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CHAPTER 1 - INTRODUCTION

1.1 Bioceramics

A widely accepted definition of the term ‘biomatdtiwas proposed in 1987 by the
Consensus Conference of the European Society fmm#terials [1]: ‘it is a non-viable
material used in a medical device, intended toraate with biological systemsor
prolonged periods of time, exhibiting few, or aagyverse reactions.

With the aim to develop artificial materials andrides that can be used to replace various
components of the human body, several types of makte different in chemical
composition and thus properties, have been deveélspethat many materials are often
classified as biomaterials: metals, ceramics, pehgnglasses, carbons and composite
materials. Different materials with different physimechanical, chemical and
biochemical properties have been designed deperutiripe biomedical application. For
each biomedical application, the material ensutimegbest performance will be employed:
it represents the most ‘biocompatible’ material efidiore, a concept complementary to
that of ‘biomaterial’ is ‘biocompatibility, defineds ‘the ability of a material to perform
with an appropriate host response in a specifidiedpn’ [1]. The biocompatibility
involves two aspects: a general aspect of bioygafehich concerns the exclusion of
deleterious effects of a biomaterial on the organias well as a specific aspect of bio-
functionality which concerns the need for a mateteanot only be devoid of adverse
effects, but also to elicit a beneficial resportsthe medical device.

These characteristics are strictly related to tleelyamplant interface, thus to the

chemical/morphological structure of the involvedfaces.
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Bioceramics represent an important class of bionadse The term ‘bioceramics’ refers to
biocompatible ceramic materials used for repair @piacement of diseased and damaged
parts of the musculoskeletal system.

The insertion of a synthetic material within thentan body triggers an interaction between
the implant and the surrounding tissues involvingsoathe immune system.
On the basis of the tissue response to the implamfiéice three classes of bioceramics have

been defined.

. Bioinert materials;
. Bioresorbable materials;
. Bioactive materials.

A bioinert material exhibits minimal interaction tivithe surrounding tissue (i.e does not

initiate a response) when introduced in the hunatyb

Bioresorbable materials can be defined as matetiws when implanted in the living
system, start to dissolve (i.e. to be resorbedy e progressively eliminated from the

body via natural pathways being thus replaced bamcing tissues.

The term bioactive refers to a material, which upemg placed within the human body,
interacts with the surrounding environment. Therattion between the bioactive implant
and surrounding body fluids, results in the forrmatof a biologically active apatite layer
on the implant that is chemically and crystallodriaplly equivalent to the mineral phase

of bone.

In Table 1.1 several examples of bioceramics gerted.



Type Characteristics Examples

Coexistence of the material

without noticeable change

Bioinert Isolation of the implant by

formation of a fibrous
capsule

" Alumina, zirconia, pyrolitic
carbon

Progressive dissolution off  Tricalcium phosphate,

Bioresorbable the material in the body calcium phosphate salts,

fluid without toxicity and bioglasses, porous
rejection hydroxyapatite
High density

Direct interaction with the
Bioactive hard tissues by formation @
a natural-like coating

hydroxyapatite, tricalcium
phosphate, calcium silicates,
bioglasses

—

Table 1.1: Types of Bioceramics

1.1.1 Bioactivity

Hydroxyapatite (HA), Ca(POy)s(OH),, is the primary inorganic component of bone; it has

a Ca/P molar ratio of 1.67 and a structure vamylar to that of natural apatite.

Apatites are present in hard tissues such as liemin and tooth enamel, while other
calcium phosphates have been identified as coastguof pathological calcifications.
These calcifications are metastable calcium phdsphia physiological conditions and
tend to transform into more stable phases: arodhd g, in a supersaturated solution of
cd* and PQ” ions, the first precipitated products are dicaitiphosphate dihydrate,
DCPD (CaHPQ@2H;0) and octacalcium phosphate sE#P0Oy)2(POy)4, requiring a low
formation energy. Hydroxyapatite can be formed essalt of these metastable precursors.
[2-5]. As reported in Figure 1.1, the solubilityadlcium phosphate decreases at increasing

pH: HA represents the most stable phase over §H 4.
3
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Figure 1.1: Solubility isotherms of calcium phosphates at 378€pending on pH in
aqueous solutions. HA: Hydroxyapatite (gBOy)s(OH).), B-TCP: B-tricalcium phosphate
(B-Ca(PQy),), OCP: octacalcium phosphate §G#Oy).(POy)4-5H,0), DCPA: dicalcium

phosphate anhydrous (CaHP@CPD: dicalcium phosphate dihydrate (CaHR®L0).

Calcium phosphates are characterized by differedP @Gnolar ratios. Actually, there are
differences in composition and chemical propertietween stoichiometric HA and
biological apatites. Biological apatites show valeaCa/P values.e. in the 1.54 - 1.73

range, and often incorporate other ions liké,Nd&, Mg**, F, HPQ?, COs”.

The most commonly reported precursors in itheivo formation of HA are amorphous
tricalcium phosphate (ATCP: g®(;),) and octacalcium phosphate (AOCP: gCa

(HPQy)2(PQy)4) characterized by a Ca/P atomic ratio of 1.50 a&r@B, respectively..



Initially, these metastable amorphous phases amsftsrmed into a poorly crystalline

apatite that slowly increases its Ca/P ratio aydtaflinity.

The deposition of calcium phosphates is a hetemes nucleation process triggered by
biological macromolecules with a space-oriented lraatsm, i.e. epitaxy. Epitaxy is the
oriented overgrowth of bone mineral on certain welstallized areas of the organic
matrix. To obtain oriented-grown HA crystals, thiganic substrates must be characterized
by a specific superficial pattern to interact wkA. This role in bone and dentin is

primarily played by collagen fibers. [6]

The HA structure (Figure 1.2) can be considered packed lattice of P® and C4&" ions
crossed by channels (whose walls are formed bylnwta) in which the OHions are
housed. The apatite structure allows ample isomo”aibstitution. Carbonate is one of the
most common substitutes. There are two types obocete substitution: in A-type
carbonated apatites, the carbonate ion substhat®©H group in the channels, while in B-

type carbonated apatites, the carbonate ion sutastite PG¥ group in the tetrahedral site.

B-type carbonated apatite represents the main alinemponent of dentin and bone while

an example of A-type substitution is the fluoraggagiresent in the tooth enamel.

The ion substitution in the lattice greatly infloes the physical-chemical properties of
apatites such as reactivity and solubility. Theuson of carbonate groups produces an
increment in apatite solubility and a decreaséd@rrhal stability [7]. An opposite effect is
induced by the substitution of O&hions by fluoride ions, which in low amounts sliabi
the lattice structure as in enamel apatite thatvsha higher acid resistance [8]. The

distribution of carbonate ions in A- and B-typeesiis strongly affected by fluoride ions.



A-type carbonate is always present in bone, butedses with increasing bone fluoride

content [9-12].
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Figure 1.2: Structure of hydroxyapatite: A- and B-type sulosittnal sites are indicated.

Hydroxyapatite is biocompatible and osteoconductivg not osteoinductive.

Osteoconduction is the process by which the osteogells migrate to the surface of the
biomaterial. The new bone formation occurs on timéase of the material, which should
provide a suitable environment forthe adhesion atite proliferation of bone
cells and bone morphogenetic proteins [X3$teoinduction is the process by which stem
cells are collected in a site for bone repairing astimulate the beginning of the

osteogenic differentiation (osteogenesis).

Thanks to these characteristics, HA constitutesnéral support with poor mechanical



properties, which allows its use as a filling i ttase of bone defects or to coat metallic

implants to improve the surface properties frompgbmt of view of biocompatibility.

Hydroxyapatite has proven to be able to conducfdhmation of bone tissue and to form
chemical bonds with bone without the interpositadna fibrous layer (osteointegration).
Several materials such as bioactive ceramics shevability to form bone-like apatite on

its surface when implanted in the living body.

It is believed that an essential requirement foadificial material to bond to living bone
is the formation of bone-like apatite on its suefaépatite formation on bioactive ceramics
in the living body has been shown to be reprodeciblan acellular simulated body fluid
(SBF) with ion concentrations approximately equathiose of human blood plasma (Table
1.2). Thein vivo bone bioactivity of a material can be predictedelzgmining the apatite

formation on its surface in SBF [14].

SBF solutions are widely used fam vitro assessment of the bioactivity of artificial
materials also because the number of animals usigtha duration of animal experiments

can be reduced remarkably by using this method.

lons concentration (mM)

Na' K* Mg* | cd&* ClI" | HCOy |HPOZ | H.PO,~

Human blood plasma | 150| 50 | 15| 25| 103.0 270 1d ;
Standard SBF

142.0 5.0 15 2.5 148.8 4.2 1.0 -

DPBS 1529 | 4.18 ; - | 1398 - 8.06 15
HBSS 1416| 58 | 081| 127 1447 417 0386 0.4
DMEM

1555 | 5.37 0.81 1.80] 1185 44.0 - 091

Table 1.2:lon concentration in human blood plasma and atiedia used for bioactivity

tests.



Once the apatite nuclei are formed, they spontastg@row by consuming the calcium
and phosphate ions from the surrounding fluid, esirtbe body fluid is already

supersaturated with respect to apatite.

Actually, the standard SBF is richer in”@n and poorer in HC® with respect to the
physiological concentration. A modified SBF wagaaiuced to correct this difference but
the higher concentration of HGOntroduced an excess of calcium carbonate pretipit
[15]. For this reason a formulation with decrea€é&dion concentration with respect to the
level of human blood plasma, and a HC@n concentration equal to that of the corrected

SBF was proposed [16].

Several types of SBF have been formulated exhipisome differences in formulations
and also cell culture media have been employedugdsfto test the apatite formation

ability of biomaterials.

The Dulbecco's Phosphate-Buffered Saline (DPBS) ¢alcium-free and phosphate-rich
solution used as buffer in cell culture: phosptgteups are present both in HEGorm
and HPO, form (8.06 and 1.5 mM, respectively). The abseocealcium ions allows
toobtain natural-like phosphate mineral phase daposonly from calcium-releasing
materials. The high amount of phosphate can minge dbntinuous replenishment of

phosphate ions from tissue fluids.

Differently, Hank's Balanced Salt Solution (HBS8htains calcium (1.27 mM) and lower
amounts of phosphate {PIO;” 0.44 mM and HP¢~0.336 mM). Sulphate anions are also
present with a concentration of 0.81 mM. Using thisdium, the bioactivity of materials

that do not release calcium can be assessed.



Dulbecco’s Modified Eagle’s Medium (DMEM) is a celllture medium containing salts
(calcium chloride, potassium chloride, magnesiunptsate, sodium chloride, sodium
bicarbonate and monosodium phosphate) and richtamins (folic acid, nicotinamide,
riboflavin and B-12), amino acids and glucose. DMEdpplemented with 10% of foetal
bovine serum (FBS) allows to test the materialssatutions of increased complexity

containing ionic concentrations similar to bloodgrha and proteins common to blood.

In this thesis, commercial media were selected bioactivity tests because they are

standardised and readily available on the market.



1.2 Dental Materials

Bioceramics in dentistry are utilized in a wide ganof dental applications both in

implants, restoration procedures and endodontitrirents.

The term dental ceramics usually defines a genelads of materials that include

endodontic cements, glasses (porcelains), strdateramics (alumina and zirconia) and
glass-ceramics used for different applicationsrdays and onlays, crowns and bridges,
metal implant fixture abutments and ceramic im@anTheir aesthetic quality represents
one of the key factors that make dental ceramidalda for tooth restoration. In order to

achieve a high functional device, the excellenthai properties of porcelains must be
combined with structural support provided by higtessgth ceramics (alumina) for use in
crowns or bridges. Structural ceramics suffer fradack of translucency and must be of
white colour to be considered. Alumina and zircdveaed structural ceramics are utilized
as crowns, cores and bridge frameworks, but reqgthiee application of an aesthetic

veneering ceramic for clinical use in replacemdrboth structure.

Endodontic materials constitute an important family bioceramics used in dental
restoration. Endodontics is the branch of dentigtay deals with diseases of the tooth root,
dental pulp, and surrounding tissues.

A simplified structure of a tooth is shown in Figut.3. The outer layer consists of enamel,
which is a hard crystalline shell of fluorapatiteis resistant to grinding and abrasion and
to acid and chemical attacks during the procesdigdstion, but the entire basic tooth

structure is not made up of enamel, because enamety rigid and brittle.
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Enamel

Dentin
_ ——— Dentinal tubules
Pulp cavity
Gingiva
(Gum)
_ —— Cementum
: Root canal
Periodontal/
ligament .
= Apical foramen
Apex and -
pernapical T EE PN
tissue : :

Figure 1.3: Schematic tooth structure

The enamel is a thin shell protecting the resthefltasic tooth structure from the outside
environment. Dentin tubules are located insideeih@mel shell which is continuous with
the root structure. Dentin is a complex system amsed of 70% by weight of
hydroxyapatite integrated in an organic matfixalagen (20%). A tenth of its weight
is water. The entire inner part of the tooth depslover time with millions of tubules that
run throughout the entire inner part of the todtbm the inner blood flow to the outer
environment of the tooth structure. These tububgsyccalcium and other minerals from
the blood delivery system into the large surfacaaf the tooth root for the root growth
and development. The pulp is located in the ceittBe tooth, i.e. in the root canals. Pulp
includes connective tissue, nerves and blood vesisal nourish the tooth.

If injury or disease damages the pulp, it cannpaireitself and bacteria can infect the pulp
causing its death. If the tooth is not treatedabscess can form at the tip of the root or

otherwise the bone anchoring the tooth in the jaw lse harmed. Without treatment, the

11



tooth may require extraction, but in several casgared or diseased teeth can be saved
through endodontic treatments avoiding removal.
Root canal treatment consists in the eliminatiothefinfection of pulp tissues followed by

the protection of the decontaminated tooth fromreitmicrobial penetration.

& B C D

Figure 1.4: Schematic representation of the phases of roatl tegatments.

As shown in Figure 1.4 the restoration of a damagexdh (A) is performed firstly
removing the decayed tooth material (B). After niag (C), the pulp chamber and the root

canal are filled with a filling material (D).

12



1.2.1 - Filling materials

Because of the complexity of root canal systenfdlimg material should possess several
characteristics, as proposed by Grossman in 19i@2l(characteristics) [17]:

1. It should be tacky when mixed to provide a gadbesion to the canal wall when set.

2. It should make a hermetic seal.

3. It should be radiopaque so that it can be vigsedlon the radiograph.

4. The powder patrticles should be very fine so tihey can easily mix with the liquid.

5. It should not shrink upon setting.

6. It should not discolour tooth structure.

7. It should be bacteriostatic or at least not enage bacterial growth.

8. It should set slowly.

9. It should be insoluble in tissue fluids.

10. It should be well tolerated by the periapicsdue.

11. It should be soluble in common solvents ifsitniecessary to remove the root canal

filling.

A wide variety of materials are used as fillingery different in chemical composition,
physical and technological properties. The matewuaked for endodontic filling procedures
are listed in Table 1.3.

Filling materials can be metallic or non-metalaod are used to restore diseased or
damaged teeth to health and function. These mkstenhave been greatly improved,
although a universally ideal restorative materad hot yet been developed. The corrosive
nature of saliva and the expansion and contraabiotooth structure with changes in

temperature make great demands upon filling mageas well as the stress brought by

13



masticatory forces. Filling materials must be biopatible with living tissues.
Biocompatibility of filling materials refers to tire coexistence with the biological
equilibrium of the tooth and body systems. Sinildjs are in close contact with mucosa,
tooth, and pulp, biocompatibility is fundamentalor@mon problems with some of the
current dental materials include chemical leakagenfthe material, pulpal irritation and,
less commonly, allergy. Some of the by-productstha chemical reactions occurring

during material hardening need to be considered.

Materials Main composition
Amalgam Mercury, silver, tin, copper
Gutta-percha Gutta-percha, zinc oxide, metals,ptadaium, pigments
Thermoplastic polymers Polyester, bioactive glassnuth oxychloride, barium sulphate
Zinc oxide eugenol Zinc oxide, eugenol, bismuthijuma
Polyketones Zinc oxide, propionylacetophenone, Moypolymer
Epoxy resins Bisphenol-A diglycidylether, bismutkide/zirconia
Ca(OH), colophonium, different oxides, salicylate-based

Calcium hydroxide .
activator

—

Calcium Phosphate Cemen Tetracalcium phosphate and dicalcium phosphate

(CPC)
Bis-GMA, UDMA, HEMA, TEGDMA, silica and alumina,
Composites glasses, calcium phosphate, Ca(@MHarium sulphate
Glass ionomer cements (GIC) Calcium aluminosilicatess, polyacrylic acid

Fluoraluminosilicate glass, polyacrylic acid, mettydate

Resin modified GIC (HEMA) monomer

Mineral Trioxide Aggregate

(MTA) Calcium/Aluminum silicates, bismuth oxide

Table 1.3: Filling materials and their main composition. Tdigbreviations reported refer
to: bisphenol A-glycidylmethacrylate (Bis-GMA), dWinane dimethacrylate (UDMA), 2-

hydroxyethyl methacrylate (HEMA), and triethylenggdldimethacrylate (TEGDMA).
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If used in a visible region of the mouth, the mialermust also be aesthetically pleasing.
Filling materials, used when and where indicateelp to ensure the placement of a
successful restoration and preservation of théntoot

Filling materials should enhance periodontal tissegeneration around the margins of
fixed prosthetic restorations, reducing the marggep between the tooth and the fixed
prosthesis; this gap can be responsible for cerdessolution, secondary caries and
eventually the failure of the restoration. In aepair of a tooth with permanent restorative
materials, the interface is always a sensitivearegind the good marginal adaptation (i.e.
the degree of proximity and interlocking of thdifig material to the wall of the tooth
cavity) provided by the composite material représea great advantage in dental
restorations.

It is desirable for a filler to have good adaptatad the interface between the material and

tissue in order to stimulate the adhesion and mtewicro-leakage and ingress of bacteria

A good marginal adaptation of the filling mater@@n be reached in several modes: it can
be achieved by the formation of a bond betweentdloéh mineral phase and the filler
through the formation of an apatite deposit (bivég) or by the binding of the organic
matrix of dentin with a resin compound presenth@ tormulation of the material. The use
of materials as bioactive glasses, glass ceramnmdswallastonite as filling materials has
been suggested since they have shown extraordpenfprmance to bind hard tissues
through the formation of an apatite mineral phaseaa interfacial layer [14, 18-19].
Furthermore, nearly complete conversion to apékte-mineral was observed with the

degradation op-tricalcium phosphate (TCP) [20].

15



1.2.1.1.Root-end filling materials

Different types of materials have been proposed dimitally used as root-end fillings,

such as amalgam, zinc-oxide cements, glass-ionoereents (GIC), calcium phosphates,
composites and MTA.

Most endodontic failures occur as a result of Igekaf irritants from pathologically

involved root canals. When non-surgical attemptsov@r unsuccessful or are
contraindicated, surgical endodontic therapy isdedeto save the tooth. The root-end
filling material should provide an apical seal to atherwise unobturated root canal or
improve the seal of existing root canal filling maal. [21]

The ideal healing response after periradicular eyrgs the re-establishment of an apical
attachment apparatus and osseous repair. The tepasficementum on the cut root face
is considered a desired healing response and a&qoisite for the reformation of a

functional periodontal attachment [22-23]. The fation of an apatite deposit on the
surface of the root-end filler (bioactivity) canlpe¢he healing through the direct bonding

of the mineral phase of the tooth.

16



1.2.2 Metal Trioxide Aggregate (MTA)

Mineral trioxide aggregate (MTA) was developed aedommended initially because
existing root-end filling materials did not fulfidlompletely the “ideal” characteristics and
was then proposed for different endodontic appbost The first calcium silicate cement
(Mineral Trioxide Aggregate, MTA) was developedthe 1990924]. The first patented

material was composed of type 1 Portland cemerit avid : 1 addition of bismuth oxide

added for radiopacity and was marketed as ProRA#.M

MTA is available in two different forms: grey (GMT7Aand white (WMTA) . The first
MTA developed was grey, but because of the potediszoloration of GMTA, WMTA
was introduced. WMTA contains lower amounts of jraluminum, and magnesium than

in GMTA [25].

White Portland cements (PC) are principally comdoséd alite (tricalcium silicate,

3Ca0-SiQ), belite (dicalcium silicate, 2CaO<SijODand lower amounts of tricalcium
aluminate (3CaO+AD3) and calcium sulphate (Ca®OGrey PC also contains a ferrite
phase (tetracalcium aluminoferrite 4CaQ@d-Fe,03). Minor amounts of metalloids (As)

and transition metals (Cr and Mn) may be preseettiver materials [26].

The similarity between MTA and PC as regards thedoalemental composition has been
reported using several investigation techniquesndsictively coupled plasma atomic
emission spectroscopy (ICP-AES) [27] and X-Ray mianalysis[28]. The range of

crystal sizes observed in WMTA is distinctly srealthan those observed in white PC.
The main compositional differences between MTAs B@dare the lack of potassium and

the presence of bismuth oxide in the former.

17



The most important characteristic of MTA is its lapito set in presence of water or

moisture that allows its use in contact with bl@sdody fluids.

The hydration of PC and MTA involves a number oérmiical reactions, which take place

simultaneously [29-31].

In water, calcium silicates undergo hydrolysis prcidg calcium hydroxide (portlandite)

and a less basic calcium silicate hydrate (CSH).

The alite and belite reactions are as follows:

2(3Ca0eSiQ) + 6 HO — 3Ca0-SiQ*3H,0 + 3 Ca(OH)

2(2Ca0eSiQ) + 4 HO — 3Ca0-SiQ*3H,0 + Ca(OH)

The resulting hydrate is poorly crystallized andduces a porous solid, which may be
defined as a rigid gel. The silicate hydrate geal typical Ca/Si ratios of approximately 1.5
which is lower than the 3 : 1 ratio in tricalciunticate. The excess calcium is precipitated
as calcium hydroxide. The presence of calcium hyideo makes the hydrated cement

highly alkaline [32]and leads to a calcium release in the surroundirgament [33.

Tricalcium aluminate reacts with water in the preseof gypsum (CaSe2H,0) resulting
in the formation of a high-sulphate calcium sulgboanate known as ettringite
(3Ca0-SiQ3CaSQ32H,0). Ettringite continues to form until all the shiie ions are
used up in the reaction. Once depleted, furtherdtyah of tricalcium aluminate results in
the conversion of ettringite into a low-sulphatdploaluminate called monosulphate

(3Ca0+SiQ-CaSQ+12H,0).

Industrially, gypsum is added to PC to retard th#irsg time of the cement clinker.

Without gypsum, silicates hydration would cause t®Cset almost immediately after
18



adding water [34]. Less hydrated forms of calciwipBate such as anhydrite (Cag@nd
hemi-hydrate (CaS£@1/2H,0) are present in MTA formulations and are characgd by a
higher rate of hydration. The extended setting tinepresents one of the main

disadvantages of MTA.

Bismuth is present both as bismuth oxide unreatiled in the hydrated MTA and also

forms part of the structure of the amorphous CSasph[3%

MTAs are successfully used to repair root perforai that adversely affect the tooth
prognosis: the inadequacy of the previously dewsdopepair materials has been a

contributing factor to the poor outcome of the iepeocedure [36-37].

MTA also resists bacterial leakage and may proprdeection for the pulp, allowing repair
and continued pulp vitality in pulp capping procesfu(i.e. in the covering of an exposed
dental pulp with a material that protects it fromtegnal influences), when used in

combination with a sealed restoration [38].

It has been also demonstrated that MTA conceivablyd replace calcium hydroxide as
the material of choice for pulpotomy procedures].[3hanks to the release of hydroxyl
ions in aqueous solutions, calcium hydroxide sh@ams-microbial properties: several
bacterial species commonly found in infected roabhals are unable to survive in the
highly alkaline environment and are eliminated isheort period [40]. A basic pH also

activates alkaline phosphatase that plays an iraporole in hard tissue formation [41].

Because of its success as a root end filling nefedme investigators have also suggested

the use of MTA to obturate the entire root canatam.[42-44]
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1.2.3 Composite Materials

Nowadays a wide use of tooth-coloured materiatmasle in restorative dentistry, such as
composites, GIC, compomers, giomers and sealantsomposite material is generally
defined as composed of two or more distinct pha4d@ental composites” consist of a
polymerisable resin base containing a ceramicrfillgom a strictly chemical point of
view, also other classes of materials representpasites”: GIC are a combination of
silicate and polyacrylate cement systems; compomedsgiomers combine some of the
benefits of composites (aesthetics and handlingacheristics) and GIC (long-term
fluoride release); giomers are resin-based andagopre-reacted glass-ionomer patrticles.
The particles are made of fluorosilicate glass joesly reacted with polyacrylic acid prior

to being incorporated into the re$#b-47].

The composites combine the mechanical resistantieeahorganic phase (filler) with the
adhesion ability of the resin matrix. This comlioa also exhibits low polymerization
shrinkage and low coefficients of thermal shrinkagkich allows them to be placed in

bulk while maintaining good marginal adaptation.

These materials show excellent biocompatibilitygemies, durability and high resistance
to wear and distortion; moreover, their tooth coéolappearance is more cosmetically

appealing.

The filler materials are of inorganic nature: sliglass (Sig), alumina glass (ADs),

aluminium silicate glasses, calcium phosphatescaremonly used. The combination of
fluorine containing components assures a sourcdluofide ions. Fluoride plays an
important role in tissue mineralization supplyinignical benefits. The hydroxyl ions of

HA are readily substituted by fluoride ions. Thedflide ion is smaller than the hydroxyl
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and allows a more stable packing of the crystackforming fluorapatite. The cariostatic
effect of fluoride is due to the this structuradlstization that enhances the resistance to
acid attacks of enamel fluorapatite. Fluoride camineralize enamel and softened dentin

reducing caries formatigd8].

The radiopacity of the composites is obtained agldm the filler formulation barium,

strontium, lithium or ytterbium compounds.

The matrix is composed of organic resins. A wideietg of different aromatic and
diacrylate monomers and oligomers is used, suchigshenol A-glycidylmethacrylate
(Bis-GMA), 2-hydroxyethyl methacrylate (HEMA), ttleyleneglycoldimethacrylate

(TEGDMA) and urethane dimethacrylate (UDMA).

The incorporation of the filler particles is assitgy their coating with silane coupling
agents (such as trialkoxysilane) providing covaleotipling between the filler and the
resin matrix. The silane molecules bind to theefilparticles as well as to the resin

monomer during polymerization of the composite.

For most composite systems in current use, ligatgyn(ultraviolet or visible light) is used
for polymerization. Depending on the curing methaatjous polymerisation initiators and
accelerators are required. Initiators for lightiegrsystems are normally camphorquinone

used in conjunction with an aliphatic tertiary amas accelerator.

After the preparation of a cavity in dentin, a th#@yer called smear layer is formed; the
removal of the smear layer by the use of acids ditimmer) also removes a thin layer
of apatite, while does not damage the collagernrdib€he resin penetrates through these

fibers to form, after polymerization, a hybrid éaynade of resin and collagen which
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ensures a micromechanical bond][4Ehis interaction allows to obtain excellent adhasio

properties.

Moreover, demineralized dentin remineralizes whieegd in solutions that are metastable
with respect to HA that does not spontaneously ipitate. The ability of dentin to
remineralize under these conditions was attribtwetthe abundant availability of reactive

amino groups in dentin collagen that induce hetemegus precipitation [50].

An extra amount of calcium should lead to a superadon with respect to HA in the
region close to the material-tissue interface, @keess of calcium can help the deposition

of new mineral tissue supporting dentin reminesdion.

Combining the good marginal adaptation with thetideremineralization potentiality, the
development of composite materials containing oatereleasing fillers, represents a very

interesting attraction in the field of remineratipa treatments.
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1.3 Hip joint Prostheses

As a result of the progressive ageing of the pdpmra degenerative joint disease
represents an increasing problem for society. Tégederation of joints often makes
surgical repair or replacement necessary to allawepts to return to a healthy and

functional lifestyle.

Arthritis (i.e. joint inflammation) is the most €liise cause of joint replacement procedures.
There are several forms of arthritis, most of whaéfect the joints of the body. One of the
most common form is osteoarthritis that is the degation of the articular surface of the
joint that leads to the consumption of the artitotp cartilage leaving exposed the
underlying bone. Exposed bone results in a paijgint during movements and weight

bearing.

