesis of HA from natural sources

Natural biological sources such as bone ash, eggshells and seashells are
efficient, available and inexpensive materials to synthesize ion-doped
HA, for they naturally contain those impurity ions (CO3%, Na*, Mg2+ etc.)
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that play a crucial role in the life cycle of bone. In fact, the incorporation
of one or more of these ions in synthetic HA is usually much more
expensive than the production of pure HA and, besides, achieving a good
match with the natural bone composition (Table 1-3) is highly
challenging. On the other hand, the simple calcination of bovine bone
into ash, for example, gives an apatite that contains many additional ions.
According to Akram et al. [62], natural sources for extracting HA can be
classified into bones, plants and biogenic sources (Figure 1-6).

Biological
sources

l Bones ‘ l Plants
l Eggshell l Seashells ‘

Figure 1-6 Classification of natural sources for the extraction of HA. From [62].

Biogenic ‘

Mammalian

b Fish bones
ones

The biggest difference between these natural sources is that the original
biological mineral is either apatite, as in the case of mammalian and fish
bones, or calcium carbonate, as for plants, eggshells and seashells. It
naturally follows that HA can be directly extracted from bones, while a
phosphate provider is needed when dealing with CaCO3 sources.

The extraction of HA from mammalian bones usually involves washing,
boiling in distilled water, treating with NaOH or sodium ipochlorite to
remove dirt and proteins and calcining between 600°C and 1400°C to
completely remove the organic and destroy pathogens [62]. The
resulting apatite contains many beneficial ions, but the original low-
crystallinity and nanometric size can be lost due to the thermal
treatment at high temperature. The most common mammalian bone
used for tissue engineering purposes is bovine bone, which is even
commercialized under the name of Nukbone® (Biocriss, Mexico) and
whose bioactivity was found to be superior than that of pure HA [63].
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The extraction of HA from fish bones is not different from that from
mammalian bones, also requiring a calcination step [64]. Many different
species of fishes were employed, as for example sword fish, tuna [65],
cod fish [66] and tilapia fish scales [67].

While fish bones and scales are sources of apatite, other marine
organisms are, instead, sources of CaCOs. Calcium carbonate is found in
marine organisms either in the form of calcite or of aragonite, which are
two polymorphs of CaCOsz, and it can be used as biomaterial as-is or after
its conversion into HA [68]. Indeed, hydroxyapatite was extracted from
many marine sources including plants, such as red algae and corals, and
animals, like sea urchins, seashells, marine sponges, starfishes,
cuttlefishes, lobsters, crabs, sea cucumbers, snails and shrimps [69]. The
term “biogenic”, which is often referred to these calcium carbonates,
indicates that they have a biological origin. Similarly, bird eggshells are
also sources of biogenic calcium carbonate (calcite), which can as well be
converted into HA and be used as biomaterial [70].

The most common route to synthesize HA from biogenic calcium
carbonate is hydrothermal synthesis. This method basically consists of
putting biogenic CaCOs, a phosphate provider and water in a sealed
vessel and heating it up to obtain vapor at high pressures. This method
was first developed by Roy et al. [71] in 1974, who extracted HA from
coral (aragonite) and whitlockite from starfish spines (calcite), using di-
ammonium phosphate as phosphate provider. The expected reaction for
the formation of HA is:

10CaC05 + 6(NH,),HPO, + 2H,0
= €a10(P0,)s(0H); + 6(NH,),C03 (3)
+ 4H,C 05

It is important to specify that, in the case of Roy et al. but also in other
studies [72-74], the objective was to convert aragonite into HA while
preserving the original structure of the natural materials, since they are
often naturally porous and can therefore be used directly as scaffolds.
The method developed by Roy et al. was used to extract HA from several
marine organisms, for example corals [75], cuttlefish bones [76-80],
mussel shells [81], oyster shells [82] and sea urchins [83]. In some cases
[84-87], the hydrothermal process is preceded by a
calcination/pyrolysis step, in order to transform CaCO3 in CaO and to
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burn off the organics. In other studies, the authors used a phosphate
provider different from (NH4):HPO4, for example MCPA [88], DCPA
[89,90], sodium phosphate [91] and phosphoric acid [92].

Another method to extract HA from biogenic sources is precipitation.
The reactants, which are usually calcined calcium carbonate and
phosphate salt, are completely dissolved in a pH-controlled aqueous
solution and left soaking for many hours (from 24 h to 30 days), until HA
precipitates. This method was used to extract HA from eggshells [93-96],
oyster shells [97] and sea snails shells [98]. In other works [99-102],
precipitation was promoted by exposing the solution to microwave
irradiation.

Finally, mechanosynthesis (or mechanochemistry) is one of the most
straightforward method to synthesize HA. The mechanochemical
reaction is defined as a “‘chemical reaction that is induced by mechanical
energy” [103] and it is carried out simply by milling the reactants with
high energy. The milling process can be performed in dry conditions (dry
milling) or using a liquid media like water, isopropanol or ethanol (wet
milling), which is preferable to not reach too high temperatures.

Wet ball milling was already employed to synthesize calcium phosphates
from eggshells [104-110], cuttlefish bones [111-113], oyster shells
[114] and clam shells [115]. Although, theoretically, only mechanical
energy is needed for carrying out a mechanochemical reaction, many of
these studies reported a more complex procedure, involving either an
initial calcination step [105,109,111,113,115], a final heating step
[111,114-116] or a final sintering [104,105,112]. Ferro and Guedes
[117], instead, used only high energy ball milling to synthesize HA from
cuttlefish bones and chicken eggshells. They found that the reaction path
is different for the two biological materials and that the aragonite from
cuttlefish bones requires less energy than the calcite from eggshells.

Many variables may affect the mechanosynthesis process, for example
milling time, milling speed, ball-to-powder mass ratio, material of milling
balls and vial, filling extent of the vial, type of liquid media (if present)
and milling atmosphere. The ball-to-powder weight ratio quantifies the
amount of balls with respect to the amount of powder and can vary
between 1:1 to ~200:1, being 10:1 the most commonly used in small
mills [103]. Moreover, since the stability of calcium orthophosphates is
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influenced by the pH (see Table 1-2), the pH of the liquid media is also
an important parameter for the mechanosynthesis of HA.

1.7 Biogenic calcium carbonates

Calcium carbonate, CaCO3, is a mineral that is abundant in nature and it
is found not only in rocks but also in many biological organisms. Calcium
carbonate is polymorphous and occurs in three anhydrous crystalline
forms: calcite, aragonite and vaterite. Moreover, there are two crystalline
forms that exist only at high temperature (calcite II and III) and two
hydrated modifications, which are calcium carbonate monohydrate and
calcium carbonate hexahydrate [118,119]. Amorphous calcium
carbonate (ACC), is also found in biological systems, and it is thought to
be the precursors of the crystalline forms in the biomineralization
processes [120].

Table 1-4 Crystal structure of the three anhydrous polymorphs of calcium carbonate.

Crystal
Polymorph Symmetry a(A) b(A) c(A) morphology
[118]
Calcite [121] Trigonal 4976 4.976 16.992 Rhombohedral
Aragonite [122]  Orthorhombic 4.962 7.969 5.743 Needle-like
Vaterite [123] Hexagonal 4130 4.130 8.475 Spheroidal

Calcite has a trigonal crystal symmetry and it is the most stable form of
calcium carbonate at room temperature and atmospheric pressure while
aragonite is considered to be less stable and it has an orthorhombic
crystalline structure [118,124]. Both calcite and aragonite are very
commonly found in biogenic formations. Vaterite, instead, is quite rare
and it is less stable than the other two polymorphs, as it transforms to
calcite or aragonite when exposed to water [125].

Marine organisms often contain calcite or aragonite minerals. Due to the
fact that their structure is usually highly porous, they attracted some
attention from scientists in the field of BTE [68]. These organisms can
selectively form either calcite or aragonite, and sometimes even both,
depending on the different location in their body. The mechanism that
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allows them to induce the formation of one polymorph rather than the
other one is thought to be related to the macromolecules of the substrate,
for example (-chitin and silk fibroin may induce the formation of
aragonite instead of calcite [126]. The CaCOs polymorphs of some
marine organisms are listed in Table 1-5.

Table 1-5 Calcium carbonate polymorphs of some marine organisms. Modified from [69].

Marine organism  Calcium carbonate polymorph

Red algae Calcite
Corals  Aragonite
Snails, limpets  Aragonite

Clams, mussels  Aragonite/Calcite

Lobster, crab, shrimp  Aragonite
Cuttlefish  Aragonite

Starfish  Calcite

Sea urchins  Calcite

Sea cucumbers Calcite

Cuttlefish bone or cuttlebone is the internal shell of cuttlefish (Sepia
Officinalis), a marine mollusk of the order Sepiida. Cuttlefishes are a type
of cephalopods (like octopuses and squids), which account for around
2.5% of the global seafood production, being Japan the principal
consumer of cephalopods in the world [127,128]. Since 1961,
cephalopods have increased in relative terms by 416% to reach an all-
time maximum of around 4 million tons in 2013, before dropping to
around 3 million tons in 2019 [128]. Scientists think that the main
reasons could be two. First, intensive fishing in the last decades has
decimated the fish population that are the cephalopods’ natural
predators, like sharks, big bony fishes and marine mammals. Second, the
temperature increase of the ocean due to global warming could have
accelerated the life cycle of cephalopods [129].

The cuttlebone has the functions of being the rigid structural component
of the cuttlefish body and to serve as a buoyancy tank for the cuttlefish,
providing an efficient means to maintain its vertical position in the sea.
A gas and liquid mixture is used to regulate the pressure inside the
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cuttlebone via an osmotic process, allowing the cuttlefish to maintain its
neutral buoyancy [130].

Cuttlefish bones are composed of two main parts, the dorsal shield and
the lamellar matrix, as shown in Figure 1-7a. The first is a dense, hard
and rigid structure which acts as protection for internal organs and
constitutes the skeletal structure. The second is an extremely porous
structure (up to 90% porosity) that is responsible for the pressure
regulation. It is composed by numerous lamellae that forms many
chambers called septa that are supported by numerous pillars [131]. The
mineral that forms the cuttlebone is aragonite, which is embedded in an
organic matrix of (3-chitin, that was estimated to be around 3-4.5 wt% in
the internal lamellar matrix and 30-40 wt% in the dorsal shield [131].

DORSAL SHIELD LAMELLAR MATRIX 3" NACRE
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Figure 1-7 Illustrations of a cuttlefish (a) and of a mussel shell (b).

Mussels belong to the Mytilus genus and, like all bivalves, are composed
of two almost identical shells. In 2016 the global production of mussels
was of about 2 million tons, mainly cultured in China, E.U. (Spain and
France above all), Chile and New Zealand [132]. The shells are a
defensive system for the mussels, with the function of protecting the
mollusk from external attacks. Mussel shells are composed of 95-99%
calcium carbonate and 1-5% organics [133]. In their cross-section, three
different layers can be observed: (i) the periostracum, which is the
outermost thin organic layer (about 40 pm), with the function of
protection against chemical etching and abrasion, mainly composed of
proteins, proteoglycans and polysaccharides [134,135]; (ii) a middle
layer of about 400 um, composed of calcite crystals; (iii) the inner surface
of the shell, a thin layer of about 10 pm made of aragonite crystals, which
shows a typical iridescent color and it is generally called nacre.
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The sea is not the only place where biogenic calcium carbonate is found,
since all avian eggshells are composed by biogenic calcite. Eggshell is one
of the most common food waste and its world production is estimated to
be around 50’000 tons per year [136]. Eggshells are essential for all the
bird species because, thanks to their unique sophisticated structure, they
perform several important functions. The eggshell must protect the
embryo from the external physical and microbial environment, while, at
the same time, it must be easily broken by the baby bird when it’s time
for it to hatch out. Moreover, the eggshell allows the passage of water
and gases through pores during the extra-uterine life of the embryo and
it also provides calcium for the embryo development [137].

The main component of eggshell is calcite, which accounts of about 94—
97% of the total weight, while the other constituents are Caz(P04)2 (1%),
MgCOs3 (1%), and organic material (4%) [136]. The structure of the shell
can be divided in six different layers, from the inside to the outside: two
uncalcified membranes, both made up of a network of fibers and
composed by fibrillary proteins and collagen types I, V and X; an inner
calcified layer made of irregular cones called mamillae; the thickest part
of the shell, called palisade layer; a thin vertical crystal layer with
crystals aligned perpendicularly to the surface; and an outer thin organic
layer called cuticle. Also the calcified zones contain a little part of
organics, mainly glycoproteins and proteoglycans [137,138].

In the present thesis work, cuttlebones (CB), mussel shells (MS) and
chicken eggshells (ES) were used as biogenic sources of calcium
carbonate to synthesize calcium phosphates for bone regeneration
applications. They were selected because of their abundance and
availability, as well as for their different crystallographic composition:
aragonite in CB, calcite in ES and aragonite/calcite in MS.

1.8 Additive manufacturing of bioceramic scaffolds

In the 2018-2019 biennium about 15’000 articles dealing with additive
manufacturing (AM) were published on scientific journals, a fact that
gives an idea of the increasing attention that this technology is attracting
from scientists and engineers. In many cases these publications also
highlight the potential use for bone tissue engineering [139].

With respect to conventional methods, AM technologies have several
advantages for the fabrication of scaffolds for bone regeneration. First of
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all, by using a three-dimensional computer aided design (CAD) model, it
is possible to fully design the scaffold’s porosity. As mentioned in
paragraph 1.2, porosity is crucial not only for the mechanical properties,
but also for the formation of blood vessels, for storing and protecting the
bone marrow and for hosting the bone cells. Moreover, the geometry of
the pores was found to have an influence on the bone cells, since tissue
regeneration increases with curvature and on concave surfaces [140]. In
contrast to AM, porosity is not easy to control with conventional
scaffolds fabrication technologies such as chemical /gas foaming, solvent
casting/particulate leaching, freeze drying, thermally induced phase
separation and foam-gel [141,142]. Another important advantage of AM
is that, by using x-ray computed tomography on the bone defect site, the
shape of the scaffold can be fully customized to be patient-specific,
without using any mold [143].

Polymers, metals, ceramics and composite materials can all be 3D
printed with different AM processes, such as SLA (stereolithography),
SLS (selective laser sintering), SLM (selective laser melting), FDM (fused
deposition modelling), robocasting or DIW (direct ink writing) and
binder jetting or P-3DP (powder 3D printing) [141,144]. SLA is a process
that uses UV light to crosslink sequentially deposited layers of a
photosensitive resin, while FDM, instead, consists of extruding a
thermoplastic material through a printing nozzle [144,145]. In P-3DP, a
liquid binder is selectively spit onto a powder bed, binding together the
desired particles layer by layer, while in SLS and SLM the selected spots
of the layers are consolidated through the heat provided by a laser beam.
These processes can be applied to powders (P-3DP, P-SLS and P-SLM) or
to slurries (S-3DP and S-SLS) [146]. DIW is somehow similar to FDM,
where the material extruded is not a thermoplastic polymer but a
ceramic paste. In this work, bone scaffolds are fabricated by FDM and P-
3DP and therefore their schematic illustrations are shown in Figure 1-8.

