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 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-, Mg2+, Sr2+, 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 CaCO3 into hydroxyapatite. Moreover, aragonite 
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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 Mg2+ in the eggshell-derived material and Sr2+ 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 Ḑ50% 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 Ḑ60% for the pure glass-ceramic and Ḑ70% 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 

1.1 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 ÍÅÎȭs privilege of using fire, Prometheus stole the fire from 
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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] . 4ÈÁÔȭÓ ×ÈÙ, 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 giÁÎÔȭÓ ÁÎËÌÅ ÂÏÎÅ ÁÎÄ ÐÕÔ ÉÔ ÉÎ ÔÈÅ ÃÈÉÌÄȭÓ ÆÏÏÔȢ 7ÉÔÈ 
the additional help of some drugs, the giantȭÓ 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 ÔÈÅ ȰÇÏÌÄ ÓÔÁÎÄÁÒÄȱ, but 
collecting the bone material from the donor site can be painful and can 
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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: 

¶ Scaffold s, that are artificial  three-dimensional structures used 
to sustain tissue ingrowth [8] ; 

¶ 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] ; 

¶ 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 µm 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-
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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] . 

 

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 3ɀ7 µm 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 3ɀ8 lamellae stacked with orientation ± 45° 
[9,18]. The osteon, with a diameter of approx. 200 µm, 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 6ÏÌËÍÁÎÎȭÓ ÃÁÎÁÌÓ, 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 µm 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 nm3 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 
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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: 

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

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

¶ 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] . 
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¶ Bioresorbability /biodegradabi lity . 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] . 

¶ 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 [24ɀ
26]. For example, hydroxyapatite (HA) ÁÎÄ ɼ-tricalcium phosphate (ɼ-
TCP) have been used as fillers to improve the bioactivity of PLA 
(polylactic acid) [27ɀ29] and PCL (polycaprolactone) [24,25,30ɀ32]. 
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Table 1-1. Overview of materials used in bone tissue engineering. Adapted from [4,21,23]. 

Material type Examples Main advantages 
Main 
disadvantages 

Non-
biodegradable 
metals 

Ti alloys 

Co-Cr 

Zirconium 

Stainless steel 

High mechanical 
properties 

High 
biocompatibility 

Risk of stress 
shielding 

Non-
biodegradable 

Biodegradable 
metals 

Mg alloys High mechanical 
properties 

High 
biocompatibility 

Risk of stress 
shielding 

Bioceramics Hydroxyapatite (HA) 

-̡tricalcium 
ǇƘƻǎǇƘŀǘŜ όʲ-TCP) 

High bioactivity Brittleness 

Bioglasses 45S5 Bioglass® High bioactivity Brittleness 

Rapid 
degradation rate 

Synthetic 
polymers 

tƻƭȅόʶ- caprolactone) 
(PCL) 

Poly(l- lactic acid) 
(PLLA) 

Poly(glycolic acid) 
(PGA) 

Poly(ethylene glycol) 
(PEG) 

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

Ease of 
modification 

Wide range of 
compositions and 
properties 

Some produce 
undesirable 
degradation 
products 

Low mechanical 
properties 

Limited 
bioactivity 
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Material type Examples Main advantages 
Main 
disadvantages 

Natural 
polymers 

Collagen 

Alginate 

Silk 

Chitosan 

Hyaluronic acid 

Some contain 
cell-adhesion 
sites 

Biodegradability 

Low mechanical 
properties 

Batch-to-batch 
variability 

May contain 
pathological 
impurities 

 

1.4 Bioceramics: calcium orthophosphates 

From different combinations of CaO and P2O5 a great variety of calcium 
phosphates can be obtained, classified depending on the phosphate 
anion: ortho- (PO43-), meta (PO3-) and pyro- (P2O74-) [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 HPO42- or H2PO4-, 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: 

ὅὥὕϽὖὕ ϽὌὕ Ȣ (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 CaO-P2O5 
with  0 Hg and 500 Hg of water partial pressure, respectively. 
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Table 1-2. Calcium orthophosphates and their major properties [33ɀ35]. Ȱn.p.ȱ indicates 
that the compound cannot be precipitated from aqueous solutions. 

