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1. INTRODUCTION
1.1. Anatomy and biology of the periodontium

The periodontium comprises the set of tissues that ensure the support and anchorage of
the tooth within the jaws, namely the gingiva, root cementum, periodontal ligament,
and alveolar bone. These elements should not be considered as independent structures,
but rather as components of a single functional and biological unit that develops and

matures in a coordinated manner during tooth formation and eruption. [1]

The periodontal
ligament

The development of periodontal tissues is closely related to odontogenesis and occurs
mainly in conjunction with the formation of dental roots. Most periodontal structures
originate from the dental follicle, a structure of ectomesenchymal origin that
surrounds the tooth germ. The cells that give rise to the dental follicle are themselves
derived from the neural crest, a pluripotent cell population that plays a fundamental

role in craniofacial development. [2]

During the early stages of embryonic development, neural crest cells migrate from the
neural tube toward the developing branchial arches, where they acquire a
mesenchymal phenotype that allows them to differentiate into numerous cell types.
Alterations in the migration or differentiation processes of these cells can lead to
severe developmental anomalies, such as the absence of dental elements or incomplete

formation of the jaw bones.

The dental follicle, together with the dental papilla, represents the main mesenchymal
compartment of the tooth germ. In particular, while the dental papilla will give rise to
the pulp and odontoblasts, the dental follicle is responsible for the formation of the

periodontal supporting tissues, namely cementum, periodontal ligament, and alveolar



bone. From an anatomical perspective, the dental follicle consists of a more internal
portion, closely associated with the tooth germ, and a more peripheral component in

continuity with the developing bony trabeculae that surround the tooth.

Taken together, these data indicate that the development of the periodontium is the
result of a highly organized process involving cell populations of common origin and
complex biological interactions. In this context, alveolar bone plays a key role not
only as a structural support for the tooth, but also as a dynamic tissue capable of
continuously adapting to functional loads and to changes in the periodontal

environment. [3]
1.2. Histological characteristics of bone

Bone tissue is a specialized connective tissue characterized by the presence of a
mineralized extracellular matrix, whose particular chemical composition and
histological organization confer high hardness and resistance to both tension and
compression to the bones. At the same time, thanks to a refined structural architecture,
bone tissue is relatively light, allowing an effective supporting function and enabling

the action of skeletal muscles without excessive energy expenditure.

In addition to mechanical functions, bone plays a fundamental role in mineral
metabolism, representing the main reservoir of calcium in the body and contributing
to the maintenance of the concentration of this ion in body fluids, which is essential

for numerous biological and functional processes.

From a compositional point of view, bone tissue consists of 10-20% water, while the
dry mass is composed of approximately 65—-70% inorganic component and the

remaining 30-35% organic component.
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Figure 2: Pie chart of the chemical composition of bone tissue after dehydration.



Organic component characterized by:

Cells of bone tissue:

o Osteoprogenitor cells (preosteoblasts): mainly located in the cambial layer of
the periosteum and endosteum, they derive from the osteogenic differentiation
of pluripotent mesenchymal cells of connective tissues. When appropriately
stimulated, these cells proliferate and differentiate into osteoblasts.

o Osteoblasts: metabolically active cells responsible for the synthesis of the
organic extracellular matrix (osteoid), which undergoes calcification processes
through the deposition of minerals such as calcium and phosphate;
subsequently, the addition of hydroxide and bicarbonate ions leads to the
formation of hydroxyapatite crystals, which represent bone in its mature form.
[4]

Once osteoblasts have completed their function, they remain embedded within
the mineralized matrix and transform into osteocytes.

o Osteocytes: they represent the most numerous cellular population in mature
bone; they are located within bone lacunae and maintain mutual contacts
through a network of canaliculi; they play a fundamental role in the
maintenance of the bone matrix and in the perception of mechanical stimuli.

o Osteoclasts: multinucleated cells of hematopoietic origin belonging to the
monocyte—macrophage lineage, specialized in bone tissue resorption. They act
through acidification of the microenvironment and the secretion of lysosomal

enzymes, allowing the continuous renewal and remodeling of bone tissue.
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Figure 3: Representation of bone cells and their predominant location within the wall of a long bone.

Organic component of the extracellular matrix: rich in type I collagen fibers, non-
collagenous proteins (Gla proteins), proteoglycans, glycoproteins (osteonectin),
and lipids. This component provides bone with elasticity and resistance to

mechanical stress.



Inorganic component:

Composed mainly of the inorganic portion of the extracellular matrix, which consists
of calcium and phosphate salts organized in the form of hydroxyapatite crystals,

responsible for the hardness and compressive strength of bone tissue. [5,6]
From a histomorphological point of view, bone tissue can be distinguished into:

e Non-lamellar bone: characterized by a disorganized arrangement of collagen
fibers, it is typical of the early stages of development and of repair processes,
whereas in adults it is present in limited sites, such as bone sutures or areas of new
formation.

e Lamellar bone: represents the predominant form in the adult organism and is
characterized by a high structural organization of collagen fibers, which ensures
greater resistance to mechanical stress.

Lamellar bone, based on its macroscopic structure, is further divided into:

o Compact bone, which constitutes the outermost layer of bones and is organized
into cylindrical structural units called osteons, at the center of which runs the
Haversian canal containing blood vessels and nerve fibers.

o Spongy bone, formed by a three-dimensional network of trabeculae that delimit
spaces containing bone marrow; this architecture allows an effective

distribution of mechanical loads and promotes metabolic exchanges. [7]

Cancellous bone tissue Compact bone tissue
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Figure 4: Histological organization of spongy and compact bone tissue.

All bones are externally covered by the periosteum, a connective membrane consisting
of an outer fibrous layer and an inner cambial layer rich in osteoprogenitor cells,
essential for growth and repair processes. The internal surfaces of bone cavities and
vascular canals are instead lined by the endosteum, formed by a thin layer of cells with

osteogenic function.



Therefore, bone tissue is characterized by high metabolic activity, due to the
continuous alternation of processes of deposition and resorption, collectively known as
bone remodeling. This process allows bone to adapt its structure to mechanical
stresses and to the metabolic needs of the organism, while maintaining calcium

homeostasis.

With advancing age, the balance between deposition and resorption tends to shift in
favor of the latter, resulting in a progressive reduction in bone mass and an increase in

skeletal fragility. [7]

It is important to emphasize that, although they share these general histological
principles, the different bones of the skeleton show significant structural and
functional variations in relation to their origin, function, and the biomechanical
stresses to which they are subjected. These differences are particularly evident in the
craniofacial region, where the maxillary bone and the mandibular bone exhibit
distinctive histological and biological characteristics of great relevance in dentistry

and implantology.
1.3. Anatomy of the jaw bones

The skeleton of the head consists of the skull, in which two parts can be distinguished
that are continuous with each other: the neurocranium, largely formed by flat bones
that delimit the cranial cavity in which the brain is housed, and the
viscerocranium/splanchnocranium, composed of bones located in the anteroinferior
part of the skull that contribute to delimiting visceral cavities such as the orbital

cavities, nasal cavities, and the oral cavity.

From a dental perspective, the bones of the viscerocranium of greatest interest are the

maxillary bone and the mandibular bone.

The maxillary bone:

A paired and symmetrical bone that forms a large part of the skeleton of the face; it
participates in the formation of the orbital cavities, the nasal cavities, and the oral
cavity and houses the upper teeth. Inside it is the largest of the paranasal sinuses,
namely the maxillary sinus (Antrum of Highmore), which represents a pneumatic
cavity that communicates with the nasal cavity through an orifice located on the

medial wall in an anterosuperior position, which drains into the middle meatus.



Figure 5: Body and processes of the maxillary bone (images taken from the internet)

For this bone we can distinguish:

e Body: a voluminous and hollow triangular pyramid-shaped portion characterized
by four surfaces:

o Anterior: a superficial triangular surface that continues laterally into the
zygomatic process, superiorly into the frontal process, and inferiorly into the
alveolar process. In the center it presents a depression (canine fossa) above
which the infraorbital foramen is visible (which represents the opening of the
infraorbital canal originating from the orbital surface). Medially this surface
ends with the nasal notch which, together with the contralateral maxillary bone,
delimits the piriform aperture (allowing access to the nasal cavity).

o Superior/orbital: a slightly concave surface that contributes to forming the floor
of the orbit. Posteriorly the infraorbital groove is located, which continues
anteriorly into the infraorbital canal, in whose anterior part originate the
incisive canals through which nerves and blood vessels pass to reach the
alveoli of the upper incisors and canines.

o Medial/nasal: a surface that constitutes most of the lateral wall of the nasal
cavities and presents, in its central part, the maxillary opening that provides
access to the maxillary sinus. In front of the maxillary opening there is the
lacrimal groove, which is transformed into the nasolacrimal canal through
articulation with the lacrimal bone and with the inferior nasal concha. Behind
the opening, the nasal surface is rough for articulation with the palatine bone
and, at the limit with the posterior surface, presents the greater palatine groove
which, through articulation with the vertical part of the palatine bone, becomes

the greater palatine canal for the vessels and nerve of the same name.



o Posterior/infratemporal: a surface that continues laterally into the zygomatic
process and inferiorly into the alveolar process. In the central part of the
surface there is a convexity, the maxillary tuberosity, which is smooth in its
superior part and rough inferiorly for articulation with the palatine bone. At
this level alveolar foramina are also visible that open into the alveolar canals
traversed by the posterior superior alveolar vessels and nerves for the premolar

and molar teeth.
Four processes:

o Frontal: it detaches anterosuperiorly from the external and nasal surfaces and
extends upward between the lacrimal bone and the nasal bone to articulate with
the frontal bone. The anterior margin of the process joins the nasal bone while
the posterior margin articulates with the lacrimal bone.

o Zygomatic: a voluminous bony prominence in the shape of a triangular
pyramid with a base corresponding to the anterior surface of the maxilla and a
truncated apex that articulates with the zygomatic bone at the
zygomaticomaxillary suture. The superior surface participates in forming the
floor of the orbital cavity.

o Palatine: it has the shape of a quadrangular horizontal lamina that originates
from the inferior part of the medial surface of the maxillary bone. With its
superior surface it delimits the floor of the nasal cavities; with the inferior
surface it forms the anterior two-thirds of the hard palate, delimiting superiorly
the oral cavity; the medial margin articulates with the contralateral palatine
process forming the median palatine suture; the posterior margin articulates
with the horizontal part of the palatine bone forming the transverse palatine
suture. On the inferior surface of the palate, immediately behind the incisors,
there is the opening of the incisive canal which, running upward, divides and
reaches each nasal cavity.

o Alveolar: it originates from the inferior part of the maxillary bone and houses
the teeth of the upper alveolar hemiarch. It appears as an arched prominence in
the shape of a horseshoe which, articulating with the alveolar process of the
opposite side, constitutes the upper alveolar arch. In adults the process is
characterized by the presence of eight cavities (the dental alveoli) separated by

interalveolar septa. The anterior dental alveoli are simple conical cavities



corresponding to the roots of the incisors and canine teeth; the posterior alveoli
present multiple cavities separated by interradicular septa for the roots of
premolar and molar teeth. On the external surface of the process, above the
dental alveoli, prominences are visible (the alveolar jugums); above the jugums

of the incisors there is a depression (the incisive fossa).

From an evolutionary point of view, the maxillary bone develops from five centers of
membranous ossification, from which two distinct bones initially form, the true
maxillary bone and the intermaxillary bone; subsequently the two parts unite into a
single piece. The palatine processes (of both maxillary bones), initially directed
downward and separated by the lingual primordium, around the sixtieth day elevate
becoming horizontal and fuse on the midline. Alterations of these morphogenetic
mechanisms result in cleft palate. Around the fourth month of fetal life the alveolar
process appears with the dental primordia. The formation of the maxillary sinus begins
in the second month of embryonic life; at birth it is still rather narrow and only after

the tenth year does it reach its complete development.

The mandibular bone:

An unpaired median bone of the splanchnocranium that constitutes the inferior portion
of the facial skeleton. It articulates with the temporal bone through the
temporomandibular joint (TMJ), the only diarthrosis of the skull, whose complex
biomechanics give the bone a wide freedom of movement. Along its superior margin,

the alveolar process houses the teeth of the lower arch.
The mandible consists of:

e Body: a horseshoe-shaped lamina with anterior convexity. It presents an external
surface, an internal surface, and two margins: the inferior one (base) and the
superior one, which houses the alveolar process. The latter, similarly to the
maxilla, contains the teeth and tends to undergo physiological resorption in
elderly or edentulous individuals.

e Ascending rami: two vertical quadrangular laminae that join the body forming the
angle of the mandible. The amplitude of the latter varies with age, tending to be

more obtuse in childhood and in the edentulous elderly.



Each ramus presents:
o Two surfaces: the lateral surface hosts the insertion of the masseter muscle,
while the medial surface presents the spine of Spix (lingula).
o Two superior processes, separated by the mandibular notch:
= Coronoid process: anterior, insertion site for the temporalis muscle.
» Condyloid process: posterior, whose apex (condyle) constitutes the

articular segment of the TMJ.
Anterior projection:

The external surface presents centrally the mandibular symphysis, which ends
inferiorly in the mental protuberance. Lateral to it, at the level of the premolars, opens
the mental foramen (passage for mental vessels and nerve), the outlet of the
mandibular canal. Continuing posteriorly originates the oblique line, which runs
toward the coronoid process delimiting, together with the molars, the buccinator

groove for the muscle of the same name.

Pterygoid fossa

Temporal crest

Retrodental alveolar

Alveolar yokes

Mandibular symphysis

Mental protuberance Mental tubercle

Figure 6: Anterior projection of the mandible

Posterior projection:

The internal surface, concave, presents centrally the mental spines (superior for the
genioglossus muscle, inferior for the geniohyoid muscle). The mylohyoid line crosses
the bone obliquely, giving insertion to the mylohyoid muscle (floor of the mouth) and
delimiting two glandular areas: the sublingual fossa (superior) and the submandibular
fossa (inferior).

The inferior margin hosts the digastric fossa, while the superior margin (alveolar part)
presents the dental alveoli separated by interalveolar septa and, for multirooted teeth,

by interradicular septa.
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Figure 7: Posterior projection of the mandible

Lateral projection:

External surface: on the body the alveolar jugums are evident, prominences
determined by the presence of dental roots. The ramus presents inferiorly the

masseteric tuberosity, insertion site for the muscle of the same name.

Internal surface: inferiorly shows the pterygoid tuberosity (medial pterygoid muscle).
In the center opens the mandibular foramen, protected by the lingula (spine of Spix), a
landmark for anesthesia of the inferior alveolar nerve. From the foramen originates the
mylohyoid groove for the nerve of the same name. Behind the last molar, delimited by
the oblique line and the temporal crest, lies the retromolar trigone/retromolar fossa,

which allows communication between the vestibule and the oral cavity.
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Figure 8: Lateral projection internal surface. Figure 9: Lateral projection external surface.

1.4. Alveolar bone

Bone tissue represents a dynamic and highly specialized structure of the human body,
responsible for mechanical support, organ protection, hematopoietic function, and
maintenance of mineral homeostasis. Within the craniofacial district, the maxillary
bone and the mandible present peculiar morphological, functional, and embryological
characteristics compared with the rest of the skeleton, deriving predominantly from the
cranial neural crest and developing through intramembranous ossification. Within
these structures, alveolar bone represents a highly specialized portion directly related

to the presence and function of the dental elements. [1,8]
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Alveolar bone constitutes one of the four fundamental components of the
periodontium, together with gingiva, root cementum, and periodontal ligament, and
plays a crucial role in dental anchorage and in the distribution of occlusal forces
generated during mastication and intercuspation. Its loss or alteration significantly

compromises oral function and the stability of the dental elements.

From an anatomical point of view, the maxilla and mandible of the adult can be
divided into two main components: a basal portion, not involved in housing the dental
roots, and the alveolar process, responsible for the formation and support of the dental
alveoli. This distinction is fundamental, since the alveolar process is a tooth-dependent
bony structure, which develops, changes, and regresses in close relation to the

presence of the dental elements. [1,8,9]

Structure of the alveolar process

From a structural point of view, the alveolar process consists of two main components:

e Alveolar bone proper (also known as the lamina dura): it is a thin layer of
compact bone lining the wall of the dental alveolus. Its thickness generally ranges
from 0.1 to 0.5 mm (about 200—500 um) and it is characterized by the presence of
a high quantity of Sharpey’s fibers, terminal portions of the periodontal ligament
fibers that insert perpendicularly into the bone matrix, allowing the functional
anchorage of the tooth to the skeleton. This bony portion presents a predominantly
lamellar and bundle bone structure, with a system of Volkmann’s canals that
allow the passage of blood vessels, lymphatic vessels, and nerve fibers between
the periodontal ligament and the marrow spaces. [1,8,10,11]

e Supporting alveolar bone: instead consists of the buccal and lingual/palatal
cortical plates and of the trabecular (cancellous) bone interposed between the
alveolar bone proper and the cortical plates. This compartment contributes
significantly to the mechanical resistance of the alveolar process and to the

dissipation of functional forces. [8]
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Figure 10: Schematic representation of the supporting apparatus of the tooth [8]

Embryological development and tooth dependence

The development of alveolar bone is closely related to odontogenesis. It originates
from the dental mesenchyme derived from the cranial neural crest, in particular from
the dental follicle that surrounds the developing tooth germ. During the late bell stage,
bony septa and bridges begin to form, separating the individual tooth germs and

creating distinct bony compartments. [1,8]

With the beginning of root formation and tooth eruption, the cells of the dental follicle
differentiate into cementoblasts, periodontal ligament fibroblasts, and osteoblasts
responsible for the formation of the alveolar bone proper. This process occurs in a
coordinated manner with the formation of cementum and the periodontal ligament,

making the morphology of the alveolar bone closely dependent on the shape, size, and

orientation of the dental roots. [12,13]

Oral epithelium

Alveolar bone

Figure 11: Schematic representation of alveolar bone development

Bone remodeling and tooth eruption

Tooth eruption is a complex biological process that requires continuous remodeling of
the alveolar process, based on a delicate balance between bone resorption and new
bone formation. During this phase, osteoclastic resorption allows enlargement of the

gubernacular canal, enabling the erupting tooth to emerge from the bony crypt,
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whereas the deposition of new bone at the apical level contributes to the generation of

eruptive force. [14,15]

The dental follicle plays a central role in the regulation of these events, coordinating
the activity of osteoblasts and osteoclasts through the secretion of specific biological
mediators, including colony-stimulating factor-1 (CSF-1), epidermal growth factor
(EGF), and several interleukins with pro-osteoclastogenic activity. The presence of
tartrate-resistant acid phosphatase (TRAP)-positive osteoclast precursors within the
follicular tissue confirms the importance of this compartment in controlling bone
resorption during tooth eruption. [16-21]

These mediators act predominantly through the main molecular systems regulating
osteoclastogenesis, including the RANK/RANKL/OPG axis, which represents the key

mechanism of bone remodeling also in adult alveolar bone. [8]

Bone remodeling, understood as the process through which mature bone is
continuously replaced, is essential for the maintenance of mineral homeostasis and for
the repair of structural microdamage. In the adult, about 10% of the entire skeleton is
renewed annually thanks to the coordinated action of osteoclasts, osteoblasts, and
osteocytes. Under physiological conditions, the amount of bone resorbed by
osteoclasts is balanced by the amount of new bone formed by osteoblasts, according to
a mechanism known as coupling, which ensures maintenance of net bone mass.
Osteoclasts, in addition to performing a resorptive function, play an active role in
controlling the formative phase of remodeling through the release of factors capable of

recruiting and stimulating pre-osteoblasts. [§]

Numerous pieces of evidence suggest that osteoclasts do not constitute a functionally
homogeneous cell population, but rather present site-specific characteristics. In
particular, cells from maxillary bone marrow show a greater capacity to generate
osteoclasts and a higher resorptive activity than those from long bones, especially in
relation to the substrate on which resorption occurs. These differences seem to be
related to the peculiarities of the extracellular matrix of maxillary and alveolar bone,
which presents a distinct composition compared with that of long bones, as well as to
possible cell-intrinsic differences in the osteoclasts themselves. Supporting this
hypothesis, it has been shown that the resorptive activity of craniofacial osteoclasts

depends on both cysteine proteinases and matrix metalloproteinases (MMPs), whereas
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in long-bone osteoclasts resorption is mediated predominantly by cysteine proteinases.
[8]

A distinctive characteristic of alveolar bone is its high turnover. Experimental studies
have shown that the rate of bone formation in maxillary and mandibular alveolar bone
is three to six times higher than that observed in long bones, such as the femur. This
rapid remodeling seems to be closely related to mechanical stimulation exerted during
mastication. According to the mechanostat model, bone is able to adapt its mass and
architecture in response to the magnitude, duration, and frequency of the mechanical
strains to which it is subjected. In particular, dynamic loading is more effective than
static loading in inducing an anabolic response, stimulating bone formation and

reducing osteoclastogenesis. [8]

Osteocytes, embedded within the bone matrix, represent the main mechanosensitive
cells involved in transducing mechanical stimuli into a biological response. They
regulate bone remodeling both through cell-cell contact and through the release of
soluble factors, including sclerostin and Dickkopf-1 (DKK-1), potent inhibitors of the
Wnt/B-catenin pathway. Mechanical loading reduces the expression of sclerostin and
DKK-1, favoring bone formation, whereas mechanical unloading increases their
production, resulting in reduced osteoblastic activity and increased bone resorption. In
alveolar bone, a hard diet and masticatory stimulation have been associated with
reduced expression of sclerostin, suggesting a protective role of functional loading

against bone loss. [§]

Under pathological conditions, however, mechanical stress may contribute to the
progression of bone resorption. In periodontal disease, excessive occlusal forces
increase RANKL expression in the periodontium and accelerate alveolar bone
resorption. Moreover, mechanical stimulation in the presence of bacterial infection can
amplify the local inflammatory response, promoting the production of pro-
inflammatory cytokines and favoring alveolar bone loss. These observations highlight
how alveolar bone remodeling is the result of a complex integration between
biological and mechanical signals, which gives this skeletal district unique

characteristics compared with the rest of the skeleton. [8]
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Figure 12: Diagram of the cellular interactions that regulate bone tissue remodeling. Osteoblasts and
osteocytes synthesize RANKL and osteoprotegerin (OPG). The binding of RANKL to the RANK receptor
expressed on osteoclasts promotes their differentiation and functional activation. OPG instead acts as a

soluble receptor that sequesters RANKL, preventing its interaction with RANK and thus limiting
osteoclastogenesis. Osteocytes contribute to the regulation of bone metabolism by producing sclerostin

(SOST), which suppresses bone formation and stimulates resorption. In addition, osteoclasts influence

osteoblast recruitment and activity through factors released both by the cells themselves and by the
lacunae generated during bone resorption.