When coming to the material choice, most processes have alimited range
of printable materials, mainly consisting of synthetic polymers and
metals [146]. In fact, polymers are very easily processed: thermoplastics
can be extruded (FDM), while polymeric resins can be hardened by heat
or by UV light (SLM and SLA). Metals are usually processed in the form
of powders and consolidated by local heating (SLS). Either way, in the
case of both polymers and metals, a finite component is produced with
the 3D printing process. Ceramics, instead, due to their very high melting
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temperature, usually need to be post-processed after printing to be
consolidated. Either printed as slurries, pastes or powders, green
ceramic parts are bound together by binders, which are for example
liquid polymeric resins, photocurable polymers or organic substances
[147]. After that, the binder needs to be removed and the part needs to
be consolidated by a sintering process. It is worth to mention, though,
that this is not the case of cements, because they harden simply by the
addition of water, which is used as binder.

MELTED MATERIAL

ROLLER BINDER DROP
WaTS / POWDER BED
/

| POWDER || _— rpart

Figure 1-8 Simple illustrations of an extrusion-based 3D printing process or FDM (a) and
of a powder 3D printing process (P-3DP) (b).

In bone tissue engineering (BTE), bone ceramic scaffolds were 3D
printed by SLS, SLA, FDM, P-3DP and DIW by using several calcium
phosphates, such as HA, 3-TCP, a-TCP, biphasic HA/B-TCP, tetracalcium
phosphate and octacalcium phosphate [148,149]. In general, two
different approaches can be followed: either the ceramic material is used
in combination with a polymer to form biocomposite scaffolds, or it is
used alone to obtain pure bioceramic scaffolds. Both approaches have
pros and cons, as described in paragraph 1.3 when discussing the
properties of the different materials used in BTE. In the SLS process the
ceramic powders are usually blended with polymers such as PLA [150],
PDLLA [151], PCL and PEEK [152] to form composite materials. The
same is applicable for FDM, for example by using calcium phosphates
like HA and B-TCP as fillers in PLA [27-29] or PCL [24,25,30-32].
Conversely, P-3DP, SLA and DIW allow to fabricate pure ceramic
scaffolds.

In the frame of this thesis work, we are particularly interested in the 3D
printing of ion-doped and naturally derived calcium phosphates. Gémez-
Lizarraga et al. [63] fabricated composite scaffolds via extrusion 3D
printing using PCL and HA derived from bovine bones. They compared
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pure PCL, PCL with synthetic-HA and PCL with bio-derived HA, finding
that cells proliferation in vitro was highest on samples containing 10
wt% of bovine bones-derived HA. Similarly, Jiang et al. [153] used the
same AM process to produce a 3D printed PCL/bovine-HA scaffold,
which was then implanted into a 1.5-year-old dog. The experiment
showed good bone ingrowth and connection with the surrounding
tissue. More recently, Sr-doped nano-HA was used to fabricate pure
ceramic scaffolds by DIW. The in vitro tests showed better cell
proliferation and differentiation for the samples with 5% of Sr [154] and
with 10-15% of Sr [155]. DIW was also used by Mocioiu et al. [156] to 3D
print bone scaffolds by using Rapana venosa shells-derived HA, resulting
in a cell viability similar to that of synthetic HA. The SLS process was
instead used to fabricate composite scaffolds made of PLLA and
cuttlefish bone powder [157]. Interestingly, the hydrothermal
transformation of the cuttlebone into HA was performed after printing.
The biological tests revealed that the scaffolds were non-cytotoxic.

When considering candidate materials for AM processes, one of the main
technological aspects to take into account is the powder size distribution
(PSD). For example, in extrusion-based processes, the main limitation is
the size of the nozzle, which of course should be bigger of the dimensions
of the ceramic particles. When, instead, coming to powder-based
processes such as P-3DP, P-SLS and P-SLM, the particle size is important
for obtaining a smooth and regular powder flow, which is desirable to
have a flat and smooth surface of the powder bed. This property of the
powders is called flowability. Moreover, the particle size distribution
determines the density of the powder bed and therefore of the green
object, that is crucial to achieve high densification during sintering.

In this perspective, it is very difficult to 3D print very fine powders or
even nanopowders, which is usually the case of bio-derived calcium
phosphates, as a result of their synthesis process. In fact, very fine
powders tend to stick together due to their high specific surface area
(SSA) and to form green parts with very low-density. As a reference, one
shall consider that powder-based processes usually require particle
sizes in the range of 30-100 um in order to achieve good powder
flowability and densification [146]. It is therefore not surprising that, so
far, there are no studies about P-3DP of bio-derived nano-HA, while
other technologies like DIW or the use of composite materials are instead
preferred.
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Aim of the work

The first objective of the present work is to synthesize bone-like apatite
starting from biogenic calcium carbonate sources, namely cuttlefish
bones, mussel shells and eggshells. Moreover, the second objective is to
use these bio-derived materials to produce scaffolds for bone
regeneration by 3D printing.
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Chapter 2

Biogenic raw materials

21 Introduction

This chapter deals with the characterization of the raw materials used in
this thesis work. These are biogenic calcium carbonates, namely
cuttlefish bones (CB), eggshells (ES) and mussel shells (MS). Part of the
material of this chapter has been already published in [158].

2.2 Methods

Cuttlefish (Sepia Officinalis) bones were collected from several local fish
shops, where they had been stored in the refrigerator until collection.
Mussel shells (Mytilus Galloprovincialis) were kindly supplied by a local
restaurant, possibly after being cooked and served to customers,
therefore most likely being exposed at temperatures below 200°C.
Chicken eggshells, instead, were collected “fresh” in a local bakery, after
being separated from yolks and albumens. The organic layer of MS,
periostracum, was manually removed, while the two internal organic
membranes of the ES were instead kept.

Then, all materials were rinsed under tap water and boiled in
demineralized water for 10 min, in order to remove bacteria and other
possible microorganisms. Afterwards, they were dried overnight in an
oven at 100°C. Some CB, MS and ES were kept aside for the SEM analysis,
while all the others were ground into powders in a centrifugal mill
(Retsch S100) working at 400 rpm for 30 min. The powders were then
sieved, in order to eliminate particles larger than 300 pm.

The morphology of the three biogenic powders and of the cross-sections
of a cuttlebone, a mussel shell (with periostracum) and an eggshell were
observed by field emission scanning electron microscopy. Images were
taken with a FE-SEM SUPRA 40 (Carl Zeiss Microscopy GmbH)
instrument, using secondary electrons and energy 3.00 kV. The FE-SEM
images were analyzed with the software Image].
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Thermal analyses (TGA/DTA) were performed to evaluate the CaCO3
content and organic matter in the biogenic powders. The analyses were
carried out using a NETZSCH Geraetebau GmbH STA 409 thermobalance.
The tests were performed by heating the samples in an alumina crucible
from room temperature up to 975°C at 10°C/min in flowing air.

The crystalline phases were characterized X-ray diffraction (XRD), using
an Italstructures IPD3000 X-ray diffractometer, equipped with a Co
anode source (Ka radiation 1.78892 A), a multilayer monochromator to
suppress k-beta radiation and fixed 100 um slits. The powder samples
were put in reflection geometry, with a fixed omega angle with respect
to the incident beam. An Inel CPS120 detector was used to collect the
diffraction data over 5°-120° 2-theta range (0.03 degrees per channel).
The quantitative analysis was done with the Rietveld software Maud
[159], using the database COD [160] to download the following crystal
phases: calcite n. 4502443 [121], aragonite n. 2100187 [122]. The JCPDS
cards were instead taken from the PDF2-2004 database.

The FT-IR analyses were carried out in order to support and confirm
XRD data. The spectra were collected with a FTIR Thermo Optics Avatar
330, in transmission mode, using KBr pellets, over the 4000-400 cm~!
range.

The presence of ions and trace elements (Na, K, Mg, Sr, Zn) in the
biogenic powders was estimated by Inductively Coupled Plasma/Optical
Emission Spectroscopy (ICP/OES), using a Spectro Ciros Vision CCD
(125-770 nm). The samples were solubilized in ultrapure nitric acid (70
vol%, Sigma-Aldrich) and diluted with pure water (obtained by reverse
osmosis, o < 0.1 uS cm1).

2.3 Results and discussion

Some SEM pictures of the cross-section of a cuttlefish bone are shown in
Figure 2-1. The two different regions, dorsal shield and lamellar matrix,
are clearly visible. The thickness of the dorsal shield is 249 * 19 pm, as
measured with the software Image]. The lamellar matrix, instead, is
formed by many different chambers of height 469 *+ 12 pm and width
107 £ 14 pm.
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Figure 2-2 SEM pictures of the cross-section of a mussel shell and of the internal surface
(bottom, right) of a mussel shell.
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The cross-section and the internal surface of a mussel shell are shown in
Figure 2-2. As already explained in paragraph 1.7, the cross section of the
shell is characterized by three different layers: an external organic layer
called periostracum, a middle layer made of calcite crystals and an inner
aragonitic layer with the typical iridescent color, also known as nacre or
mother of pearl. The iridescence of nacre is due to the periodicity of the
stacked aragonite crystals [161], that is comparable to the wavelength of
light [162]. The beautiful structure of nacre can be observed in Figure
2-2, both in the surface view (bottom, right) and in the cross-section
(upper, right), where the stacked aragonitic tiles are clearly visible. The
thickness of the nacre’s platelets, measured with Image], is 993 * 68 nm,
which is just slightly larger than what reported in the literature [161]
and of the wavelength of light (400-700 nm). In the image reported in
Figure 2-2 (upper, left), the thickness of the nacreous layer is 432 + 9 ym
and that of the calcitic layer is 307 + 8 pm. However, the nacre’s thickness
is not constant along the shell, it decreasing from the center to the
borders, where it is completely absent. The periostracum, instead, was
measured to be 38 + 1 pm thick.
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Figure 2-3 SEM pictures of the cross-section of an eggshell and of the external surface
(bottom, right) of an eggshell.
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An eggshell’s cross-section and external surface are shown in the SEM
pictures of Figure 2-3. The different layers of the eggshell are marked in
the pictures following the explanation of paragraph 1.7. However, a clear
separation between the mammillae, the palisade layer and the vertical
crystal layer is not visible and therefore their individual thickness was
not calculated. The peculiar porous structure of the cuticle is visible in
the picture of the external surface (bottom, right), where the spherical
aggregates most likely correspond to small hydroxyapatite crystals
[138]. The total thickness of the calcitic part of the shell was measured
to be 346 * 4 um, while that of the fibrous organic membranes is 33 + 5

‘EGGSHELL
7%

Figure 2-4 SEM pictures of the three biogenic powders.

The SEM pictures of cuttlebones, eggshells and mussel shells after being
ground into powders by milling are reported in Figure 2-4. The particles
show irregular shapes and sizes from few micrometers to 100-200 pm.
Moreover, particles of organic material are visible in all three biogenic
CaCOs powders.
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Figure 2-5 TGA/DTA diagrams of the biogenic calcium carbonate powders: all weight
losses (a) and first part of the weight loss curves with DTA of cuttlebone (b), mussel shell
(c) and eggshell (d).

The DTA/TG diagrams of the three biogenic CaCO3 powders are shown
in Figure 2-5. In the TGA diagrams, four different weight losses can be
distinguished, as listed in Table 2-1. The first loss is observed at
temperatures below 150°C and corresponds to the evaporation of water,
while the second weight loss occurs at 250°C-380°C and it is related to
the exothermic decomposition of proteins and other organics. A third
mass reduction is visible at 380°C-600°C, and, as in [163], can be
associated with the decomposition of residual organic. Finally, a large
weight decrease corresponding to calcination (endothermic) occurs at
700-850°C.
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Table 2-1 Weight losses of the biogenic powders as estimated by TGA.

Cuttlebone Mussel shell Eggshell

st
1t loss 0.7% 0.4% 0.6%
(water)
2 Joss
(proteins and residual 5.3% 3.0% 3.5%
organics)

rd
3 loss . 2.4% 1.7% 2.1%
(residual organics)

th
4% loss 38.8% 41.1% 41.6%
(calcination)
Total loss 47.2% 46.0% 47.8%
Total CaCO; 91.6% 94.9% 93.8%
Total organics 7.7% 4.7% 5.6%

The thermogravimetric analyses allowed to calculate the relative
amount of calcium carbonate and organic material in the biogenic
powders, an information that is used in the following chapter for the
synthesis of calcium phosphates: the CaCO3 content was estimated to be
91.6%, 94.9% and 93.8%, in the cuttlefish bone, mussel shell and
eggshell powder, respectively. The cuttlebone powder contains the
larger amount of organics, 7.7%, most likely because both the lamellar
matrix and the dorsal shield were used to produce the powder, the
dorsal shield containing about 30-40% of organics [131], as already
mentioned in paragraph 1.7. As for mussel shells, even if the
periostracum was manually removed, the organic content in the powder
was found to be consistent with the literature [133], it being 4.7%. In
fact, in addition to the periostracum, other organic material is present
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also in the mineralized layers of the shell; for example, -chitin and
glycine- and alanine-rich proteins are the matrix where the aragonitic
tiles of nacre are embedded [126]. Anyhow, it can also be observed that
the organic contents estimated with TGA analyses all seem to be slightly
larger than the values found in the literature. For eggshells, for example,
5.6% of organics is found by TGA, while in [136] it is reported about 4%.
Anyhow, the deviation is really small and can be attributed either to the
raw materials, that have an intrinsic variability, either to small
differences in the experimental methods.

X-ray diffraction diagrams of the three biogenic powders are shown in
Figure 2-6. The spectra were acquired on the powders as-is and after
heating them at 420°C and 600°C (ramp 10°C/min, dwell 1 h). This was
carried out in order to investigate any eventual phase transformation
before calcination. As expected, cuttlebone was found to be composed by
aragonite, eggshells by calcite and mussel shell by a mixture of calcite
and aragonite. The relative quantity of aragonite and calcite in MS, as
estimated by the Rietveld method, is about 70 wt% calcite and 30 wt%
aragonite.

In all cases, but especially for ES and CB, the relative intensity of the
diffraction peaks differs from standard calcite and aragonite, as can be
seen by comparing the spectra with those in Figure 2-6d. This is not
surprising, because biogenic calcium carbonates very often show a
texture, due to a preferred orientation and growth direction of the
crystals during biomineralization. Indeed, texture in cuttlefish bones has
been already observed by Rocha et al. [76], who noted a great difference
in the peak intensities between spectra taken with the X-ray incidence
beam parallel or perpendicular to the direction of the lamellae. The
eggshell, instead, was shown to have a texture gradient [137], which
allow it to fulfill its needs: large crystals on the external surface,
separated by thin organic layers, absorb the impacts from outside; while
small spherulitic crystals in the inner mammillae layer make the cracks
propagation easier, in order to be easily broken from the inside.
According to Nikolayev et al. [164], mussel shells possess
crystallographic textures both in the calcite and in the aragonite layers,
the calcitic one showing a sharper texture than the nacreous aragonitic
layer. Moreover, they found that nacre shows a change in texture
depending on its position in the shell, while calcite does not.
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Figure 2-6 XRD spectra of cuttlebone (a), mussel shell (b) and eggshell (c) powders at room
temperature and after heat treatment at 420°C and 600°C. Standard intensities of XRD
reflections of aragonite and calcite from JCPDS cards (d).

The XRD data of the heated powders in Figure 2-6 show that the
aragonitic phases of the cuttlebone and mussel shell powders convert
into calcite upon heating. This is due to the fact that aragonite is a bit less
stable than calcite, as already explained in paragraph 1.7. Moreover, one
can observe that the crystallographic texture of the calcite crystals in the
heated CB powder changes upon heating from 420°C to 600°C (Figure
2-6a), while the same effect is not clearly observable for the MS powder
(Figure 2-6b). Similarly, the ES calcite shows different textures among
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samples that were subjected to different thermal treatments, none of
them corresponding to standard calcite (Figure 2-6c). The reasons for
such behavior are probably complex, and specific XRD texture analyses
would be needed to go deeper in this topic. However, this is not the
objective of this study and therefore will not be further discussed.
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Figure 2-7 FT-IR spectra of eggshell (ES), cuttlebone (CB) and mussel shell (MS) powders.