Rheumatoid arthritis and avascular necrosis (inamg loss of blood supply to the bones,

respectively) are other joint issues that producéa symptoms .

Osteoarthritis represents the primary diagnosislifgato joint replacement especially
over-65 aged patients. In the light of the popatatageing, a growth of the market for

joint replacement products is expected for thergutu

Total hip arthroplasty (THA), or total hip replacent (THR), is a surgical procedure to
replace the hip joint with an artificial prosthesfghen a hip replacement is performtu
arthritic, damaged hip joint is removed. The balttesocket hip joint is then replaced with

an artificial implant.

As shown in Figure 1.5 a prosthesis for THA cangigour components:
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- the stem: a stiff prosthesis inserted into the fe@ihcanal,
- the head: a ball on the top of the femoral stenk;nec

- the cup: an acetabular component or acetabuldrfsteel into the acetabulum

( the concave surface of the pelvis);

- the liner: the inner material placed inside theahetip

Acetabular cup

AN

Neck

:/// \ Liner
; Femoral head
|

Stem

Figure 1.5: Components of a THR prosthesis

Several types of biomaterials have been used ferstirgical procedure. Metal-on-plastic

THR was introduced in the 1960s. It consisted tdraoral head of a metal alloy (usually
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cobalt-chrome alloy or stainless steel) combinethvein ultra-high molecular weight
polyethylene (UHMWPE) liner that however did notvlathe sufficient strength for
weight-bearing joint replacements and showed tloblpm of PE wear debris. Metal-on-
Metal (MOM) joints were developed to improve weaiess and joint strength. Ceramic-on-
ceramic (COC) couplings represented an alternatingce: alumina and, more recently,
zirconia ceramics and their composites have beed isTHR to overcome the problems

related to the production of PE wear debris [51].

1.3.1 Alumina ceramics

Physical and mechanical properties

Many applications of ceramics are based upon theique physical, mechanical and
thermal properties. Density, biocompatibility, styéh and wear resistance are the main

important issues for their biomedical applicati{s2].

Alumina consists primarily of aluminium oxide (&)s). High-purity alumina (99.99%) has

been introduced as an alternative to metal alloy®ifthopaedic surgical applications such
as THR. Alumina exhibits high hardness, low friatiand excellent wear and corrosion
resistance; therefore, it represent an ideal nadtéor replacing articulating surfaces in

orthopaedic applications.

Metals under load show the movement of defectsigloahtions through their structure:

this property makes them easily modelled by cadtimigp molten state. As most ceramics,
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alumina is intrinsically hard, due to its strongepnfical bonds: as a consequence, the
enormous lattice resistance to the motion of datioas avoids the possibility of shaping
ceramics by melting and casting. This hardnesssénethgth of ceramics can be exploited

in articulating joints in orthopaedic applicationkere wear resistance is required.

Fracture toughness is a property that describeslii¢y of a material containing a crack
to resist fracture. Most ceramics, including alumihave values of fracture toughness

significantly lower of more ductile materials astais.

Thanks to the strong lattice bonds, alumina cerarsiow very high melting temperature:
for this reason, the production of alumina cerandas only be achieved with high-
temperature sintering. The sintering process ctmgisheating ceramic powders to about
two-thirds of their melting temperature. In thisndd@ion, particles bond together to form
necks between the particles, which subsequentlyceedhe surface area and lead to

consolidation of the powders.

Medical-grade alumina

A medical grade bioceramic should be bioinert ie tuman body offering a high
resistance against corrosion and wear [53]. Theiton to obtain this characteristic is the
use of a high-purity oxide ceramic, based on pedifraw materials that are free of
impurities (e.g. silicates and alkaline oxides naliynless than 0.5 wt%). With regards to
the mechanical properties, the material shoulddeddorm when loaded in physiological
conditions. The mechanical strength of the ceratnimponents strictly affects its safety.
The development of implant materials deal withithprovement of all properties that are
correlated with mechanical strength.
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Hot isostatic pressing (HIP) is a manufacturingcess used to increase the density of
many ceramic materials. The HIP process subjeces daramic to both elevated

temperature and isostatic gas pressure in a hagspre containment vessel.

HIP technology applied subsequently to the procekssintering allows to obtain

bioceramics with improved mechanical strength agrsdy.

Moreover, a high surface finish is an importantuisgment for the articulating surfaces
such as the femoral head and liner. If the ceranaiterial is homogeneous, has no porosity
and its microstructure consists of small fine gsaian excellent surface finish can be
achieved. Magnesium oxide (MgO) is used as sirgeaid in manufacturing process of

alumina ceramic.

The required properties of medical-grade aluminedus orthopaedics are stated in the
standard 1SO 6474 introduced for the first timel@80 and afterwards implemented. This
standard lists the requirements that an aluminantier must satisfy to be used in
biomedical devices: the principal parameters carsidl are purity, allowed constituents,
compression strength, wear resistance, fatiguengttie bulk density, grain size and

flexural strength.

A standard regulation is necessary to ensure tbe@ugtion of a high-quality material for
biomedical applications. The physical-chemical andchanical requirements serve as
criteria for a high-purity, consistent product abie for implantation in the human body.
The I1ISO 6474 and further upgrade provide also fipattons for biocompatible grades of

alumina for use in physiological environments.
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Alumina bioceramics in orthopaedics

Thanks to their high hardness, low friction coaéiit and excellent corrosion resistance,
alumina bioceramics exhibit a very low wear ratéhatarticulating surfaces in orthopaedic
applications. Moreover, alumina has the abilitybe polished obtaining a high surface

finish.

The microstructure of medical-grade alumina is abw@rized by a narrow grain-size
distribution with a very small grain size (lessrib&apum) that allows to inhibit static fatigue
and slow crack growth under load conditions. Therage grain size of current medical-
grade alumina is 1.4 um, and surface finish is lsagantrolled to a roughness of less than

0.02 pm.

Alumina was introduced in THA more than 40 years &g reduce the wear rate of the
implants. A decrease in wear by 25-30% was noteshvdomparing alumina/UHMWPE
couplings to meta/UHMWPE couplings both in hip glator tests and clinical results
[54]. Moreover, the nearly elimination of wear using al&talumina combinations in

THA was observed in a hip simulator test [55].

Alumina-on-alumina bearings in total hip replacetsdmave been successfully used since
the early 1970s. Since their introductifs6], more than 2.5 million femoral heads and
nearly 100000 liners have been implanted worldwidee excellent tribologic properties

of alumina and its low debris generation makeeatido reduce osteolysis. [57].

A comparative study on ceramic-on-ceramic and rratgbolyethylene bearing implants
has reported that alumina ceramics perform as agethetal-on-polyethylene coulplings in

clinical scores, but fewer revisions and less dgs&ocharacterize patients with implanted
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ceramic bearings[58]. As a conclusion, the uselofma ceramic bearings as a safe

option for younger and more active patients has Ipeeposed.

With alumina-on-alumina THA, minimal wear rates dimited osteolysis can be expected
up to twenty years after the operation, provideat #ound acetabular component fixation

is obtained [59].

1.3.2 Zirconia ceramics

The zirconia ceramics were introduced in THA toredhe problem of alumina brittleness
and the consequent potential failure of implan€.[6

In the 1970s it was demonstrated that zirconia letdhia transformation toughening
mechanism (see below) acting to resist crack prajpag [61].0n the other hand, phase
transformation may also occur at the surface ofrtigdants in the presence of body fluids,
leading to a progressive degradation of the materia

The clinical results reported before 2000 weres&attory exhibiting low failure rates: in
2001 a high number of femoral heads failed in a/\&rort period stimulating retrieval
analysis that showed the occurrencénofivoageing and constitutes the main issue for the
lifetime of zirconia implants [62].

Recently the development of orthopaedic implant®caised on materials alternative to

pure zirconia such as alumina—zirconia composites.
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1.3.3 Transformation toughening mechanism

To explain the mechanical properties and durabildly zirconia ceramics, their
crystallographic structure has to be considerea Jdrcalled transformation toughening
mechanism is responsible for the high mechanicapgties and sensitivity to low-
temperature degradation of zirconia ceramics: ibased on the evolution from one
metastable polymorph (tetragonal phase) to thdestat® (monoclinic phase).

Three crystal phases of pure zirconia (gr@xist at atmospheric pressure: monoclinic
phase is stable at low temperatures (below 117Q “@jragonal and cubic phases are
stable at higher temperatures.

The latter polymorphs can be stabilised at roonptmature by the addition of oxides.
Zirconia can be stabilised under two different ferdepending on the stabilizer solubility
at high temperature:

1) The so called partially stabilised zirconia (P$Zobtained by the addition of slightly
soluble stabilizers as MgO or CaO that at room &apire formed a precipitated system.
Magnesia partially stabilised zirconia (Mg-PSZ) widme first zirconia introduced in
orthopaedics.

2) The so called tetragonal zirconia polycrystBZR) is obtained by the addition of
soluble stabilizer as ceria (Ce-TZP) or yttria (¥F) inducing the formation at high
temperatures of a solid solution that was retastddw temperature. Nowadays, only 3Y-
TZP (stabilised with 3 mol% X03) is used in clinical applications.

The tetragonal phase retained at room temperasureetastable and can convert to the
monoclinic phase (t-m tranformation): this trargitiis accompanied by a volume
expansion (4%).The development of zirconia as tengh ceramic is based on the

metastable nature of the tetragonal polymorph. ZP-Tceramics were introduced in
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orthopaedics to overcome the problem of alumintlémess and especially its sensitivity
to delayed failure.

The mechanical strength of zirconia is improvedhsy t-m transformation at the vicinity
of an advancing crack. The large stresses appeatiognd a crack lead to the t—-m
transformation and the stress field associated whith volume expansion due to the
conversion opposes the tensile applied stress faldhe crack tip preventing its

propagation.

1.3.4 Low temperature degradation

A negative consequence of the tetragonal-monocphase transformation is ageing. The
presence of water molecules as well as body flardthe surface of zirconia implants can
progressively convert tetragonal phase to monaxlpalymorph: the process is defined

low temperature degradation [63-64].

Even if ageing is faster at relatively higher tenapere (250°C) it occurs even at
physiological temperature. Water is able to pemetitze zirconia lattice during exposure to
a humid atmosphere [65] leading to a lattice catiwa [66], which results in the
formation of tensile stresses in the surface grémas destabilise the tetragonal phase.
These stresses trigger the transformation of swgp@rfyrains that represent the so-called
nucleation stage. The process proceeds by thes girepagation to the neighbours induced
by the volume expansion that can cause microcrgckifering a path for the water to
penetrate the material (Figure 1.6). The overalhgformation can be considered as a
nucleation and growth process described by the Meltbmi— Johnson model [67]: this

model will be discussed in chapter 10.
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The ageing process influences the long-term pedooa of zirconia implants since it is

associated with roughening and micro-cracking.

% Surface
uplift

Figure 1.6: “Scheme of the ageing process (a) Nucleation garéicular grain at the
surface, leading to microcracking and stresseshéo rieighbours. (b) Growth of the
transformed zone, leading to extensive microcragksurface roughening and (c) uplift.
Transformed grains are grey. Red path represemdsp#netration of water due to

microcracking around the transformed grains.”or(frChevalier 200662] )
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The transformation of the surface induces volumgaasgion that produces grains uplift
and then roughening. The wear performance of hipt jbeads is compromised by
roughening since it will increase the wear ratethe coupled part of the implant. The
combined effect of surface microcracking and wear also lead to pull-out of zirconia

grains.

Moreover, micro-cracking around the transformedezgenerates defects that may grow
until they reach a threshold size that can indlo® srack propagation and a consequent

fracture of the prosthesis.

The morphology and microstructure of the implani®. (density, grain size and

homogeneity) hardly influence the ageing.

The production of implants characterized by highgity is a fundamental requirement to
limit ageing phenomena. Low density and porousroars allow the penetration of water
molecules to the bulk of the material: since thieermal surfaces (pores and cracks) are
exposed to water contact, internal ageing occudstla® material rapidly loses its cohesion

leading to a worsening of the mechanical properties

The important influence of grain size on ageing t@lpositive effect on low temperature
degradation rate has been demonstrated [B8]the other hand, small grains influence
negatively the mechanical properties leading toowel toughness and slow crack

propagation threshold, due to the lower efficientthe phase transformation toughening.

In this thesis three successive generations oévetl ceramic femoral heads were studied

with the aim to investigate at molecular level ith&ivo wear mechanisms.

33



The retrievals have been obtained from the arclvdstituto Ortopedico Rizzoli in
Bologna thanks to the collaboration with Dr. SaweAffatato of the Laboratorio di

Tecnologia Medica of the Institute.
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CHAPTER 2 - INSTRUMENTAL METHODS FOR STRUCTURAL
INVESTIGATION

2.1 Spectroscopic Techniques

When an electromagnetic wave interacts with maitealways gives origin to several

physical phenomena as absorption, emission afdsdih.

With the term spectroscopy we refer to the analytse of these interactions for
determining, identity, structure and eventuallymfitg, of studied species: the study of the
frequencies and the intensities of the photongrbednd after the interaction with matter,

represent the basis of optic spectroscopic teclesiqu

X-Rays UltraViolet Visible Infrared Microwaves
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Figure 2.1: The electromagnetic spectrum and light-matterauigons: the IR radiation

has sufficient energy to interact with the osaitias of the molecular bonds.

Different spectroscopic techniques operate ovefewdint, defined frequency ranges

depending on the physical processes involved arghituaes of the energy changes.
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In this work vibrational spectroscopic techniquad 8uorescence spectroscopy were used

to obtain structural information.

Depending on the frequency of the radiation usedl (Bnerefore its energy) different
effects on matter are induced (see Figure 2.1)ndJsin infrared radiation (i.e. with a
wavelength in the range 0.7-5Q0m), this energy is enough to cause a vibrational
transition: vibration is defined as an oscillatiotnthe meaning that atoms periodically

change their position relative to an equilibriunsgion.

2.2 Vibrational Spectroscopy

A molecular vibration can be easily visualized magining a diatomic molecule A-B as
two balls connected by a spring. The two atoms A Bncan approach and move away

periodically with a frequency that can be calculated from Hooke's law:
Voip = 1/2m k[

wherev,;, is the frequency of vibration, pu is the reducedsnaf the atoms (gmg / (Ma+
mg)), K is the force constant of the A-B bond. Tireguency of vibration will be greater

the greater the bond strength and the lower thesrmobthe atoms involved.

The force constant k is a function of both the ratf the bond between A and B, and the
interactions between the molecule and the medium: herefore,
vibrational spectroscopy can provide information tre properties both of the single
molecule, and of any intermolecular interactiongfs asthe existence and

strength of hydrogen bonds).
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The potential energy for harmonic oscillation obtparticles is represented by a parabolic
function. Although this is a continuous functiohettotal vibrational energy of a molecule

Is quantized: the permitted values for the energydafined by the expression:
Evib=h(vV +¥2)V vib

where h is Planck's constant, v is the vibratiapantum number (it can take positive
integers: 0, 1, 2, 3 ...) which defines the levietimergy and i, is the vibration frequency.
The vibrational levels are equally spaced (red eurv Figure 2.2) and the separation
between levels is equal tov.hnThe harmonic oscillator model is a simplificatigin

compared to real vibrational motion, because thieocmes show anharmonic vibrations.

Potential Energy

eq

Interatomic Distance (R)

Figure 2.2: Vibrational potential energy curves and levelsfasction of interatomic

distance according to the harmonic (red) and anbiaicr(grey) models.
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In the anharmonic oscillator real model, vibratioeaergy is quantized according to the

expression:
Esir=h [(V + 1/2)V vib — (V + 1/2? Xevvib].

Where X is a constant of anharmonicity. The formula shtved the energy levels tend to
an asymptote with increasing vibrational quanturmber (grey curve in Figure 2.2). The
possible vibrations of a polyatomic molecule coimsgsof N atoms depend on the number
of vibrational degrees of freedom (or modes) of ti@ecule: it possesses 3N degrees of
freedom including 3 translational and 3 rotatioffalin linear molecules): the molecular

vibrational modes are therefore 3N-5 if the moledsllinear and 3N-6 if it is not linear.

There are two modes of molecular vibration (Fig2u®): stretchingandbending The first

is a rhythmic movement along the bond axis regyliim change in the interatomic
distance, while the second is due to a variatiothefbond angle or a movement of a group
of atoms with respect to the rest of the molecte: example, thdwisting (torsion),
rocking (in plane oscillation) andiagging(out of plane swing) vibrations cause a change
in bond angles with respect to the arbitrarily éixeoordinates within the molecule. In
particular, the number of stretching vibrationsaofnolecule is N-1, while the bending
vibrations are 2N-5. Usually, the values of thetstning frequencies are higher than those
of bending because more energy is required tocktréte bonds than to bend them;
multiple bonds also have higher frequencies thaglsibonds because of the increased

force constant of the multiple bond. (euf-C: 700-1200 ci;, vC=C: 1600-1680 cih

VC=C: 2250-3000 ct).
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Figure 2.3: Molecular vibration modes

When two oscillating bonds share a common atonelyarct as independent oscillators as
there isan interaction of mechanical coupling leemw oscillators. The coupling of
two fundamental modes of vibration will produce two new vibrational
modes, with higher and lower frequency values ttherse observed when the interaction
is absent.

Coupling is observed if there is an atom sharetiMmygroups that adsorb, individually, at
frequency very close; the coupling is negligibleewhthe groups are separated by one or

more atoms.

2.2.1 Infrared Spectroscopy

IR spectroscopy is a vibrational absorption spectpy. The infrared radiation used is the
part of the electromagnetic spectrum between th®mes of the visible and microwave (20
to 14000 crit), although the practical interest is limited te #rea of the middle IR (400 -
4000 cm). The absorption of IR radiation by molecules atb a jump between
two vibrational levels. The necessary but not sidfit condition, so that a molecule

absorbs infrared radiation is that radiation enasggqual to the difference between two
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vibrational levels of the molecule. In fact, inriawfed absorption, only those vibrations
leading to a variation of the dipole moment of thelecule are observed. The alternating
electric field, produced by the change of the chadggstribution that accompanies the

vibration, coupled to oscillating electric field Ediation and absorption is observed.

Each functional group can have more vibrational esotdhat correspond to different
energies (such as stretching and bending); the famsgonal group in different molecules

presents specific vibrational motions, which resudt absorption bands located at

characteristic frequencies (the so called grougueacies), only marginally affected by the

complexity of molecular structure.

wavelength /pm
2.5 3 4 S 6 7 8 9 10 11 12 13 14 15 16

-
N c=C
i C=N

O—H .

N—H o= o= O

= =(

c—C

. P==¢ C=0 c—0

- C.N,0 C—N

C—H [

bending

1 1 1 1

1 1 1 1

1
1500

wavenumber / cm’!

Figure 2.4: Group frequencies in IR spectroscopy.

An IR spectrum is obtained by irradiating the saampith a rather wide range of infrared

radiations and observing, at each wavelength, ié tradiationis absorbed by the

sample according to the functional groups presettie molecule. An important parameter
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of the IR spectra is given by the resolution, the. ability of the instrument to discriminate
two adjacent peaks; typically most spectra arerdszbwith a resolution of 4 ¢f The
variation of the resolution has important consegasmot only on the spectral quality but
also on the timing of recording spectra: in fact, imcrease in resolution will significantly

increase the time required to obtain a spectrum.

For many years the infrared spectrum has been dedoby passing the IR radiation
through the sample and scanning the spectrum layingta dispersing element (prism or
diffraction grating); absorption bands (peaks) wdetected and printed as a graphic
intensity as a function of frequency. The monochatom could be inserted before or after
the sample. Figure 2.5 shows an example of a disfgedouble beam, where the radiation
is divided into two portions: one passes throughsample, the other through the reference
cell. By subtracting the two signals, the resultspectrum contains only the absorption

peaks of the sample.
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Figure 2.5: Block diagram of a dispersive IR dual-beam spgttodometer.
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The infrared spectroscopy has experienced a revivatecent years, thanks to the
development of Fourier transform IR spectrometEfisIR), which have many advantages
if compared to traditional dispersive spectrometé&tse radiation, which contains all IR
wavelengths, is divided into two rays (Figure Z§)a beam splitter (which reflects 50%
of the light and transmits the remaining 50%). A/ teavels a fixed distance, being
reflected by a fixed mirror, while the other a wadlie distance, being reflected from a

moving mirror.

Detector .

Sample
P [] Moving
Mirror
Beam
IR Source Splitter
1

Fixed

Mirror

Figura 2.6: FT-IR spectrometer diagram.

Then the two radiations return to the beam splitieere they recombine and are reflected
back to the sample. The different lengths of the® tpaths lead to a sequence of

constructive and destructive interference and, eguently, to changes in intensity.

In this way we obtain an interferogram (set of maxn and minimum), which is however
difficult to interpret and is transformed into aesprum by a mathematical process called

Fourier transformation.
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The advantages of FT-IR instruments are many. Sanoenochromator is not used, all
frequencies of radiation pass simultaneously thHmouge sample, and there is a
considerable saving in time with the ability to aewlate in a reasonable time a large

amount of spectra, with a consequent improvemetiteosignal / noise ratio.

The FT-IR instruments can have an extremely higbltion, and since a data conversion
from analogue to digital is performed, they carebsily processed. All IR spectra shown

in this thesis were obtained with a FT-IR spectaipmeter.

With regards to sampling, spectra of gases, ligamts$ solids can be measured: the solids
can be analyzed in transmission in the case of lesmmwt too thick (e.g. thin films). In
transmission, the sample (e.g. a powder) is ingtgatixed with a suitable amount of
anhydrous KBr (transparent to IR radiation) in ayatea mortar. The mixture is then
compressed to obtain a transparent disk in whietsthid sample is evenly dispersed. The
spectrum can be interpreted in two ways: considetire sample transmittance or its
absorbance. The transmittance can be defined agatiee between the intensity of
transmitted light with the intensity of incidenglit: a transmittance of 100 is obtained for
the wavelengths that are not absorbed by the saamule0 for the completely absorbed

ones.

The absorbance is instead the decimal logarithrithe@finverse of the transmittance: the

two modes are equivalent.

Many materials can be positioned in close contattt & suitable substrate and the spectra
could be recorded exploiting the internal reflectiosing an instrumental setup called
Attenuated Total Reflectance (ATR). Working in ATitbde, the sample is positioned on a

stand made of a crystal with a high refractive n{&nSe, Ge, or diamond): the IR beam
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is reflected several times in the inner surfacthefcrystal and then on the sample (Figure
2.7), originating an evanescent wave that is ptegeorthogonally onto the sample placed
in close contact with the crystal, generating tbiectance spectrum (which is calculated
in a similar way to the transmittance). To obtdia spectrum, it is therefore necessary to
place the sample in close contact with the ATR tatysSThe analytical response comes
from a surface layer of sample whose thicknessmigpen the material of the ATR crystal

device (for example, using a diamond crystal, tiedient radiation penetrates the sample

for a depth of about @m). The depth of penetration is also a functiothefwavelength.

Sample
Evanescent Waves

/ / Sample Stage

S
To Detector

I
D))l

IR source

Figure 2.7: Scheme of the reflections within the ATR crystal.

The IR spectra in the ATR mode are similar to thesmrded in transmittance (and thus
absorbance). There are subtle differences: paatigullow frequency bands have
absorbance values higher than those at high freteenbut usually the instruments

management software are able to compensate fa thisrences.
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The IR spectra discussed in this thesis were recordn a Nicolet 5700 FT-IR
spectrometer (Thermo Electron Scientific Instrurser@orp., Madison, WI, USA)
equipped with a Smart Orbit diamond attenuated teftectance (ATR) accessory and a
Deuterated Tri-Glycine Sulphate detector; the spécesolution was 4 ¢ and 64 scans
were made for each spectrum. The ATR area had anXdiameter and the IR radiation

penetration was about 2 microns.
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2.2.2 Raman Spectroscopy

Raman spectroscopy is based on the Raman effexttriloied as the diffusion (scattering)
of inelastic photons by molecules. It can providdoimation on the molecular
composition, the chemical environment, the phassé tae crystalline structure of the
sample, and is suitable for the non destructive ramd invasive analysis of materials in
several forms: gases, liquids and solids (amorploougystalline). The Raman effect is a
physical phenomenon discovered in 1928 by the imgaysicist C.V. Raman: that
discovery earned him the Nobel Prize in Physics981. He noted that a small fraction of
the radiation scattered by certain molecules wasadterized by energy different from that
of the incident radiation: that energy differencaswelated to the chemical structure of the

molecules responsible for the scattering.

A monochromatic coherent radiation emitted fromasel source with frequeney can
interact with a molecule in different ways: it mbg absorbed if it has energy equal to a
possible transition between two electronic, vilmadil (as in the case of IR) or rotational
energy levels, may be reflected (if there are neractions) or diffuse, if the interactions

do not cause energy transitions.

Assume an interaction between radiation and a mtdein its fundamental vibrational

level or in an excited vibrational level. The photof hvg energy can be absorbed by the
molecule, which increases its energy by an amoguéleto the photon energy (Planck's
law E = tv). In general, molecules, after the interactiorhvalectromagnetic radiation, are
in a virtual excited state as usually the energypsed is not sufficient to cause electronic
transitions and tend to return quickly (after ab&0t* seconds) either to the vibrational

level that occupied or to another vibrational leuelthe first case (elastic scattering, see
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Figure 2.8 a) the scattered radiation has the samaegy and hence the same frequency

of the exciting incident light (Rayleigh scattering

In the second case (inelastic scattering) the logint be scattered with a lower frequency,
Vo - V1 (Stokes Raman effect, Figure 2.8 b), or with dargrequencyy, + v; (anti-Stokes
Raman effect, Figure 2.8 c) with respect to thetexgcradiation. Due to Raman effect,
part of thevg incident frequency after scattering becomgs v,, wherev; depends on the
energy separation between vibrational levels anthasefore characteristic of a specific
vibration of the molecule under investigation; thelastic scattering is an event much less
likely than the elastic scattering (about® kiimes) and its signal is therefore also less
intense. In general, for indicating the energy ianfan spectroscopy, the frequency
difference (Raman shift) with respect to the absoftequency of the exciting radiation is

used instead of absolute frequency.

As displayed in Figure 2.9, the Stokes bands aresiderably more intense than anti-
Stokes and therefore experimentally measured: #igmmetry can be explained
considering that the fundamental vibrational sfaipulation is greater than in the excited
vibrational levels (Boltzmann distribution), so yaull have a greater probability of
transitions of Stokes type. Raman bands are dtrartsition that involve vibrational states
of the molecule as discussed for IR spectroscolpgifavith different selection rules) and
placed in similar spectral regions. It is intenegtto note that Raman spectroscopy allows
easy access to wavenumbers region below 408 aftowing for example to analyze the

bands of the crystal lattice, otherwise hardly asitde to the IR spectrometers.

The intensity of the scattered light depends onwhegelength of the scattered radiation

(inversely proportional ta\*) while the Raman shift does not. For example, gisin
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exciting green light at 514 nm or blue at 488 nmpoth cases a band with the sawme
Raman shift is obtained, since the difference betwie fundamental and the excited

vibrational levels remains the same.

Excited electronic state

5,
& hv, hv, hv,
g
h(v,~v) hy, h(v+v,)
Excited vibrational levels
T
hv,
4 Ground electronic state
Stokes Rayleigh Anti-Stokes
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Figure 2.8: Comparison between elastic scattering (a) and ReBbekes (b) and Raman-
Anti-Stokes inelastic scattering. Note the symmditeyween the Stokes and anti-Stokes

bands with respect to Raleigh radiation and thedative intensities.
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However, it is important to note that in some aggiions, the choice of the laser is
extremely important: in fact, the most common ifgence found in the Raman spectra is
given by fluorescence (especially present in orgaamples of biological origin) that
involves an increase of the baseline spectrum.rétoence is a physical phenomenon by
which the electrons return to the fundamental estergstate after being excited, with
emission of radiation. Fluorescence, which can &kisaue to trace impurities, is much
more intense than Raman signals and can sometiraks imundetectable. The use of a
laser source at lower frequencies decreases ttsgbpidg of inducing electronic transitions
and then to have fluorescence. It is necessaryesk she best compromise between
minimizing the intensity of fluorescence and theintenance of a sufficient Raman
intensity (which scales with*). There are lasers that emit in the UV, visiblel aear IR
regions: in this thesis an Argon-Krypton laser ¢imgt at different wavelengths (488, 514
and 647 nm), and a Nd : YAG (yttrium aluminium garnet doped with neodymmi)

emitting in the near-IR at 1064 nm, were used.

