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1. Summary

The topic of this Philosophy Doctor Thesis tallies with the national project MAT2012 of the BBT
group of UPC AfPored4dBone: Bi omi metic calcium ph-oasphat
the macroscale for osteoinduction, .drug delivery

Bone is one of the most transplanted tissues globally, with around one million surgical procedures
each year. Ageing of the population worldwide requires intense effort in designing efficient, clinical ly
applicable multifunctional biomaterials for bone regeneration. The need for a higher volume of bone
graft, and advanced solutions make synthetic bone grafts an attractive alternative to auto - or
xenografts.

Synthetic calcium phosphate cements (CPCs) provide a high freedom of processing and
conformation, and excellent biomimicry to natural bone. Biocompatible and osteoconductive per se,
CPCssupport /in vivo remodeling of bone. The intrinsic micro- and nano- porosity of CPCs resulting
from the spaces between the entangled crystals and aggregates once set is a key property when
considering bone regeneration and local release of drugs. It provides free space for drug diffusion
and fluid penetration, both of which are essential elements for drug release. Thus, a comprehensive
characterization of the porosity, especially at the microscopic and nanoscopic scaleis of paramount
interest to identify these mechanisms, so it has been tackled in detail in this work.

Focusing on bone infections, the combination of antibiotics with osteogenic matrices like CPCs is
explored in the PhD Thesis. Indeed, while bone infections and bone disorders are generally treated

post-operatively by systemic administration of the indicated antibiotic, achieving a therapeutically

efficient local delivery of the active principles is a key challenge, as it allows reducing secondary
unwanted effects, drug interactions and diminishing the required dose due to the enhanced local

bioavailability.

In particular, the relationship between antibiotic addition, porosity and drug release in calcium
phosphate cements (CPCs) is highlighted and studiedin this PhD Thesis Finally the introduction of
macropores in CPCsis investigated to manufacture antibiotic -releasing calcium phosphate foams
(CPFs)for bone regeneration, which present clear clinical benefits over CPCs as multifunctional
biomaterials. Indeed, the clinical performance of CPCs as local drug delivery devices is restricted by
the relatively low penetration of corporal fluids through their micro or nanopores, preventing a
complete release of the drug. The slow release of the entrapped antibiotic during the degradation
of the CPC maygenerate a local concentration below the minimum inhibitory concentration , with
the risk to foster the development of antibiotic -resistant bacteria. The addition of a network of
interconnected macropores in CPCs represents a major advance by enhancing fluid circulation and
the consequent increase of the release rate of the antibiotic. Thus, in addition to the injectability
and biomimicry of CPCs, the interconnected macroporosity of CPFs endows these materias with
clear advantages not only in terms of tuning the release kinetics of active principles, but also when
considering their excellent osteogenic properties.
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2. Resumen

La presente Tesis doctoral se enmarca dentro del proyecto MAT2012 del grupo de investigacion
BBTde la UPC il P o r e 4 Biamimetic calcium phosphates: tailoring porosity from the nano - to
the macroscale for osteoinduction, dfinanajadodperleli
Gobierno de Espafia

El hueso es uno de los tejidos mas trasplantados mundialmente con hasta 1 millén de cirugias
anuales. El envejecimiento de la poblacion conlleva la necesidad dehacer grandes esfuerzosen el
disefio de biomateriales multifuncionales, eficientes y clinicamente aplicablesa la regeneracion dsea.
El aumento del nimero de injertos Gseos necesarios y la necesidad de encontrar soluciones
avanzadas hace que los biomateriales sintéticos sean una alternativa atractiva a los aute o xeno-
injertos actuales.

Los cementos de fosfato de calcio (CPCs)son materiales muy versatiles en cuanto a los procesos
de conformado, y presentan propiedades muy similares a las del hueso natural. Siendo materiales
biocompatibles y osteoconductivos, los CPCs actian de soporte al proceso de remodelacion 6sa in
vivo. Ademas, los CPCs presentan unamicro- y nano- porosidad intrinseca, que tiene su origen en
los espaciosentre los cristales que se forman tras el fraguado. Dicha porosidad es de granrelevancia
en la regeneracion 6seay la liberacién local de farmacos, al proporcionar espacics disponibles para
la difusién de los farmacos y la circulacion de fluidos corporales, ambos procesos esenciales para la
liberacion del principio activo. En esta Tesis Doctoral se ha abordado la caracterizaciéon de la
porosidad de los CPCs en profundidad especialmente a escala micro y nanoscoépica por ser de
gran interés en la identificacion de los mecanismos de regeneracion ésea y liberacion controlada de
farmacos.