Regional anatomical differences and clinical implications

Numerous studies have shown that alveolar bone thickness (ABT) varies significantly
according to the anatomical region, the tooth considered, and the arch involved. A
recent meta-analysis including 68 studies showed that, in the anterior maxilla, the
mean thickness of the buccal plate is generally reduced, with values ranging from 0.42
to 1.75 mm, whereas it tends to increase in the posterior sectors, where it can reach
values between 0.78 and 4.31 mm. The palatal plate, on the other hand, shows a
generally greater and more variable thickness, with values ranging from about 0.97 to

over 8 mm.

Similarly, in the anterior mandible, alveolar bone thickness is generally greater on the
lingual side than on the buccal side, with mean values ranging from 0.38 to 5.44 mm
for the lingual cortex and from 0.4 to 3.71 mm for the buccal cortex, respectively.
Also at the mandibular level, the posterior sectors show greater bone thickness both on
the buccal side (0.66—6.31 mm) and on the lingual side (2.31-7.77 mm), confirming a

non-uniform distribution of ABT along the dental arches.

These regional anatomical differences are of relevant clinical importance, particularly
in implantology, orthodontics, and surgery. Areas characterized by thin bony walls,
such as the anterior maxillary sectors, are in fact more susceptible to fenestration,
dehiscence, and bone resorption phenomena, especially following invasive procedures

or changes in functional loads. Detailed knowledge of the distribution of alveolar bone
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thickness therefore represents a fundamental prerequisite for correct therapeutic

planning and for the prevention of biological complications. [22]

Biological and clinical function of alveolar bone

The primary function of the alveolar process is to house and anchor the dental roots,
while at the same time allowing the absorption and distribution of occlusal forces
through the insertion of periodontal ligament fibers into the alveolar bone proper.
However, this function is closely linked to the presence of teeth; indeed, following
their loss, the alveolar process undergoes progressive atrophy and resorption, losing its

function and part of its structure.

For this reason, a thorough understanding of the biology, structure, and remodeling of
alveolar bone represents a fundamental prerequisite for the prevention and treatment
of periodontal diseases, for implant planning, and for the development of targeted

regenerative strategies. [1,8]
1.5. Bone resorption/bone atrophy

Functional role of alveolar bone and consequences of tooth loss:

Alveolar bone represents the most dynamic and “labile” component of the
periodontium, since it is subject to continuous remodeling in response to the
mechanical and functional stimuli exerted by the natural dentition and occlusal forces,
which influence not only the “quantity” but also the “quality” of the available bone.
[23] The loss of one or more dental elements, due to extraction or trauma, in fact
determines the loss of physiological intraosseous stimulation and triggers a sequence
of biological and morphological events that progressively modify the architecture and
dimensions of the alveolar ridge, with functional, esthetic, and rehabilitative
implications. [23] Under edentulous conditions, in addition to psychological
repercussions, stomatognathic, phonetic, masticatory, and esthetic functions are
compromised, while the maxillofacial district tends to develop anatomical alterations
typical of senescence, with changes affecting soft and hard tissues and biomechanical

adaptations of the TMJ and intermaxillary relationships. [24]

Anatomy of alveolar bone and biological bases of remodeling:

From an anatomical point of view, the maxilla and mandible include a basal
component (formed during fetal life and the site of the main muscular insertions) and

an alveolar component (developed with tooth eruption and an integral part of the
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periodontal system), with the consequence that tooth loss primarily affects the alveolar
bone, whereas basal bone tends to preserve its morphology to a greater extent unless
irritative stimuli or incongruous loads occur. [24] In biological terms, the dimensional
stability of bone is “dynamic,” resulting from the continuous balance between
apposition and resorption, and Wolff’s law describes how every variation in function
is translated into modifications of the internal architecture and external configuration

of bone. [24]

Healing of the post-extraction socket and ridge remodeling:

The lack of post-extraction mechanical stimuli induces a reduction in trabeculation,
local bone density, and a rapid contraction of the buccolingual dimension, followed
later by a vertical reduction, progressively configuring an atrophy of the residual ridge.
[24] The healing process of the post-extraction socket, although leading to the
deposition of bone tissue in the space previously occupied by the root, does not
correspond to a restitutio ad integrum of the original ridge dimensions, because at the
same time as intra-alveolar bone formation, remodeling occurs with loss of crestal

volume. [25]

Bone regeneration is based on the activity of osteogenic progenitor cells of
osteoblasts, present in the medullary stroma close to blood vessels and in the bone
linings (endosteum and periosteum), including “determined” cells capable of forming
bone without inductive agents and inducible cells that instead require osteogenic

signals to differentiate. [25]

In this context, it has historically been demonstrated that the insertion of inductive
agents such as decalcified bone matrix or bone morphogenetic proteins into
heterotopic tissues can promote osteogenesis, but the newly formed bone proves
unstable over time in the absence of continuous stimulation and cellular

recolonization. [25]

Biological phases of alveolar healing:

Socket healing follows sequential phases: formation of a stable blood clot as the initial
“scaffold,” cellular infiltration and controlled inflammatory response, development of
granulation tissue with neoangiogenesis, deposition of osteoid initially in the apical
area and progressive mineralization with replacement by more mature bone, up to a

restructuring process that may require several months. [25]
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Dimensional modifications of the alveolar ridge:

Even when the socket heals without complications, vertical height is normally not
completely restored in comparison with adjacent teeth, and remodeling results in a
narrower ridge often relocated in a lingual/palatal direction, with predominantly

horizontal loss and greater involvement of the buccal aspect. [25]

From a quantitative point of view, a systematic review showed that after extraction
clinically relevant mean dimensional changes can be expected, with buccolingual loss
generally greater than vertical loss and with the initial phase of healing (first months)

accounting for the largest proportion of dimensional ridge changes. [25]

Bone quality and implant implications:

At the same time, histological observations have indicated that in the first 8—12 post-
extraction weeks the socket may present a coexistence of mature bone and osteogenic
tissue and that filling of the undisturbed socket may be completed in approximately
100 days, although with modifications in trabecular composition and orientation
compared with the pre-extraction condition. [23] It has also been described that
spontaneously healed sockets may contain portions of woven bone and areas with
empty osteocytic lacunae, associated with reduced osteoblastic activity and increased
osteoclastic activity, elements that underline how the “quality” of post-extraction bone

is not automatically superimposable on the original one. [23]

Since the trabecular component, porosity, and microarchitectural organization
influence load response and biomechanical stability, these modifications have a direct
impact on planning and outcomes of implant therapy, especially with regard to
primary stability and management of loading protocols. [23] In fact, bone quality has
historically been considered a crucial determinant of osseointegration, and early
studies reported lower survival rates in some regions, such as the posterior maxilla,
although today these differences are attenuated by progress in implant design, surface

treatment, and understanding of biomechanics. [23]

However, it remains essential to distinguish mechanical primary stability, necessary to
initiate biological integration, from the simplistic concept of “better bone = denser
bone,” because excessive torque may induce microfractures, areas of suffering

osteocytes, and greater peri-implant resorption, whereas apparently less dense bone
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may offer a favorable biological potential thanks to the greater non-mineralized and

vascularized component. [23]

From this perspective, bone microarchitecture does not depend only on the anatomical
site, since intra-site variability can be wide and factors such as the degree of atrophy
negatively influence parameters such as trabecular volume, suggesting that evaluation
should be individualized, for example through CBCT, rather than based exclusively on

the region (maxilla vs mandible; anterior vs posterior). [23]

The different distribution of bone density in the arches has been schematized by
clinical classifications, including Misch’s classification, which describes densities
from D1 to D4/DS5 and frequently places less dense bone in the posterior maxillary
regions and denser bone in the mandibular areas, while recognizing that intermediate

types may occur in a not strictly predictable way. [23]

Cellular and molecular mechanisms of bone resorption:

At the biological level, remodeling and resorption are supported by osteoclastic
activity, mediated by multinucleated cells derived from the hematopoietic lineage and
regulated mainly by the M-CSF/RANKL-RANK axis, with activation of specific
transcriptional pathways (c-Fos, NFATc1) and production of enzymes necessary for
degradation of the mineralized and organic matrix, while inflammatory cytokines may
enhance osteoclastogenesis especially under pathological conditions. [8] In the
alveolar district, moreover, gingival fibroblasts and periodontal ligament cells
contribute to the local regulation of osteoclastic activity through the RANKL/OPG
balance, and in inflammatory conditions such as periodontitis immune cells may also
amplify alveolar bone resorption. [8] Osteoclastic resorption occurs through
acidification of the resorption compartment and proteolysis of the matrix, requiring
specialized structures such as the sealing zone and ruffled border, with modalities that
may produce resorption pits or channels, suggesting variable osteoclastic behavior

according to the microenvironment and biological context. [8]

Patterns of resorption in the maxillary and mandibular arches:

From a clinical-morphological point of view, post-extraction remodeling tends to be
more evident on the buccal aspect, where the cortex is often thinner and therefore less
resistant to resorption, whereas the thicker palatal/lingual cortices remain relatively

more coronal, with displacement of the crestal center toward the palate/tongue and
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reduction first in the transverse and then in the vertical dimension. [26] In cases of
extended or total edentulism, these modifications become systemic for the entire
maxillofacial complex, altering interarch relationships in the three planes of space and
progressively favoring a tendency toward pseudo-Class III skeletal relationship, with

increased interarch distance and potentially unfavorable crown/implant ratios. [24]

In particular, the upper maxilla tends to resorb in a centripetal direction with
progressive contraction of the arch and frequent association with maxillary sinus
pneumatization in the posterior regions, whereas the mandible shows a more
centrifugal behavior, with predominantly horizontal resorption in the symphyseal
region and more vertical resorption in the posterior sectors. [24] In the long term,
longitudinal studies indicate that most bone loss occurs early, but the process may
continue slowly over time, with wide individual variability related to systemic factors
(hormonal profile and bone metabolism, osteoporosis/osteomalacia, drugs) and local
factors (traumatic extractions, incongruous prostheses with chronic irritative stimulus

and periosteal ischemia, surgery with mucoperiosteal flaps, long-standing edentulism).
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Figure 13: Resorption pattern of the maxillary and mandibular arches.

Classifications of atrophy and evaluation of bone density:

In order to make the assessment of atrophies reproducible and comparable and to
guide surgical-prosthetic planning, numerous classifications have been proposed,
based on morphological parameters (quantity and shape of the ridge) or qualitative

parameters (density/internal structure), each with different clinical purposes. [24]

Cawood and Howell’s classification describes the morphological evolution of the
edentulous ridge in progressive classes, from the presence of dentition to knife-edge
ridges, flat ridges, and depressed ridges with involvement of basal bone, highlighting

that resorption patterns follow relatively predictable models but with variability related
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to age, sex, and skeletal morphology. [24] In parallel, bone quality/density
classifications such as Lekholm and Zarb’s and Misch’s classification distinguish sites
with a greater cortical component (more resistant but less vascularized) from sites with
a greater trabecular component (less mechanically resistant but potentially more
biologically favorable), introducing a language useful for the choice of surgical

protocol, implant selection, and definition of loading times.

Objective evaluation of density may be supported by three-dimensional imaging and
radiological quantification through Hounsfield units, which allow estimation of
radiopacity and correlation with density classes useful for planning, although
intraoperative evaluation remains a clinical parameter influenced by experience and

cutting resistance. [24]

Clinical implications of alveolar bone resorption:

Ultimately, post-extraction alveolar bone resorption is a physiological but clinically
determinant phenomenon, because socket healing does not coincide with preservation
of crestal volume, and dimensional and qualitative changes in bone may limit the ideal
implant position, compromise the esthetics of peri-implant tissues, and make targeted
reconstructive interventions necessary. [23] Precisely for this reason, modern implant-
prosthetic planning cannot be limited to describing resorption, but must consider
preventive and corrective strategies to preserve or regenerate alveolar bone,
integrating the understanding of biological mechanisms and atrophy patterns with the

rational choice of surgical techniques and biomaterials.
1.6. Materials for alveolar ridge preservation (ARP) and/or bone regeneration

Following tooth extraction, the loss of functional stimuli determines a physiological
remodeling of the alveolar bone with reduction of ridge volume, a condition that may
compromise prosthetic-implant planning and require additional reconstructive
procedures. In this context, alveolar ridge preservation (ARP) was developed with the
aim of minimizing post-extraction bone loss, preserving both the hard and soft tissues
of the socket, thus facilitating future implant placement and improving esthetics,
especially in the anterior sectors. ARP also aims to reduce the need for more complex
reconstructive procedures, increasing the predictability of implant therapy and

promoting more rapid healing toward definitive rehabilitation. [27]
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More broadly, regenerative procedures in dentistry and oral/maxillofacial surgery
include applications such as socket preservation, ridge augmentation, maxillary sinus
lift, and periodontal surgery, in which the choice of biomaterial depends on clinical
factors such as defect size, shape, and volume, local and general patient conditions,
and the goals of rehabilitation. [28] In edentulous jaws or atrophic ridges, insufficient
bone volume can make correct implant placement difficult or impossible; in such
scenarios, reconstructive techniques are used (including grafting procedures and GBR)

aimed at restoring a ridge volume adequate for subsequent mechanical loading.

Biological requirements and principles of graft healing:

A bone regeneration material should ensure biocompatibility and support bone
formation through the three key properties: osteoconduction, osteoinduction, and
osteogenesis. Osteoconduction is the ability to act as a scaffold for vascular and
cellular colonization and progressive replacement with newly formed bone, whereas
osteoinduction implies the ability to induce the differentiation of mesenchymal cells
into osteoblasts, also through biochemical mediators such as BMPs; osteogenesis, on
the other hand, corresponds to the production of new bone by vital cells already

present in the graft (a typical feature of autologous bone). [28,29]

From a biological point of view, the engraftment of a non-vascularized graft follows
sequential phases (initial hematoma, inflammatory response, centripetal vascular
invasion, bone deposition, and remodeling), which are influenced by mechanical

stability, graft microarchitecture and the revascularization capacity of recipient bed.

Classification of materials:

The materials used in ARP and bone regeneration can be classified, according to their
origin, into autografts, allografts, xenografts, and alloplastic/synthetic materials, with

the possibility of association with membranes or biological adjuvants. [28,29]

e Autologous bone (autograft): it is traditionally considered the gold standard
because it can simultaneously express osteoconduction, osteoinduction, and
osteogenesis, with the absence of immunological compatibility problems.
However, its use involves donor site morbidity, increased surgical time and
complexity, and possible local complications; moreover, the quantity and quality
of available bone may be limited in relation to age and comorbidities. In dentistry,

its use therefore tends to be reserved for more complex cases or extensive defects,
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also as a function of the limited availability of intraoral bone and the need for a
second surgical site. [28,29]

In reconstructive protocols, the choice of harvesting site (intraoral vs extraoral)
depends on the extent of the defect and the characteristics required of the graft
(cancellous, corticocancellous, or predominantly cortical).

Allografts: they derive from donors of the same species and are available through
bone banks after selection, treatment, and preservation processes. They are
considered predominantly osteoconductive and, under some conditions, weakly
osteoinductive (if growth factors remain after processing), but they do not express
osteogenesis; moreover, there remain considerations regarding processing costs
and infectious/immunological risks, although these are reduced by modern control
and treatment procedures. [28,29]

Xenografts (xenograft): often of bovine or porcine origin, they are used as
biocompatible scaffolds with marked osteoconduction, thanks to the mineral
component (mainly HA) and to a microstructure that can favor vascular and
cellular colonization. One aspect frequently considered is their slower resorption,
which may maintain space and volume for longer, but may also result in
persistence of residual particles. Among the disadvantages are ethical/religious
issues and the need for preparation processes aimed at reducing antigenicity; the
issue of interspecies disease transmission is also discussed, albeit as a rare risk.
[28,29]

Synthetic/alloplastic biomaterials: they are designed to promote bone regeneration
by offering advantages such as high availability, reproducibility, sterilizability,
ease of handling, and, in some cases, injectability and moldability, reducing the
need for a donor site. In general, the main groups include calcium phosphates,
calcium sulfates, bioactive glasses, and polymers, each with different profiles of
degradation, structural stability, and biological interaction. Calcium phosphates, in
particular, are widely used because of their similarity to the mineral phase of bone
and their high biocompatibility, although they have limitations related to absent or
reduced osteoinductivity in defects and to mechanical properties that are not

always optimal.
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Membranes and principles of guided regeneration (GBR) in ARP:

In ARP and, more generally, in guided bone regeneration, the use of barrier
membranes is intended to protect the clot and/or the biomaterial, preventing soft tissue
invasion into the defect and creating a space favorable to bone regeneration. Collagen
membranes, often bioresorbable, are used both in association with bone substitutes and
as site protection devices; in several clinical experiences the “graft + membrane”
association has shown smaller dimensional ridge changes compared with the use of
membrane alone. A historical limitation of membranes, especially non-resorbable
ones, has been the risk of exposure and infection and the need for a second surgery for
removal; this has stimulated the search for combinations of materials with better
clinical management. [27] From a technical point of view, in socket preservation
procedures, one critical issue is the competition between bone integration and
epithelial invagination, which is why the barrier assumes a key role in protecting the

grafted material during the early healing phases.

Platelet concentrates and biological adjuvants:

In recent years, attention has also shifted toward biological adjuvants capable of
improving the healing environment. Platelet concentrates, particularly PRF (and its
variants), are described as autologous biomaterials rich in growth factors and cellular
components within a fibrin matrix, with potential support for tissue healing and
regeneration, and with evidence of increased bone formation compared with
spontaneous healing in some ARP contexts. In general, these approaches are
frequently proposed in combination with graft biomaterials, with the aim of favoring
early vascularization and improving soft tissue management, although this remains an

area in which standardized protocols and long-term clinical data are required. [27,29]

Innovative biomaterials:

The evolution of biomaterials for ARP and bone regeneration is including
technologies that aim to reproduce the bone microenvironment more faithfully. One
example of this direction is the development of injectable materials, capable of
adapting to the geometry of the defect and stabilizing in situ, offering a scaffold for

cell adhesion, proliferation, and differentiation.
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At the same time, 3D printing and the design of “patient-specific” scaffolds represent a
further step toward personalized treatments, potentially able to improve adaptation to

the defect and clinical predictability. [27]

Within the framework of composite materials, solutions are being explored that
combine mineral phases and polymeric or collagenic components to improve
mechanical strength, porosity, and biological performance, with the aim of optimizing
the balance between volume maintenance and replacement with newly formed bone.

[29]

Clinical considerations:

In clinical practice, no material fully satisfies all ideal requirements in every situation;
the choice must therefore be guided by defect size and morphology, required healing
times, systemic and local patient conditions, and the need for mechanical stability.