Compound Formula Ca/P 
molar 
ratio 

Solubility 
at 25°C 
(g/l) 

pH 
stability 
range 

Density 
(g/cm3) 

Monocalcium 
phosphate 
monohydrate 
(MCPM) 
 

Ca(H2PO4)2*H2O 0.5 Ḑ18 0.0-2.0 2.23 

Monocalcium 
phophate 
anhydrous 
(MCPA) 
 

Ca(H2PO4)2 0.5 Ḑ18 stable 
above 
100°C 

2.58 

Dicalcium 
phosphate 
dihydrate (DCPD) 
or brushite 
 

CaHPO4·2H2O 
1 Ḑ0.088 2.0-6.0 2.32 

Dicalcium 
phosphate 
anhydrous (DCPA) 
or monetite 
 

CaHPO4 1 Ḑ0.048 stable 
above 
100°C 

2.89 

Octacalcium 
phosphate (OCP) 
 

Ca8(HPO4 )2 
(PO4 )4 ·5H2 O 

1.33 Ḑ0.0081 5.5-7.0 2.61 

ɻ-Tricalcium 
phosphate  
(ɻ-TCP) 
 

ɻ-Ca3(PO4)2 1.5 Ḑ0.0025 n.p. 2.86 

ɼ-Tricalcium 
phosphate  
(ɼ-TCP) 
 

ɼ -Ca3(PO4)2 1.5 Ḑ0.0005 n.p. 3.07 

Calcium deficient 
hydroxyapatite 
(CDHA) 
 

Ca10-x (HPO4)x 

(PO4)6-x(OH)2-x 
(0 <x < 1) 

1.5-
1.67 

Ḑ0.0094 6.5-9.5 - 
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Compound Formula Ca/P 

molar 
ratio 

Solubility 
at 25°C 
(g/l) 

pH 
stability 
range 

Density 
(g/cm3) 

Hydroxyapatite 
(HA) 
 

Ca10(PO4)6 

(OH)2 
1.67 Ḑ0.0003 9.5-12 3.16 

Fluorapatite (FA) 
 

Ca10(PO4)6F2 1.67 Ḑ0.0002 7-12 3.20 

Oxyapatite (OA) 
 

Ca10(PO4)6O 1.67 Ḑ0.087 n.p. Ḑ3.2 

Tetracalcium 
phosphate (TTCP) 

Ca4(PO4)2O 2.0 Ḑ0.0007 n.p. 3.05 

 

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(PO4)2O), 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 (Ca3(PO4)2), tricalcium phÏÓÐÈÁÔÅȟ ÈÁÓ ÔÈÒÅÅ ÐÏÌÙÍÏÒÐÈÓȢ ɼ-TCP has 
Á ÒÈÏÍÂÏÈÅÄÒÁÌ ÓÔÒÕÃÔÕÒÅ ÁÎÄ ÉÔ ÉÓ ÓÔÁÂÌÅ ÕÐ ÔÏ ρρςυЈ#ȟ ÍÏÎÏÃÌÉÎÉÃ ɻ-
4#0 ÉÓ ÓÔÁÂÌÅ ÂÅÔ×ÅÅÎ ρρςυЈ# ÁÎÄ ρτχπЈ# ÁÎÄ ɻȭ-TCP has a trigonal 
ÓÔÒÕÃÔÕÒÅ ÁÎÄ ÉÔ ÉÓ ÓÔÁÂÌÅ ÁÔ ÈÉÇÈÅÒ ÔÅÍÐÅÒÁÔÕÒÅÓȢ 7ÈÅÎ ÑÕÅÎÃÈÅÄȟ ɻȭ-TCP 
always ÔÒÁÎÓÆÏÒÍÓ ÉÎÔÏ ɻ-4#0ȟ ×ÈÉÌÅ ɻ-TCP can be maintained at room 
temperature as a metastable phase [36]Ȣ ɻ-TCP is five times more soluble 
ÔÈÁÎ ɼ-TCP (see Table 1-2Ɋȟ ×ÈÉÃÈ ÍÁËÅÓ ÔÈÅ ÒÅÓÏÒÐÔÉÏÎ ÒÁÔÅ ÏÆ ɻ-TCP 
too high to be used as a scaffold material, so it is used mainly as a 
component of bone cements [33] .  

ɼ-TCP is the stable phase at room temperature and, in its Mg-containing 
form whitlockite  ɉɼ-(Ca,Mg)3(PO4)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 Å and c = 
37.40 Å [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 CaO-P2O5 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 Ca2P2O7). CPP has also two polymorphs, as it undergoes a phase 
transformation  ÂÅÔ×ÅÅÎ ÔÈÅ ÔÅÔÒÁÇÏÎÁÌ ɼ-CPP and ÔÈÅ ÍÏÎÏÃÌÉÎÉÃ ɻ-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, Ca2P2O7·2H2O, 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] .  