En el caso de las infecciones Oseas, en la presente Tesis Doctoral se explorala combinacion de
antibiéticos con matrices bioactivas como los CPCs Asi, mientras las infecciones 6seas se tratan
habitualmente mediante la administracion sistémica de antibiéticos de forma post-operatoria,
alcanzar una liberadén local eficaz del principio activo es un reto clave, que permitiria reducir los
efectos secundarios no deseados,minimizar las interacciones potenciales entre farmacos y disminuir
la dosis necesarig gracias a una mayor biodisponibilidad.

En este Trabajo, se ha estudiado en profundidad la relacion entre la incorporacion de antibiético, la
porosidad y la liberacién de farmaco en cementos de fosfato de calcio (CPCs). Ademas se ha
investigado la introduccién de macroporosidad en los CPCs conel objetivo de fabricar espumas de
fosfato de calcio (CPFs)capaces de liberar farmacos para regeneracion éseaa nivel local, con claras
ventajas frente a los CPCs como biomateriales multifuncionales. En efecto, la eficacia clinica de los
CPCs como dispodgivos de liberacion local de farmacos esta limitada por la relativamente baja
penetracion y circulacion de los fluidos corporales en los mismos, impidiendo una liberacion
completa del farmaco. El riesgo de que el antibidtico atrapado en el material se libere lentamente
durante la degradacion del mismo, dando lugar a concentraciones locales de antibiético inferiores
a la concentracion minima inhibitoria, puede llevar a la generacién de resistencia bacteriana al
antibiotico. La adicién de una red de macroporos interconectados en los CH=s representa un avance
importante, puesto que aumenta la circulacién de fluidos corporales en el biomaterial, incrementa
el control sobre la cinética de liberacion de farmacos y permite colonizacién celular. Asi pues, los
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CPFsjunto a la inyectabilidad y el biomimetismo de los CPCs,presentan a una macroporosidad
interconectada que les confiere un elevado interés en vistas tanto a la regeneraciéon 6seacomo a la
liberacion local de farmacos.
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3. Objectives and innovations
The main aim of this PhD Thesis is to study and characterize in depth the
application of calcium phosphate cements (CPC) and calcium phosphate foams (CPF) as
local drug delivery systems (DDS).

Specifically, the following objectives have been set and constitute the different parts of this T hesis:

- Review thoroughly the existing literature on CPCs used as DDS Paper | )

- Characterize in depth the micro- and nano- porosity of apatitic CPCs reviewing two
techniques already used (MIP and N> Sorption) and adapting a novel technique
(thermoporosimetry) for CPCs. Paper | )

- Investigate the effect of the addition of doxycycline hyclate to CPCson the microstructure,
properties and antibiotic release kinetics of antibiotic and evaluate the effects of the setting
on the release properties (Paper | 11).

- Adapt and characterize calcium phosphate foams (CPFs)for their use as DDS. Investigate
the effects of doxycycline hyclate o n  CP F s al amul lchemicak properties and drug
release patterns (Paper IV , Patent | ).
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4. State-of-the-art

Bone tissueis a complex organ playing a key role in the metabolism of the human body, in addition
to providing mechanical support. Its complex structure and specific composition are presented in
the following sections in order to understand its regeneration mechanisms and the rationale behind
the design of materials mimicking them.

Bone disorders have a major impact on the quality of life of an increasingly ageing population,
especially in developed countries. The will to live a healthier and longer life emphasizes the
importance of finding preventive techniques and therapies for the most common bone disorders:
infections, fractures and cancers.

Strategies for bone regeneration are presented in the next sections, from the current standards of
care, i.e. autografting, to synthetic materials, focusing especially on calcium phosphate based
materials.

Finally, the local drug administration from calcium phosphate cements (CPC$ to enhance prevent
or treat of bone infections, bone cancer or other pathologies, or to enhance bone ingrowth in
particular compromised situations is reviewed.