[28,29]

In general, materials with slower resorption may favor volume maintenance, whereas
more resorbable materials may be associated with faster replacement, with possible
implications for dimensional stability over time; for this reason, combinations of
biomaterials, membranes, and biological adjuvants are often proposed according to the
clinical objective. Furthermore, management of clot and biomaterial stability,
protection from soft tissues, and control of complications (membrane exposure,
infection, material migration) represent determining aspects for the outcome of ARP

and for subsequent implant stability. [27,29]

The current landscape of biomaterials for alveolar preservation and bone regeneration
therefore shows a continuum ranging from traditional grafts (autologous, allogeneic,
and xenogeneic) to synthetic substitutes and composite and bioactive systems, with

growing attention toward manageable, reproducible, and defect-adaptable solutions.

In this context, particular interest has been directed toward calcium phosphate-based
cements, synthetic biomaterials characterized by high biocompatibility and a
composition similar to the mineral phase of bone, whose properties can be further
optimized through compositional modifications and ionic doping strategies aimed at

improving their biological and regenerative performance. [28,29]
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1.7. Calcium phosphate-based cements, with a focus on brushite and its doping

In the context of bone regeneration, bone cements represent a class of biomaterials
developed to overcome the limitations of traditional grafts and to improve the
management of bone defects of different origins. These materials are generally
composed of a mixture of powders and a liquid phase which, once mixed, give rise to
a moldable paste capable of hardening in situ through a chemical setting reaction,
allowing the material to adapt to the bone defect and facilitating its use in the surgical

and dental fields. [30]

Interest in bone cements mainly derives from the possibility of obtaining materials
with chemical and biological characteristics similar to the mineral component of
human bone, thereby favoring integration with the host tissue and the formation of
new bone tissue. [30] In order to be successfully used in the clinical setting, these
materials must meet several requirements, including biocompatibility, bioactivity,
osteoconductivity, and controlled resorption capacity, as well as possessing adequate
mechanical and structural properties such as porosity, crystallinity, and surface

roughness. [31]

Among the different types of bone cements available, calcium phosphate cements
(CPCs) play a particularly relevant role thanks to their chemical composition, which
faithfully reproduces the mineral phase of natural bone. This characteristic gives
calcium phosphate-based materials excellent biocompatibility, bioactivity, and
osteoconductive properties, making them particularly suitable for bone regeneration

applications and for the reconstruction of skeletal defects. [32]

Calcium phosphate cements are generally obtained by mixing one or more calcium
phosphate powders with an aqueous liquid phase; during the setting reaction, a process
of reagent dissolution followed by re-precipitation of the final crystalline phase occurs,
with the formation of a solid structure that adapts to the bone defect. [33] Depending
on the composition and reaction conditions, the final product may be mainly
represented by two different phases: an apatitic phase, similar to hydroxyapatite, or a

calcium hydrogen phosphate dihydrate-based phase known as brushite. [34]

Brushite (CaHPO4-2H:20) represents one of the most important calcium phosphates
used in the biomedical field for bone tissue repair and regeneration applications.

[35,36] It is characterized by greater solubility than the apatitic phases and by a faster
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resorption capacity under physiological conditions, properties that favor the
progressive replacement of the material with new bone tissue during the healing

process. [37]

Numerous in vitro and in vivo studies have shown that brushite possesses
osteoconductive properties and can promote the proliferation and differentiation of
osteogenic cells, contributing to the formation of new bone tissue. [38] Moreover, its
high solubility allows the controlled release of calcium and phosphate ions during the

degradation process, contributing to the mineralization of the surrounding tissue. [37]

Despite these favorable characteristics, brushite-based cements also present some
limitations, including relatively low mechanical strength and degradation that is
sometimes difficult to control, aspects that may limit their application in large bone
defects or in defects subjected to high loads. [39] In addition, a further critical issue
concerns the absence of intrinsic antibacterial properties, which may favor the onset of

post-operative infections at the implantation site. [40]

To overcome these limitations, in recent years several strategies have been developed
to modify calcium phosphate-based cements, including the incorporation of drugs,
bioactive molecules, or metal ions capable of modulating the biological and
physicochemical properties of the material. [40] Among the most promising
approaches is ionic doping of the crystalline structure of calcium phosphates through

the introduction of bioactive elements such as zinc, silver, copper or strontium. [41-43]

In particular, zinc (Zn**) plays a fundamental biological role in bone metabolism, since
it is involved in the proliferation and differentiation of osteoblasts and in the
regulation of bone tissue formation. [44,45] Moreover, numerous studies have shown
that the incorporation of Zn?* ions into calcium phosphate-based biomaterials can
improve the osteogenic properties of the material and confer antibacterial activity

against different microorganisms. [46,47]

Ionic doping also makes it possible to modulate important parameters such as
crystallinity, solubility, and material degradation rate, significantly influencing the

biological behavior of bone cements and their interaction with host tissue cells. [48]

In light of these considerations, brushite-based cements doped with metal ions

currently represent a promising class of biomaterials for bone tissue engineering
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applications, capable of combining biocompatibility, resorbability, and improved

bioactive properties compared with traditional materials. [49]
1.8. Application of calcium phosphate-based cements in 3D printing

In recent years, the development of additive manufacturing technologies has opened
new perspectives in the field of bone tissue engineering, allowing the production of

three-dimensional scaffolds designed to mimic the structure and properties of natural
bone tissue. In particular, three-dimensional printing (3D printing) represents one of
the most promising technologies for the fabrication of customized scaffolds intended

for bone regeneration.

3D printing is based on an additive manufacturing process in which the material is
deposited layer by layer following a digital model obtained through computer-aided
design (CAD) systems. This approach makes it possible to create highly precise three-
dimensional structures that can be adapted to the shape and size of the patient’s bone

defect. [50,51]

In the field of bone tissue engineering, scaffolds produced by 3D printing act as a
temporary framework capable of supporting the adhesion, proliferation, and
differentiation of osteogenic cells, favoring the formation of new bone tissue and the

progressive replacement of the material with regenerated tissue. [52]

In order for a scaffold to effectively perform this function, it is necessary for it to
exhibit some fundamental characteristics, including an interconnected porous structure
that allows nutrient diffusion, waste product removal, and cell migration within the
structure. [53] In particular, for bone tissue engineering, pore sizes between about 100
and 300 pm have been shown to promote both osteogenesis and angiogenesis,

contributing to the formation of functional bone tissue. [54]

Different biomaterials can be used as components for scaffold fabrication by 3D
printing. Among these, three main categories can be distinguished: polymers,

bioceramics, and composite materials. [55]

Polymers represent a particularly versatile class of materials, since they allow the
mechanical properties and degradability of the scaffold to be modulated through
changes in their chemical structure. [56] Among the synthetic polymers most widely

used for 3D printing of bone scaffolds is polycaprolactone (PCL), a biodegradable

28



material characterized by a low melting point and good mechanical stability, which

makes it particularly suitable for fabrication processes by extrusion. [57]

Bioceramics, including calcium phosphates and bioactive glass, are instead inorganic
materials with high bioactivity and the ability to bond directly to bone tissue.
However, their brittleness and limited mechanical strength often make it necessary to

use them in combination with polymeric materials. [58-61]

For this reason, in recent years the use of polymer-ceramic composite materials has
been proposed, in which the polymer phase provides mechanical support and
flexibility, while the ceramic phase contributes to improving the bioactivity and
osteoconductivity of the scaffold. [62] A particularly studied example is the
combination of PCL with calcium phosphate-based bioceramics, which makes it
possible to obtain scaffolds with improved mechanical and biological properties

compared with the individual materials. [62]

The use of 3D printing in the fabrication of bone scaffolds also offers the possibility of
producing patient-specific customized structures, improving the adaptation of the
material to the anatomical defect and potentially helping to improve the clinical

outcomes of reconstructive procedures. [63]

These technologies therefore represent an important advancement in the field of
regenerative medicine and cranio-maxillofacial surgery, allowing the development of
increasingly sophisticated and functionalized biomaterials for advanced clinical

applications. [64]
1.9. Thesis rationale

Despite the significant progress made in the field of biomaterials for bone
regeneration, research continues to be directed toward the development of materials
capable of combining biocompatibility, bioactivity, adequate mechanical properties,

and the ability to promote rapid and effective bone regeneration.

Calcium phosphate-based cements represent one of the most promising solutions in
this field, owing to their chemical similarity to the mineral component of bone and
their ability to support osseointegration and osteoconduction processes. [65] However,
these materials still present some limitations, including relatively modest mechanical
properties and limited intrinsic antibacterial activity, which may compromise the

clinical success of implants. [40]

29



In order to improve the biological performance of these materials, a particularly
promising strategy consists of the ionic doping of calcium phosphates with bioactive
elements capable of modulating the cellular response and biological behavior of the
material. Among these elements, zinc (Zn**) has attracted considerable interest due to
its role in bone metabolism and its ability to stimulate osteoblast proliferation and
differentiation. [44,45] Moreover, the incorporation of Zn?" ions into the crystalline
structure of calcium phosphate-based cements may confer antibacterial properties to
the biomaterial, contributing to a reduction in the risk of post-operative infections at

the implantation site. [46]

At the same time, the integration of these biomaterials with additive manufacturing
technologies, such as 3D printing, offers the possibility of producing customized
scaffolds designed to adapt to the specific anatomical features of the patient’s bone

defect, potentially improving the effectiveness of bone regeneration strategies. [63]

In this context, the use of composite materials that combine a bioactive ceramic phase,
such as calcium phosphates, with a biodegradable polymeric component represents a
particularly promising strategy. Among the synthetic polymers most widely used for
tissue engineering applications is polycaprolactone (PCL), a material characterized by
good biocompatibility, controlled degradation, and adequate mechanical properties for
the fabrication of three-dimensional scaffolds using 3D printing techniques. [57]
Indeed, the combination of a bioactive ceramic phase with a biodegradable polymer
makes it possible to obtain composite materials capable of combining the
osteoconductive properties of bioceramics with the greater processability and

mechanical stability provided by the polymeric component. [62]

A further potential advantage of using resorbable brushite- and PCL-based scaffolds
compared with metallic devices traditionally used in regenerative surgery, such as
titanium meshes, is the possibility of avoiding a second surgical procedure for device
removal. Titanium meshes are frequently used to maintain space and stabilize
biomaterials during guided bone regeneration procedures; however, since they are
non-resorbable materials, they generally require subsequent removal surgery once the
regeneration process has been completed. The use of biodegradable scaffolds designed
to progressively degrade and be replaced by newly formed bone tissue could therefore
reduce surgical morbidity for the patient, simplifying the therapeutic pathway and

improving the clinical management of bone defects.
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In light of these considerations, the general aim of the present thesis was the
development and preliminary characterization of composite materials based on Zn**-
doped brushite and polycaprolactone, with a view to their possible future application
in the fabrication of customized three-dimensional scaffolds for bone regeneration. In
particular, brushite cements doped with different nominal concentrations of zinc, equal
to 2%, 5%, and 10%, were prepared and subsequently combined with a biodegradable

polymeric matrix consisting of PCL.

The main outcomes of this work were: the verification of the possibility of obtaining
Zn**-doped brushite cements at different percentages; the evaluation of the effect of
doping on the chemical and structural properties of the cements by XRD and FT-IR
analyses; the preliminary evaluation of the mechanical properties of the cements by
compression testing; the preparation of PCL/brushite-Zn?* composites with an 80/20
weight ratio; the production of processable composite pellets and filaments; and the
fabrication, by 3D printing, of samples intended for flexural mechanical testing and

preliminary biological evaluations.

Furthermore, an additional experimental outcome was represented by the evaluation of
the processability of the composite throughout the different operational phases, from
material preparation to filament production, up to the 3D printing of discs and
rectangular specimens. This aspect is particularly relevant because transforming a
cement or ceramic powder into a printable composite material requires not only
adequate chemical-structural and mechanical properties, but also sufficient workability

during the mixing, extrusion, and deposition phases.

The proposed approach therefore aims to evaluate the feasibility of an integrated
experimental pathway which, starting from the synthesis of Zn**-doped brushite,
allows the obtainment of a PCL-brushite composite that can be transformed into
filament and subsequently 3D printed. From this perspective, the present work fits
within the development of resorbable and customizable composite biomaterials,
potentially usable in the future for the fabrication of scaffolds intended for the

regeneration of complex bone defects.
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2. MATERIALS AND METHODS

This chapter describes the materials used and the experimental procedures adopted for
the preparation, characterization, and preliminary evaluation of the materials

investigated in this study.

The experimental activity was aimed at the development of composite materials based
on zinc-doped calcium phosphates, subsequently processed by additive manufacturing
techniques for the fabrication of three-dimensional samples intended for preliminary
mechanical and biological testing, with a view to the possible future development of

customized scaffolds for bone regeneration applications.

In particular, three different material formulations were developed in the present study,
characterized by different nominal percentages of doping with Zn** ions (2%, 5%, and
10%), in order to evaluate the influence of zinc content on the properties of the

biomaterial.

In the first phase, B-tricalcium phosphate (3-TCP) doped with Zn?** ions was synthesized
by a solid-state reaction starting from a mixture of inorganic precursors. Three different
formulations of doped B-TCP were therefore obtained, characterized by nominal Zn**

percentages of 2%, 5%, and 10%.

The materials thus obtained were subsequently used as starting reagents for the
preparation of the corresponding zinc-doped brushite cements, obtained through the
reaction between doped -TCP, monocalcium phosphate monohydrate (MCPM), and
distilled water. Trisodium citrate was also added to the liquid phase and used as a

retarder of the brushite cement setting reaction.

In parallel with the zinc-doped formulations, a pure brushite formulation was also
prepared and used as a control sample for the subsequent mechanical tests and

characterization analyses.

The brushite cements obtained were initially subjected to preliminary mechanical
compression tests. Subsequently, the samples were ground until a fine powder was
obtained. Part of the resulting powder was stored for chemical and structural
characterization analyses, in particular by FT-IR spectroscopy and X-ray diffraction
(XRD), aimed at evaluating the chemical composition and crystalline phases of the

material.
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The remaining portion of the brushite powder was instead used for the preparation of a
ceramic-polymer composite obtained by melt blending with polycaprolactone (PCL).
The composite thus obtained was transformed into pellets and subsequently extruded to

produce a filament suitable for three-dimensional printing processes.

Finally, the resulting filament was used for the fabrication, by 3D printing, of samples
intended for flexural mechanical testing and preliminary biological evaluations. In
particular, for each formulation, rectangular specimens (70 x 8 x 3 mm) were fabricated
for mechanical testing, and cylindrical discs (18 x 0.8 mm) were fabricated for

preliminary biological biocompatibility investigations.

The main steps of the experimental workflow adopted in the present study are

summarized in the diagram shown in Figure 14.

é CaHPO, + CaCO, + ZnO
(inorganic precursors)

Solid state reaction
(~1000 °C)

Zn-doped B-TCP
(2%, 5%, 10%)

B Zn-doped B-TCP + MCPM + H,0
() (+ trisodium citrate)

Zn-doped brushite cement

(2%, 5%, 10%)

' Pure brushite
(without Zn?*) Preliminary compressive mechanical tests
Control sample (brushite cement cylinders: doped and pure)
v Characterization
Grinding @ analyses
(obtaining fine powder) (FT-IR, XRD)
¥ = (doped brushite
==) and pure brushite)
Melt blending with PCL

Pellet production

Composite filament extrusion

3D printing of samples
(rectangular bars 70x8x3 mm and disks @ 18x0.8 mm)

i Flexural mechanical tests
(rectangular bars)

(Ga=>) Preliminary biological
’&rz{ﬂ evaluation (disks)

Figure 14: Scheme of the experimental workflow adopted in the present study, illustrating the main steps
of synthesis of B-tricalcium phosphate (B-TCP) doped with Zn?* ions, the preparation of doped and
undoped brushite cements, preliminary mechanical compression testing, chemical-structural
characterization by FT-IR and X-ray diffraction (XRD), production of the brushite-PCL composite,
subsequent filament extrusion, and fabrication by 3D printing of samples intended for flexural mechanical
testing and preliminary biological evaluations.
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2.1. Materials

Several powder reagents were used for the preparation of the samples investigated in
the present study. These reagents were employed for the synthesis of zinc-doped [3-
tricalcium phosphate (B-TCP), for the preparation of brushite cements, and for the
subsequent fabrication of the brushite-PCL composite intended for 3D printing.

In particular, the following materials were used:

e Dibasic calcium phosphate;

e (Calcium carbonate;

e Zinc oxide;

e Monocalcium phosphate monohydrate (MCPM);
e Trisodium citrate dihydrate;

e Distilled water;

e Polycaprolactone (PCL).

Dibasic calcium phosphate, calcium carbonate, and zinc oxide were used as precursors
for the synthesis of zinc-doped B-tricalcium phosphate. The B-TCP obtained was
subsequently used, together with monocalcium phosphate monohydrate (MCPM) and
distilled water, for the preparation of the doped brushite cement. Trisodium citrate
dihydrate was also added to the liquid phase and used as a retarder of the brushite

cement setting reaction.

For the preparation of the ceramic-polymer composite, polycaprolactone (PCL), a
biodegradable polymer, was instead used as the matrix for the production of the

filament intended for additive manufacturing by 3D printing.

The main materials used in the present work, together with their respective suppliers

and intended use, are reported in Table 1.
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Reagent

Chemical formula

Supplier

Use

Dibasic calcium

La Farmochimica

phosphate CaHPO+ (Genoa, Ttaly) Precursor for B-TCP synthesis
Calcium J.T. Baker (Mallinckrodt
carbonate CaCO:s Baker B.V., Deventer, Precursor for B-TCP synthesis
The Netherlands)
2+ 1 _
Zine oxide 710 Merck Source of Zn ions for B-TCP
doping
Monocalcium
phosphate Ca(H2POs)2-H-O Scharlau Reagent for brushite formation
monohydrate
Distilled water - - Liquid phase of the cement
Trisodium citrate . . . .
. Na;CsHs07-2H-0 Sigma-Aldrich Retarder of the setting reaction
dihydrate
Polveaprolactone Polymeric matrix for the
y (II’) L) (CsH1002)n 3D4Makers composite and filament

production

Table 1: Reagents used for the synthesis of zinc-doped B-tricalcium phosphate (3-TCP), for the
preparation of brushite cement, and for the fabrication of the brushite-PCL composite intended for 3D

printing.
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2.2. Synthesis of zinc-doped B-tricalcium phosphate

The first phase of the experimental work concerned the synthesis of zinc-doped -
tricalcium phosphate (B-TCP), subsequently used as a precursor for the preparation of

brushite cement.

Zinc-doped B-tricalcium phosphate (B-TCP:Zn) was synthesized by a solid-state

reaction, starting from a mixture of:

e Dibasic calcium phosphate (CaHPO.)
e Calcium carbonate (CaCO:s)

e Zinc oxide (ZnO).

This approach is commonly used for the preparation of doped calcium phosphates, as
it allows materials with controlled composition and good homogeneity of the

crystalline phase to be obtained.

The quantities of the reagents were determined based on the stoichiometry of the

synthesis reaction:
2CaHPO4 + (1 — x) CaCO3 + xZnO = Cayz-x) Znx (PO4)2 + H20 + (1 — x)CO;

In this reaction, the parameter x represents the molar fraction of Zn** ions introduced
into the starting mixture, which partially substitute Ca** ions within the crystal lattice
of B-tricalcium phosphate. By varying the value of x, it is therefore possible to

modulate the degree of doping of the material and obtain formulations with different

zinc contents, as shown in Table 2.
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Zn0 | ZnO Powder
% Moles
(X)
0 0 Cay(POy), s pTCP
1 0.03 Cay6;Z2Ny03(PO,)2 B
3 0.09 Cay01ZNp 65(POy)o
& 0.18 Cay 522Ny 15(PO4)2
9 0.27 Cay33Zny 57 (POs), [ ZnB-TCP
12 | 0.36 Cay :ZNg 36 (PO4)s
18 | 0.54 Caly 46ZNg 54 (POL)s
24 | 072 | Ca,pZngs; (PO, L

Table 2: The ZnO content in the starting mixture is expressed both in moles and in the corresponding

weight percentages (%Zn0O). The %ZnO value represents the ratio between the moles of ZnO added to
the powder mixture and the moles of Ca?" ions present in the B-TCP lattice. The parameter x indicates

the number of moles of zinc introduced into the powder mixture.

In the present work, three different nominal zinc doping percentages were considered,
equal to 2%, 5%, and 10%, in order to evaluate the influence of the amount of Zn** on
the properties of the material obtained. Since the theoretical amount of reagents
required for the production of one mole of material was excessive compared with the
experimental needs, the reagents were weighed by considering one tenth of the

theoretical quantities calculated.

The masses actually used for the preparation of the different formulations are reported
in Table 3, which summarizes the amounts of CaHPO., CaCOs, and ZnO used for each
doping level. As shown in the table, as the percentage of zinc doping increases, the
amount of calcium carbonate required for the synthesis decreases, whereas the amount

of zinc oxide used in the starting mixture increases.

