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Foreword

The following work constitutes the conclusion ohime months research activity, mainly
carried out abroad in the Erasmus LLP Placememhdveork within theLaboratoire des
Materiaux InorganiquegLMI) of the Blaise Pascal University (Clermont &yd theEcole
Nationale Supérieure de Chimie de Clermont-FerrdB8NSCCF), and concluded in the
Dipartimento di Ingegneria Meccanica - Settore Metke of the University of Padua.

The choice of performing almost the whole experitakpart of my Master Degree thesis in
a foreign university, in France, was not a simpie ¢ undertake, since it involved the need
of living far from home and from the people | lofgg six months, with all the practical and
emotional difficulties of the case; moreover, itanealso leaving the comfort and security of
a well known university department, wherein | spiardg great years during my studies, for an
unknown laboratory, with the consequent need oflimggawith further problems like
integration with other students and researchersjreafrom scratch the trust of teachers and
technicians, being continuously considered as aeijo body", a freelancer, by all the

institutions, etc.

Nevertheless, in Clermont-Ferrand | had the oppdstuof working on the subject that
interests me the most, that is the study of bionasefrom the biological and physico-
chemical point of view, while improving my knowleel@f French and testing myself, both
from the academic and human point of view, agaanstries of tasks that never would | have
faced staying in Padua; those opportunities ofgrerisand intellectual growth, in the end, are
the reasons why | chose the path that has led rttestpoint, to writing exactly these words

on this page.

Coming to the subject of this thesis, in the follogvsections we will trace back the first
steps that | helped to make in the pursue of aniteoub challenge: the development of a
"novel" characterization technique, meant to shaies new light on the mechanisms that
control the reactivity of a biomaterial when itimplanted in a living tissue. In detail, the
issue | dealt with (with the help of the Frenchemsh team) was the need of a new method to

detect and accurately quantify the crystallizatioh the nano-scale layer of hydroxyl-



carbonate-apatite (HCA) that grows on the surfaddsoactive glasses when they are put in
contact with biological media.

The possible solution we have devised for thikyiproblematic is based on the doping of
bioactive glasses with low amounts of ’Eions: in fact, those cations are luminescence
emitting centers with high sensitivity to the deg@& symmetry of the site they occupy, so
they can work as a structural probe, that is treaytell us if they are in a glassy or crystalline
environment through some characteristic spectratufes. This way, since, as we will
demonstrate, Eu is capable of entering inside tG& Hattice, it is possible to detect apatite
crystallization on bioactive glasses via recognitaf said features, which, specifically, are
very narrow emission peaks located at well defimagelengths and with peculiar intensity

ratios.

What | actually did to help in the developmentlaéttechnique was a preliminary study, i.e.
| carried out a series of tests meant to verifthé solution we suggest is really effective: |
tried to understand how Euions behave when the glass is immersed in bicdbgienulated
fluids; if they are actually capable of entering tHCA nanocrystals precipitating on the glass
surfaces; if they modify the dissolution and crifgtation behavior of the base glass; if they
significantly alter the glass network; if they lowtbe bioactivity of the material, and to what
extent; etc. Summarizing, | tried to explore thdestfic feasibility of this "novel"
characterization technique, leaving economic (&gthis technique cost-effective?) and
operative (e.g. how can we quantify HCA crystaliga from spectroscopic data?)
considerations to further studies on the subject.

Before starting our journey through the five chepi&f this thesis, | would like to point out
the reason why | insist in writing "novel" betwelerackets: what | did was, in the end, none
other thing than a site selective luminescence temmpy study on the samples resulting
from in vitro bioactivity tests; though to the extent of our Wiexge this was never attempted
before in the case of bioactive glasses, so thantbe actually regarded as a new approach,
site selective spectroscopy analyses are widespakaalver the literature, and have been
carried out for decades on all sorts of materimleking at my research activity from this
latter perspective, nothing radically new has béemne, and | can poetically consider myself

just as a "tiny dwarf, sitting on top of a giarst®ulders".



In the first part of this work we will provide theeader the necessary introductive
information to allow him to understand the expemtaé observations and deductions we will

develop in the second part; in particular:

- In Chapter 1 we will report a general introduction biomaterials, and especially on

bioglasses and on the way they can be synthesized;

- In Chapter 2 we will describe the peculiar reaciorgoing by the name of
biomineralization processes, that take place whigieactive glass is immersed in natural

or simulated body fluids;

- In Chapter 3 we will deal with the various charaeggion techniques we exploited
during our researches, and we will provide a simpteoduction to the luminescent

features of Etf ions;

- In Chapter 4 we will first present a theoreticakoxiew on our research strategy, then we
will deal with our doped bioactive glasses, desuogliheir sol-gel synthesis protocol and
showing the results provided by the various teahesowe exploited to characterize them

from the structural and textural point of view;

- Finally, in Chapter 5 we will focus on the studytb& biomineralization processes taking
place upon immersion of our samples in simulatetbigical fluids; in particular, first we
will present the results obtained via our newlyeleped luminescence method, based on
site selective Eli ions spectroscopy, and then we will exhibit ak ttomplementary

evidences that can validate said results.

Last but not least, | want to point out that thiadter Degree thesis is edited in English in
order to be easily understood by both parts intedeg this research activity, the Italian
University of Padua and the French LMI/ENSCCEF; dlagize since now for all the errors |

have surely committed in writing it.

Simone Tiozzo






Table of contents

Part One: Introductory information

Chapter one: Introduction to bioactive glasSes . ...covveiiiviiiiiiiiiiiiieeiiee 1
1.1: Classification Of DIOMALEIIAIS ......... e eeeeeeeeee i 2
O T T | = =PSRN 3
1.3: The sol-gel SYNtheSIS rOULE .........ceeceee e e e e e 6
1.4: OSSEOUS TISSUEB ....ciiiiiieeieii e i i immmmmmms ittt ettt ettt e e e e e e e e e e e e e e e s s s rnnnneeeeeaaaeeeeeeeeaaeaannns 10

Chapter Two: Bioactive glasses and their bio-mileaton processes............ 13
2.1: Bioactivity properties of DIOglasSes.........oooviiiiiiiiiiiiii e 13
2.2: Biomineralization processes in bioactive g8SS..........coovvvviiieeeiiiiiiiiiiees e 17
2.3: Osteo-inductivity properties of bioactive GaS............ccooevviiiiiiiiiiiiiiii e, 22
2.4:1N Vitro DIOACHVILY TESTS ...eeiiiiiiiiiiee e e e e e e e 26

Chapter Three: Characterization teChnNiqQUeS ............ccoovvviiiiiiieviciiiicne e, 29
3.1: ICP-AES, Inductively Coupled Plasma Atomic Bsmdn SpectrosScopy ..................... 29
3.2: X ray diffraction MEASUIEMENTS ...... i e e e e e e e 31
3.3: Nitrogen adsorption MEASUIEMENTS ......ccuurrriuriuuuniiaaeeeeeeeeeeeeeeeeeeeeeesreennaeeeennanes 33

3.3.1: Adsorption isotherms and their classifigatio...............cceeviviiiiiiiiiiiiii s 33
3.3.2: Specific surface area calCulations ....cccc....vvvveiiiiiiiieee e 36
3.4: RAMAN SPECITOSCOPY .uuveruneiirnneesimmmmmmmse e eeetieeeetaaeaeesaeeesa s e eesan s eeeennsareeeennaeeennnnns 38
3.4.1: The inelastic scattering of IgNt.... oo eeeeeeeiiii e 38
3.4.2: Raman SpectrOphOtOMELErS.........ovveiiiieeiiiiiiieie s e e e e e e e eennneeeeeannes 42
3.4.3: Raman micro-spectroSCOPY MEaASUIEMENLS . uuuurivvrrereiiieeeeeeeeeeereeeeeenennnnnnnns 43
3.5: INfrared SPECITOSCOPY ...uiieeeeeeeees o ettt eeeeeatata s s s s e e eeeeaeaaaeesaaeeeeaeeeeseeesnssnnnnns 44
3.6: EU™ ions and their lumineSCeNnCe fRALUIES. ... cooeeevevieeeeeeeeeeeeeeee e a7
3.6.1: EF' i0NS" @NEIGY IOVEIS.....o e, 48
3.6.2: Luminescence phenomena it HaNS .........ooooveveeoeeeeeeeeeeeeee e, 51
3.6.3: Ed*ions as a luminescent structural Probe ....ccoceevooveecoeeeeeeeeeeeeeeeeen A5

3.6.4: Luminescence SpectroSCOPY MeaASUIEMENES cccae.uurrureiiieeeeeeeeeeerereeeererennnnnns 56



Part Two: Experimental data

Chapter Four: Eli doped bioactive glasses ...........cooeoeceeceeeeeeeeeeeeeeeae, 59
4.1: An overview Of the reSEarch.......... e 59
4.1.1: The issue: how to detect HCA crystallizationbioactive glasses ............ccccccu.... 59
4.1.2: The clues suggesting a possible New SOIULION.............eceiiiriirieeiiiieeeeeeeieeee 66
4.1.3: The reSEarCh Strat@gy ............. e eerrrumnnnaaaaeeeeeeeeeeeeeeeeesensennnnneesennnnnn 71
4.2: The synthesized bioactive glassSes .......ccooeviiiiiiiiiiiiiiiie e 75
4.2.1: The bioactive base glass: B67,5.... oo 75
4.2.2: The series of Blidoped bioactive glasses................ooeeeeereeeeeeeeseeseeeneens 78
4.2.3: The protoCol Of SYNtNESIS .......euiiieeeemmeieee e 81
4.3: Characterization of the as synthesized biea@iasses ...........cccceeeiiiiiiiiiiiiitmmmmas 88
4.3.1: Compositional analysis via ICP-AES ... 88
4.3.2: Thermal analysis, DTA and TGA PIOtS .....cccvvviiiiiiiiiiiiiiiieee e 89
4.3.3: Textural effects of Eu doping, Nitrogen apgsion analyses..........ccccooeeeeeeeeeene. 1.9
4.3.4: Influence of EU ions on the devitrification behavior, XRD analyses............. 95
4.3.5: Structural characterization by micro-Ram@@CHOSCOPY ....vvvverereeeeeeeiereeeeeeiinnnns 99
4.3.6: Structural characterization by FTIR SPE@OMY...........uuuiiieeiieeeeeeerirerreerinies 102
4.3.7: Structural characterization by luMINeSCESECIIOSCOPY ...ooveevvvvvvveeeeiviiiiinnn, 104
4.3.8: CONCIUSIONS ...ttt e e e e et e e e e e e e e e enssnbbbbbbeeeeeees 109
Chapter Five: The bio-mineralized samples ..o 111
5.1: In Vitro DIoactiVity teSHING ......coceeeeeeeee e 111
5.1.1: The simulated biological medium, DMEM . .coovvveeiiiiiiiiiiiiieieeeeeeeeeeeeee, 111
5.1.2: Our interaction ProtOCOL............. e eeeseee e e e eee e e e e et s eeeeas 113
5.1.3: Drawbacks of the employed method ....ccccceevvciiiiiiiieiieiieee, 116
5.2: Site selective luminescence spectroscopy seslgn post-interaction samples........ 119
5.2.1: Emission spectra WItD, 1eVEl EXCItAtION ..ot ee e 119
5.2.2: Emission spectra with site selective exicitain the®Dg level; part 1 ................ 126
5.2.3: Localized excitation spectra in tiig — Dy transition range ............cccoevevevenn.e 129
5.2.3: Emission spectra with non selective exatain the UV range..............oeeeeee. 132
5.2.4: Complete site B selective excitation spectridne B67,5 Eu5 glass series.......... 137
5.2.5: Emission spectra with site selective exicitain the’Dg level; part 2 ................ 138