3.1. Bone tissue
3.1.1. Function

Bone has a double function: biomechanical and metabolic. The skeleton serves as structural support
system [1] . It can grow and change in shape and size to suit varying mechanical stimulus. It is also
involved in tuning the calcium/phosphate balance of the body and in detoxification of heavy metals
[2]. Moreover, bones protect internal organs and in conjunction with muscles facilitate movement

[3].
3.1.2. Composition

Bone is a composite material consisting of extracellular matrix, cells and water. Its matrix is
composed of an organic and an inorganic phase. The organic component represents around 40%
of the dry bone weight. Called osteoid, it is composed of collagen, proteoglycans, glycoproteins,
phospholipids and phosphoproteins. The remaining 60% of the dry weight is constituted by the
inorganic phase and is primarily calcium-deficient hydroxyapatite (CDHA), considered as the key
factor in determining bone mechanical properties, namely stiffness and strength, while collagen
provides flexibility [4] .

3.1.3. Structur e

Different mechanisms during embryonic development allow the classification of bones in four
families: long bones (i.e. femur, tibia), short bones, flat bones ( i.e. sternum), and irregular shaped
bones (i.e. vertebra). Long and flat bones have a recognizable structure: A hard and thin region of
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dense compact bone called the cortical bone surrounding the marrow cavity known as spongy (or
trabecular or cancellous) bone [2] (Figure 1).

Figure 1: Cut section of the knee joint, with femur above and tibia below.
Facing the centrally located joint space is the white articular cartilage of both
bones (lining the femoral condyle and tibial plateau). Adjacent to this is the
red marrow and trabecular bone of the epiphysis seen in both bones|2] .

The cortical bone represents 80% of the total mass of the skeleton.
One of the major microstructural parameters in cortical bone is its
porosity, around 5-10%. This porosity is constituted by Haversian
canals, Volkmann’s canals and resorption cavities [4] (Figure 2).

Figure 2: Microstructure of a cross-section of cortical
bone. Haversian canals are in the center of osteons.
Interstitial tissues are the bone lamellae between
osteons. Source: State University of New Mexico.

Trabecular bone is a three-dimensional structure
of interconnected plates and rods known as
trabecul ae of ar massy drhe
porosity of trabecular bone is between 75-95%.
The pores in trabecular bone are interconnected
and filled with bone marrow. This structure gives excellent mechanical properties to the bone: High
compression resistance and important deformation before failure [2]. Microscopically, these two
structures, cortical or spongy are consequences of a specific arrangement of the collagen fibers at
lower scale: as woven bone or as lamellar bone.

3.1.4. Biology

Bone is a highly vascularized tissue, receiving 1620% of the cardiac output. Bone tissues contain
four important types of cells: osteoprogenitor cells, osteoblasts, osteocytes and osteoclasts. The
major functions of the cells include matrix formation (ost eogenesis), mineralization and degradation
(resorption).

The osteoprogenitor cells are undifferentiated mesenchymal cells and thus have the potential for
proliferation and capacity to differentiate (in this case into osteoblasts, chondroblasts, bone marrow
stem cells or fibroblasts depending on the stimulus). Interestingly, these cells persist during
postnatal life and are reactivated in adults during the repair of bone fractures and other injuries.

Derived from the osteoprogenitor cells, osteoblasts are responsible for the fabrication of bone
extracellular matrix. They produce various substances (Collagen type I, glycosaminoglycans,

16

20017



transforming growth factors or bone morphogenetic proteins) and control the mineralization of
collagen. Osteoblasts and involved in new bone formation when an appropriate mechanical
solicitation exists, a phenomenon called mechanotransduction. This allows bones to adapt in both
size and shapeto the mechanical stresses suffered. Osteocytes, also deriving from osteoprogenitor
cells, are important in the translation of mechanical loads to cellular events such as bone formation.
The fourth type of cells, osteoclasts, arise from monocyte/ma crophage progenitor cells and are the
primary bone resorbing cell type.

Bone tissue is continuously formed and remodeled during life. Initially, the bone increases size and
adopts a shape by growth and modeling respectively. Further, during late childhood and adulthood,
skeleton is continuously renewed through remodeling. Both periods require that t wo separate
processes occur simultaneously to be effective, namely bone resorption and bone formation [2] .

3.2. Bone disorders

Of all the existing bone disorders, bone cancer, osteoporosis and bone infections are by far the

three diseases causing the major economic burden to the sanitary authorities as well as affecting

moret he pati ent 6 ©thayboneldiseases tobe méniiohed arePaget 6 s disease
osteomalacia, acromegalyorPer t hes 6 di sease.