Zn doping (%) X CaHPO4 (g/mol) Ca.COs (g/mol) ZTIO (g/mol)
Teoric Used Teoric Used Teoric Used
2 0,06 272,1 27,2 94,1 9,4 4,88 0,486
5 0,15 272,1 27,2 85,1 8,5 12,21 1,215
10 0,30 272,1 27,2 70,1 7,01 24,41 2,443

Table 3: Amounts of reagents used for the synthesis of B-tricalcium phosphate (B-TCP) doped with
Zn** at the different doping percentages. The reported values correspond to one tenth of the theoretical
quantities calculated per mole of product on the basis of the stoichiometric reaction.
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Weighing of the reagents for the synthesis of 2% Zn?*"-doped B-TCP

5

Figure 15: Preliminary steps in the preparation of the reagent mixture used for the synthesis of -
tricalcium phosphate (B-TCP) doped with Zn** ions, with a nominal doping percentage of 2%. The
images show the weighing of the individual reagents on an analytical balance, specifically: (A)
weighing of dibasic calcium phosphate (CaHPOs4); (B) weighing of calcium carbonate (CaCOs); (C)
weighing of zinc oxide (ZnO), used as a source of Zn?* ions for doping; (D) the three weighed reagents
placed in their respective containers, ready to be subsequently ground in a mortar and mixed together.

Weighing of the reagents for the synthesis of 5% Zn?*"-doped B-TCP

Figure 16: Preliminary steps in the preparation of the reagent mixture used for the synthesis of 3-
tricalcium phosphate (B-TCP) doped with Zn** ions, with a nominal doping percentage of 5%. The
images show the weighing of the individual reagents on an analytical balance, specifically: (A)
weighing of dibasic calcium phosphate (CaHPO4); (B) weighing of calcium carbonate (CaCOs); (C)
weighing of zinc oxide (ZnO), used as a source of Zn?** ions for doping; (D) the three weighed reagents
placed in their respective containers, ready to be subsequently ground in a mortar and mixed together.
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Weighing of the reagents for the synthesis of 10% Zn’**-doped S-TCP

Figure 17: Preliminary steps in the preparation of the reagent mixture used for the synthesis of -
tricalcium phosphate (B-TCP) doped with Zn?* ions, with a nominal doping percentage of 10%. The
images show the weighing of the individual reagents on an analytical balance, specifically: (A)
weighing of dibasic calcium phosphate (CaHPO.); (B) weighing of calcium carbonate (CaCOs); (C)
weighing of zinc oxide (ZnO), used as a source of Zn?* ions for doping; (D) the three weighed reagents
placed in their respective containers, ready to be subsequently ground in a mortar and mixed together.

The powders of the individual reagents were initially ground y
and manually homogenized in a mortar, in order to reduce
particle size and promote a uniform distribution of the

components. The reagents were then carefully mixed until a

homogeneous mixture was obtained.

A

For each doping percentage, the resulting mixture was placed in a mold and subjected

to mechanical pressing, in order to obtain compact pellets suitable for facilitating the

AN N
Ay "~y
)

Figure 18: Steps for pellet preparation: (A) material placed inside the mold; (B) mold placed inside the
press; (C) counter-mold inside the press for removing the pellets.
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The pellets obtained were then placed in refractory crucibles and subjected to thermal
treatment in a furnace for 12 hours, at a temperature close to 1000 °C, in order to

promote the formation of the zinc-doped B-TCP crystalline phase.

At the end of the thermal treatment, the sintered samples were cooled to room
temperature and subsequently reduced again to powder by mechanical grinding, thus
obtaining zinc-doped B-TCP powder intended for the subsequent preparation of

brushite cement.

The entire procedure was repeated for each of the three planned formulations,

corresponding to nominal zinc doping percentages of 2%, 5%, and 10%.
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2.3. Preparation of brushite cement obtained from zinc-doped B-TCP

The second part of the experimental work concerned the preparation of zinc-doped

brushite-based bone cements, obtained from:

o B-tricalcium phosphate doped with Zn** ions synthesized in the previous phase;
o Monocalcium phosphate monohydrate (MCPM);
° Distilled water;

o Trisodium citrate dihydrate.

te tribasic

e t -
o, ACS reagent:”

Before preparing the cement pastes, the liquid phase was prepared, consisting of
distilled water containing trisodium citrate dihydrate. Citrate was used as a retarder of
the setting reaction, since brushite formation occurs rapidly after contact between the
reactive powders and water. Its addition to the liquid phase therefore made it possible
to increase the working time of the cement paste, facilitating both the mixing of the

reagents and the subsequent insertion of the material into the cylindrical molds.

For the preparation of the aqueous trisodium citrate dihydrate solution, the following

parameters were considered:

e  Molecular weight of citrate: 294,10 g/mol;

e Desired molarity of the solution: 1 M;

e Solution volume: 0,1 L.

Therefore, to calculate the amount of trisodium citrate dihydrate to be dissolved in 100

mL in order to obtain a 1 M solution, the following formula was applied:

m=MxVxPM=1x0,1x294,10=2941g
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Thus, 29,41 g of trisodium citrate dihydrate were
weighed, then transferred into a volumetric flask
and dissolved in distilled water. Water was
progressively added until the final volume mark of
100 mL was reached. Once the citrate had
completely dissolved, the resulting solution was

used as the retarding liquid phase for the

preparation of the brushite cements.

At this point, the quantities of the reagents were determined based on the

stoichiometry of the synthesis reaction:
Cas3(PO4): + Ca(H:POs): - H:0 + 7H:0 — 4CaHPO. - 2H-0

Starting from the stoichiometry of the synthesis reaction, the quantities of reagents
required for the preparation of the zinc-doped brushite cements were determined. The
calculation was performed separately for each component of the mixture; therefore,

the following were evaluated:

e the amount of Zn**-doped B-tricalcium phosphate;

e the amount of monocalcium phosphate monohydrate (MCPM);

e the amount of liquid phase, consisting of distilled water supplemented with
trisodium citrate dihydrate.

Since the theoretical quantities calculated for the production of one mole of material

were greater than the experimental requirements, the values obtained were initially

divided by 10. Subsequently, in order to facilitate manual mixing of the reagents and

improve the workability of the cement paste, each quantity was further divided into

four aliquots, corresponding to four separate preparations for each doping percentage.
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Amount of zinc-doped B-tricalcium phosphate

The amount of B-TCP to be used was calculated by taking into account the different

theoretical molar mass of the material as a function of the nominal Zn?** doping

percentage. Indeed, the partial substitution of Ca** ions with Zn?* ions within the -

TCP crystal lattice results in a slight variation in molecular weight compared with

undoped B-TCP.

The theoretical molecular weight of pure B-TCP, Cas(POa4)2, is approximately 310

g/mol.

Cas(PO4)> = (40-3) + (31:2) + (16:8) = 120 + 62 + 128 = 310 g/mol

However, in the doped formulations, part of the calcium ions is replaced by zinc ions;

therefore, the molecular weight was recalculated for each doping percentage.

2% Zn**-doped B-TCP

Calcium contribution = MW - number of atoms - % = 40 - 3 - 0,98 = 117,5 g/mol
Zinc contribution = MW - number of atoms - % = 65,4 - 3 - 0,02 = 3,9 g/mol
117,5 + 3,9 = 121,4 g/mol

PM B-TCP:Zn 2% = 121,4 + (31-2) + (16:8) = 121,4 + 62 + 128 = 311,4 g/mol

Since the theoretical calculated amount of 311,4 g/mol for the production of one
mole of material was greater than the experimental requirements, the value
obtained was divided by 10 and subsequently divided by 4, in order to split the
amount into four preparations and facilitate mixing.

i)

B—TCP:Zn2% = 2 - 7,79 g

Therefore, for each preparation of 2% brushite-Zn**, approximately 7,79 g of B-
TCP:Zn 2% were used, corresponding to approximately 31,16 g for the four

preparations.
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5% Zn*-doped B-TCP

Calcium contribution = MW - number of atoms - % = 40 - 3 - 0,95 = 114 g/mol
Zinc contribution = MW - number of atoms - % = 65,4 - 3 - 0,05 = 9,8 g/mol
114 + 9,8 = 123,8 g/mol

PM B-TCP:Zn 5% = 123,8 + (31-2) + (16:8) = 123,8 + 62 + 128 = 313,8 g/mol

Since the theoretical calculated amount of 313,8 g/mol for the production of one
mole of material was greater than the experimental requirements, the value
obtained was divided by 10 and subsequently divided by 4, in order to split the
amount into four preparations and facilitate mixing.
(3 1 3,8)
: _\10 J _
B—TCP:Zn5% = 2 - 785g

Therefore, for each preparation of 5% brushite-Zn?**, approximately 7,85 g of -

TCP:Zn 5% were used, corresponding to approximately 31,38 g for the four

preparations.
10% Zn*-doped B-TCP

Calcium contribution = MW - number of atoms - % = 40 - 3 - 0,90 = 108 g/mol
Zinc contribution = MW - number of atoms -+ % = 65,4 - 3 - 0,10 = 19,6 g/mol
108 + 19,6 = 127,6 g/mol

PM B-TCP:Zn 10% = 127,6 + (31-2) + (16-8) = 127,6 + 62 + 128 = 317,6 g/mol

Since the theoretical calculated amount of 317,6 g/mol for the production of one
mole of material was greater than the experimental requirements, the value
obtained was divided by 10 and subsequently divided by 4, in order to split the

amount into four preparations and facilitate mixing.

p—TCP:Zn10% =—"== 794¢g

Therefore, for each preparation of 10% brushite-Zn?*, approximately 7,94 g of p-
TCP:Zn 10% were used, corresponding to approximately 31,76 g for the four

preparations.

44



Amount of monocalcium phosphate monohydrate (MCPM)

The amount of monocalcium phosphate monohydrate, Ca(H2POa4):-H20, was
calculated based on the stoichiometry of the brushite formation reaction. Unlike -
TCP, the amount of MCPM does not vary as a function of the zinc doping percentage,
since this reagent does not contain Zn?" and is used in the same quantity for all

formulations.

Considering a molecular weight of MCPM equal to 252 g/mol, in this case as well the
theoretical amount was initially divided by 10 and subsequently divided into four

aliquots.
Ca(H:PO4)2-H20 = 40 + (1-6) + (31:2) + (16-9) = 40 + 6 + 62 + 144 = 252 g/mol

252
MCPM = (%0) =63g

Therefore, for each preparation of doped brushite, approximately 6,3 g of MCPM were

used, corresponding to approximately 25,2 g for the four preparations.

Amount of distilled water-citrate liquid phase

The amount of liquid phase to be added to the powders was determined by considering
an indicative solid-to-liquid ratio of 3:1. Therefore, for each formulation, the total
mass of the powders, consisting of B-TCP:Zn and MCPM, was divided by three,
obtaining the amount of distilled water-citrate solution to be used for the preparation

of the cement paste.

e For the 2% brushite-Zn?* formulation, the total amount of liquid phase was
calculated by dividing by 3 the total mass of the powders, consisting of B-TCP:Zn
2% and MCPM, according to a powder/liquid ratio of 3:1. Since the mixture was
subsequently divided into four separate preparations, the total amount of liquid
phase was also further divided by 4.

(B—TCP:Zn2% + MCPM)] [(31,16;— 25,2 )]

3
= 469
4 4 9

H20 + citrato =

Therefore, for each preparation of 2% brushite-Zn**, approximately 4,69 g of
distilled water-citrate solution were used, corresponding to approximately 18,78 g

for the four preparations.
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e For the 5% brushite-Zn?* formulation, the total amount of liquid phase was
calculated by dividing by 3 the total mass of the powders, consisting of B-TCP:Zn
5% and MCPM, according to a powder/liquid ratio of 3:1. Since the mixture was
subsequently divided into four separate preparations, the total amount of liquid

phase was also further divided by 4.

3 3
4 4

(B—TCP:Zn5% + MCPM)] [(31,38 +25,2)
H20 + citrato = =

= 472g

Therefore, for each preparation of 5% brushite-Zn**, approximately 4,72 g of
distilled water-citrate solution were used, corresponding to approximately 18,86 g

for the four preparations.

e For the 10% brushite-Zn?* formulation, the total amount of liquid phase was
calculated by dividing by 3 the total mass of the powders, consisting of B-TCP:Zn
10% and MCPM, according to a powder/liquid ratio of 3:1. Since the mixture was
subsequently divided into four separate preparations, the total amount of liquid

phase was also further divided by 4.

(B—TCP:Zn10% + MCPM)] [(31,76 + 25,2 )]
3

3
2 2 = 475g

H20 + citrato =

Therefore, for each preparation of 10% brushite-Zn?*, approximately 4,75 g of
distilled water-citrate solution were used, corresponding to approximately 18,99 g

for the four preparations.

Based on the calculations described above, the overall quantities and those actually

used for each single preparation are reported in Table 4.
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B-TCP:Zn MCPM Distilled water-citrate
: solution
- 5 CONE T C C
N Z k- ® | 2 k s k
S 3 E |z |3 g | 3 g
= 5 s » = s SC) s
= =y = 2 S) 2 = o = 2
=) D=l 5] D=1 5] 7 -]
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z =22 | 32 | =2 s | 32| = s g P
E =& | 2% | £ z | 2% | & | ES £
= i 5 4 = 5 : Sz c
o (=] -] — =} -5} o Q
< £ =9 31 = =% 2 =9 =9
S = E 2 = E E E
= |2 | 8| 2|2 | & |F*F :
B < = B < <
];r;ﬁh;;' 311,48 | 31,16 | 7,79 18,78 4,69
0
Brushite-
Py 313,81 | 31,38 | 7.85 252 252 6,3 18,86 4,72
0
123;231;13‘; 317,62 | 31,76 | 7,94 18,99 4,75
()

Table 4: Amounts of reagents used for each preparation of brushite cement doped with Zn?". The
reported values derive from the stoichiometric calculation of the brushite formation reaction, from the
reduction to one tenth of the theoretical quantities, and from the subsequent division into four aliquots,
in order to facilitate manual mixing of the cement paste. The amount of liquid phase was calculated by
maintaining an indicative powder/liquid ratio of 3:1.

Once the quantities of reagents had been defined, the experimental preparation of the
cement pastes was carried out. For each formulation, the required amounts of -
TCP:Zn and MCPM were weighed into small plastic beakers using an analytical
balance. The powders were then combined and manually mixed for a few minutes, in

order to obtain the most homogeneous possible distribution of the two solid reagents.

Subsequently, the predetermined amount of distilled water-citrate solution was added
to the powder mixture. After the addition of the liquid phase, the system was
vigorously mixed for approximately 30 seconds, until a homogeneous cement paste
was obtained. Following contact between the solid phase and the liquid phase, the
mixture showed a progressive increase in consistency over a few minutes, compatible

with the onset of the brushite setting reaction.

Before complete hardening, the cement paste was transferred into previously modified
sterile 5 mL syringes, used as cylindrical molds for shaping the doped brushite

samples.
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The syringes were cut at the apical end using a small circular saw, in order to obtain an
open cylinder with a uniform diameter. In addition, the rubber gasket was removed
from the plunger, and the corresponding locking system was eliminated, in order to

allow more uniform compaction of the material inside the mold.

After filling, the end of the syringe was closed and the plunger was manually pressed
to compact the cement paste and reduce the presence of macroscopic voids. The
samples were then left to harden inside the syringes for at least four days, in order to
allow completion of the setting reaction and obtain cylinders sufficiently stable for
subsequent handling. At the end of hardening, the samples showed a cylindrical

geometry with approximate dimensions of 12,5 mm in diameter and 25 mm in height.

Preparation of 2% Zn?"-doped brushite

Figure 19: Preparation steps of 2% Zn?*"-doped brushite cement. The images show the main operations
performed for reagent weighing, preparation of the cement mixture, and shaping of the cylindrical
samples. In particular: (A) weighing of zinc-doped B-tricalcium phosphate (B-TCP:Zn 2%), used in an
amount of approximately 7,79 g for each single preparation; (B) weighing of monocalcium phosphate
monohydrate (MCPM), used in an amount of 6,30 g; (C) weighing of the distilled water-citrate solution,
used as the liquid phase and as a retarder of the setting reaction, in an amount of approximately 4,69 g;
(D) weighed reagents placed in their respective containers before mixing; (E) cylindrical samples
obtained by inserting the cement paste into previously modified sterile 5 mL syringes.
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Preparation of 5% Zn?*"-doped brushite

Figure 20: Preparation steps of 5% Zn**-doped brushite cement. The images show the main operations
performed for reagent weighing, preparation of the cement mixture, and shaping of the cylindrical
samples. In particular: (A) weighing of zinc-doped B-tricalcium phosphate (3-TCP:Zn 5%), used in an
amount of approximately 7,85 g for each single preparation; (B) weighing of monocalcium phosphate
monohydrate (MCPM), used in an amount of 6,30 g; (C) weighing of the distilled water-citrate solution,
used as the liquid phase and as a retarder of the setting reaction, in an amount of approximately 4,72 g;
(D) weighed reagents placed in their respective containers before mixing; (E) cylindrical samples
obtained by inserting the cement paste into previously modified sterile 5 mL syringes.
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Preparation of 10% Zn?"-doped brushite

Figure 21: Preparation steps of 10% Zn**-doped brushite cement. The images show the main operations
performed for reagent weighing, preparation of the cement mixture, and shaping of the cylindrical
samples. In particular: (A) weighing of zinc-doped B-tricalcium phosphate (B-TCP:Zn 10%), used in an
amount of approximately 7,94 g for each single preparation; (B) weighing of monocalcium phosphate
monohydrate (MCPM), used in an amount of 6,30 g; (C) weighing of the distilled water-citrate solution,
used as the liquid phase and as a retarder of the setting reaction, in an amount of approximately 4,75 g;
(D) weighed reagents placed in their respective containers before mixing; (E) cylindrical samples
obtained by inserting the cement paste into previously modified sterile 5 mL syringes.

50



2.4. Rationale for zinc doping

The introduction of Zn?** ions into the structure of the material was designed with the
aim of improving the biological properties of conventional calcium phosphate-based
cements. Although these materials are characterized by high biocompatibility,
bioactivity, and osteoconductivity, they generally show limited intrinsic antibacterial
activity. This aspect represents a relevant critical issue in regenerative applications,
since bacterial contamination of the surgical site may promote the onset of post-
operative infections and compromise the healing process and integration of the

biomaterial.

Zinc is an essential trace element involved in numerous biological processes, including
the regulation of enzymatic activity, cell proliferation, protein synthesis, and bone
tissue metabolism. In particular, Zn** ions have been described as elements capable of
positively influencing osteoblast activity, promoting cell proliferation and
differentiation, and contributing to bone matrix mineralization processes. For this
reason, the integration of zinc into calcium phosphate-based biomaterials represents a

promising strategy to enhance the osteogenic response of the material.

In addition to its possible osteogenic effect, zinc also shows potential antibacterial
properties. The incorporation of Zn?* ions into the structure of calcium phosphates
may contribute to limiting bacterial adhesion and proliferation on the surface of the
biomaterial, reducing the risk of microbial colonization in the phases following
implantation. This aspect is particularly important in the development of materials
intended for bone regeneration, where the presence of local infections may

compromise clot stability, cellular colonization, and the formation of new bone tissue.

Ionic doping may also modify some chemical and physical properties of the material,
such as crystallinity, solubility, and degradation rate. Since brushite is a relatively
soluble and bioresorbable calcium phosphate phase, the partial substitution of Ca**
ions with Zn** ions could influence the behavior of the cement during degradation and
ion release into the surrounding microenvironment. These modifications may play a

relevant role in the interaction between the biomaterial and the cells of the host tissue.

In the present study, three nominal zinc doping concentrations were selected, equal to
2%, 5%, and 10%, with the aim of evaluating the effect of Zn?** content on the

properties of the material. The choice of multiple doping percentages makes it possible
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to compare formulations with different ionic contents and to investigate the possible
influence of zinc on the chemical-structural and mechanical behavior of the
biomaterial. In particular, the formulations obtained were subjected to preliminary
mechanical compression tests, characterization analyses by FT-IR spectroscopy and

X-ray diffraction, and were subsequently used for the preparation of doped brushite-

PCL composites. From these composites, rectangular specimens intended for flexural

mechanical testing and discs intended for preliminary biological evaluations were
produced by 3D printing. The latter, although included in the overall experimental
project, will be mainly investigated within the parallel thesis dedicated to the

biological evaluation of the developed materials.
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2.5 Preparation of pure brushite cement as a control sample

In parallel with the preparation of zinc-doped brushite cements, a pure brushite cement
was also produced and used as a control sample. This undoped formulation was
prepared with the aim of obtaining a reference material to be compared with the 2%,
5%, and 10% brushite-Zn** formulations in the subsequent preliminary mechanical
compression tests and chemical-structural characterization analyses by FT-IR

spectroscopy and X-ray diffraction.