Raman and IR spectroscopy are complementary tesbsilpecause the transition involved
obey to different selection rules. While the IR @pascopy is based on the change of the
electric dipole moment during the transition, irder to observe the Raman effect, the
incident light must induce a change in polarizépitiuring the vibration of the molecule
(distortion of the electron cloud of the moleculg)may therefore happen that not much
intense or absent Raman bands are intense in IRie@dersa; in particular, considering
molecules characterized by a centre of symmetry,ttansitions allowed in Raman are
forbidden in IR and vice versa. An advantage of BRarspectroscopy is the ability to
record spectra of aqueous solutions, almost imblesby the IR spectroscopic technique,
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because of the strong IR absorption of water witslékaman bands are less intense. Also
Raman spectroscopy support two types of instrumeasdsfor the IR spectroscopic
technique: a dispersive type (consisting of a mbrmoatic laser source, a cell sample
holder, a monochromator and a detector), or a Epiiiansform type, which uses a¥td
YAG laser. The use of this laser introduces sevadabntages: it allows to operate with
higher power without causing the photolysis of saenple as well as the phenomenon of
fluorescence since it does not provide enough gnergelectronic transitions. However,
the possible drawbacks reside in the decreasedlsigensity (which depends on the laser

frequency) and the interference from water.
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Figure 2.10: Scheme of a dispersive Raman spectrometer cotgpkedicroscope.

When light strikes the sample, light scatteringlxserved in all directions. The light is
usually collected at 90° or 180° with respect te ihcident radiation and focused on the
detector. The recording of a spectrum using a disgpe Raman spectrometer can take a

long time to scan the entire spectral range: thaokthe introduction of multichannel
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detectors (CCD charge coupled device), non-dispesgectrometers have been developed

obtaining much faster registration of the spectrum.

Raman microscopy has been developed by couplingtéatlmniques, i.e. microscopy and
Raman spectroscopy; in Raman microscopy the laskrcused on very small regions of
the sample (few microns) with a consequent incr@asgnal intensity and the possibility

to analyze punctual regions of inhomogeneous sanple

The possibility of using a confocal setup allowsobtain spectra from a thin section of
sample. In this thesis micro-Raman spectra wererded using a Jasco NRS-2000C
instrument (Jasco Inc., Easton, MD, USA) connetbed microscope with 10-20 or 100x
magnification depending on specific experimentd.tAé spectra were recorded in back-
scattering conditions with 1 or 5 énspectral resolutions using the 514 nm line (Innova
Coherent 70; Coherent Inc., Santa Clara, CA, U3&).detector unit, a 160 K frozen
Charge Coupled Device from Roper Scientific Incefiion, NJ, USA) was used. Due to
the high fluorescence of some samples upon exaitati the visible range, the Raman
spectra were recorded with a less energetic ekaitaburce. A N&' : YAG laser emitting

in the near-infrared region (1064 nm) was used vathBruker MultiRam Fourier
Transform FT-Raman spectrometer (Bruker Optik GmBEiljngen, Germany) equipped
with a cooled Ge-diode detector. With this instrainthe laser beam spot diameter was

about 10Qum and the spectral resolution was of 4tm

2.3 Fluorescence Spectroscopy

Using as excitation source a UV-visible frequen@diation, other photo-physical

phenomena other than scattering usually occur.el'hbston energies induce modification
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in the electronic distribution of the molecule: atisng a photon, the system is promoted
from the ground state,$0 an excited electronic state S

Fluorescence is observed when an a molecule or &mm an excited electronic state

relaxes to its ground state by emitting a photoligbit.

The excitation process ¢S hvex 2 S is followed by vibrational relaxation (internal

conversion) and then by emission (fluorescengep S+ hvenitA, wherehvy is the photon

energy, h is Planck’s constant ani the light frequency (Figure. 2.11).
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Figure 2.11: Jablonski diagram of the emission (fluorescepcegess.

A molecule in its excited state;,®an relax by various competing pathways. In &ofdlito
fuorescence, one also encounters radiationlesegses where molecules in an excited
state may return to the ground state without thesgon of a photon, converting all the

excitation energy into heat. The process is catiegtnal conversion.
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Another possible pathway of relaxation is represgnby phosphorescence that, as
fluorescence, is radiative. The phosphorescenceliava process callethtersystem
crossingthat can be considered a modification of the quaméchanical properties of the
exited state. This modification can induce variatid frequency emitted and a delay of the

radiative process.

A lot of compounds show fluorescence under UV-¥esilight excitation. A well know
system that exhibits a characteristic emissiomgited with visible photons is ruby.

Ruby is AbO; (c-alumina) wherein a small fraction of the*Alons are replaced by
Cr*ions. Each C¥is surrounded octahedrally by six*@ns. This crystallographic
arrangement strongly affects each’Cresulting in light absorption in the yellow-green
region of the spectrum (responsible for the redwobf the gem). After yellow-green light
absorption by C¥, the excited state relaxes to ground state emitél light around 694

nm generating a characteristic doublet (Figure)2.12

Intensity / a.u.
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Figure 2.12:Characteristic doublet in the fluorescence specotimby
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The emission process involves the interaction betvtee Ct' electronic distribution and
the surrounding lattice (ADs3): potential distortions of the lattice geometrgrsficantly
influence the fluorescence spectrum. The analykith® position and the shape of the
fluorescence bands gives information about thestral environment of the &rions and
therefore about the mechanical properties of thelevinaterial (e.g. residual stresses).
The so-called photoluminescence piezospectroscepy Wwell-established technique for
optical measurements of residual stresses. Thisnigee is based on measuring the
spectral shift of a fluorescence band as a resula estress-induced change in the
surrounding crystal field and consequently electréransition energy.

In the present thesis, the fluorescence df-€ontaining alumina has been measured as a
probe to analyse the residual stress state ofingles.

Also fluorescence spectroscopy can be coupled mitihoscopy to investigate smaller (i.e.
micron-sized) areas of samples.

The instrumental setup of a micro-fluorimeter ispyed in Figure 2.13.
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Figure 2.13: Schematic instrumental setup of a micro-fluorimete
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Here the sample is excited by a green laser smperting at 514 nm. The laser beam is
focalized on the sample using a microscope; therdélscence emitted is sampled through
the lens and then routed to the detector.

The presence of the pinhole allows for confocabriiscence microscopy that, eliminating
out-of-focus emitted light from the specimen, prelbaly the material layers closed to the
focal plane. This configuration is useful for intigating the strictly superficial region of

the specimen.
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CHAPTER 3 - BIOACTIVITY OF COMMERCIAL ROOT-END FILL ING
MATERIALS

3.1 Introduction

As introduced in the first chapter, many matertedse been proposed and clinically used
as root-end fillings, such as amalgam, zinc oxiements, glass-ionomer cements (GIC),

composites and MTA.

Root-end filling materials are placed in close eshwith living tissues and must promote
a fast bone healing and regeneration. A requirerferthis functionality is the formation

of an apatite layer that covers the material winroduced in its site (bioactivity).

To predict than vivo apatite depositionn vitro tests in a simulated body fluid (SBF) with

ion concentrations nearly equal to those of huniaadbplasma can be performed.

The study of the bioactivity of commercial root-efilling materials is important to
evaluate their biological behaviour and their impat bone formation as well as to design

and develop new experimental materials.

The aim of this chapter is to evaluate the bioatstiof six root-end filling materials after
ageing in different soaking media characterizeddlfferent ions concentrations. DPBS
(Dulbecco’s Phosphate Buffered Saline) and HBSSkifaBalanced Salt Solution) were
selected as simulated body fluids to assess buatgctn presence (HBSS) and absence

(DPBS) of calcium ions.
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3.2 Materials and Methods

Cements preparation

Six root-end materials, commonly used in surgioedtments were studied. Glass ionomer, zinc

oxide-eugenol and MTA calcium silicate cements hbheen considered. The composition and

manufacturers are summarizedTable 3.1.

pendant methacrylate groups, HEMA (2-
hydroxyethylmethacrylate), water and
photoinitiator.

MATERIAL COMPOSITION MANUFACTURER
Powder: 75% zinc oxide and 15%
polymethylmethacrylate Dentsply DeTrey,
IRM
Konstanz, Germany
Liquid: 99% eugenol and 1% acetic acid
Pcwder: zinc oxide, aluminium oxide; calcium
Superseal tungstate or natural resin. Ogna, Muggio,
cement || iquid: 68% 2-etoxybenzoic acid, 32% bidistilled Milano, ftaly
eugenol
Powder: ion-leachable fluoroaluminosilicate glass
SiO,, AlF;, ZnO, SrO, cryolite, N, MgO and
Vitrebond P,Os.Liquid: modified poly-acrylic acid with 3M, St.Paul, MN,

USA

White ProRoot

Powder: 80% white Portland cement and 20%
bismuth oxide

Dentsply, Tulsa, OK

Liquid: distilled water.

MTA
Liquid: distilled water.

Powder: 80% grey Portland cement and 20% ~
Grey MTA bismuth oxide. Angelus Solucées
Angelus Odpntologlcas, .
Liquid: distilled water. Londrina, PR, Brazi

Powder: 80% white Portland cement and 20% ~
White MTA bismuth oxide. Angelus SolugGes

Angelus Odontologicas,

Londrina, PR, Brazi

Table 3.1: Composition and manufacturers of the root-end risdseunder study.
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All the cements (provided by Professor Carlo Pratgboratory of Biomaterials,
Department of Odontostomatological Science, Unitsersf Bologna, Italy) were prepared
according to manufacturers’ directions.

IRM is an intermediate restorative material we#itéel as root-end filling material.
SuperSeal cement is a zinc oxide-eugenol cemearforeed with 2-ethoxybenzoic acid.
Vitrebond is a resin-modified glass-ionomer cem@itC) and was prepared following
manufacturer directions [1 spoon (0.033 g)/1 dro®% g)]. It was light-cured for 30
seconds with a LED lamp (Mod. Anthos Cefla, Imdkaly) after the covering of the
sample surface with a polyester transparent mdDirecta Matrix Strips, Directa AB,

Upplands Vasby, Sweden).

White ProRoot MTA, White MTA Angelus and Grey MTAngelus powders were mixed

with deionized water (powder:liquid ratio of 3:1h @ glass slab with a stainless steel
spatula.

A homogeneous paste for each material was prepar@glaced in round PVC mould of 8

mm of diameter and 1.6 mm high. The moulds wetediland the excess material was

removed with a stainless steel spatula for obtgiainlisk.

After preparation, the disks were immediately imseerin 5 mL of medium at 37 °C, i.e.
DPBS (Cambrex Bio Science Verviers s.p.r.l., Beigiucat. n.BE17-512) or HBSS

(Cambrex Bio Science Verviers s.p.r.l., Belgiunt, 0al0-527).

The composition of the DPBS and HBSS solutionstbiess already reported in Table 1.2.

All the cements were analyzed after 1, 7, 14 and#8 of soaking.
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Angelus MTA cements were soaked only in DPBS. Theage media were renewed every
week. The disks were analyzed by micro-Raman ansplttroscopy both on their upper

surface and their interior fractured section.
Spectroscopic measurements

IR spectra were recorded using a Nicolet 5700 FTIRermo Electron Scientific
Instruments Corp., Madison, WI, USA), equipped vatismart Orbit diamond attenuated
total reflectance (ATR) accessory and a DTGS detgttie spectral resolution was 4 ¢m
The ATR area had a 2 mm diameter. Under this ingntal setup, the IR radiation
penetration into the cement was aboyir2. The aged samples were analysed after air-
drying at room temperature. The unhydrated powdetee MTA cements were analysed
as control immediately after the opening of thekpges (to avoid the carbon dioxide
uptake from environment and the formation of cafticarbonate); the other cements were

analysed immediately after their preparation (udaggmples).

Micro-Raman spectra were recordiedsitu on the samples maintained in their storage
media, to prevent any transformation. The specteaewobtained using an argon laser
(Innova Coherent 70; Coherent Inc., Santa Clara, G8A) operating at 514 nm and a
Jasco NRS-2000C micro-Raman spectrometer (JascoHaston, MD, USA) equipped
with a 160 K frozen digital CCD detector (Spec-100B, Roper Scientific Inc. Trenton,
NJ, USA) employing a microscope of 20x magnificatitJnder these conditions, laser
spot size was aboutpim. All the spectra were recorded in back-scattecmgditions with

5 cm’ spectral resolution and a power on the sample ofiab0 mW. Five IR and five

Raman spectra at least were recorded in each tes&lo specimen.
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Due to the high fluorescence of Vitrebond upon t&ticin in the visible range (i.e. at 514
nm), the Raman spectra were recorded using H-N¢AG laser emitting in the near-
infrared region (1064 nm) with a Bruker MultiRam ufier Transform FT-Raman
spectrometer (Bruker Optik GmbH, Ettlingen, Germaeguipped with a cooled Ge-diode
detector. The focused laser beam diameter was dlfifujum, the spectral resolution 4

cm?, and the laser power at the sample about 300 mW.

The spectra in the figures are representative@btitained measurements. Intensity ratios

were calculated as peak heights.

pH measurements

The pH of the soaking solutions was measured usiBgnver Instrument Basic pH meter
(Denver Instruments, Bohemia, NY, USA), equippedhwa Hamilton liquid-glass
electrode and +0.01 resolution, which had previpb&en calibrated with acidic, neutral,
and alkaline standard solutiop$d was measured at room temperature (24°C) aftér 14

and 28 days of incubation.

3.3 Results
Spectra of the unaged materials
Figures 3.1 and 3.2 show the IR and Raman speicthe @naged materials, respectively.

The IR spectrum of unaged SuperSeal (Figure 3.h&yvs the bands typical of the cement
formulation. The bands due to EBA, 2-ethoxybenzoic salt (EBA-Zn) and eugenol

have been assigned according to the literaturd. [It#2 non detection of the marker band
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of eugenolate zinc salt at 1319 2] suggests the absence of this component arits of
corresponding calcium salt. The Raman spectrumupefseal (Figure 3.2A) appeared

affected by strong fluorescence interference arslved considered.
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Figure 3.1: IR spectra of the unaged materials. The bandsajaeily due to 2-
ethoxybenzoic acid (EBA), 2-ethoxybenzoic zinc $8BA-Zn), eugenol (Eu) eugenolate

zinc salt (Eu*), polymethylmethacrylate (P), HEMArreacted monomer (H), poly-
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HEMA (PH), poly-acrylic acid (PAA)poly-acrylate (PA), calcium carbonate (Carb),
sulphates (Su), anhydrite (An), alite (A), belit®),( tricalcium aluminate (Al), fewly

polymerised silicate tetrahedra (CxS) are indicated
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Figure 3.2: Raman spectra of the unaged materials. The barelgalpntly due to
eugenolate zinc salt (Eu*), polymethylmethacryl@g zinc oxide (Z), poly-HEMA (PH),
calcium carbonate (Carb), anhydrite (An), calciunpbate hemihydrate (Hem), alite (A),
belite (B), tricalcium aluminate (Al), tetracalciualuminoferrite (Al-Fe), bismuth oxide

(Bi) are indicated.
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Figures 3.1B and 3.2B show the IR and Raman basc#able to the IRM components
(in particular, eugenolate zinc salt, polymethylnaetrylate and zinc oxide) assigned

according to the literatuf@-4].

The IR and Raman spectra of unaged Vitrebond (Egy@r1C and 3.2C) were dominated
by the bands of the polymeric component (i.e. wtegthHEMA monomer, poly-HEMA,

poly-acrylic acid (PAA) and poly-acrylate), assigreeccording to the literature (5-6).

Figures 3.1D, E, F and 3.2D, E, F show the IR aman& spectra recorded on the
unhydrated powders of the three MTA cements (WRteRoot MTA, White MTA
Angelus and Grey MTA Angelus, respectively). Baraisignments have been given

according to the literature [7- 8].

The IR spectra of all the unhydrated cements (EigGtl D, E, F) showed the bands due to
belite, alite, and calcium carbonate with differaetative intensities. Bismuth oxide

component was not detectable in the investigatedtsyd range.

In all the spectra the bands at 510 and 450" erere present: they are assignable
respectively to out-of-plane and in-plane bendingdes of fewly polymerised silicate

tetrahedra (CxS) [9]. The band at about 915-930 wms attributed to alite [10], and the
components at about 875 and 845’anere assigned to belite [11]. In Grey Angelus-MTA

the belite bands were observed with the higheativel intensity.

In the IR spectrum of the White ProRoot MTA unhyddhpowder, the bands at 1150—
1130 cmt* (triply degenerate stretching mode), 677, 613 586 cm® (bending modes)

indicate the presence of calcium sulphate in theydiite form [12]. On the basis of band
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relative intensities, it can be deduced that tHphsate content decreased along the series

White ProRoot MTA > Grey MTA Angelus > White MTA Aelus.

According to its Material Safety Data Sheet (MSD8)calcium sulphates were observed
in the White MTA-Angelus unhydrated powder. The &pan of White MTA-Angelus
showed a prominent component at about 750, cattributable to stretching vibrations of
AlO,* tetrahedra of tricalcium aluminate [13-14], whichs a unit cell containing eight
cyclic AlgO1™ anions, consisting of six corner-sharing Al@trahedra [15]. Also in Grey
MTA-Angelus a broader band at a similar wavenungasition was observed.

Actually the IR spectra of all the unhydrated MTAntents revealed, in a spectral range

not shown, the presence of a band at 3640 (@ stretching mode) due to portlandite.

The Raman spectra of all the unhydrated cemengai@s 3.2D, E and F) showed with
different relative intensities the bands due tarhith oxide (below 600 ci), monoclinic

belite and monoclinic alite.

A weak band at about 1085 ¢ndue to calcium carbonate was also observedi{7]
agreement with other studies [16], the bands dumstmuth oxide were less intense in the

MTA Angelus powders than in the other cements.

With regards to the silicate component, both Wiit®Root MTA and White MTA-
Angelus showed bands at 856 and 973" dassignable to monoclinic belite), a band at
about 840 ci (due to both monoclinic alite and belite) and enponent at 828 crh(due

to alite) [1-9]. In Grey MTA-Angelus the main bamwd silicates appeared at 826 ¢m
suggesting that the alite phase was predominathi®belite phase (shoulder at 855%m
Actually, grey Portland cements are characterizetigher alite to belite ratios than white

Portland cements [20].
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In White ProRoot MTA the band at 1017 ¢rdue to anhydrite (CaSPwas detected. In
Grey MTA-Angelus a weak band at 1007 tmwvas observed suggesting the presence of
calcium sulphate hemihydrate (Ca@D2H,0) [21]. In agreement with its MSDS, no

calcium sulphate was detected in White MTA-Angelus.

The Raman spectra of MTA-Angelus cements show & wemponent near 750760 ¢m
In White MTA-Angelus, the 760 cth component is due to the tricalcium aluminate
3Ca0+AbO; (vs AIOs* mode) [22];white MTA-Angelus contains a higher amount of
tricalcium aluminate than the other cements forclvhno evidence of this band was
observed. In Grey MTA-Angelus the band at about @5 is assignable to tricalcium
aluminate as well as to aluminoferrite [17,19,28]component typically present in grey

Portland cements.

Spectra of the aged samples: upper surface

Figure 3.3 shows the IR spectra recorded on tHapf SuperSeal after ageing in HBSS

(A) and DPBS (B) for 1, 7 and 28 days.

Upon ageing for 1 day in HBSS and DPBS, a broadi mmbout 1025 ch assignable to
the PQ* asymmetric stretching mode of an amorphous calghosphatev; PQ,) [24]
was observed; the bands due to the underlying dewene still detectable in both media
and appeared stronger upon ageing in HBSS, suggesiat in this medium the thickness
of the calcium phosphate layer was lower. At insieg ageing times in both media, the

bands due to the cement became progressively wedler to the thickening of the
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deposit; after 28 days of ageing in both mediayaresolved band at about 545 tifv,

PO, bending) appeared, confirming the amorphous nattiee deposit [24-25].
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Figure 3.3: IR spectra recorded on the surface of SuperStal ajeing in HBSS (A) and
DPBS (B) for 1, 7 and 28 days. The bands assign@bkeugenolate zinc salt (Eu), 2-
ethoxybenzoic acid (EBA), 2-ethoxybenzoic zinc fBIBA-Zn) and amorphous calcium

phosphate (ACP) are indicated.
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Figure 3.4A shows the IR spectra recorded on thfacei of IRM after ageing in HBSS for
1, 7 and 28 days. Figure 3.4B shows the Ramanrspeiorded on the same cement after
ageing in HBSS for 28 days. The trend of the IRct@a recorded after ageing in both
media was similar to that observed for SuperSdtdr & day of ageing in HBSS (Figure
3.4A) an amorphous calcium phosphate was presetiteosurface of the cement. The low
crystallinity of the phosphate deposit is reveabgdthe low resolution of the phosphate
bending mode that did not show distinct componen@bout 600 and 560 ¢h{v, PQy).

At increasing ageing times, the bands due to théemad components progressively
decreased in intensity, but remained still well ed&ble after 28 days of ageing.
Analogous trends were observed after ageing in DEBS8ctra not shown). The Raman
spectra confirmed these findings: after 28 days@ding the band at about 970 tm

appeared strengthened due to the presence of aplaons calcium phosphate.
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Figure 3.4: (A) IR spectra recorded on the surface of IRMradtgeing in HBSS for 1, 7
and 28 days. (B) Raman spectra recorded on thacgudf the same cement after ageing in
HBSS for 28 days. The bands assignable to eugenolahc salt (Eu*),
polymethylmethacrylate (P), zinc oxide (Zn) and gohous calcium phosphate (ACP) are

indicated.

Figure 3.5 shows the IR spectra recorded on tHasuof Vitrebond after ageing in HBSS
(A) and DPBS (B) for 1,7 and 28 days; Figure 3.50ves the Raman spectra recorded on
the surface of Vitrebond before (t = 0) and aftgeiag in HBSS and DPBS for 28 days.

Upon ageing in HBSS, IR bands at about 1009-991 5 cm® appeared both on the
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surface (Figure 3.5A) and in the interior of theneat (see below); an analogous result
was obtained upon ageing in DPBS (Figure 3.5Bhwit only difference that the former
band was observed at 1017 tnie. at the same wavenumber position as afteageoin
water (see below). The Raman spectra did not simywsignificant band strengthening in

the spectral range where phosphate modes falhea. 960 cm (Figure 3.5C).

Upon ageing in both media, the IR bands at abo&6 Ehd 1405 cihassignable to poly-
acrylate salt appeared particularly prominent (Fegu3.5A and 3.5B). Upon ageing in
HBSS, the bands due to the poly-HEMA component wsectable only until 7 days
(Figure 3.5A) while upon ageing in DPBS, they welearly observable also after 28 days

of ageing (Figure 3.5B).

Raman spectra (Figure 3.6) show the apatite foomabin the surface of all the MTA

cements after 1 day of incubation in DPBS.
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Figure 3.5: IR spectra recorded on the surface of Vitrebomer a&geing in HBSS (A) and
DPBS (B) for 1, 7 and 28 days; (C) Raman specttarded on the surface of Vitrebond
after ageing in HBSS and DPBS for 28 days (the tsyec of the unaged material is
reported as reference). The bands assignable yeHEMA (PH) and poly-acrylate (PA)

are indicated.
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Figure. 3.6: Micro-Raman spectra recorded on the surface oMhA cements soaked in
DPBS for 1, 7 and 28 days: (A) White ProRoot MTB),(White MTA-Angelus and (C)
Grey MTA-Angelus. The bands prevalently due to ital¢C), aragonite (Ar), apatite (Ap),

alite (A), belite (B) and bismuth oxide (Bi) aredinated.

On the basis of the differences in the relativeenstties, the thickest and most
homogeneous deposit appeared on the Grey MTA-Asgement; after 1 day of storage
in DPBS, the Raman spectrum of this sample (Figi&C) showed the bands typical of a
B-type carbonated apatite at 1072 tfw; PQ, andv; CO;sin B-site), 1046 cil (v3 PQy),
960 cm’ (v; PQy), 608-590 crif (v4 PQ;) and 446—432 cih(v, PQy) [26]. A weak band at
1000 cnt, assigned to the HRO® ion in HPQ?containing apatites [27]indicated the
presence of HP§) ions in the apatite lattice. According to Labaréteal. [28] the general
formula of the deposited phase can bgy@®O4)s(COs> or HPQ?),(OH),., (With 0< x

< 2). The bands due to cement components were wtdelke, confirming that the deposit
was thick enough to mask the underlying matrix.fééntly, in the spectra of White

ProRoot MTA (Figure. 3.6A) and White MTA Angelus idbre 3.6B) the cement
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components (belite and bismuth oxide) were obsersegigesting a thinner deposit on the

materials other than Grey MTA-Angelus.
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Figure 3.7: Trend of the Jdsd/lsso Raman intensity ratio (average + standard dewatio
calculated from the spectra recorded on the suidatiee MTA cements at different times

of incubation in DPBS.

In order to evaluate the deposit thickness, §kifldso Raman intensity ratio was calculated
from the spectra recorded on the upper surfackeosamples. The trend of this parameter
is shown in Figure 3.7: the thickness of the apatéposit appeared to decrease along the
series Grey MTA-Angelus > White MTA-Angelus > WhiggoRoot MTA. According to
the increasing thickness of the deposit, after agsdof ageing in DPBS, the bands of
bismuth oxide were detected with decreasing redattensity along the inverse series, i.e.
White ProRoot MTA > White MTA-Angelus > Grey MTA-Ayelus. With regards to Grey
MTA-Angelus, the Raman spectra indicated the pregjve maturation of the apatite
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phase, since the band at about 1000' aacreased in intensity at 7 days and became

undetectable at 28 days (Figure. 3.6C).

The IR spectra of the soaked samples confirmedndier bioactivity of the Grey MTA-

Angelus cement (Figure 3.8).
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Figure 3.8: IR spectra recorded on the surface of the MTA cemsoaked in DPBS for 1,
7 and 28 days: (A) White ProRoot MTA, (B), White M7Angelus and (C) Grey MTA-
Angelus. The bands prevalently due to calcite @agonite (Ar), and apatite (Ap) are

indicated.

According to the Raman results, after one day ofiliation in DPBS, in the IR spectrum
recorded on its surface only the bands due to ypB-tarbonated apatite at 1456 tas
COy), 1417 cn (v3 CQs), 1017 cnt (v3 PQy), 961 cnit (v1 POy), 872 cnt (v, COs), 599
cm? (v4PQy) and 559 crit (v4 POy) were observed [26] (Figure 3.8C). Since no barfds
the calcium silicates were detected, the depositilshbe thicker than gm which is the
average IR penetration depth using a diamond drystlie ATR technique. The deposit
on Grey MTA Angelus appeared homogenous since hal recorded spectra were

coincident.
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The other MTA cements also formed a deposit cartstit by B-type carbonated apatite
and calcite (bands at about 1415, 870 and 71T essigned tovs, v, and vy CO;s
vibrations) [29] (Fig. 3.8). In some single speaiaorded on the surface of White MTA-
Angelus and White ProRoot MTA after one day of sogkthe presence of a shoulder at
about 1110 cm confirmed the formation of ettringite upon hydrati¢30] and then
suggested a not homogeneous deposit, thinner tiham Zhese features are not visible in

Figure 3.8 where average spectra are shown.

After 7 days of soaking, no cement bands were thxlaa the IR spectra recorded on the
surface of any of the cements, indicating a degbgtker than Z2um. On White ProRoot
MTA a significant amount of aragonite was detedigdhe presence of the bands at 1455
cm(vs COs), 1080 cni(v; COs), 853 cnit(v, COs), 711 et (v4 COs) and 700 crif(vs
CQOs) [31-32]. At all incubation times, no calcium canade phase was detected on the

surface of Grey MTA-Angelus.