5.3: Validation of the luminescent structural probe.............cccceeeiiiiiiiieeeee 143



5.3.1: XRD measurements on biomineralized sampleS.........ccccccceeeeeeviiinrinnnnnnnn 441

5.3.2: FTIR spectroscopy measurements on biomiaethbamples ............ccccoeeeeeenn. 146
5.3.3: Micro-Raman spectroscopy measurements gnibavalized samples .............. 152
5.3.4: ICP-AES measurements on post-interactionlsited biological media............ 159
5.3.5. CONCIUSIONS ...ttt e e es 167
Conclusions and future PersSPECLIVES ....... .o eeeeeeeeriiiiieeeeeeeeiineeeeeens 169

BIibliOgraphy ........eei s 173






Part One:

Introductory information






Chapter one: Introduction to bioactive glasses

Chapter one: Introduction to bioactive glasses

Thanks to the great discoveries of the last ceniturthe fields of medicir, surgery and
pharmacologylife expectancy in the developed countris making giant steps towarc
medium lifespans surpassiB@ year, and people over sixty years old already represeme
than 20% of the total popuian in the European continerEurostat 2008 if we look tc Fig.
1.1, we can clearly unaggtand whagreatimprovements have been made in 100 y
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Fig. 1.1: Comparison between survivability trends in 1900 and 2000 (from ref. [63])

Facing the ageing of the population is a challegpdask, since the human body natur:
and unavoidably (at least for noundergoes a functional degradation with time, so it is
becomingmore and more difficult to ensure, together withvaability, also a satisfactory
quality of life all along a person's lifespan. loh&ving this latter purpose a great asst
represented by the so called spare part surgeyranch of surgery dealing with tl

substitution of damaged tissues and organs witttional ones, that is dealing with gra

Since autagrafts (the donor being the same person as thévezrare not always possibl
and allografts (the donor being another human being) hauegent compatibility constrain
due to the high risk of pectior, the development and improvement of artificialgtheses he
become an extremely active field of research formadical engineerin

In the last decades enormous progresses have lsnbuth in the case of functional (he

valves, hemodialysis filters, artificial blood vels artificial skin etc) and structul

1
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prostheses (Charnley total hip joint replacemenérivertebral spacers, knee prostheses, etc),
thanks to the joint efforts of surgeons, biologistsd engineers; but to achieve further
improvements in implant performances, it is suregessary to continue the development of
thebiomaterials that is of those materials specifically desigt@dtimately interact with the

human body.
1.1: Classification of biomaterials

Defining what exactly aiomaterial is is not a simple issue; in 1986 the Consensus

Conference of the European Society for Biomatepadgposed the following definition:

"A biomaterial is a non-viable material used in a nedical device intended to interact

with biological systems".

However, over the years this definition is startingpe less and less fitting to the reality of
biomaterials research, since the "non-viable" ctetman excludes completely the whole
tissue engineering field, which is demonstratingreasingly promising for various
applications such as fully organic artificial heaalves, bio-engineered skin, scaffolds for in

vitro tissue regeneration, etc.

Nevertheless, the reported definition points oetrtiost important feature biomaterials must
possess to be considered as such: since they mberstat in some way with biological tissues,
they must not harm these latter, nor they mustferte with their normal functionality. This
requirement can be translated into the most pecplaperty of biomaterials, i.e. their so

calledbiocompatibility

"Biocompatibility is the capability of a material not to induce negative effects in the

biological environment it is implanted into"

The various metallic, ceramic, polymeric or compmdiomaterials can be classified in

some different ways, depending on the peculiaufedtept into account:

From the point of view of the effectd the interaction on the biomateriate distinguish:

» Biostablematerials: their structure and texture remainsltared even after long term
interaction with biological tissues; some examplesALOs, Au, TiO,, UHMWPE (Ultra
High Molecular Weight Poly-Ethylene).
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» Biodegradablematerials: after interaction with biological eronment their structure or

texture results modified to some extent; e.g. lasgks, PGA, PLA, calcium phosphates.
Considering the effectsf the implant on the body

» Bioinert materials: they simply do not interact with thereunding tissues, therefore
they neither harm nor induce a positive respongharbody; this category is extensively
overlapped to that of biostable materials.

» Bioactive materials: after implantation they undergo somecsje alterations to their
structure and texture that promote a strong anecdivond with the host tissues; a few
examples are bioglasses, HA, A/W glass-ceramicaltere, Ceravital, etc. Most of these
materials are bioceramics specifically designeactdike bone substitutes, or, in any case,

to develop an intimate bond with osseous tissue

» Bioresorbablematerials: the action of biological fluids or oélis on these materials
induces their partial or complete degradation m&eries of chemical species that can be
readily assimilated by the body, without any hazard. PGA, PLA, porous HA-TCP.

As the title of this thesis clearly suggests, iis thiork we will deal with some glasses whose
peculiar composition and textural features are ghahthey can be classified among the so
called bioactive materials; moreover, being glagsebiomedical applications, they can also

be referred to as "bioglasses”, though with somsealf language.

1.2: Bioglasses

With the name "bioglass" it is common use to demotery type of glass specifically
designed to be implanted inside the human bodgtaed above, this is a tolerated abuse of
nomenclature, since only certain biocompatible ggasbelonging to the SiENaO-

CaO-BOs system can be rigorously named Biogfass

The most interesting feature of the amorphous naddetbelonging to this group of
bioceramics is that they exhibit marked bioactivitghavior: this means that, as we will
discuss in detail in Chapter 2 (and experimentddéignonstrate in Chapter 5 in the case of our
doped glasses), after implantation they are capafbiieveloping on their surfaces a layer of
hydroxyl-carbonate-apatite practically identical ttee mineral part of natural bone, and
therefore they can be readily colonized by ostesibJawhich results in fast and intimate

osteo-integration without foreign body reaction.staver, the degradation byproducts of this
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interaction (mainly silicate ions released becanfsine hydrolytic action of biological fluids
on the amorphous network) play an active role imwtting bone regeneration, thus

enhancing the speed and effectiveness of the atiegrprocess.

The invention of the first bioglass dates back 969, when Larry Hench prepared his first
sample of what was to become the worldwide renovBiedlas$ 45S5; this material had the
composition reported in Table 1.1, and fromvivo tests it proved to be the first glass ever to
be capable of establishing a strong bond with asségsue. This outstanding achievement
was connected to the peculiar reactions takingepécdhe interface implant / bone, that will

be described in detail in Chapter 2.

Oxide Weight % Molar %
SiO; 45 46.1
Na,O 24.5 24.4
CaO 245 26.9
P20s 6 2.6

Tab. 1.1: Chemical composition of LL Hench's original Bioglass® 45S5

This material derived from the hypothesis thatasglvery rich in CaO and®s could be
able to develop a calcium phosphate layer on tases when left in contact with biological
tissues; the idea indeed proved to be correctafted more than forty years, BG 45S5 is still

commercialized and actively studied.

On the wake of the success of this bioceramic, liftompatibility and bioactivity
properties of other glasses in the quaternary sys$€0,—Na,0O-CaO-RBOs as well as in
other oxides systems was investigated. The resfilthese studies allowed to deepen the
knowledge on the role of the various oxides, toarstdnd the limit compositions that had not
to be trespassed to preserve bioactivity, to discahich oxides enhanced what aspect of the
reactivity of the glass, etc. Giving a detailed atggion of the progresses made in over of
forty years of research in the field is not possiiol these few lines, so we invite the reader to

refer to reviews on the subject such as ref. @&],[[59] or [60], or to textbooks like ref. [67].

A minor, non representative sample of the many asitipns proposed and studied over

time just by LL. Hench's research team is repoirietab. 1.2:
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Designation | SiO, | Na,O CaO | CaF, | P,Os | B,O; | ALO,
4585.4F 46.1 24.4 16.2 | 10.8 2.6 0 0
4585 46.1 244 26.9 0 2.6 0 0
#1(S63.5P6) | 65.7 15.0 15.5 0 2.6 0.4 0.6
#9(553P4) 53.9 22.6 21.8 0 1.7 0 0
#10(S45PT) | 46.6 24.1 24.4 0 3.0 1.8 0
5284.6 52.1 21.5 23.8 0 2.6 - -
5584.3 55.1 20.1 2.2 0 2.6 - -
60S53.8 60.1 17.7 19.6 0 2.6 - -
42SF 42.1 26.3 174 | 11.60 | 2.6 - -
46SF 46.1 24.4 16.14 | 10.76 | 2.6 -
49SF 49.1 23.0 15.18 | 10.12 | 2.6 - -
52SF 52.1 21.5 14.28 | 9.52 | 2.6 - -
55SF 55.1 20.1 13.32 | 888 | 2.6 - -
60SF 60.1 17.7 11.76 | 7.84 | 2.6 - -
495(gg) 50. 0 46. 0 4. - -
545(gg) 55. 0 41. 0 4. E -
58S(gg) 60. 0 36. 0 4. - -
635(gg) 65. 0 31. 0 4, - B
68S(gg) 70. 0 26. 0 4. - B
725(gg) 75. 0 21. 0 4, - -
T7S(gg) 80. 0 16. 0 4, - -
865(gg) 90. 0 6. 0 4, - -

Tab. 1.2: Chemical compositions (expressed in molar percentages) of a few

of the various bioactive glasses studied by L.L. Hench & coworkers

In the beginning all the bioglasses were prepargdhe traditional, millennial fusio
method; obviously, this required very hicemperatures (up to over 1450°C) the use of
platinum crucibles (common refractory crucibles Woatolerably contaminie the material);
it involved the need of large amounts of alkaline rfiedoxides to lower the melting point

the batch, and causegatoblems in the ca of volatile oxides; it precludedo achieve

compositionsexhibiting liquid / liquid immiscibility (e.g. veryhigh SiC, contents), etc.

Moreover, the obtainable shapes for the implantseweghly restricted by the very fe

forming technologies exploitable (mainly pouring timelt irto moulds of propedesign).

Therefore bioglasses made a great leap onwards when thdgdtar be synthesized usi

the sol-gel metho¢in Tab. 1.2sol-gel derived sampese marked (gg): gel glass.

5
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1.3: The sol-gel synthesis route

The sol-gel route is a synthesis method based actioms of inorganic polymerization
taking place in solution (aqueous or organic); pihecursors can be generally of two types:
alcoxydes that is chemical species having formula M(-O5;Ryhere M is a metallic or
metalloid atom (normally referred to as the "m&tadlenter" of the molecule), and R are
organic moieties such as methyl-, ethyl-, isoprgpgtc; or_metallic saltssuch as nitrates,

chlorides, etc, sometimes in hydrated form.

When these precursors are put in contact with weter proper catalysts (in the simplest
cases acidic or basic catalysis is sufficient)ythee rise to hydrolysis and inorganic poly-

condensation reactions, that lead to the followesyults:

* In the beginning, tiny oligomeric clusters of sutdlgidal size (1 + 10 nm) are formed, so
what before was a solution of reactants becomeéspaion going by the name sijl;

* Then, over time, these nano-clusters continue growand start binding to each other,
eventually forming an interconnected continuoudetke, inside whose (interconnected)
porosity a liquid phase constituted by moleculessolvent and of not yet reacted
precursors is contained; the system in these dondits calledjel.

After the gel is formed, it normally undergoes &ent evaporation process (drying step),
carried out in different ways depending on the psgs, and then, finally, it is calcined /
annealed at higher temperature to yield a denssitdid material. Since throughout the whole
synthesis process the environment conditions atd, rthat is no high pressures or high
temperatures are exploited (in most cases T < 80Qh€ sol-gel route is ascribable to the

category ofSoft Chemistrynethods.

