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Abstract

Calcium phosphates are widely used materials in bone regeneration due to their composition
very close to the bone mineral phase. However despite their great success in bone regeneration,
they can be seriously threatened if bacterial infection occurs. Since antimicrobial resistance
makes antibiotics largely ine [edtive, other alternatives are required to fight infection. Recent
studies have shown that the material topography can help preventing bacterial adhesion and
even Kill attached bacteria.

In this project, the adhesion and the proliferation of bacteria Staphyloccocus aureus are stu-
died on four calcium phosphates with di Cerent topographies. These materials are developed in
the first phase of the project. The coarse calcium deficient hydroxyapatite C-CDHA material
has a surface made of microplate-like crystals whereas the fine calcium deficient hydroxya-
patite F-CDHA is made of nanometric needle-like crystals. Moreover, the beta-tricalcium
phosphate -TCP, obtained at high temperature, presents a smooth topography of polyhe-
dral grains. Finally, a compacted material Fc-CDHA, obtained from F-CDHA, is analyzed to
study bacterial behavior on a perfectly smooth surface and serves as a control for the other
materials. The second phase of the project is the study of bacterial adhesion and proliferation
on the surface of these materials. Two approaches are conducted to asses the amount of bac-
teria. The first approach measures bacterial surface coverage through fluorescence imaging,
while in the second approach bacteria are first detached and subsequently quantified in a
spectrophotometer.

The results clearly showed that F-CDHA material, due to its nanometric topography, was the
most suitable material reducing bacterial proliferation. Besides, the results on the quantifica-
tion of Staphyloccocus aureus from the di Lerknt surfaces were also very promising although a
better detaching method needs to be developed to have more conclusive results.
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Résumé

Depuis plusieurs décennies, les phosphates de calcium sont devenus les matériaux idéaux dans
le secteur de la régénération osseuse en raison de leur composition trés proche de celle de la
phase minérale osseuse. Cependant, malgré leurs nombreux atouts, ils peuvent étre menacés
lors d’infections bactériennes. En e[efl puisque la résistance antimicrobienne rend un grand
nombre d’antibiotiques ine [cades, d’autres alternatives doivent étre élaborées pour lutter
contre les infections. De récentes études montrent que la topographie des matériaux peut
aider a éviter I’adhésion bactérienne et méme tuer les bactéries adhérées.

Au cours de ce projet, I'adhésion et la prolifération de bactéries Staphyloccocus aureus est
étudiée sur plusieurs phosphates de calcium aux topographies radicalement di [érkntes. L’éla-
boration de ces matériaux est présentée dans la premiere phase du projet. L’hydroxyapatite
grossiére carencée en calcium C-CDHA présente une surface couverte de cristaux composés
de microplaques alors que I’hydroxyapatite fine carencée en calcium F-CDHA présente une
topographie de cristaux composés d’aiguilles nanométriques. D’autre part, le beta phosphate
tricalcique -TCP, obtenu a haute température, présente une topographie lisse de cristaux
polyhédraux. Enfin, un matériau compacté Fc-CDHA, fait a partir de F-CDHA, est analysé
pour étudier le comportement bactérien sur une surface parfaitement lisse et sert également de
contrdle pour I’étude des autres matériaux. La deuxiéme phase du projet est I’étude de tests
d’adhésion et de prolifération bactérienne a la surface de ces matériaux. Deux approches sont
menées: I'approche conventionnelle et qualitative permet la détermination du pourcentage
d’aire occupée par les bactéries a la surface des matériaux et une approche quantitative basée
sur le détachement des bactéries Staphyloccocus aureus.

Les résultats montrent clairement que le matériau F-CDHA semble étre le matériau le plus
propice pour réduire la prolifération bactérienne. D’autre part, les résultats de la quantifi-
cation des bactéries sur les di [érentes surfaces sont également trés prometteurs bien qu’une
meilleure méthode de détachement nécessite d’étre développée pour obtenir des résultats plus
concluants.
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Resumen

Los fosfatos de calcio se han convertido en materiales ideales para la regeneracion dsea debido
a su composicion muy similar a la de la fase mineral 6sea. Sin embargo, a pesar de su
gran éxito en la regeneracion 6sea, pueden verse seriamente amenazados si se produce una
infeccion bacteriana. Dado que la resistencia antimicrobiana hace que los antibioticos sean en
gran medida ineficaces, se requieren otras alternativas para combatir las infecciones. Estudios
recientes han demostrado que la topografia del material puede ayudar a prevenir la adhesion
bacteriana e incluso matar las bacterias adheridas.