3.2.1. Bone Cancer

Bone cancer corresponds to the presence of a malignous tumor or metastases in the bone tissue

and may be classified as: Osteosarcoma, Ewingds
[5]. In most cases, bone metastases are consequences of a primary tumor somewhere else,
generally breast or prostate [6,7]. Bone is highly permissive for circulating cancerous cells to
proliferate and accomplish metastases [7]. The major consequences of bone cancer is the loss of
skeleton mechanical properties and cancerinduced bone pain [8], mainly due to neuropathy and
inflammation.

Among the most studied treatments to fight bone cancer is the TGFa r egul ati on, i d
support tumor growth and bone resorption [9,10]. Surgically, the tumor removal may be performed

by different techniques including high speed burring, cryotherapy, argon beam coagulation, or
minimally invasive procedures [11] while the reconstruction of the bone volume may be performed

with a bone graft substitute, although it is not always performed in order to allow for an additional

surgical procedure if needed.

3.2.2. Osteoporosis

Osteoporosis is a bone disease consisting in a progressive reduction of the bone mineral density
over time. Type 1 osteoporosis is very common among postmenopausalwomen and is caused by a
decrease in estrogen production. Type 2 osteoporosis, also hamed sanile osteoporosis, occurs to
older patients and is mainly due to genetic predisposition.

Osteoporosis can lead to fragility fracture s of long bones in the most critical cases [12]. As an
indicative study, Tanriover et al. studied patients enrolled in the study with an osteoporotic fracture

in a public Hospital in Turkey between 2003 and 2006 (50 patients) and revealed the age average
was 74.2, and 72% of the patients were women. One third of the patients had no oste oporosis
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documented prior to the study while the causes identified were vitamin D insufficiency and
secondary hyperparathyroidism [13].

Both lack of estrogens [14] and deficiency in Vitamin D, calcium, vitamin K or phosphorus were
identified as causes for osteoporosis[15] while indicators have been identified to indicate the stage
of osteoporosis: osteopontin, osteocalcin, sclerostin or FGF23 for instance [16,17] . Although some
treatments are promising [18], this systemic disease is still nowadays an unsolved matter.

3.2.3. Bone infection

Osteomyelitis (osteo- derived from the Greek word osteon, meaning bone, myelo- meaning marrow,
and -/t/s meaning inflammation) is the appellation used for bone infection. Different types of bone
infection exist, depending on their causes [19] :

- Trauma -related infection : Osteomyelitis may originate from trauma or open
wound fractures.

- General infection : Infection may come from damaged soft tissues or by
accidental inoculation during surgery.

- Implant associated infection : Any foreign body is capable of retaining bacteria
on its surface protected by a biofilm. In that case, incidence of bacterial infection is high
and the success of the implantation will be based on the deletion of all the bacteria on the
surface of the hardware.

Axford presented in 2010 a complete study of joint and bone infections with special focus on
osteomyelitis [20] (Table 1). It highlights that the bacterium Staphylococcus aureus is the most
common one in acute septic arthritis, acute haematogenous osteomyelitis and chronic osteomyelitis.
Thompson and Townsend also published in 2011 a relevant paper on the drugs available providing
guidelines for the treatment of soft and bone tissue infected by this bacterium [21]. A variety of
antibiotics used to treat osteomyelitis were presented and the authors remark that the choice of the

active principle must be based on the route of administration, predicted course length, side effect

profile, toxicity, monitoring, bone tiss ue penetration and cost.
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Table 1: Bacteriological findings in joint and bone infection, adapted from Axford (Axford 2010).

Acute

Acute Septic Chronic
o haematogeneous o
Arthritis " Osteomyelitis
osteomyelitis
Staphylococcus
+++ +++ +++
Aureus
a-haemolytic . .
Streptococcus
Other streptococci + +
Skin anaerobes + + +
Gram-negative cocci +
Haemophilus
. + +
influenzae
Gram-negative + + +
aerobes
Salmonella + + +
Intestinal anaerobes +
Mycobacteria + +

+++, very common (>30%), ++ common (5 -30%), +, occurs in some situations (age, underlying disease, foreign
material).

Depending on the principle of action, antibiotics used to treat osteomyelitis are classified into various
families:

- Penicillin s (family): Prevent the formation of peptidoglycan, the major component
of the cell wall. Without this substance, internal pressure causes the bacterium to swell and
burst.