The preparation of pure brushite was carried out
using pure B-tricalcium phosphate (B-TCP),
monocalcium phosphate monohydrate (MCPM), and
the same distilled water-citrate solution previously

prepared and used for the doped formulations.

Unlike the zinc-doped B-TCP, the pure B-TCP used
in this phase was not synthesized during the present experimental work, but was used

directly as a starting reagent for the preparation of the undoped brushite cement.

The formation reaction of pure brushite is analogous to that described for the doped

formulations and can be represented by the following equation:
Cas(PO4): + Ca(H:2POs): - H-0 + 7H>0 — 4CaHPO+ - 2H-0
The quantities of the reagents were determined based on the stoichiometry of the

reaction:

e For pure B-TCP, with the chemical formula Cas(POs), a theoretical molar mass of
approximately 310 g/mol was considered. As performed for the doped
formulations, this value was initially divided by 10 and subsequently divided into

four separate preparations:

Cas(POs)> = (40-3) + (31-2) + (16-8) = 120 + 62 + 128 = 310 g/mol
(310,0)
ﬁ—TCP=%=7,75g

Therefore, for each preparation of pure brushite, approximately 7,75 g of B-TCP

were used, corresponding to approximately 31,0 g for the four preparations.
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For monocalcium phosphate monohydrate (MCPM), a molar mass of 252 g/mol
was considered. In this case as well, the theoretical amount was divided by 10 and

subsequently divided into four aliquots:

Ca(H:POY>H0 = 40 + (1-6) + (31:2) + (16:9) = 40 + 6 + 62 + 144 = 252 g/mol

252
MCPM = (141) =63g

Therefore, for each preparation of pure brushite, approximately 6,3 g of MCPM

were used, corresponding to approximately 25,2 g for the four preparations.

The liquid phase, consisting of the distilled water-citrate solution, was calculated
by dividing by 3 the total mass of the powders, consisting of B-TCP and MCPM,
according to a powder/liquid ratio of 3:1. Since the mixture was subsequently
divided into four separate preparations, the total amount of liquid phase was also
divided by 4.

3
4 4

(B—TCP + MCPM)] [(31,0 +25,2)
3

H20 + citrato = = 469¢g

Therefore, for each preparation of pure brushite, approximately 4,69 g of distilled
water-citrate solution were used, corresponding to approximately 18,78 g for the

four preparations.

The quantities of the reagents used for the preparation of pure brushite cement are

reported in Table 5.

B-TCP MCPM Distilled water-
citrate solution
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Purebrushite | 3100 | 31,0 | 775 | 252 | 252 | 63 | 1878 | 469

Table 5: Amounts of reagents used for the preparation of pure brushite cement. The reported values

derive from the stoichiometric calculation of the brushite formation reaction, from the reduction to one

tenth of the theoretical quantities, and from the subsequent division into four aliquots, in order to

facilitate manual mixing of the cement paste. The amount of liquid phase was calculated by maintaining

an indicative powder/liquid ratio of 3:1.
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Once the quantities of the reagents had been defined, pure B-TCP and MCPM were
weighed into small plastic beakers using an analytical balance. The powders were then
combined and manually mixed for a few minutes, in order to obtain a homogeneous
distribution of the solid reagents. Subsequently, the distilled water-citrate solution was
added, and the mixture was vigorously mixed until a homogeneous cement paste was

obtained.

The paste thus obtained was transferred into previously modified sterile 5 mL
syringes, used as cylindrical molds, according to the same procedure described for the
doped formulations. After filling, the syringes were closed and the plunger was
manually pressed to compact the material and reduce the presence of macroscopic

voids.

The samples were left to harden inside the syringes for at least four days, in order to
allow completion of the setting reaction and obtain pure brushite cylinders sufficiently
stable for subsequent handling. The samples thus obtained were used as a reference for
comparison in the preliminary mechanical compression tests and for characterization

analyses by FT-IR and XRD.

Figure 22: Preparation steps of pure brushite cement. The images show the main operations performed
for reagent weighing, preparation of the cement mixture, and shaping of the cylindrical samples. In
particular: (A) weighing of B-tricalcium phosphate, used in an amount of approximately 7,75 g for each
single preparation; (B) weighing of monocalcium phosphate monohydrate (MCPM), used in an amount
of 6,30 g; (C) weighing of the distilled water-citrate solution, used as the liquid phase and as a retarder
of the setting reaction, in an amount of approximately 4,69 g; (D) weighed reagents placed in their
respective containers before mixing; (E) cylindrical samples obtained by inserting the cement paste into
previously modified sterile 5 mL syringes.
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2.6 Sample preparation and preliminary mechanical compression testing of

brushite cements

After completion of the setting reaction, the Zn?*"-doped brushite
samples and the pure brushite samples were removed from the
sterile 5 mL syringes previously used as cylindrical molds. The
cylinders obtained were then macroscopically observed and

selected based on shape regularity and dimensional similarity, in

order to reduce geometrical variability during the mechanical tests.

o vyl
R
SO

For each formulation, five representative cylinders were selected, characterized by a
diameter of approximately 12,5 mm, corresponding to the internal diameter of the

syringes used for molding, and an indicative height ranging between 25 and 26 mm.

The formulations considered included pure brushite, used as the control sample, and
the three zinc-doped brushite formulations, namely brushite-Zn?** 2%, brushite-Zn**

5%, and brushite-Zn>" 10%.

The preliminary mechanical compression tests were
performed using a Zwick/Roell universal testing
machine, with testXpert I1I software for data
acquisition and processing. Each cylinder was
positioned vertically between two parallel plates: a
fixed lower plate and a movable upper plate. During
the test, the upper plate was progressively brought into
contact with the upper surface of the sample, allowing
axial application of the compressive load and the most

uniform possible distribution of the force over the

cross-section of the cylinder.
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For each sample, the mechanical response of the material during compression was
recorded, obtaining stress-strain curves, in which percentage strain was plotted on the
x-axis and stress on the y-axis. The acquired data made it possible to obtain the main
mechanical parameters describing the behavior of the cements, including the

compressive elastic modulus, maximum stress, and the corresponding strain.

The tests were conducted with the aim of obtaining a preliminary evaluation of the
mechanical properties of the brushite cements and comparing the behavior of the pure
formulation with that of the formulations doped with different nominal percentages of
Zn?**, The detailed analysis of the results obtained and the comparison among the
different formulations will be discussed in the chapter dedicated to the results and

discussion.

At the end of the mechanical tests, the doped brushite and pure brushite samples were
subsequently subjected to mechanical grinding until fine powders were obtained. This
step was necessary both to allow the subsequent chemical-structural characterization
analyses by FT-IR spectroscopy and X-ray diffraction, and to make the doped brushite
usable in the subsequent preparation steps of the brushite-PCL composites by melt

blending.
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2.7 Characterization of the materials

After the preliminary mechanical compression tests, the cylindrical samples of pure
brushite and Zn**-doped brushite were further processed for use in the subsequent
chemical-structural characterization steps. In particular, both the cylinders subjected to
mechanical testing and the remaining unused samples were fragmented and
subsequently ground until a fine and as homogeneous as possible powder was

obtained.

This powdering step was necessary for two main reasons. On the one hand, it allowed
the samples to be prepared in a form suitable for analysis by X-ray diffraction and FT-
IR spectroscopy, techniques that require a uniform distribution of the material to be
analyzed. On the other hand, it made it possible to obtain a powder that was easier to
handle and could subsequently be used for the preparation of PCL- and brushite-based

polymeric composites.

For each formulation, namely pure brushite, brushite-Zn>* 2%, brushite-Zn** 5%, and
brushite-Zn?** 10%, the total amount of powder obtained was divided into four
aliquots. One portion was intended for chemical-structural characterization analyses,
while the remaining three aliquots were stored for the subsequent preparation of PCL-
brushite composites, obtained by maintaining an indicative ratio of 80 wt% PCL and
20 wt% pure or doped brushite. The procedure for the preparation of the composites

will be described in detail in the following section.

Material characterization was performed using two complementary techniques: X-ray
diffraction, referred to as XRD, and Fourier-transform infrared spectroscopy, referred
to as FT-IR. The combined use of these two methods made it possible to obtain
different but complementary information on the nature of the samples produced. The
combination of the two techniques is particularly useful in the study of calcium
phosphates, since XRD allows investigation of the crystalline structure of the material,
whereas FT-IR makes it possible to analyze the molecular vibrations associated with

the chemical bonds and functional groups present.
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X-ray diffraction

X-ray diffraction is a characterization technique used to study the crystalline structure
of materials. The principle underlying the analysis is based on the interaction between
an X-ray beam and the crystallographic planes of the sample. When the material has
an ordered structure, X-rays are diffracted at specific angles, generating a
diffractogram consisting of characteristic peaks. The position, intensity, and shape of
the peaks can provide information on the crystalline phase present, phase purity, and,
qualitatively, the degree of crystallinity of the material. In general, sharper, narrower,
and more intense peaks are indicative of higher crystallinity, whereas broader or less
defined peaks may suggest lower crystallinity or the presence of structural

modifications.

In the present work, XRD analysis was performed with the aim of verifying the
formation of the brushite phase in the cements produced and comparing the behavior
of the undoped sample with that of the samples containing Zn>*. Brushite, or dicalcium
phosphate dihydrate, has the chemical formula CaHPO4:2H20 and is characterized by

a specific diffraction pattern.

Its identification by XRD is therefore useful for confirming that the reaction between
B-TCP, MCPM, and the liquid phase occurred during cement setting. Furthermore, in
the doped samples, comparison of the diffractograms may provide qualitative
indications of possible differences in crystallinity, relative peak position, or the
presence of residual or secondary phases. Indeed, in the literature, XRD analysis is
frequently used in calcium phosphate-based cements to verify the presence of the
expected hydrated phase and to identify any incompletely transformed reagents or

secondary crystalline phases.

For the analysis, a small amount of powder from each sample was distributed on the
sample holder in order to obtain a thin and as uniform as possible layer. This
preparation is necessary to promote regular exposure of the material to the incident
beam and reduce surface irregularities that could interfere with diffractogram
acquisition. The samples analyzed were: pure brushite, brushite-Zn** 2%, brushite-

7Zn*" 5%, and brushite-Zn?* 10%.
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Figure 23: Preparation of the powder sample for XRD analysis. (A) Mold disassembled into its
different components; (B) mold assembled before insertion of the material; (C) distribution and surface
leveling of the powder by sliding a glass plate, in order to obtain a layer as uniform as possible; (D)
sample inserted into the mold and ready for diffractometric acquisition.

The acquisitions were performed using a PANalytical AERIS diffractometer. The
diffractograms were acquired over a scanning range approximately between 20° and
90° 20. At the end of the acquisition, which lasted approximately thirty minutes for
each sample, the obtained data were visualized using DataViewer software. The
diffractograms will subsequently be analyzed and discussed in the results section, with
particular attention to the presence of the characteristic brushite peaks and to the

comparison between the control sample and the Zn?"-doped formulations.

Figure 24: Acquisition of diffractograms by XRD analysis. (A) PANalytical AERIS diffractometer
used for the analysis of powder samples; (B) insertion of the mold containing the material into the
analysis chamber of the instrument.
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FT-IR spectroscopy

Fourier-transform infrared spectroscopy is an analytical technique based on the
interaction between infrared radiation and matter. When a sample is crossed or
irradiated by infrared radiation, specific chemical groups absorb energy at specific

wavenumbers, depending on the bonds present and their vibrational modes.

Each functional group therefore has characteristic absorption bands, which can be used
to identify the chemical composition of the material. The FT-IR spectrum represents
absorbance, or transmittance depending on the acquisition mode, as a function of

wavenumber, expressed in cm ™.

In the case of calcium phosphates, FT-IR allows identification of the bands associated
with phosphate groups PO+*~, hydrogen phosphate groups HPO+*", and water
molecules present in the crystalline structure or adsorbed on the surface of the
material. This information is particularly relevant in the study of brushite, since it is a

dicalcium phosphate dihydrate and contains crystallization water within its structure.

In the literature, FT-IR spectra of brushite show bands attributable to vibrations of
phosphate groups, P-O(H) vibrations, and vibrations associated with water molecules,

such as O—H stretching and H-O-H bending.

Therefore, FT-IR analysis represents a useful support to XRD for confirming the

chemical nature of the cements obtained.

Furthermore, in materials doped with metal ions, possible variations in the position,
intensity, or shape of the FT-IR bands may be related to modifications of the local
chemical environment of the functional groups. The introduction of doping ions may
in fact alter, even to a limited extent, the interactions between phosphate groups, water
molecules, and the calcium phosphate crystal lattice. These variations should not
necessarily be interpreted as direct and quantitative proof of ion incorporation into the
lattice, but may represent a qualitative indication of possible structural and chemical

modifications induced by doping.

In the present work, FT-IR spectroscopy was performed on powder samples of pure

brushite and brushite doped with Zn*" at 2%, 5%, and 10%.

Before spectrum acquisition, the instrument was calibrated by background acquisition.

This operation is necessary to correct for the contribution of the measurement
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environment, particularly that due to the presence of atmospheric components that

may interfere with the analysis, such as humidity and carbon dioxide.

After background acquisition, a small amount of powder was placed on the instrument

support and analyzed.

The analyses were performed using a Thermo Nicolet Nexus 380 FT-IR spectrometer
with OMNIC software. For each sample, 100 scans were acquired in order to improve
signal quality and reduce instrumental noise. The spectra were obtained in absorbance
mode, over a range approximately between 4000 and 400 cm™. At the end of the
acquisition, the obtained spectra were visualized using OMNIC software and
subsequently compared with each other.

\ B
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Figure 25: Acquisition of spectra by FT-IR spectroscopy. (A) Thermo Nicolet Nexus 380 FT-IR
spectrometer used for the analysis of powder samples; (B) background acquisition before sample
analysis; (C) placement of a small amount of powder on the instrument support; (D) material
compressed on the support and ready for spectrum acquisition; (E) visualization of the spectrum using
OMNIC software during acquisition of the 100 scans.

The aim of FT-IR analysis was to identify the characteristic bands of brushite and to
compare the spectra of the doped samples with that of pure brushite. In particular,
attention was focused on the spectral regions associated with phosphate and hydrogen
phosphate groups and on the bands attributable to structural water. In the results
section, comparison among the different formulations will allow evaluation of whether
the increase in the nominal percentage of Zn** is associated with qualitative variations

in the spectral profile.
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Overall, XRD and FT-IR analyses were used as preliminary characterization tools for
the cements obtained, with the aim of confirming brushite formation and comparing
the undoped and zinc-doped formulations. The results obtained from these analyses
will be discussed in the following sections together with the data derived from
mechanical testing, in order to evaluate in an integrated manner the effect of Zn>*
doping on the chemical-structural and mechanical properties of the materials

produced.
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2.8 Preparation of the PCL-brushite composite

In order to make the developed material more processable by additive manufacturing
techniques, a composite consisting of polycaprolactone (PCL) and Zn**-doped brushite
was prepared. The fabrication of a polymer-ceramic composite was designed with the
aim of combining the bioactive and osteoconductive properties of the inorganic
calcium phosphate-based component with the greater processability and flexibility of
the polymeric matrix. In particular, PCL is a biodegradable polymer widely used in
tissue engineering, owing to its biocompatibility, low melting temperature, and

possibility of being processed by extrusion and 3D printing techniques.

The introduction of the polymeric component also makes it possible to overcome some
typical limitations of calcium phosphate-based cements, such as brittleness, poor
deformability, and limited direct processability by additive manufacturing techniques.
Conversely, the ceramic component allows the composite to acquire greater affinity
with bone tissue compared with the polymer alone, while maintaining the biological
rationale of the material developed in the previous phases. For this reason, the PCL-
brushite composite was considered an intermediate formulation useful for the

subsequent steps of extrusion, filament production, and 3D printing.

In this experimental phase, only the 2%, 5%, and 10% Zn**-doped brushite
formulations were used. Pure brushite, instead, was not added to PCL, as it was used
as a control material in the preliminary mechanical compression tests and in the
chemical-structural characterization analyses by XRD and FT-IR. In this way, the
initial comparison between the pure cement and the doped cements was maintained in
the cement characterization phase, whereas composite preparation was focused

exclusively on the zinc-containing formulations.

As described in the previous section, after compression testing and characterization
analyses, the Zn**-doped brushite samples were reduced to powder by fragmentation
and mechanical grinding. For each doping percentage, namely 2%, 5%, and 10%, the
total amount of brushite obtained was divided into four aliquots, each equal to 12,5 g.
One of the four aliquots was intended for chemical-structural characterization
analyses, while the remaining three aliquots were used for the preparation of the PCL-
brushite composites. This subdivision allowed three independent preparations to be

obtained for each doping formulation, with the aim of promoting better
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homogenization of the material and making the subsequent processing of the

composite more controlled.

In parallel, the PCL, initially available as a filament wound on a spool, was manually
cut into small portions. This preliminary operation was performed to facilitate the
subsequent melting of the polymer and make mixing with the ceramic component

easier.

Figure 26: Preliminary preparation of PCL for the fabrication of the PCL-brushite composite. (A)
Polycaprolactone (PCL) spool used as the polymeric matrix; (B) PCL cut into small portions in order to
promote the subsequent melting of the material and facilitate its mixing with the ceramic component.

For each preparation, a compositional ratio of 80 wt% PCL and 20 wt% Zn**-doped
brushite was maintained. Specifically, for each single preparation, 12.5 g of doped
brushite, corresponding to 20 wt% of the final composite, and 50 g of PCL,
corresponding to 80 wt%, were used. For each doping percentage, three distinct

preparations were therefore carried out, obtaining PCL-brushite-Zn** 2%, PCL-

brushite-Zn** 5%, and PCL-brushite-Zn** 10% composites.

pe

Figure 27: Weighing of the components for the preparation of the PCL-brushite composite. (A)
Weighing of Zn**-doped brushite, used as the ceramic component of the composite; (B) weighing of
polycaprolactone (PCL), used as the polymeric matrix.

The composite was prepared by melt blending. In particular, the previously
fragmented PCL was placed inside a beaker and positioned on a heating plate.
Although a processing temperature range between approximately 130 °C and 170 °C

was indicated on the material spool, during the experimental trials it was necessary to
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set the heating plate to a temperature of approximately 190 °C. This choice was made
to obtain adequate fluidity for mixing with the ceramic powder, also considering the
probable dispersion of part of the heat between the surface of the plate, the beaker, and

the material contained inside it.

Once the PCL had reached a sufficiently fluid consistency, the Zn**-doped brushite
powder was progressively added to the molten polymeric matrix. The gradual addition
of the powder was carried out to facilitate incorporation of the ceramic component and
limit the formation of aggregates. The mixture was then manually processed using a
spatula, with the aim of promoting the most uniform possible dispersion of the
brushite particles within the molten PCL. This phase represented a critical step of the
procedure, since the homogeneity of the composite directly depends on the distribution

of the inorganic phase within the polymeric matrix.

During mixing, the material progressively acquired a viscous and dense consistency,
compatible with the presence of the ceramic component dispersed within the polymer.
Manual processing was continued until a macroscopically homogeneous mixture was
obtained, in which the brushite powder appeared to be as fully incorporated as possible

into the PCL matrix.

Figure 28: Preparation of the PCL-brushite composite by melt blending. (A) Melting of PCL fragments
inside a beaker placed on a heating plate; (B) progressive addition of small amounts of Zn?**-doped
brushite to the molten PCL; (C) manual mixing using a spatula until a macroscopically homogeneous
composite was obtained.
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Once mixing was completed, small amounts of the still-warm composite were

collected and inserted into a syringe, used as a manual extrusion system.

The PCL-brushite composite material was then manually extruded onto a heat-
resistant glass surface, in order to obtain thin strips of material. The use of the glass
support promoted cooling of the composite and allowed more easily manageable solid
portions to be obtained. Once cooled, the resulting strips were cut into small segments,

in order to produce pellets of reduced size.

Figure 29: Manual extrusion and production of PCL-brushite composite pellets. (A) PCL-brushite
composite at the end of mixing, ready to be inserted into the syringe and manually extruded; (B) syringe
used for manual extrusion and composite strips obtained on a glass surface; (C) PCL-brushite composite
pellets obtained and separated according to the Zn?" doping percentage of the brushite: 2%, 5%, and
10%.

Pellet production represented an intermediate step necessary to make the composite
more easily usable in the subsequent processing procedures. Indeed, the pellets
obtained from the different formulations were intended for the subsequent filament
extrusion phase, with the final aim of obtaining a PCL-brushite composite material
processable by 3D printing. In this way, composite preparation constituted the
connecting step between the synthesis and characterization of zinc-doped brushite
cements and the development of a material potentially usable for additive

manufacturing applications in the regenerative field.
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2.9 Production of the composite filament by extrusion

The PCL-brushite composite pellets obtained in the previous phase were subsequently
used as starting material for the production of the composite filament intended for 3D
printing. This phase represented a fundamental step of the experimental work, as it
made it possible to transform the composite previously prepared by melt blending into
a continuous material, potentially compatible with fused deposition additive

manufacturing systems.