Durante este proyecto, se estudia la adhesion de las bacterias Staphylococcus aureus en varios
fosfatos de calcio con topografias radicalmente diferentes. EIl desarrollo de estos materiales
se presenta en la primera fase del proyecto. La hidroxiapatita gruesa deficiente en calcio, C-
CDHA tiene una superficie recubierta de cristales compuestos por microplacas, mientras que la
hidroxiapatita fina deficiente en calcio F-CDHA tiene una topografia de cristales compuestos
por agujas nanométricas. Por otro lado, el beta fosfato tricdlcico -TCP, obtenido a alta
temperatura, tiene una topografia suave con cristales poliédricos. Finalmente, se analiza un
material compactado Fc-CDHA, hecho a partir de F-CDHA, para estudiar el comportamiento
bacteriano en una superficie perfectamente lisa y también sirve como control para el estudio
de los otros materiales. La segunda fase del proyecto es el estudio de las pruebas de adhesién
y de proliferacion bacterianas en la superficie de estos materiales. Se realizan dos enfoques:
el enfoque convencional que es qualitativo determina el porcentaje de area occupada por las
bacterias en las superficies y un enfoque quantitativo fundado sobre desenganchar las bacterias
Staphyloccocus aureus.

Los resultados del enfoque qualitativo muestran que el material F-CDHA parece ser el material
mas adecuado para reducir la proliferacién bacterianas. Por otra parte, los resultados de la
guantificacion de las bacterias sobre las diferentes superficies son también muy prometedores
aungue una mejora técnica para desenganchar las bacterias debe ser desarrollada para obtener
resultados més conclusivos.
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Glossary

-TCP: Tricalcium phosphate alpha form
-TCP: Tricalcium phosphate beta form
BHI: Brain heart infusion
CaP: Calcium phosphates
C-CDHA: Coarse calcium deficient hydroxyapatite
CDHA: Calcium deficient hydroxyapatite
CFU: Colony Forming Units
CPCs: Calcium phosphate cements
HA: Hydroxyapatite
Fc-CDHA: Fine compacted calcium deficient hydroxyapatite
F-CDHA: Fine calcium deficient hydroxyapatite
L/D: Live/Dead staining
PBS: Phosphate bu Lerkd saline
SA: Staphylococcus aureus
SEM: Scanning electron microscope
TCP: Tricalcium phosphate

XRD: X-ray diLraction
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1 Introduction

During a surgical procedure, the body is subject to many risks of infection. Very easily bacteria
can adhere to the surface of implanted materials and contaminate the treated area. Faced with
bacterial resistance to antibiotics, new infection prevention strategies are required. Calcium
phosphates, which are materials widely used in bone regeneration because of their remarkable
properties, are therefore also confronted with these new questions. It is in this context that
the 6-month research project untitled "Biomaterials with antimicrobial properties for bone
regeneration" was set at the Biomaterials, Biomechanics and Tissue engineering (BBT) labo-
ratory of the Polytechnic University of Catalonia (UPC). The subject of the project focused on
assessing the potential of calcium phosphates with di erent topographies on bacterial growth
and to develop a method to better quantify the results. Indeed, the topography of a mate-
rial plays a primordial role during the bacterial adhesion. According to many studies, some
topographies, due to their size or regularity, can control, promote and even prevent bacterial
adhesion and thus bacterial proliferation within the patient's body.

During this project, four calcium phosphate materials with di erent topographies are pre-
pared, characterized and incubated withStaphyloccocus aureudacteria. Regarding, cell a-
dhesion and proliferation, two di erent assays are performed. Firstly, a qualitative assay based
on the assessment of the percentage of bacterial surface coverage by Live/Dead staining of the
samples. Secondly, a quantitative method based on the bacterial detachment from the samples
followed by quanti cation in a spectrophotometer. It is expected that the understanding of
bacterial adhesion and proliferation on the four topographically di erent calcium phosphates
will help in the design of better bone substitutes with improved antimicrobial properties.