Depending on the peculiar operations carried ouhersol or on the gel, different final solid

products can be obtained, such as: nanoparticalgs SiQ NP synthesized following the

Stober method;_thin filmswhen the sol is deposited on the substrate (agdip-coating,
spin-coating, etc) and becomes a gel in situ; posyddtained by quickly drying of the gel
and successive grinding; monolithda drying and calcination steps carried outanteoolled

environment and at very low speed; aeragkls performing the drying step in super-critic

conditions;_fibersif the fiber is pulled from the sol; etc (see .Fg for some examples of the

many possible products obtainable exploiting tHegsbroute)
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Solution
of precursors

Spray, dip, or spin :oai//

oZodboe

o d‘ofoud’

Coated substrate

Dense thin film

Dense caramic

Fig. 1.2: The sol-gel method and some of its potentialities (from www.lInl.gov/str/May05/Satcher.html)

Even though being modified and doped in variousedkht ways, still bioglasses are
essentially silica based amorphous materials, fbweréhey can be synthesized following a

sol-gel route just like many other glasses.

The first researchers to explore this path weréiR. A.E. Clark and L.L. Hench, that in
1991 published the articlen investigation of bioactive glass powders bygslprocessing
(ref. [71]), in which they demonstrated not onlatka series of N®-fre€ bioglasses in the
system Si@-CaO-ROs could be successfully synthesized exploiting thlegel method, but
also that these materials exhibited better bioacpwoperties with respect to melt-derived

glasses having equivalent compositions.

Since then, a lot of progresses have been madexé&mple it was possible to demonstrate
that the presence ob®s, though significantly promoting biomineralizatipnocesses (as we
will see in Par. 4.2.1, it facilitates the nucleatiof HCA crystals), is not necessary for

bioactivity, since binary Si©-CaO glasses are bioactive as well (see ref. [42],and [41]).

The synthesis of bioactive glasses is generallyiezhrout using a mix of alcoxides
(precursors for Si and P) and metal salts (reast@antmodifying cations such as Ca, Mg, Zn,
etc) in alcoholic solution (generally the parertdodlol of the Si precursor), and involves the

hydrolysisand condensatioreactions schematized below:

! Since exploiting the sol-gel route there is no need of lowering the melting point of the batch, Na,0 was not
necessary in the composition anymore.
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OR OR
| Hydrolysis |
RO — Si — OR + H,0 —_— RO — Si — OH + R-OH
OR OR
OH OH OH OH
l | Oxolation | |
HO —Si —OH + HO—Si —0OH ——3% HO —Si —O0—Si —OH + H,0
| Water
| condensation | |
OH OH OH OH
OH OH OH OH
l | Alcoxolation | |
HO —Si —OH + RO —Si —0OH — &% HO —Si —O0O—Si —OH + R-OH

Alcoholic
| | condensation | |

OH OH OH OH

More explanations on the protocol of synthesis abtuexploited in the case of our Eu
doped bioactive glasses, along with detailed in&drom on the behavior of Ca and Eu

precursors throughout the whole process will benteg in Par. 4.2.3.

By properly tailoring the synthesis and thermaatmeent (drying and annealing) conditions,
it is possible to control to a very fine extent f@perties of the final product, both from a
structural and textural point of view; to achievestresult, it is possible to act on a broad

series of experimental parameters, amongst whicbanecite:

» Alcoxides / water ratioit influences the average degree of hydrolydiat(is the mean

number of-OR moieties hydrolyzed) of precursors attained prior to condensation;

» Nature and concentration of the catalystidic catalysis induces the formation of linear

polymeric chains with fewer ramifications (optinfar films, powders and monoliths),
while basic catalysis promotes ramification andstlields globular structures similar to

pearl necklaces (optimal for NP);

» Type of moietiesattached to the metal center: it has consequencethe degree of

connectivity of the amorphous silicate network ta reactivity of the precursors, on the
interactions with the solvent, on the type of sceféhe final material will exhibit to the

environment, etc.
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» Nature of the solventt influences the kinetics of hydrolysis and cendation reactions;

» Temperature and duration of heat treatmethiesy have a strong impact on the degree of

densification of the final product, therefore thegeply influence all the textural
properties of the material (higher temperature lmmger annealing generally causing a

decrease in specific surface area, total pore ve)yrore size, degree of porosity, etc).

In the production of bioactive glasses the solrgeate has a long series of advantages over

the traditional melting of powders method; amorgnth

» Homogeneity. hydrolysis and condensation reactions occur latem, that is in liquid
phase, therefore the mixing of precursors takesepig to a molecular scale; in melt
derived glasses, on the contrary, the high visgasfitthe batch prevents such intimate
homogenization (high temperature refining of thicbas thus needed);

Purity : with respect to melting, the sol-gel method efiates the risk of contaminations
deriving from crucibles, refractory lining of tharhace, impurities in the raw materials

(flint sand, carbonates, etc);

Low temperatures an homogeneous and qualitatively excellent sbdgaved bioglass
can be obtained at temperatures as low as 600°(& e#ploiting the traditional method
the batch must be heated up at least at 1450°C;

Extreme compositions the phase diagram Si&CaO (reported in Fig. 1.3) presents a
liquid / liquid immiscibility region at higher SiOconcentrations, therefore at high silica
content the traditional route does not yield an bgemeous glass, but a biphasic material
(since already in the beginning the melt was plsaparated), with one Ca-rich and one
Si-rich phase. The sol-gel method, on the contrasn easily yield glasses with
compositions like 75% SiD- 25% CaO, as demonstrated in ref. [49] (wherehsuc
composition is called B75).

« Simplicity: sol-gel syntheses are normally extremely sim@ee(Par. 4.2.3 for an
example of protocol) to carry out, so they candasily transferred to an industrial scale;
moreover, this method is especially suitable ferréalization of coatings.

» Tailored porosity: through an accurate design of synthesis paramétés possible to

tailor the textural properties of the final matétia one's needs; moreover, exploiting a

series of advanced templating methods (inverse ogalica, addition of surfactants), it is

also possible to structure the porosity, obtairondered or even hierarchically organized

pores (see for example the meso- and macro-stadthioactive glasses of ref. [23]);
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Fig. 1.3: SiO, - CaO phase diagram (from ref. [12])

* Increased bioactivity. thanks to thepositiveinterplay between high specific surface a
pore volume and pore size (in the m-porosity range, see Chapter, it has been
demonstrated by various researcl’ and for various materialthat so-gel derived

glasses are more bioactive than melt deroneshaving identical compositio

All the above mentioned features cooperate in ngpkire sc-gel route the best availak
way to synthesize bioactive glasses, and are gxthetlreasor that led usto the choice of the

exploited synthesis protocol; for more informatiarg invite the reader to refer to Par. 4.

1.4: Osseous tissue

As we have already said, bioglasses are meant tmflanted in the human body and
especially desiged to form an intimate strong bond to osseous dssgome of then
belonging to the category of Class A bioactive male (see Chapter 2), are even capabl

bonding to soft tissues such as cartilages or &

Before continuing on with the desciion of bioactivity processes, it is therefore bett

present a brief overview on the most importantuiess of bone tisst

2 Just to make a few examples, we can cite: T. Kokubo et al, J. Am. Ceram. Soc. 75 (1992) 2094; A.E. Clark, L.L.
Hench, J. Biomed. Mater. Res. 28 (1994) 693; P. Sepulveda, L.L. Hench, J. Biomed. Mater. Res. 61 (2002) 301;
D.L. Wheeler et al, J. Orthop. Res. 18 (2000) 140; M. Hamadouche et al, J. Biomed. Mater. Res. 54 (2001) 560.
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Osseous tissue is hierarchically organized, anglaisal structure can be decomposed in

series of levels belonging to cerent dimensional scales: (A) macrostructure,

microstructure, (C) sulicrostructure and (D) nanostructure (see. Fig.

Collagen molecule

Trabecular bone

Apatite
crystal
Lamellae Collagen
Collagen fiber fibril
Cortical bone &0
Havers'
Channel
~ —
0.5 um
H
100 < 500 pm H 1nm
3+7um
| | | | . ] | |
(A) Macrostructure (B) Microstructure (C) Sub-microstructure (D) Nanostructure

(A)

(B)

(©)

(D)

Fig. 1.4: Bone hierarchical structural organize

At a macroscopic level, it is possible to distinguishwestn two types of bone tisst
trabecular bongalso called spongy bonewhich ismainly locatecin the inner part of

bones, especiallgt theextremities of long ones (tibia, femur, ety extremely prous
(porosity > 70%) and contains bone marrow; cortical bone more compacthan the
first (porosity < 20%), located in the external, cortigart of bones antaving
structural, load bearing functic

From the microstructural point of view, trabe«a bone is made up drabeculae thin
struts (made of collagen fibers and apatite crgstmirming an interconnected higt
porous network; compact bone, on the contrary, aslenup of osteons (or Havers
Systems), which are cylindrical structures eiting a further level of organizartic
Passing to the summicroscopic scale, osteons are constituted by @inenumber o
lamellae, concentrically wound around the axial étav Channel; these lamellae
made of collagen fibererganized in icholesteric liquid crystal phe.

At a nanoscale, each of these fibers can be divided interias of fibrils, which in tur
are made up of collagen molecules &dnorganic nanocrystalghaving their ¢ axi:
aligned to that of the fibril, tightly bound together.

11
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These latter crystals are disk or globular shapetlcd nanometric size (20 + 30 nm), and
are made of hydroxyl-carbonate-apatite (HCA), @iaah phosphate of formula:

Cau0{(PO4)sx(CO3 ; HPO,*)(OH)

In particular, HCA is a non stoichiometric hydrovapatite (Ca(POy)s(OH),) in which a
part of the phosphate ions are substituted by cateo(CGQ*, whose mean weight percentage
oscillates between 3.2 and 5.8%and hydrogenophosphate (HBD ions. More detailed
information on its crystallographic structure, éunit cell, and on the point group symmetry

of its lattice sites will be provided in Par. 4.1.2

HCA constitutes more or less the 50% of human beeight, and represents the mineral
part of osseous tissues extra-cellular matrix (ECksponsible for the hardness and
compressive strength of bones; on the other hasithgen molecules constitute the organic
part of ECM, and give to the bone its toughnessfendiral strength; the rest of the osseous
tissue is made up of different types of cells, agsbrwhich the most important (and specific

to this type of tissue) are:

» Osteoclasts they are gigantic poly-nucleated cells (derivingm the fusion of pre-
osteoclasts) responsible for the physiological ngsmn of the bone ECM; in particular,
they are capable of degrading collagen moleculeaseome specific enzymes, while they
can dissolve HCA by lowering the local pH (HA issteible at pH < 4.5).

» Osteoblasts they exert an action exactly opposite to thabsteoclasts, since they are
responsible for the production of new ECM, thatfas the synthesis of collagen
molecules and for the direction of biomineralizat{precipitation of new HCA crystals).

» Osteocytes they are basically inactive osteoblasts trappeside the ECM they
themselves synthesized; their function is fundaalesince, being connected with each
other by a network o€analiculi, they allow the circulation of nutrients, minerasd

other molecules throughout the whole bone thickniss ensuring viability to the tissue.