Figure 3.9A shows the IR spectra recorded on thase of White ProRoot MTA after
ageing in HBSS for 1, 7 and 28 days. Figure 3.10d\s the Raman spectrum of the same

cement after ageing in HBSS for 28 days.
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Figure 3.9: (A) IR spectra recorded on the surface of WhiteReiot MTA after ageing in
HBSS for 1, 7 and 28 days; (B) Raman spectrumefttme cement after ageing in HBSS
for 28 days. The bands prevalently due to aragdaitg calcite (C), belite (B), hydrated
silicate gel (CSH), bismuth oxide (Bi) and amorphatalcium phosphate (ACP) are

indicated
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Upon ageing in HBSS, White ProRoot MTA formed atowa of amorphous calcium
phosphate (bands at about 1004 and 558)@nd calcium carbonate (as both calcite and
aragonite) which progressively thickened at indrepsgeing time, as revealed by the
progressive disappearance of the bands due teethert components (i.e. mainly CSH in
the IR spectra, Figures 3.9A, and mainly belite hisinuth oxide in the Raman spectra,

Figure 3.9B).

Spectra of the aged samples: inner fractured sectio

Figure 3.10 shows the IR spectra recorded in therifractured section of the SuperSeal

cement after ageing in DPBS for 1 and 28 days.
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Figure 3.10:IR spectra recorded in the inner fractured sidéhefSuperSeal after ageing in
DPBS for 1 and 28 days. The bands prevalently dug-é¢thoxybenzoic acid (EBA), 2-

ethoxybenzoic zinc salt (EBA-Zn) and eugenol (Ee)iadicated.
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The spectra recorded in the inner fractured sectiil 7 days of soaking in both media
showed the same bands as the unaged materiali(gee B.1); however, the band at 1452
cm?, assigned to the 2-ethoxybenzoic zinc salt, undetwa significant increase in
intensity in both the media. With regards to DPBSpnger ageing time (28 days), a weak
broad feature at about 1020 ¢rappeared, suggesting the formation of an amorphous
calcium phosphate deposit also in the interiohefdisk. This behaviour was not observed
upon ageing in HBSS. The band of portlandite auaB640 crit (range not shown) was

never detected at any ageing time and in any medium

The Raman spectra of the fractured inner sectiore wet considered because strongly

affected by fluorescence interference.

The Raman and IR spectra recorded in the innetuirea section of the IRM samples aged
in HBSS and DPBS, did not reveal any significanargie with respect to those of the
unaged material (Figures 3.1 and 3.2) and thus@treeported. The band of portlandite at
about 3640 ci (range not shown) was never detected at any adeimeg and in any

medium.

Figure 3.11A shows the IR spectra recorded in timer fractured section of Vitrebond
after ageing in DPBS for 1, 7 and 28 days. Uponmagie DPBS, the IR spectra recorded
in the interior and on the surface (Figure 3.5Bjemeoincident, as above reported. The IR
bands at about 1017 and 550 tappeared also in the spectrum recorded on thacgudf

a reference sample aged for 1 day in water. (Figur&B).

With regards to the HBSS ageing, the spectra recbnd the interior fractured section at
any time of soaking were coincident with those rded on the surface (Figure 3.5A).
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The band of portlandite at about 3640 tfmange not shown) was never detected at any

ageing time and in any medium.
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Figure 3.11: IR spectra recorded (A) in the inner fractured isecof Vitrebond after
ageing in DPBS for 1, 7 and 28 days and (B) onstiméace of Vitrebond after ageing in
H,O for 1 day. The bands assignable to poly-HEMA (Rl poly-acrylate (PA) are

indicated.

Figure 3.12 showthe IR spectra recorded in the inner fracturedisedf the three MTA
cements after ageing in DPBS for 1, 7 and 28 daiter 1 day of soaking in DPBS, the
spectra of all the cements showed the bands oite4let18 crit) and CSH component at

about 940, 495 and 450 &m

White ProRoot MTA, and Grey MTA-Angelus showed atat about 1110 cmdue to
ettringite: according to the low sulphate contenthe unhydrated powder of Grey MTA-
Angelus, in this cement the component appeared Veiter intensity. The band of

ettringite was not observed in White MTA-Angelusiedto the absence of any sulphate
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component in the unhydrated powder of this cem@ntthe other hand, the presence of a
prominent band at about 800 ¢mvas assignable to cement hydration products and
attributed to Si replacement by Al in tetraheditdssof CSH [14]. The significant content
of tricalcium aluminate in White MTA-Angelus powdsupported this hypothesis. The
sharp peak observed at about 420 aran be assigned to the lattice vibration (Ca-O) of

hydrated tricalcium aluminate [32].
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Figure 3.12: IR spectra recorded in the inner fractured seabiothe three MTA cements
after ageing in DPBS for 1 and 28 days. The bandsatently due to portlandite (P),
calcite (C), ettringite (E), belite (B), hydratedicate gel (CSH), hydrated tricalcium

aluminate (Hy-Al), Al-substituted hydrated silicagel (Al-CSH) are indicated.
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After 28 day of soaking in DPBS, the position of tihhain CSH band showed an upshift to

about 950 cnl due to the proceeding of the hydration processrebeer, this band

increased in intensity with respect to the bel@adat about 840 ¢t Where present, the

band of ettringite after 28 days was detected Bagmitly decreased. The band at about 800
1

cm~, assigned to Al-substituted hydrated silicate gehs observed as prominent

component only in White MTA-Angelus.

The marker band of portlandite at about 3640"¢®H stretching mode) was observed in
the interior of all incubated samples. The Ca(©ptpduced by the hydration process was
detected only in the interior of the samples, bexan on their surface, due to its release
into the surrounding medium which underwent anaase in pH (see below). Upon ageing
in DPBS (i.e. a calcium-free medium), this compdrveas detected in all the cements until
28 days. Upon ageing in HBSS (i.e. a calcium-rigkdimm), portlandite was detected only

until 7 days (see below, White ProRoot MTA).

Figure 3.13 shows the Raman spectra recorded imtiee fractured section of the MTA

cements after ageing in DPBS for 1, 14 and 28 days.
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Figure 3.13: Micro-Raman spectra recorded in the inner fractusection of MTA
cements after ageing in DPBS for 1, 14 and 28 dHys.bands due to calcium carbonate

(Carb), belite (B), alite (A) and ettringite (E)eandicated.

All the spectra showed the bands due to silicated7a, 856, 841 and 828 chand the
1085 cnt component due to calcium carbonate. The ettringited at 990 crh was
clearly observed in the interior of White ProRooTMat all ageing times. White MTA-
Angelus did not show the presence of ettringitargt soaking time since its formulation
did not contain any sulphate. Grey MTA-Angelus shdwhe appearance of ettringite as
weak feature at 990 chonly since 14 days of soaking, according to ity Kulphate
content. Moreover, upon ageing of all the cemehtsalite band at 828 chprogressively
decreased in intensity with respect to the belibtenmonent, confirming the higher

hydration rate of the former silicate [23,33-35].
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Figure 3.14: IR spectra recorded in the inner fractured sectibiWVhite ProRoot MTA
after ageing in HBSS for 1, 7 and 28 days. Thedbamevalently due to portlandite (P),
calcite (C), ettringite (E), belite (B), hydrateticaite gel (CSH) and fewly polymerized

silicate tetrahedra (CxS) are indicated.

Figure 3.14 showthe IR spectra recorded in the inner fracturedi@eaif White ProRoot
MTA after ageing in HBSS for 1, 7 and 28 days. Hwelution of the IR spectra upon
HBSS aging reflected the behavior observed for digeng in DPBS. However, the

portlandite band at 3640 ¢hwas detected only until 7 days.

pH measurements of the ageing media

Figure 3.15 shows the trend of pH in the soakingiemduring ageing experiments.
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materials for 1, 7, 14, and 28 days.

After 1 day of ageing in both media, the soakindutsan of SuperSeal, IRM and
Vitrebond maintained nearly the same pH as theebedf media (about 7.4), while for all
the MTA cements a significant pH increase was dete¢12 in DPBS and 11 in HBSS).
At longer ageing times (28 days) all the materimsall the media, presented a decrease of
the pH values: SuperSeal, IRM and Vitrebond showedrly neutral pH, while MTA
cements still high values (about 9). Even if portide was not detected in IRM and

SuperSeal samples, a significant pH increase wsarebd for both materials up to 14 days

in DPBS and 7 days in HBSS.
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3.4 Discussion

Since root-end filling materials are placed in ela®ntact with living tissues and bone,
they should be biocompatible and bioactive to alsteoblasts proliferation and promote

a fast bone regeneration.

Numerous materials have been used as root-entlliThe ideal requirements for a root-
end filler range from ease of handling to physidamical properties and
biocompatibility. An important aspect that allows bbtain satisfactory results in
endodontic treatments is the root-end filler caliigbio form apatite-like deposits when
inserted in human body (bioactivity). The evaluatad the bioactivity of several materials
commercially available can be useful to rate thedpct efficiency. Six root-end fillers
were compared, belonging to three different classéS, zinc oxide-eugenol cements and

MTAs.

As described before (section 1.2.2), the formatibapatite deposits on MTAs is related to
their release of calcium as product of the cememirdtion process. The interaction
between calcium ions and phosphate groups fronstine®unding medium leads to the

formation of calcium phosphate precipitates.

The calcium silicate MTA cements showed a markeghén bioactivity if compared with
the other types of root-end fillers. In the MTA gpodifferences in bioactivity kinetics

have been highlighted.

The higher bioactivity of Grey MTA-Angelus can bepkined in relation to its higher
alite to belite ratio; a higher release of calcibgdroxide by alite with respect than by
belite has been demonstrated [20]. Moreover, tical aluminate has been reported to
accelerate the hydration process [22]: the highealcium aluminate content of White
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MTA-Angelus cement with respect to White ProRoot MTan explain the higher

bioactivity of the former.

On the basis of the Raman results, for the MTA cemeoaked in DPBS, the bioactivity
decreased along the series: Grey MTA-Angelus > 8VKMTA-Angelus > White ProRoot

MTA.

Due to the lower bioactivity shown by White ProR&TA in DPBS, the influence of the
soaking medium was analysed only for this cemedtageing studies in both HBSS and

DPBS were carried out.

The vibrational data showed that the calcium phaspldeposit formed on White ProRoot
MTA had a different nature in the two soaking medansidered: in DPBS, a more
crystalline B-type carbonated apatite formed sihclay of ageing (Figures 3.8A), while in
HBSS an amorphous calcium phosphate was deteda€B 3.9A). This deposit matured
into a more crystalline deposit at soaking timexkr than 28 days as reported in a recent
study [36]. Moreover, upon ageing in HBSS, the Hdds due to the material components
were still visible after 7 days, while at the satimee of ageing in DPBS were already
undetectable. These trends demonstrated than irSHB& bio-coating formation process
was slower than in DPBS, producing thinner and hessure (i.e. amorphous) deposits,
according to its lower phosphate content (0.776 m#risus9.5 mM, see Table 1.2).
Moreover, in HBSS the deposit appeared richer endalcium carbonate component (as
calcite and/or aragonite) than in the latter, duthe bicarbonate ion present in the medium

composition.
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IR spectra of the inner fractured sections revettiedformation of the classic products of
calcium silicates hydration, i.e. CSH and Ca(@Hjissociation of calcium hydroxide into
calcium and hydroxyl ions increases the pH.

CSH is a porous, fine-grained and highly disorgatiizhydrated silicate gel layer
containing silanolgroups (Si—OH) [37]. At the alkaline pH induced Ba(OH), the
deprotonation of silanol groups should predomiia8 with the consequent formation of
SiO negative groups: therefore the CSH particles slaowery high negative charge

density that attracts €aions [39].
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Figure 3.16: Schematic representation of heterogeneous nuateatian apatite phase by

interaction between the Si@roups of the CSH phase, Cand phosphate anions.

As shown in Figure 3.16, the Siegative groups induce heterogeneous nucleation of
apatite by bonding calcium ions on the silica-fie8H surface: afterwards, calcium ions,

interacting with phosphate anions present in theliome, form the apatitic phase [40].
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Since apatite solubility decreases at higher plé¢ @gure 1.1), the alkaline environment
represents an ideal conditions for apatite depmusiti

The formation of an osteoconductive apatite laygupsrts the osteoblast activity and
spreading [41], while calcium release may indudeadast inhibition [42].

With regards to the sulphate component, its absendlee formulation of White MTA-
Angelus and the low content in Grey MTA-Angelusresponsible for the null/lower
amount of ettringite produced by these cements waspect to White ProRoot MTA
(Figures 3.12 and 3.13). Sulphates decrease theatipm rate of calcium aluminates
retarding the setting of the paste: the low amoohtsulphates detected in Angelus-MTA
cements may explain the shorter setting times dctatethe packaging brochure with

respect to calcium sulphate-containing ProRoot M43.

Another fundamental aspect involved in the useoot-end fillers is represented by the
sealing ability: it has been demonstrated thatipfirmation may contribute to improve
the sealing ability of the cement aiding to filetmarginal porosity around restoration [44].
The ability to fill the marginal porosity may in paxplain the better sealing ability that
calcium silicate cements showed if compared witteotoot-end materials [45-47].

IRM and SuperSeal displayed the formation of digamntly lower amounts of calcium
phosphate deposits than MTA cements; the formatfan calcium phosphate deposit also
in the calcium-free DPBS medium, suggests a cedaifity of IRM and SuperSeal to
release calcium. Differently from the analysed icait silicate cements, the deposit was
amorphous also after ageing in DPBS, suggestinggaifisantly slower bio-coating

formation.

Based on the lower relative intensity of the IRdmdue to the material components, it can

be deduced that the deposit formed on SuperSeathidser than on IRM. No calcium
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hydroxide was detected in the spectra recordeeredh the surface or in the interior of
these materials. Nevertheless a significantly bpkiavas observed (Figure 3.15) for both
SuperSeal and IRM up to 14 days in DPBS and 7 olap#8SS, due to the formation of a

base other than portlandite during the settinggssc

The low bioactivity of IRM and SuperSeal can be lakxed considering the potential
chelation ability of the components present indments. ZnO hydration can form many
Zn-OH groups that can induce apatite nucleation tand trigger the formation of bone-
like apatite on the surface of the cements, asqsz@gh for similar systems [48].

Since eugenol can form a chelate with zinc iong,[dBoa potential chelation of calcium
ions can be supposed, due to the similarity in dioation number and ionic radius of the
two ions. According to the literature [50], spetftieatures observed in the IR spectra of
IRM (Figure 3.4A) are consistent with the formatmireugenolate calcium salt.

Since 2-ethoxybenzoic zinc salt was detected irefgml (Figures 3.3 and 3.10), based on
the previous considerations, an analogous calcibhatate formed by 2-ethoxy benzoic
acid can be supposed [51] for SuperSeal cement.

The chelation of calcium ions by eugenol and 2-efhbenzoic acid can induce a
heterogeneous nucleation of a mineral phase thrtheghttraction of the phosphate anions
present in the medium. This mechanism could expllagnformation of the amorphous
calcium phosphate deposits revealed by Raman andp#tra recorded on the aged
samples in both soaking media.

With regards to Vitrebond, the bands at about 1817 540 crit (Figure 3.5 B) should not
be ascribable to the formation of a calcium phosplteposit because they were also
observed in the interior of the samples and onstiméace of a sample soaked in water

(Figure 3.11). They could be rather assignabléenéoproduct of the reaction occurred in
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water between the components already present irceheent formulation. Actually, as
stated by its MSDS, Vitrebond does not contain igai¢ so that it is not possible to
observe bioactivity in a calcium-free medium sustD&®BS.

The presence of calcium ions in the HBSS mediungesitg that an amorphous calcium
phosphate deposit could be formed (Fig. 3.5A). Tdrenation of a deposit would be
confirmed by the different relative intensity ofetlpoly-HEMA bands in the different
sample areas; the latter were observed with afgigntly higher intensity in the interior
than on the surface (Figures 3.5A and 3.11). Tieerade of bioactivity for experimental
GIC with a different composition from Vitrebond hiasen demonstrated [52]. The limited
bioactivity demonstrated by Vitrebond may be pdytieexplained by the chemical
behaviour of poly-HEMA and PAA, which showed a lied but not negligible bioactivity
[53].

The tests performed suggest that zinc oxide-basetkits and GIC, commonly used as
root-end filling materials, have a very limited l#lgi to induce apatite formation if
compared to MTA cements. This low bioactivity reggets a limitation in the use of these
materials as root-end fillings sincket large bone defect induced by apical infectiod an
surgical procedures suggest the application ofoadmnpatible and bioactive material to

promote a fast bone cellular response and to ingotloe healing and clinical success.

3.5 Conclusions
The Raman and IR spectroscopic analysis allowedetatify significant differences in the

in vitro bioactivity of six commonly used root-end fillingaterials.

97



The results here reported demonstrated that calsilicate MTA-based cements had the
ability to induce a fast formation of a thick calei phosphate/apatite bio-coating. In a
phosphate-rich medium, such as DPBS, apatite deposvas faster than in a phosphate-

poor medium such as HBSS.

Raman results indicated that after one day of sggki DPBS the bioactivity of the three
considered MTA cements decreased along the s&rey. MTA-Angelus > White MTA-
Angelus > White ProRoot MTA. At longer incubatiomes the differences among the

cements appeared less pronounced.

Thanks to the formation of apatite deposits, cafcgilicate cements may promote bone
regeneration: this characteristic makes MTA cemsaitable in clinical situations where

fast bone tissue formation is required.

The conventional root-end filing materials consetk (i.e. IRM, SuperSeal and

Vitrebond) showed only a modest and delayed fownatif calcium phosphate deposits.
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CHAPTER 4 - EXPERIMENTAL CALCIUM SILICATE CEMENTS

4.1 Introduction

The results reported in the previous chapter shat MTA cements are bioactive, to a
higher extent than the non-MTA materials commongedi as root-end fillings. The
formation of a bone-like apatite layer appears gnicant advantage for new tissue

formation and the integration in bone tissue.

On the other hand, one of the main disadvantageslofum silicate MTA cements for
endodontics is represented by their too extendétihgetime: one of the most used
commercial materials, White ProRoot MTA, is chagsigzed by an initial setting time of
about 41 min and a final setting time of about &0 [1]. In this light, the development of
accelerated calcium silicate MTA cements as rodt-Biting materials is an attractive
field: a reduced setting time will also overcome groblem of wash-out from the surgical

site with increased potential clinical success.

This chapter deals with the characterization of experimental cements named wTC and
wTC-Bi, developed by Prof. C. Prati and Dr. M.G.n@alfi (Laboratory of Biomaterials,
Department of Odontostomatological Science, Unitsers Bologna, Bologna, Italy), with
the aim to conjugate the bioactivity propertiesalcium silicates and the role of specific
additives (such as Cafflas setting accelerators. As for the MTA cemetits, cement
hydration and bioactivity upon ageing in DPBS wagestigatedn situ and in real time by
micro-Raman spectroscopy, without sample manipraséind minimal interference from
environmental water [2-3]. Micro-Raman configurat@lows the detection of the changes
in chemical composition on a microscale, becausdater spot size is of the order of few

microns. The setup used to record micro-Raman patibws to analyse a thick depth of
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sample, providing information on the evolution betthickness of the apatitic deposit
present on the cements surface. On the contraayATiR technique used to record the IR
spectra allows to analyse a thinner layer of sar(plem) and thus proved more sensitive

to detect the appearance of an apatitic phaseodtaieing times.

The data obtained on the wTC and wTC-Bi cement®wempared each other to obtain
information on the possible influence of bismuthdexon bioactivity and correlate this
finding with the cell cultures experiments carrieout at the Laboratory for

Physiopathology of Orthopedic Implants, Istitutadpedico Rizzoli of Bologna (group of
Prof. N. Baldini) aimed at investigating the effexft ageing of experimental calcium
silicate cements on osteoblast viability and peoétion [4]. In the second part of this
chapter, the data obtained for wTC-Bi were compamth those obtained for the

radiopaque MTA cements analysed in the previoupteha

4.2 Materials and Methods

Cements preparation and ageing experiments

The two experimental wTC and wTC-Bi calcium sileatements were prepared at the
Laboratory of Biomaterials, Department of Odontastological Science, University of
Bologna, Bologna, Italy; they have been recentliromuced to the market as Tech

Biosealer Apex and Tech Biosealer RooEnd (Isasaly) | respectively.

The Portland-based calcium silicate powder (CEMhitev Aalborg, Aalborg, Denmark)
was thermally and mechanically treated, and addéd %96 wt calcium chloride only for
wTC and 5% wt calcium chloride and 17% wt of bismoiide for wTC-Bi. Calcium

chloride is a well known setting accelerator [5] [6
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The cement powder was mixed with the already meatloDPBS solution for 15 sec
(powder/liquid ratio 3:1 by weight), then layered @ plastic coverslip (Thermanox,
diameter 1.2 cm) to obtain standard disks. Meclaniibrations were used to make the
disk surfaces flat and regular, with a 1.1 + 0.F exposed surface area. After preparation,
the disks were immediately immersed in 5 mL of DPBS mL of medium for 1 g of
cement paste) and maintained at 37 °C. The samn@es soaked in DPBS for different

times (i.e. 5 hours, 1 day, 7, 14 and 28 days).

The storage media were renewed every week. Atridpants, the medium was removed

and its pH was measured using a glass electrode.

Spectroscopic measurements

The aged disks were analyzed by micro-Raman and/RIHR spectroscopy on their

upper and inner fractured surfaces. The measurecognlitions were the same described
in Chapter 1. The spectra of the unhydrated cempewtders and of the freshly prepared
cements (i.e. 10’ after preparation) were usedctomparison. The spectra in the figures
are representative of the obtained measuremerné&nsity ratios were calculated as peak

heights.
pH measurements

The pH of the soaking solutions was measured wsiDgnver Instrument Basic pH meter
(Denver Instruments, Bohemia, NY, USA), equippedhwa Hamilton liquid-glass

electrode and +0.01 resolution, which had previpb&en calibrated with acidic, neutral,
and alkaline standard solutions. pH were tested@n temperature (24°C) after 1, 7, 14

and 28 days of incubation
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4.3 Results

Characterization of the wTC and wTC-Bi unhydratedvgders

Figure 4.1 shows the micro-Raman spectra recorde¢tiepowders of the wTC and wTC-
Bi unhydrated cements. The spectra of both the dratbgd powders revealed the presence
of calcium carbonate (Carb), anhydrite (An), gyps(®), belite (B) and alite (A), as
shown by the respective marker bands indicatechénspectra [748 The spectrum of

unhydrated wTC-Bi showed at lower wavenumbers ttaing bands assignable to bismuth

oxide (Bi).

wTC-Bi

Raman Intensity

wTIC

1200 1000 800 600 400 200
Wavenumbers / cm™

Figure 4.1: Micro-Raman spectra recorded on the unhydrateddposvof the wTC and
wWTC-Bi cements. The bands due to belite (B), ala¢ anhydrite (An), gypsum (G),

calcium carbonate (Carb), portlandite (P) and bitnoxide (Bi) are indicated.

A weak feature at 360 chassignable to portlandite (P) was observed inMhi€ Raman

spectrum while it was undetectable in the wTC-Bictpum due to the presence of strong
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bands due to BDs. The lack of any band in the 700-750 tnange indicates that neither
tricalcium aluminate (3CaO Al;O3) nor aluminoferrite (4CaO Al,Oz - FeOs) were

detected.

3640
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§
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Figure 4.2: IR spectra recorded on the unhydrated powderseofMlIC and wTC-Bi. The
bands due to belite (B), alite (A), anhydrite (Agypsum (G), calcium carbonate (Carb),

portlandite (P) and fewly polymerised silicate abedra (CxS) are indicated.

Figure. 4.2 shows the IR spectra recorded on theders of the wTC and wTC-Bi
unhydrated cements. The Raman findings on the csitipo of the cements were
confirmed by IR spectroscopy. Bismuth oxide compdneas not detectable in the
investigated spectral range. The IR spectra of bimthunhydrated cements revealed the
presence of portlandite QH band at 3640 cil).
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In both the spectra the bands at 510 and 450 were present: they are assignable
respectively to out-of-plane and in-plane bendingdes of fewly polymerised silicate
tetrahedra (CxS) [9 The band at 930 cfrwas attributed to alite [10], and the components

at about 873 and 846 chwere assigned to belite [11].

The unhydrated powders of wTC and wTC-Bi cementgained calcium sulphate as both
gypsum and anhydrite; the bands at 1150-1130 griply degenerate stretching mode),
677 and 613 cih (bending modes) indicate calcium sulphate in $@sgm and anhydrite

forms, while the component peak at 596 dsdistinctive of anhydrite [12]

Study of bioactivity: spectra recorded on the scefaf the wTC and wTC-Bi aged cements

To evaluate the possible influence of bismuth oxadebioactivity, micro-Raman and IR

spectra of the two aged cements were comparedeViesaled by the data reported in the
previous chapter, micro-Raman spectroscopy provae isuitable to discriminate between
differently bioactive cements, since it allows twalyse thicker depths of sample than IR
spectroscopy. On the other hand, IR spectroscdpwslo detect earlier the formation of

an apatite deposit.

Figures 4.3 and 4.4 show respectively the Ramactrspeecorded on the surface of wTC
and wTC-Bi cements freshly prepared (10’) and d&téours, 1 day, 7, 14 and 28 days of

soaking in DPBS.

Both the freshly prepared cements revealed theepcesof ettringite (about 990 &in
anhydrite (about 1015 ¢f), gypsum (about 1000 ¢Hy alite and belite (852-842 ¢hn
range), and calcium carbonate (about 1085"cmfter 5 hrs of soaking in DPBS, an

increment in the ettringite content occurred, agaded by the increased relative intensity
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of its marker band at 990 ¢émSince anhydrite hydrates more quickly than gypsitsn
marker band at about 1015 ¢rbecame nearly undetectable after 5 hrs of soaHihg.
band of alite appeared weakened with respect tb dhdelite, confirming its higher

hydration rate. No apatite band was detected.

- 534
freshly 1085\G 290 A 2o
prepared i

5 hours
DPBS

E

B AP
1 day Sy
DPBS

Raman Intensity

7 days
DPBS

14 days
DPBS

28 days
DPBS

1100 1000 900 800 700 600 500 400

Wavenumber ¢cm-!

Figure 4.3: Micro-Raman spectra recorded on the surface eWwWhC cement: freshly
prepared (10’) and after 5 hours, 1 day, 7, 142fhdays of soaking in DPBS. The bands
due to belite (B), alite (A), anhydrite (An), gypsuG), ettringite (E), calcium carbonate

(Carb), calcite (C) and apatite (Ap) are indicated
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The spectra recorded on the surface of the censeatsed for 1 day in DPBS showed the
presence of the marker band of ettringite (990');ralite and belite (855-840 ¢hrange)

and calcite and/or aragonite (about 1085'ErBoth the cements showed the presence of a
band at about 960 chdue to calcium phosphate, indicating the preserican apatite
deposit [13]. The marker band of portlandite at 860" [14] was never observed on the
surface of wTC, due to its dissolution into thersunding medium. The CSH component
was not detected, because it is characterized byeak spectrum as a result of its

amorphous nature; it was revealed by IR spectros(sg®e below).

freshly
prepared

5 hours
DPBS
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DPBS |

Raman Intensity

1070 Ap
7 days Ap

ppBs | |V ¢ B

14 days -
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28 days
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1100 1000 900 800 700 600 500 400 300

Wavenumber cm™

Figure 4.4: Micro-Raman spectra recorded on the surface ofsBT cement: freshly
prepared (10’) and after 5 hours, 1 day, 7, 142fhdays of soaking in DPBS. The bands
due to belite (B), alite (A), anhydrite (An), gypsuG), ettringite (E), calcium carbonate

(Carb), calcite (C), apatite (Ap) and bismuth ox{Bg are indicated .
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At longer soaking times, the 960 ¢rapatite band increased in intensity and afterya da
the 1075 crit component typical of B-type carbonated apatite] [ABpeared for both
cements. Another spectral feature of this phaskdsand at 1045 ¢m[13], which was
detected after 14 days for both cements. The sbamng at about 1085 ¢hroccasionally
accompanied by the weak 711 trmomponent revealed the presence of calcite. With
regards to wTC-Bi, at increasing storage times, rttegker bands of the bismuth oxide
progressively decreased in intensity confirmingramease of the deposit thickness. After
7 days, the weaker components at about 605-58544Be#30 crit, assignable to the
bending modes of phosphate, appeared in the spetcind C (Figure 4.3); the former
bands appeared on wTC-Bi only after 14 days (Figd4), while the latter were

undetectable due to the interference of bismuthexi

Figures 4.5 and 4.6 show the IR spectra recordethersurface of wTC and wTC-Bi

cements, respectively, after 5 hours, 1 day, A28 days of soaking in DPBS.