The FT-IR spectra of the three biogenic powders are shown in Figure 2-7.
All infrared absorptions are related to the carbonate vibrational modes
[165,166], with the exception of the peaks corresponding to water at ~
1635 cm? and at ~ 3400 cml. These results also confirm the XRD
analyses, since the aragonite phase in CB and MS is highlighted by the
presence of the characteristic peakat 1082 cm-1, which is associated with
the symmetric carbonate stretching vibration (v1). The predominance of
calcite in ES and MS is also revealed by the out-of-plane bending
vibration (v2) at 876 cm-1, typical of calcite, while in the CB spectrum the
same vibrational mode is found at 854 cm , which is typical for
aragonite [118].
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The presence of additional elements in the natural CaCO3 sources was
analyzed with ICP/OES and the results are listed in Table 2-2.
Phosphorus and sodium are present in all samples, the content of P being
very similar among the different natural sources (0.17 wt%), while Na
being present especially in CB (0.68 wt%). Traces of Mg and Sr were also
detected in all the three biogenic powders, magnesium being present in
a larger amount in ES (~0.4 wt%) and strontium in CB (~0.2 wt%). The
presence of Sr in cuttlebone and Mg in eggshell is already well known, as
reported in other research works [138,167-169]. Moreover, cuttlebones
shows also traces of K and Zn, and eggshells of K and Ba.

Table 2-2 ICP/OES semi-quantitative analyses (wt%) of trace elements in the biogenic
powders.

Other
Biogenic CaCO3 P Na K Mg Sr relevant

traces
Cuttlebone 0.17 0.68 <0.1 <0.1 0.17 Zn
Mussel shell 0.17 0.30 - 0.1 0.1 -
Eggshell 0.17 0.13 <0.1 0.35 <0.1 Ba

2.4 Conclusions

Cuttlefish bones, mussel shells and chicken eggshells are biogenic
sources of calcium carbonate, which constitutes, respectively, the 91.6%,
94.9% and 93.8% of their weight, while the rest is composed of absorbed
water and organics. The CaCOs crystals are 100 wt% aragonite in
cuttlebone, 100 wt% calcite in eggshell and 70/30 calcite/aragonite in
mussel shell. The XRD spectra showed some texture in all samples,
highlighting that these biogenic crystals have a preferential orientation.
Moreover, other elements like P, Na, Mg and Sr were found in small
amounts in all the three biogenic powders, especially Mg in eggshells and
Srin cuttlebones.
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Chapter 3

Synthesis of bone-like apatite from biogenic
calcium carbonates

3.1 Introduction

The synthesis of bone-like apatite powders starting from cuttlebones,
eggshells and mussel shells powders is discussed in this chapter. The
process used is basically a wet mechanosynthesis followed by drying in
an oven at relatively low temperatures (up to 150°C). The process
efficiency was studied in terms of efficiency by analyzing the influence of
the following parameters: milling time, initial pH of the milling media
and drying temperature. Part of the content of this chapter has been
already published in [158].

3.2 Methods

The three biogenic CaCO3 powders (cuttlebone, CB; mussel shell, MS;
eggshell, ES) described in Chapter 2 were used for the synthesis of
hydroxyapatite. The raw material was mixed with an aqueous solution
in a 250 ml polyethylene bottle with 5 mm diameter zirconia balls (ball
mass = 0.5 g), with ball-to-powder mass ratio equal to 10:1, using a
planetary mixer (Turbula® T2F) working at 90 rpm.

The initial pH, measured with a laboratory pH-meter, was varied to
perform the ball-milling in three different aqueous solutions:

1. ammonium phosphate dibasic ((NH4)2HPO4) - initial pH = 8.5;

2. ammonium phosphate dibasic ((NH4)2HPO4) and ammonium
hydroxide (NH4OH)- initial pH = 13;

3. phosphoric acid (H3PO4)- initial pH = 3.2.

Ammonium phosphate dibasic, CAS: 7783-28-0, was purchased from
Fluka; the phosphoric acid, ~ 85 % H3PO4, CAS: 7664-38-2, from CARLO
ERBA Reagents and the ammonium hydroxide, ~ 28-30% NH4OH, CAS:
1336-21-6, from Sigma-Aldrich.
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The relative quantities of the reactants (CaCO3 and P043-) were set in
order to have a Ca/P molar ratio equal to 1.67 (hydroxyapatite). The
amount of CaCOs in the biogenic powders was estimated by
thermogravimetric analysis, as discussed in the previous chapter.
Different milling times were considered, from 30 min to 72 h. After
milling, the slurry was dried for 24 h at different temperatures, 25°C,
90°C, 120°C and 150°C.

The output of each reaction, i.e. the conversion of aragonite and/or
calcite into hydroxyapatite, was evaluated by XRD. As in the previous
chapter, the used X-ray diffractometer was an Italstructures [IPD3000, Co
Ka radiation (1.78892 A), detector Inel CPS120, 5°-120° 2-theta range
(0.03 degrees per channel). The spectra were analyzed with the software
QualX and Maud [159]. For Maud, the database COD [160] was used to
download the following crystal phases: calcite n. 4502443 [121],
aragonite n. 2100187 [122], hydroxyapatite (HA) n. 4317043 [170],
brushite n. 1533075 [171] and ammonium phosphate dibasic n.
9011121 [172]. QualX was used with the database PDF2-2004, which
allowed to recognize the peaks corresponding to ammonium calcium
phosphate hydrate, NH4CaPO4+*H20 (JCPDS cards 00-200-202).

Some of the as-synthesized powders were also characterized by FT-IR,
ICP/OES and SEM. Infrared spectra were collected in transmission mode
with a FTIR Thermo Optics Avatar 330, using KBr pellets, over the 4000-
400 cm-1 range. The content of the carbonate substitutions into the
apatite structure was estimated with a method proposed by Grunenwald
etal. [173], by the equation

Weo, = 28.62 1/, + 0.0843 (4)

where r¢yp is the ratio of the area below the carbonate peaks (1330-1530
cm1) and the phosphate peaks (1230-900 cm1).

ICP/OES was used to estimate the Ca/P ratio with a Spectro Ciros Vision
CCD (125-770 nm), using hydroxyapatite ultrapure standard
(>99.995% trace metal basis, Sigma-Aldrich). The samples were
solubilized in ultrapure nitric acid (70 vol%, Sigma-Aldrich) and diluted
with pure water (obtained by reverse osmosis, o < 0.1 uS cm-1). The
emission lines chosen for the analysis were 184 nm for Ca and 178 nm
for P. AFE-SEM SUPRA 40 (Carl Zeiss Microscopy GmbH) instrument was
used to analyze the morphology of the powders. Finally, the specific
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surface area (SSA) of the powders was measured with an ASAP 2010
Micromeritics apparatus, using the B.E.T. theory [174] on the adsorption
of N2 at-196°C.

3.3 Results and discussion

3.3.1 Synthesis of HA: analysis of the influence of the process
parameters

The phase composition of powders dried at different temperatures, from
room temperature to 150°C, are shown in Figure 3-1 and Figure 3-2.
These results suggest that the temperature at which the slurries are
dried after ball-milling has a significant influence on the synthesis
efficiency. Figure 3-1 shows the diffraction patterns of eggshell powder
ball-milled in basic (Figure 3-1a) and acidic (Figure 3-1b) solutions and
dried at different temperatures. In both cases, ES-calcite converted into
HA only when the slurry was dried in the oven, while, at room
temperature, two different intermediate phases appeared instead. These
other intermediate phases are brushite (CaHP04*2(H20), ICDD card n.
00-009-0077) for the process carried on with H3PO4, and ammonium
calcium phosphate monohydrate (NH4+CaPO4+*H20, ICDD card n. 00-020-
0202) for the reaction with ammonium phosphate dibasic and NH4OH.
When, instead, the slurries were dried in the oven, the formation of HA
was promoted. The higher the temperature, the more the reaction was
favored, as indicated by the peaks corresponding to the unreacted calcite
becoming smaller when the temperature increases from 90°C to 150°C.

Similar observations can be performed for MS- and CB-derived powders
(Figure 3-2). After drying the ball-milled MS slurry at room temperature
(Figure 3-2b), brushite is formed but, when heating at 100°C, HA is
visible, as well as some residual calcite. This residual calcite is
completely missing after drying at 120°C, which makes the
transformation into HA complete. Slightly different is instead the
behavior of the CB powder, as no intermediate phase appears at room
temperature. In this case, the XRD spectrum reveals aragonite and
unreacted ammonium phosphate dibasic, together with an incipient
formation of HA (Figure 3-2a). The conversion of CB-aragonite into HA
is instead almost complete when drying the slurry at 100°C (a small
aragonite peak is still visible), and complete at 120°C.
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Figure 3-1 XRD spectra of eggshell powder milled for 4 h and dried and different
temperatures. Synthesis in basic solution, initial pH = 13 (a) and synthesis in acidic
solution, initial pH = 3.2 (b).
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Figure 3-2 XRD spectra of cuttlebone powder (a) and mussel shell powder (b) milled for 4
h and dried at different temperatures. Synthesis performed at initial pH = 8.5 (a) and at
initial pH = 3.2 (b).

This may suggest that the path for the conversion of the two calcium
carbonate polymorphs into HA is different: calcite passes through an
intermediate phase, which can be, depending on the pH, brushite or
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NH4CaPO4*H20, while aragonite transforms directly into HA. In fact, only
in the case of CB some unreacted phosphate is present after drying at
room temperature, while the other two biogenic powders behave
differently. First, they transform partially into an intermediate with Ca/P
ratio 1:1 and then, with heating, the residual calcite reacts with the
intermediate phase and forms HA, which is richer in calcium, with Ca/P
ratio = 5:3.

The strong influence of the drying temperature on the synthesis process
is quite interesting and rather surprising. In fact, initially the slurry was
dried at about 100°C just to remove the water, without considering it as
an important variable. This was because, as suggested in the work by
Ferro and Guedes [117], the main parameter affecting the
mechanosynthesis process was thought to be the milling time, i.e. the
amount of mechanical energy. However, in the present study, the milling
time appears to not have much influence of the process.

0 o HA ES x|+ Calcite
cB o h « NH,CaP0O,"H,0

48h ¢, 0 o o 0
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5 \\MM_ 5 ash
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= =
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Figure 3-3 XRD spectra of powders ball-milled for different times. Cuttlebone powder
milled at initial pH = 8.5 and dried at 120°C (a) and eggshell powder milled at initial pH =
13 and dried at room temperature.

This is clear when looking at the XRD spectra of cuttlebone and eggshell
powders ball-milled for different times (Figure 3-3). The two powders
were treated with different synthesis conditions: CB was ball-milled at
initial pH = 8.5 and dried at 120°C while ES at initial pH = 13 and dried
at room temperature. In both cases, the spectra of the powders ball-
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milled for different times appear almost identical. In the case of ES, dried
at room temperature, no HA is formed even after 72 h of milling (Figure
3-3b); in the case of CB, dried at 120°C, the transformation into HA is
complete already after 30 min and no changes are observable up to 48 h
of milling (Figure 3-3a).

Itis believed that, for some reasons, in these experiments the mechanical
energy alone was not sufficient to promote the reaction of
hydroxyapatite formation. The heat used for drying the slurry, instead,
supplied the required energy more efficiently with respect to the
mechanical energy provided by milling. However, there are many other
factors that could have influenced the reaction, such as the solid content
of the slurries, the quantity of processed powder per batch (vial filling),
the diameter and material of the milling balls, the ball-to-powder ratio,
the milling speed, etc. It is therefore possible that different results could
have been obtained when changing these variables.
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Figure 3-4 XRD spectra of eggshell powder processed at different initial pH (a) and of
powders from different biogenic sources processed at initial pH = 8.5 (b). Milling time 4h,
drying at 120°C for 24 h.

Figure 3-4a shows the diffraction patterns of eggshell powder processed
at different initial pH, thus in slightly basic, basic or acidic milling media.
It can be observed that the conversion of the ES-calcite into HA is
complete only when the process is carried out with phosphoric acid, i.e.,
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at initial pH = 3.2. When, instead, the process is performed using
ammonium phosphate dibasic, some calcite remains unreacted. Similar
observations can be done also by comparing Figure 3-1a and Figure
3-1b, which show the XRD spectra of ES powder synthesized at different
temperatures in basic or acidic media, respectively. Therefore, the acidic
solution favors the reaction, most likely because it promotes the
dissolution of CaCOs.

The difference between the behavior of the three biogenic sources can
be further understood by looking at Figure 3-4b, which shows the
spectra of ES, CB and MS powders processed with the same conditions
(pH = 8.5, milling time 4 h, drying temperature 120°C). It can be seen that
CB-aragonite converts completely into HA, while the transformation is
only partial for MS and ES. As mentioned in paragraph 1.7, aragonite is
slightly less stable than calcite [124,175] and therefore it is possible that
it transforms more easily into HA, most probably requiring less energy
with respect to calcite. This is in agreement with the literature [117] and
it may explain why CB, which is composed of 100% aragonite,
completely transforms into HA, while ES, consisting of pure calcite, has
the largest amount of residual calcite. Some unreacted calcite is revealed
also in the XRD pattern of MS; which is a mixture calcite/aragonite.
Anyway, it can be observed that no residual aragonite is present, neither
in CB nor in MS, which again confirms the idea that aragonite transforms
easier into HA, most probably also following a different path.

3.3.2 Bio-derived apatites characterization

In the previous paragraph, the wide width of the peaks of the XRD
spectra indicates that the crystals are nanosized. This is confirmed by the
Rietveld analyses, which allowed to calculate crystallite sizes of 13 nm
(ES and MS) and 25 nm (CB). Moreover, all the synthesized apatites show
a preferential growth along the c-axis, which is revealed by the high
relative intensity of the (002) peak at about 30° with respect to the (211)
one at 37° (Figure 3-4) [176].

Figure 3-5 shows the FT-IR spectra of HA powders produced from the
three different biogenic sources. The analyses show that, in all cases, we
deal with carbonated hydroxyapatite. Carbonate substitutions
correspond to the peaks at about 875 cm-1 for the v2(CO3) vibration mode
and between 1400 and 1500 cm! for the v3(CO3) vibration mode. These
substitutions are A-type, B-type and labile (meaning in a not crystallized
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region), thus resulting in carbonated AB-type apatite. In fact, the A-type
substitution typically give rise to a peak at about 1545 cm-!, while labile
CO3% to peaks at 1416-19 cm [173,177]. The B-type substitution,
instead, is revealed by the peak centered at 874 cm, that has two
contributions (zoom in Figure 3-5c): A-type at 878 cm-! and B-type at
872 cm™ [177]. However, there could be also a contribution of HPO4%
that has a characteristic peak at 875 cm-! [173]. The phosphate groups
are revealed by the peaks at 563-602 cm (v4(PO4)), at 960 cm?
(v1(P0O4)), at 1032 (v3(P04)) and by the shoulder at 1100 cm! (v3(P04))
[178,179]. Moreover, structural OH groups correspond to the peaks at
1635-1647 cm-!, while the sharp peak at 1385 cm-! might be associated
to the presence of NOs2- [177,180].
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Figure 3-5 FTIR spectra of HA powders produced from ES, CB and MS (a); zoom on the
v3(COs3) band (b) and zoom on the v2(C03) (c). ES and MS: 4 h milling with HsPO4 and
drying at 150 °C; CB: 4 h milling with (NH4).HPO4 and drying at 120 °C.

