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Chapter 1: GENERAL INTRODUCTION



Introduction

Bone regeneration is a complex process involving well-orchestrated biological events, including
bone induction and conduction, that mimic skeletal development and repair [1]. While bone has
an intrinsic capacity for regeneration, large defects caused by trauma, infection, tumour
resection, or skeletal abnormalities often exceed the body's self-healing potential and require
external intervention [1]. Additionally, compromised conditions such as osteoporosis and
avascular necrosis further hinder regeneration [1]. The reconstruction of bone defects, whether
congenital or acquired, poses significant challenges due to the lengthy and unpredictable nature
of the healing process [2]. Factors influencing the success of bone repair include the size and
location of the defect, the soft tissue environment, and patient-specific circumstances such as
age and chronic disease [3]. Despite advancements, there is no consensus on the diagnosis and
treatment of "critical-size bone defects," (i.e. the smallest size intra-osseous wound in a
particular bone and species that will not heal spontaneously during the lifetime of the organism

[4]) reflecting the complexity and variability of these cases in clinical practice [3].

Composition of bone tissue

The bone extracellular matrix (ECM) and its associated cells play critical roles in bone formation
and regeneration (Figure 1) [5]. During bone regeneration, mesenchymal stem cells (MSCs) home
to the site of injury and differentiate into osteoblasts, which produce the ECM and facilitate
osteoid mineralization, leading to the formation of terminally differentiated osteocytes [5]. The
ECMis anon-cellular, three-dimensional structure secreted by cells into the extracellular space,
composed of proteins and polysaccharides, with a unique composition and topology that
supports tissue development, integrity, and homeostasis [5]. In bone tissue engineering, the

ECM is considered a critical component for development [6].
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Figure 1. The bone extracellular matrix (ECM) and its associated cells osteoblasts, osteoclasts and osteocytes.
(Created in https://BioRender.com)
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The bone ECM consists of organic (40%) and inorganic (60%) components, with its exact
composition varying by sex, age, ethnicity, and health conditions. The main inorganic elements
include calcium-deficient apatite and trace minerals [5]. Osteoblasts, derived from MSCs, play
a vital role in bone remodelling by synthesizing the ECM and ensuring its proper mineralization.
These cells depend on collagen-based surfaces to produce mechanically stable and structured
bone tissue [5]. Osteocytes, the terminally differentiated cells embedded within the bone matrix,
communicate with each other and with bone lining cells to support bone growth and repair
through processes like perilacunar/canalicular remodelling, which involves continuous
resorption and deposition of the matrix [7]. Osteoclasts, which are multinucleated cells formed
by the fusion of monocyte/macrophage precursors, are responsible for bone resorption. Their
activity is regulated by macrophage colony-stimulating factor (M-CSF) and the receptor activator
of nuclear factor kB ligand (RANKL), which are secreted by osteoblasts [5]. Together, the
interactions between ECM components and cellular activities ensure bone regeneration,

homeostasis, and repair.

Regeneration of bone tissue

Bone tissue regeneration relies on various grafting techniques, with autografts currently
considered the gold standard due to their superior osteogenic potential [8]. Autografts involve
harvesting bone from the patient, typically from sites like the iliac crest, and are highly effective
in promoting bone regeneration. However, they present significant drawbacks, including donor-
site morbidity, increased risk of wound infection, prolonged hospital stays, and higher costs,
making them less favourable in some cases [9]. These challenges have driven the development
and use of alternative grafting methods, including allogeneic, xenogeneic, and alloplastic
scaffolds.

Allogeneic bone grafts, derived from human donors other than the patient, are the most
commonly used alternative to autografts. While they eliminate the need for a second surgical
site, allogeneic grafts pose risks of disease transmission, immune rejection, and resorption [9].
Alloplastic grafts, composed of synthetic materials, and xenogeneic scaffolds, derived from
animal sources, offer additional alternatives in regenerative dentistry and bone reconstruction.
These substitutes reduce the reliance on autografts, but ongoing research aims to address their
limitations, such as varying osteogenic capabilities and integration within the host tissue [8].
Despite advancements, no single substitute has yet fully matched the effectiveness and

reliability of autografts.
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Calcium phosphate cements (CPCs)