 

Figure 1-4 Equilibrium phase diagram of the system CaO-P2O5 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 
Ca5(PO4)3(OH), often written Ca10(PO4)6(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 Å and c = 6.878 Å. 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 PO42+ ions are substituted by HPO4+ ions, so that 
the general formula can be expressed as 

ὅὥ Ὄὖὕ ὖὕ ὕὌ  (2) 

where 0 < x < 1, thus ranging from Ca/P = 1.67 (HA, x = 0) to Ca/P = 1.5 
ɉɼ-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 
ÉÎÔÏ (! ÁÎÄ ɼ-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 
ÂÅÔ×ÅÅÎ ÔÈÏÓÅ ÏÆ (! ÁÎÄ ɼ-4#0 ÁÎÄȟ ÓÉÎÃÅ ÉÔ ÃÏÎÔÁÉÎÓ ɼ-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] . !ÃÃÏÒÄÉÎÇ ÔÏ ÔÈÅ /ÓÔ×ÁÌÄȭÓ ÓÔÅÐ ÒÕÌÅ [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 Mg2+, 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 Å, with formula Ca9(PO4)6 [48] , that are called 
0ÏÓÎÅÒȭÓ ÃÌÕÓÔÅÒȢ 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] . 

1.5 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. )Î ÈÉÓ ÂÏÏË ÃÈÁÐÔÅÒ ȰPhosphate minerals in human 
tissuesȱȟ 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+, Mg2+, F-, HPO42-, CO32- 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 24.5 

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, Mg2+ 0.34 0.81 0.55 

Carbonate, CO32- 3.5 5.0 6.0 

Fluoride, F- 0.01 0.02 0.02 

Chloride, Cl- 0.30 0.01 0.10 

Pyrophosphate, P2O7
4- 0.02 0.08 0.05 

Total organic 1.0 20.0 25.0 

 

In bone apatites, impurities can substitute Ca2+, 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. 

 

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 Mg2+, 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 ÔÈÅ ÆÏÒÍÁÔÉÏÎ ÏÆ ɼ-TCP, and to 
stabilize the amorphous phase (ACP). 

All biological apatites contain significant amounts of CO32- (Ḑ3.5-6 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 [51ɀ56]. 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, Mg2+ 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 (CO32-, 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). 

 

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

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 CaCO3. Calcium carbonate is found in 
marine organisms either in the form of calcite or of aragonite, which are 
two polymorphs of CaCO3, 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 
ÔÅÒÍ ȰÂÉÏÇÅÎÉÃȱȟ ×ÈÉÃÈ ÉÓ ÏÆÔÅÎ ÒÅÆÅÒÒÅÄ ÔÏ ÔÈÅÓÅ 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 CaCO3, 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: 

ρπὅὥὅὕ φὔὌ Ὄὖὕ ςὌὕ
ᴼ ὅὥ ὖὕ ὕὌ φὔὌ ὅὕ
τὌὅὕ 

(3) 

It is important to specify that, in the case of Roy et al. but also in other 
studies [72ɀ74], 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 [76ɀ80], 
mussel shells [81] , oyster shells [82]  and sea urchins [83] . In some cases 
[84ɀ87], 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 (NH 4)2HPO4, 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 [93ɀ96], 
oyster shells [97]  and sea snails shells [98] . In other works [99ɀ102], 
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 ȬȬÃÈÅÍÉÃÁÌ ÒÅÁÃÔÉÏÎ ÔÈÁÔ ÉÓ induced by mechanical 
ÅÎÅÒÇÙȭȭ [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 [104ɀ110], cuttlefish bones [111ɀ113], 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 
[111,114ɀ116] 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 Ḑ200:1, 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. 