The IR analysis of the freshly prepared cementsneaperformed due to the high content

of water that heavily affects the IR spectra.

After 5 hours of soaking in DPBS both the cemehtsaged the presence of a band at 1110
cm® that confirms the presence of ettringite as hyoinaproduct [15]. Moreover, the

spectral features around 950 and 500-450" @an be assigned to the CSH (hydrated
silicate gel) phase formed upon hydration of tiieate component [15] and were detected

in both cements.

The bands of belite at about 870 and 845" awere still observed. The components at
about 1455, 1415, 870 and 711 toan be assigned to calcite. The presence of the: &

1470 cm' suggested also the presence of a low amount gbaite. On the surface of
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wTC, a deposit of B-type carbonated apatite forrasdrevealed by the characteristic

components at 1455, 1415, 1027, 601, 562 [48].

After 1 day of ageing the marker bands of B-typgbonated apatite were present in the
spectra of both cements. Even if formed earliex,daposit on wTC appeared thinner than

on wTC-BI, as revealed by the relative intensityt®tbands with respect to those of CSH.

5 hours
DPBS

1 day
DPBS

7 days
DPBS

Transmittance

14-28 days
DPBS

Wavenumber / cm!

Figure 4.5: IR spectra recorded on the surface of wTC afteodrs, 1 day, 7, 14 and 28
days of soaking in DPBS. The bands due to belije €Bringite (E), calcite (C), calcite

(C), apatite (Ap) and hydrated silicate gel (CSH) iadicated

112



5 hours
DPBS

1 day
DPBS

7 days
DPBS

Transmittance

14-28days
DPBS

A}.‘l

1800 1600 1400 1200 1000 S0 00 400

Wavenumber / cm™

Figure 4.6: IR spectra recorded on the surface of wTC-Bi atéours, 1 day, 7, 14 and
28 days of soaking in DPBS. The bands due to béBle ettringite (E), calcite (C),

aragonite (Ar), apatite (Ap) and hydrated siliogé (CSH) are indicated.

After 7 days of soaking in DPBS, a deposit thidkem 2 um formed on wTC-Bi, since no
bands of the underneath cement were observed; encontrary, for wTC the IR

components of CSH were still visible, suggestirgposit thickness lower tharui.

The spectra recorded on the surface of both wTCwal@d-Bi after 28 days displayed the
bands of B-type carbonated apatite. No portlandds detected at any ageing time, due to

its release into the soaking medium.
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Spectra of the aged samples: inner fractured sactio

5 hours|
DPBS

1da
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T T
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Wavenumber / cm!

Figure 4.7:IR spectra recorded in the inner fractured sectibwTC and wTC-Bi after
ageing in DPBS for 5 hours, 1 day and 28 days. bidrels prevalently due to portlandite
(P), calcite (C), ettringite (E), alite (A), belii@®) and hydrated silicate gel (CSH) are

indicated.

Figure 4.7 showthe IR spectra recorded in the inner fracturedsedf wTC and wTC-Bi
after ageing in DPBS for 5 hours, 1 day and 28 déiie marker bands of portlandite at
3640 cnt* and belite at 870 and 840 ¢rwere detected in the spectra of both cements at
every ageing time as well as the bands of caldi#d% cm and occasionally 870 ¢t

The spectral feature of ettringite (1110 9mvas present already after 5 hours showing an
increase in intensity after 1 day and a progressa@ease up to 28 days of soaking. The

CSH component appeared in both cements since thestages of ageing (i.e. 5 hours)
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and was found to mature at longer ageing timeseasaled by the progressive up-shift of
its marker band at about 945 ¢mAt short ageing times (i.e. at 5 hours and 1 dthg
reported spectra showed a less advanced stagedddtion in the wTC-Bi cement, as

revealed by the lower intensity ratio between taeds of CSH and belite.
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4 -B
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s 14 d]%ys
& DPBS wTC-Bi
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Figure 4.8: Micro-Raman spectra recorded in the inner fractusection of wTC and
wTC-Bi after ageing in DPBS for 1 day, 14 and 28 The bands prevalently due to

calcium carbonate (Carb), gypsum (G), ettringitg (Elite (B) and alite (A) are indicated.

Figure 4.8 showthe Raman spectra recorded in the inner fractueetlon of wTC and

wTC-Bi after ageing in DPBS for 1 day, 14 and 2§«

After 1 day the spectra were very similar for thwe tements and showed some differences
if compared with those recorded on the upper sarf&egure 4.3 and 4.4). In the wTC
spectrum a prominent band at 360 tnattributable to portlandite was observable (gjéct

range not shown) confirming the IR data. This baras not detectable in the wTC-Bi
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spectrum due to the overlapping of bismuth oxidedsa For both cements the band of

ettringite at 990 cimwas clearly observed.

pH measurements of the ageing media

The pH values of the DPBS solutions where wTC am@€Bi aged for different times are
reported in Table 4.1. Both the cements showediatkgH (i.e.> 11) since early soaking
times up to 14 days. After 28 days of soaking, f*BS solution of wTC-Bi maintained

higher pH values (11.8) than upon ageig of wTC)(9.4

5 hours 1 day 14 days 28 days
wTC 11.7 12.2 11.0 9.4
wTC-Bi 11.7 12.3 11.7 11.8

Table 4.1: pH of the DPBS medium after immersion of wTC antiGaBi for 5 hours, 1

day, 14 and 28 days.

4.4 Discussion

As reported in chapters 1 and 3, MTA cements aex us a wide range of clinical

applications including root-end filling and root foeation repair.
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A root-end filling material should set immediateiyren placed in contact with oral hard
tissues to allow dimensional stability of the reatmn and to confer adequate strength to

avoid displacement during restorative procedures.

One of the main defects of calcium silicate MTA egnts for endodontic treatments is
represented by their extended setting time thatigeoa poor handling [16]. To improve
the physical and chemical properties of calciumcaié cements in regard to their

relatively slow setting, Caghas been proposed as accelerating agent [17]

White ProRoot MTA, a widely used root-end mater@thibits initial and final setting
times of about 41 and 170 min, respectively [1]e MaTC cement here described has
significantly faster setting times (31 and 55 miespectively) if compared with White

ProRoot MTA. [1]

The evaluation of thén vitro bioactivity of the experimental wTC cement, aslveal its
modified formulation added with bismuth oxide fadropacity, was performed by micro-

Raman and IR analysis with the aim to assess theence of the latter component.

The first finding of this study is that both thepeximental cements showed vitro

bioactivity when immersed in DPBS.

IR spectra revealed the formation of a B-type cadbed apatite layer (thinner than 2 pm)
on the surface of the wTC cement already after Brdh00n the wTC-Bi cement, the

formation of an apatite deposit occurred later &y)dbut its thickness appeared higher.
After 5 hours probably the deposit was not perfebtimogeneous, so that the IR spectra

recorded on the latter cement may be consideredeart#ctly representative of the surface.
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In the micro-Raman spectra the marker band of walgbhosphates at 960 ¢nbecame
detectable only after 1 day of ageing in DPBS bseani the higher depth of penetration of

the technique.

The addition of bismuth oxide did not significandifect the apatite forming ability of the
experimental cement; the IR spectra recorded innher fractured section at short ageing
times revealed that in wTC-Bi the silicate hydvatprocess was delayed if compared with

wTC.

The presence of an extensive apatite layer has begeorted to support osteoblast

differentiation and adhesion, which favours bonediog [18,19].

A cell culture study was carried out at the Labomatfor Physiopathology of Orthopedic
Implants of Istituto Ortopedico Rizzoli in Bolognaith the aim of investigating the effect
of ageing of wTC and wTC-Bi cements on osteobldability and proliferation [4].
Human marrow stromal cells (HMSC) were seeded encétments freshly prepared and
maintained in DPBS for different time periods (Ur2B days) and cell viability was
assessed. Surprisingly, these tests demonstratththproliferation of HMSC was higher
on freshly prepared samples (i.e. with no contémipatite) than on aged samples (i.e. with
a high content of apatite). Moreover, cell viagiWwas decreased on the wTC-Bi cement,
confirming the moderate cytotoxicity of bismuth @& Among the wTC.-Bi tested
samples, those cultured after 28 days of ageifgABS showed the highest cell growth.
This result can be explained in relation to thermiaman measurements, which showed
a progressive decrease of the bismuth oxide bandsraasing ageing times as a result of
the apatite deposit formation. Evidently, the adeezffect of bismuth oxide on cell growth

was reduced by the formation of the apatite bidinga
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Comparison with the MTA commercial cements

It appears interesting to compare wTC-Bi to theCBicontaining commercial MTA

cements described in Chapter 3.

The unhydrated powders of the cements showed dediffiexences in composition. The
main findings are summarized in Table 4.2; as caredsily seen, the major differences

concern the calcium silicate, sulphate and alureicatmponents.

The cements appeared significantly different aldth wegards to the apatite-forming
ability in DPBS, at short ageing times, at leadteAl day of soaking, thegl/lsso Raman
intensity ratio (Figure 4.9), considered as aredf the deposit thickness, was lower for
wTC-Bi than for the other cements, although théedénces tended to decrease at longer
ageing times. Table 4.2 reports that after 28 @hygeing, B-type carbonated apatite was

present on the surface of all the cements.

The evolution of the hydration process observethbyiR analysis of the interior fractured
section of the samples (Figure 3.13 and 4.7) shaavsithilar behaviour for wTC-Bi and

the commercial materials. The data at 28 days ehggare summarised in Table 4.2.

Portlandite formation was observed in all the cemeat every ageing time; wTC-Bi

showed the most alkaline medium after 28 days eimag(Figure 4.10).
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Cements. Unhydrated powders 28 days DPBS soaking
Surface:
Alite (predominant silicate component)B'type carbonated apatite
Belite Interior:
Calcium sulphate hemihydrate :
i . ! CSH phase
Grey MTA- Tricalcium aluminate Belite
Angelus Tetracalcium aluminoferrite Ettringite
Portlandite 9 . . .
: Hydrated tricalcium aluminate
Calcium carbonate )
Bismuth oxide Portl_and|te
Calcite
Bismuth oxide
Surface:
B-type carbonated apatite and calcite
Alite
Belite (predominant silicate Interior:
White MTA- co_mpo_nent) _ CSH phase
Angelus Tr|caIC|u_m aluminate Belite _ _ _
Portlandite Hydrated tricalcium aluminate
Calcium carbonate Al-substituted hydrated silicate gel
Bismuth oxide Portlandite
Calcite
Bismuth oxide
Surface:
B-type carbonated apatite and calcite
Alite
Belite (predominant silicate Interior:
White component) CSH phase
ProRoot Anhydrite Belite
MTA Portlandite Ettringite
Calcium carbonate Hydrated tricalcium aluminate
Bismuth oxide Portlandite
Calcite
Bismuth oxide
Surface:
Alite B-type carbonated apatite and calcite
Belite (predominant silicate
component) Interior:
Anhydrite CSH phase
wTC-Bi Gypsum Belite
Portlandite Ettringite
Calcium carbonate Hydrated tricalcium aluminate
Bismuth oxide Portlandite
Calcite
Bismuth oxide

Table 4.2: Phases detected by Raman and IR spectroscopg imhydrated cements and

after soaking in DPBS for 28 days.
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Figure 4.9: Trend of the Jso/lsso Raman intensity ratio calculated from the spectra

recorded on the surface of the cements at diffénerats of incubation in DPBS
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Figure 4.10: pH variations during DPBS soaking.
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4.5 Conclusions

Two accelerated experimental MTA cements named an€wTC-Bi were characterized

by micro-Raman and ATR/FT-IR spectroscopy.

The study demonstrated that these cements may pedim® precipitation of a ‘bone-like’
apatite layer on the external surface when exptsedsimulated body fluid solution. The
bioactivity of the wTC cement was not negativelyjeafed by the presence of bismuth

oxide.

If compared with the commercial MTA cements presdnt chapter 3, wTC-Bi indicated
a lower bioactivity in the first days of soakingt langer incubation times the differences
among the cements were less pronounced and theireepéal accelerated wTC-Bi
cement maintained a high bioactivity only slighittyver than the other commercial white

calcium -silicate cements [20].

On the other hand, on the basis of the above meadiaell culture studies [4], it can be
affrmed that a too fast apatite formation may tiegly affect cell adhesion and
proliferation. In the light of this consideratiathe experimental wTC-Bi cement appears a

good alternative to commercial MTA cements.
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CHAPTER 5 - EXPERIMENTAL FLUORIDE CONTAINING CALCIU M
SILICATE CEMENTS

5.1 Introduction

In this chapter, a modified formulation of the wBC-cement previously discussed is
considered: different amounts of sodium fluorideravadded to the wTC-Bi cement
powder in order to evaluate its effect on bioatyivit is well known that fluoride exhibits

good biological activity on osteoblast and dentdppells [1-3].

On the basis of the good bioactivity of calciumicsile MTA cements, fluoride-doped

MTA cements have been recently designed and studied

It has been demonstrated that the addition of sodluoride 1% wt to calcium silicate
powder causes a delay in the setting time and aseie cement expansion [4] and long-

term apical sealing ability in the root cand).[5

The aim of this chapter was to evaluate the efdéthe sodium fluoride amount added to
wTC-Bi on the kinetics of apatite formation. Thedctivity of the experimental fluoride-
doped calcium silicate cements was investigateer a&teing in DPBS by micro-Raman

and IR spectroscopy.

5.2 Materials and Methods

The composition of the wTC-Bi cement was reportethe material and methods section
of chapter 4. Sodium fluoride 1% wt or 10% wt veakled to wTC-Bi to produce two
experimental fluoride-doped cements, identifiedFI$C-Bi and F10TC-Bi, respectively

The two experimental cements were developed byeBsof C. Prati and Dr. M.G.
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Gandolfi at the Laboratory of Biomaterials, Depatrhof Odontostomatological Science,

University of Bologna

Cements disks were prepared and aged accordifgtprévious procedures described in

section 4.2. The disks were soaked in DPBS fard) 1 day, 7, 14, and 28 days.

The storage media were renewed every week. Atridpants, the medium was removed
and its pH was measured using a glass electroded@posit dispersed in the medium was

filtered, dried and analyzed by IR spectroscopy.

Micro-Raman, FT-IR and pH measurements were caaugés described in chapter 4.

5.3 Results

To evaluate the effect of the sodium fluoride canhten bioactivity, micro-Raman and

ATR/FT-IR spectra were compared.

Figures 5.1 and 5.2 report the Raman and IR speatded on the unhydrated powders
of the F-doped cements. Bands were assigned, adedpn chapters 3 and 4, according to

the literature.

The Raman spectra of FTC-Bi and F10TC-Bi were pralty coincident each other and
with the spectrum of undoped wTC-Bi reported inufeg 4.1, since the marker band of

NaF fell around 200 cthand was covered by bismuth oxide strong features.

The spectra showed the presence of calcium camofb@nd at 1088 cf), calcium
sulphate as both anhydrite (band at 1017)camd gypsum (band at 1003 ¢)nalite (band

at 845 cnt), belite (bands at 855 and 845 thand bismuth oxide (bands below 6009m
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Figure 5.1: Micro-Raman spectra recorded on the unhydrateddposvof the F-doped
cements. The bands due to calcium carbonate (Camhydrite (An), gypsum (G), belite

(B), alite (A) and bismuth oxide (Bi) are indicated
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Figure 5.2: IR spectra recorded on the unhydrated powdereeoftdoped cements. The
bands due to calcium carbonate (Carb), gypsum d@)ydrite (An), alite (A), belite (B)

and fewly polymerized silicates (CxS) are indicated

As observed for Raman analysis, the IR spectral@-Bi and F10TC-Bi coincided with
that recorded on the unhydrated powder of wTC-Borted in Figure 4.2, since NaF does

not absorb in the considered spectral range. Thetigpshowed the presence of calcium
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carbonate (bands at 1470 and 1420%gnealcium sulphate as both anhydrite (bands at
1150, 1130, 677, 613 and 596 thand gypsum (bands at 1150, 1130, 677 and 613,cm
alite (band at 930 ct), belite (bands at 873 and 846 thand fewly polymerized calcium

silicate (bands at 510 and 450 tm

Study of bioactivity: spectra recorded on the scefaof the aged samples and on the

powders isolated from the ageing media

Figures 5.3 and 5.4 show the Raman spectra recoml#ue freshly prepared cements and

after ageing in DPBS up to 28 days.

1003 N Ri
1017 855 Bi
1087 “An G990 B_ $43 AR
Carb\ \\\ E 977 N/
B
M
freshly
prepared
1085 ~ Bi i
2N 7 \
N G 960 | AB
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Raman Intensity
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Wavenumber/cm“

Figure 5.3: Micro-Raman spectra recorded on the surface ofFih€-Bi cement freshly

prepared and after ageing in DPBS for 5 hours,yl daand 28 days. The bands due to
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calcium carbonate (Carb), calcite (C), apatite (Amlite (B) ettringite (E), gypsum (G),

anhydrite (An) and bismuth oxide (Bi) are indicated

The freshly prepared samples revealed the appeaafnie marker band of ettringite at
about 990 cil, particularly strong on the F10TC-Bi cement. Affehours of ageing in
DPBS, the band at 960 €mdue to the presence of an apatite deposit, wasroed on
both cements: its relative intensity with respecttte main belite component at 855tm
was higher in the spectrum of F10TC-Bi where thedbat 1070 cm (typical of B-type
carbonated apatite) was also observed. The bar®@d cni* can be assigned to the

presence of HP{Y ions in the apatite lattice.
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Figure 5.4: Micro-Raman spectra recorded on the surface oF il C-Bi cement freshly

prepared and after ageing in DPBS for 5 hours,yl daand 28 days. The bands due to
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calcite (C), apatite (Ap), alite (A), belite (B)temgite (E) and bismuth oxide (Bi) are

indicated.

After 1 day of ageing in DPBS, the Raman spectracorded on FTC-Bi clearly showed
the bands typical of a HREcontaining B-type carbonated apatite at 1070, 10480,
960, and 607-590 ch The intensity ratio between the bands of apatite lelite (at
about 960 and 855 cmrespectively) was considered as a marker ofhiukriess of the
apatite deposit. This ratio was higher on the FTiCeBments than on F10TC-Bi.
Moreover, the 960 cthapatite band was broader on F10TC-Bi than on FT,GyBto 7

days of ageing.

Trasmittance

T T
1600 1400 1200 1000 800 600 400
Wavenumber| cm!

Figure 5.5: IR spectra recorded on the surface of the FTCeBient after ageing in DPBS
for 5 hours, 1 day, 7 and 28 days. The bands dwaltite (C), apatite (Ap), belite (B),

ettringite (E) and hydrated silicate gel (CSH) iadicated.
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As observed for the wTC-Bi cement in chapter 4neteasing storage times, the bands of

the cement progressively weakened, while the btypisal of a B-type carbonated apatite

progressively strengthened.

After 28 days of ageing, the bands of bismuth oxigee observed with lower intensity in

FTC-Bi than F10TC-Bi.

Figures 5.5 and 5.6 show the IR spectra recordetiesurface of the cements after ageing

in DPBS for 5 hours, 1 day, 7 and 28 days.

According to Raman results, the presence of théitepdeposit was observed on both

cements since 5 hours of soaking in DPBS (bandbaiit 1020, 600 and 560 djn At

this time a shoulder at about 1110 tappeared, confirming the formation of ettringite.

5 hours
DPBS
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Figure 5.6: IR spectra recorded on the surface of the F10TCeBnent after ageing in

DPBS for 5 hours, 1 day, 7 and 28 days. The bandgal calcite (C), apatite (Ap), belite

(B), ettringite (E) and hydrated silicate gel (CStri¢ indicated.

131



After 1 day of ageing in DPBS, the spectra recomiedhe surface of FTC-Bi and F10TC-
Bi surfaces did not show any band of the underlygegent, indicating that the deposit
was thicker than 2 um; it was mainly constitutgdBatype carbonated apatite (bands at

about 1450, 1410, 1024, 960, 872, 600 and 566) @nd calcite.

The apatite bands on F10TC-Bi were broader thaRTa+Bi (in particular those at 1024
and 963 cnf), according to the Raman findings. The same behawias observed after 7

and 28 days of ageing.

To gain more insights into the formed apatitic d@fpdR spectra of the powders isolated
from the ageing media were measured. Figure 5.Wshbe IR spectra recorded on the
powders isolated from the soaking media where wT,G-BC-Bi and F10TC-Bi aged for

1 day, 7 and 28 days.
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Figure 5.7: IR spectra recorded on the powders isolated froenstteking media where

wTC-Bi, FTC-Bi and F10TC-Bi aged for 1 day, 7 ar&ldays.
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The apatite marker bands at about 1020 and 60@G&6Gppeared broader for F10TC-Bi
than for FTC-BI, in agreement with the previousutess Moreover, the spectra displayed in
Figure 5.7 also showed a different trend for thiéecBnt cements in the range near 630
cm®, where the OH bending mode falls. At all the ageiimes, the prominent feature
observed for the undoped cement (WTC-Bi) progredgiweakened going to FTC-Bi and

F10TC-Bi.

Spectra of the aged samples: inner fractured sectio

Figure 5.8 showshe IR spectra recorded in the inner fracturediceadf FTC-Bi and

F10TC-Bi after ageing in DPBS for 5 hours, 1 dagl 28 days.
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Figure 5.8: IR spectra recorded in the inner fractured sectibRTC-Bi and F10TC-Bi

after ageing in DPBS for 5 hours, 1 day and 28 ddye bands prevalently due to
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portlandite (P), calcite (C), ettringite (E), beliB), hydrated silicate gel (CSH) and fewly

polymerized silicate tetrahedra (CxS) are indidate

After 5 hours the marker bands of belite at (878 847 cm') and calcite (1455, 1415
cm* and 870 cnf) were detected in the spectra of both cementsshibalder at about 940
cm’ indicated the formation of the CSH phase, whilelyepolymerized silicates (CxS)

were still present (band at 500 ¢n

The marker band of ettringite (1110 ¢robserved after 5 hours, showed a progressive
decrease at longer ageing times (1 and 28 dayh)ibdtTC-Bi and F10TC-Bi: at every

ageing time, this band was more prominent in theés cement.

As observed for commercial MTAs (Figure 3.12) and the undoped wTC-Bi cement
(Figure 4.7), upon ageing (1 and 28 days), theem® in intensity of the band at 500tm
with respect to the band at 450 tas well as the shift to higher frequencies of themm
CSH band (from 943 to 950 ¢ and its strengthening with respect to the belite
components, indicated the progress of the hydraironess and the formation of the CSH

phase.

The marker band of portlandite (3640 Bmwas always observed with a significantly

lower intensity in the F10TC-Bi cement.

The Raman spectra recorded recorded in the inaetufied section of FTC-Bi and F10TC-
Bi after ageing in DPBS (spectra not shown) conddnthe formation of ettringite as
hydration product. The portlandite was not obsersiade its marker band at 360 ¢was

undetectable due to the overlapping of the strasignith oxide bands.
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pH measurements of the ageing media

The pH values of the DPBS solutions at differergiag time for FTC-Bi and F10TC-Bi
are reported in Table 5.1. The ageing of both cesn@éetermined a marked increase of pH
(over 12) since early soaking time up to 14 daygerA28 days of soaking the DPBS the

solutions of both cements exhibited a decreaskeopH that still remained alkaline (about

9).
5 hours 1 day 7 days 14 days 28 days
FTC-Bi 11.8 12.9 12.1 12.2 8.7
F10TC-Bi 12.1 13.0 12.1 12.0 9.0

Table 5.1: pH of DPBS after immersion of FTC-Bi and F10TC4Br 1, 7, 14, and 28

days

5.4 Discussion

In the previous chapter the bioactivity of the expental wTC-Bi cement was
demonstrated: When exposed to a simulated body #aldtion it may promote the
precipitation of a ‘bone-like’ apatite layer on theternal surface and this capability was

not negatively affected by the presence of bisnoxitie.

Calcium silicate MTA cements for endodontic surgarg used directly in contact with
bone, therefore, osteoconductive activity is areeisal property to support an adequate

biological response and new bone tissue formation.
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It is well known that sodium fluoride exhibits gobtblogical activity on osteoblast cells
and dental pulp cells [1-3]. The introduction cdf in the formulation of MTA cements
improves their biological behaviour [6]. Fluorapatis more active on osteoblast activity
and bone formation than hydroxyapatite [7]: severaterials such as fluoride-containing
tricalcium silicates [8-9] or bioactive glasses {1} doped with fluorine have been

studied for their ability to form fluorapatite.

Raman and IR spectroscopies have been used tdigatesthe effect of the doping agent
on thein vitro bioactivity of two experimental MTA cements (FTG-8nd F10TC-Bi)
obtained by adding respectively 1% and 10% w/w @&FNo the wTC-Bi cement

introduced in chapter 4.

As shown by the Raman spectra recorded on thecgudtthe samples aged in DPBS
(Figures 4.4, 5.3 and 5.4), FTC and F10TC had armoynounced apatite forming ability
than wTC-Bi. All the cements showed the formatidra apatite deposit since 5 hours of
immersion in DPBS; at longer ageing times (i.ecsil day) the thickness of the layer

decreased along the series. FTC-Bi > F10TC-Bi > vBiC

The lower bioactivity of wTC-Bi after 1 day of saal was confirmed by IR spectroscopy:
as shown in Figures 4.6, 5.5 and 5.6, the bandlseofinderlying cement were appreciably

observed only for wTC-Bi..

A different mechanism of the hydration process loarsupposed for the FTC-Bi cement, if
compared to F10TC-Bi. At every ageing time, tharfer produced a higher portlandite
amount than the latter, as revealed by the IR speetorded in the inner fractured section
(Figure 5.8), even if the pH of the medium did ddter significantly between the two

cements (Table 5.1). Moreover, a higher and fagsteduction of ettringite was observed
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since the early phases of the hydration processKgpire 5.8). On the basis of these data,

an effect of the doping agent on the setting pr®casnot be excluded.

With regards to the chemical composition of thead#s, both techniques showed that for
all the cements, the apatite lattice contained ftgarbonate as revealed by the marker
bands of B-type carbonated apatites at about 1670(Raman), 1450—-1410 and 870tm
(IR). The presence of HR®ions in the apatite lattice, as revealed by thm&amarker
bands at 1000 cth was detected for both cements at short ageing.bFbadening of the
phosphate bands observed for F10TC-Bi in both thmdh and IR spectra suggested that

on this cement, the apatite deposit was less diipstéhan on the FTC-BI.

Several differences in the fluoridation degree had apatite formed on F-doped cements
can be deduced by the comparison of the IR spestaded on the powders isolated from

the DPBS medium after ageing (Figure 5.7).

The fluoridation mechanism involves a hydroxyl githSon and a subsequent adjacent
hydroxyl rearrangement. As a consequence, thesityeof the OH bending mode at about
630 cm® has been reported to decrease as the extentooidfition increases [12]. At all

ageing times, the spectral feature at about 630 appeared with decreasing intensity

along the series wTC-Bi > FTC-Bi > F10TC-Bi.

On the basis of this finding it can be affirmedttilae cements under study formed
different apatite phases upon ageing in DPBS: adxydcarbonated apatite formed on the
surface of wTC-Bi, while since 1 day of ageing, #patite phase on FTC-Bi and F10TC-

Bi contained increasing amounts of fluoride ions m|ditice.

The higher bioactivity of the F-doped cements inB3Pcan be explained by the lower
solubility of the F-substituted apatites: the irpmmation of fluoride ions into the lattice
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leads to a decrease of the apatite solubility:fé& fluorapatite and hydroxyapatite are 6.5

. 10%°and 7.36 - 16, respectively

The tests performed allow to conclude that thegiase in the fluoride content up to 10%wt
did not lead to an improvement in the apatite fognability. An analogous resultwas
obtained in a previous study [9]; Lin et al. hagported that among the tricalcium silicate
samples doped with 1, 2 and 3 wt% of gahke specimen with the intermediate fluoride

content (i.e. 2% wt) had the highest bioactivity.

On the other hand, one the disadvantages of usalg & calcium silicate cement F-

doping agent was found to be the decrease of Kadiraking activity [9].

The pH values of the DPBS medium (Table 5.1) demnatexl that NaF did not
significantly reduce the alkalinity of FTC-Bi and&TC-Bi with respect to the undoped

wTC-Bi, up to 14 days at least.