Powder and liquid composition of CPCs

Calcium phosphate cements (CPCs) are biocompatible materials made from calcium
phosphate powders that, when combined with a liquid phase, create a mouldable paste capable
of hardening at room or body temperature. Once set, CPCs form a solid structure resembling the
mineral makeup of natural bone, which makes them ideal for applications in bone repair and
regeneration [10, 11]. The powders, often including alpha-tricalcium phosphate (a-TCP) or -
tricalcium phosphate (B-TCP), determine the CPC's reactivity and final composition based on
their crystallinity and particle size [12-14]. Lower crystallinity and smaller particle sizes increase
reactivity, enhancing the CPC setting properties [12, 14, 15]. The liquid phase typically contains
water, but additives like organic acids (e.g., citric acid, sodium citrate) are frequently
incorporated to regulate the setting reaction, handling properties, or injectability [16, 17]. These
components enable the formulation of injectable CPC pastes that adapt perfectly to bone defect
dimensions, facilitating minimally invasive surgical applications [18-20].

Unlike many other biomaterials, CPCs can support long-term bone defect repair by promoting
new bone formation in harmony with their own gradual degradation [21-23]. CPCs are also
biocompatible and osteoconductive [24-26]. The most common CPCs on the market include
those based on apatite (aCPCs) (Norian SRS® (Synthes, USA) [27], Kyphos® (Kyphon, USA) [28],
or Biopex-R® (Hoya Corp., Japan) [29]) [30, 31] and those based on brushite (bCPCs) [18]
(ChronOs® Inject (Synthes, USA) [32], Eurobone (Groupe FH ORTHO, France) (Figure 2) [33]).

Figure 2. Commercial bCPC Eurobone (Groupe FH ORTHO, France). This is a 2-chamber device to separate powder
and liquid; the plunger allows to break the separation and mix the components into a paste that then can be injected
via the needle. (Reprinted from the “Eurobone 2 Injectable macroporous substitutes to fill bone defects.
Documentation” provided by the company web page. [34])

Setting Reaction
The setting reaction of CPCs is a dissolution-precipitation process occurring in three stages: (1)

dissolution of reactants to release calcium and phosphate ions; (2) nucleation of a new phase
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(brushite or apatite crystals, depending on pH); and (3) growth of these crystals to form hardened
cement [21, 35]. bCPCs form when the pH is below 4.2, while aCPCs (e.g., hydroxyapatite or
calcium-deficient hydroxyapatite) form at pH levels above 4.2 [16, 21, 36]. For clinical use, the
setting time is crucial: initial setting time (3-8 minutes) allows for manipulation, and final setting
time (15-18 minutes) ensures proper hardening within a realistic timeframe for a clinical

procedure [37-40].

Properties of set CPCs

Set CPCs exhibit biocompatibility, osteoconductivity, and the ability to degrade at rates
conducive to new bone formation [23-25]. bCPCs are metastable under physiological conditions
and resorb faster than aCPCs, which are more stable and degrade more slowly [35, 41]. aCPCs,
characterized by low crystallinity, mimic the bone mineral phase and are preferred for long-term
stability [35, 42]. bCPCs, while less mechanically robust, are advantageous for applications
requiring rapid resorption [36, 41] (Table 1). Injectability and mechanical properties of CPCs are
properties of variable magnitude depending on the clinical application, butitis evident thatthese

are critical factors for clinical success.

Table 1. Comparison between bCPCs and Apatite Calcium Phosphate Cements (CPCs), highlighting their differences
in chemical composition, formation conditions, solubility, resorption rates, mechanical properties, and clinical
applications

Aspect
pH of Formation

Main Composition

Solubility
Setting Kinetics
Resorption Rate

Transformation
Mechanical
Properties

Clinical Use

Key Reference

Studies

Brushite (bCPCs)
Formed when pH <4.2

Dicalcium phosphate dihydrate (DCPD)

Metastable under physiological
conditions; resorbed faster than apatite
Faster precipitation; brushite forms more
rapidly than monetite

Faster resorption, which can promote
faster remodelling

Can transform into apatite in vivo under
physiological conditions

Generally weaker and more brittle

Preferred when faster resorption or
remodelling is needed (e.g., temporary
fillers)

[43-45]

Brushite calcium phosphate cements (bCPCs)

Apatite (e.g., HA, CDHA)