Our skeleton is always in a dynamic equilibrium vien osteoclast resorption and
osteoblast regeneration of osseous tissue, ané {hesesses are accurately regulated by
various molecular signals, in turn stimulating hibiting one or the other depending on the
needs: e.g. in presence of a fracture, osseousesg®n is stimulated, while when there is a

metabolic C&" deficiency in the body, bone resorption is aceets.
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Chapter Two: Bioactive glasses and their

bio-mineralization processes

In this chapter we will describe the various preessthat take place on the surfaces of
bioactive glasses when they are put in contact natural or simulated biological fluids. In
particular, we will first point out the capital irmgance of type A bioactivity in ensuring a
rapid and successful osteo-integration of the implaus leading to long term stability of this
latter and to fast health recovery of the pati¢hé&n we will outline the various steps the
biomineralization process is usually divided irgojing for each a detailed explanation; then
we will focus on the peculiar features that rendieractive glasses capable of stimulating

bone regeneration; finally, we will present the w/&yoactive efficiency is usually assessed.
2.1: Bioactivity properties of bioglasses

As we have previously said, a lot of silicate lhsenorphous materials for biomedical
applications are commonly referred to as bioglasbes name stays mainly for the fact that
they are all biocompatible, thus suitable for irdgten and long term contact with biological
tissues, and does not necessarily claim some féroormection with L.L. Hench's original

Bioglas§ composition.

In addition to biocompatibility, most of these glas exhibit also bioactive behavior, that is
they are capable of establishing a strong, dirqaick and intimate bond with the host
osseous tissue they are implanted into, withoutfarpation whatsoever of fibrotic capsule,
i.e. without causing any foreign body reaction.sThffect is due to two main reasons: first,
when they are in contact with biological fluidspgiasses are capable of developing on their
surfaces an Hydroxyl-carbonate-apatite layer, whiclhecognized by the body asglf and
thus is readily populated by osteoblasts; secdail;, peculiar ionic release stimulates osseous

regeneration in a series of ways that leads togi@stth of bone on the glasses.

Moreover, the vast majority of bioglasses belorgshe "Type A (or Class A) bioactive

materials" class, that is they exhibit the follog/ifour characteristic features:
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1. The material is capable of bonding both to bone swftl connectie tissues (tendons,
cartilagesligaments, etc

2. The material isosteoeonductiv,, that is growth of new bone tissue (mineralizetta-
cellular matrix vascularized and populated by ¢edpossibleon its surface

3. The material isosteeinductive (also ostegroductive, i.e. actively promotesthe
growth of osseous tissue in the region of the implant by dation of differentiatior
and proliferation of osteoblas

4. The material is progressively resorbed (not necigda a complete extent) as the r

biological tissue is forme

On the contrary, Class B bioactive materials (waioalcium phosphates, porous hydr-
apatites, many biocompatible glass ceramics, ate) not capable of bonding to soft tisst

are not or only marginally resorbabled arenot osteo-inductive.

The above mentionefeatures make bioglasses mcefficient than Class B bioactiv
materials for applications the biomedical field, lik filling and reparation of osseous defe:
or coating for shafts amplanted prostheses; in particular, it has clilycheen demonstrate
that bioglasses bond to the bone they are implamtiedin a faster and stronger way,
shown in Fig. 2.1where a comparison between the temporal evolsitadnthe amouis of
newly formedosseous tissue in the perimplantar regicreportedfor three types of materic
(data expressed in percentages normalized witlecesp a sample of healthy bo.

100
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75+
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g A-W Glass Ceramic
M0 50- .
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0 T
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Fig. 2.1: Evolution of the amount of newly formed bone in the perimplantar region (from [57])
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The better performances of bioactive glasses arémited to bone regeneration rate alo
but extend to many other parameters involved inhirath recovery of the pati¢ (see Fig.
2.2), and this lead®r example tcan increasegercentage of success of prosthetic imp
coated with bioglass with respect to uncoated omet anextremely low number of patier

needing revision surgehoth in the short and long te.
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Fig. 2.2: Comparison between Class A and Class B bioactive materials' performances
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It results clearly evident from Fi2.2 that the kinetics of the interactis with host tissues
are way faster in the case of bioactive gle (A curves) the formation of HCA crystallite
insidethe amorphous calcium phosphates layer takes plalidefore (a), and the release
silicate ions in the perimplantar region (a) stiatet thelocal production of TG-B (b), a
powerful molecular signal that in turn induces thiferentiation of oste-progenitor stem
cells into osteoblasts and the proliferation ofsthé&tter since these cells are responsible
the synthesis of bone ex-cellular matrix (mainly collagen fibers, and for its
mineralization with HCA crystals, their increasedtivity in turn causes a faster tiss

regeneration (d, eand therefore a faster recovery of the patielasimaged functionalit

All these positive qualities of bioactive glassesslate themselves into an increased ra
success in clinical applicatis: for example, one of the first fields Biogl® 45S5 (the
"father" of all bioglasses, being the first one anted) implants were applied to was
substitution of the three ossicles (malleus, inand stapes) of middle ear; after more t
twenty years of extremely satisfactory rest and many hundreds of patients success
healed, statisticatlata demonstrate that short term rejection of bEgylimplants is a
extremely rare eventuality, and even in the longogethe cases of extrusion displacement

of the synthetic ossicles are limited to an extigrieav percentage of patier (see Fig. 2.3).

45

Bicinert
implants

Class B
Bioactive
implants

Extruded- displaced (%)

Class A
Bioactive
implants

8 10

Time (years)

Fig. 2.3: Comparison between short and long term rejection incidences for

prosthetic ossicles of the middle ear made of different biomaterials
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2.2: Biomineralization processes in bioactive glasses

The strong bioactivity properties exhibited by maos$tthe biomaterials commonly (and
improperly) classified under the name of bioglasaes tightly connected to the peculiar
interaction dynamics these amorphous materialsavable of establishing when they are put
in contact with living tissues. In particular, iegactly the series of reactions taking place on
the surfaceof bioactive glasses when immersed in biologitald$ (i.e. mainly blood) that
explains their capability of bonding directly toetbones. In turn, said dynamics find their
origin in both structural and textural featureslué glasses, that is in composition, degree of
network modification, specific surface area, t@aite volume, pore size and shape, etc.

Though having considerably different chemical cositians, all the existing bioglasses
share certainly one feature: they arehgllirolytically unstablei.e. once immersed in natural
or simulated biological fluids (that obviously agueous solutions), their amorphous network
undergoes a gradual degradation, accurately dakigngenerate a beneficial reaction in the

0Sseous tissue.

In particular, this structural and compositionavelepment leads to the formation of an
interfacial layer enriched in calcium and phosphates, both drawn from the liquid phase
and deriving from glass leaching and dissolutiarcpsses; this layer is substantially made up
of amorphous calcium phosphates doped in Si (dubdgoresence of the residual silicate
network), and over time progressively evolves finsbrporating OH and CQ? ions issuing
from the biological environment, and, later, crilsteng in the form of hydroxyl-carbonate-
apatite, a phase practically coincident with theemal / inorganic component of human bones.

This layer of HCA results bio-mimetic, and playsfumdamental role in the bioactivity
behavior, since it constitutes the main cause ef dbteo-conductivity properties of the
material: in fact, being, as stated above, extrgramhilar to the osseous mineral ECM, the
HCA layer is recognized alfby the body, and thus it does not lead to chrorflammatory
response or to foreign body reaction (attack okdeytes and of the immune system,
culminating with the isolation of the implant insié capsule of fibrotic tissue), but, on the

contrary, it is readily populated by osteoblasts.

These latter cells then start proliferating andtisgsizing collagen fibers (whose function is
to bind together the precipitated apatite crystatganwhile also releasing molecular signals

and growth factors that stimulate the neo-vasaaséion of the perimplantar region; all this
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eventually leads to the growth of a layer of nawinyy and functional osseous tissue, acting

as a natural, strong bridge between original bawkaatificial implant.

This way the fixation of the prosthesis to the hitues is not merely mechanical, that is
due to the surface roughness of the material, sirgiological, i.e. due to the growth of new
tissue inside the surface porosity (interpenetmfidut is ascribable to a more strong,
intimate connection, since the bone bonds dirdctlthe surface layer of the bioactive glass,

or better, it actually growsom there.

The physico-chemical processes leading to biomiizeteon (i.e. formation of the HCA
layer) in bioglasses have been intensely studiech&yy researchers in the past decades, and
the knowledge on this subject has been developet ap almost complete extent, at least
from the qualitative point of view; L.L. Hench, iemtor of Bioglas$, and his coworkers have
divided the reactions taking place at the interfaetween bioactive glass and biological
medium into a series of steps, schematically remtesl in Fig. 2.4 (see ref. [61], but almost

all Hench's articles report this very same schamntbe introductory part):

1&2 FORMATION OF SiOH BONDS and RELEASE OF Si(OH),

= < 3 A POLYCONDENSATION OF SiOH + SiOH —P Si-0-Si
2 o TO FORM HYDRATED SILICA GEL
w N = 4
= P ADSORPTION OF AMORPHOUS Ca + PO ,+ CO4
= = e e e e e e e e s
o 13 CRYSTALLIZATION OF HYDROXYL CARBONATE
o6 ° = 5 APATITE (HCA)
- o ——— — i —— — — — — — — — . i S, | s
w 6 ADSORPTION OF BIOLOGICAL MOIETIES IN HCA LAYER
o 9 — e e e e — — — —
o L 7 ACTION OF MACROPHAGES
= Yy ——

100

DIFFERENTIATION and PROLIFERATION OF
9 OSTEOBLASTS

10 GENERATION OF MATRIX

11 CRYSTALLIZATION OF MATRIX and GROWTH OF BONE

Fig. 2.4: Scheme by L.L. Hench, representing the various steps biomineralization

processes on bioglasses can be divided into
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1) Fast ionic exchangeince bioactive glasses are normally heavily rinedli(in order to be

hydrolytically unstable), they are rich of alkaliaed alkaline earth ions, and therefore
they are very prone to leaching when immersedaiogical fluids; in particular, Na K",
cd* and Md" ions are quickly released by the amorphous netwohile H' (HsO")
ions enter the glass, leading to an intense deplét modifiers of the surface layer and
to the formation of silanol (Si—OH) groups:

=Si—0—Na + Ht —> =Si— OH + Na*

=Si—0—-Cat + Ht — =Si — 0H + Ca?**

g 'O
o/ %O/ OH
eza 0 i?
O :.:

@® Silicon . Sodium
INTERFACE
O Oxygen (]ID Phosphorus
@ Calcium H
O Water
H

2) Depolymerization of the networkdue to its specifically designed high content in

modifier oxides, the network of bioactive glassas kiery low hydrolytic resistance, and
therefore the water molecules contained in blo@$mpl can easily induce the breaking
(via hydrolysis reaction) of Si—O-Si bonds, withrf@tion of surface silanols and release

of Si(OH), groups inside the liquid:
=Si—-0-Si=+ HO0——=Si—0H + HO-Si=

3) Formation of a surface silica-hydrogel lay#¢ine presence of high concentrations of

Si—OH groups on the surfaces induces the formdtjopolycondensation reactions of an
hydrated layer (approximately 100 pm thick) richsifica and extremely porous, thus
especially prone to the absorption of biologicaidt (containing water, ions, but also

proteins, growth factors, etc).
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4) Formation of an amorphous calcium phosphatesP) layer C&*, Mg?*, PO and

other ions, both issuing from the biological flumisderivingfrom the glass leaching ai
dissolution processes, migrate by diffusion towdhils silica gel laye as a consequence,
a new layer ground 50 m thick) rich in Ca and Fs formed on the surfaces of t
bioglasses. Due to its composition, this lattecommonly referred to a"amorphous
calcium phosphates (€R) layer; and its existence can be easily deduced by
concentration profiles of Fig2.5 acquired with an electron microprobe on a ¢
Bioglas§ implant integrated inside a rat b« (from ref. [59]). The identification of th
Ca-P layer is even more straightforward if we lookHg. 2.6, wherewe reported the 2D
chemical cartographies acquired via P-RBS microprobe analyseon anin vitro

bioactivity tested sample of B6™ bioactive glass grair{§rom ref. [49])

Bulk—ste——Silicon-rich »le-Calcium-—ele— Bone —»
bioglass I phosphorus
layer

4 Si

Intensity (X107 counts/s)

0 20 40 60 80 100 120 140
Distance across interface (um)

Fig. 2.5: Concentration profiles determined by electron microprobe
analyses on a Bioglass® 45S5 implant integrated in rat bone

5) Hydroxyl-carbonateapatite crystallizatic: the just described Ca-Ryer is gradually

enriched also in OHand C(s* ions, drawn from the biological mediuiso at a certain
point crystallization of Hydrox-carbonate-apatite, @a{P)s-x(CCs,HPO:)x(OH)2-x
(with 0<x<2?) takes place, starting from preferential nuclex sites provided by th
underlying porous silica gel lay or by calcium phosphate nastusters present in tt
original glassy matriXsee Par. 4.2.. The crystals are initially of nanometric sizet bu

a few days they grow up to a dimension of aroune hundred of nn(see Par. 4.1..