Cell culture studies carried out at the Laborattoy Physiopathology of Orthopaedic
Implants (Istituto Ortopedico Rizzoli, Bologna) stex that these cements had an adequate
biocompatibility (comparable to commercial cemenas)d were able to support cell

attachment, growth, and cell-surface interacti@®ig [

5.5 Conclusions
Experimental fluoride-doped calcium silicate cerseate able to form fluorapatite in
phosphate-containing solutions. The doped-cemen& B and F10TC-Bi appeared more
bioactive than the undoped wTC-Bi cement. The imedobioactivity can be attributed to
the formation of F-substituted apatites, chararzéeriby a lower K than hydroxy-

carbonate apatite.
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CHAPTER 6 - COMPOSITE LIGHT CURABLE POLYMER/CALCIUM
SILICATE CEMENTS

6.1 - Introduction

As stated in the previous chapters, one of the miaircal limitations of MTA is the long
setting time and the consequent risk for a fadtadigion and removal of the cement [1]
from the surgical site of root-end obturation doghte blood and fluid contamination at the
apical region of root canal.

In chapter 4, the strategy of adding calcium cl®rio overcome this problem has been
described. The incorporation of light-curable resias setting accelerators has been
proposed for many materials, such as the resinfieddglass-ionomer cements, also to
improve their mechanical properties. As previoushessed, the reduction of setting time
may extend the clinical use of MTA-based materséadd make their application advisable

in extremely wet and blood-contaminated surgidaissi

Figure 6.1 shows the chemical structure of two mmoers widely used in biomedical
applications, i.e. HEMA (2-hydroxyethyl methacr@atand TEGDMA (triethyleneglycol

dimethacrylate).

HEMA is a hydrophilic mono-vinyl monomer; its paier, poly-HEMA, is a hydrogel
that can imbibe large amounts of water (from 16Q6%) by swelling without dissolving,
due to the hydrophilic pendant groups of the mdke¢kigure 6.1); it has been extensively
tested for bioactivity [2-5and biocompatibility [6].

TEGDMA is a hydrophobic monomer and its introdactiinto the resin formulation
allows the formation of covalent cross-links upamirg, forming tight networks and solid

structures [7]
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Figure 6.1: Chemical structure of HEMA and TEGDMA monomersdiophilic groups

are labelled.

The integration of an MTA cement with a polymeriatnx allows to obtain a material
with more adequate characteristics and properbesplications in wet apical cavities
contaminated by blood during the preparation obaebwindow, as it occurs during root-

end surgery procedures and root repair procedures.

In this chapter, an experimental light-curable icat silicate MTA cement is

characterized. The experimental wTC formulationafiter 4) was added with barium
sulphate for radiopacity and an anphiphilic lightable resin composed of a mixture of
HEMA and TEGDMA. The effect of the resin as wellk@sium sulphate on the bioactivity

of wTC was investigated.
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6.2 - Materials and Methods

Cement preparation
As for the other experimental dental materials istidn this thesis, the cements were
prepared at the Laboratory of Biomaterials, Depaninof Odontostomatological Science,
University of Bologna.
The light-curable resin-modified calcium silicatentent (Ic-MTA) was prepared by
mixing a calcium silicate cement powder (wTC-Bagl @m anphiphilic light-curable resin
liquid phase (Gandolfi MG & Prati C, patent of taiversity of Bologna).
The wTC-Ba powder was constituted by the wTC foatiah described in chapter 4 added
with BaSQ for radiopacity. The liquid phase contained 2-ljygethyl methacrylate
(HEMA), triethyleneglycol dimethacrylate (TEGDMAgamphorquinone (CQ) and ethyl-
4-(dimethylamino)-benzoate (EDMAB).
To obtain the wTC-Ba cement, the wTC-Ba powder mased with DPBS for 30 s in a
powder/liquid ratio of 3:1.
To obtain the Ic-MTA cement, the wTC-Ba powder waged with the liquid phase for 30
s in a powder/liquid ratio of 4:1 and light-cureat 120 s with a halogen lamp (T-LED
elca, Anthos Cefla, Imola, Italy).
Once mixed, all cements were compacted to the exg#ge PVC moulds (8 mm in
diameter and 1.6 mm thick). The obtained cylindrggecimens (0.3 g of weight) exposed
an exchange surface of 90.4 ffapper surface 50.2 nfrand lateral surface 40.2 fim
The cylindrical specimens were soaked in 5 mL oBBRDPBS/cement ratio 17 mL/g) at

37°C for 1 day, 7, 14, and 28 days.
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Another set of samples were soaked in Dulbecco’slifal Eagle’s Medium (DMEM,
Sigma-Aldrich Corp., St. Louis, MO, USA) supplemashtwith 10% of foetal bovine

serum (FBS, Sigma-Aldrich Corp., St. Louis, MO, USér the same prefixed times.

The storage media were renewed every week. Atridpants, the medium was removed

and its pH was measured using a glass electrode.

Micro-Raman, ATR/FT-IR and pH measurements wererieghrout under the same

experimental conditions described in chapter 4.

To evaluate the possible bioactivity of poly-HEM@ggly-TEGDMA and poly(HEMA-co-
TEGDMA) polymers [8], additional resin samples gmsed of pure poly-HEMA or pure
poly-TEGDMA or pure poly(HEMA-co-TEGDMA) were prepad by light-curing under
the same experimental conditions used for Ic-MTAe Tspecimens were soaked for 4
weeks in a metastable calcifying medium at pH B8taining C&" and PG* ions in a

Ca/P ratio of 1.67, according to Chirila et al. §|d analyzed by ATR/FT-IR.

6.3 Results

Unaged wTC-Ba and lc-MTA cements

The composition of the unhydrated cements was aedlypy micro-Raman and IR

spectroscopy.
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Figures 6.2 and 6.3 show the micro-Raman and IRtsperespectively, recorded on the
light cured poly(HEMA-co-TEGDMA) resin, the unhyded wTC-Ba cement and the light

cured Ic-MTA composite.
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Figure 6.2: Micro-Raman spectra of the light cured poly(HEM&-EEGDMA) resin, the
unhydrated wTC-Ba cement and the light cured comgofc-MTA). The bands
prevalently due to barium sulphate (Ba), calciunmbomate (Carb), anhydrite (An),

gypsum (G), belite (B), alite (A), poly(HEMA-co-THIMA) resin (R) are indicated.

The Raman spectrum of unhydrated wTC-Ba (Figurg¢ &2that of wTC (Figure 4.1)

showed the presence of alite (bands at 845, 53%a8ctm’), belite (bands at 855, 845,
550, 539 and 518 cf), gypsum (shoulder at 1004 &n anhydrite (bands 1016 and 677
cm™) and calcium carbonate (band at 1085'tm

The strongest band observed at 988w, SQ) was due to the barium sulphate

component, added for radiopacity. Other bandsbaitizble to this phase were detected at

1167-1141 crf (vs SQy), 648-618 crit (v4 SQy) and 461-456 cih(v, SQy) [10].
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The composition of the wTC-Ba cement was confirrbgdhe IR spectrum (Figure 6.3).
According to the Raman results, the bands dueriarbasulphate at 1183, 1126, 1082tm
(V3 SO2), 980 cnt (v1 SO%), 635 and 610 cth(vs SO) [11] were observed, while the
component at 677 chwas characteristic of gypsum and anhydrite.

The bands at 1420 and 1465 toonfirmed the presence of calcium carbonate [12-13

As for wTC (Figure 4.2), the band at 930 tmas attributed to alite and the components at

874 and 847 cthwere assigned to belite.
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Figure 6.3: IR spectra of the light cured poly(HEMA-co-TEGDMAgsin, the unhydrated
wTC-Ba cement and the light cured composite (Ic-MTAhe bands prevalently due to
barium sulphate (Ba), calcium carbonate (Carb)ydnte (An), gypsum (G), belite (B),
alite (A), fewly polymerized silicates (CxS), pdHEMA-co-TEGDMA) resin (R) are

indicated.

The Raman spectrum of the composite material wgtshdominated by the bands of the
unhydrated wTC-Ba powder in the region below 1260" avhere no spectral features of

the resin were detected. The presence of the pBMAtco-TEGDMA) resin was
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observed only at higher wavenumbers (componentg B, 1639, 1606, 1455, and 1279
cm®): no bands of the inorganic component were obseirvéhis spectral range.

On the other hand, the IR spectrum was highly datesh by the resin components. Some
bands of the mineral component due to barium stépfat about 1080, 635 and 610 Hm
and belite (at 863 cil) were detected.

IR spectroscopy allows to investigate the possitileractions between the calcium silicate
cement component and the poly(HEMA-co-TEGDMA) rg$tigure 6.3).

The band assigned to belite showed a downshift B8to 863 ci going from wTC-Ba
to the composite; moreover, the maximum of the d¢hrband due to the OH stretching
vibration of HEMA appeared shifted from 3460 to 84hi* going from poly(HEMA-co-
TEGDMA) to the composite. These trends suggesteddturrence of hydrogen bonding
interactions between silicate ions and OH grougdEifA.

In the composite, the C=0 stretching band was tedeshifted and broadened with
respect to the copolymer (at 1716°tin the former, 1713 cthin the latter) suggesting a
change in the hydrogen bonding arrangement andbdison.

Moreover, in the composite, the band at 1640cniue to the vibration of the C=C group
of the HEMA and TEGDMA monomers, was significantlyeaker than in the resin
suggesting that Ic-MTA was characterized by a higi®ymerization degree of the resin

than pure poly(HEMA-co-TEGDMA).

Study of bioactivity: spectra recorded on the scefaf the aged samples

Figures 6.4 and 6.5 show the micro-Raman speat@ded on the surface of the wTC-Ba

cement and the composite after ageing in DPBS ftayl 7, 14 and 28 days.

146



988
Ba 855
1086 B 845
¢ 960 | A-B géllg 461
Ap |/ 456 282 | ] day
/ 711 Ba B C
c | 2 DPBS
Ba
C
Ap
=
2 B c
g C Ba Ba 7days
i DPBS
g
é o Ba Ap
14 days
DPBS
28 days
DPBS
T

T T
1600 1400 1200 1000 800 600 400 200
Wavenumber (cm-1)

Figure 6.4: Micro-Raman spectra recorded on the surface dfsBa after 1 day, 7, 14
and 28 days of soaking in DPBS. The bands due lite {8), alite (A), anhydrite (An),

gypsum (G), barium sulphate (Ba), calcite (C), ep4Ap) are indicated .

The marker band of apatite at about 960 cwas observed in the spectra of Ic-MTA and
wTC-Ba cements already after one day of aging inB®Pwith different relative

intensities. The presence of the component at T80 in the spectrum recorded on the
surface of Ic-MTA suggested the formation of a Beycarbonated apatite: the weaker
bands due to the cement components and calcite alsvedetected; the Ic-MTA cement
appeared to form the thickest deposit, as revdaldte highest intensity ratio between the

bands of apatite and belite (at about 960 and &55, cespectively).
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Figure 6.5: Micro-Raman spectra recorded on the surfacecefTA after 1 day, 7, 14
and 28 days of soaking in DPBS. The bands duelii@ i§B), barium sulphate (Ba), calcite

(C), apatite (Ap) and poly(HEMA-co-TEGDMA) resin XRre indicated .

At increasing ageing times, the deposit becamerpssgvely thicker on both the cements:
the bands of the underneath cement progressivedkemed, while the component at 1070
cm® (B-type carbonated apatite) progressively appeatsal on the wTC-Ba cement (14
days): the phosphate bending modes at 610, 590,45 and 435 cthwere detected
already after 1 day of ageing for Ilc-MTA and onftea 28 days for wTC-Ba, confirming a
thicker deposit on the composite. The bands of (ptiijIA-co-TEGDMA) resin were

only slightly detectable over 1200 crafter 1 day of ageing.
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The Ca(OH) band at 360 ci was never detected on the surface of the cenmumsto its
release into the storage medium, which leads tbl anprease (see below), in agreement
with the results reported in the previous chapters.

Figures 6.6 and 6.7 show the IR spectra recordetth@isurface of wTC-Ba and Ic-MTA

cements, respectively, after 1 day, 7, 14 anda38 df soaking in DPBS.
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Figure 6.6: IR spectra recorded on the surface of wTC-Ba attelay, 7, 14 and 28 days
of soaking in DPBS. The bands due to hydratedasdigel (CSH), barium sulphate (Ba),

calcite (C), aragonite (Ar) and apatite (Ap) aréicated .

After 1 day of ageing in DPBS, the IR spectra eMtA showed the presence of B-type
carbonated apatite deposit, as revealed by theenbhdnds at 1465, 1420, 1025, 960, 870,
600 and 560 cth The evidence of an apatitic layer on wT-Ba waseiby the marker
band at 1030 cth The band at 711 chindicated the formation of a few amount of
calcite; on wTC-Ba calcium carbonate was presest ak aragonite (marker band at 847
cm®). No bands of the underlying cement were deteotett-MTA, suggesting a deposit
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thicker than 2um: on wTC-Ba, the apatite deposit appeared thitimen on Ic-MTA, as
revealed by the lower intensity of the apatite Isa@ehd the detection of prominent features
due to the CSH silicate phase (942'3mand barium sulphate (1183, 635 and 610'ctm
The bands of the underlying cement were still olesgtiafter 7 days of ageing and became

undetectable only at 14 days.

1 day

DPBS
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Transmittance
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Figure 6.7: IR spectra recorded on the surface of lc-MTARfL day, 7, 14 and 28 days

of soaking in DPBS. The bands due to calcite (Gl @atite (Ap) are indicated .

Figures 6.8 and 6.9 show the IR spectra recordetth@isurface of wTC-Ba and Ic-MTA
cements, respectively, after 1 day, 7, 14 and 28 d& soaking in DMEM. The Raman

spectra were not recorded because of the highefigence of the medium.
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Figure 6.8: IR spectra recorded on the surface of wTC-Ba attelay, 7, 14 and 28 days
of soaking in DMEM. The bands due to barium sulph@®a), calcite (C), aragonite (Ar),

amorphous calcium phosphate (ACP) are indicated .
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Figure 6.9: IR spectra recorded on the surface of Ic-MTArafleday, 7, 14 and 28 days
of soaking in DMEM. The bands due to barium sulph®a), calcite (C), aragonite (Ar),

amorphous calcium phosphate (ACP) are indicated.

151



Upon ageing in DMEM, wTC-Ba and Ic-MTA formed a tiag of amorphous calcium

phosphate (broad bands at about 1050 and 550 anul calcium carbonate (as both calcite
and aragonite), which progressively thickened atdasing ageing time, as revealed by the
progressive disappearance of the underlying celvemds due to barium sulphate (at 635

and 610 cri) that became undetectable since 7 days.
Spectra of the aged samples: inner fractured sectio

Figures 6.10 and 6.11 show the micro-Raman speetarded in the inner fractured
section of wTC-Ba and lc-MTA, respectively, afterday, 14 and 28 days of ageing in

DPBS.
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Figure 6.10: Micro-Raman spectra recorded in the inner fractwection of wTC-Ba after
1 day, 14 and 28 days of soaking in DPBS. The banelgalently due to barium sulphate
(Ba), calcium carbonate (Carb), gypsum (G), bglRg alite (A), hydrated silicate gel

(CSH) and portlandite (P) are indicated.
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Figure 6.11: Micro-Raman spectra recorded in the inner fractisection of Ic-MTA
cement after 1 day, 14 and 28 days of soaking iB®PThe bands prevalently due to
barium sulphate (Ba), calcium carbonate (Carb),sggp (G), belite (B), alite (A),
poly(HEMA-co-TEGDMA) resin (R), hydrated silicateelg(CSH) and portlandite (P) are

indicated.

After 1 day of ageing, in the spectra of both cetsiethe bands of anhydrite at 1016 and
677 cm' disappeared, according to the high hydration rétthis component. Ettringite
(characterized by a Raman band at 990"cmas undetectable due to the overlapping of
the barium sulphate band. The decrease of thevelatensity of the alite shoulder at 845
cm® with respect to the main belite band at 855" @onfirmed the slower hydration of the
latter.

The marker band of portlandite at 360 tmnd the the weak broadening near 670'cm
attributable to hydrated silicates phase [14-W&re detected in both the cements,
confirming the formations of the typical hydratiproducts of the cements. The portlandite
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band was never detected on the surface of the dendhre to its release into the storage
medium which increased its pH (see below).

In Ic-MTA, the resin bands at about 1455 and 1279 were always observed.

Figure 6.12 shows the IR spectra recorded in therifractured section of wTC-Ba and Ic-

MTA after 1 day and 28 days of soaking in DPBS BIMEM.
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Figure 6.12: IR spectra recorded in the inner fractured sidev®fC-Ba and Ic-MTA
cement after 1 day and 28 days of soaking in DPBS@EMEM. The bands prevalently
due to barium sulphate (Ba), calcium calcite (@lite (B), alite (A), poly(HEMA-co-

TEGDMA) resin (R) and hydrated silicate gel (CSi#H andicated.

The marker band of portlandite at 3640 twmas detected in the spectra of both cements at

every ageing time in both media, as well as thedbaaf calcite (1415 cth and
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occasionally 870 cil). Ettringite was undetectable also by IR spectpge due to the

overlapping of the barium sulphate bands.

The already described trend of the CSH band atta®#W cni* indicated the progress of

the hydration process.

For Ic-MTA the bands of the poly(HEMA-co-TEGDMA) si@ at about 1716 and 1451

cm™* were observed up to 28 days of soaking in bothianed

Bioactivity of the resin matrix

To evaluate the possible bioactivity of the pursirrepoly-HEMA, poly-TEGDMA and
poly(HEMA-co-TEGDMA) polymers were soaked for 28yd in a metastable calcifying
medium, according to Chirila et al. [8,9].

The resin samples were transparent before soakihgl@owed a superficial opacity after 4
weeks, , particularly evident for poly-HEMA.

Figures 6.13, 6.14 and 6.15 show the IR spectrarded on the surface of the pure
polymers before and after 28 days of ageing irctteifying medium.

The bands at about 1025, 600 and 560" cevealed that all the samples were covered by
an apatite deposit: the detection of the bandeepblymeric components indicated a layer
of apatite thinner than 2 pm. Poly-HEMA also showileel band at 963 cfhsuggesting a
thicker deposit (Figure 6.13). On the basis ofrilative intensity of the apatite bands, it

can be deduced that the thickness of the depasitdsed along the series:

poly-HEMA > poly(HEMA-co-TEGDMA) > poly-TEGDMA.

155



Transmittance
=
~3
o

1. f"
\_/3350 )
3600 3200 2800 1800 1600 400
Wavenumber cm-1

Figure 6.13: IR spectra recorded on the surface of pure polMABefore (grey) and
after 28 days of ageing according to Chirila et(lalack). The bands due to apatite (Ap)

and oxygen-containing groups are indicated.
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Figure 6.14: IR spectra recorded on the surface of pure polDEA before (grey) and
after 28 days of ageing according to Chirila et(lalack). The bands due to apatite (Ap)

and oxygen-containing groups are indicated.
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Figure 6.15: IR spectra recorded on the surface of pure poly{AE0-TEGDMA)
before (grey) and after 28 days of ageing accortbn@hirila et al. (black). The bands due

to apatite (Ap) and oxygen-containing groups adiciated.

With regards to the most bioactive polymer (i.elygdEMA), upon apatite deposition,
some polymer bands underwent wavenumber shiftoanténsity changes. The oxygen-
containing groups appeared the most involved inctlenges, as revealed by the trend of
the bands at about 3350 ©m(OH stretching vibration), 1700 ¢m(C=0 stretching
vibration), 1270-1248-1150¢m (C—O-C stretching vibrations), 1070 ¢m(C-O
stretching vibration). Since control and soaked gam were characterized by similar
polymerization degrees (band at 1640%nthese spectral variations can be ascribed to the

chelation of calcium ions.

Analogous considerations could be made for poly-DEA and poly(HEMA-co-
TEGDMA) (Figure 6.14 and 6.15), but the differemtiypnerization degrees observed for
soaked samples and controls do not allow to asignspectral changes to calcium
chelation only.
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pH measurements of the ageing media

Tables 6.1 and 6.2 reported the pH values of thB®&nd DMEM solutions, respectively,

at different ageing time for wTC-Ba and Ic-MTA.

1 day 7 days 14 days 28 days
wTC-Ba 12.3 12.2 9.9 9.1
lc-MTA 11.8 12.1 9.2 9.4

Table 6.1: pH of DPBS after immersion of wTC-Ba and Ic-MTAr fb day, 7, 14, and 28

days.
1 day 7 days 14 days 28 days
wTC-Ba 9.9 9.5 9.1 9.2
lc-MTA 9.3 9.8 9.7 9.4

Table 6.2:pH of DMEM after immersion of wTC-Ba and Ic-MTAIf1 day, 7, 14, and 28

days.

With regards to DPBS, both the cements showediatalH (about 12) since 1 day of
ageing up to 7 days. Since 14 days of soakingD#BS solution progressively exhibited

a pH decrease up to 28 days (near 9.2).
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The pH of the DMEM medium showed meanly lower valirethe first 7 days.

6.4 Discussion

Blood contamination is inevitable through all otiai procedures in oral and root-end
apical surgery and may increase the risk for a ¢detmpvash-out of the material during its

setting phase.

The incorporation of light-curable resins to roatdematerials represents an innovative
approach. The reduction of setting time allows evpnt the cement wash-out, improving
the clinical success. The Ic-MTA cement showed hoitial and final setting times of

about 2 min while for wTC-Ba the initial and finaétting times were 31 and 57 min,

respectively [17]

The effect of the addition of barium sulphate anty(¢HEMA-co-TEGDMA) resin to the

experimental wTC formulation was investigated bgmiRaman and IR spectroscopy.

Vibrational analysis indicated that the bioactivaf wTC in DPBS was not negatively

influenced by the addition of barium sulphate (WB&): as shown by the micro-Raman
spectra recorded on the surface of the soaked sanfpigure 4.3 and 6.4), the cement
formed a B-type carbonated apatite deposit of asirg thickness during the ageing
period. On the basis of the already usgdliss Raman intensity ratio, it can be affirmed
that on wTC and wTC-Ba, the apatite layer thickeaedhe same rate. This result was
confirmed by the IR spectra (Figures 4.5 and 6aM)ich on both cements indicated the

presence of a deposit thicker than 2 um after ¥4 dasoaking.
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The incorporation of poly(HEMA-co-TEGDMA) inducedh &nhancement of bioactivity:
on Ic-MTA, the IR spectra (Figure 6.7) demonstratesiformation of a B-type carbonated
apatite deposit thicker than 2 um already afteayl af soaking in DPBS. The trend of the
Raman spectra suggested the formation of thickatitapdeposits on Ic-MTA at all the

ageing times (Figures 6.4 and 6.5).

Several chemical aspects influence the formatich@fpatitic deposit.

The micro-Raman and IR spectra recorded in therifireetured section of the aged
samples (Figures 6.11 and 6.12) confirmed the foomaf the typical hydration products
of MTA cements (i.e. Ca(Oh)nd the CSH phase). As discussed in the previoasters
(Figure 3.16), thanks to the alkaline pH of theutohs (Table 6.1), also in Ic-MTA
negatively charged Si—Ogroups of CSH may represent a catalytic site fpatite
nucleation.

The presence of the organic phase in lc-MTA intoeduan additional interface that can be

considered to explain the improved bioactivity @MTA.

Bioactivity experiments showed that the most hytiop polymer (i.e. poly-HEMA) is

also the most bioactive: on the basis of the deépbstkness revealed by IR spectra
(Figures 6.13, 6.14 and 6.15), the ability to ineluapatite deposition after a 4-week
immersion in a metastable calcifying medium deadaslong the series: poly- HEMA>

poly(HEMA-co-TEGDMA) > poly-TEGDMA.

The IR spectra corresponding to poly-HEMA showedat thpon apatite deposition (Figure
6.13), the bands assignable to OH, C=0, C-O-C aifd @oups underwent wavenumber
shifts and intensity changes. This trend can bdaegx by considering that oxygen

containing groups (hydroxyl and ester groups inypdlEMA) may chelate calcium ions
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present in the surrounding medium inducing apaeosition, as proposed in Figure 6.16.
This process occurs on poly-TEGDMA thanks to analsginteractions between calcium
ions and oxygen atoms from ester and ether gré\getite deposition on poly(HEMA-co-

TEGDMA) can be explained as a combination of the tmechanisms.

poly-HEMA matrix poly-TEGDMA matrix

Figure 6.16: (left) Chelation of calcium ions by hydroxyl, es@nd ether groups from
poly-HEMA and induced nucleation of an apatite ghdsght) Chelation of calcium ions

by ester and ether groups from poly-TEGDMA and getlinucleation of an apatite phase.

The bioactivity differences observed between wTCaBd Ic-MTA upon ageing in DPBS
were confirmed after ageing in DMEM, although thetume of the formed deposit was
significantly different, being constituted by an@hous calcium phosphate. As shown in
Tables 6.1 and 6.2, the DMEM medium attained, & fthst week of soaking, pH values
lower than DPBS (i.e. <1@ersusabout 12): it can be suggested that these lower pH
conditions and, above all, the presence of a lopleysphate content in the DMEM

medium (0.91versus9.56 mM) retard the precipitation of a crystalliplease. Besides, as
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discussed in chapter 1, the amorphous calcium pladsp are the most commonly reported

precursors in than vivo formation of HA.

6.5 Conclusions
The present study demonstrated that the bioact¥itiie wTC cement was not affected by

the addition of barium sulphate (WTC-Ba).

The experimental Ic-MTA light curable cement possssmproved apatite forming ability
in DPBS: after soaking in DMEM, the formation of amorphous calcium phosphate
deposit was observed on both wTC-Ba and Ic-MTA iconihg the potential bioactivity in

a protein containing environment.

The enhanced bioactivity of lc-MTA in DPBS can belained also in relation to the
calcium-chelation ability of the poly-(HEMA-co-TEQIA) resin that may induce the

heteronucleation of apatite on the cement surface.
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CHAPTER 7 - DENTIN REMINERALIZATION BY MTA-BASED CA LCIUM
SILICATE CEMENTS

7.1 Introduction
Dentin is a complex tissue, which contains apagemineral phase, collagen and other
proteins, and water [1-2]. Initial carious lesioaffect the mineral phase of dentin and
expose the collagen fibers creating the conditfons fast destruction of the entire dentin
network [2].
The development of restorative materials able tdudce the remineralization of
demineralized/carious dentin is an important rexugnt for operative and preventive
dentistry. At present no restorative materials wptloven capability to induce dentin
remineralization are available on the market.
The remineralization of demineralized dentiniofemineralizatio is the process of
restoring its mineral phase through the formatibmorganic mineral-like materials [3].
Recently, experimental remineralizing resin-basedcieom phosphate cements (ion-
leaching composites) have been proposed as regéorataterials to induce dentin
remineralization [4-6].
Biomimetic remineralization of dentin has been stigated by different methods using
ilon-containing solutions or ion-leaching siliconataining materials: solutions containing
ca&*, Sio*, F or PQ* ions [7], bioactive glasses placed on dentifp f8mineralization
solutions supplemented with a bioactive glf§sand remineralizing solutions containing
the ions leached from ultrafine bioactive glasstipias [1(, glass-ionomer cements
containing a bioactive glass in dog restoratiorf§,[MTA cement layered on the dentin
surface [12], Portland cement blocks immersed ipicenimetic analogue consisting of

simulated body fluid added with polyacrylic acidcafl 3].

164



In most of these studies dentin was immersed iatisols containing ions leached from
different silicate-based materials without dentiatemial contact, and consequently long
times (14 days to 1 month) are required to achibggemineralization of dentin.

The aim of this study was to test the remineralrabf dentin by experimental MTA-
based cements using a setup involving a dentinflmhmontact, with the aim to mimic

clinical conditions.

7.2 Materials and Methods

The composition of the experimental wTC-Ba and [EAcements is reported in section
6.2.

Vitrebond was used as HEMA-PAA-containing contraké material: its composition and
preparation are reported in section 3.2.

The dentin-remineralization ability (bioremineralion of demineralized dentin) has been
evaluated as the capability to induce the formatibapatite on previously demineralized
human dentin. Human dentin slices (5 + 2 mm sicde@B+0.1 mm thick, surface area 30
mn? + 24 mnf = 54 mnf) from molar teeth extracted for orthodontic/suagiceasons
were prepared ataboratory of Biomaterials, Department of Odontastological
Science, University of Bologna (Prof. C. Prati d&xd M.G. Gandolfi) and demineralized
in 15 mL of EDTA 17% for 2 h at room temperaturask3 of set materials (8 mm
diameter and 1.6 mm thick) were prepared using PM@s as moulds. An innovative
setup DRT Gandolfi technigyewas used for dentin remineralization: each maltetisk
was maintained in close contact with a deminerdlidentin slice using a tailored PVC

support and soaked in 15 mL of DPBS aiGfor 7 days. After this time, the dentin slice
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was removed from the support, rinsed with deionizeater and then analyzed by

ATR/FTIR spectroscopy.