Polymorph Symmetry a (Å) b (Å) c (Å) 
Crystal 

morphology 
[118] 

Calcite [121] Trigonal 4.976 4.976 16.992 Rhombohedral 

Aragonite [122] Orthorhombic 4.962 7.969 5.743 Needle-like 

Vaterite [123] Hexagonal 4.130 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, 
ÆÏÒ ÅØÁÍÐÌÅ ɼ-chitin and silk fibroin may induce the formation of 
aragonite instead of calcite [126] . The CaCO3 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 
ÄÅÃÉÍÁÔÅÄ ÔÈÅ ÆÉÓÈ ÐÏÐÕÌÁÔÉÏÎ ÔÈÁÔ ÁÒÅ ÔÈÅ ÃÅÐÈÁÌÏÐÏÄÓȭ ÎÁÔÕÒÁÌ 
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 
ÏÒÇÁÎÉÃ ÍÁÔÒÉØ ÏÆ ɼ-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] . 

a) b)  

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 µm), 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 µm, composed of calcite crystals; (iii) the inner surface 
of the shell, a thin layer of about 10 µm 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 
ÂÅ ÁÒÏÕÎÄ υπȭπππ ÔÏÎÓ ÐÅÒ ÙÅÁÒ [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 
ÔÈÅ ÓÁÍÅ ÔÉÍÅȟ ÉÔ ÍÕÓÔ ÂÅ ÅÁÓÉÌÙ ÂÒÏËÅÎ ÂÙ ÔÈÅ ÂÁÂÙ ÂÉÒÄ ×ÈÅÎ ÉÔȭÓ ÔÉÍe 
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 94ɀ
97% of the total weight, while the other constituents are Ca3(PO4)2 (1%), 
MgCO3 (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-ςπρω ÂÉÅÎÎÉÕÍ ÁÂÏÕÔ ρυȭπππ Árticles 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 
ÉÓ ÐÏÓÓÉÂÌÅ ÔÏ ÆÕÌÌÙ ÄÅÓÉÇÎ ÔÈÅ ÓÃÁÆÆÏÌÄȭÓ ÐÏÒÏÓÉÔÙȢ !Ó 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 a limited 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. 

a) b)  

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 
ÐÈÏÓÐÈÁÔÅÓȟ ÓÕÃÈ ÁÓ (!ȟ ɼ-4#0ȟ ɻ-4#0ȟ ÂÉÐÈÁÓÉÃ (!Ⱦɼ-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 ɼ-TCP as fillers in PLA [27ɀ29] or PCL [24,25,30ɀ32]. 
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. Gómez-
Lizárraga 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 µm 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 

2.1 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. 
#ÈÉÃËÅÎ ÅÇÇÓÈÅÌÌÓȟ ÉÎÓÔÅÁÄȟ ×ÅÒÅ ÃÏÌÌÅÃÔÅÄ ȰÆÒÅÓÈȱ ÉÎ Á ÌÏÃÁÌ ÂÁËÅÒÙȟ ÁÆÔÅÒ 
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 µm. 

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 ImageJ. 
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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 
ÁÎÏÄÅ ÓÏÕÒÃÅ ɉ+ɻ ÒÁÄÉÁÔÉÏÎ ρȢχψψως BɊȟ Á ÍÕÌÔÉÌÁÙÅÒ ÍÏÎÏÃÈÒÏÍÁÔÏÒ ÔÏ 
suppress k-beta radiation and fixed 100 mm 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 4000ɀ400 cmϺ1 
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 
(125ɀ770 nm). The samples were solubilized in ultrapure nitric acid (70 
vol%, SigmaɀAldrich) and diluted with pure water (obtained by reverse 
ÏÓÍÏÓÉÓȟ ʎ Ѓ πȢρ ʈ3 ÃÍ-1). 

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 µm, as 
measured with the software ImageJ. The lamellar matrix, instead, is 
formed by many different chambers of height 469 ± 12 µm and width 
107 ± 14 µm. 
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Figure 2-1 SEM pictures of the cross-section of a cuttlefish bone. 

 

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 
ÔÈÉÃËÎÅÓÓ ÏÆ ÔÈÅ ÎÁÃÒÅȭÓ ÐÌÁÔÅÌÅÔÓ, measured with ImageJ, 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 µm 
ÁÎÄ ÔÈÁÔ ÏÆ ÔÈÅ ÃÁÌÃÉÔÉÃ ÌÁÙÅÒ ÉÓ σπχ ϻ ψ АÍȢ (Ï×ÅÖÅÒȟ ÔÈÅ ÎÁÃÒÅȭÓ ÔÈÉÃËÎÅÓÓ 
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 µm thick. 

 

Figure 2-3 SEM pictures of the cross-section of an eggshell and of the external surface 
(bottom, right) of an eggshell. 






























































































































