! Moreover, this latter material is exactly the bioactive glass we studied in the present work, that is the base
glass we started from to conduct our study on the effects and potentialities of Eu doping.
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Fig. 2.6: Two-dimensional PIXE-RBS chemical cartographies of the cross section of a

B67,5 bioactive glass granule after 7 days of in vitro bioactivity testing

The layer of HCA thus formed exhibits a high degofebio-mimesis with the osseous
matrix, both from a structural (composition, cryiinity, degree of substitution GO VS
HPO*) and textural (specific surface area, pore siztpof view, therefore not only
macrophages and neutrophils (step 7 of Pic. 2 H¢radto the surface of biomineralized glass
grains, but also osteoblasts and osteo-progerton sells are able to do so (step 8). Once
adhesion and morphological spreading of osteoblaasstaken place, these latter start to
proliferate (step 9) and to synthesize collagererfb(step 10), which bind the HCA

nanocrystals together, toughening the layer.

All these processes, together with the vasculaomabf the resulting perimplantar neo-
formed ECM, lead to the formation of new living esss tissue, practically indistinguishable

from natural cortical bone.
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2.3: Osteo-inductivity properties of bioactive glasses

The biologically induced formation of an HCA layen the surfaces of the material when
put in contact with natural or simulated body fei@Ibiomineralization™) can be regarded as
the most distinctive feature of bioactive glassaad is responsible for their osteo-
conductivity; moreover, the study of biomineralieat processes is exactly the aim of the
present work, therefore in the following chapters will almost exclusively focus on the
precipitation of apatitic crystals during vitro bioactivity tests, and on their detection via a

series of different characterization techniques.

Nevertheless, what really makes bioactive glassesiscessful for biomedical applications
is not their osteo-conductivity alone, otherwisathgtic HA implants would exhibit more or
less the same performances: when we switcim tavo conditions, in fact, the real crucial
feature of bioglasses, rendering them Class A hiagcis their osteo-inductivity, i.e. their
capability to actively stimulate bone regeneratibnis trait will not be covered in great detall
in this thesis, except for probe validation purposeChapter 5, since Euions are of no use
in studying the processes underlying osteo-inditgtitherefore, for completeness' sake, and
to render more clear the observations that wilhiagle in Par. 5.3.4, in this section we will
present a brief panoramic on this subject.

Many studies have been published about the effetctde ionic products released by
bioactive glasses during interaction with bodydki{see for example ref. [57], [62], [63] and
[65]), and most of them agree in individuating indhs deriving from hydrolytic dissolution
of the amorphous network the principal factor stating bone regeneration. In particular, it
has been demonstrated that the presence of propeemtrations of silicate (and, to a minor

extent, also calcium) ions in the perimplantar aneacapable of:

stimulating the differentiation of osteo-progenisgiem cells located in the surrounding
tissues into osteoblasts;

- stimulating the mitotic proliferation of mature esblasts;
- potentiating the production of tropo-collagen, petein collagen fibers are made up of;
- potentiating the expression of specific membrareeptrs and of molecular signals

involved in bone growth and reparation.

Consequently, it's the bioglass itself that, withéurther need of functionalization with
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growth factorgsuch as, for example, BMPs, i.e. bone morphogempetitein?), actively and
directly stimulates the osseous tissue to growtoasurfacs and taepair the existing dama
(which is artificiallyinduced in the case of the implation of a coate@rosthesis, or alreac

present in the case of porduisactivegranules for bone defects filling).

Proof of the preceding statems can be found in various published articles, wheeny
parameters and aspects connected to bone regenesa® monitored by establishing
comparison between bioglasamples and bioinert control referencas a non exhausti

collection of evidencesye hereby report the following de

« Number of osteoblastsafter only four days of interaction between 458i6glas:®

granules and biological fluids, the number of mataind active osteoblasts present in
perimplantar region reaches the 155% (+ 6.5%) ef \thlue registered for a bioint
reference (see ref. [62]).

» |IGF I, Insulindike Growth Factor I IGF Il is a pwerful molecular signal that promot

osteoblast mitosis, antherefore stimulates the proliferation of osseous cells,
indirectly, the synthesis of extra cellular matrhgrmally it can be foun(in inactive
form) attached to a protein named IGF-3, and to be cleavefdom it, thus passing to an
activated formjt needs th joint action of two enzymes: Metalloprotein-2 (MMP2)
and Cathepsin-DBy monitoring the concentration of the four men&gdnbiomolecule
one can discover that in the case of a bioactigesgleft in contact with biological fluic

for four days significantly higher values can be detected wégpect to an inert materi

500+

Percentage of control

IGF-II IGFBP-3 MMP-2  Cathepsin-D

Fig. 2.7: Concentrations of four proteins involved in bone regeneration processes in the case of the
perimplantar region of a Bioglass® 45S5 sample after 4 days of interaction (see ref. [65]).

2 Coating the implants with bioresorbable polymer gels containing BMPs to ensure a slow but constant release
(deriving from gel degradation) of molecular signals stimulating bone regeneration is a research strategy that
has been explored in recent years to enhance the bonding performances of orthopedic prostheses; even
though effective, this solution has as serious drawback the enormous expensiveness of BMPs (= 12005/mg).
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» Alkaline-Phophataset is an enzyme synthesized exclusivby mature osteobles, so it

can be exploited as a marker to quantify the degreeellular differentiation; ir
particular, after six days of interaction with Biag® 45S5 granuleghe specific activit
of alkalinephosphatase in the perimplantar acan be found to be slightly increase«

compared to the case of an inert reference (se2.8, from [63]).
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Fig. 2.8: Concentrations of proteins characteristic of osteo-genesis processes

detected in the case of a six days old cell culture on a Bioglass® 4555 sample.

» Osteocalcin osteocalcin is a non collagenous protein charigtte of the bone ECNV
whose synthesis by osteolts is tightly connected to the ineralization and
reconstruction phasef osseous tisst the concentratiorshown in Pic.2.8 for the
Bioglas§ 45S5sample appears evidently higher than the one ezgidtfor the contro

testifying a superior ost-genetic activity on the surface of thmactive implant.

Once thebeneficial effects of bioactive glasses on bonemiochave been ascertained,
identify what are the actual causes of these ingatqyerformances it is necessary to ana
which alterations are brought about in the perimiglaregion by the presence a bioglass
sample moreover, it can be extremely interesting to stigate if for oste-inductivity effects
to take place, the physical presence of a bioglapkant is necessary, or, on the contrary, it
is sufficient that just the products of itsdrolytic dissolution are put in contact with livii
tissues (or cell cultures).

From this latter point of view, in reference [65yn0s, Henchet al. demonstrated that

simply exposing an healthy osseous tissue sampla teimulated biological solutic



Chapter Two: Bioactive glasses and their bio-mineralization processes | 25

(speifically, DMEM, i.e. Dulbecco's Modified Eagle Mean, a cell culture medium who
features will be treated in some detail in Par.1§.freviously left in contact for six days w
some Bioglas$45S5 granule (which were thememoved from the liquid jior to the tissue

assay) induced the stimulation of osteoblast m@ifor and activity.

This evidence indisputably proves that o-inductivity is not directly connected to soi
structural or textural property of bioglasses, isutlue to the ionispecies released by the
when they are subjected to leaching and hydrobi@cks by biological fluid In particular,
analyzing the results of ICRES measurements on p-interaction DMEM reported in Tab
2.1 (from ref. [65] by Xynos), one can easnotice that the only relevant ionic concentra
change involves silicate ions, whose content afberdays of bioglass granules immers
passes from 0.2 to 16.6 ppm.

Inductively Coupled Plasma Analysis of Control DMEM and Bioglass 4353-Conditioned DMEM
Containing the lonic Products of Bicactive Glass Dissolution

Si Ca P MNa
Control DMEM 0.19 £ 0.01 76.33 = 0.96 3348 = 041 2885 = 42,72
Bioglass 4555-conditioned DMEM 16.58 = 1.78 8835 =232 3045 = 064 20938 + 24.62

Note. The concentration of Si in the bivactive glass conditioned DMEM solution was 8800% of control (P < 0.005), Ca concentration was
110% (P < 0.05). and P concentration was 90% of control (P < 0.001). No significant differences in Na content were ohserved. Units are
expressed in parts per million.

Table 2.1

Therefore iresults reasonak demonstratethat Si ions mediate the activation of a serie
biological / cellular mechanisrhavingas final consequence the stimulation of growth
regeneration of osseous tissue; to prove this mg@ous, no-phenomenological way,
would be necessary to lgde into molecular biology studies on the influermfeSi on the
expression of certain families of genes (for exanthbse codifying for IGF Il, Cathep:-D,

etc), but this thesis is not the appropriate pfacsuch speculatior

As further empirical pof of the fundamental importance of on osteo-inductivity
properties we can report the fact that porous ®titibiphasic calcium phosphate (BCP
mixture of HA and3—TCP), though surely being biomimetic, os-conductive, bioactive ar
bioresorbable by the action of osteoclais not osteomnductive, due to the lack of silicon
its composition, and thus is a Class B bioactivaeni; on the contrary, Si dopeBCP

exhibitsClass A bioactivity properties (see re66]).
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Even though we have stated that osteo-inductigtyat _directlyrelated to structural and
textural properties of bioactive glasses, obvioulsbse latter features play a fundamental role
in determining the kinetics of Si ionic releasedahus an accurate control on them is
absolutely crucial to the obtainment of satisfactmsseous regeneration performances: in fact,
if silicate ions are released too slowly from tmeoaphous network, they might not reach the
critical concentration necessary for the activabbthe above mentioned cellular mechanisms,
while, on the other hand, a too fast or too inteBseelease might have negative or even
cytotoxic effects on osteoblasts. Therefore, ineordb maximize the osteo-inductivity of a
bioglass, it is necessary to optimize its hydrolgirength, specific surface area and porosity,
so that to achieve the best interplay, leadinghtapropriate ionic release rate.

Last but not least, it is important to point ouattlall the things we have said so far in this
section are valid if and only if the bioactive nrékis put in contact with living osteoblast
cells; if on the contrary the glass just interagith acellularsimulated biological fluids (like
SBF or DMEM), as in the case of our research agtifsee Chapter 5), osteo-inductive
features can play no role whatsoever in the bioralization processes, since no bone cells to

be stimulated are present.
2.4: In vitro bioactivity tests

From a pure scientific point of view, in order tgsass the bioactive efficiency of a bioglass,
carrying outin vivo clinic implantation trials on human beings wouklthe best choice, since
the gathered data would be directly and thus peyfeepresentative of the real performances
of the material in its final application. Doing sondiscriminately is evidently not even
imaginable, neither resorting to extensiwevivo testing on laboratory animals is a viable

alternative, since it is ethically very questioregland extremely costly as well.