7.3 Results

Demineralized dentin

Figure 7.1 shows the IR spectra recorded on thiacof a dentin slice before and after

the demineralization treatment with EDTA.

IR analyses confirmed that the used EDTA treatmerst able to remove the mineral phase
of dentin to a depth of um at least (i.e. the depth investigated by ATR/RT-I

spectroscopy); in fact, the spectrum recorded #fteitreatment (Figure 7.1) showed only
the bands due to collagen, while the spectral feattypical of the apatite component were

no longer observed.

hie
i \ 1030
1065

demineralized
dentine

Transmittance

dentine

‘Wavenumber cmr!

Figure 7.1: IR spectra recorded on the surface of a dentie slefore and after treatment
with EDTA 17% for 2 h (apatite-depleted deminerdizdentin). The bands prevalently

due to collagen (Col) and apatite (Ap) have beedricated.
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Demineralized dentin after contact with experiméo&éments for 7 days in DPBS

Figures 7.2 and 7.3 show the IR spectra recordeth@rsurface of demineralized dentin

after contact with the wTC-Ba and Ic-MTA cements7alays in DPBS.
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[1395 Col
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demineralized
dentine

Transmittance
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DPBS
with wT'C-Ba

3500 3000 2500 2000 1500 1000 500

Wavenumber /cm-1

Figure 7.2: IR spectra recorded on the surface of deminadldentin before and after
contact with wTC-Ba for 7 days in DPBS. The bands/glently due to collagen (Col) and

apatite (Ap) are reported.

The demineralized dentin samples treated with theCAsBa and Ic-MTA cements
remineralized, as revealed by the appearance aghgte bands at about 1400, 1020 and

600 cm* (Figures 7.2 and 7.3).

To gain more insight into the nature of the apgtib@ase formed on dentin, the powders
formed in the DPBS soaking media where the cemagesl in contact with dentin were

collected and analyzed. Their IR spectra are regdart Figure 7.4.
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Figure 7.3: IR spectra recorded on the surface of deminadldentin before and after
contact with Ic-MTA for 7 days in DPBS. The bandsvyalently due to collagen (Col) and

apatite (Ap) are reported.
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Figure 7.4: IR spectra of the powder isolated from the DPBSlimma where wTC-Ba and
lc-MTA aged in contact with demineralised dentin Tadays. The bands prevalently due to

apatite (Ap) have been indicated.
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The apatite phase formed upon contact with the raxpatal cements (Figures 7.2 and
7.3), was significantly different from that typical sound dentin (Figures 7.1) as well as
from the apatite powder isolated from the DPBSagiermedium (Figure 7.4); in fact, the

phosphate asymmetric stretching mode in the abometioned samples fell at different

wavenumber values, i.e. at about 1020, 1001 an8-1015 cn, respectively.

Figure 7.5 shows the IR spectrum recorded on thiai of demineralized dentin after

contact with Vitrebond for 7 days in DPBS.

| demineralized
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Figure 7.5: IR spectra recorded on the surface of demineldentin before and after

contact with Vitrebond for 7 days in DPBS.

Minor or no significant spectral changes were olsgafter treatment with Vitrebond.

7.4 Discussion
The study demonstrated that the presence of theriexpntal calcium silicate-based
composites in contact with demineralized dentinfesi@s induced a significant

remineralization of the demineralized dentin suzfac
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The concept of remineralization is based on thacmporation of mineral (apatite) in
dental tissues (dentin or enamel). Remineralizabfodemineralized/carious dentin occurs
by incorporation of mineral ions (calcium, phosghdluoride) from the oral fluid or from
external sources (specific treatments), through ghewvth of existing apatite crystals
(belonging to remnant crystallites in the subswefdd4-15]. The mineral precipitated may
act as a constant site for further nucleation ofheral promoting a continuous
remineralization over time when in presence of emmental mineral ions.

IR spectroscopy gives information on the mineraiteat (i.e. collagen/apatite ratio) and
mineral crystallinity, but is not able to differete between the contributions of intra- and
extrafibrillar mineral.

In this chapter, IR spectroscopy in the ATR techgridpas been used to non-destructively
verify the efficiency of the demineralization prodcee as well as the extent of the
remineralization process.

Remineralization of dentin can occur either by shreple precipitation of mineral into the
loose demineralized dentin matrix between collafijails (net remineralization) or by the
chemical tight association of mineral to the dentimatrix structure (functional
remineralization). The simple precipitation of nmalegenerates an increased mineral
content, but may not necessarily provide an optinméraction with the organic
components of the dentin matrix.

The position of the phosphate asymmetric stretchitipand at about 1000 ch(Figure

7.2 and 7.3) suggested that the newly formed a@&padithough not perfectly coincident
with that of sound dentin (Figure 7.1), had a dédfe nature with respect to that isolated
from the DPBS storage medium (Figure 7.4).

This result demonstrated that the apatite phaseddron dentin was intimately bound to

it, and not simply a phase deposited on its surface
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7.5 Conclusion

The dentin bioremineralization ability of the wTGBind Ic-MTA cements was studied

using IR spectroscopy. The study demonstratedtheste cements induced a significant

remineralization of the demineralized dentin suzfac
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CHAPTER 8 ALUMINA-ON-ALUMINA HIP IMPLANTS: SEVERE WEAR
CASES

8.1 Introduction

Total hip arthroplasty (THA) is one of the most sesgsful surgical procedures with
relatively low complication. Although ultra-high necular weight polyethylene
(UHMWRPE) is a widely used hip bearing prosthesatiples detached from this material
can cause wear and osteolysis. To solve these gonsbldifferent couplings of inert

materials have been developed in THA [1-3].

The main reason for failure in hip replacementthéswear caused by the contact stresses
on the implants. Ceramics are ideally suited tatjprostheses, because of their hardness
and excellent biocompatibility. The introduction okramics in the manufacture of
components for total joint replacement drasticaliyuced the wear rate of implants, as
described in chapter 1.

The characterization of worn ceramic hip retrievaisuld be helpful in driving future
improvements in design and materials. In a recenlys Affatato et al. have examined the
surfaces of some retrieved ceramic specimens ier dtodcompare the damage causedhby

vivo wear with that observed in vitro tested bearings [4].

Wear surfaces can be classified into two typesidensg the wear surface profile: wear
that produces a relatively smooth wear surfacesfsed as “mild wear”, while wear that
produces a relatively rough worn surface as “sevear”. More precisely, in the mild
wear region, the worn surface shows very fine detnid the roughness is smaller than the
grain size, while the severe wear region is dorehdty intergranular fracture and pull-out

of grains and the surface roughness is in the @fgrain size.
173



Despite the good clinical wear performance of ahanfemoral heads, some cases of

severe wear were observed combined with visiblamel and roundness loss.

In this chapter, the wear damage of severely wumiaa femoral heads is assessed at

microscopic level using micro-Raman and fluoreseesypectroscopy.

These techniques allow to characterize the we#neofemoral heads at a molecular level
according to a piezospectroscopic technique, pexpas the late 1970s [5] and widely
applied to the study of alumina [6-11]. The piezaxtpscopic effect is defined as the shift
of the characteristic frequencies of spectral bah@sthey Raman, IR or fluorescence

bands, in response to an applied strain or stress.

In this work we concentrated on the analysis of Rjeand R fluorescence bands of

alumina as well as its Raman band at about 418 cm

As described in section 2.3, thg Bnd R fluorescence bands are due to the radiative
electronic transitions of the Erions (present as impurity) which substitute th& A&ns in

the ALO; lattice. When the lattice of ions surrounding @&" is distorted, for instance by
an applied stress, the crystal field potentiahat site of the Cf ion is altered, which, in
turn, alters the energies of the electronic tramsit (piezospectroscopic effect). Thus, the
analysis of the fluorescence spectrum of"@pntaining alumina can give information on
the residual stress state of the sample. Analogpasla consequence of the distortion of
the crystal lattice, the Raman bands of alumingparticular its strongest component at

about 419 crl, may undergo detectable wavenumber shifts andieroag.
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8.2 Materials and Methods

Retrievals

Three alumina-on-alumina bearings explanted 8 toy@4ars after implantation (mean
follow-up 14 years) were examined. Retrievals cstesi of three heads from three patients
(one female and two males) who underwent primarRTad Istituto Ortopedico Rizzoli,
Bologna - ltaly, between 1986 and 1994. Mean pttaye was 62 years (range 47-73
years at revision surgery). Two different typesatfmina were considered: Monoblock
Alumina (Bioceramica, SAMO, Bologna-ltaly) and Bi&f (Poral, Anca, Cremascoli,

Milan-Italy and Ceramtec, Plochinghen, Germany).

O = @ c =1 =1 ko)
Sl » s E B : o oo
2 €~ z s 28 99 % = RS
S O = L5 Lo S s, O =
S T o g B B3z =2 Q 33
O E O < b= 06° 9 = O+
|_
Monoblock
Alumina
(Bioceramica, Cup
#1 SAMO, M 73 1986 2007 21 Cememedmigration
Bologna-
Italy)
Biolox®
#2  (Poral, Anca, 47 1991 2000 8 Uncemented . SYP
Cremascaoli, migration
Milan-Italy)
Monoblock
Al Cemented
#g (Bioceramica, g 66 1994 2005 11 Loosening
, (broken at
Bologna- retrieval)
Italy)
Biolox®
#4 (Ceramtec, F 52 1988 2002 14  Uncementdcbosening
Plochinghen,
Germany)

Table 8.1: Details of the analyzed retrievals.
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Table 8.1 reports the details about the retrievalisthe femoral heads presented a severe
wear with heavy deviation from the original sphityicand approximately half of the

surface was mat.

A retrieved femoral head that did not show seveearnwvas analysed for comparison

(identified as #4 in Table 8.1).

All the retrieved femoral heads were initiallyeslized using a formaldehyde-based
solution and then washed for 10 min with a detergetution in an ultrasonically washing
machine. After which they were rinsed with distlll@ater for another 15 min, dried with a
jet of filtered inert gas (nitrogen), and furthered in a vacuum drying system for 30 min.

Finally, the femoral heads were cleaned with acaton

Fluorescence and Raman spectra

The fluorescence spectra were obtained using aonalgser (Innova Coherent 70)
operating at 514 nm to excite the fluorescence anthsco NRS-2000C micro-Raman
spectrometer equipped with a 160 K frozen digit@iIDCdetector (Spec-10: 100B, Roper
Scientific Inc.) to collect the emitted fluorescend@o ensure that no laser heating occurred
and contributed to the observed frequency shiftsnaasurements were performed at a
low laser power (i.e. 1 mW). Since instrumentatfiiations represent another source of
possible variation in the measured frequency, aacteristic neon line at 14431 ¢mvas

used as a frequency calibration standard.

The spectra were recorded in back-scattering donditwith 1 crit spectral resolution
using an objective lens of 100x magnification. T¢pectra were recorded in a non-

destructive way. A retrieval which did not show ee/wear was analyzed for comparison
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(sample #4). To obtain a good representation oftress distribution, 12 spectra at least
were collected in different points of the worn acé@ach femoral head. The same number
of spectra was recorded on the unworn border ofi @mponent, which was taken as

reference.

The bands monitored were at about 14403' ¢R,) and 14433 cih (R,). Their width

(expressed as full width at half maximum, FWHM)temsity and frequency were
determined by fitting the experimental spectra witixtures of Lorentzian and Gaussian
functions. The fitting was done using a commersiftware (OPUS 6.0, Bruker Optik

GmbH, Germany).

Micro-Raman spectra were measured in the same aieare fluorescence spectra were
taken using the above mentioned instrument, lastector and microscope magnification.
All the spectra were recorded in back-scatteringdit@ns with 1 crit spectral resolution
and a power of about 20 mW. The spectra were eadiirby the use of the characteristic
neon emission lines. The intensity and FWHM of feman band at about 419 ¢were

calculated directly from the spectra using the amentioned software.

8.3 Results

All the samples contained an adequat& @mpurity level for the R and R bands to be
recorded with a high signal-to-noise ratio. Fig8ré& shows the fluorescence spectrum of
the unworn region of a femoral head fitted into Bieand R at about 14433 and 14403

cm’, respectively.
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14340 14360 14380 14400 14420 14440 4460 14480

Wavenumber [ cm’

Figure 8.1: Fluorescence spectrum of the unworn region of aofairhead fitted into the

R; and R components.

Intensity
Intensity

control
Eworn

control

worn

14430 14435 144400

Wavenumber / cm!

Figure 8.2: Fitted R and R components obtained from the spectra recordeaeimmworn

(black) and worn (coloured) regions of the femdredhd #1.

Figure 8.2 shows thitted R; and R components obtained from the spectra recorded in
the unworn and worn regions of the femoral heada#dignificant decrease of the FWHM
of both R and R components was observed upon wear. For the saplés3 and #4, no

visible spectral changes were observed.

The values of the FWHM of Rand R components obtained from the spectra recorded on

the unworn and worn areas of the analysed femead$ are reported in Figure 8.3.
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From a quantitative point of view, considering standard deviation associated to the

measurements, significant differences in thaRd R FWHM values between unworn and

worn areas were observed only for sample #1.

Biolox® components(#2 and #4) showed FWHM values significantly loweran

monoblock alumina components (#1 and #3).

FWHM / em!

11.5

11,0 -

10,0

FWHM / em!

#1

#3

14.5

13.5 -

13,0 -

L

#1

#3

control

worn

control
Hworn

Figure 8.3: Average full width at half maximunfFWHM) of the R and R components

obtained from the fitting of the fluorescence spececorded in the unworn (control) and

worn regions of the analyzed femoral heads

Figure 8.4 shows the Raman spectrum recorded innthwrn region of the femoral head

#3. The characteristic bands at about 419 and 380 were assigned to corundum,

according to the literature [12].
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Raman Intensity

380

T T | T
450 400 350 300

Wavenumber / cm™

Figure 8.4: Raman spectrum recorded in the unworn regionseofé@moral head #3. The

main characteristic Raman bands assigned to conurade displayed.

No significant differences between worn and unwegions were observed in the Raman

of the samples #1, #2 and #4.

Upon wear, a significant broadening and shift ie Wavenumber position of the band at

419 cm' was observed for the sample #3, as displayedgur€&i8.5.

waorn_

i

Raman Intensity

control

425 420 415 410

Wavenumber / cm™

Figure 8.5: Average Raman spectra recorded in the 410-43®ramge of the worn (red)

and unworn (grey) regions of the femoral head #3.
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Figure 8.6 reports the average wavenumber pos#tieh FWHM of the Raman band at
about 419 crl, as obtained from the spectra recorded in the umand worn regions of

the analysed femoral heads; although nearly all dpecimens showed a substantial
broadening and shift of the band Raman band upam,waly in sample #3 this behaviour

appeared significant.

In this sample, going from the control region te tkhorn region, the above mentioned band
showed an up-shift from 419.1+0.2 ¢rto 419.6+0.3 cil and a broadening from 4.2+0.2

cm? to 4.7+0.2 cnt.

Position Width

420,0

ES
n
el
[#

ES
n
2
[}

FWHM / em!

Frequency / em™!

418.5 -

4180 -

#1 #2 #3 #4

control
B worn

Figure 8.6: Average wavenumber position and FWHM of the Ramandbat about 419

cm?, as obtained from the spectra recorded in the tmand worn regions of the analysed

femoral heads.

8.4 Discussion
This study analysed the wear damage of three fdrheds retrieved from alumina-on-

alumina hip prostheses explanted after an avegpsviup of 14 yrs ofn vivo function.
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Micro-Raman and fluorescence spectroscopy alloteedharacterize the wear of the

femoral heads at microscopic level analyzing thepmhology of the worn regions.

The positions and widths of the Bnd R fluorescence bands provided information on the

residual stress state of the samples.

No significant differences in the wavenumber positiof the R and R bands were
observed among the analyzed retrievals. Signifidéferences in the FWHM of both the
fluorescence bands were observed among the unweas af the two sets of retrievals
(i.e. monoblock alumina and BiolBxas shown in Figure 8.3: the Biofdxomponents (#2
and #4) showed noticeably lower FWHM values thanrtftonoblock alumina components

(#1 and #3), suggesting a narrower distributioresfdual stress in the former.

The FWHM of the R and R bands showed a different trend in the two setewievals
upon wear. A general decrease in this parameteobserved for both monoblock alumina
components (#1 and #3); however, this trend apgdesignificant only for femoral head
#1. The broadening of the fluorescence band upar weuld indicate the occurrence of
microcracking that can reduce the width of the Grmusresidual stress distribution as a
consequence of stress dissipation [13]. An anal®gesult was reported for a fractured

alumina femoral head tested under severe conditiofs

As reported in Figure 8.3, Biol8xfemoral heads showed a substantial constancyo(#2)
slight decrease of the FWHM of both bands; howetls, latter change did not appear
significant. No significant wavenumber shifts wergserved in any of the femoral heads

by effect of wear.
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Raman results confirmed that the monoblock aluntio@ponents were more degraded
than the BioloX components; the femoral head #3 showed the mgsifisant changes in

both the position and FWHM of the Raman band atia#t9 cnit* (Figures 8.4 and 8.5).

The volumetric wear of the analysed retrievals assessed by Dr. S. Carmignato at the
Department of Management and Engineering of thevétsity of Padova, using a

coordinate measuring machine (CMM).

The spectroscopic trends appeared in agreementtatliCMM results since the samples
that showed the most significant wear-induced chang fluorescence and Raman bands
(i.e. #1 and #3, respectively) were those charaetby the highest volumetric wear. In
the light of the spectroscopic results, it can Wd@rnaed that the femoral heads
characterized by the most severe wear underwemhds significant stress at a molecular

level.

8.5 Conclusions

This study analysed at a microscopic level the eveear damage of three retrieved
alumina femoral heads.

Differences in the distribution of residual stressenong monoblock alumina and Biofox
components were revealed by fluorescence specpgsco

The occurrence of microcracking can be suggesteanfmoblock alumina upon severe
wear. Raman results confirmed that the monobloeckmada components were more
degraded than the Biol8ones.

The comparison of volumetric wear measurementsspredtroscopic results showed that

the femoral heads characterized by the most seveae underwent the most significant

183



stress at a molecular level.
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CHAPTER 9 - RETRIEVAL ANALYSIS OF THREE GENERATIONS OF
BIOLOX ® FEMORAL HEADS

9.1 Introduction

Alumina was introduced about 40 years ago, withdgdmical results. The first generation
of alumina ceramics for hip joints, obtained frorhemically purified and grounded
corundum powders sintered in air, was marketedesib@74 with the trade name of
Biolox®. It was used for femoral heads, monolithic sockeisd liners for modular
acetabular cups accordingly to ISO 6474 and otiternational regulations.

The alumina quality is influenced by several fasteuch as grain size, density and purity.
The grain size of alumina influences the wear tladt decreases with decreasing grain size
[1].

In the 1990ies alumina hip joints were improvedhwtite introduction of Biolo% forte,
whose mechanical characteristics were highly ergwntianks to innovations in the
production process. Biol8xforte has become commercially available since 1995; this
material was produced using an improved raw matesibich had a smaller grain size,
lower level of impurities and was sintered in &iolox® forte has a density of 3.98 g/ém
compared to 3.96 g/chfor Biolox® and grain sizes of 3.2m compared to 4.2m for
Biolox®, in addition to an enanched flexural strength.

Biolox® forte is bioinert and is highly resistant to all cherhiceactions as a result of its
high purity and the strong chemical bonding otigstalline structure.

At present, there is no other material availablettoa market for joint couplings that is

equal to BioloX forte for wear, biocompatibility, chemical stability, iallergenicity.
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With the exception of diamond, Biol8xforte constitutes the hardest material known:;
thanks to this property, it can remain undamagedréitched during implantation.

The last generation of ceramic materials for hiptjprostheses is represented by Bi&lox
delta: it was introduced to the market in 2000 as cerdmocomposite material intended
for special medical applications requiring the Ieigih performance, which was not
previously possible using alumina ceramics: an g@tarare the extra-long femoral heads
with a diameter of 22 mm for which the poor tougsmef alumina represented a seriuos

limitation.

Biolox® delta is a hot isostatic pressed zirconia-toughened ialimomposite material
specifically engineered to obtain substantially ioyed mechanical properties.

This material exhibits an extremely high fractuoeighness and a much higher capacity
than other ceramic materials to resist the onsetafking and to arrest the propagation of
cracks [2]. The Biolo% deltaceramic has been developed with the aim to conthim&est
characteristics of both alumina and zirconia (tlxeedlent strength and toughness of
alumina and the higher performances of alumina ams$ of wear, chemical and
hydrothermal stability).

Biolox® delta consists of an alumina matrix (about 75% wt) pringdthe material
hardness and wear resistance, in which particl&TZP (about 24% wt) are dispersed to
improve the mechanical properties; the composge abntains 1% of @D, added into
the formulation to counterbalance the reductiomardness caused by the introduction of
zirconia. The presence of such an amount of chmomioxide also confers the

charachteristic ruby-pink coloration to the materia

Under stress conditions (e.g. at the crack tipg, YaTZP particles exhibit a t-m phase

transition, according to the mechanism describedhiapter 1, which enhances material
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fracture resistance. In addition to normal transiation-toughening, a second toughening
mechanism is expected to be active with the additd SrO; this oxide induces the
formation of strontium aluminate platelets (SrALCKO10) during the sintering step of the
production process. Due to their size, these dlangated crystals prevent any cracks from
advancing by dissipating crack energy. In fact, mwhiee crack reaches one of these
crystals, it needs extra energy to go round itthie absence of this, the crack does not

propagate.

This chapter deals with the examination of weampheena in 15 explanted ceramic-on-
ceramic (COC) hip joints (Biold% Biolox® forte, and BioloX delta) retrievals,
evaluating the residual stress state in the womofal heads using a fluorescence

piezospectroscopic technique.

9.2 Materials and Methods

Retrievals
Fifteen ceramic-on-ceramic (COC) bearings explanfednonth to 26 years after
implantation (mean 9 years) were examined (case was not considered in the
computation of mean folluw-up). Retrievals congisté femoral heads obtained from 15
patients who underwent primary THA at Istituto (uedico Rizzoli between 1982 and
2009. Among the explanted specimens, there wermrd fmale patients and 10 from
female patients with a median age of 64 years g&8%gto 86 years) at revision surgery.
Details about this population are shown in Table $he explanted specimens consisted of
five alumina BioloX, five alumina BioloX forte, and five alumina BioloX delta The
main reasons for failure of the index of arthroptasere dislocations (27.6%) and aseptic

loosening (22.1%) of the acetabular component indasign components. Due to the
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scarce number of available specimens and diffetygres of ceramic used, partial and
limited reports are available in literature. Biotoforte anddeltaceramics were introduced
for THA applications in 1995 and 2000, respectiyéyng-termfu studies (with averagie
>10yrs) were possible only for the first alumina genenat{BioloxX®) and in this context,

only the femoral heads were considered.

The femoral heads were treated as described int@h&p

Alumina Age

generation Implant year Gender (yrs) (;;JS) Weight (Kg) Case
Biolox” 1982 M 51 26 60 #01
Biolox® 1986 F 74 21 70 #02
Biolox® 1988 F 66 14 65 #03
Biolox® 1991 M 52 8 68 #04
Biolox® 1994 F 86 12 70 #05
Biolox® forte 1997 F 35 3 70 #06
Biolox® forte 2000 F 47 7 50 #07
Biolox® forte 2001 M 73 7 88 #08
Biolox® forte 2005 M 59 3 55 #09
Biolox® forte 2006 F 49 2 60 #10
Biolox® delta 1999 F 77 8 78 #11
Biolox® delta 2003 F 48 5 57 #12
Biolox® delta 2006 F 78 3 85 #13
Biolox® delta 2009 F 85 1 78 #14

Biolox® delta 2009 M 80 1 month 73 #15

Table 9.1: Details of the retrievals studied.
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Fluorescence measurements

The fluorescence spectra were obtained using 8teumental setup described in chapter 8
with the exception of the microscope objectiveemslof 10x magnification was used. This
configuration provided a laser spot size largenttiee grain size of the ceramics, assuring

that the fluorescence was being averaged ovega tarmber of grains.

The spectra were recorded in a non-destructive wmyfive femoral heads of each
generation; to obtain a good representation ofsthess distribution, 12 spectra at least
were collected in different points of the worn amfaeach femoral heads. The same
number of spectra were recorded on the unworn barsfieach component, which was
taken as reference. A new Biofbgeltafemoral head dated back to 2009 was analysed for

comparison.

The bands parameters of thg &d R fluorescence components were computed as

described in chapter 8.

9.3 Results

Figures 9.1 and 9.2 report the average fluorescepeetra recorded on the control unworn
areas of all the analysed BiofgxBiolox® forte and BioloX delta femoral heads.
Significant differences can be observed betweenthihee sets of femoral heads with
regards to the intensity (Figure 9.1) and FWHM (if&g9.2) of the Rand R bands, while

the wavenumber position of the fluorescence baeagined practically constant.
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Intensity

Biolox® forte
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14300 14350 14400 14450 14500
Absolute wavenumbers / cm™!

Figure 9.1: Average fluorescence spectra recorded on the dammorn areas of all the
analysed BioloR (green), BioloX forte (red) and BioloR delta (blue) femoral heads. The

relative intensities of Rand R components in the three materials are highlited.

The R and R components were obviously significantly strongeBiolox® deltathan in
Biolox® and BioloX forte femoral heads, due to the presence of thgdCadditive.
Biolox® forte showed a slightly higher fluorescence than BiSlcdue to its better surface

finishing.

Figure 9.2 and Table 9.2 show the comparison betwlee average FWHM values of the

R: and R components of the three material generations.

Control areas of the three sets of femoral heagsapd significantly different also in the
FWHM of the R and R bands. BioloX forte showed the lowest values for both these
markers of residual stress distribution, while Bi§l and BioloX delta appeared

comparable to each other.
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Figure 9.2: Average fluorescence spectra recorded on the dammorn areas of all the
analysed BioloR (green), BioloX forte (red) and BioloR delta (blue) femoral heads. The

spectra were normalized to the intensity of thedRponent.

FWHM (cm™) _ |
R, 5D R, 5D
Biu[ux'-ﬂ-; delta | 14.9 | 20.7 | 12.6 [ 0.4 |
.Biulux'"’ﬁ:rru - 12.8 | 0.5 | 11.0 [ 202 |
Biolox® | 142 [=06] 122 [=04]
Table 9.2: Average full width at half maximum (FWHM = standadeviation) of the R

and R bands obtained by fitting the experimental fluossge spectra reported in Figures

9.1 and 9.2.
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Figure 9.3: Average full width at half maximum (FWHM = standatdviation) of the R
band as obtained by fitting the experimental flgos:ce spectra recorded in worn
(coloured) and control (grey) regions of each estl. The data reported are mean values

referring each to 12 spectra.
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Figure 9.4: Average full width at half maximum (FWHM = standatdviation) of the R
band as obtained by fitting the experimental flsos:ce spectra recorded in worn
(coloured) and control (grey) regions of each estl. The data reported are mean values

referring each to 12 spectra.

The worn areas of the femoral heads showed signifidifferences if compared with their

respective control areas, especially in the FWHMhef R and R bands (Figures 9.3 and
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9.4). No wavenumber shifts were observed in any offémeoral heads. From a general
point of view, the standard deviation associatethétomean FWHM values of both BRnd

R2 bands in the worn areas was often higher thahancontrol areas, indicating a higher

dispersion due to wear.
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Figure 9.5: Average intensity of the Rband as obtained by fitting the experimental
fluorescence spectra recorded in worn (coloured) eontrol (grey) regions of each
retrieval. The data reported are mean values iefeeach to 12 spectra. The Biofodtelta

values are reported scaled with a factor of 100.
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Figure 9.6: Average intensity of the Rband as obtained by fitting the experimental

fluorescence spectra recorded in worn (coloured) eontrol (grey) regions of each
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retrieval. The data reported are mean valuesriefeeach to 12 spectra. The Biofox

deltavalues are reported scaled with a factor of 100.