Formed when pH > 4.2
Hydroxyapatite (HA), calcium-
deficient hydroxyapatite (CDHA), or
carbonated apatite

More stable and less soluble under
physiological conditions

Slower precipitation compared to
brushite

Slower resorption, ensuring longer
stability in bone voids

Does not transform; remains stable
as apatite

Stronger and more durable

Preferred for applications requiring
long-term stability

[43, 46, 47]

bCPC is a type of calcium phosphate cement that forms dicalcium phosphate dihydrate (DCPD)

(Table 1), commonly known as brushite, upon setting. It is created by mixing calcium phosphate
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powders, such as B-tricalcium phosphate (B-TCP) and monocalcium phosphate monohydrate

(MCPM), with water. [16, 21, 48].

Disadvantages of Brushite CPCs

bCPCs, while advantageous for fast bone resorption, have significant limitations. Their short
setting time (30-60 seconds) is often impractical for surgical applications and requires the use
of additives like citric acid to delay hardening [16, 17]. They exhibit lower mechanical strength
(Figure 3) compared to cancellous bone, restricting their use in load-bearing applications [49].
Additionally, injectability issues, such as liquid phase separation during injection, result in
uneven material composition and compromised in vivo behaviour [36, 50]. These challenges,

combined with brittleness, limit their use despite their favourable resorption properties.

~

a) b)

Figure 3. Mechanical test: a) Schematic representation of a compressive strength test, the cement is compressed
until the point of fracture; b) Real picture of the compression strength set-up (Created in BioRender.com).

Brushite CPCs as drug-delivery systems

bCPCs have shown significant potential as drug-delivery systems, particularly for treating bone
infections such as osteomyelitis. Osteomyelitis, caused by bacteria, mycobacteria, or fungi, is
often challenging to treat due to the inability to maintain high antibiotic concentrations at the
infection site. Incorporating antibiotics directly into CPCs for localized delivery has emerged as
a promising approach to overcome this challenge and ensure effective treatment [51] (Figure 4).
One key advantage of CPCs is their low setting temperature, which enables the incorporation of
heat-sensitive drugs without denaturation. Furthermore, the intrinsic porosity of CPCs facilitates
drug elution, enhancing the release profile to achieve the desired clinical outcomes [20]. This
porosity, combined with isothermal setting, helps maintain the structural integrity of loaded
drugs. Additionally, CPCs are evaluated for their ability to enhance bone regeneration and
osseointegration, critical for restoring mechanical function, reducing failure risks, and promoting

long-term stability of the material [20].
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a) Drug particles b) Drug particles
embedded in the release from the bCPC
bCPC. after implantation.

Figure 4. bCPCs as drug delivery systems: a) Drug molecules loaded in the bCPC are embedded in the matrix of the
cement; b) After implantation, the drug starts to release from the bCPC mainly by diffusion [35] (Created in
BioRender.com).

Objectives of the thesis

bCPCs are advantageous due to their rapid bone resorption; however, they are hindered by
several significant drawbacks. Their short setting time (30-60 seconds) poses challenges during
surgical procedures. Additionally, bCPCs exhibit low mechanical strength, limiting their
suitability for load-bearing applications. Furthermore, issues with injectability, such as liquid
phase separation, can lead to inconsistent material properties.

To address these limitations, this thesis aimed to enhance the mechanical properties of bCPCs
and evaluate their effectiveness as a local antibiotic delivery system, focusing on their potential
for improved clinical applications in bone regeneration therapies.

In more detail, this thesis addressed the following research questions:

1) How can the synergy between brushite calcium phosphate cements (bCPCs) and drug
delivery mechanisms be optimized to advance bone regenerative therapies and improve
clinical outcomes? (Chapter 2)

2) What is the effect of varying precursor proportions and the addition of collagen on the
formulation, biocompatibility, and bioactivity of bCPCs? (Chapter 3)

3) How does the incorporation of sodium alginate in bCPC formulations influence
tetracycline release and cell viability? (Chapter 4)

4) What strategies can improve the handling characteristics, mechanical strength, and
antimicrobial efficacy of bCPCs, and how does the addition of a-tricalcium phosphate
(a-TCP) and silk fibroin (SF) impact these properties along with tetracycline release

dynamics? (Chapter 5)
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