Therefore, with the aim of minimizing the useiivivo tests, somen vitro assay protocols
to estimate with which efficiency a bioactive glassuld be capable of bonding to bone

tissue have been elaborated over time.

To date, the most important and widespread testietipod is the one proposed in 1991 by T.
Kokubo et al in the articl&olutions able to reproduce in vivo surface-stroetahanges in
bioactive glass-ceramic A-Vublished in thdournal of Biomedical Materials Resear(24)
(see ref. [19]); therein, the authors made the thgms that the interactions with real

biological tissues could be successfully simuldigdmmersing the bioactive samples in an
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aqueous solution mimicking the ionic compositionhafman plasma. In that article such
artificial solution was named Simulated Body FI{#BF), and a recipe for its preparation

starting from a series of salts dissolved in daedi water was proposed; the final

composition is reported in Tab. 2.2:

Na* K mg* | ca* cr HCO;™ | HPO,” | SO,
Human Plasma | 142,0 5,0 1,5 2,5 103,0 27,0 1,0 0,5
Kokubo's SBF | 142,0 5,0 1,5 2,5 148,0 | 4,2 1,0 0,0

Tab 2.2: Comparison between ionic concentrations in human plasma and

Kokubo's SBF (data reported in terms of mmol/L)

In particular, Kokubo's testing protocol consistsimmersing appropriate amounts of
bioactive samples in appropriate volumes of SBFilier desired periods of time at constant
body temperature (36.5 + 37°C); after the assay pthst-interaction material is characterized
using a series of techniques (see Par. 4.1.1 foe méormation on this subject), in order to

determine the changes induced in its structuretextdre by the immersion in SBF.

If it is possible to detect the formation of HCAystals on the surface of tested samples,
then it is reasonable to assume that the same mapalization processes would take place
even inin vivo conditions, so that the material would be at lezsteo-conductive, and
therefore Class B bioactive. Moreover, analyzingdbmposition of SBF after the assay, it is
also possible to determine if the samples release species, and, by estimating the release
of silicate ions, if they might be osteo-inductased thus Class A bioactive.

Twenty years of positive results and hundreds blipations have demonstrated the validity
and reliability of thisin vitro test, that has the advantage of being more simpiek, cheap
and bio-ethical to carry out than evenyvivo test; obviously, before a bioactive material is
actually exploited for the construction of biomediamplants, it must undergo al$o vivo
assays (for more information on the series of tist must be passed before clinic trials are
authorized, see ref. [67] and [73]), but immersiorSBF is extremely helpful for the early
stages of development, for example when a lot afpusitions need to be tested in order to
discover which one is the most suitable for tharddsapplication. Some criticisms, however,

might be formulated against Kokubo's method:
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First of all, it is a static method, i.e. the saegpktay immersed in SBF inside sealed
bottles, while inin vivo conditions a dynamic evolution of the system isgiale, with
released ionic products being withdrawn from théeriaction area also by various
mechanisms not directly related to biomineralizatfiuid flow, metabolic depletion of
ions, etc), and with continuous renewal of biolagjituids. To overcome this limitation,
some dynamidn vitro bioactivity testing protocols have been proposs (for example
ref. [2] and [7]), but their execution is more cdiogted, so they have encountered
limited success.

Second, in the case of bioactive powders, sincenibieralization processes are surface
driven, the final results are intrinsically conregttto the specific surface area of the
material, therefore utmost care must be paid innterpretation and comparison of data
arising from different samples. This issue willdscussed in more detail in Par. 5.1.3.
Third, SBF is merely an ionic solution, while trbmlogical fluids also contain a lot of
different biomolecules (proteins, molecular signaisamins, glucids, amino acids, etc.),
that might potentially alter the kinetics of bioraralization processes to some extent; in
order to give more importance to this aspect, &od to more representatively simulate
biological interactions, instead of SBF, Clupperk{see ref. [72]) proposed to exploit
Dulbecco's Modified Eagle Medium (DMEM), a cell wuk fluid having ionic
concentrations similar to Kokubo's SBF, but contejralso a series of biomolecules (see
Tab. 5.1 and 5.2 for more information on DMEM corsigion). This very same approach
was adopted also in this work, and a detailed gegmm of our interaction protocol is

reported in Paragraph 5.1.2.

Once a biomaterial has proven to be Class B biadty developing an HCA layer during

in vitro testing with Kokubo's method, it is suitable te$do0 more advanced vitro tests,

like cell adhesion and cell culture assays, citimioxtests, ELISA tests, etc. All these latter

methods are closer than immersion in SBF to the tonditions the biomaterial would

experience when implanted inside living tissues,itnolve also much higher costs, the need

of expensive biological laboratory equipment, arsdiperior level of operative complexity.

Nevertheless, they can provide more in depth in&tion on the true behavior of the

samples when left in contact with living osseossues, and thus they can be exploited, for

example, to rigorously verify if a material, besdeeing osteo-conductive, is also osteo-

inductive, that is if it exhibits Class A bioactyifeatures.
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Chapter Three: Characterization techniques

In this chapter we will report some basic inforroaton the characterization techniques we
used during our research activity on Eu doped biwaglasses; we will try to be as clear and
introductive as possible, providing the essentigll@ations necessary to comprehend the
observations and deductions we made in our expatahepath; but for a deeper
understanding of the underlying physical principleen belonging to quantum mechanics),
or for a complete panoramic on the advanced apgit@and potentialities of the described

methods, we invite since now the reader to refendoe specialized literature on the subject.
3.1: ICP-AES, Inductively Coupled Plasma Atomic Emission Spectroscopy

ICP-AES is a very sensitive characterization teghai commonly exploited to carry out
chemical analyses on liquids, that is to determime actual concentrations of the various
elementgpresent in solution; as the name itself suggéstsa spectroscopy based technique,
that relies on the precise quantification of thetph flux emitted at well defined wavelengths

for the assessment of the chemical compositioh@samples.

Being an emission method, it requires some sour~-
E mission region

of excitation, which is provided by an inductively

Flazma

coupled plasma, i.e. by a plasma whose energy iductonas gl chﬁed

supplied via Joule effect by electric current:

produced through electromagnetic induction; i

Gluantz tubes

brief, the plasma torch works in this way: a fluk o

Argon tangential
flawy

Argon gas is channeled tangentially through a quat

tube surrounded by copper induction coils connectt [

Sample flow

to a 30MHz radiofrequency generator; a Tesla coil
Fig. 3.1: Simplified scheme of an

creates a high voltage, high frequency spark within i
inductively coupled plasma torch

the gas, providing the necessary ignition to the

ionization process; then the alternate currentsingninside the external coil create intense

azimuthal induced currents (the ionized gas ha$ hapctric conductivity) inside this

embryonic plasma, thus further ionizing the gas dmedting it up to extremely high

temperatures (6000 + 10000 K).



30

S. Tiozzo Eu® ions as structural probe for studying biomineralization in bioactive glasses

The analysis, in turn, is carried out like thise tlguid sample is nebulized inside the plasma
torch, that first completely dissociates to thenatostate the chemical species present in
solution, and then causes even the partial iomzaif said elements; due to the high energies
involved in the process, the peripheral (valendegtmns of these atoms are promoted to

excited electronic levels, and when desexcitaties place, UV-Visible photons are emitted.

Since the quanta of energy emitted in these tiansitare characteristic of each element,
performing a spectroscopic analysis on the lighittech by theplume (i.e. the ionized
nebulized sample) allows the identification of #lements present in the initial solution.
Moreover, quantitatively comparing the photon fld&tected from our samples and from
reference solutions of known certified concentrai@llows the exact quantification of the

chemical composition of the analyzed liquid.

ICP-AES has a series of advantages over other clakranalysis techniques (like, for
example, X-ray fluorescence): since the instrumeatks in a high linearity domain, the
construction of reference curves does not nee@cehaisition of many data, to an extent that
even only one point could be enough to build acation line (the other point being the zero);
the detection sensitivity for certain elements lbarpushed up to the impressive limit of a few
ppb, and ppm accuracy is granted for almost allahalyzable elements; it is possible to
characterize also chemical species having higlsteesie to thermal decomposition; very
small amounts of sample are needed (normally arfdy depending on the experimental
settings). However, there exist also some drawbaicissa very expensive technique, both for
the initial instrument's price and for the operatmosts (Ar is a costly inert gas); in some
cases it is neither easy nor cheap to get a refersolution for dosing the desired elements
(as happened to us for Europium, see Par. 4.31l);above all, the samples must necessarily
be in the liquid form, so that if we want to anaya solid (like our glass powders), we need

first to dissolve it in some way.

During our research activity we exploited ICP-AE8asurements for two main purposes: to
check that the actual composition of our dopedsglaswders was really the same as the
nominal one (see Par. 4.3.1); and to follow thduwian of the concentrations of Ca, P, Si and
Eu ions inside DMEM duringn vitro bioactivity tests on our doped glasses (see Pa#)5
For this second type of analyses the samples werady in the liquid form, as they were
small aliquots of biological simulated fluids calted from the interaction vessels after testing,



Chapter Three: Characterization techniques = 31

so no further sample preparation was needed pitiret characterization; in the first case, on
the contrary, we had solid materials, thereforésaadution process was needed.

In particular, we exploited th&lkaline fusion(or Alkaline pearl) method: 100 mg of sample
were mixed with 300 mg of lithium methaborate (LiB@nd put inside a graphite crucible,
which was then heated up to 1100°C inside an imglucven for ten minutes; after this step,
a viscous "pearl" of amorphous homogeneous mateved obtained, and was quickly
dropped inside 200 mL of 1M HNqgueous solution, wherein complete solubilizatbthe
now fritted solid took place; the solution obtainedthis way was eventually fed to the

plasma torch for chemical analysis.

The analyses were materially carried out inlteboratoire Magma et Volcard the Blaise

Pascal university of Clermont-Ferrand, with a Jobwon ULTIMA-C instrument.
3.2: X ray diffraction measurements

X ray diffraction is one of the most widespread relcterization techniques ever invented,
and can be applied to the analysis of crystallisevall as mixed amorphous / crystalline
compounds in a really enormous number of ways aetthods, that can provide a wide range
of different information on the samples, going frahe identification of phases to the
evaluation of residual tensile stresses, from gterchination of unit cell parameters and site

occupancy factors to quantitative crystal compositinalyses, etc.

Since this technique is worldwide renowned, andeast one powder diffractometer is
surely available in every research laboratory wagkon ceramic materials, we will not waste
any time in explaining the theoretical principlesdarlying X ray diffraction measurements,
because these concepts are surely well known taethger. Moreover, we exploited this
technique at its most basic level, that is for gate identification of the crystalline phases
present in our powdered samples, so even the metatjpn of the data we acquired does not
really need further explanations, since we justgoered a comparison between our plots and
JCPDS / ICDD database files.

XRD analyses were employed for a series of purposes

1. To evaluate the influence of Eds content on the devitrification processes that take
place upon calcination at 700°C in our doped andoped sol-gel derived bioactive

glasses (see Par. 4.3.4);
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2. To evaluate the influence of KDz concentration on the nature and amount of
crystalline phases formed within the amorphous imaif our samples during high
temperature heat treatment (800, 900, 1100°C);

3. To demonstrate the actual precipitation of HCA be surfaces of our doped and
undoped bioactive powders after immersion in DMEML is afterin vitro bioactivity
tests (see Par. 5.3.1).

The measurements were carried out inDigartimento di Ingegneria Meccanica - Settore
Materiali of the University of Padua, but different experinamparameters, instruments and

methods were exploited in the three cases:

1. Our as-synthesized sol-gel derived bioactive glsakined at 700°C were characterized
using a Bruker AXS D8 Advance powder X-ray diff@uoieter, exploiting a Bragg-
Brentano B — 20" set-up; the generator was set at 40kV and 40rhd analysis range
went from 10° to 60°, with a 0.05° step and a samyghterval of 4 seconds.