Filament production was carried out using a Felfil Evo polymer material extruder.
This instrument is designed to produce plastic filament for 3D printers starting from
industrial pellets or appropriately fragmented plastic materials. In the present work,
the Felfil Evo was used to extrude the PCL-brushite composite in the form of a
continuous filament. The instrument is equipped with an upper hopper for material

loading, a screw conveyor for transporting the pellets toward the heated zone, and a

nozzle through which the molten material is extruded in the form of filament.
T

Figure 30: Felfil Evo extruder used for the production of the composite filament. (A) Front view of the
instrument, with a display for visualization of the main process parameters, including temperature,
screw rotation speed, and electrical absorption; the parameter adjustment knob and the upper hopper for
pellet loading are also visible. (B) Side view of the instrument, with particular emphasis on the nozzle
through which the filament is extruded.

The operating principle of the extruder is therefore based on the insertion of the pellets
into the hopper, from which the material is progressively dragged by the screw
conveyor toward the heating chamber. During this path, the composite is subjected to
heating and compression until it reaches a sufficiently fluid consistency to be pushed
through the extrusion nozzle. The outgoing material thus takes the form of a
continuous filament, whose diameter mainly depends on the nozzle used, the set
temperature, the screw rotation speed, and the cooling conditions of the freshly

extruded material.
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Figure 31: Pellet loading and extrusion phase of the Zn?**-containing PCL-brushite composite, after
removal of the instrument cover, performed to facilitate material loading. (A) Composite pellets inserted
into the hopper and progressively dragged by the screw conveyor are visible. (B) Side view of the
instrument during extrusion of the composite filament through the nozzle.

In an initial phase of the work, the extruder had been configured with a 2.85 mm
nozzle, since the subsequent printing of the material using an Ultimaker S3 printer,
compatible with filaments of this diameter, had been hypothesized. However, due to
the difficulties encountered when using this printer with the developed composite
material, it was subsequently decided to replace the 2.85 mm nozzle with a 1.75 mm
nozzle. This modification was made with the aim of obtaining a filament with a
smaller diameter, potentially more suitable for use with 3D printers compatible with

1.75 mm filaments and easier to manage in the subsequent printing trials.

Filament production required several preliminary trials to identify extrusion
parameters suitable for the PCL-brushite composite. During an initial trial, the
instrument temperature was set to approximately 170 °C. This choice was initially
influenced by the previous composite preparation phase by melt blending, during
which it had been necessary to set the heating plate to temperatures close to 190 °C in
order to obtain sufficient fluidity of the PCL inside the beaker. However, the use of

such a high temperature in the extruder proved to be suboptimal.

Although it was initially possible to obtain a filament, this appeared darker than the
filaments produced subsequently, suggesting a possible effect of thermal treatment on
the material. In addition, the excessive temperature caused heating that was not limited
to the melting chamber alone, but also extended to the portion of the screw conveyor
and to the feeding zone. As a result, the pellets present in the upper hopper began to
soften prematurely, becoming malleable and aggregating with each other. This

phenomenon led to the formation of a single block of material inside the hopper,
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preventing the screw conveyor from correctly dragging the pellets toward the heated

zone and interrupting the regular extrusion process.
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Figure 32: First extrusion trial of the PCL-brushite composite using a 2,85 mm nozzle, performed by
setting a temperature of approximately 170 °C. The filament obtained appears macroscopically darker
than the filaments produced in the subsequent trials, suggesting a possible effect of excessive thermal
treatment on the material.

This critical issue highlighted the need to markedly reduce the working temperature
compared with that used during the melt blending phase. After the initial trials, the
extruder temperature was therefore set at around 90 °C. This value proved to be more
suitable for allowing controlled melting of the polymeric component without causing
excessive heating of the feeding zone. The screw rotation speed was set at 6 rpm, in

order to promote continuous advancement of the material inside the extruder.

During the extrusion process, the composite pellets undergo partial remelting of the
polymeric matrix. This phase may contribute to further improving the distribution of
the ceramic component within the PCL, since the material is once again heated,
compressed, and forced through the nozzle. In this sense, extrusion does not represent
only a filament-shaping step, but also an additional reprocessing step of the composite,

potentially useful for increasing the macroscopic homogeneity of the material.

A further critical aspect concerned the cooling phase of the filament exiting the nozzle.
The Felfil Evo is designed to operate on a surface, generally a table, allowing the
extruded filament to fall downward before reaching the underlying surface. This
vertical distance is referred to as the drop and, according to the instrument

instructions, can be modified depending on the material used in order to obtain a more
constant filament. In the case of the PCL-brushite composite, the high deformability of

the freshly extruded material made it necessary to modify this configuration.
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Figure 33: Operating scheme of the Felfil Evo extruder reported in the instrument manual. The image
shows the standard configuration of use, in which the extruder is placed on a work surface and the
extruded filament falls downward before reaching the underlying surface. This vertical distance, defined
as the drop, can be modified according to the processed material in order to improve filament regularity.

In particular, when the filament was allowed to fall freely from the nozzle, the weight
of the still-warm material tended to stretch and excessively thin the filament,
compromising its dimensional regularity. To reduce this phenomenon, the extruder
was positioned so as to maintain only a short falling distance between the nozzle and
the collection surface. For this purpose, the glass build plate of the Ultimaker S3
printer was placed below the nozzle, allowing the freshly extruded filament to rapidly

come into contact with a cold surface after only a few centimeters of travel.

The use of the glass plate also made it possible to manually guide the filament and
progressively slide it during extrusion, preventing the material from accumulating
directly below the nozzle. This precaution allowed the formation of still-warm
composite masses to be reduced, limited the thinning caused by the weight of the
filament, and promoted more regular cooling of the extruded material. Manual
management of the exiting filament was therefore necessary to maintain greater

continuity of the produced material and to reduce macroscopic irregularities.
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Figure 34: Set-up used for the production and cooling of the Zn?*-containing PCL-brushite composite
filament. (A) Positioning of the extruder with the glass build plate of the Ultimaker S3 printer placed
below the nozzle. (B) Freshly extruded composite filament, which, after a short falling distance, comes
into contact with the glass plate. During extrusion, the filament was manually guided and made to slide
over the glass surface, in order to promote cooling and avoid accumulation of the material directly
below the nozzle.

Filament production was overall slow and laborious. Due to the low extrusion speed,
the need to manually control cooling, and the particular composition of the material,
the production of each filament required approximately 3—4 hours. The filament
obtained was collected manually and macroscopically evaluated in terms of continuity,

regularity, and handling.

Figure 35: Composite filaments obtained by extrusion starting from Zn?**-containing PCL-brushite
pellets. The filaments were produced in the three formulations containing brushite doped with Zn" at
2%, 5%, and 10%.

Obtaining a sufficiently homogeneous filament with adequate mechanical consistency
represents an essential requirement for subsequent feeding into the 3D printer and for
ensuring controlled material deposition during the printing process. Overall, the
production of the composite filament using the Felfil Evo represented a particularly
delicate experimental phase, characterized by the need to progressively optimize

temperature, extrusion speed, and cooling conditions.

The difficulties encountered highlighted how the behavior of the PCL-brushite
composite differs from that of a pure commercial polymer and therefore requires
specific processing parameters. Despite these critical issues, this phase made it
possible to obtain a composite filament based on PCL and Zn?**-doped brushite, usable

as starting material for the subsequent 3D printing trials.
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2.10 Fabrication of samples for mechanical testing and biological evaluation by

3D printing

After production of the PCL-brushite composite filament by extrusion, the material
obtained was used for the fabrication of samples intended for subsequent mechanical
testing and biological evaluation. This phase represented the final step of the
experimental material transformation process, starting from the synthesis of zinc-
doped brushite cements and leading to the production of three-dimensional specimens

by 3D printing.

The additive manufacturing of the samples was preceded by the digital design of the
models to be printed. The samples were designed using the 3D modeling software
Tinkercad, which was used to create simple and controlled geometries. Two different
types of samples were designed: rectangular specimens intended for flexural

mechanical testing and discs intended for subsequent biological analyses.

The specimens for flexural testing were designed with dimensions of 70 mm in length,
8 mm in width, and 3 mm in thickness. These dimensions were selected with reference
to the geometries commonly used for flexural tests on polymeric and composite
materials, according to the indications of ISO 178 and ASTM D790 standards. The
discs for biological analyses were instead designed with a diameter of 18 mm and a
thickness of 0,8 mm. This geometry was chosen to allow insertion of the samples into
a multiwell plate, thereby making them compatible with the subsequent experimental

phases of biological evaluation.

Figure 36: Digital modeling of the samples using Tinkercad software.

Once digital modeling had been completed, the samples were exported in STL format.
This format is one of the most commonly used formats in 3D printing, as it describes
the three-dimensional geometry of the object through a mesh of triangular surfaces.

The STL files were subsequently imported into slicing software, which is necessary to
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convert the three-dimensional model into instructions that can be interpreted by the 3D
printer. The slicer allows the model to be virtually divided into successive layers and
generates the G-code file, containing the commands related to machine movements,

temperatures, printing speed, material extrusion, and other operating settings.

In an initial phase, Ultimaker Cura software was considered for slicing the models,
since sample printing was initially planned using an Ultimaker S3 printer. The
Ultimaker S3 is an enclosed Cartesian 3D printer, in which movements along the X
and Y axes are mainly managed by the print head, while the build plate moves
vertically along the Z axis. However, during the preliminary trials, difficulties were
encountered in loading and managing the composite filament produced. These
difficulties were likely related to the experimental nature of the filament, characterized
by greater softness, possible diameter irregularity, and the presence of the ceramic
component dispersed within the polymeric matrix. For this reason, the use of the

Ultimaker S3 was abandoned and the choice was directed toward a bed-slinger printer.

Closed Cartesian 3D printer Bed slinger 3D printer

along the X and Y axes; along the X and Z axes;
the print bed moves the print bed moves

The print head moves The print head moves
vertically along the Z axis. along the Y axis.

Figure 37: Schematic comparison between an enclosed Cartesian 3D printer and a bed-slinger 3D
printer. In the enclosed Cartesian printer, the print head moves along the X and Y axes, while the build
plate moves vertically along the Z axis. In the bed-slinger printer, instead, the print head moves along
the X and Z axes, while the build plate moves along the Y axis.

Bed-slinger printers have a different configuration compared with enclosed Cartesian
printers: the extruder moves along the X and Z axes, while the build plate moves along
the Y axis. Initially, the possibility of using a Prusa Mini was evaluated. However, in
this case as well, difficulties were encountered in loading the composite filament. In
particular, during the feeding phase, the filament tended to twist near the drive gear,
without being able to correctly reach the nozzle. This problem was attributed to the

distance between the filament feeding system and the hot-end, which is typical of
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configurations in which the filament must travel a relatively long path before reaching

the melting zone.

To overcome this critical issue, a printer equipped with a filament feeding system
integrated into the extruder assembly was selected, so that the drive gear was
positioned close to the hot-end. The final choice therefore fell on the Anycubic Kobra
3, a bed-slinger printer characterized by a compact extruder assembly, in which the
filament feeding system is located close to the melting zone. This configuration
proved to be more suitable for processing the PCL-brushite composite filament, as it
reduced the distance that the filament had to travel before reaching the nozzle, limiting

the risk of deformation, bending, or loss of feeding during loading.

Prusa Mini Anycubic Kobra 3

Drive gear Filament path
l l Filament path
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Hot-end II'I = —
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* Longer distance between drive gear and hot-end * Drive gear integrated near the hot-end
 Higher risk of bending or twisting during loading  Shorter path, improved feeding of composite filament

Figure 38: Schematic comparison between the filament feeding configuration in the Prusa Mini and in
the Anycubic Kobra 3. In the Prusa Mini, the feeding system, represented by the drive gear, is separated
from the hot-end and nozzle, forcing the filament to travel a longer distance before reaching the melting
zone. This configuration may increase the risk of bending, twisting, or loss of feeding in the case of soft
experimental filaments or filaments with a not perfectly constant diameter. In the Anycubic Kobra 3,
instead, the feeding system is integrated into the extruder block and positioned close to the hot-end and
nozzle, reducing the filament path and facilitating feeding of the PCL-brushite composite.

Once the 3D printer to be used had been selected, it was also necessary to modify the
software management of the machine. In a 3D printer, firmware can be defined as the
internal software that controls the operation of the machine, coordinating axis
movement, temperature management, extruder control, safety procedures, and G-code
execution. The original firmware of the Anycubic Kobra 3 has some operational
limitations, including internal locks that prevent extrusion below a certain temperature,

generally to avoid cold extrusion phenomena and protect the filament feeding system.
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Initially, it was hypothesized that the PCL-brushite composite
should be extruded at temperatures below 100 °C, similarly to
what was observed during the filament extrusion phase with the
Felfil Evo. For this reason, the Rinkhals firmware was installed,
allowing more flexible management of the printer through a
control environment compatible with the Fluidd interface. The

installation of Rinkhals made it possible to use the printer in a

more controllable way than with the original firmware, allowing different machine
parameters to be monitored and modified, G-code files generated by external slicers to
be uploaded, nozzle and bed temperatures to be managed, the extruder to be manually

controlled, and configuration files to be edited.

In an initial phase, this modification was useful to lower the minimum extrusion limit
and verify the behavior of the material at reduced temperatures. Subsequently, during
the printing trials, it was observed that the temperature actually required to print the
composite was not below 100 °C, but approximately 190 °C. Nevertheless, the
installation of Rinkhals still proved to be decisive, not so much for the regulation of
the final printing temperature, but rather for the possibility of manually controlling the
rotation of the drive gear and facilitating the loading of the composite filament.

7 fluidd
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Figure 39: Modification of the extruder safety limits and manual control of filament advancement
through the Fluidd interface. (A) Fluidd interface used to control the Anycubic Kobra 3, with the
extruder management panel and the “Extrude” button to manually command filament advancement
through rotation of the drive gear. With the initial configuration, manual extrusion was not allowed
below the minimum temperature set by the firmware. (B) Original configuration file, in which the
min_extrude temp and min_safe_temp parameters were set to 170 °C. (C) Modification of the
min_extrude temp and min_safe temp parameters, both lowered to 30 °C to allow extrusion trials at
lower temperatures. (D) Insertion of the modification into the printer.custom.cfg file, used to override
the parameters of the main configuration. (E) Fluidd interface after the modification, in which manual
filament extrusion can be commanded even with an extruder temperature slightly above 30 °C.

Filament loading in fact represented one of the most delicate phases of the process.
The experimentally produced filament had characteristics different from those of a
standard commercial filament: it was softer, less regular in diameter, and consisted of
a polymeric matrix loaded with ceramic particles. These characteristics made feeding
less predictable and required more accurate control of material advancement. The

Fluidd interface made it possible to manually command extrusion and to verify in real
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time the behavior of the filament during loading, facilitating its reaching of the hot-end

and reducing the risk of clogging.

In parallel with printer configuration, the slicing workflow was also optimized.
Initially, attempts were made using OrcaSlicer, configuring the printer as a machine
compatible with the Klipper/Moonraker environment. However, during the trials,
difficulties were encountered related to sending or executing the print files.
Subsequently, PrusaSlicer was used, creating a custom profile for the Anycubic Kobra
3. The profile was set considering a machine compatible with Klipper firmware, with a
build volume suitable for the printer dimensions and with parameters that could be

modified according to the experimental material used.

File Modifiche Finesva Vista Configurazione Aluto

~

Figure 40: Slicing of the digital model using PrusaSlicer. After designing the samples in Tinkercad and
exporting them in STL format, the models were imported into PrusaSlicer for generation of the G-code
file.

With PrusaSlicer, it was possible to generate G-code files compatible with
management through Fluidd. The initial G-code was also modified to reduce some
problems observed during the first trials. In particular, during the homing and initial
leveling phases, early heating of the nozzle caused material leakage and the formation
of residues or curling near the nozzle. To limit this phenomenon, a start-up sequence
was set in which the build plate was brought to the working temperature before the
nozzle, keeping the latter at a low temperature during the preliminary positioning and
calibration phases. Only after homing had been completed was the nozzle brought to
the printing temperature. In addition, a purge line and an initial nozzle-cleaning phase
were introduced, useful for stabilizing extrusion before the beginning of sample
printing. The final G-code was also modified so as to lift the extruder further at the

end of printing, facilitating sample removal and nozzle cleaning.
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Figure 41: Customization of the initial and final G-code in PrusaSlicer. (A) Modification of the initial
G-code of the Anycubic Kobra 3, set to initially heat the build plate and keep the nozzle at a low
temperature during the preliminary homing and calibration phases, in order to limit premature material
leakage and the formation of residues on the nozzle. Only after completion of these operations is the
nozzle brought to the printing temperature. (B) Modification of the final G-code, set to turn off the
nozzle and build plate, lift the extruder, and move the build plate forward, facilitating sample removal
and nozzle cleaning at the end of printing.

Once the PrusaSlicer-Fluidd-Anycubic Kobra 3 system had been configured, slicing of
the two types of samples, namely discs and rectangular specimens, was performed.
The main printing parameters were selected taking into account the composite nature
of the material. In particular, a 1 mm diameter nozzle was used. The use of a nozzle
with a large diameter compared with those commonly used in FFF printing was
motivated by the presence of ceramic particles dispersed within the polymeric matrix,

which could have increased the risk of nozzle clogging with smaller diameters.

The nozzle temperature was set to 190 °C, a value that allowed sufficient fluidity of
the material during deposition. The build plate temperature was set to 40 °C, with the
aim of promoting initial adhesion of the sample without causing excessive heating of
the deposited material. The layer height was set to 0.2 mm, while the infill was set to
100%, in order to obtain samples that were as full and compact as possible, suitable

for subsequent mechanical testing and biological evaluations. The printing speed was
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kept low, equal to 5 mm/s, to promote more controlled deposition of the composite

and reduce the risk of irregularities during extrusion.

Before printing the actual sample, the generation of two skirt loops at a distance of
approximately 15 mm from the model was set. The skirt was used as a preliminary
strategy to stabilize material flow and verify correct extrusion before the beginning of
sample deposition. This phase proved particularly useful considering the experimental

nature of the filament and the need to ensure continuous and regular extrusion.

Parameter Value used
3D printer Anycubic Kobra 3
Firmware/control interface Rinkhals / Fluidd
Slicing software PrusaSlicer
Nozzle diameter 1 mm
Nozzle temperature 190 °C
Build plate temperature 40 °C
Layer height 0.2 mm
Infill 100%
Printing speed 5 mm/s
Skirt 2 loops
Skirt distance from the sample 15 mm
Disc printing time approximately 7 min
Rectangular specimen printing time | approximately 40 min

Table 6: Main parameters used for 3D printing of the PCL-brushite composite samples.

The G-code files thus obtained were uploaded through the Fluidd interface and sent to
the Anycubic Kobra 3 for printing. The printing time varied depending on the sample
geometry. In particular, printing one disc required approximately 7 minutes, whereas

printing one rectangular specimen for flexural testing required approximately 40

minutes.

Figure 42: 3D printing steps of the PCL-brushite composite discs intended for biological evaluation.
The images show the progressive deposition of the material using the Anycubic Kobra 3: initial
stabilization of extrusion and deposition of the skirt around the model, subsequent deposition of the
composite material onto the build plate, and completion of the disc with a circular geometry.
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Figure 43: 3D printing steps of the PCL-brushite composite rectangular specimens intended for flexural
mechanical testing. The images show the deposition of the composite material during fabrication of the
specimen, from the initial printing phase to completion of the rectangular specimen, obtained with full
infill and a geometry defined according to the designed dimensions.

For each Zn** doping percentage of brushite, namely 2%, 5%, and 10%, 10 discs
intended for biological evaluation and 5 rectangular specimens intended for flexural
mechanical testing were produced. Overall, 30 discs and 15 rectangular specimens
were therefore fabricated. At the end of printing, the samples were removed from the
build plate and macroscopically evaluated in terms of integrity, geometrical regularity,

and continuity of deposition.

Figure 44: 3D-printed PCL-brushite composite samples obtained for the three Zn** doping
formulations. For each formulation, namely brushite-Zn?** 2%, 5%, and 10%, 10 discs intended for
biological evaluation and 5 rectangular specimens intended for flexural mechanical testing were
produced.