- Cephalosporin s: Prevent synthesis of bacterial cell walls. They are often used as
substitutes for penicillin in penicillin-allergic patients.

- Aminoglycosides : Inhibit protein synthesis in bacteria (only gram-negative). They
may be generated synthetically or semi synthetically although still presenting side effects.

- Tetracyclines : Inhibit the growth of bacteria (only gram-negative and certain
gram-positive) by inhibiting protein synthesis. They present relatively mild side effects but
are however known to destroy helpful bacteria in the body or interfere with calcium.

In general, the most common routes of administration are oral and intravenous and in both cases
the presence of unwanted side effects, from generation of bacterial resistance to intense diarrhea
affecting patient well-being and capacity of curing are described. The adequate local delivery of
therapeutic agents presents various advantages (including reduction of side effects by not treating
the whole body and increased availability of the active principle in the diseased areg which will be
described in more detail in a following section (See Section 3.4.
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3.3. Strategies for bone regeneration

Bone grafting is the replacement or augmentation of a fractured or diseased part of a bone. Itis a
surgical procedure generally done to reverse loss or resorption of bone due to trauma or disease
for instance. There are different approaches in bone grafting, as follows:

3.3.1. Auto graft

This bone grafting procedure is performed using the patient's own bone harvested from another
location. The usual places to harvest bone are the iliac crest, tibia, jaw or even the skull (cranium).
This technique has been considered traditionally as the gold standard as the harvested bone is
biologically active containing functional cells and tissues, thus providing an optimum substrate for
osteogenesis.

The major drawbacks of this technique are the need of a second surgical procedure to harvest the
bone, the limited bone volume available in the second site and the potential important and/or
chronic pain dependingont he patientoés condition. Al so,
drawbacks of harvesting bone may compensate the benefits of the primary bone regeneration.

3.3.2. Allogeneic graft

Also called allograft, this technique is based on the harvesting of bone from a genetically unrelated
member of the same species Typically, bone tissue is extracted from a cadaver, freeze dried in
vacuum to extract water, subjected to a specific treatment in order to preserve the biological
properties of the graft and implanted. Asa result, it provides a good substrate for bone regeneration
wherein the surrounding alive bone can grow by filling the voids and cavities. However, the graft is
neither osteogenic (like an autograft) nor osteoinductive.

3.3.3. Xenograft

In parallel to the allograft, the xenograft is based on bone harvesting from other animal species,
generally bovine, porcine or equine. Because of the high probability of immune rejection or
contamination by viral proteins, the material extracted is treated either chemically or at high
temperature to keep exclusively the mineral part of bone. The final result is equivalent to an
allograft, meaning that it provides a framework for the bone to grow in to without any osteogenic
or osteoinductive property.

Allograft and xenograft may be preferred to autograft as it avoids a potentially painful harvesting
procedure. However, bone regeneration is likely to take somewhat longer than in an autograft case
due to the lack of osteogenic and osteoinductive properties. Moreover, implanting human- or
animal-derived grafts may generate ethical or religious concerns depending on both culture and
religion of the patients. Therefore, autografts remain the most efficient solutions when small
amounts of graft are needed.

3.3.4. Synthetic bone grafts : Calcium phosphate cements

Although by nature lacking a biological part, synthetic materials present attractive features
regarding bone grafting including unlimited amounts, avoidance of 2" surgery, absence of risk of
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disease transmission, injectability or freedom of conformation. Several types of synthetic materials
are present in the research field and commercially, as for instance calcium sulfate materials,
polymers or calcium phosphate based materials The latter are by far the most accepted ones, due
to their similarity to the mineral phase of bone in terms of composition. Compared to other
biomaterials used as bone scaffolds, as for instance polymers, calcium phosphate (CaP)materials
present some salient features when targeting at bone regeneration, namely their excellent
bioactivity with the ability to form a direct bonding with bone, and osteoconductivity. In addition,
they can be resorbable, with a resorption rate depending on their composition and microstructural
features. A particular kind of CaPs,the calcium phosphate cements (CPC$ stand out away the rest
of CaPs for their self-setting ability, potential injectability, and other features which are described
in the following sections.