1.1 Objectives

To determine the potential for Staphylococcus aureusadhesion and proliferation on four
topographically di erent calcium phosphate (CaP) materials:
- C-CDHA: Precipitated CaP made of plate-like crystals at 37C.
- F-CDHA: Precipitated CaP made of needle-like crystals at 37C.
- -TCP: Sintered CaP made of polyhedral grains at 110%C.
- Fc-CDHA: Control CaP with at surface.

To quantify bacterial adhesion comparing two methods:

- The conventional approach which quantify bacterial surface coverage by uorescent
labeling.

- An adapted approach based on the detachment of bacteria and following their growth.

10
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2 State of the art

Upon damage of the structure of bone due to fracture or tumour resection, biomaterials are
needed to X and to assist its regeneration. Metals, polymers and ceramics are nowadays the
main materials employed as implants in traumatology. Moreover, in many researches, it has
been demonstrated that calcium phosphate biomaterials (CaPs) such as hydroxyapatite or
tricalcium phosphate have a remarkable potential due to their unique properties in terms of

their composition. In fact, the inorganic phase of bone tissues is made of calcium phosphate.

However, when an implant is inserted in the body of a patient, there is still a fairly signi cant
risk of developing either a fungal or bacterial infection. Similarly, there is also the risk of
a serious in ammatory process occurring around the implant and leading to their rejection.
That is why many sanitary precautions are taken by surgeons and nurses during surgery.
They work for instance in a sterile atmosphere and with sterilized equipments. Nevertheless,
the zero risk scenario does not exist and infection can despite everything still occur. The most
common way to ght bacterial or microbial infections is through the prescription of antibiotics

to the patient. Unfortunately, due to the misuse of antibiotics many bacteria have become
resistant to them. Therefore, antibiotics do not appear anymore as an infallible solution and
alternative solutions are required to prevent implant infections.

2.1 Calcium phosphates in bone regeneration
2.1.1 Bone mineralization

2.1.1.1 Bone structure

Bones are organized at several levels as shown in Figure 1 from the macro all the way to
the nanoscale. Bone is composed by two parts, an organic one composed by micro brils
of collagen and an inorganic one composed of hydroxyapatite crystals [1]. These parts are
organized hierarchially. In fact, during the bone formation, the collagen is rstly laid down
and after the apatite mineralization occurs. It has been determined that apatite crystallites
nucleate and grow in the collagen network into two di erent sizes. The apatite crystallites
can grow in the holes between terminations of end-to-end-aligned collagen micro brils but
also in smaller pores between side-by-side collagen micro brils. The main cells responsible
for the mineralization are the osteoblastic cells which release calcium and phosphate into the
body uids and consequently generate bone matrix. On the other hand, the osteoclastic cells
intervene during the bone turnover cycle and they dissolve the old bone by releasing hydrolytic
enzymes and protons [2].

11
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Figure 1: Hierarchical structure of a typical bone. Presentation of the tissue structure, the
microstructure, and the nanostructure [3].

2.1.1.2 Bone composition

The proportion of organic and inorganic phase in bone depends on the type of biomineralized
material (bones or teeth) and concerning bones, the composition is approximately 45-70 wt%
of mineral, 10 wt% of water and the rest is collagen and a small quantity of non collagenous
proteins [2]. Many researches have identi ed that the main mineral component of bones is
a biologically produced analogue of hydroxyapatiteCas(P O4)3OH. However, bioapatites
present a lower calcium/phosphate atomic ratio than the stoichiometric hydroxyapatite value
of 1,67. In fact, natural bones are made up of a carbonated calcium de cient hydroxyapatite

[2][4]

2.1.2 Calcium phosphates

Calcium phosphate (CaP) compounds are becoming increasingly important in the eld of
biomaterials and, in particular, as bone substitutes. With the exception of calcium pyrophos-
phate (Ca,P,05), most calcium phosphates previously usedn vivo have been the calcium
orthophosphates (CaP) which contain the orthophosphate grougPO,); [5].