The total amount of carbonate substitutions was evaluated by
comparing the area below the carbonate peaks (1330-1530 cm1) and
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the phosphate ones (1230-900 cm-1). The weight content of CO3? is
therefore equal to 4.0% for ES, 4.9% for MS and 6.0% for CB. These
quantities are comparable with the composition of natural bone, which,
as previously showed in Table 1-3, contains about 4-6 wt% of carbonate
ions.

Table 3-1 shows the results of the ICP/OES analyses. The content of Ca
and P yields to Ca/P ratios lower than 1.67 for the apatites synthesized
from CB and ES, meaning that they are calcium deficient HAs (CDHA).
The powder synthesized from MS, instead, is characterized by a Ca/P
ratio larger than 1.67. Anyway, all of them are non-stoichiometric, like
the bone mineral (see paragraph 1.5). The ICP/OES analyses also
detected the presence of impurities, as a consequence of the natural
origin of the powders. In fact, traces of Na, Mg and Sr are present in all
apatites, while K only in CB and ES. Similarly to the original biogenic
calcium carbonates (see Chapter 2), Mg is present mainly in the apatite
derived from ES (~0.3%) and Sr in the one from CB (~0.2%). Moreover,
other impurities in very small quantities (<50 ppm) were also detected,
like Cl in CB, Bain CB and ES, Zn in CB, and Fe, Si, and Mn in MS.

Table 3-1 Ca/P molar ratio and content of Na, K, Mg, and Sr of apatites synthesized from
different natural sources (measurements by ICP/OES)

Biogenic Ca/-P molar Na K Mg Sr

source ratio

MS 1.76 £ 0.02 0.3 wt% - 0.1 wt% 0.1 wt%
CB 1.64 £0.02 0.9 wt% 0.1wt% 0.1wt% 0.2 wt%
ES 1.58 £ 0.02 0.1 wt% 0.1wt% 0.3 wt% <0.1wt%

The morphology of the HA crystals is shown in the FESEM pictures in
Figure 3-6. The thickness of the crystals is about 20 nm, while the length
is in the order of hundreds of nanometers. It can also be noticed that the
crystals have a plate-like shape, also known as leaf or flake shape [181].
These HA crystals are aggregated in particles, with dimensions ranging
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from few micrometers to about 300 um. The specific surface area (SSA)
of the powders was measured to be 47 m?/g for CB-HA, 124 m?/g for ES-
HA and 94 m?2/g for MS-HA. These high values highlight the nanometric
dimensions of the powders, resulting in mean sizes of 15-40 nm, if
considering spherical particles.

Figure 3-6 FESEM micrographs of the HA crystals obtained from CB, MS and ES. Milling
time 4 h. Drying temperature 120 °C (CB, MS) and 150°C (ES); initial pH = 8.5 (CB, MS) and
3.2 (ES).

34 Conclusions

The study about the synthesis of HA starting from eggshells, mussel
shells and cuttlebones is summarized in the simple scheme shown in
Figure 3-7.

ES- and MS-calcite passes through an intermediate phase, that depends
on the pH, while CB- and MS-aragonite convert directly into HA.
Moreover, the reaction seem to require less energy for aragonite with
respect to calcite, and for acidic milling media with respect to basic ones.
This energy is better supplied by the temperature chosen to dry the
slurry rather than the mechanical energy of milling.

The synthesized powders are non-stoichiometric apatites, characterized
by AB-type carbonate substitutions and by the presence of many
impurities, such as Mg?* and Sr2*. The crystals, which have nanometric
dimensions and a flake-like shape, are aggregated in particles of 1-300
Hm size.
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Figure 3-7 Scheme of the transformation paths of the three biogenic calcium carbonate
sources into HA.
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Chapter 4

Sintering and preliminary biological
evaluation

4.1 Introduction

This chapter deals with the consolidation of the bio-derived HA powders
by uniaxial pressing and sintering, to produce bioceramics pellets. In
addition, potential cytotoxicity effects of the sintered pellets on human
osteosarcoma cells were tested in vitro, as well as the initial cell adhesion
on the materials. Part of the content of this chapter has been already
published in [182].

4.2 Methods

421 Sintered pellets production and characterization

Bio-derived HA powders were produced as described in Chapter 3. The
synthesis parameters were different for the different biogenic sources
(CB, MS and ES), in order to obtain 100% HA. These parameters were:
milling time 4 h (ES, MS) or 30 min (CB); initial pH 8.5 (CB, MS) or 3.2
(ES); drying temperature 150°C (MS, ES) or 120°C (CB). A synthetic pure
stoichiometric HA (sHA) was also used for comparison. The HA granules,
size 5-25 pm, were purchased from S.A.L (Science Application Industry,
France).

About 0.1 g of each powder was pressed with 2 tons in a 5 mm diameter
cylindrical die, with a manual hydraulic press (Specac). The green bodies
were heated at 10°C/min in a muffle furnace (Nabertherm P330), with 2
h dwell time and free cooling in the oven.

After preliminary dilatometric analyses on the green pellets, the
sintering temperature was chosen for each powder, in order to obtain
densification while maintaining some porosity. Therefore, the sintering
temperature was 900°C for ES-HA, 1000°C for MS-HA and 1100°C for
sHA. Two temperatures were instead selected for CB-HA, 900°C and
1100°C. The sintered samples are named after the raw material and the
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sintering temperature, as sHA-1100, ES-900, MS-1000, CB-900 and CB-
1100.

In order to determine the phase composition, the sintered pellets were
crushed into powders with a manual mortar and then analyzed by XRD.
The diffractometer used was a Rigaku I1ID-max, Cu anode source (Ko
radiation 1.5406 A), step time 2 s, scan step 0.05° and 2-theta range 5° -
110°. The qualitative and quantitative analysis was carried on with the
software Maud [159], using these phases from the COD database [160]:
HA n. 4317043 [170], B-TCP n. 1517238 [183], Ca(OH)2 n. 1000045
[184] and CaO n. 9006712 [185].

A JEOL JSM-5500 scanning electron microscope (SEM) was used to
observe the surface morphology and the internal porosity of the pellets,
using secondary electrons and Pt/Pd metallization. The density of the
sintered pellets was measured with a laboratory scale and a caliper,
considering 5 samples per type.

4.2.2 Biological in vitro tests

The potential cytotoxicity of the sintered pellets was evaluated with a
LDH cytotoxic assay (ThermoFisher Scientific), which measures the
amount of lactate dehydrogenase (LDH), that is released by the cells
during death. The test was carried on following the European Standard
EN IS0-10993-12:2004 and 10993-5:2009. Fibroblasts cell line (MRC5)
were used for the test, after expansion and culture under standard
conditions (37°C and 5% CO2), in a medium of composition: minimal
essential medium (MEM-Gibco), 10% inactivated fetal bovine serum
(Euroclone), 1% L-glutamine (Euroclone), 1% sodium pyruvate (Gibco),
1% non-essential amino acids (SigmaAldrich), and 1% antibiotic-
antimycotic (Euroclone).

The samples were sterilized in autoclave and then incubated for 72 h in
a medium with heat inactivated serum and without phenol red. After the
incubation, the conditioned medium was poured on MRC5 cells, which
were previously seeded in a 96-well plate (5000 cell/well) and
incubated for 48 h. Cells cultured in standard medium and fully lysate
cells represented the positive and negative controls, respectively. The
LDH released in the medium was quantified using a Tecan Infinite 200
microplate reader (Tecan Group, Madnnedorf, Switzerland), recording
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the background at 680 nm and the absorbance at 490 nm. Each test
condition was tested for five replicates.

A confocal microscope Nikon A1 Laser was used to observe the adhesion
of human osteosarcoma cell line (MG63) on the sintered samples. 6000
cells/well were seeded on the sintered pellets in a 96-well culture plate
and then the cells were cultured in standard conditions in a culture
media of the same composition as in the LDH test, but, this time, with
activated fetal bovine serum.

The cells adhered to the scaffolds were observed after 1, 3, and 5 days.
In order to stain the cells to be seen at the microscope, at each time point
4% paraformaldehyde was used to fix the samples for 40 min, then cell
membranes were permeabilized with 0.2% Triton X-100 and 4, 6
diamidino 2 phenylindole, dilactate (DAPI-SigmaAlrich) and I-Fluor 488
(Abcam) were used to stain the cellular nuclei and cytoskeleton,
respectively.

4.3 Results

431 Sintered pellets characterization

The diffraction patterns of the sintered pellets are shown in Figure 4-1
and the relative crystallographic phase composition, as determined by
the Rietveld analysis, is shown in Table 4-1.

First, it can be observed that the XRD spectra of the sintered pellets show
sharper peaks with respect to the synthesized powders (Chapter 3),
since the crystallites have grown during sintering, from few nanometers
to micrometric dimensions (> 200 nm). Moreover, in the case of MS-
1000 and CB-900, where the hexagonal HA structure is maintained, the
preferred orientation along the c-axis that characterized the synthesized
powders ((002)/(211) peaks relative height) is much less or even not
visible anymore. Phase changes instead occurs in ES-900 and CB-1100,
where 3-TCP forms during the sintering process.

The phase composition of the sintered pellets can be discussed
considering the CaO/P20s phase diagram (Figure 1-4) and the Ca/P
molar ratio of the powders, which is reported for convenience in Table
4-1.
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Figure 4-1 XRD spectra of the sintered pellets: synthetic HA (sHA) sintered at 1100°C, ES-
HA sintered at 900°C and MS-HA sintered at 1000°C (a); CB-HA sintered at 900°C and
1100°C (b).

Table 4-1 Phase composition (wt%) of the sintered pellets, as determined by the Rietveld
analysis. The Ca/P molar ratios were measured by ICP/OES (see Chapter 3).

Material Sintering Ca/P molar ratio Phase Composition
temperature
sHA 1100°C 1.71+0.02 HA,
<3% CaO
ES-HA 900°C 1.58 £ 0.02 ~50% HA,

~50% B-TCP

MS-HA 1000°C 1.76 £0.02 HA,
<3% CaO
CB-HA 1100°C 1.64 £0.02 ~ 90% B-TCP,
5% HA,

~5% Ca(OH),

CB-HA 900°C 1.64 +£0.02 100% HA
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According to the phase diagram, Ca/P=1.67 results in 100% HA, while
Ca/P=1.5 corresponds to pure 3-TCP. When, instead, the Ca/P ratio is
between these two values, both HA and 3-TCP should form, following the
lever rule. This is the case of ES-HA, which has a Ca/P ratio equal to 1.58
and thus transforms into 50/50 biphasic HA/B-TCP when sintered at
900°C (ES-900).

20.0 30.0
2-Theta [degrees]
Ca(OH)2 i

Figure 4-2 Detail of the Maud analysis of CB-1100: the contribution of HA and calcium
hydroxide are visible. Refinement goodness parameters: Sig = 1.38 and Rwp(%) = 17.1.

Different was instead the behavior of the cuttlebone-derived apatite (CB-
HA), which has Ca/P = 1.64, close to stoichiometric proportions. After
sintering at 900°C (CB-900), it maintains the hexagonal HA structure,
but, when heat treated at 1100°C (CB-1100), it transforms into ~90% f3-
TCP, -5% HA and ~5% Ca(OH)2. Since the presence of apatite and
calcium hydroxide is not visible in the XRD spectrum showed in Figure
4-1, a detail of the fitting from the Rietveld software Maud is reported in
Figure 4-2. Here, the contribution of HA is visible from the small peak at
32°, while that of Ca(OH)2 from the peak at 18° and the shoulder at 34°.
The composition of CB-1100 is quite surprising because, according to the
phase diagram, ~85% HA and ~15% B-TCP are expected with Ca/P =
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1.64. It seems, instead, that the excess of calcium due to the
predominance of 3-TCP results in the formation of Ca(OH)-.

The reason for behaviors that deviate from what it is expected by the
phase diagram may be linked to the impurities that are present in the
considered natural materials. In particular, bivalent cations like Sr2+ and
MgZ* are known to stabilize the crystal structure of -TCP, at the expense
of HA [186-188]. It is therefore possible that the strontium content in
CB-HA leads to the formation of 3-TCP, but the reason for the presence
of Ca(OH): is unclear. One possibility is that Ca?* and PO43- are not
homogeneously distributed in the powders, this determining some areas
were the Ca/P ratio is higher than 1.67 and therefore where calcium
hydroxide can be formed.

Another observation regards ES-HA and CB-HA, both with Ca/P < 1.67,
which behave differently when sintered at 900 °C. In fact, while ES-HA
transforms into HA and B-TCP, CB-HA does not, maintaining the apatite
structure. This can be due to the presence of Mg2* ions in ES-HA, since
magnesium was proven to lower the temperature at which CDHA
transforms into a biphasic mixture of 3-TCP and HA [189].

When the Ca/P ratio is larger than 1.67, the phases predicted by the
phase diagram are CaO and HA. This the case of MS-1100 and sHA-1100,
that have Ca/P equal to 1.76 and 1.71, respectively. In agreement with
this, the XRD analyses revealed that the sintered pellets are composed of
mainly HA, with small amounts of CaO (< 3%).

The SEM micrographs of the fracture and external surfaces of the pellets
are shown in Figure 4-3 and Figure 4-4. All samples present well-
developed necks between particles and some porosity, this indicating
that densification is not complete, as confirmed also by the density
measurements shown in Figure 4-5. Most of the pores are very small,
having dimensions of about 1 pm or less. This type of porosity most
probably is not perceived as holes by the cells, that have dimensions of
about 100 um, but the presence of these micropores is still thought to be
beneficial for the material-cells interaction, as well as being useful for the
passage of liquids and molecules [21].

As expected, CB-1100 and sHA-1100, that are sintered at the highest
temperature, reached the highest densification, with relative density
91% and 89%, respectively. However, the CB-1100 grains appear bigger



56

than those of sHA-1100, probably due to the recrystallization that
occurred in CB-1100 during sintering, from CDHA to 3-TCP. In sHA-1100,
instead, the original grains grow without recrystallization, and therefore
reach smaller dimensions. MS-1000, CB-900 and ES-900, instead,
reached similar densities, around 70% of relative density.

sHA-1100 ES-900 MS-1000

BULK

SURFACE

Figure 4-3 SEM micrographs of the fracture surface (bulk) and the external surface of sHA-
1100, ES-900 and MS-1000.

CB-1100 CB-900

BULK

SURFACE

Figure 4-4 SEM micrographs of the fracture surface (bulk) and the external surface of CB-
1100 and CB-900.
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Figure 4-5 Bulk density of the sintered pellets, compared with the theoretical densities of
HA and B-TCP. The relative density is calculated from the phase composition estimated by
XRD.

4.3.2 Preliminary biological evaluation

The LDH amount released by the cells in a medium previously
conditioned with a biomaterial is a method to evaluate potential
cytotoxic effects of the material. The European standards EN 1SO-10993-
12:2004 and 10993-5:2009 consider cytotoxic those materials that
induce a LDH release equal or superior to 30%, where the percentage is
calculated based on the negative control, i.e. all dead cells. The results of
the LDH assay of the sintered pellets is shown in Figure 4-6. All samples
induced a LDH release below 8%, therefore much less than the
cytotoxicity threshold, and very close to the positive control (cells
cultured in standard medium), which is 8.3%.