Calcium Phosphate Cements (CPCs) are investigated in this PhL
Thesis, due to their physico-chemical similarity with bone and
their numerous salient features, such as low temperature selr-
setting ability or infectability.

a. Calcium Phosphate Cements:

Calcium phosphate cements (CPC) were discovered in the 1980s by Brown and Chow[22] and
Legeros[23] while the first commercial CPC products were introduced in the 1990s for the treatment
of maxillofacial defects [247 26]. Since then, new cement formulations have been developed that
fulfill specific requirements for other applications, such as bone augmentation [27731],
reinforcement of osteoporotic bones [3271 35], fixation of metallic implants in weakened bone [3671
38], spinal fractures and vertebroplasty [397 41].

Composition
CPG are cements made of one or more calcium orthophosphate powders, which upon mixing with

a liquid phase, usually water or an aqueous solution, form a paste that is able to set and harden
after being implanted within the body. The cement sets as a result of a dissolution and pr ecipitation
process from one calcium-phosphate phase to another more stable one. The entanglement of the
precipitated crystals is responsible for cement hardening. Despite the large number of formulations,
the CPG developed up to now have only two different end products: calcium-deficient
hydroxyapatite (CDHA) or brushite (DCPD). This situation is derived from the different pH stability
of these two phases, being CDHAat pH > 4.2 and brushite at pH < 4.2.

The relevance of hydroxyapatite as a bone substitute arises from the fact that the mineral in bone
is a poorly crystalline carbonate- and other substituent-containing analogue of geologic apatite.
When set, CPCs consist of a network of calcium phosphate crystals, with a chemical composition
and crystal size that may be tailored to closely resemble the biological calcium-deficient
hydroxyapatite occurring in living bone [42,43]. The CPCs leading to the formation of CDHAcan be
classified in two main categories:
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1) Monocomponent CPC, in which a single calcium phosphate compound, alpha tricalcium
phosphate (UTCP, Cas(PQu)2) hydrolyses to CDHA (Cag(PQs)s(HPQi)OH) without varying
the Ca/P ratio [44,45] .

2) Multicomponent CPC, in which two or more calcium phosphates, some more acidic and the
other basic, set following an acidi base reaction.

The setting reaction responsible of cement hardening may be decomposed into three stages:
dissolution of the reactants, nucleation of the new phase and crystal growth. Therefore, the setting
reaction is a dissolution-precipitation process [46] . During dissolution, the raw powders dissociate
into calcium and phosphate ions, generating a supersaturated solution. Once the ionic concentration
reaches a critical value, nucleation of the new phase occurs, generally surrounding the reactant
particles, the latter acting as nucleation points. Afterwards, the new phase keeps growing as the
dissolution of the reagents goes on. During the first h ours the setting process is controlled by the
dissolution kinetics of the raw materials, but once the new phase surrounds the reactants, the
process is controlled by diffusion across the new phase [45].

ULTCP based Calcium Phosphate Cements (CPCs) are used in thi.
PhD Thesis due to biomimicry of the final phase, c alcium-deficient
hydroxyapatite, with natural human bone.

Structure

CPG are highly porous materials due to free spaces between precipitated crystals, with pore sizes
in the nano/micrometric range [47]. While porosity can be a limitation for the use of these materials
in high load-bearing applications, it is crucial for other aspects such as protein adsorption, cell
behavior and colonization or drug delivery as aforementioned. Porosity is especially sought to
enhance the mat e randahle @dent ofebmartivity dybincteasing/the surface area
available for reaction.

Total porosity, microporosity and specific surface area (SSA) vary with the processing conditions of

the cements, such as the liquid to powder (L/P) ratio and the particl e size of the starting powder.

Thus, the total porosity increases when the L/P ratio is increased, and otherwise the particle size of

the starting powder conditions the shape and size of the precipitated crystals. In this way, it has

been shown that HAneedle-l i ke crystals with high specifi-c su
TCP powder is used, whereas platelike crystals with lower specific surface area are obtained using

coarser powder [47,48] . It is therefore important to stress the need of a th orough characterization

of these textural features of CPC in order to achieve a precise knowledge and control of the
resorption and biological response of calcium phosphate cements, but especially the interactions

with drugs and the release kinetics of the latter.
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In this PhD Thesis, a detailed characterization of the porosity of
CPCs has been performed using multiple and complementary
techniques, and critically assessing their advantages and limitations.

b. Preparation of macroporous calcium phosphate cements
As aforementioned, calcium phosphate cements present a relevant intrinsic porosity in the
nano/micrometric range. In order to enhance corporal fluid circulation, cell colonization or nutrients
circulation, the presence of an interconnected network of macropores is highly beneficial.
Macropores and interconnections between these over 50 microns in diameter are generally reported
to bring the benefits mentioned and some studies have dealt with this issue.