A list of the main calcium phosphates are presented in Table 1. They are classi ed according
to their Ca/P molar ratio.

The Ca/P molar ratio is an indicator of the calcium phosphate acidity and solubility. In
fact, the lower the ratio is, the more acidic and soluble the CaP become. The property of
solubility is key in the design of biomaterials for bone regeneration. In fact, the solubility
of a biomaterial has to be close or slightly below the solubility of the bone mineral phase
to support bone growth. If the calcium phosphate is less soluble than the inorganic phase,
its degradation will be slow despite the aid of osteoclasts. On the contrary, if the calcium
phosphate is too soluble, it will be degraded before bone regeneration can take place.

12
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Table 1: List of the main calcium phosphates according to the Ca/P molar ratio [6]

The solubility isotherms of several CaP in water are presented in Figure 2. The solubility is
expressed as the total amount of calcium ions in solution. When the solubility is too high, as
for the MCPM for example, the biomaterial cannot be used alone as bone substitute [6].

Figure 2: Solubility isotherms of several CaP in water. The solubility is expressed as the total
amount of calcium ions in solution [7].

Two di erent categories of CaP can be distinguished: the CaP obtained by precipitation from
an aqueous solution at or around room temperature called low temperature CaP and the CaP
obtained by a thermal reaction, the high-temperature CaP. Table 2 gathers the main calcium
phosphate in these two categories [5].

13
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Table 2: Classi cation of several calcium phosphates in two categories : high temperature
and low temperature.

These di erences in the processing temperature in uence the materials' microstructure. In

fact, at high temperature, ions are able to intensely diuse and the grains grow in large

polyhedral grains. On the other hand, at low temperature, aqueous precipitation leads to the
formation of nanometric and micrometric crystals with composition and properties closer to

the ones of bone. Among CaPs, tricalcium phosphate and hydroxyapatite are greatly used in
bone regeneration.

2.1.2.1 Tricalcium phosphates

-tricalcium phosphate ( -TCP, -Cay(PO,),) is nowadays an essential raw material in va-
rious medical applications such as injectable hydraulic bone cements, biodegradable bioce-
ramics and composites for bone repair. As presented previously, they belong to the high-
temperature CaP category.

It is known that there exist three polymorphs with the composition Cag(PO,),: -TCP, '-
TCP and -TCP [8]. Nevertheless, several distinct phase equilibrium diagrams of th€aO
P,Og system exist in the literature. They can be di erentiated by the phase relationships.
For instance, the transition temperatures of the phases can vary from a study to another.
Figure 3 shows the phase equilibrium diagram determined by Kreidler and Hummel [9].

14
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Figure 3: Phase equilibrium diagramm ofCaO P,O; system [9]

As presented in Figure 3 the '-Cay(PO,), phase, is observed above 1430 until 2050°C or
2083C according to di erent studies [10-14]. The -Caz(PO,), in the absence of impurities is
stable between 1128C and 1470C. The -Cag(PO,), inits pure state is the phase stable below
112CC. It has been noticed that the inclusion of small cations as impurities can stabilized the

-Cag(PO,), structure to temperatures above 135€C. Finally, in a system free of moisture,
it is stable at low temperature until near the room temperature [15]. On one hand, the
transition from the '-TCP to the -TCP occurs between 1703 and 1756C [10][11][16].
On the other hand, the transition from the -TCP to the -TCP occurs between 1398 and
1423C [10][12][13].

Thus, -TCPand 'TCP are formed at higher temperatures compared to the -TCP. In fact,
the 'form only exists at temperatures superior at 1436C and reverts almost immediately to
the form on cooling below the transition temperature. On the contrary, the -TCP is stable
at room temperature and returns to the form if it is heated at 1125°C and then is subjected
to a quenching to room temperature. Due to the di culty to be obtained, the '-TCP does
not represent a practical interest for biomedical applications.

In the -TCP structure, the calcium and phosphate ions are packed in two kinds of columns
along [001], one containing only cations and the other both cations and anions. A major dif-
ference with -Cag(PO,), is that there are no cation-cation columns in the form. Although
both structures contain vacancies, the vacancies dier in type. Besides, -TCP consists of
C-C and C-A columns alternating similarly to -TCP [15][17].