Given that the sintered pellets are not cytotoxic, confocal microscopy
was performed after 1, 3 and 5 days of culture in order to observe the
adhesion and growth of MG63 osteosarcoma cells on the pellets. The
confocal images are shown in Figure 4-7. At day 1, all samples are
covered by round shape cells, ES-900 and CB-900 showing the highest
number of cells, while MS-1000 and CB-1100 the lowest. At day 3, the
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cell number significantly improves on sHA-1100 and ES-900, while the
growth on CB-900 and CB-1100 is lower. In addition, the cells on sHA-
1100 appear aggregated in clusters, while on the other samples they look
homogenously distributed on the surface. Curiously, the cells on MS-
1000 does not seem to be any different from day 1, being still in small
numbers. However, at day 5, good cell adhesion and proliferation is
observed on all samples, also on MS-1100. The cells have an elongated
shape and are interconnected between each other on all the sintered
pellets, with the exception of CB-900, where they appear still rounded
and not interconnected. On sHA-1100, cell clusters are still present in
certain areas of the surface.

34
303 o CYTOTOXICITY THRESHOLD
28
26
24
22
20
18
16
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S e [
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CB-900 CB-1100 HA-1100 ES-900 MS-1000 CTRL-

LDH (%)

Figure 4-6 LDH released by the dead cells in a medium conditioned with the sintered
pellets. All data were normalized on the positive control (100%, all dead).

It is difficult to correlate these results with the phase composition of the
sintered pellets, since samples with the same composition show
different behavior. For example, MS-1100 and CB-900 are both
composed of mainly HA, but they show opposite behaviors: the cells on
MS-1100 grow slowly in the first 3 days but form a well-interconnected
network of elongated cells at day 5; cells on CB-900, instead, grow fast in
the first days but remain rounded and not interconnected even at day 5.
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DAY 1 DAY 3 DAY 5 DAY 5 zoom

CB-1100 MS-1000 ES-900 sHA-1100

CB-900

Figure 4-7 Confocal images of cells adhered on the sintered pellets after 1, 3 and 5 days of
culture (day 5 is shown also with zoomed images). Cytoskeleton is highlighted in green and
cell nuclei in blue.

It might be said that the best bioactivity was shown by ES-900, where
the cells grow fast and, at day, 5, cover the entire surface with a dense
cell network. However, this is hard to be correlated with the phase
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composition, that in this case is 50/50 HA/B-TCP. One possible
explanation is that the eggshell-derived HA contains the highest
concentration of magnesium, which was found to promote the adhesion
and spreading of osteosarcoma cells [52,190]. However, this is just an
hypothesis that would need additional experiments to be confirmed.

Nevertheless, the purpose of this preliminary biological test was only to
have a general idea of the interaction between osteoblasts and the
sintered pellets made of bio-derived HA. The adhesion and proliferation
of the cells on the bio-derived materials are generally good and
comparable with synthetic HA. The main difference, that can be observed
here, between synthetic HA and bio-derived calcium phosphates, is the
formation of cell clusters on synthetic HA, which is not visible on the bio-
derived materials.

4.4 Conclusions

The diffraction patterns of the sintered bio-derived HAs revealed that
crystallites grow during sintering, from nanometric to micrometric
dimensions, and that the preferential growth along the c-axis disappears.
The phase composition was found to be dependent from the Ca/P ratio
of the powders, as expected by the phase diagram: Ca/P > 1.67 results in
HA and CaO (MS-1000 and sHA-1100) while Ca/P < 1.67 leads to the
formation of biphasic HA/B-TCP (ES-900). However, the composition of
cuttlebone-derived HA (Ca/P = 1.64) was found to depend on the heat
treatment, since the apatite structure is maintained at 900°C, but mainly
B-TCP is formed at 1100°C. Deviations from the phase diagram are
thought to be related to the presence of impurities ions, such as Mg+ and
Sr2+, or to a non-homogenous distribution of calcium and phosphorus in
the material. All the sintered pellets showed some residual
microporosity, from about 10% in the materials sintered at 1100°C to
about 30% in the ones sintered at lower temperatures.

The preliminary biological tests showed that all materials are not
cytotoxic and promote good adhesion and proliferation of MG63
osteosarcoma cell line after 5 days of culture, similarly to synthetic HA
but without the formation of clusters. The cell proliferation rate, shape
and distribution were found to be different on the different materials,
although the reasons for this are not clear. Among the bio-derived
materials, ES-900 promoted the best adhesion and proliferation of cells.
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Chapter 5

Extrusion 3D printing of biocomposite
scaffolds

5.1 Introduction

This chapter is about the production of biocomposite scaffolds by
extrusion 3D printing, also called FDM (Fused Deposition Modeling).
About 15 wt% of HA nanopowders derived from cuttlebones, mussel
shells and eggshells, synthesized as described in Chapter 3, were
dispersed in PCL, to obtain bioactive composites. The scaffolds were
characterized in terms of mechanical properties and of biological
behavior in vitro. This study was carried out in collaboration with the
RAMSES laboratory of the Rizzoli Orthopedic Institute (Bologna), that
holds the printing machine. Part of the content of this chapter has been
already published in [191].

5.2 Methods

521 Composite materials fabrication and characterization

The bio-derived HA powders were synthesized as described in Chapter
3, using different process parameters for different biogenic sources, as
listed in Table 5-1.

Table 5-1 Parameters used to synthesized the bio-HA powders used in this study

Raw material Initial pH Milling time Drying
temperature

cB 8.5 30 min 120°C

ES 3.2 4h 150°C

MS 3.2 4h 150°C

The PCL, with the commercial name of Facilan™ Ortho (MW - 50,000),
was purchased from 3D4MAKERS in the form of a 1.75 mm-diameter
filament. The filament was chopped into 15-20 mm long portions to be
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dissolved in chloroform. In order to make the composite material, 1.5 g
of bio-derived HA was dispersed in 100 ml of chloroform (Sigma, CAS
Number 67-66-3) and then 8.5 g of PCL were added while continuously
stirring. After the complete dissolution of the polymer, the solution was
poured on a flat glass, where it was left to let the chloroform evaporate.
The composite sheet was then cut into pieces of about 5 x 5 mm?2. Three
different composites were produced following this procedure: with CB-
HA, with MS-HA and with ES-HA. In addition, pure PCL sheets without
HA particles were also fabricated in the same way.

The real bio-HA content in each composite, that is expected to be 15 wt%,
was determined by TGA/DTA, using a NETZSCH Geraetebau GmbH STA
409 thermobalance, heating the alumina crucibles at 10°C/min up to
600°C in flowing air. The melting temperature and enthalpy were
instead determined by differential scanning calorimetry (DSC), with a
Mettler® DSC30 instrument, aluminium pans, flowing nitrogen and
temperature range -80°C to 120°C (10°C/min). The crystallinity was
calculated using the following equation, which takes into account the
bio-HA content measured by TGA:

AH,,

5)
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Xe =

where AHm and AHw are the melting enthalpy of the sample and of the
pure crystalline PCL (142.0 ]J/g), respectively, and %wtua is the weight
content of bio-HA powder in the composite [192]. Moreover, all
materials were characterized by XRD, using a Rigaku IIID-max
diffractometer working with Cu Ka radiation (1.5406 A), step time = 2's,
scan step = 0.04° and 2-theta range = 10° - 70°.

5.2.2 Scaffolds fabrication and characterization

The scaffolds were designed and fabricated with a 3DDiscovery™
Evolution printer (RegenHU Ltd., Switzerland). They were designed with
a square base of 5 x 5 mm?2 and a 0°/90° deposition pattern, with about
1 mm distance between parallel filaments (pore size 400 um). The pieces
of PCL/bio-HA were fed into a direct-dispenser heated extruder (DD-
135), which was heated at the required temperature for 30 min before
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printing, in order to have an homogenous melt. The temperature was
adjusted for each material in order to optimize the flow: 90°C for pure
PCL, 100°C for PCL/CB-HA, 110°C for PCL/ES-HA and 150°C for PCL/MS-
HA. Then the material was extruded through a 600 um nozzle, by the
force of compressed air, with a pressure of 4 bar. The printing speed was
setto 2.5 mm/s and the layer height to 200 um. The height of the samples
for the mechanical tests was 5 mm, while that of those for the biological
assay 3 mm. Moreover, the samples for the biological in vitro tests were
printed directly onto 6-well biological plates (SARSTEDT, 83.3920),
performing the printing in a sterile environment, since the printer is
equipped with a class Il biosafety cabinet.

A scanning electron microscope JEOL JSM-5500 was used to investigate
the morphology of the 3D printed scaffolds, after metallizing them with
Pt/Pd with a QuorumQ150TES machine. The SEM images were also used
to measure the dimensions of the strands and of the pores, by the
software Image]. The scaffolds’ base was instead measured with a
calliper. The mechanical compression tests were carried out with an
Instron® 5969 (Instron; Norwood, MA, USA) equipped with a 50 kN load
cell. The strain was calculated based on the initial position of the
crosshead, which was moved at 1 mm/min. Three scaffolds for each
material were tested and the compressive modulus was calculated by
linearly fitting the elastic part of the curves (R-Square = 0.999) and
making an average of the three. The yield stress was taken at 0.2%strain
offset.

5.2.3 Biological in vitro tests

The biological tests were performed using human osteoblast cell line
MG63. First, the cells were expanded onto culture flasks at 37°C in 5%
COzatmosphere in a medium composed of 87% MEM Gibco, 21090-022),
10% fetal bovine serum (EuroClone, ECS0180L), 1% sodium pyruvate
(Gibco, 11360-039), 1% non-essential amino acids (Sigma-Aldrich,
M7145), 1% L-glutamine (EuroClone, ECB3000D) and 1% of
antibiotic/antimycotic (EuroClone, ECM0010D). When the cells covered
~ 80% of the flask surface (confluence), they were detached with 0.1%
trypsin and suspended in the culture medium at concentration 200000
cells/ml.

100 pl of cells suspension was put in each well of 48-well plates, were
the scaffolds were previously placed. Then each well was covered by 200
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ul of medium and, after 24 h of incubation, the scaffolds, seeded with
cells, were moved into new 48-well plates with 300 pl of medium. This
was done in order to culture only the cells that adhered on the scaffolds
and not those that ended up on the bottom of the wells. The cell culture
was carried out by changing the culture medium every second day. All
analyses were done after 1, 3 and 7 days of culture.

For the confocal analysis, the samples were fixed with a 4%
paraformaldehyde solution in PBS (phosphate buffer solution), while a
Triton X-100 solution (0.2% in PBS) was used to permeabilized the cell
membranes. Then, 0.02% Oregon Green Phalloidin was used to stain the
cytoskeletons. The morphology of the adhered cells was then observed
with a Nikon A1 confocal laser microscope (Nikon Instruments, Florence,
Italy).

The metabolic activity was evaluated by Alamar Blue assay, considering
five replicates for each sample. The scaffolds, seeded with cells, were
incubated for 2 hat 37°C in 5% CO:z atmosphere, after adding 300 ul/well
of 10% Resazurin reagent. Then 100 pl/well of solution was measured
with a Tecan Infinite 200 microplate reader (Tecan Group, Mannedorf,
Switzerland), which measured the fluorescence signal (excitation
wavelength 535 nm and emission wavelength 590 nm).

The number of cells was measured by using a Quant-iT PicoGreen®
dsDNA Assay (Invitrogen™, Carlsbad, USA). At each time point, 300 pl of
0.05% Triton-X in PBS was used to cover each scaffold, which were then
stored at -20°C. For the analyses, the samples were then thawed at room
temperature and sonicated for 10 s with a ultrasonic homogenizer
(Hielscher Ultrasonics, Teltow, Germany). Then 100 pl of each sample
was mixed with 100 pl of PicoGreen® solution and placed in a black 96-
well plate. The same microplate reader used for the Alamar Blue assay
was used to measure fluorescence, with excitation wavelength 485 nm
and emission wavelength 535 nm. Four replicates were considered per
each sample. The number of cells was calculated considering a
conversion factor of 7.7 pg DNA per cell, where the DNA content was
evaluated by performing a calibration using a DNA standard provided by
the kit.

The Alamar Blue and PicoGreen® results were analysed using statistical
analysis. Student’s t-test was used to determine significant differences
between samples’ means, using Microsoft® Excel® 2016. Each pair of
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samples was compared calculating the p-value with a two-tailed tests,
assuming equal variances.

5.3 Results

5.3.1 Composite materials characterization

The thermogravimetric curves of pure PCL and of the composites
PCL/bio-HA are shown in Figure 5-1. The ceramic filler content was
evaluated based on the residual mass at 600°C, minus the residual mass
of pure PCL. The results are listed in Table 5-2. For all the composite
materials, the bio-HA content is less than the target 15%, most probably
because the bio-derived powders contain humidity and a certain
quantity of organics. This organic matter was present in the original
biogenic calcium carbonates (see Chapter 2) and it was not eliminated
during the synthesis process, that was carried out at relatively low
temperature.
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Figure 5-1 TGA curves of pure PCL and of the three composite materials.

In addition, the TGA analyses reveal that the materials start to degrade
atabout 250°C, which means that no deterioration is expected during the
3D printing process, where the materials are heated at 90-150°C. The
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degradation onset temperature is around 365-370°C for PCL/ES-HA and
PCL/CB-HA, while it was about 10°C lower for PCL/MS-HA.

Table 5-2 TGA data of pure PCL and of the PCL/bio-HA composites.

PCL PCL/CB-HA PCL/ES-HA PCL/MS-HA
Res'dggl):'éass at 0.7% 13.9% 13.8% 14.8%
Bio-HA content 0% 13.2% 13.1% 14.1%
Onset temperature 367 366 369 356
(°C)
A
PCL/MS-HA
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Figure 5-2 DSC curves of pure PCL and of the three composite materials.
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Table 5-3 DSC data of PCL and of the PCL/bio-HA composites.

PCL PCL/CB-HA PCL/ES-HA PCL/MS-HA
T (°C) 61.5 59.3 64.3 59.9
Hm (J/8) 87.7 72.2 74.2 76.7
Xc 62% 59% 60% 63%

The results of the DSC analyses are shown in Figure 5-2 and Table 5-3. It
can be observed that neither the melting temperature nor the
crystallinity seem to be significantly affected by the ceramic filler. In fact,
the melting temperature is between 59°C and 64° for all materials and
the crystallinity is in the range of 59-63%.
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Figure 5-3 XRD curves of pure PCL and of the three composite materials.
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Figure 5-3 shows the diffraction spectra of PCL and of the three
composite materials. The PCL orthorhombic structure is revealed by the
peaks at 29 = 21.2°, 21.9° and 23.6°, that correspond to the planes (110),
(111) and (200) [193], and by the peaks at 29 = 29.7° and 35.9°,
attributed to the (210) and (020) planes [194]. In the composite
materials, the HA hexagonal lattice produce the reflections at 29 = 25.7°
(plane (002)) and at 29 = 31-35° This latter is a broad peak that
correspond to the planes (211), (112), (300) and (202), which appear
merged due to the broadening effect of the nanosized HA crystallites.
This broadening effect was already observed in the XRD spectra of the
bio-HA powders shown in Chapter 3.

5.3.2 Scaffolds characterization

The picture in Figure 5-4 shows the scaffolds 3D printed with the four
different materials. It can be seen that the bio-HA particles change the
white color of PCL, which becomes yellowish or reddish, most probably
because the bio-derived powders contain some organic matter.