Macroporous calcium phosphates in general are sought for their osteoconductive architecture
allowing cell colonization, nutrients circulation and enhanced resorption due to the higher area in

contact with the human body. The benefits associated to the presence of an interconnected network

of macropores are clear and frequently studied or reviewed in the literature [49751]. Specifically,
the size of the macropore, or macropore entry is of high interest for cell colonization [52,53] along
with the mechanical properties of the macroporous materials taking into account that the size of

the macropore greatly influences the compressive strength at constant porosity [54] .

Different routes may be used for preparation of macroporous calcium phosphate cements. It should
be highlighted that the approach used to introduce macropores should not affect the injectability or
clinical use of CPCs. The macroporous CPC should still be injectable and able to setAmong all the
protocols reported and published, various trends may be identified:

- Use of a polymeric sacrificial template such as fibers resorbing fast and thus generating
macropores [55] .

- Use of a leaking porogen [56], or for insta nce PLGA microsphereqg57] dissolving once
placed in the human body and generating macropores.

- Use of gas-generating porogens. For example, a mixture of sodium hydrogen carbonate
and citric acid produces CQG and thus, macropores [58]. A major drawback of using
porogens is that relevant interconnectivity between pores can be achieved only with
high proportion of porogens [59] inducing an important change in the composition of
the CPC, orincreasing the risk of gas embolism.

- Foaming of the CPC paste[42,60,61]. Adding a surfactant in low concentration to the
liquid phase of the cement allows the generation of stable foam by mechanical agit ation.
The foam acts then as a template and will keep all or part of its structure while mixing
with the powder phase [59]. Macropores are the voids left by the initial bubbles of the
foam. The set CPCs present high macroporody and interconnections.

Preparation and generation of macroporous CPCsby the foaming technique described in the last
bullet point presents major advantages, especially the fact that injectability is maintained, but still
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needs further development to enhance its clinical and industrial applicability. Its potential for drug
release is high as it covers expectations from others authors regarding the need for a combined
approach between bone graft substitute and local sustained release of antibiotic [62] and presents
attractive structural featu res when considering cell colonization.

Clinical use

Of all the processes used nowadays to generate macroporous calcium phosphate, noneallows the
preparation of an injectable macroporous material. The mechanical foaming of a surfactant solution
allows the preparation of different Calcium Phosphate Foams based on a variety of natural or
synthetic surfactants [42,60,59,61,63,64]. All the materials prepared with this technique are
injectable and present a foam-like structure, high porosity, macroporosity and d o not require a
sintering process. The in-vivo behavior of some of them has already been evaluated and shows
promising results concerning resorption [65]. However, the clinical applicability of the existing
foaming protocols is still limited, due to the tools, equipment and k now-how needed to prepare
them.

In this PhD Thesis, novel methods to produce macroporous
biomaterials by foaming processes are proposed focusing on
improving both the simplicity and clinical applicability of the process.

3.4. Local delivery of antibiotics: potential of synthetic bone grafts

New therapeutic trends are leading, when possible, to a progressive replacement of systemic
treatment by local drug administration providing a controlled release of the drug. A systemic
treatment consists in the administration of a drug implying distributi on of the active principle in the

whole body. This includes for instance oral or intravenous administration routes to the organism. A
local treatment is the administration of a substance at a precise site in the body. A drug delivery
system (DDS) is defined as a formulation or a device that enables the introduction of a therapeutic

substance in a specific site of within the body and improves its efficacy and safety by controlling
the rate, time, and place of release of the active principle [66].

Focusing on the case of antibiotics, insbpne sugeny.
In particular, it is estimated that 25% to 50% of the antibiotics prescrib ed for hospitalized patients
are used for prevention, not for treatment of a declared or suspected infection [67] .