Figures 9.5 and 9.6 show the trend of the fluomesedntensity upon wear. A general
(even if rarely significant) increase of fluorescerintensity was observed in both Biofox
and BioloxX forte sets, probably due to polishing related to weasnFthis point of view,

Biolox® delta showed a different behaviour: no increase in flscemce intensity was

observed in the worn areas of the femoral heads.

With regards to Biolo¥, all the femoral heads showed a general decrdase ¢-WHM

of both R and R bands, although this change appeared significalyt for sample # 02;
this result did not appear surprising in the lighthe massive wear experimented by this
retrieval. BioloX’ forte and BioloxX delta showed a different behaviour at fluorescence
measurements; actually, all these femoral headerwemt a general FWHM increase,

which appeared significant for several retrievals.

9.4 Discussion

The fluorescence measurements allowed to deteeraedifferences in the three sets of

retrievals.

As shown in Figure 9.1, the intensity of the Brd R fluorescence bands provided
information on surface finishing: Biol6Xorte showed a slightly higher fluorescence than

Biolox®, due to its better surface finishing, accordingnanufacturer claims.

Fluorescence measurements already proved suitabievéstigate density and surface

finishing of ceramic components [3-6]; high fluoreace intensity is indicative of a
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material with low porosity, since pores act as tecaiyg centres of the incident laser beam

and are responsible for a lower fluorescence iitiens

In the unworn area of the retrievals, the FWHMled R and R bands increased going
from Biolox® forte to Biolox® and BioloX delta This result would suggest a narrower
distribution of residual stress in the former, whBiolox® and BioloX delta appeared

comparable to each other (Figure 9.2 and Table 9.2)

As shown in Figures 9.5 and 9.6, upon wear, thengity and the FWHM of the;Rind R
bands changed in different ways in the three sktgtdevals, suggesting different wear
mechanisms. The increase in the fluorescence ityenbserved in the Bioldk and
Biolox® forte retrievals suggests that the friction generatedhat articulating surface
generated a significant polishing effect. This pimaenon improved the quality of the
surface, thus increasing fluorescence [3]; on thetrary, no significant changes in the
fluorescence intensity upon wear were observediamoB® delta retrievals, suggesting a
negligible change in the surface finishing. Alse #WHM of the R and R bands showed
a different trend in the three sets of retrievagl®m wear: a significant increase in this
parameter was observed for both Bildarte anddelta (Figures 9.3 and 9.4), suggesting
a wider range of residual stress values [3]. Orctimrary, in the worn area of the Biofox
components both Rand R bands sharpened upon wear, probably due to mackiolg
[7]. This results could appear in disagreement whth findings reported in chapter 8 that
indicate that BioloR retrievals did not show microcracking also undewvese wear
conditions. This mismatching can be explained by different microscopy objectives
used: the 10x magnification lens assures thatflherescence was being averaged over a

large number of grains, while the 100x lens gewsrat spot smaller (aboutpin) than
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Biolox® grain size (4.2um). It is reasonable to suppose that microcrackiray be less

detectable with the instrumental configuration useprevious chapter.

9.6 Conclusions

The wear of three generation of ceramic retrieyBislox®, Biolox® forte, and BioloX’

delta) was examinated using a fluorescence piezosgecipic technique.

The fluorescence measurements suggested differegnt nvechanisms in the three sets of
retrievals. Microcracking was predominant in Bidlpxhile in BioloxX® forte and BioloxX’
delta a wider range of residual stress values was obdarpgen wear. Surface polishing

was observed only in Biol&xand BioloxX forte.
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CHAPTER 10 - RAMAN AND FLUORESCENCE INVESTIGATIONS ON
RETRIEVED BIOLOX ® DELTA FEMORAL HEADS

10.1 Introduction

Biolox® delta is currently extensively used as prosthetic corepts for total hip
replacement in consequence of its high strengtly wesistance and stability, non-toxicity

and biocompatibilityn vivo[1,2].

Ageing of zirconia is the negative consequence h&f transformation ability of the
tetragonal phase involved in the toughening medmanThe presence of water molecules
(or body fluids) on the surface of tetragonal zmeo may induce its progressive

transformation into the monoclinic phase.

The occurrence of the t-m transformation in BiSlaeltaand Y-TZP components is a
still debated subject [3-5]. The manufacturer ckithat BioloxX delta was specifically
developed with the aim of avoiding ageing phenomantually, earlier studies on Biol®x
delta femoral heads did not report any significant t-magd transformation after
environmental exposure to water vapour [6,7]. M@®ent investigations have shown that
Biolox® delta femoral heads underwent significant phase chanffes ia vitro aging
accelerated tes{8,9]. Actually, the latter studies have reported no gjtierdecrease, no

roughening and a minimal surface damage.

This chapter is aimed at correlating the data loétained for the first time on Biol6x

deltaretrievals with those reported in the literatureromitro ageing.

The first goal was the Raman spectroscopic analykiseveral BioloX delta femoral

retrievals to evaluate the occurrence of a t-momni& transformation. Several Raman
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quantitative methods have been proposed in theatitee to monitor this transformation
[10] based on the fact that the monoclinic andatginal polymorphs of zirconia have
characteristic Raman bands, whose intensity isgstigmal to their concentration. While
Raman spectroscopy has been widely applied tottldy f in vitro aged and fractured
zirconia-containing components [8,11] at our knalgie, this is the first Raman study on

Biolox® deltaretrievals.

As a second goal, the fluorescence results reparntebdapter 9 were correlated to Raman

findings.

10.2 Materials and Methods

Retrieved BioloX delta femoral heads

A total of six retrieved BioloX delta (CeramTec AG, Plochingen, Germany) femoral
heads were investigated. Five retrievals are tlpossented in chapter 9: a supplementary
femoral head was analysed. The samples are hemdered on the basis of the implant
year. They were all revised after periods comprisetween 1 month and 8 years after
implantation (average follow-up 3.2 years) from B’ delta-on-Biolox® deltahip joints,

as summarized in Table 10.1.

The retrievals were obtained from six patients wimalerwent primary THA at Istituto
Ortopedico Rizzoli between 1999 and 2009. Mearepatige was 72 years (range 57-85
years).

All the femoral heads were treated as describethapter 8.
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Case |mplantyear  Gender Age (yrs)  Follow-up  weight (Kg)
(yr)

#01 1999 F 77 8 78
#02 2003 F 48 5 57
#03 2006 F 78 3 85
#04 2007 F 67 2 60
#05 2009 F 85 1 78
#06 2009 M 80 1 month 73

Table 10.1:Details on the BioloX deltaretrievals analysed in the present study.

In vitro experiments

To simulate extreme wear conditions, a new unwaisloR® delta femoral head (dated
back to 2009) was intentionally fractured at thédwatorio di Tecnologia Medica (Istituto
Ortopedico Rizzoli) to reproduce the stresses iaduay the rupture of the implant. The
femoral head was coupled with a homologous acedaloulp and the bearing was run into
a hip joint simulator (Shore Western, Los Angelgs, USA) for 1 x 16 cycles without
lubrication. After this treatment, the femoral hesas put on an Instron 8502 machine to
determine the breaking point. A speed of 0.1 mmmpeute was applied and the femoral
head was broken after a load of approximately 30. ISk fragments of the head

(identified as F1, F2..., F6) were analysed in rtHeactured sections by Raman and
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fluorescence spectroscopy. The articulating surfatene fragment was mapped by
Raman spectroscopy.

Raman and Fluorescence spectroscopy
Micro-Raman spectra were obtained using the sarsgument reported in chapter 8
employing a microscope of 10x magnification andrdple with an aperture diameter of
3000 um. Under these conditions the laser spotwgaéelarger than the grain size of the
ceramics, assuring that the spectra were beingagedrover a large number of grains. All
the spectra were recorded in back-scattering domdiwith 5 cnt spectral resolution and
a power of about 35 mW. The spectra were recorded non-destructive way on the
surface of the six retrievals; to obtain a goodrespntation of the stress distribution, 12
spectra were collected in different points of thernvarea of each femoral head. The same
number of spectra was recorded on the unworn barfleach component, which was
taken as reference. A new Biofbaeltafemoral head dated back to 2009 was analysed for
comparison. With regards to the fractured femoesdy 12 spectra were recorded in the
section of each fragment. The articulating surfateone fragment was mapped by
measuring the Raman spectra at increasing distarweng orthogonally to the edge
generated by the break, with steps of 20 um.
The zirconia monoclinic phase was quantified asuwv@ fraction (V,) according to the

following equation, proposed by Katagat al[30]:

NN L

m T 4 147 | qlEl | 7lon
2.2xI, I, +I;

IlEl 190 d I-r'

where Iz *1lm an were the areas of the monoclinic doublet at a&dtand 190

cm® and the tetragonal band at 147 gmespectively. This equation was preferred to the
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widely applied method proposed by Clarke and Adat],[ which was found to
underestimate the fraction of the monoclinic pHasé.

To estimate the depth of extension of the t-m fansation, several tests employing a
confocal setup were performed. The worn regionwaf tetrievals was analysed using a
microscope of 100x magnification and confocal pleeowith aperture diameters
progressively smaller (3000, 200 andbf). No statistically significant differences in the
calculated values of ywere observed under the different instrumentalpsebnditions
(i.e. with different pinholes, which corresponddifferent sampling depths). This result
suggests that the t-m transformation was a magsoaess involving a thick material area.
In the light of these findings, to obtain a higlsgnal-to-noise ratio, the spectra were
recorded using a microscope of 10x magnificatiod Hre largest pinhole (i.e. with an
aperture diameter of 30Q0N).

The fluorescence spectra were recorded as reportelthpter 9. The bands parameters of

the R and R fluorescence components were computed as desdnilobapter 8.
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10.3 Results

Micro-Raman spectra

Figure 10.1 shows the Raman spectra of the crystglhases present in the composite.

Partially converted Zirconia-
Alumina composite

Monoclinic Zirconia

Raman Intensity

Tetragonal Zirconia

‘/\__/\W’———-—LA—._—,\_‘Q__‘ Alumina

T T T T T 1
700 600 500 400 300 200 100

Wavenumber cm!

Figure 10.1:Raman spectra of the crystalline phases pres¢héinoomposite.

With the exception of the weak band at 419'cascribable to alumina [12], all the
observed bands, assigned according to the literdtl®,14], were due to the Raman
scattering of tetragonal and monoclinic zirconitypwrphs.

The marker bands of tetragonal zirconia at 648, 8%, 268 and 147 chtogether with
those due to the monoclinic polymorph at 627, 542, 506, 481, 382, 350, 338, 227, 191
and 182 crit were detected.

Figures 10.2 and 10.3 show the average micro-Raspantra recorded on the unworn
control and worn surfaces of retrievals #2 and #planted in 2003 and 2007,

respectively.
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Figure 10.2: Average micro-Raman spectra recorded in the unwomirol area (black)
and worn region (red) of retrieval #2 (dated baxk®03, follow-up 5 years). The bands

assigned to tetragonal zirconia (t), monoclinicaima (m) and alumina (a) are reported.

Upon wear, the t-m transformation increased the auolomic zirconia content inducing
significant spectral changes: the worn area ofrétgevals #2 (Figure 10.2) showed a
significant strengthening of the bands due to mbmnicczirconia. At the same time, some
bands underwent significant wavenumber shifts armhdening; this is the case of the
spectral components observed in the unworn redi@6& cm' (tetragonal) and 382 ¢
(monoclinic) which shifted to 265 and 384 ¢nmespectively, in the worn area.

The effect of wear was significantly less pronouhae retrieval #4 (Figure 10.3), more

recently implanted; no significant shifts in theoab mentioned bands were observed.
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Figure 10.3: Average micro-Raman spectra recorded in the unwomirol area (black)
and worn region (red) of retrieval #4 (dated bazk®07, follow-up 2 years). The bands

assigned to tetragonal zirconia (t), monoclinicaima (m) and alumina (a) are reported.

It is interesting to note that the fracture of tamoral head induced evident changes in the
above described spectral features, even more pnoeduhan in retrieval #2. The average
micro-Raman spectrum recorded in the section oFth&agment showed with the highest
intensity the bands due to monoclinic zirconia. &uwer the above mentioned bands at
268 and 382 cih significantly shifted in wavenumber values andautened, due to the
undergone stress.

Figure 10.4 shows theomparison of the micro-Raman spectra recordedréeind after

the intentionallyin vitro breaking of a new femoral head.
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Figure 10.4: Average micro-Raman spectrum recorded in the sedidhe F5 fragment
(red) obtained by intentionally vitro breaking a new femoral head dated back to 2009
(black). The bands assigned to tetragonal zirc(ihianonoclinic zirconia (m) and alumina

(a) are reported.

The bands at 147 and 191-182 trallowed to calculate the v monoclinic volume

fraction, according to the Katagiri equation. THaained results are reported in Figure

b1
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Figure 10.5: Average monoclinic zirconia volume fractiondata as obtained from the

micro-Raman spectra recorded in the control unwoymgrey), worn regions (w, blue) of
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the analysed retrievals and in the sections obikhdéragments obtained by intentionaity
vitro breaking a new femoral head dated back to 2009.Vijhealue of a new unworn

sample dated back to 2009 is reported for compariso

The monoclinic volume fraction calculated in thewann region of the sample #2 was 0.42
+ 0.03: upon wear, a noticeable increase in therdMue (0.62 = 0.03) was observed.
Sample #4 appeared characterised by significantiyet Vi, values in both unworn and
worn regions (0.13 + 0.02 and 0.17 + 0.03, respelyf) in agreement with the less
pronounced spectral changes.

On the other hand, the pronounced variation ofsihectral features observed in Figure
10.4 was confirmed by the strong increase of thevelues upon fracture: an increment
from 0.11 + 0.02 (new femoral head) to 0.61 + 0nM@5 observed.

Figure 10.6 shows the trend of the wavenumber iposand FWHM of the bands most
significantly shifted upon wear as a function @ thonoclinic content (\).

The wavenumber position of the bands at about 268 (tetragonal) and 382 ¢h
(monoclinic) and their FWHM well correlated withethv,, value calculated both in the
retrievals (unworn control and worn regions) and #lections of the fragments of time
vitro fractured component. The slope of the regressi@slreported in Figure 10.6 was of
the same order of magnitude for the two sets ofpsesn excepted than for the FWHM of
the band at about 382 &mthis spectral feature increased with, Yhore steeply in the

retrievals than in the section of the fragments.
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Figure 10.6: Trend of the wavenumber position and FWHM of thedsaat about 268

cm® (tetragonal zirconia) and 382 ém(monoclinic zirconia) as a function of the

monoclinic content (V). Blue symbols refer to the data obtained in thet| unworn

and worn regions of the analysed retrievals; oraygebols refer to the data obtained in

the sections of the six fragments analysedifro fractured head).

Optical images of the articulating surface topogsapf two areas belonging to thevitro

fractured head are shown in Figure 10.7A-B.

Figuee7C shows the trend of the

monoclinic volume fraction () as a function of the distance from the fractuigeein six

different areas of the fragment inspected by Rasp&ctroscopy.
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Figure 10.7: (A) and B): Optical images of the articulating surface togdy of two
areas belonging to the fragment inspected by Rapactroscopyili vitro fractured head).
The red points indicate where Raman spectra wéenté.e. at steps of 20m moving
orthogonally to the fracture edge®)( Trend of the monoclinic volume fraction {yas a
function of the distance from the fracture edgsiindifferent areas (numbered from 1 to

6) of the fragment inspected by Raman spectroscopy.

Thein vitro fracture of the new femoral head induced signifiadranges in the Yvalues
also on the surface of the sample. As can be easiyn from the graph,,vdid not
monotonically decrease going away from the edgéheffracture, but often reached a

maximum.

Fluorescence spectra
Figure 10.8 reports the full-width at half-maximyfWHM = standard deviation) of the
R; and R bands as obtained from the fitting of the fluosse spectra of the retrieval #4,

here reported for the first time, the new femor@ddh (control) and the sections of the six



fragments of then vitro fractured head. The values corresponding to therattrievals

are reported in Figures 9.3 and 9.4.
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Figure 10.8: Average full-width at half-maximum (FWHM = standadeviation) of the R
and R bands as obtained from the fitting of the fluoremeespectra of the retrieval #4,
the new femoral head dated back to 2009 and thessf the six fragmentsn( vitro

fractured head).

As can be seen from the histograms, the worn arkasth the retrievals and fragments
showed significant differences in the FWHM of theaRd R bands if compared with their
respective control areas, while no wavenumbersifiany of the analysed samples were
observed. As discussed in the previous chaptan &@eneral point of view, the standard
deviation associated to the mean FWHM values df Batand R bands in the worn areas
was often higher than in the control areas, inthgad higher dispersion due to wear.
Figure 10.9 shows the optical images of the surtgugearance of the new femoral head

and the F2 and F5 fragments.
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Figure 10.9: Optical images of the surface appearance of thefemoral head and the F2

and F5 fragments.

The standard deviation increase can be relateetsurface appearance of the samples;
comparing Figures 10.8 and 10.9, it appeared tmathomogeneous surface finishing
typical of a new femoral head results in a low dead deviation associated to the
corresponding measurements, while the worseninpeogurface finishing in fragment F2
(and even more in fragment F5) determined a pregresincrease in the standard
deviation associated to the corresponding measuntsme

Upon wear all the retrievals (with the only exceptof sample #4) and all the fragments
showed a general increase of the FWHM of bothaRd R bands with respect to the
control regions.

Figure 10.10 shows the trend of the FWHM of theaRd R fluorescence bands as a
function of the monoclinic content (Y obtained by Raman spectroscopy.

The FWHM of both the fluorescence bands are cdgelaith the \, values obtained by
Raman spectroscopy both in the retrievals (unwanntrol and worn regions) and the
sections of the fragments of the vitro fractured component. A better correlation was
obtained for the Rband; the slopes of the two regression lines \pesetically the same

for the two R and R bands.
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Figure 10.10: Trend of the FWHM of the R1 and R2 fluorescencedsaas a function of

the monoclinic content () obtained by Raman spectroscopy.

Raman spectroscopy has been widely used for imastg the mechanism of the t-m
transformation. The Mehl-Avrami-Johnson law hasrbémind to correctly describe the
dependence of the,Mmonoclinic content on ageing time [8,9,11]:

Vi =1- (1- \in? )exp — (bt}
where t is the ageing time, b is a parameter tepaedds on both growth and nucleation
rates of the monoclinic nuclei,¥is the fraction of monoclinic phase in the mateatathe
beginning of the ageing test, and n is an expotmattwas found to range between 0.3 and
4.
In Figure 10.10, In(In(1-\° /1-Vy, )) was plotted against In(t) according to the abov
reported equation, where t was the follow-up angl and i’ were the values of the
monoclinic volume fraction in the worn and unworantrol areas of each retrieval,
respectively. The n value was calculated as theestid the best regression line obtained

from the experimental data and was found to be.0.60
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Figure 10.11: Plot of In(In(1-\Vi" /1-Vy, )) versusin(t), where \,° and \,, were the
average data obtained from the Raman spectra ofvtre and unworn areas of the

Biolox® deltaretrievals

As reported by previous studigib], n values close to 4 reveal a preponderantridion

to the kinetics of transformation from the growthpoe-existing monoclinic nuclei, while
the nucleation rate is dominant at small n valWevalue between 3 and 4 indicates a
nucleation and 3D-growth behaviour and was obsefeedinconstrained zirconia (3Y-
TZP), where no matrix prevents the transformatib@].[A value of 1, according to the
Mehl-Avrami-Johnson law [17], refers to nucleationly. As previously observed by
Deville et al.[16], values as low as that observed in the ptesteily would suggest that
the growth stage is absent and the nucleation ssagat occurring as freely as it would in
unconstrained zirconia: the alumina matrix prevehéspropagation of the transformation

as well as the nucleation of the monoclinic phase.

10.4 Discussion
Raman spectroscopy was used to monitor the momodinconia content in the six
analysed BioloR deltaretrievals. It is well known that the t-m transiticompromises the

mechanical strength of the material [15,3] as wvasllits long term lifetime and stability



[16,18]. Moreover, water may trigger the transfotiorain vivo, so that both wear and
hydrothermal degradation could increase the triamsrate.

For this reason, the study of the monoclinic zitaotontent is of key importance in the
study of zirconia-based ceramics.

Figure 10.2 shows theWalues obtained on the unworn and worn regiorikefetrievals
under study. The unworn control area of the mastneretrievals (i.e. #4, #5 and #6) was
characterised by \values very close to that obtained for a new feinbead dated back
to 2009 (0.13 = 0.02). This result helps us toiftahe role of thein vivo environment in
the occurrence of the t-m transformation and suggést thein vivo permanence of the
implant for 2 years at least (i.e. for the timeresponding to the most durable femoral
head, i.e. #4) did not trigger to significant extea material degradation.

This result is in agreement with the earlier stadie BioloX deltafemoral heads in which
the authors did not report any significant t-m ghasnsformation after environmental
exposure to water vapor [6,7]. Moreover, on thasbakour result, it can be assumed that
the unworn border of the retrievals was a suitabl@rol area for comparison.

The data reported in Figure 10.2 indicate thatnttmmoclinic zirconia content is different
in Biolox® delta samples implanted (and reasonably manufacturedifferent years. The
Vm values obtained from the spectra recorded in tivgorn control region of the retrievals
ranged between 0.31 £ 0.01 and 0.42 + 0.03 (i.evden 31 and 42 vol%) until 2006
(retrievals #1, #2 and #3) and decreased to abdu{i@. 10 vol %) since 2007. These
findings indicate that the manufacturer progredgiv@proved the material composition,
attaining progressively lower monoclinic zircon@antents.

This hypothesis was confirmed by the comparisorh \lie Raman results reported by
Pezzottiet al. on a new BioloX delta femoral head dated back before 2006 [8]. The

Raman spectrum reported by these authors showebatids of the monoclinic zirconia
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phase significantly stronger than in the spectr@mported in Figure 10.4 for our new
femoral head dated back to 2009. The aforementicagitiors have quantified the
monoclinic content of their new Biol8xdeltafemoral head according to Clarke and Adar
[11] and have reported a value of about 20 vol%nstering that the method by Clarke
and Adar underestimates the monoclinic zirconiatern as reported by other authors
[10], the amount of this phase should have been é&igher and in agreement with our
data.

The V,, data obtained on the worn areas of the retriefiatpure 10.2) allowed to clarify
the role of wear in the t-m phase transformatiatualy, Ma and Rainforth [19] have
demonstrated the occurrence of tribochemical we&idlox® deltacomponents subjected
to reciprocating sliding wear tests. The earli@shponents, in particular retrievals #1 and
#2 (i.e. those characterised by the highest mamiodationtents in the control area), showed
a significant increase in thep\Walues upon wear, suggesting that the stress @fecleat
the articulating surface caused a t-m phase tremstoon. However, it is interesting to
note that an analogous behaviour was observedi@getrievals #4 and #5, which were
characterised by lower y/values in their unworn control areas. On the @mgirno
significant increase in the Vvalue was observed in the retrieval #6, due tosktert
implant time (1 month). The results reported in pnesent study would suggest that the t-
m phase transformation was mainly due to wear rati@in vivo ageing. In the light of
the above reported results, Raman spectroscopye@ravvalid tool to investigate on a
microscopic level the surface deterioration ofiested BioloX® deltafemoral heads upon
wear. Besides quantifying the t-m phase transfaonathis technique proved suitable to
characterize the associated residual stressedlstotlein the tetragonal and monoclinic
zirconia phases. Previous studies have establesloézhr correlation between the degree of

phase transformation and the residual stress matgnif20,21] which is in turn related to
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wear. According to the above mentioned piezospsctioic effect, some Raman bands
underwent significant frequency shifts and broadgnupon wear. As can be seen in
Figures 10.3 and 10.5, the bands that showed tls¢ pnonounced changes were located at
about 268 cn (tetragonal zirconia) and 382 értmonoclinic zirconia); their wavenumber
position and FWHM were found to linearly changehwihe \i, value (Figure 10.6).
Actually, since the phase transformation inducegolme increase in the monoclinic
crystals, the higher the percentage of transforpiede the higher the residual stress in the
system. From this point of view,,Vcan be considered an index of the residual stress
magnitude. The data reported in Figure 10.6 shothed both the considered bands
underwent a FWHM increase with increasing, Walues. On the contrary, their
wavenumber position displayed a different trendhwiicreasing ¥W: the components at
382 cm' shifted to higher wavenumber values, while the 268 band downwards in
agreement with another study [22].

With regard to the transformation involved in thetgmtial prosthesis break, in 2010,
Lombardiet al. have reported the case of a fractured BiBldelta femoral head which
showed a 33% monoclinic transformation and an as®ean surface roughness [23].

The data presented shows that itheitro fracture of a new Biolox®leltafemoral head
induced even more dramatic,\thanges, both on the articulating surface (Figux&C)
and in the sections (Figures 10.2 and 10.5) ofattadysed fragments. The data reported in
Figure 10.7C showed that the surface extensioheof-tn transformation was significantly
higher than that reported by other authors [11] Wwhoe observed a faster decrement of
the monoclinic content (within few microns) movifrgm the edge. The Raman spectra
recorded in the section showed that a significanttye extended region is interested by
the t-m transformation (tens-hundreds of microasiumber of inspected areas showed a

maximum in the V¥, trend at several micrometers from the edge (FigloerC).
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Sometimes, this maximum coincides with a crack e articulating surface (area 2, see
Figure 10.7A), in other cases it did not (areae® Bigure 10.7B); in the latter area, the
large amount of monoclinic phase{\dbout 0.65) at about 150n from the edge (Figure
4C) could be ascribed to the propagation of thedsmversion from the fracture edge.

With regard to the kinetics aspects of the t-mftnasation the n value found (0.60) by the
plotting of In(In(1-V,° /1-Vy, )) versusin(t) (Figure 10.11) was in good agreement with
that obtained by Pezzotét al. (i.e. 0.68)[8] and Chevalieet al. (i.e. 0.78) [9] for
acceleratedn vitro ageing treatments in autoclave. On the basis efagreement, thie
vitro accelerated ageing protocols proposed in the fiterdo simulate the effects of thre
vivowear can be considered validated.

The results obtained on the FWHM of the &d R2 fluorescence bands reflected the
Raman data. From a quantitative point of view,gbhed agreement between fluorescence
and Raman data was confirmed by the graphs reponteBigure 10.10; the areas
characterized by higher contents of monoclinic arita showed broader fluorescence
bands (i.e. higher FWHM values). Actually, the ttesf the FWHM of both Rand R
fluorescence bands (Figures 9.3, 9.4 and 10.8vemssimilar to that observed for the,V
values (Figure 10.2), although the retrieval #4vadab a different behaviour. With regards
to the unworn control region of the retrievals, daliest retrievals were characterised by
significantly higher FWHM of both the bands thae tmost recent ones (Figures 9.3, 9.4
and 10.8), according to the,\tlata (Figure 10.2). In the worn region of all teé&rievals
except #4, a significant increase in these parasetas observed (Figures 9.3, 9.4 and
10.8); a higher FWHM is indicative of a wider rangferesidual stress values [24]. On the
contrary, in the worn area of the retrieval #4,hbBt and R bands sharpened upon weatr;

micro-cracking could be a possible explanatiortiics trend.
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As shown in Figure 10.8, bothy Rnd R bands of the fluorescence spectra recorded in the

section of the fragments of tirevitro fractured head underwent a significant broadening.

10.5 Conclusions

Fluorescence and Raman spectroscopy proved valils to investigate the material
properties of BioloX deltafemoral heads as well as their changes tiporivowear. The
obtained results showed that a progressive impremerof the material properties has
occurred in the period comprised between 1999 a08.2

The data here presented showed that wear was tle caase of the t-m zirconia
transformation for the considered retrievals; ith@ivo permanence for two years at least
did not definitely increase the monoclinic contefiBiolox® deltacomponents.

The Raman results obtained validateditheitro accelerated ageing protocols proposed in
the literature to simulate the effects of thevivo wear, because the mechanism operating
in vivowas found to be the same actimevitro.

Thein vitro fracture of a new femoral head appeared to be aarreg wear condition that
determined the most significant changes in theluagistress state and monoclinic content
both in the section of the fragments and on theitase. The micro-Raman mapping of the
articulating surface showed that the t-m transfdimnainvolved a region much more

extended than as reported in the literature.
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