Figure 5-4 Picture of the 3D printed composite scaffolds. From the left: pure PCL, PCL/CB-
HA, PCL/ES-HA and PCL/MS-HA.

Some SEM pictures of the scaffolds at different magnifications are shown
in Figure 5-5 and the dimensions of the strands and pores, calculated
based on these pictures, are summarized in Table 5-4. The strands of the
pure PCL scaffolds have dimensions close to 600 um, which is the
dimension of the diameter of the nozzle. The PCL/CB-HA scaffolds,
instead, have strands that are thicker than the nozzle, being around 670
um. On the other hand, PCL/ES-HA and PCL/MS-HA scaffolds show
thinner strands, i.e. about 540 pm and 570 um thick, respectively. As a
consequence, the pores are, in average, smaller than the target 400 pm
in the PCL/CB-HA scaffolds (about 330 um) and bigger in the other two
composite scaffolds (about 460 um and 420 pm).



69

PCL/CB-HA PCLIES HA PCLIMS HA

T & l-Ill IMII

Figure 5-5 SEM micrographs of the 3D printed scaffolds.

Table 5-4 Dimensions of the 3D printed scaffolds.

PCL PCL/CB-HA  PCL/ES-HA  PCL/MS-HA
Scaffoldbase ¢ ), 005 5825002 5594002  5.67+0.06
(mm)
Strands
thickness 614 +43 666 + 46 542 +31 570 + 47
(um)
Pores size 369 + 42 328420 461+21 422423

(um)
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The diameter of the strands depends on the material flow and, since the
air pressure and the printing speed were the same for all materials, the
flow is supposed to depend only on the material viscosity. The viscosity
of a thermoplastic composite material is generally expected to increase
with the amount of ceramic filler and its SSA (specific surface area) and
to decrease with the temperature [195]. Therefore, the SSA
measurements (see paragraph 3.3.2) could explain why the strands of
PCL/ES-HA, printed at 110°C, are thinner than those of PCL/CB-HA,
printed at 100°C. In fact, the ES-HA powder has SSA = 124 m2/g, much
higher than CB-HA, that has SSA =47 m2/g. Moreover, the higher content
of ceramic filler of PCL/MS-HA (14.1 wt%) with respect to the other two
materials (13.1-13.2 wt%), combined with a SSA = 94 m?/g, could
explain why PCL/MS-HA required a temperature of 150°C to be printed,
while the other two composites showed a sufficient flow at 100-110°C.

Another thing that can be noticed in the SEM micrographs of pure PCL
(Figure 5-5) is that subsequent layers of deposited material appear fused
together, as if the time span between the deposition of two layers was
not enough for the solidification of the polymer. As a consequence, the
shape of the pores is not perfectly squared but rather elongated in the
deposition direction. Since this effect is not visible in the composite
scaffolds, most probably the bio-HA particles accelerated the
solidification of PCL.

The SEM pictures clearly show, in the composite scaffolds, the presence
of ceramic particles aggregated in clusters of 1-10 um. Anyhow, these
clusters appear to be homogeneously dispersed in the polymeric matrix.
Some micropores are visible on all the scaffolds, especially on the
biocomposite ones. Moreover, it can be noticed that the bio-HA particles
create a certain roughness on the scaffolds’ strands, while the pure PCL
ones look smoother. Micropores and roughness, along with the chemical
composition, are factors that are thought to influence the interaction of
the material with the bone cells.

The stress/strain curves related to the compression tests are shown in
Figure 5-6 and the resulting mechanical properties, elastic modulus and
yield stress, are listed in Table 5-5. The compression modulus ranges
from 177 MPa (pure PCL) to 316 MPa (PCL/CB-HA) and the yield stress
from 6.1 MPa (PCL/ES-HA) to 12.1 MPa (PCL/CB-HA), which are values
that are comparable with those of trabecular bone (see paragraph 1.2).
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Figure 5-6 Stress/strain curves of the mechanical compression tests of the 3D printed
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Table 5-5 Mechanical properties of the 3D printed scaffolds.
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PCL PCL/CB-HA PCL/ES-HA PCL/MS-HA
Compressive Elastic
Modulus 177 +9 316 +10 203 +17 219+14
(MPa)
Yield Stress
(0.2% offset) 11.4+09 12.0+0.5 6.1+0.3 86+1.1
(MPa)
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Figure 5-7 Compressive moduli vs. strand thickness. The modulus increases linearly with
the thickness of strands, so the stiffening effect of the bio-HA particles is visible by

comparing pure PCL to the bio-HA composites.
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The elastic modulus of a porous scaffolds depends on its porosity, i.e. on
the thickness of the strands and on the dimension of the pores. This
relationship can be described by the following equation [196]:

Eporous = Ego110C (1 — ¢)n (6)

where ¢ is the fraction of porosity (from 0.0 to 1.0), C is a constant
depending on the microstructure of the material and n is a number that
varies from 1 to 4.

The compressive moduli of the 3D printed scaffolds as a function of the
thickness of the strands are plotted in Figure 5-7. It can be observed that
the moduli of the composite scaffolds increase linearly with the strand
thickness, while that of pure PCL is considerably lower, despite its
relatively low porosity. This suggests that the ceramic particles have a
stiffening effect on the polymer matrix and, in particular, the
contribution of the HA particles to the total modulus can be estimated,
with a simplified approach, by fitting the modulus versus the strand
thickness with a power-law equation, as shown in Figure 5-7. It results
that the addition of ~ 15 wt% of bio-HA particles improves the
compressive modulus of the PCL scaffolds of about 50%, which is in
agreement with another study [197], which found that 10 wt% of HA
particles increase the PCL compressive modulus of 46%, while 20 wt%
particles of 61%.

5.3.3 Biological in vitro tests

The metabolic activity and the number of MG63 cells on the 3D
printed scaffolds after 1, 3 and 7 days of culture are shown in Figure 5-8.
The metabolic activity (Figure 5-8a) of cells seeded on PCL/MS-HA and
PCL/CB-HA scaffolds increases from day 1 to day 7 and, eventually, is
significantly higher than the other samples. Pure PCL and PCL/ES-
scaffolds, instead, show a decrease in metabolic activity from day 1 to
day 3, and then an increase from day 3 to day 7. Anyway, at day 7, the
metabolic activity remains at low levels for pure PCL, while it is much
higher on PCL/ES-HA, even if it does not reach the same level of the cells
seeded on PCL/MS-HA and PCL/CB-HA scaffolds.

Cell proliferation analyses (Figure 5-8b) revealed a gradual
increase of cells from day 1 to day 7 on all samples. However, starting
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from day 3, the cells on the composite scaffolds are significantly more
than those on scaffolds made of pure PCL, thus confirming the beneficial
effect of the bio-HA particles. Among the different sources of bio-HA, the
mussel shell-derived particles (PCL/MS-HA) promote the largest
number of adhered cells, both after 3 and after 7 days of culture. PCL/CB-
HA scaffolds showed a large proliferation of cells from day 3 to day 7,
while PCL/ES-HA scaffolds, even with a constant increase of the cell
number, show less adhered cells at day 7 with respect with the other two
composite scaffolds.
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Figure 5-8 Metabolic activity and number of cells on the 3D printed scaffolds after 1, 3 and
7 days of culture. * p-value < 0.05, ** p-value < 0.01.

The confocal images in Figure 5-9 show the cells adhered on the
scaffolds after 1, 3 and 7 days of culture and, in general, are consistent
with the cell proliferation analyses. In fact, pure PCL scaffolds show only
few cells aggregated in clusters, even at day 7, while the scaffolds
containing bio-HA particles show a significant increase of adhered cells
starting from day 3. Moreover, the highest adhesion ability of the
PCL/MS-HA scaffolds is confirmed by the confocal images, as, at day 7,
one can observe a continuous monolayer of cells covering all the
scaffold’s surface.
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Figure 5-9 Confocal images of the cells adhered on the 3D printed scaffolds after 1, 3 and 7
days of culture.

The reasons behind the different behaviours of the cells seeded on
the three different composite scaffolds are difficult to assess, but some
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hypothesis can still be done in the frame of this discussion. First, since it
is clear that the bio-HA particles do have a positive effect on the ability
of the scaffolds to promote cell proliferation, the higher number of cells
on the PCL/MS-HA scaffolds with respect to the others can be attributed
to their slightly higher content of bio-HA particles (14.1 wt% instead of
13.1-13.2 wt%, see paragraph 5.3.1). Considering that the difference is
only 1 wt% (less than 8%), this remains just a hypothesis that should be
verified, for example by repeating the tests varying also the
concentration of bio-HA particles.

Second, the reason of the low performance, so to say, of the PCL/ES-
HA scaffolds compared to the other two could be linked to the different
chemical composition of the biogenic sources. In fact, as showed in
paragraph 3.3.2, strontium is present in both MS-HA and CB-HA, but not
in ES-HA, which contains instead the largest content of magnesium. As
already said in the introduction (paragraph 1.5), it is reported that Sr2*
could active the calcium-sensing receptor, resulting in the regulation of
genes that, controlling bone resorption, promote the proliferation of
osteoblasts [57]. In fact, Sr-substituted apatites are attractive for bone
regeneration applications, as they were found to possess better
bioactivity than pure hydroxyapatite [32,58]. However, Mg2* should also
have beneficial effects on bone formation [59] and, since the quantities
of Srz* and Mg?* in these bio-HAs are very low (0.1-0.4 wt% of 13.1-14.1
wt% of bio-HA particles in PCL), it is difficult to evaluate the effect of
these ions in this work.

54 Conclusions

The pure PCL and the three PCL/bio-HA composites (with MS-HA, CB-
HA and ES-HA) required to be heated at different temperatures in order
to be processed by extrusion 3D printing in an optimal way. This is most
probably due to the different specific surface area (SSA) of the bio-HA
powders and to the different final content of HA particles in the
composite (about 1 wt% higher in PCL/MS-HA), two factors that affect
the viscosity of the melt.

However, even by changing the process temperature, the 3D printed
scaffolds showed strands with different thicknesses, i.e. different
porosities, as a consequence of a different material flow during printing.
This affected the mechanical properties, in particular the compressive
modulus of the scaffolds, which was higher for scaffolds with thicker
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strands and lower porosity. Regardless this, scaffolds of pure PCL
showed lower stiffness with respect to the composite ones, highlighting
that the bio-HA particles improved the compressive modulus of about
50%. In general, the moduli were comparable with those reported for
trabecular bone, being between 203 MPa and 316 MPa.

The biological in vitro tests clearly showed that the bio-HA nanoparticles
significantly improved the bioactivity of PCL, promoting faster cell
proliferation and better metabolic activation. Among the three
composite scaffolds, the PCL/MS-HA ones were found to have the best
interaction with the cells, while those of PCL/ES-HA the poorest. The
reasons for this are unclear but, perhaps, they may be attributed to the
higher bio-HA content in the PCL/MS-composite and to the different
ionic composition of the biogenic sources.
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Chapter 6

Powder 3D printing of bioceramic scaffolds

6.1 Introduction

The study presented in this chapter explores the possibility of using bio-
derived nanopowder in the powder 3D printing process (P-3DP or
binder jetting). Due to the fact that a relatively large amount of powder
is needed for P-3DP, only the cuttlebone-derived powder was used
because, as seen in Chapter 3, it is faster to synthesize. As already said in
the introduction, the main problem of using bio-derived HA in P-3DP is
the nanometric size of the powder. This issue was overcome by mixing
the cuttlebone-derived nanopowder with a glass-ceramic powder with
bigger particle size. Therefore, scaffolds with or without bio-derived
powder were fabricated and compared in terms of biological behaviour
in vitro. In addition, since the P-3DP process allows to design very freely
the shape of the scaffolds and of the pores, scaffolds with different pore
geometries were produced: with pores of uniform size and with a size
gradient. This study was carried out mainly in Berlin, during the time
spent as guest PhD student at the division of Advance Multi-Material
Processing of BAM (Federal Institute for Materials Research and
Testing), headed by prof. Jens Glinster. Part of the material presented in
this chapter has been already published in [198].

6.2 Methods

6.2.1 Bioceramic scaffolds fabrication by P-3DP

The cuttlebone-derived powder was synthesized from raw cuttlebones
as described in Chapter 3. Since a large amount of powder was expected
to be needed for the P-3DP process, the synthesis parameters were
chosen in order to guarantee the maximum efficiency in the minimum
time: initial pH = 3.2, milling time = 30 min and drying temperature =
150°C.



79

UNIFORM GRADIENT

CROSS-SECTION BOTTOM TOP

WITH
SUPPORT-
GRID

Figure 6-1 CAD models of the scaffolds with two different pore geometries: uniform or size-
gradient pores.

The 3D cad models of the scaffolds were designed with the software
Tinkercad® from Autodesk®, available online. All scaffolds have a round
shape with a diameter of 9 mm and a thickness of 3 mm. The two
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different pore geometries, with uniform pore size or with a size-gradient,
are shown in Figure 6-1. The pores on the top and on the bottom are
placed in different positions, in order to not have pores that pass through
the whole thickness and therefore to avoid that the cells seeded during
the biological tests end up on the bottom of the wells. However, the pores
are all interconnected through circular channels and channels in the
radial direction in the centre of the scaffolds’ thickness (see the cross-
sections in Figure 6-1). Uniform pores were designed with a diameter
equal to 0.85 mm and the gradient-size ones with diameters of 1.5 mm,
1 mm and 0.7 mm (dimensions are slightly different for the pores on the
bottom). The dimensions and number of pores were carefully chosen in
order to guarantee the same amount of total macroporosity in both
geometries. A support grid was also designed and printed together with
the scaffolds, with the function of stabilizing the printed parts in the
powder bed, preventing unwanted movements of the printed layers.

Feeding
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Figure 6-2 Schematic representation of the printer used to print the scaffolds.

The printing was performed with a commercial printer ExOne
Innovent+® (The ExOne Company, Pennsylvania, USA), which is
schematically represented in Figure 6-2. The binder, provided by the
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producer, was an organic resin that solidifies by heating. The working
process of this printer is briefly described as follows. The powder
material is fed into a hopper, equipped with a metallic filter at its bottom,
that moves in the x-direction. The hopper activates ultrasounds while
passing above the powder bed, and the ultrasound intensity regulates
the powder flow. Two rotating rollers, fixed on a traverse just after the
moving hopper, flatten the powder bed and remove the excess powder.
Then a movable printhead (x- and y-directions), equipped with multiple
nozzles, selectively spit liquid binder drops on the desired spots, and the
binder quantity is regulated by the set level of saturation. A movable
heater, fixed before the hopper, passes above the powder bed to
consolidate the binder, then the powder bed moves down in the z
direction of a height corresponding to the layer thickness and new
powder is spread again by the hopper to form the next layer.

Initially, some printing trials were performed with the as-synthesized
powder. However, the printing was not possible due to the fact that the
organic material present in the cuttlebone-derived powder was
deteriorating during the heating phase, creating zones of brown color
and irregularities in the powder bed surface. Therefore, the organics
were eliminated from the powder by heat treating it at 800°C for 5 h
(heating rate 10°C/min). The resulting powder will be called CB-800.

Then, other printing trials were performed, but again the results were
not satisfactory due to the nanometric size of the powder. The main
issues were: roughness of the powder bed surface, stickiness of the
powder on the flattening rollers and fragility of the green parts, due to
the low packing density (or high SSA) and therefore the low capability of
the binder to wet and bind the particles together. To overcome this issue,
some nanopowder was agglomerated by spray drying using a Niro
Atomizer Minor (Copenhagen, Denmark). The granules showed perfectly
rounded shapes and dimensions of about 80 + 40 pum. Although the
powder bed surface was very smooth and the granules were not sticking
to the rollers, the green parts were still too fragile, indicating that the
capability of the binder of wetting and binding the granules was still not
good, even when using the maximum binder saturation (400%).