In order for the antibiotic to prevent infection after surgery, its concentration in the surrounding
tissues must be sufficient to prevent bacterial proliferation at the time of the anticipated
contamination. Prophylactic antibiotic administration normally starts two hours before surgery and
is continued for 12 to 24 hours post-surgery. The duration is short to avoid toxicity and prevent
elimination of the patient’s natural bacterial flora which could lead to the development of antibiotic -
resistant infection, but also to reduce costs. However, many antibiotics are less likely to cause side
effects if administered slowly. In this case, rapid intravenous infusions should be avoided.

24

c

r



Side effects of antibiotics used for surgical prophylaxis appear after several doses and may vary
depending on the antibiotic family:

- Nephrotoxicity : poisonous effect on the kidney.

- Ototoxicity : Damage to the ear by a toxin, generally derived from therapy with the
aminoglycoside gentamicin.

- Pseudomembranous colitis  : Antibiotic associated diarrhea, infection of the colon.

- Bone marrow depression : Decrease in cells responsible for providing immunity,
carrying oxygen, and those responsible for normal blood clotting.

- Coagulopathy : Bl oodds ability to clot is impaire

While the objective of systemic treatment is to prevent infection at the surgical location, the effects
and side-effects of the antibiotic treatment are suffered by the whole body with potential severe
consequencesincluding interactions between prophylactic antibiotics and other substances used
pre, intra or post-surgery.

Praveen and Rohaizak showed equivalence between local and itravenous antibiotics in a
randomized trial [68] . They highlighted the reduction in side effects for the prevention of superficial
wound infection. Schwach-Abdellaoui et al. presented the local delivery of antimicrobial agent as a
necessary alternative when treating Periodontitis [69]. Describing unwanted side effects of the
systemic antibiotic therapy such as hypersensitivity or gastrointestinal intolerance, they showed
however, that an additional reason for choosing local delivery over systemic treatment was the
impossibility to achieve an adequate concentration during the appropriate time of treatment.
Authors concluded positively on the local treatment for some pathologies but remarked variability
in effectiveness from site to site.

Management of chronic osteomyelitis by local delivery of antibiotics is a novel therapeutic modality
as systemic treatment may not be able to provide sufficient concentrations at the infection site
without supply of high doses potentially leading to toxicity or resistance [70]. In table 2, Nandi et
al. compare various systems for treatment of osteomyelitis. The antibiotics used are very comm on
antibiotics in clinical practice.
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Nandi et al. [70]
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concluded that among different possible drug delivery materials, calcium phosphate cements
present major advantages by degrading and mimicking bone composition. Considerable efforts and
a large number of studies have been devoted in the last decades in order to combine the intrinsic
bone regeneration potential of CPC with their ability to incorporate drugs or other active molecules
relevant to different therapeutic needs. Most of the biomaterials/CPCsstudied in the literature do
the relevant property of injectability by loading the drug after setting. Additionally, the interaction
between drug and material is a topic of i nterest but not always tackled.
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Doxycycline hyclate, a tetracycline antibiotic, is selected in this PhD
Thesis in combination with Calcium Phosphate Cements and Foams
to design, characterize and investigate dosage forms.

The adequate composition of CPCs providing them with important regenerative properties once set,
in parallel with its intrinsic porosity, non -thermal setting reaction and ease of preparation make
them excellent drug carriers for bone and musculoskeletal regeneration[71] . A great variety of drugs
may be loaded into the CPCs, aiming at different therapeutic effects related with the main bone
pathologies. The most common molecules loaded are low molecular weight drugs such as
antibiotics, anti inflammatori es, anti-cancer, anti-osteoporotics; high molecular weight drugs such
as proteins or growth factors; or even ions such as strontium, silicate, zinc or magnesium [72].

Due to the focus of this PhD Thesis in DDS, the use of Calcium
Phosphate Cements as local drug delivery systens is studied in
depth including basic concepts regarding CPCs and a stateof-the-
art of the methods to incorporate drugs, interactions between CPCs
and drugs, and the kind of drugs and release kinetics associated.

In addition to the studies reported in Paper |, recent papers were published since 2012 focusing on
the release of simvastatin [73], vancomycin [74], growth factors [75,76], anesthetic [77] or
bisphosphonates[78].
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4. Results

4.1. Paper I: Calcium phosphate cements as drug delivery material S

This paper presents an overview of the literature regarding the use of calcium phosphate
cements as local drug delivery devices. It includes different active principles and
approaches to combine calcium phosphate cements with drugs, proteins or ions in order
to design multifunctional biomaterials.
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