2. The glasses treated at higher temperature wergzathlsing the same instrument and
settings, but this time the sampling interval wageased to 10 seconds.

3. On the contrary, the biomineralized powders haventsnalyzed with a Philips PW1710
diffractometer, using a "glancing angle" set-upjally employed for the characterization
of thin films; the generator was set to 30kV anand4( the analysis range spaced from
10° to 60°, with a 0.05° step and sampling interefll0 seconds, and the selected

glancing angle walyjancing= 3°.

In particular, to perform this latter type of arsdg we had to exploit a home-made trick to
support our powders: a double sided tape was dck soda lime glass slide, and was
homogeneously covered with the samples, thus rgugiimulating a film; this way, even with
a tiny amount of material (a few tens of milligraniswas possible to obtain a very good
diffraction signal, comparable with the one detéddtem powder diffraction analyses, which

however normally require way bigger amounts of denf@round 500 mg).

All the acquired diffractograms bearing distincystalline features, that is those deriving
from point 2 and point 3 measurements, were andlydth the help of the softwad&owder
2004 Prq to identify which JCPDS files matched best theecied Bragg peaks.
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3.3: Nitrogen adsorption measurements

The sol-gel protocol we exploited to synthesize Burdoped bioactive glasses (see Par.
4.2.1) was expressly tailored to yield powders hgva non negligible degree of porosity,
since this latter plays a fundamental role in #m@ctions that take place on our samples when
they are immersed in biological simulated fluidserefore, characterizing our glasses from
the textural point of view turned out to be a matiteutmost importance to understand their
behavior during in vitro bioactivity tests and tiudy the effects of the dopant Eu ions on

biomineralization processes.

In the following paragraphs we will describe thetinoels we employed to carry out such
characterizations, assuming that the reader isadyrdamiliar with the concepts of open
porosity, pore volume, specific surface area, gutgmr of gases, etc. If this was not the case,
we invite him to refer to introductory textbooks time subject, or to specialized but yet
comprehensible books like: S. Lowell et @haracterization of porous solids and powders:

surface area, pore size and densKjuwer Academic Publishers, 2004 (ref. [53]).
3.3.1: Adsorption isotherms and their classification

When dealing with porous samples, a wide rangexifital characterization techniques are
available, each one being better suited for thdyamsaof a certain class of materials,
depending on the peculiar size (micro-, meso- arrmpores), shape (cylindrical, ink-bottle,
funnel, slit-shaped, etc) and type of the pore®ifojnterconnected, or closed): in particular,
among the most widespread we can cite gas sorpigthods, mercury intrusion methods,

and thermo-porosimetry methods.

Since our samples were synthesized following agaaitjust slightly different from the well
established one exploited by other members ofékearch team, we expected our Eu doped
glasses to bear the same type of pores as in2&fahd [49], that is to contain a network of
interconnected, more or less cylindrical-shaped opees. Therefore we decided to
characterize their textural properties by perfognion them nitrogen adsorption
measurements with a Quantachrome Autosorb ASIumsint.

! Micro-pores = pores having diameter < 2nm;
Meso-pores = pores having diameter between 2 and 50 nm;

Macro-pores = pores whose diameter is > 50nm.
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This kind of analyses relies on the determinatibtihe so callec&dsorption isothermghese
curves, as the name itself suggests, are builtbastant temperature (in particular at the
boiling point of liquid nitrogen, i.e. T = 77.35 K —-195.8°C) gathering point-by-point
information on adsorption equilibrium states; intfavhen a certain gas (calladsorptive is
put in contact with a porous sample (calladsorben), the system reaches a dynamic
equilibrium state in which part of the gas molesutay in the gaseous state, and part is

physisorbefionto the surface of the solid (becoming tadsorbatemolecules).

The actual amount of adsorbed molecules dependssamies of factors: first and obvious,
on the amount of sample, therefore it is necessamork with specific quantities (referred to
a gram or kilogram of material); on the couple adsot/adsorptive, since the interaction
between them can be more or less weak; on thetseléemperature, higher T involving
lower adsorbed amounts, due to the more intengseméevibrations; on the relative pressure
P/R, of the adsorptive gas (wherg B the vapor saturation pressure of &t the given T),
since higher pressures mean higher amounts of gécules available for adsorption; and,
last but not least, on the specific surface arebdmgree of porosity of the adsorbent, since for
example a wider surface (for the same amount opgnsoupled with a lot of interconnected

pores can host a bigger number of molecules.

Therefore, measuring for each relative pressureevile exact amount of gas physisorbed
on the surfaces of the sample (manometric or gratvimmethods can be exploited for this
purpose) allows the construction of the isothermvespecific amount adsorbed vs §/énd,
thence, the deduction of useful information on #pecific surface area, porous volume,
average pore size, etc of the analyzed materigdatticular, it is common practice to acquire
both adsorption and desorption data, that is t@icawange of relative pressures going from
0.05 to around 1 (adsorption branch), and thennmitg back to 0.05 (desorption branch).

Even without the need of further data treatmem,isbotherm’s shape itself carries qualitative
information on the type of pores present in the @anmthe IUPAC classified (see ref. [51],
[52] and [53]) six prototypes of nitrogen adsorptigotherms, with four kinds of hysteresis
loops, reported respectively in Fig. 3.2 and 3.8wéver, in real samples various

combinations of said types can be encountered oféen.

2Physisorpl“ion is a (normally) fully reversible adsorption process based on weak van der Waals interactions
between adsorbent and adsorbate; on the contrary, chemisorption is an irreversible adsorption process based
on strong chemical bonds, i.e. involving the formation of covalent or ionic bonds between gas molecules and
the surface of the adsorbent.
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Fig. 3.3: IUPAC classification of hysteresis
loops in N, adsorption isotherms (see [53])

Fig. 3.2: IUPAC classification of nitrogen
adsorption isotherms (from [52])

For what concerns theotherm's shap

Type | isotherms exhibit a saturation trend, and are gfpi¢ exclusivelymicroporous
samples, where the pores are filled at very loatnad pressures (way < 0.0
Type Il isotherms exhibit icontinuousincrease in the amount adsorbed withy, and

are characteristic ohor-porous or macro-porousamples, where mu-molecular

adsorption takes place (i.e. the adsorbate layekehs in a very gradual wa

Type IV isotherms shovtwo distinctive feature a saturation plateau at higher rela
pressures and, above all, a characterhysteresis loogtarting from P/, values around
0.42 connected to nitrogen capillary condensatiordeshemesopore of the samples;
Type lll and V isotherms are encountered only rarely, and argdhants of type Il an
IV curves in the case of very weak adsorbent/adderimteraction

Type VI isothermshave been observed only recently, and exhibit &c&ypstepwise
growth; they are charactetic of samples with highly homogeneous surfaceswhbith

adsorption takes place monolayer by nlayer.

On the other hand, as regards the hysteresis

H1 loopsare typical of mesoporous samples having a vempwnepore size distributio

H2 loopsare characteristic of samples bearing highly imenected mesopor:

35
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* H3 loopsare observed when the capillary condensation tplee® in materials having a
compliant structure;

» H4 loopsare typical of microporous samples with slit slthperes.

Therefore, just by carefully observing the acquirstdtherms one can gain some
considerable knowledge on the analyzed materiawekier, to derive from the plots some
quantitative information such as specific surfamagSSA), total specific open pore volume,
mean pore size, etc, it is necessary to treat tugieed data exploiting some physico-
mathematic models, like the BET (Brunauer—EmmetiteNetheory for the calculation of
SSA values or the BJH (Barrett—-Joyner—Halenda) otefior the determination of pore size

distributions.
3.3.2: Specific surface area calculations

Knowing with precision the specific surface areaof samples is very important, since, as
we will see in Chapter 5, those data are neededltulate the exact amount of powder to be
put inside the interaction vessel for bioactivigsting purposes; moreover, estimating the
textural alterations brought about by the dopingcpss is very interesting, since it allows us
to understand to which extent Euons modify the glasses they are meant to study. T
calculate the SSA values of our powders from thguaed isotherms we exploited the most
renowned and commonly used method existing, th&rimauer Emmett and Teller's one,

generally referred to as "BET theory".

This method, dating back to 1938, adapts the mayerlchemisorption model designed by
Langmuir to the case of multi-molecular physisampti in particular, the fundamental
hypotheses here are: 1) adsorptive molecules cgsigunb on the adsorbent's surface forming
infinite (stacked) layers; 2) contiguous adsorptiayers do not interact with each other; 3)
adsorption phenomena can be described by the Langmmeory, both in the case the
molecules bond directly to the solid and in theectheey bond to a previously adsorbed layer

(obviously, in the two situations the values of@gsion enthalpy are different).

Starting from these three postulates, after a sefedeductions (not reported here; if the
reader is interested in the rigorous demonstratiaime method, he is invited to refer to [52]

and [53]) the three researchers derived the foligwiormula, valid for a range of relative
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pressures going approximately from 0.05 to 0.3% known today aB8ET transformed

_ 1 __C-1 (PYy, 1t
ads '\ p mono 0 mono

Here Viono IS the volume of nitrogen (per gram of powder)assary to form a complete
and compact monolayer of adsorbed molecules orstin@ces of the sample, and C is a
parameter connected to the intensity of the intemas adsorbate/adsorbent, calculated as

C =exp (W) , Where Eys = adsorption enthalpy of the first layer of moliesuand

Emm = adsorption enthalpy of the following layers (asged equal to the heat of liquefaction,

since in this case the interaction is between nubdscof adsorbate).

As it is straightforward to notice, by plottinm VS (Pi) , Which is extremely
0

ads’ ?_1

easy since Yjsand P/k data can be extracted from the adsorption isothena should obtain

. . . c-1 . 1
a straight line having slope equal te—=—— and intercept equal teV—; therefore,

€ Vinono C " Vimono

starting from experimental adsorption data, it @sgble to calculate by linear best fit the
value of \fnonpand C, and once the value ofM,and the average area occupied by a nitrogen
molecule ¢, = 0.162 - 10° nv’) are known, the specific surface area of the sarogh be

Vimono'NA™ON,

determined as SSAggr = (where M is the number of Avogadro afnf,is

N2

the molar volume of nitrogen).

The SSA values obtained exploiting this simple rodthhowever, can be considered
rigorously valid only if the isotherm is of typedr IV (with capillary condensation beginning
beyond P/R= 0.35), while their reliability becomes a bit lewwhen the sample contains also

micropores (isotherms of partial type | charack@d/or hysteresis loops of H4 kind).

To characterize our samples from the textural pahtview we carried out nitrogen
adsorption measurements acquiring 20 points foatts®rption branch and 20 points for the
desorption branch of the isotherm, i.e. R/&ues went from 0.05 to 1 and back again through
steps of 0.05; in particular, to assess the SSAevale applied the BET method to the first
seven experimental points of the adsorption brattet,is for P/gvalues of: 0.05, 0.10, 0.15,
0.20, 0.25, 0.30 and 0.35; on the other hand, lulzde the total pore volume we exploited
the V,agsvalue acquired at P4JR 1, when total pore filling with condensed tdkes place.
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On the data of the desorption branch we appliendl this BJH method for the determination
of meso-pore size distribution and average pore, imt our samples were not rigorously
suitable for that elaboration: in fact, they containon negligible amount of micropores, as
we will see in Chapter 4, so the BJH method (exélgnsensitive to micropores) didn't

provide sufficiently reliable data.
3.4: Raman spectroscopy

Raman spectroscopy is a highly versatile charaetgoin technique suitable for studying not
only amorphous and crystalline materials, but aldastances in the liquid and gaseous states,
and the information it provides can give us anghsinto the vibrational properties of the
analyzed samples. Since similar (but not identisagle section 3.5) information can be
acquired through conventional or Fourier-Transfatnmafrared spectroscopy, it's common

use to say that Raman and IR spectroscopies arglemrantary characterization techniques.