15
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The structure of -TCP is less densely packed than -TCP, and more densely than '-TCP, as
shown by the volumes per formula unit (VO) and the calculated theoretical density presented
in Figure 4.

Figure 4: Structural data of the Cag(PO,), polymorphs [8].

Despite their identical chemical composition, -TCP and -TCP dier in their structure,
density and solubility. They are therefore used in di erent applications due to their distinct
biological properties. For example, -TCP is more soluble and hydrolyses forming calcium
de cient hydroxyapatite that's why it is mainly employed as self-setting osteotranductive
cements as a ne powder. We can also nd -TCP in the form of bioceramic granules and
blocks. Usually, it is -TCP which is used for preparing biodegradable bioceramics and
ceramics as dense and macro-porous granules and blocks [8].

2.1.2.2 Calcium phosphate cements

The calcium phosphate cements (CPC) are biomaterials obtained by mixing one or more solid
calcium phosphate salts with an aqueous solution forming a paste that has the ability to set
(harden) with time. Typically, CaP cementation reactions take place at room temperature.
The mechanism of cement setting reaction presented below is a dissolution precipitation pro-
cess. During this reaction, a gradual hardening of the cement paste is observed. It is due to
the entanglement of the precipitated crystals [5][18].

3Cay(PO,), +H,0 ! Cay(HPO,)(PO ,):OH

The di erent stages of the processing of calcium phosphate cements are illustrated in Figure
5. The microstructure is also described. As, the powder is mixed at low temperature with
an aqueous solution, the dissolution of the particles occurs. The dissolved ions become su-
persaturated triggering the precipitation of Cag(HPO,)(PO,);OH (CDHA) on the surface of

-TCP ( -3Ca3(PO,),). The nal microstructure is made of aggregates of crystals entangled
together. The material is very porous due to the voids in between crystals and in between
crystal aggregates (Figure 5).

16
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Figure 5: Processing of the calcium phosphate cements and microstructure evolution [4].

The possibility to inject calcium phosphate as pastes is to a great extent responsible for the
CPCs success in the treatment of osteoporosis. Moreover, thank's to their remarkable bio-
compatibility, osteoconductivity and bioactivity, these materials, such as hydroxyapatite (HA)
and calcium de cient hydroxyapatite (CDHA), are commonly used as bone tissue ingrowth
support, drugs and bioactive molecules delivers [19][20].

2.2 Bacterial infection on implant surfaces
Despite their biocompatibility, CaP implants can be rejected by the patient's body. Their
rejection is generally caused by bacterial infections which are the main cause of their failure.

2.2.1 Bacteria identi cation

Bacteria are biological cells belonging to the prokaryotic microorganisms. Prokaryotic mi-
croorganisms are single-celled microorganisms which have one free chromosome in their cy-
toplasm without a nuclear membrane [21]. Bacteria can be classi ed by several criteria such
as their morphology. It exists three main shapes of bacteria: the bacili, the cocci and the
spirilla. The bacilli are rod-shaped, the cocci are spherical and the spirilla have the shape of
spirals. They are illustrated in Figure 6.

Figure 6: Common bacterial shapes: bacillus (rod), coccus (sphere) and spirillus (spiral) [22]

17
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Furthermore, it is also interesting to characterise bacteria according to the structural cha-
racteristics of their cell wall. The principal goal of the cell wall is to protect the cytoplasm
and acts as a barrier. It is composed by an inner layer, the cytoplasmic membrane whose
goals are multiple. The cytoplasmic membrane is an osmotic barrier composed of enzymes
and contributes to the regulation of the e ux of proteins responsible for antibiotic resistance.
Moreover, a peptidoglycan layer ensures the shape of the bacteria and gives mechanical protec-
tion against osmotic pressure [22]. The thickness of the peptidoglycan layer varies depending
on bacterial type. A method to di erentiate a thin from a thick peptidoglycan layer was
developed by the scientist Hans Christian Gram who gave his name as the Gram stain. The
purpose of this technique is to separate most bacteria into two groups on the basis of the
cell wall composition, gram-negative and gram-positive, by a di erential staining. Figure 7
sketches the wall layers of the gram-negative and gram-positive bacteria.