Overall, the fabrication of the samples by 3D printing required a preliminary phase of
both hardware and software optimization. The choice of the printer, firmware
modification, manual management of filament loading, nozzle selection, and definition
of the slicing parameters were necessary steps to adapt the FFF process to an
experimental composite material based on PCL and Zn**-doped brushite. This phase
allowed the production of printed samples intended for flexural mechanical testing and
biological evaluation, completing the experimental pathway of material transformation

from the initial cement phase to the final three-dimensional manufactured object.
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2.11 Flexural mechanical testing

The mechanical properties of the Zn**-doped PCL-brushite composites were evaluated
by three-point bending tests, performed on the rectangular specimens previously
obtained by 3D printing. This test was carried out with the aim of preliminarily
characterizing the mechanical behavior of the printed composites and comparing the

three formulations containing brushite doped with Zn** at 2%, 5%, and 10%.

The tests were performed using the Zwick/Roell universal testing machine, already
used for the mechanical compression tests, but configured with a different testing
device specifically designed for flexural testing. In particular, a system consisting of
two lower supports, on which the specimen was positioned, and a central upper
loading nose, intended to apply the load in the middle region of the sample, was
mounted. The distance between the two lower supports, also defined as the span
length, was set at 50 mm. In this configuration, the specimen is therefore subjected to

a centrally applied load, resulting in progressive flexural deformation.
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Figure 45: Set-up of the three-point bending mechanical test. (A) Flexural testing device mounted on
the Zwick/Roell universal testing machine, with two lower supports and a central upper loading nose for
load application. (B) Representative scheme of the three-point bending test, showing the centrally
applied load, the support reactions at the two supports, and the span length of 50 mm.

Before performing the test, each printed rectangular specimen was measured using a
digital caliper, in order to record the actual dimensions of the sample cross-section. In
particular, the thickness and width of the specimen were measured, as these
parameters were necessary for the subsequent processing of the mechanical data.
Based on these values, the cross-sectional area of the sample, indicated as Ao, was
defined. This step was necessary because, since the samples were obtained by 3D

printing from an experimental composite filament, the actual dimensions of the
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specimens could show slight differences compared with the theoretical dimensions set

during the modeling phase.

Figure 46: Preliminary dimensional measurement of the 3D-printed rectangular specimens using a
digital caliper. The images show the measurement of the specimen thickness and width, parameters
necessary for defining the sample cross-section and for the subsequent processing of the mechanical
data obtained from the flexural test.

After dimensional measurement, the rectangular specimen was positioned horizontally
on the two lower supports of the flexural testing device, taking care to center the

sample with respect to the upper loading nose. The loading nose was then brought into
correspondence with the central portion of the specimen, and the test was started using

testXpert III software, used for machine control and experimental data acquisition.

Figure 47: Execution steps of the three-point bending test on PCL-brushite composite rectangular
specimens. The images show the positioning of the specimen on the two lower supports, the alignment
of the upper loading nose in the central region of the sample, and the progressive deformation of the
specimen during load application using the Zwick/Roell universal testing machine.

During the test, the upper loading nose progressively applied the load in the central
region of the rectangular specimen, inducing bending of the sample until the
predetermined deformation or the maximum recorded mechanical response was
reached. The software allowed acquisition of the flexural stress-strain curve, from
which the main mechanical parameters of the material were obtained. In particular, the
flexural elastic modulus (Er), maximum flexural stress (o), and strain corresponding
to the maximum stress (eav) were considered. The dimensional values of the samples,

namely thickness (h), width (b), and cross-sectional area (Ao), were also recorded.
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The tests were performed on samples belonging to the three Zn**-doped PCL-brushite
composite formulations. For each doping percentage, namely 2%, 5%, and 10%, five
3D-printed rectangular specimens were tested, for a total of fifteen flexural tests. The
results obtained were subsequently organized in tables and represented by stress-strain

graphs, in order to compare the mechanical behavior of the different formulations.
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2.12Biological evaluation

The biological evaluation of the Zn**-doped PCL-brushite composite samples was set
up as a preliminary phase to analyze cell behavior in contact with the discs obtained
by 3D printing. Since the complete investigation of the biological tests represents the
subject of the parallel thesis of a colleague, the present work reports a general

summary of the procedure performed.

Before the biological tests, the 3D-printed discs were subjected to cold chemical
sterilization. Autoclave sterilization was not used, since the high temperatures and
steam pressure could have altered the polycaprolactone matrix, deformed the geometry
of the samples, or modified the structure of the polymer-ceramic composite. For this
reason, Sporigerm Peracetic Plus was used, a powder product capable of generating

peracetic acid after dissolution in water.

The sterilizing solution was prepared according to the manufacturer’s instructions by
dissolving the powder in warm water at approximately 35 °C and allowing it to
activate for approximately 15 minutes. The discs were kept separated according to the
zinc doping percentage, namely 2%, 5%, and 10%, in order to avoid cross-
contamination among the experimental groups. The procedure included a first
decontamination/disinfection phase with Sporigerm Peracetic Plus at a concentration
of 8 g/L for 10 minutes, followed by rinsing, and a subsequent sterilization phase at a

concentration of 16 g/L for 10 minutes.

At the end of the treatment, the samples were thoroughly rinsed with sterile water
and/or sterile saline solution, in order to remove any residues of the sterilizing agent.
Subsequently, the discs were left to dry under sterile conditions on sterile gauze,
protected with an additional gauze, and then packaged while keeping the different
experimental groups separated. Before cell seeding, the samples were visually
inspected to verify the absence of evident macroscopic alterations, such as

deformation, swelling, softening, fragmentation, or surface disintegration.
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Figure 48: Zn*"-doped PCL-brushite composite discs after the cold chemical sterilization procedure.
The samples were kept separated according to the doping percentage, namely 2%, 5%, and 10%, in
order to avoid cross-contamination among the different experimental groups.

The cells used for the biological evaluation were stem/mesenchymal cells derived
from dental pulp, referred to as dental pulp stem cells (DPSCs) or dental pulp-derived
mesenchymal/stromal cells. Dental pulp was obtained from extracted teeth, and the
cells were isolated by enzymatic digestion with collagenase I and dispase. The isolated
cells were then maintained in culture in DMEM supplemented with fetal bovine serum
(FBS), penicillin, and streptomycin, in an incubator at 37 °C, 5% CO-, and humidified

atmosphere.

An important critical issue of this phase is represented by the high risk of
contamination of primary cultures from dental pulp, since extracted teeth come from
the oral cavity, an environment naturally colonized by microorganisms. For this

reason, only viable, adherent, proliferating, and contamination-free cultures were used.

Before seeding onto the discs, the adherent cells were detached using 1X trypsin-
EDTA, centrifuged, and resuspended in fresh medium. The number of available cells
was determined using a Neubauer chamber, in order to prepare a cell suspension
suitable for seeding. Approximately 50.000 cells were seeded onto each disc in an
initial volume of approximately 300 uL, selected to promote direct contact between
the cells and the material surface. After approximately 1 hour of incubation, necessary
to promote initial adhesion, fresh medium was added until a final volume of

approximately 2 mL per well was reached.

The experimental groups included PCL-brushite composite discs doped with Zn?*" at
2%, 5%, and 10%. For each group, 2 discs were seeded. A control was also included,
consisting of cells seeded directly onto the plastic surface of the well, without a disc,

useful for verifying cell viability and proliferative capacity under standard conditions.
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Figure 49: PCL-brushite composite discs placed inside a multiwell plate for the preliminary biological
evaluation phase. The sterilized samples were inserted into the wells and subsequently used for the
seeding of stem/mesenchymal cells derived from dental pulp.

The biological tests considered included cell viability/metabolism assays, such as the
MTT assay, staining procedures for the analysis of cell adhesion and morphology,
such as phalloidin staining, and possible evaluations of osteogenic differentiation by
Alizarin Red staining. In the present work, these analyses are mentioned as part of the
preliminary biological phase, whereas the detailed description of the results and

cellular response is assigned to the thesis dedicated to the biological evaluation.
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3 RESULTS
3.1 Preliminary mechanical compression testing of brushite cements

The preliminary mechanical compression tests were performed on cylindrical samples
of pure brushite and brushite doped with Zn** at 2%, 5%, and 10%. The aim of this
phase was to evaluate the mechanical behavior of the cements before their subsequent

grinding and use as the ceramic phase within the PCL-brushite composites.

For each formulation, five valid tests were considered. From the stress-strain curves,
the compressive elastic modulus (E.), maximum stress (om), and corresponding strain

(em) were obtained. Mean values and standard deviations are reported in Table 7.

Formulation Ec (MPa) om (MPa) em (%) do (mm) Ao (mm?) lo (mm)
v | G s | | e | e | e
o | | oo | n | | mne | B
oz | A oo | S0 | | |
Brushite-Zn* 10% 422(’)?7691 0,8140,13 36?: N 13’3%* 125"55 * 232,’(;(345

Table 7: Mechanical and dimensional parameters obtained from compression tests on pure brushite and
Zn**-doped brushite cements. Values are reported as mean + standard deviation. E.: compressive elastic
modulus; om: maximum compressive stress; euv: strain corresponding to maximum stress; do: initial
diameter; Ao: initial cross-sectional area; lo: initial height of the sample.

Pure brushite, used as the control sample, showed the highest values of elastic
modulus and maximum stress compared with all the other formulations analyzed. In
particular, the mean elastic modulus was 637,59 MPa, while the mean maximum stress
was 6,75 MPa. The stress-strain curves showed a progressive increase in stress up to
the maximum value, followed by a more or less abrupt reduction in load, consistent

with the brittle behavior expected for a calcium phosphate-based ceramic cement.

The zinc-doped formulations showed markedly lower values than the undoped control.
The mean elastic modulus decreased to 97,71 MPa for brushite-Zn?* 2%, to 71,96 MPa
for brushite-Zn?* 5%, and to 42,46 MPa for brushite-Zn?* 10%. The mean maximum
stress was also clearly lower than that of pure brushite, with values of 0,94 MPa, 0,61

MPa, and 0,81 MPa for the 2%, 5%, and 10% formulations, respectively.

At the same time, the doped samples showed higher mean strain values than pure
brushite. The strain at maximum stress increased from 2,21% in the control sample to

2,79%, 3,20%, and 3,93% in the 2%, 5%, and 10% formulations, respectively. This
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finding indicates that, although the doped cements showed lower stiffness and lower

strength, they reached maximum stress at, on average, higher deformation values.
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Figure 50: Stress-strain curves obtained from compression tests on pure brushite and Zn**-doped

brushite cements. A) pure brushite; B) brushite-Zn*" 2%; C) brushite-Zn** 5%; D) brushite-Zn*" 10%.

The curves show a reduction in maximum stress and elastic modulus in the doped samples compared
with pure brushite.

Overall, the results of the compression tests indicate a marked reduction in the

mechanical properties of the cements following Zn** doping. However, considering

the preliminary nature of the tests and the variability observed, these data should be

interpreted as indicative of a general trend rather than as a definitive evaluation of the

mechanical performance of the material.
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3.2 Characterization by X-ray diffraction

XRD analysis was performed on powder samples of pure brushite and brushite doped
with Zn?" at 2%, 5%, and 10%, with the aim of verifying the formation of the brushite

phase and evaluating possible differences between the control sample and the doped

formulations.

The diffractograms obtained are reported in Figure 51. In all the samples analyzed,
well-defined peaks were present, indicating the presence of a crystalline phase. The
main signals observed were approximately located in the 20 regions between 20° and
35°, with additional lower-intensity peaks between 40° and 60°. In particular, peaks
were observed at approximately 21°, 26-27°, 29-31°, 34-35°, 37°, 41-42°, and 50°
26.
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Figure 51: XRD diffractograms of pure brushite and Zn*"-doped brushite samples. A) pure brushite; B)
brushite-Zn?* 2%; C) brushite-Zn** 5%; D) brushite-Zn** 10%. The diffractograms show the presence of
crystalline peaks in the characteristic regions of brushite.

Pure brushite showed intense and clearly recognizable peaks, particularly in the
regions around 21°, 29-31°, and 34° 26. The zinc-doped samples showed an overall
similar profile, with peaks located in the same main regions. This result suggests that
the predominant crystalline phase in the produced materials is compatible with

brushite, or dicalcium phosphate dihydrate, CaHPO4-2H-O.

In the brushite-Zn** 2% sample, a slightly different profile was observed compared
with the other samples, with a different distribution of the relative peak intensities.
This difference could be related to variations in crystallinity, preferential orientation of
the crystals, powder particle size, or the presence of different amounts of residual
phases. In the brushite-Zn** 5% and 10% samples, instead, the diffractometric profile
appeared more similar to that of pure brushite, although with differences in relative

intensities.
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No systematic and progressive shift of the main peaks was observed with increasing
nominal Zn?* percentage. This finding suggests that, under the experimental conditions
adopted, zinc doping did not produce macroscopic modifications of the crystalline
structure that were easily detectable by simple qualitative comparison of the

diffractograms.

XRD Patterns of Pure Brushite and Zn-Doped Brushite 2%, 5%, and 10%
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Figure 52: Comparison of XRD diffractograms of pure brushite and brushite-Zn?" 2%, 5%, and 10%
formulations. The profiles show the preservation of the main peaks attributable to the brushite phase.

Overall, XRD analysis confirms the presence of a crystalline phase compatible with
brushite in all the produced samples. However, based on the acquired diffractograms
alone, it is not possible to directly and quantitatively demonstrate the actual
incorporation of Zn?" into the brushite crystal lattice. For a more in-depth evaluation,
complementary analyses such as Rietveld refinement, SEM-EDS, ICP-OES, or ion

release analysis would be required.

93



3.3 Characterization by FT-IR spectroscopy

FT-IR analysis was performed on powder samples of pure brushite and brushite doped
with Zn*" at 2%, 5%, and 10%, with the aim of identifying the main functional groups
present and comparing the spectral profile of the different formulations. The FT-IR
spectra obtained are reported in Figure 53, while the offset-scale comparison among

the four samples is shown in Figure 54.
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Figure 53: FT-IR spectra of pure brushite and Zn**-doped brushite samples. A) pure brushite; B)
brushite-Zn?** 2%; C) brushite-Zn** 5%; D) brushite-Zn*" 10%.

Starting from the numerical data obtained from the spectra, the main absorption bands
were identified and are reported in Table 8. The vibrational assignments were made
based on the characteristic regions reported in the literature for brushite and hydrated

calcium phosphates. [66—69]

Pure Brushite- Brushite- Brushite-Zn?*

Region/vibrational assignment brushite Zn* 2% Zn* 5% 10%

O-H stretching of

structural/adsorbed water 3479; 3157 3402; 3265 3475; 3261 3477; 3261

H—O-H bending of water 1645 1618; 1645 1645 1645
P=0 stretching of HPOS /PO 11117 1055 | 11211057 | 1119:1055 | 1121: 1057
groups
P-O / HPO.?" vibrations 984; 955 999; 945 978; 945 974; 945
P-O(H) / HPO+* band 872 874 872 872
Bending of phosphate/hydrogen 787; 656; 810; 656; 798; 663; 804; 665; 554,
phosphate groups 573; 519 554; 519 554; 515 521

Table 8: Main FT-IR bands observed in pure brushite and Zn**-doped brushite samples. Values are
reported in cm™' and were rounded to the nearest unit. The vibrational assignments should be considered

qualitative.

All the samples analyzed showed an overall profile compatible with a brushite-like
calcium phosphate. In the high-wavenumber region, approximately between 3600 and
3100 cm™, bands attributable to O—H stretching vibrations of structural and/or
adsorbed water molecules were present. In pure brushite, maxima were observed at
approximately 3479 and 3157 cm ™', whereas in the doped samples bands were
recognizable in the same region, with main maxima between approximately 3261 and

3477 cm™!.
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In the region around 1650—1600 cm™, signals attributable to H-O—H bending
vibrations of water were observed. Pure brushite showed a maximum at approximately
1645 cm™; similar values were also observed in the brushite-Zn?* 5% and 10%
samples, whereas in the brushite-Zn*" 2% sample, signals were detected in the 1618—

1645 cm™ region.

The most intense bands were located in the region between approximately 1200 and
900 cm™, mainly attributable to stretching vibrations of phosphate PO+*~ and hydrogen
phosphate HPO+*~ groups. In particular, maxima around 1117-1121 cm™ and 1055—
1057 ecm™ were identified in all samples. Additional bands were present in the 1000—
945 cm™ region, which is also attributable to P—O vibrations of phosphate/hydrogen
phosphate groups.

A characteristic band was also observed around 872—-874 cm™, attributable to P-O(H)
vibrations associated with HPO+>~ hydrogen phosphate groups. In the lower-
wavenumber region, between approximately 800 and 500 cm™, further bands
attributable to bending vibrations of phosphate/hydrogen phosphate groups were

observed, with main maxima around 656—665 cm™, 553-573 cm™!, and 515-521 cm™.

Offset FT-IR spectra of Pure Brushite and Zn-Doped Brushite 2%, 5% and 10%
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Figure 54: Offset-scale comparison of FT-IR spectra of pure brushite and brushite-Zn?* 2%, 5%, and
10% formulations. The vertical offset representation allows better visualization of the position and
shape of the main characteristic bands.

The comparison among the spectra shows that the main characteristic bands of
brushite are present in all the analyzed formulations. No new bands clearly attributable

to zinc-containing species were observed.
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3.4 Processability of the PCL/brushite-Zn* composite and fabrication of

printed samples

In addition to the characterization of the brushite cements, a further result of the
present work was the transformation of Zn**-doped brushite into a composite
processable by extrusion and 3D printing. Brushite-Zn** powders at 2%, 5%, and 10%
were incorporated into a polycaprolactone matrix by melt blending, maintaining a

weight ratio of 80% PCL and 20% doped brushite.

The composite material obtained was subsequently transformed into pellets and used
for filament production by extrusion. This phase required several preliminary trials
and optimization of the processing parameters, particularly temperature, extrusion
speed, and material cooling conditions. Despite the difficulties related to the
experimental nature of the composite, it was possible to obtain filaments suitable for

the subsequent 3D printing trials.

The 3D printing phase required further hardware and software optimization, including
the choice of the printer, firmware management, controlled filament loading, the use
of'a 1 mm nozzle, and the definition of the slicing parameters. The samples were
printed using an Anycubic Kobra 3, with PrusaSlicer for G-code generation and the

Fluidd interface for machine control.

For each Zn*" doping percentage of brushite, namely 2%, 5%, and 10%, 10 discs
intended for preliminary biological evaluation and 5 rectangular specimens intended
for flexural mechanical testing were produced. Overall, 30 discs and 15 rectangular
specimens were therefore fabricated. At the end of printing, the samples were
macroscopically evaluated in terms of integrity, geometrical regularity, and continuity

of deposition.

Overall, this phase demonstrated the possibility of transforming Zn?*"-doped brushite
into a PCL/brushite composite processable by extrusion and 3D printing. This result
represents a relevant step in the experimental workflow, as it allows the transition
from the initial cement phase to three-dimensional samples with controlled geometry,

intended for subsequent mechanical and biological evaluations.
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3.5 Flexural mechanical testing of PCL/brushite-Zn** composites

Three-point bending mechanical tests were performed on the rectangular specimens

3D printed in the three PCL/brushite-Zn?*" composite formulations at 2%, 5%, and

10%.

For each formulation, five tests were performed. From the stress-strain curves, the

flexural elastic modulus (Ef), maximum flexural stress (o), and strain corresponding

to the maximum stress (em) were obtained. Mean values and standard deviations are

reported in Table 9.

Formulation Er (MPa) ofm (MPa) £ (%) h (mm) b (mm) Ao (mm?)
+ + + + + +
PCL/brushite-Zn?* 2% 51%',‘;39 2513‘; 7(,),7;)8 26?35 86?:5 23)9571
+ + + + + +
PCL/brushite-Zn?* 5% 53',5995 * 2?353 * 86,223_ 36(,)123_ 9(,)’1181_ 2717531 n
+ + + + + +
PCL/brushite-Zn* 10% 495‘;',?;(; * 25211‘(‘)2 % 86,2207_ 36?(())7- 9(,)'2121_ 23(;3 +

Table 9: Mechanical and dimensional parameters obtained from flexural tests on PCL/brushite-Zn?*
composites. Values are reported as mean + standard deviation. Ey: flexural elastic modulus; opu:
maximum flexural stress; €nv: strain corresponding to maximum stress; h: sample thickness; b: sample
width; Ao: cross-sectional area.

The stress-strain curves of the composites showed a regular and reproducible trend. In
all samples, stress progressively increased with strain until reaching a maximum value,
followed by a slight reduction in load or by a plateau-like trend. This behavior differs
from that observed in the cements subjected to compression and is compatible with the
contribution of the PCL polymeric matrix, which provides the composite material with
greater deformation capacity. The curves obtained from the flexural tests are reported

in Figure 55.
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Flexural Stress-Strain Curves of PCL/Brushite-Zn?* 5%
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Figure 55: Stress-strain curves obtained from flexural tests on PCL/brushite-Zn** composites. A)
PCL/brushite-Zn** 2%; B) PCL/brushite-Zn*" 5%; C) PCL/brushite-Zn>* 10%.