Therefore, the nanopowder was mixed with a glass-ceramic powder of
bigger particles size, previously sieved to be in the range of 45-100 pm.
The glass-ceramic, called AP40mod, had been previously prepared at
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BAM (Berlin, Germany), following a procedure described in [199]. The
name “AP40mod” means “AP40 modified”, as it was developed
modifying another material by adding titanium oxide. The chemical
composition of AP40mod is (Wwt%): 39.60 SiO2, 32.04 Ca0, 11.26 P20s,
2.01 Na20, 3.52 MgO, 5.03 CaFz, and 6.54 TiO-.

The AP40mod powder was mixed with CB-800 for about 30 min in a
glass bottle with zirconia balls, using a Turbula® mixer at 23 rpm. The
materials were mixed in different proportions, from 10 wt% to 50 wt%
of CB-derived nanopowder, but only the mixture with 10 wt%
nanopowder was suitable to be printed. In fact, with 20 wt% of CB-800,
the powder was sticking too much to the rollers even at a very low speed
and the green parts were too fragile to be handled even at high
saturation levels. It has to be noticed that, although 10 wt% seems quite
a low percentage, the CB nanopowder occupies a large volume, so the
volume fraction is much higher.

Table 6-1 Parameters used for 3D printing the two different powders.

Parameters Unit AP40mod 10%CB-CaP
Layer height um 50 50
Bed temperature °C 80 80
Binder saturation % 100 110
Recoater speed mm/s 100 20
Ultrasound intensity % 50 100
Roller traverse speed mm/s 3 15
Roller rotation speed rpm 300 150
Rough roller rotation speed rpm 250 100

For the printing, the layer height was set to 50 ym and the bed
temperature, which in turn regulates the heater power, was set to 80°C.
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The other printing parameters needed to be adapted for the mixture
containing 10 wt% of CB-derived powder, which will be called 10%CB-
CaP. In particular, the addition of nanoparticles required: enhancing the
ultrasound intensity and slowing down the hopper (recoater) speed to
increase the deposited powder for each layer; reducing the traverse
speed and the rollers rotation speed to limit the stickiness of the powder
to the rollers; increasing the binder saturation to improve the
mechanical resistance of the green parts. The printing parameters used
for the two materials are summarized in Table 6-1. It is worth to observe
that the addition of nanopowder required to slow down the speed during
the spreading of new powder and during the passage of the rollers,
which significantly increased the total printing time. It has to be taken
into account, therefore, that a larger amount of nanopowder leads to a
longer printing time.

After printing, the green parts were extracted from the powder bed and
placed in an oven at about 100°C overnight in order to completely
solidify the binder. Then the scaffolds were cleaned with compressed air
to remove the excess powder and the support grid was eliminated by
gently scratching the scaffolds with sandpaper. The sintering was
carried out in a Carbolite RHF-1400 furnace following this thermal
treatment: de-binding through heating to 500°C at slow rate (3°C/min);
first crystallization step at 800°C for 2 h (heating rate 10°C/min); second
crystallization step at 1150°C for 2 h (heating rate 10°C/min) and free
cooling in the furnace. The two crystallization steps were performed in
order to fully crystallize the AP40mod, which undergoes two
crystallizations, as will be discussed in the results section.

6.2.2 Materials and scaffolds characterization

Since the CB-derived powder used in this study was synthesized with a
new combination of synthesis parameters, the ICP/OES analysis was
performed again in order to check the Ca/P ratio and the presence of
additional ions. The analysis was performed with a Spectro Ciros Vision
CCD, following exactly the same procedure described in Chapter 3.
Similarly, the FT-IR spectrum was recorded with a FTIR Thermo Optics
Avatar 330, as in Chapter 3.

The particle size distribution of the CB-derived powder was measured
with a laser diffraction particle size analyser Mastersizer 3000 (Mavern
Panalytical GmbH), following the ISO 13320 (01/2020). For the
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measurement, approximately 0.3 g of CB-powder was suspended in a 3
mol/] tetra-sodium diphosphate solution by stirring and then dispersing
with ultrasounds.

The capability of flowing regularly is important for a powder in order to
be used in P-3DP and it is called flowability. The flowability of the
mixtures of AP40mod powder and 0-100 wt% CB-derived nanopowder
was evaluated by calculating the Hausner ratio (HR) [200] as:

HR = ptapped

pfree settled

where prree settiea 1S the free settled density of the powder and pyappeq is
the tapped density. The different mixtures, one by one, were placed in a
250 cl glass cylinder and the free settled density was calculated by
simply dividing the mass of the powder by the occupied volume. Then
the cylinder was placed in a jolting volumeter STAV-2003 (JEL,
Germany) and 1250 cycles of tapping were performed. The 1250 cycles
of tapping were repeated until the volume stopped decreasing. The final
density is called tapped density. The HR, which is the ratio of the two
densities, is an indicator of the powder flowability, the higher the HR, the
lower the flowability. The procedure was replicated three times per each
powder sample.

TGA/DTA analyses were performed with a STA 409 thermobalance
(NETZSCH Geraetebau GmbH) on AP40mod and 10%CB-CaP powders in
order to evaluate the crystallization temperatures. The samples were
heated in alumina crucibles at 10°C/min from room temperature to
1160°C in flowing air.

The real density of the CB-800 powder (after the elimination of organics)
and of the AP40mod powder, before and after crystallization, were
measured by pycnometry, using a pycnometer from Pycnomatic
(Porotec, Germany). This was done in order to calculate the relative
density and the porosity of the sintered bodies.

X-ray diffraction analyses were performed on the powders and on the
sintered bodies, after crushing them again into powders, in order to
assess the crystallographic phase composition. The instrument used was
a Rigaku I1ID-max, Cu radiation (1.5406 &), scan step 0.05°, step time 2 s
and 2-theta range 10°-80°. The qualitative and quantitative analysis was
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carried out with the software MAUD® [159], using the following phases
downloaded from the database COD [160]: hydroxyapatite n. 4317043
[170], PB-tricalcium phosphate n. 1517238 [183], wollastonite n.
9005777 [201], titanite n. 9000489 [202], cristobalite n. 1010944 [203]
and diopside n. 1000007 [204].

The bulk density of the sintered scaffolds was measured by the
Archimedes’ method, considering five samples per each material and
following the 1SO18754:2013(E) standard. The total porosity, which
includes the macroporosity, was instead evaluated by simply weighting
ten samples per type and measuring their volume with a calliper.

The pores’ dimensions were measured by analysing the pictures taken
with an optical microscope Keyence VHX-100 with the software Image].
Electron microscopy was instead used to see the morphology of the
fracture surface of the sintered scaffolds, using a FE-SEM SUPRA 40 (Carl
Zeiss Microscopy GmbH).

6.2.3 Biological in vitro tests

First, the potential cytotoxicity of the 10wt%CB-CaP scaffolds was
evaluated by the LDH assay, using human embryonal lung fibroblasts
(MRC5 cell lines). The cells were placed for 48 h into extractions
previously prepared by soaking the scaffolds into a standard medium for
72 h at 37°C. The positive control group was represented by the cells
cultured in standard medium. Five replicates per variant were
considered.

Once assured the non-cytotoxicity of the materials, a human bone
marrow-derived mesenchymal stem cell line (hMSCs, ATCC number:
PCS-500-012) was selected for the successive tests and therefore
expanded in a-MEM medium containing 15% of fetal bovine serum
(EuroClone) and 1% of antibiotic/antimycotic (Euroclone). The cells
were cultured in standard conditions (37°C in 5% CO: humidified
atmosphere), changing the medium every second day. A solution of 1%
trypsin-EDTA (EuroClone) was used to detach the cells when they
reached 70% confluence and then the cells were suspended in a standard
medium at concentration 333,000 cells/ml.

The 3D printed scaffolds were sterilized by putting them in autoclave at
121° for 15 min. Then the scaffolds were placed in 48-well plates and
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covered with 0.3 mm of cell suspension (100,000 cells/well). Cells
seeded onto the tissue culture plate were used as control group. After 24
h of incubation in standard conditions the samples were moved in new
48-well plates and covered with standard medium. This was done in
order to keep only those cells that adhered on the scaffolds and not those
on the bottom of the wells. The cell culture was carried on for 10 days,
changing the medium every second day.

As in Chapter 5, the metabolic activity was evaluated by the AlamarBlue
assay (Invitrogen, Carlsbad, USA), the cell number by PicoGreen DNA
assay (Invitrogen, Carlsbad, USA) and the cells adhered on the scaffolds
were observed by confocal microscopy. These tests were performed
after 3, 5 and 10 days of culture. For the AlamarBlue and PicoGreen
assays, four replicates per variant (scaffold material and geometry) were
considered.

The AlamarBlue reagent was added into each well, to reach the
concentration of 10 vol% in the culture medium. After incubation in
standard conditions for 3 h, 100 ul of reagent/medium solution was
collected from each well and placed in a Tecan Infinite 200 microplate
reader (Tecan Group, Mannedorf, Switzerland), which measured the
fluorescence signal of the emission wavelength 590 nm (excitation
wavelength of 560 nm).

The procedure for quantifying the cells by PicoGreen assay was the
following. After removing the culture medium the samples were washed
with PBS solution, covered with 300 pl of 0.05% Triton-X PBS solution
and incubated for 1 h in standard conditions. Then a Hielscher UP400S
ultrasonic homogenizer (Hielscher Ultrasonics, Teltow, Germany) was
used to sonicate the samples for 10 s at 400 W-24 kHz, cycle 1, amplitude
40%. 100 pl of supernatant was collected from each well and placed in a
black 96-well plate, where it was mixed with 100 pl of PicoGreen
solution. The fluorescence intensity at the emission wavelength of 535
nm was measured with the Tecan microplate reader, using the excitation
wavelength 485 nm. The calibration curve was built using a DNA
standard included in the PicoGreen kit and the number of cells was
calculated by using the conversion factor 7.7 pgDNA/cell.

For confocal microscopy, the cells were stained with Oregon green
phalloidin and 4'6-diamidino-2-phenylindole (DAPI), which give a green
fluorescence to the cytoskeletons and a blue fluorescence to the nuclei,
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respectively. At each time point the samples were fixed with a 4%
solution of paraformaldehyde, washed with PBS solution, permeabilized
with a 0.2% Triton X-100/PBS solution for 30 min, washed again and left
soaking in 5.0 pl/well of Oregon green phalloidin and 1.0 ml/well (5.4 pl
dilute in 25.0 ml PBS) DAPI solutions for 1 h. After other three washings
with PBS, the cells adhered on the scaffolds were observed with a
confocal laser microscope (Zeiss LSM 510 Meta).

The statistical analysis was carried out with the software graphPad
Prism 9 (La Jolla, CA), performing two-way ANOVA tests (all-pair-wise
multiple comparison) and setting *p<0.05 as the level of significance.

6.3 Results

6.3.1 Powder materials characterization

The FT-IR spectra of the AP40mod powder and of the CB-derived
powder heat treated at 800°C (CB-800) are shown in Figure 6-3. The
peaks of the CB-800 spectrum are those typical of HA and 3-TCP. Indeed,
the peaks at 603 cm'! and 565 cm-! can be attributed to the v4 PO43
vibrational mode of HA and those at 1041 cm-! and 1088 cm-! to the v3
P043, also of HA [178]. At the same time, the absorptions at 980 cm! and
1120 cm are most likely attributed to PO43- groups in the 3-TCP phase
[205].

The infrared spectrum also reveals that the HA phase is actually
carbonated, as the peak at 877 cm! and those between 1400 and 1600
cm! are attributed to vz CO32- and v3 CO3?, respectively [178,179]. In
addition, the peaks at 632 cm™ and 3570 cm'! are related to the
structural OH- groups in the crystal lattice of HA [178,179].

The infrared absorptions of AP40mod glass, instead, reveal the presence
of Si-0 bonds together with PO43 groups. In fact, the broad and intense
absorption between 800 cm?! and 1200 cm results from the
overlapping of the asymmetric stretching of SiO4* and the vz modes of
P043- [178,206,207]. The presence of phosphate groups is responsible
also for the peaks at 571 cm ! and 604 cm1, while silicate units with non-
bridging oxygens for the peak at 482 cm-! [208]. Moreover, adsorbed
water molecules are revealed by both spectra by the bands at 1633-1639
cm! [209] and at 3442-3444 cm™ [179].



88

3570
3442

Transmittance (a.u.)
3444%

—— AP40mod 4
—— CB-800°C S

g

7A T T
2000 1500 1000 500
Wavelength (cm-1)

T
4000 3500

Figure 6-3 FT-IR spectra of AP40mod powder and of the CB-derived powder heat treated
at 800°C.
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Figure 6-4 XRD patterns of the CB-derived nanopowder before and after the heat treatment
at 800°C (a) and of the AP40mod powder, with or without the addition of 10 wt% of CB-
800°C powder (b).
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The crystallographic phases of the powder materials were investigated
by XRD and the resulting diffraction patterns are shown in Figure 6-4.
The CB-derived material was analyzed both before and after the heat
treatment at 800°C and the two spectra are shown in Figure 6-4a. Before
the heat treatment, only the HA phase is present and the shape of the
peaks is that of nano-sized crystallites, as for the as-synthesized powders
showed in Chapter 3. However, after the heat treatment, the peaks are
sharper, indicating that the crystallites have grown in size to the
micrometric scale, and the composition is ~47 wt% HA and ~53 wt% f3-
TCP, as calculated with the Rietveld analysis. This is agreement with the
results of the ICP/OES analysis, which reveals a Ca/P molar ratio equal
to 1.58. It is in fact known that, when subjected to high temperatures,
calcium-deficient hydroxyapatites (CDHA) transform into HA (Ca/P =
1.67) and B-TCP (Ca/P = 1.5), their relative quantities depending on the
lever rule [43]. On the other hand, the XRD spectrum of AP40mod is
characterized by a broad, noisy band centered at about 30°, which
reveals the amorphous nature of this glassy material (Figure 6-4b).
However, some crystallized zones are also present, since small peaks
attributed to the HA crystal lattice are also visible. The diffraction
pattern of the 10%CB-CaP powder is, as expected, a sum of the spectra
of CB-800 and AP40mod, revealing both amorphous phase, HA and -
TCP.

Finally, it is worth to mention that the CB-800 chemical composition
include also the presence of small traces of K, Na, Mg, Sr and Zn, which
were detected by the ICP/OES measurements.

The density measurements performed by pycnometry are listed in Table
6-2. The real density of CB-800 (3.009 + 0.016 g/cm3) is coherent with
the literature [33] but it is slightly lower than what expected, given that
B-TCP has a density of 3.08 g/cm3 and HA of 3.16 g/cm3. On the other
hand, the density of the AP40mod powder was found to increase upon
sintering, as a consequence of the crystallization of the glassy material.

Table 6-2 Density measurements of the powders by pycnometry.

AP40mod AP40mod

(glassy) (crystallized) CB-800°C

Density (g/cm3) 2.875+0.04 2.967 £0.01 3.009 £ 0.016
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The particle size distribution of the CB-800 powder, as measured by
laser diffraction, is shown in Figure 6-5. It can be observed that the
powder exhibits a bi-modal distribution, with two main peaks at 400 nm
and 6 pm. A small peak centred at 85 um is also visible. Most likely the
first peak is related to primary nanoparticles, which have dimensions in
the range 90-1280 nm. Conversely, the other two peaks correspond to
agglomerates of finer particles, which were not dispersed during the
sample preparation.