Figure 7: Description of the dierent layers of the bacteria wall of gram-positive bacteria
(left) and gram-negative bacteria (right)[23]

The Gram stain method runs through several steps presented in Figure 8. The rst step is
to place bacteria on a microscope slide and to x it by using a 90% solution of methanol
and heating the slide with a ame. The methanol xation preserves the morphology of the

bacteria. Then, the microscope slide is submerged in a bath of gentian violet stain during
few minutes. The gentian violet is xed on the peptidoglycan layer and stains it in purple

[24]. The stain stabilization is managed applying an iodine solution during 20 seconds. The
iodine solution reacts with the gentian violet and forms a complex which keeps the bacteria
purple. Afterward, the bleaching step is executed. The bleaching step distinguishes gram-
negative from gram-positive bacteria. An organic solvent such ethanol or acetone is applied

18
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to extract the dye from the peptidoglycan layer. Indeed, the solvent is able to dissolve the
lipids contained in the outer membrane of the gram-negative bacteria, the lipopolysaccha-
ride layer, exposing consequently the peptidoglycan layer and removing the purple stain. On
the contrary, the peptidoglycan layer of the gram-positive bacteria is approximately 40 times

thicker and highly cross-lined. It consequently avoids the bleaching. Thus, the gram-negative
bacteria are colourless and the gram-positive remain purple. To reveal the gram-negative
bacteria a counter stain, dye safranin, is added so they are nally stained in pink [25].

Figure 8: Gram stain identi cation steps [25]

Therefore, by combining morphology and Gram stain identi cation most bacteria can be
classi ed as belonging to one of the four following categories: gram-negative cocci, gram-
negative bacilli, gram-positive cocci and gram-positive bacilli. Hereinafter, an example of
bacteria classi cations combining morphology and gram stain identi cation is proposed in
Figure 9 and indicates some bacteria species.

19
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Figure 9: Bacteria classi cation by combining morphology and Gram staining [25]

The di erence in composition and thickness that distinguishes the cell walls of gram positive

and gram negative bacteria in uences their respective properties. Indeed, the cell wall of
gram negative bacteria is more susceptible to mechanical breakage. On the contrary, the
thick layer of peptidoglycan o ers high resistance to penetration and breakage to the gram

positive bacteria.

However, due to the presence of the outer membrane made up of lipoproteins and other
components, the cell of gram negative bacteria is not easily a ected by antibodies or enzymes
for instance [26].

2.2.2 Bacteria growth

Bacterial growth unfolds in four distinct stages. The rst phase called lag phase starts when

bacteria are added to the environment. During this phase, bacterial growth is slow as bacteria
are acclimating to the nutrients and the new environment. The second phase is called the log
or exponential phase because it is during this phase that bacteria are reproducing at their
maximum rate. Moreover, the third phase is called the saturation or stationary phase. During

this phase, the growth rate of the bacteria slows due to the depletion of nutrients and the
accumulation of waste products. The fourth and nal phase is called the death phase. In
fact, it is at this point that bacteria begin to run out of nutrients and die [27].
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These stages are presented in Figure 10.

Figure 10: Stages of bacterial growth: lag phase (a), log phase (b), stationary phase (c) and
death phase (d) [27]

2.2.3 Bacteria adhesion and bio Im formation

Bacteria present two types of growth mode, as a planktonic cell, i.e. oating as a simple cell,
and as a sessile aggregate. They can attach to surfaces thanks to the presence of locomotor
structures such as the agella, proteins or polysaccharides. Once attached, the bacterium
proliferates. The sessile mode of growth corresponds to the advanced growth mode of the
planktonic cells [28]. Sessile aggregates also called bio Ims constitute an association of bacteria
stuck to each other in a matrix of extracellular polymeric substance produced by the bacteria
themselves [29]. The extracellular polymeric substance is mainly composed of water at 97%
and of other components as proteins, enzymes and polysaccharides. This environment allows
a good transport of nutrients with the bio Im and also the elimination of the bacteria wastes.

An example of bio Im chemical composition is presented in Table 3.

Table 3: Example of bio Im composition [30]
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