The mean flexural modulus was 526,43 MPa for the composite containing brushite-
Zn*" 2%, 522,59 MPa for the composite containing brushite-Zn?" 5%, and 496,30 MPa
for the composite containing brushite-Zn?* 10%. The differences among the three

formulations were limited and did not show a clear dose-dependent trend.

Regarding maximum flexural stress, the highest value was observed in the
PCL/brushite-Zn?" 5% group, with a mean value of 26,95 MPa. The PCL/brushite-Zn**
2% and PCL/brushite-Zn*" 10% samples showed mean values of 25,90 MPa and 25,41

MPa, respectively. In this case as well, the differences among the groups were limited.

The strain at maximum stress was 7,70% for the 2% composite and 8,20% for the 5%
and 10% composites. These values indicate that the printed samples maintained good

deformation capacity before reaching the maximum load.

Overall, the flexural tests showed that increasing the nominal Zn?* percentage in the

brushite phase did not cause a marked worsening of the mechanical properties of the
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PCL/brushite composites. Indeed, the flexural performance was similar among the
three formulations, suggesting that the mechanical response of the printed samples was
strongly influenced by the PCL polymeric matrix and sample geometry, in addition to

the incorporated ceramic phase.
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4 DISCUSSION
4.1 General interpretation of the results

The aim of the present study was the development and preliminary characterization of
composite materials based on zinc-doped calcium phosphates and PCL, with a view to
their possible future application in the fabrication of customized three-dimensional
scaffolds for bone regeneration. In particular, brushite formulations doped with Zn>" at
2%, 5%, and 10% were prepared and subsequently characterized from a mechanical
and chemical-structural point of view. Part of the doped brushite powder was then
used for the preparation of PCL/brushite composites, processed by extrusion and 3D

printing.

Brushite, or dicalcium phosphate dihydrate, CaHPO4:2H-0, is a calcium phosphate of
interest in the biomaterials field due to its greater solubility compared with apatitic
phases and its potential resorbability in a physiological environment. Calcium
phosphates are widely studied as bone substitutes, cements, scaffolds, and drug
delivery materials because of their similarity to the mineral component of bone and
their biocompatibility and osteoconductivity. [70-73] In this context, brushite
represents a particularly interesting phase among calcium phosphates used for bone

repair applications. [35,36]

The introduction of bioactive metal ions, including Zn**, Ag*, Cu*', Sr**, and Mg?*, has
been proposed in the literature as a strategy to modulate the chemical, biological, and
antimicrobial properties of calcium phosphates. In particular, Zn?" is considered of
interest for bone metabolism, as it may influence osteoblast proliferation and
differentiation and also possesses antimicrobial properties. [41-46] However, its effect
on the physicomechanical properties and microstructure of phosphate cements can be

complex and may depend on the formulation, ionic content, and synthesis conditions.

Overall, the results obtained show that Zn*" doping did not prevent the formation of a
phase compatible with brushite, as evidenced by XRD and FT-IR analyses. However,
the mechanical properties of the doped cements showed a marked reduction compared
with pure brushite. Conversely, once incorporated into the PCL polymeric matrix, the
doped brushite phase allowed printed composites to be obtained with relatively similar

flexural properties among the different doping percentages.
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4.2 Effect of Zn** doping on the mechanical properties of the cements

The compression tests showed a marked reduction in mechanical properties in the
Zn**-doped cements compared with pure brushite. In particular, the mean elastic
modulus decreased from 637.59 MPa in pure brushite to 97.71 MPa, 71.96 MPa, and
42.46 MPa for the 2%, 5%, and 10% formulations, respectively. The maximum
compressive stress also decreased markedly, from 6.75 MPa in pure brushite to values

below 1 MPa in the doped samples.

This trend suggests that, under the experimental conditions adopted, the introduction
of zinc negatively influenced the mechanical strength of the brushite cement. This
effect could be related to a modification of the setting kinetics, brushite crystallization,
internal porosity, or degree of conversion of the initial reagents. In brushite cements,
the setting reaction is generally described as an acid-base reaction between B-TCP and
MCPM, with brushite formation as the main hydrated product. [74] The growth rate of
brushite crystals is high, which is why setting retarders are often used to control

cement workability. [75-77]

The effect of metal ions on the hydration reaction of brushite cements has also been
discussed in studies on B-TCP doped with other divalent ions. For example, in the case
of Cu?', it has been observed that f-TCP doping may lead to a significant slowing of
the hydration reaction and a modification of hydrated phase formation. [39,78,79]
Although the present work concerns Zn** and not Cu?', these data suggest that the
presence of metal ions in the B-TCP precursor may influence the setting kinetics and

final microstructure of the cement.

The reduction in compressive strength could also be related to the presence of residual
B-TCP or incompletely reacted phases. In the literature, residual B-TCP particles have
been reported to act as fillers and contribute to stabilization of the cement
microstructure; however, a non-optimal distribution of particles or an excessive
amount of inclusions may generate stress concentration areas and promote crack
propagation. [80—82] In the present study, the absence of microstructural analyses by

SEM does not allow this hypothesis to be directly verified.

A further element to consider is data variability, which was particularly evident in the
compression tests. The coefficients of variation of the elastic modulus and maximum

stress were high, especially in the doped groups. This variability could depend on
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macroscopic defects in the cylinders, air bubbles, microfractures, differences in paste
compaction inside the syringes, or inhomogeneity in the distribution of zinc and
reactive phases. For this reason, the mechanical data obtained for the cements should

be interpreted as preliminary.
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4.3 Interpretation of XRD analyses

The XRD diffractograms showed, in all samples, the presence of crystalline peaks
compatible with brushite. The preservation of the main peaks in the doped samples
indicates that the introduction of Zn** did not prevent the formation of the brushite
phase. This finding is consistent with the literature, in which brushite is identified as a
characteristic crystalline phase of cements obtained from the reaction between B-TCP

and MCPM. [74]

No systematic shift of the main peaks was observed in the analyzed samples with
increasing nominal Zn?* percentage. This aspect is relevant because a regular shift of
XRD peaks could suggest modifications of lattice parameters due to ionic substitution.
However, the absence of an evident shift does not exclude the presence of zinc in the
material. Zn** could be present in amounts below the detection limit of the technique,
mainly localized in amorphous or poorly crystalline phases, associated with residual
doped B-TCP, or distributed in a manner insufficient to produce a measurable variation

in the brushite peaks.

In studies on cements based on zinc-doped B-TCP, it has been reported that zinc may
preferentially occupy the B-TCP lattice rather than that of the final cementitious phase.
In particular, in monetite cements obtained from ZnB-TCP, XRD analysis revealed the
presence of unreacted ZnB-TCP and monetite, suggesting that zinc could remain
preferentially associated with the 3-TCP precursor. [82] Although the final phase in
the present work is brushite and not monetite, this finding suggests caution in directly

attributing zinc to the brushite lattice on the basis of diffractograms alone.

Therefore, XRD analysis supports the formation of brushite as the main phase, but
does not allow the localization of zinc to be established with certainty. To confirm
doping and distinguish between zinc incorporated into the lattice, zinc associated with
residual phases, or zinc present in amorphous form, complementary analyses would be
required. In particular, SEM-EDS would allow evaluation of the elemental distribution
of zinc, whereas ICP-OES or ICP-MS would allow quantification of its total content
and release into solution. Possible Rietveld refinement could also allow a more

accurate evaluation of the crystalline phases present.
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4.4 Interpretation of FT-IR spectra

The FT-IR spectra confirmed the presence of the main functional groups characteristic
of brushite. The bands observed in the 3600—3000 cm™ region are attributable to O-H
stretching of structural and/or adsorbed water, while the band around 1650—-1600 cm™
is attributable to bending of water molecules. The bands between approximately 1200
and 900 cm™ are attributable to vibrations of phosphate and hydrogen phosphate
groups, whereas those in the 650—500 cm™ region are associated with bending

vibrations of phosphate/hydrogen phosphate groups. [66,83—88]

The comparison between pure brushite and doped samples showed general
preservation of the spectral profile, confirming that Zn** doping did not substantially
alter the chemical nature of the material. However, some variations were observed in
the position and relative intensity of specific bands, especially in the regions

associated with structural water and phosphate/hydrogen phosphate groups.

In the literature, in metal-doped brushite samples, variations in the position and
intensity of FT-IR bands have been interpreted as possible indications of modifications
of the local chemical environment of functional groups due to the presence of doping
ions. [89-92] In particular, the introduction of metal ions may alter hydrogen bonding
interactions and the local organization of water molecules and phosphate/hydrogen
phosphate groups. However, these variations do not represent direct and quantitative

proof of zinc incorporation into the crystal lattice.

FT-IR analysis can therefore be considered complementary to XRD: both techniques
support the formation of a material compatible with brushite, but neither of them alone
allows Zn** to be localized with certainty. Furthermore, the intensity of FT-IR bands
can be influenced by experimental factors such as sample amount, powder particle
size, contact with the support, and baseline correction. For this reason, the intensity
differences observed among the samples should be interpreted with caution and not as

direct quantitative data.
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4.5 Processability of the composite and fabrication by 3D printing

A further relevant aspect of the present work concerns the possibility of transforming
Zn**-doped brushite into a composite material actually processable by extrusion and
3D printing. Although the brushite cement phase alone is of interest due to its
bioactive and bioresorbable nature, it does not possess adequate workability
characteristics to be directly used in fused deposition additive manufacturing
processes. The introduction of PCL therefore played a fundamental role in providing

the material with greater continuity, deformability, and processability.

In the present study, Zn**-doped brushite powders were incorporated into a PCL
matrix by melt blending, with an 80/20 weight ratio. The composite thus obtained was
subsequently transformed into pellets, extruded in the form of filament, and finally
used for 3D printing of samples with controlled geometries. This result represents an
important step, as it demonstrates the feasibility of an integrated experimental pathway
allowing transition from a calcium phosphate-based cement to a printable composite

material.

The filament extrusion phase and subsequent 3D printing, however, highlighted some
critical issues related to the experimental nature of the material. In particular, the
PCL/brushite-Zn?" composite required optimization of processing parameters,
including temperature, extrusion speed, cooling management, nozzle diameter, and
filament loading method. These difficulties may be attributed to the presence of the
ceramic phase dispersed within the polymeric matrix, possible filament irregularity,
and the different thermomechanical response of the composite compared with a

commercial polymeric filament.

Despite these critical issues, it was possible to obtain three-dimensionally printed
samples in the three doping formulations considered. In particular, rectangular
specimens intended for flexural mechanical testing and discs intended for preliminary
biological evaluations were produced. This finding supports the potential applicability
of the PCL/brushite-Zn*" composite as a starting material for future additive

manufacturing strategies of customized scaffolds.

Indeed, 3D printing represents a technology of particular interest in bone tissue
engineering, as it allows the fabrication of structures with controlled geometry,

potentially adaptable to the anatomical defect and designed to guide tissue
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regeneration. Scaffold microarchitecture, pore size, interconnection, and spatial
distribution of the material can influence cell colonization, nutrient diffusion, and new
tissue formation. [63,93] In the present work, complex porous scaffolds were not yet
produced, but the possibility of printing discs and rectangular specimens represents a

first step toward the development of more advanced geometries.

Before possible application in the regenerative field, it will be necessary to further
optimize filament regularity, deposition quality, printing reproducibility, and the final
microarchitecture of the scaffolds. It will also be important to evaluate the effect of
printing parameters on the distribution of the ceramic phase, porosity, mechanical

properties, and cellular response.
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4.6 Mechanical behavior of PCL/brushite-Zn*" composites

The flexural tests on 3D-printed PCL/brushite-Zn** composites provided results
different from those obtained in compression tests on the isolated cements. While the
doped cements showed a marked reduction in mechanical properties compared with
pure brushite, the PCL/brushite-Zn?** composites maintained relatively similar values

of flexural modulus and maximum stress among the three doping percentages.

The mean flexural modulus ranged between approximately 496 and 526 MPa, while
the maximum flexural stress remained around 25—27 MPa. The PCL/brushite-Zn** 5%
formulation showed the highest mean maximum stress value, equal to 26.95 MPa, but
the difference compared with the 2% and 10% formulations was limited. Therefore, no
clear dose-dependent effect of the nominal Zn?" percentage on the flexural mechanical

properties of the composite emerged.

This result suggests that, in the printed samples, the mechanical response is mainly
dominated by the PCL polymeric matrix and by specimen geometry, rather than by the
mechanical properties of the isolated brushite cement. The ceramic phase,
incorporated at 20 wt%, may contribute to the bioactivity and functionalization of the
composite, while PCL provides structural continuity, greater deformability, and

improved handling of the material.

The flexural curves also showed greater reproducibility than the compression curves
of the cements. This finding suggests that the melt blending, extrusion, and 3D
printing process produced samples that were relatively homogeneous from a
macroscopic point of view. However, it should be considered that the mechanical
response of printed composites may depend on numerous factors, including filament
orientation, interlayer adhesion, distribution of the ceramic phase, presence of

agglomerates, printing parameters, and degree of crystallinity of PCL.

To interpret these results more completely, it would also be useful to include a control
group consisting of printed PCL alone and a PCL/pure brushite composite. These
comparisons would allow the effect of the ceramic phase to be better distinguished

from the specific effect of Zn** doping.
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4.7 Limitations of the study

The present work represents a preliminary characterization of the materials produced

and has some limitations that should be considered when interpreting the results.

First, the number of samples analyzed was limited, and no inferential statistical
analyses were performed. The mechanical data should therefore be considered
descriptive and indicative of a trend. Second, the variability observed in the
compression tests suggests the need to further optimize the preparation of the cylinders
and to more accurately control parameters such as porosity, paste homogeneity, and
the presence of internal defects. Third, XRD and FT-IR analyses confirm the
formation of a phase compatible with brushite, but they do not allow Zn** to be
localized with certainty or its incorporation to be quantified. For this purpose,
complementary analyses such as SEM-EDS, ICP-OES/ICP-MS, XPS, or ion release

tests would be necessary.

A further limitation concerns the absence, at this stage, of a microstructural
characterization of the printed composites. SEM analysis could allow evaluation of the
distribution of brushite powder within the PCL, the possible presence of agglomerates,
the quality of the polymer-ceramic interface, and the surface morphology of the

printed samples.

Finally, although mechanical and chemical-structural properties are fundamental, they
are not sufficient to draw definitive conclusions on the suitability of the material for
bone regeneration applications. These results will need to be integrated with
preliminary biological tests, such as evaluations of biocompatibility, cell adhesion,
proliferation, cell viability, and possible osteogenic response. This aspect is
particularly relevant for materials containing Zn?*, since the biological response may
depend not only on the presence of zinc, but also on its concentration, release rate, and

interaction with the cellular matrix. [82,94-97]
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4.8 Future perspectives

The results obtained suggest that PCL/brushite-Zn?* composites represent a promising
platform for further developments in the field of additive manufacturing of
biomaterials for bone regeneration. The possibility of combining a polymeric matrix
processable by 3D printing with a zinc-doped brushite ceramic phase could, in
perspective, allow the fabrication of customized scaffolds with tunable mechanical,

chemical, and biological properties.

Future experimental activities should focus on several aspects. First, it will be
necessary to optimize the formulation of the doped brushite cements in order to
improve the mechanical properties of the ceramic phase and reduce sample variability.
Second, it will be important to characterize the distribution of zinc and its possible
release in aqueous or biological environments. Third, it will be useful to compare
PCL/brushite-Zn** composites with appropriate controls, such as pure PCL, PCL/pure

brushite, and, possibly, formulations with different percentages of ceramic phase.

A further development will concern the biological evaluation of the printed materials.
Cell viability test, adhesion, proliferation, and osteogenic differentiation tests will
make it possible to verify whether the introduction of Zn?* confers actual biological
advantages compared with undoped brushite. Only the integration of mechanical,
chemical-structural, and biological results will allow a more complete evaluation of

the potential of the material for bone regeneration applications.
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5 CONCLUSIONS

The aim of the present thesis was the development and preliminary characterization of
composite materials based on Zn**-doped brushite and polycaprolactone, with the
objective of evaluating their potential processability by extrusion and 3D printing

techniques for future applications in the field of bone regeneration.

First, Zn**-doped brushite cements were obtained at three different nominal percentages,
equal to 2%, 5%, and 10%, using zinc-doped B-TCP as the precursor for the
cementitious reaction. Pure brushite was instead prepared as a control material for the

preliminary mechanical compression tests and chemical-structural analyses.

The compression tests highlighted a marked reduction in mechanical properties in the
doped cements compared with pure brushite. In particular, both the elastic modulus and
the maximum compressive stress were markedly lower in the samples containing Zn*".
This finding suggests that, under the experimental conditions adopted, zinc doping
negatively influenced the mechanical strength of the cementitious phase, probably by
interfering with the setting reaction, crystallization, or final microstructure of the

cement.

XRD and FT-IR analyses confirmed the presence of features compatible with brushite
formation in the produced samples. The diffractograms showed crystalline peaks
attributable to a calcium phosphate-based phase, while the FT-IR spectra showed bands
associated with phosphate groups, hydrogen phosphate groups, and structural water,
consistent with the chemical nature of brushite. However, based on XRD and FT-IR
analyses alone, it was not possible to establish with certainty the localization of Zn**
within the material or to definitively confirm its incorporation into the brushite crystal

lattice.

A relevant result of this work was the possibility of incorporating Zn**-doped brushite
into a PCL polymeric matrix, obtaining PCL/brushite-Zn?" composites with an 80/20
weight ratio. The composite was subsequently transformed into pellets, extruded in the
form of filament, and used for the fabrication, by 3D printing, of samples with
controlled geometry. Despite the experimental difficulties related to filament production
and printing of a non-commercial composite material, it was possible to obtain discs
intended for preliminary biological evaluation and rectangular specimens intended for

flexural mechanical testing.
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The flexural tests performed on the printed composites showed a more regular and
reproducible mechanical behavior compared with the brushite cements tested in
compression. The three formulations containing brushite-Zn*" at 2%, 5%, and 10%
showed relatively similar mean values of flexural elastic modulus and maximum
flexural stress, without a clear monotonic trend associated with the increase in doping
percentage. This suggests that, in the printed composites, the mechanical behavior was
mainly dominated by the PCL polymeric matrix and by the quality of the printing
process, rather than by the different nominal percentage of zinc present in the ceramic

phase.

Overall, the results obtained demonstrate the feasibility of an experimental pathway that
allows the transition from a Zn?**-doped brushite-based cement to a PCL/brushite
composite processable by extrusion and 3D printing. This represents a first step toward
the development of bioactive and potentially customizable composite materials for

future applications in bone regeneration.

However, the study should be considered preliminary. Further investigations will be
necessary to optimize the cement formulations, improve the mechanical properties of
the brushite phase, clarify the actual distribution of Zn?*, evaluate ion release, analyze
the microstructure of the composites, and further investigate the biological response of
the printed samples. In particular, future analyses by SEM-EDS, degradation tests, zinc
release assays, and more extensive biological evaluations will be essential to understand
the real application potential of the PCL/brushite-Zn** composites developed in the

present work.

In conclusion, this thesis made it possible to develop and preliminarily characterize a
composite material based on PCL and zinc-doped brushite, demonstrating the
possibility of transforming it into filament and using it for 3D printing of experimental
samples. Although further optimization is required, this approach represents a
promising strategy for the future fabrication of customized, bioresorbable, and bioactive

scaffolds intended for the regeneration of bone defects.
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  𝛽 − T C P : Z n   2 % =    (   311 , 4 10 ) 4 = 7 , 79   g


  𝛽 − T C P : Z n   5 % =    (   313 , 8 10 ) 4 = 7 , 85   g


  𝛽 − T C P : Z n   10 % =    (   317 , 6 10 ) 4 =   7 , 94   g


  M C P M =    (  252 10 ) 4 = 6 , 3   g


  H 2 O + c i t r a t o =    [    ( 𝛽 − T C P : Z n   2 %   +   M C P M ) 3 ] 4 =    [    ( 31 , 16 + 25 , 2   ) 3 ] 4 =   4 , 69   g


  H 2 O +   c i t r a t o =    [    ( 𝛽 − T C P : Z n   5 %   +   M C P M ) 3 ] 4 =    [    ( 31 , 38 + 25 , 2   ) 3 ] 4 =   4 , 72   g


  H 2 O +   c i t r a t o =    [    ( 𝛽 − T C P : Z n   10 %   +   M C P M ) 3 ] 4 =    [    ( 31 , 76 + 25 , 2   ) 3 ] 4 =   4 , 75   g


  𝛽 − T C P =    (   310 , 0 10 ) 4 = 7 , 75   g


  M C P M =    (  252 10 ) 4 = 6 , 3   g


  H 2 O +   c i t r a t o =    [    ( 𝛽 − T C P + M C P M ) 3 ] 4 =    [    ( 31 , 0 + 25 , 2   ) 3 ] 4 =   4 , 69   g