The results of the measurements of the free settled density, the tapped
density and the consequent Hausner ratio (HR) of AP40mod powder
mixed with increasing quantities of CB-800 are shown in Figure 6-6.
Both the tapped density and the free settled density gradually decrease
with the addition of the nanopowder, since the packing density of the
latter is very low. However, the HR does not increase gradually, as would
be logical given that the flowability of the mixture gets worse and worse
when a finer powder is added. In fact, a high HR is usually associated with
higher friction among particles and therefore with worse flowability.
This was what Sun et al. [199] observed when they added fractions of 0-
25 um fine powder to a 45-100 pm one. In our case, instead, the HR index
increases up to 20 wt% nanopowder and then decreases. This is due to
the fact that, when a large amount of nanosized powder is added to the
mixture, the tapping process is not efficient anymore, because the
interaction forces between nanoparticles are too strong to be broken by
the tapping cycles and therefore the voids between particles are not
eliminated. This is evident when looking at the tapped and free settled
density of 100% CB-800, which are almost the same.

The TGA/DTA thermograms of the powder materials are shown in
Figure 6-7. The CB-800 powder does not show any phase transformation
or significant weight loss, just a little discontinuity is barely visible at
800°C, most likely due to the previous heat treatment. The DTA of the
AP40mod powder, instead, shows two exothermic transformations, one
starting at about 770°C and one at 870°C. These two transformations
correspond to the two crystallizations of the AP40mod glass, as already
observed in another study [199]. This crystallization behavior led to the
choice of a two-step sintering cycle for the 3D printed scaffolds, with two
isotherms at 800°C and 1150°C. The 10%CB-CaP powder also shows the
presence of these two crystallizations, the first starting at 770°C, like
pure AP40mod, and the second at 880°C, about 10°C more than the
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AP40mod. This might indicate that the presence of the nanopowder
somehow delay the second crystallization event, but the reason for this

is still unclear.
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Figure 6-7 TG/DTA thermograms of the CB-800 (a); the AP40mod powder (b) and the
AP40mod powder mixed with 10 wt% of CB-800°C powder (10%CB-CaP) (c).
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6.3.2 3D printed scaffolds characterization

The crystallographic phase composition of the scaffolds after sintering
was investigated by XRD and the resulting diffraction patterns are
shown in Figure 6-8. AP40mod appears to be fully crystallized, with
composition ~34 wt% [B-wollastonite (CaSiO3), ~27 wt% HA, ~18 wt%
diopside (CaMg(Si03)2), ~16 wt% titanite (CaTiSiOs) and ~ 5 wt% f3-
cristobalite (SiO2).
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Figure 6-8 Diffraction patterns of the 10%CB-CaP and AP40mod sintered scaffolds;
diffraction pattern of the AP40mod powder heat treated at 800°C.

As said in the previous paragraph, the DTA curve revealed that AP40mod
is subjected to two different crystallization events, one starting at about
770°C and one at ~870°C (Figure 6-7). Therefore, in order to understand
which phases crystallize first, some AP40mod powder was heated up to
800°C (10°C/min, no dwell, free cooling in furnace) and analyzed by
XRD. The resulting spectrum (Figure 6-8) shows the presence of HA
peaks only, which are very weak and come out from a noisy background.
Although the big broad bump corresponding to the amorphous phase
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(see the spectrum of the raw powder in Figure 6-4b) seems to be
attenuated, it is very likely that the HA crystals have just began to
nucleate and are still very small. However, this result leads to the
conclusion that the first crystallization event corresponds to the
formation of HA, while the second one is related to the crystallization of
the other phases. This would be in agreement with a previous study
[210], where a glass-ceramic with a composition similar to AP40mod
was found to show two crystallizations as well, the first corresponding
to apatite and the second to wollastonite.

The phase composition of the 10%CB-CaP sample is almost the same of
that of the pure AP40mod one, but the relative quantities between HA
and wollastonite are different. This can be easily seen by looking, in
Figure 6-8, at the relative heights of the main peaks of HA (2-theta =
31.6°) and of wollastonite (2-theta = 29.8°). The quantitative analysis,
carried out with the Rietveld method, allowed to calculate ~36/29 wt%
of HA/wollastonite in the 10%CB-CaP sample, while ~27/34 wt%
HA/wollastonite are the quantities calculated for pure AP40mod. The
extra-amount of HA that is present in 10%CB-CaP comes from the
addition of the CB-800 powder. However, the CB-800 powder is
composed of ~50/50 HA/B-TCP, but 3-TCP is not present anymore in the
sintered scaffolds. It is therefore thought that, during sintering, 3-TCP
transforms into HA by taking up additional Ca atoms from the glass-
ceramic. Therefore, the total HA phase that is present in the 10%CB-CaP
scaffolds is produced partially by the AP40mod material and partially by
the CB-derived nanopowder.

Figure 6-9 Pictures of two 3D printed scaffolds with two different pore geometries:
uniform and gradient pore sizes.



AP40mod 10%CB-CaP

Figure 6-10 Optical microscope pictures of the four types of 3D printed scaffolds.

The geometry of the sintered scaffolds is well-defined, with pores with
regular shapes, as can be observed from the pictures in Figure 6-9 and in
Figure 6-10. The dimensions of the scaffolds and of their pores,
calculated from the microscope pictures with Image], are listed in Table
6-3. As can be seen, the reproducibility of the printing process was good,
since the measured dimensions show relatively small standard
deviations, below 0.1 mm. All dimensions are smaller than those set in
the CAD files, obviously because of the shrinkage that occurs upon
sintering. This shrinkage appears to occur mostly in the radial direction,
as the final diameters are about 8.4-8.5 mm, while the diameter of the
designed shapes was 9 mm. On the other hand, the thickness remained
almost unchanged, it being ~3 mm, as in the original CAD files.

Table 6-3 also reports the total porosity, calculated by dividing the mass
by the total volume, and the bulk density and the apparent porosity,
which were measured by the Archimedes’ method. The total porosity is
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~60% for AP40mod and ~70% for 10%CB-CaP, therefore being in the
range of the cancellous bone’s typical porosity (see paragraph 1.2). Itis
quite clear that the AP40mod scaffolds reached higher densification
levels than the 10%CB-CaP ones. In fact, the AP40mod scaffolds show
smaller diameters, pores of smaller sizes, less total porosity, less
apparent porosity and higher bulk density (1.57 g/cm3, while that of
10%CB-CaP scaffold is 1.40 g/cm3). This can be explained by considering
the different material properties and particle size distribution of the two
ceramic powders. The glassy AP40mod is made of bigger particles and,
due to its amorphous nature, it easily densifies by viscous flow. On the
other hand, CB-800 is made of nanosized particles of HA and (B-TCP
crystals. When the two powders are mixed, the small particles of CB-
derived BCP most likely surround the bigger AP40mod particles and act
like a shield between the glassy grains, slowing down the densification.

Table 6-3 Dimensions, mass, density and porosity of the 3D printed sintered scaffolds.

AP40mod 10%CB-CaP

Gradient Uniform Gradient Uniform
Diameter 841+005  845+0.08 |846+009  8.48+0.09
(mm)
Thickness 311+0.06  3.09+006 |296+007  2.94+0.89
(mm)
Mass (mg) 197 +2 195+6 1505 1486
bores size 1.17+0.03 1.26+0.03
(mm) 062+005  0.47+004 |074+007  0.50+0.06

0.34 +0.05 0.44 +0.07
Total porosity
%) 61 62 70 70
Bulkdensity |} o7, 502 1.40 +0.09
(g/cm3)
Apparent

+ +

porosity (%) a7+ 233
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T

Figure 6-11 SEM pictures of the external top surfaces of a AP40mod and a 10%CB-CaP
scaffold.
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Figure 6-12 SEM pictures of the internal fracture surfaces of a AP40mod and a 10%CB-CaP
scaffold.
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This is somehow confirmed by the FE-SEM pictures shown in Figure 6-11
and Figure 6-12. The images taken at the highest magnification show
that the big glass-ceramic particles are covered by many finer particles,
which have dimensions < 1 pm. The presence of the small HA crystals
that surround the bigger grains can be seen also in the images at lower
magnification (2" and 34 row, Figure 6-12). Here, the big particles of the
10%CB-CaP scaffold appear smoother than those of the pure AP40mod,
as if they are covered by very small particles that give them a silky
texture.

6.3.3 Biological in vitro tests

The LDH released by the cells during the cytotoxicity test is shown in
Figure 6-13. The death rate of the cells in contact with the extraction of
10%CB-CaP is almost the same as the negative control, well below the
cytotoxicity threshold, which is 30%. Therefore, there is no cytotoxicity
effect induced by the material or by the scaffolds’ fabrication process.
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Figure 6-13 LDH released by the dead cells in a medium conditioned with the sintered
10%CB-CaP scaffolds.

The results of the cell proliferation and metabolic activity assays are
shown in Figure 6-14. The cells seeded on the 10%CB-CaP scaffolds
gradually increased in number from day 3 to day 10, while those seeded
on AP40mod scaffolds didn’t show a significant growth in the first five
days, but grew rapidly from day 5 to day 10 (Figure 6-14a). Although no
significant differences between the two pore geometries are observed in



100

terms of cell proliferation, there are differences in terms of metabolic
activity. Indeed, all samples show a decrease in metabolic activity over
time, but this seems to be statistically significant only for gradient-pores
scaffolds (Figure 6-14a). Moreover, this decrease in metabolic activity is
more evident for scaffolds containing the CB-derived nanopowder.
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Figure 6-14 Cell number (a) and metabolic activity (b) after 3, 5 and 10 days of culture on
the sintered scaffolds. U = uniform pores; G = gradient pores.

The images that show the cell distribution on the scaffolds’ surface
(Figure 6-15) and their migration in the 3D structure (Figure 6-16) are
consistent with the results of the cell proliferation assay. In general, the
adhesion was fast on all samples, as the cells cover all the surface except
the pores after 3 days of culture. On the other hand, at day 10, the cells
created a monolayer on the surface that was able to cover also some
small pores, i.e. all pores of uniform size and the smallest of the gradient-
size ones (Figure 6-15). Moreover, as visible in Figure 6-16, the cells
were able to penetrate the pores and colonize the 3D structure of the
scaffolds.

In general, the behavior of the cells on the different scaffolds appears
very similar. Most probably, 10% of CB-derived nanopowder is not
enough to observe significant differences, also because AP40mod
already shows a good bioactivity. However, the presence of CB-derived
nanopowder and of gradient pores seems to have an influence on the
metabolic activity, which is decreasing after 10 days. As reported in the
literature [211], this phenomenon could be a sign of the differentiation
of stem cells, but more tests are needed to verify this hypothesis. Indeed,
stem cells differentiation tests on these scaffolds are currently in plan at
the University of Trento.
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Day 3 Day 5 Day 10

Figure 6-15 Confocal images of the cells on the scaffolds’ surface. Cytoskeleton is
highlighted in green and cell nuclei in blue.
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Figure 6-16 Confocal images of the cells in the scaffolds’ cross-section. Cytoskeleton is
highlighted in green and cell nuclei in blue.
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6.4 Conclusions

Cuttlebone-derived biphasic calcium phosphate (BCP) was used to
fabricate porous scaffolds by binder jetting 3D printing. Due to the
nanometric size of the powder, it was not possible to print the powder
as-is, therefore it was mixed with a glass-ceramic powder with particle
size 45-100 pm, called AP40mod. The maximum amount of CB-derived
powder that was possible to be printed together with the glass-ceramic
was 10 wt%. In addition, two pores geometries were designed and
printed: with pores of uniform size or with a size-gradient.

After sintering, the scaffolds were composed by mainly hydroxyapatite
and wollastonite, their relative quantity being different when the
cuttlebone-derived nanopowder was added, since BCP converted into
HA during sintering. Diopside, titanite and cristobalite were also present
in smaller amounts. The total porosity was ~60% for the pure AP40mod
scaffolds and ~70% for the ones containing CB-derived nanopowder.
Most probably, the nanosized particles limited the mutual contact of the
big glassy particles by surrounding them, slowing down the
densification.

The biological in vitro tests showed good cell adhesion and proliferation
of human mesenchymal stem cells (hMSCs) on all samples, and no
significant differences were observed between different materials and
different geometries. Moreover, in all samples, the cells were able to
penetrate the pores colonizing the porous 3D structure. The metabolic
activity showed a gradual decrease over time, which was particularly
significant for the scaffolds with CB-derived powder and size-gradient
pores. This might be a sign of the differentiation of stem cells, but
additional tests are needed to clarify this point.
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Scientific production

F. Cestari, G. Chemello, A. Galotta, V.M. Sglavo, Low-temperature
synthesis of nanometric apatite from biogenic sources, Ceram. Int.
(2020). doi:https://doi.org/10.1016/j.ceramint.2020.06.123.

F. Cestari, F. Agostinacchio, A. Galotta, G. Chemello, A. Motta, V.M.
Sglavo, Nano-hydroxyapatite derived from biogenic and bioinspired
calcium carbonates: Synthesis and in vitro bioactivity, Nanomaterials.
11 (2021) 1-14. d0i:10.3390/nano11020264.

M. Biesuz, F. Valentini, M. Bortolotti, A. Zambotti, F. Cestari, A. Bruni,
V.M. Sglavo, G.D. Soraru, A. Dorigato, A. Pegoretti, Biogenic
architectures for green, cheap, and efficient thermal energy storage and
management, Renew. Energy. 178 (2021) 96-107.
doi:10.1016/j.renene.2021.06.068.

F. Cestari, M. Petretta, Y. Yang, A. Motta, B. Grigolo, V.M. Sglavo, 3D
printing of PCL / nano-hydroxyapatite scaffolds derived from biogenic
sources for bone tissue engineering, Sustain. Mater. Technol. 29 (2021)
€00318. d0i:10.1016/j.susmat.2021.e00318.

F. Cestari, Y. Yang, ]. Wilbig, ]. Giinster, A. Motta, V.M. Sglavo, Powder 3D
Printing of Bone Scaffolds with Uniform and Gradient Pore Sizes Using
Cuttlebone-Derived Calcium Phosphate and Glass-Ceramic, Materials
(Basel). 15 (2022). doi:10.3390/ma15155139.
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Participation to congresses, schools and
workshops

26-30 November 2018: participation to the Winter School MAUD;
Materials Characterization by the Combined Analysis and Raw
Materials Applications.

16-20 June 2019: participation to the XVI ECerS Conference with an
oral presentation with the title: «Innovative synthesis of
hydroxyapatite from biogenic calcium carbonate sources».

2-6 December 2019: participation to the Winter School ECOPADS, from
linear to circular thinking.

14-16 September 2020: participation to the Summer School Electric
and Magnetic Field Processing of Inorganic Materials.

26-27 October 2020: participation to the ECerS School on Additive
Manufacturing of Ceramics.
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Other activities

From February to June 2019: tutor for the laboratory activity of the
course in Glass Engineering of the University of Trento (Materials and
Production Engineering master course).

Collaboration with the master students Anna Galotta and Giovanni
Chemello for their master thesis projects. They both graduated on the
23rd October 2019.

From October to December 2019: tutor for the laboratory activity of the
course in Ceramic Materials Engineering (Materials and Production
Engineering master course).
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