The physical principle underlying Raman spectrogdsphe inelastic scattering of light by
a medium, and was first discovered in the cas@jafds by Chandrasekhara Venkata Raman
(1888-1970, Nobel prize for Physics in 1930) in 89k the following pages we'll try to
provide an introductory explanation of the physibakis and of the main features of this
technique; for a more complete and deeper undelisiginthe reader should refer to
specialized literature on the subject.

3.4.1: The inelastic scattering of light

Let's consider a substance made up of moleculas,sibmething in the liquid or gaseous
staté; when it is irradiated by a beam of monochrombgist of frequencyvo, its molecules
can absorb the electromagnetic wave through vaneeshanisms, depending on the amount
of energy h transported by the quantum of radiation. If theideat light is in the visible
range, the absorption of the photons can resuktarpromotion of an electron of the molecule
to a higher energy state, referred to aitaal energy levél

Since this excited state is unstable, the moleihde quickly returns to a less energetic state

*If we switch to solids (both crystals and glasses), the phenomenon becomes a bit more complicated, since the
structural units in this case are no more independent from each other, but the underlying physical principle
stays exactly the same.

“t's important to point out that, in contrast with what happens in the case of fluorescence phenomena, this
virtual energy level doesn't need to coincide with a discrete (i.e. permitted) energy state of the molecule (see
scheme in the next page).
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through different other mechanisms, some of whiehad non-radiative nature, and some of
which on the contrary involve the reemission of dtbsorbed energy under the original form

of electromagnetic wave; these latter give ris@hat we call the scattering of light.
This reemission, however, can be of elastic orastat nature:

» Elastic or Rayleighdiffusion: the emitted wave has the same frequeg®f the incident

one, thus it has also the same energy;

« Inelastic or Ramaniffusion: the emitted wave's frequencys different from the incident

onev; in particular:
o if v <y, the diffused beam is less energetic than thedémti one, and thus the
molecule has absorbed part of the radiative energytain a final excited state, whose

distance from the ground state is equah@® — v); this goes by the name of Raman
Stokesdiffusion, and the difference between the wavermmébeingﬁ = 1//1) of

the two wavesy, — v, is calledRaman shift

o if v > vy, the molecule was already in an excited statenef®/ E = Eground staee +
h(v— vo) when it absorbed the light, and by relaxing radey to the ground state it
has given its "excess" energy — ) to the diffused wave, which this way results

more energetic than the incident one; this is ddRaman anti-Stokescattering.

The following scheme intuitively shows the diffeces between the aforementioned
scattering effects, and also a comparison with dte@r important radiative absorption and
desexcitation phenomena: IR absorption and flueress.

Excited electronic A ™\ non radiative
states

VIFTUBI @NEIZY o s sessnsesssssssesssssssssssss s sssss s ssss s sssen s s s s s ssssssessssssse fessssesssssns osese

levels PSPPSRSO MU SRRSO PPRRSIRY SRS

hv
h"0 exc

hv, hv, hv, h(ve-Av) h(vo+Av)

Excited
vibrational states { 7 A hvg

|’ 1 hav Y

Ground state

Rayleigh Raman Stokes anti-Stokes IR absorption Fluorescence
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Since the energy difference between Raman diffagedincident waves is equivalent to the
energy gap between an excited vibrational stateth@edyround state, studying inelastically
diffused light allows us to gather information dmetvarious modes of vibration of the

scattering molecule, and thus on which chemicatls@re present inside of it.

Experimentally it's possible to find that the &Btokes diffused component is less intense
than the Stokes component; this happens becausermiecule being already in an excited
state is far less probable than attaining it aétecitation and radiative desexcitation. More
precisely, it is reasonable to assume that theestcag intensity from a certain virtual level is
proportional to the population of that level, whichturn is obviously proportional to the
population of the starting level, i.e. the one qued before the absorption of the radiative

guantumhvy.

Now, according to Boltzmann's statistic, the popataof a level is proportional to the term
exp (——Els{m;e), so the higher an energy level, the less it's |aded; this way, it's
B

straightforward to understand how the anti-Stokasmonent can be even 1000 times (since
the relationship is exponential) less intense thanStokes component. In turn, Raman Stokes
scattering too is several orders of magnitude ledense than Rayleigh scattering
(approximately only the 0.0001% of scattered phstare inelastically diffused), since a
transition from an excited (virtual) level to a desnergetic, but still excited, state is less

probable then the transition to the ground state.

Boltzmann's statistic explains also the fact thamBn spectroscopy normally provides
information only on the lowest vibrational levelstbe emitter: the Raman Stokes diffusion
requires that the final state attained by the mdé&eds an excited one, so only the less
energetic among the excited states, i.e. thertsttional or vibrational excited states of the
electronic ground state, are suitable to returrughcsignal to be detected. For this reason,
Raman spectroscopy is sometimes referred to asnfardad technique, but this is
scientifically inappropriate: the provided infornmat is on vibrational levels, whose
transitions between each otheould involve energies in the IR range, but thehteque

normally exploits visible light.

Basically, to acquire the Raman signal it is neagsto focalize the detection on the "right”
or on the "left" side of the Rayleigh scatteringlpéi.e. aroundicigen): at lower energies it is
possible to find Raman Stokes scattering peakslewdti higher energies, but in exactly
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symmetric positions (since the vibrational levelgalved in the inelastic diffusion remain the

same) we can find the Raman anti-Stokes emission.

\
Stokes
anti-Stokes
Rayleigh /\
T |

|
vg — Av Vo vo + Av

| A

\4

Unfortunately, things are way more complex than e preceding few lines let us
believe, since the formal description of transifidretween energy states and of interactions
between molecules and electromagnetic waves requaatum mechanics and group theory
considerations, and thus various selection rulgdyaghis thesis is not an appropriate place

for such complicated speculations, so here wejusli say that in order to be permitfeohd

thus to return a detectable signal, the transifiom a virtual level to an excited vibrational

state(Raman stokes emission) wce versa(absorption prior to anti-Stokes diffusion) must

involve a change in the polarizabilityf the scattering molecule; when this happens, the

vibrational mode connected to said excited eneegellis referred to as a "Raman active"
mode, and the higher the difference in polarizgbbetween states, the stronger the intensity

of the Raman emission arising from that level.

This means that, depending on the peculiar symmaitrthe analyzed molecule, some
vibrational modes may be IR active (involving aigaon in the electric dipole moment of the
molecule) but not Raman active,\oce versawhile some others may be both Raman and IR
active (or inactive); that's the reason why Ramash BR spectroscopies, though being both
used to study the vibrational "fingerprints" of malles, yield slightly different data, and thus

should not be considered competitive, but, on trrary, complementary techniques.

What we have just said is rigorously valid only fajuids and gases; if the scattering
medium is in the solid state, either amorphousegen worse, crystalline, the interactions
between different vibrating structural units, tregree of periodicity of the lattice, etc create
new constraints on the vibrational modes, so tlweaientioned selection rules change
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significantly, while some other new interestingtieas make their appearance: e.g. boson
peaks at low Raman shifts in glassy materials, ignog information on the degree of mid-
range order of the network, or again, spectraldipgnts of acoustic and optical phonons

propagating through the crystalline lattice.

For more detailed considerations on the huge amoftimiformation one can infer from
Raman spectra of solids, as well as for a compteterview on the various advanced
characterization techniques based on the Ramant g6ach as Surface Enhanced Raman
Spectroscopy, Coherent anti-Stokes Raman SpecpygsElyper Raman, etc), once again we

invite the reader to refer to specialized handb@uidtextbooks on the subject.

3.4.2: Raman spectrophotometers

Trying to keep the explanation as simple as possial Raman spectrophotometer is

basically made up of:

« a source of monochromatic light, which nowadays ligser in the visible (Adaser) or in
the NIR (Nd:YAG) range. It provides the scatteringplecule/crystal the necessary
energy for the promotion of its electrons to thgual energy level. The use of a NIR
source allows for the reduction of background fesmence, which sometimes can mask
the Raman peaks; however, since the intensity aid®ascattered light is proportional to
(Vinciden)*, lowering too much the frequency of the incideghi can be detrimental to
obtaining a good signal to noise ratio.

» a first series of collimation and monochromatoriagibuilt-in in the laser cavity), to
select only one wavelength of the laser bean (@sers, for example, emit with different
intensities at varioud such as 351.1 nm, , 454.6 nm, 496.5 nm, 514.51992.3 nm,
etc.) and direct it on the sample, which is keppasition by a sample holder; generally
the beam impinges normally on the sample.

» a second group of collection optics, generally fiamsed at 90° with respect to the
incident beam, in order to avoid the detection rahsmitted light; these optics must
collect the scattered radiation, filter off the Ragh peak and disperse the various
components of the inelastically diffused light, wmrder to permit the spectral

decomposition

> Alternatively, a Michelson's interferometer coupled with Fourier-Transformed treatment of the acquired data
might also be used to carry out the spectroscopic analysis.
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» a detector, whose function is converting the phdhoxiin an electric signal suitable for
digital processing; in the past photomultipliereéslwere the best choice for this purpose,

but nowadays they're progressively being replageG®D cameras.
3.4.3: Raman micro-spectroscopy measurements

Since the Raman effect involves just the scatteahdjght, its promising application to
microscopic analyses was explored early on (the# iommercial instrument dates back to
1973); coupling a Raman spectrophotometer with@ica confocal microscope permits, in
fact, to focalize the incident beam and the calbecof diffused light on extremely small
volumes of sample (up to an order of magnitude pfrf), and thus to determine their local
chemical nature (i.e. which bonds are vibratinghat exact spot where the analysis was

focalized thanks to the microscope), or to draweameresting chemical cartographies.

The really high spatial resolution of this analgtitechnique, its complete non-destructivity,
the tiny amounts of sample required to detect adgpaality signal and the absolute lack of
sample preparation (one just needs to put somagyodipowder on a glass microscope slide)
led us to choose this characterization tool forbprg HCA crystallization on the post-
interaction doped and non-doped bioactive glasses:

» spatial resolutionbeing able to localize the analysis on such sr@iimes allows us to

study the vibrational behavior only of the interéddnteraction layer, by focalizing the
laser beam exactly on the surface of the glassigi@r just a bit over it). This way, the
intensity of the light inelastically scattered frahe amorphous calcium phosphates and
from HCA crystals is maxed out, while minimizingethsignal coming from the
underlying silica-based glass. The result is a tspecwith very high phosphate peaks
and mid-to-low silica peaks (see Par. 5.3.3).

* non destructivity working with highly expensive Eu doped materialsiplies

synthesizing really small amounts of bioactive ggass(less than 2g for each batch), and
since even thé vitro bioactivity tests are costly, destructive testimgpost-interaction
powders is out of discussion. Being completely m@structive and requiring just a
spatula tip of material to provide satisfactoryuless Raman micro-spectroscopy is an
excellent choice for the characterization of thierational structure of our samples; in
comparison, it's way better than FT-IR transmissspectroscopy, since it does not
require the use of special home-made and potgnsiathple contaminating solutions (see

the paragraph on FTIR) to avoid the loss of thdyaed powders.
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However, this technique has also some unavoidabiglzhcks:

* low speed compared to FTIR, its direct competitor, the &l@de micro-Raman
spectrophotometer required much longer acquisitimnes to yield good results:
approximately 10 minutes for an acceptable spectuitn Raman shifts ranging from
200 to 1560 cr, against less than 4 minutes for an FTIR transorisspectrum in the
whole mid-infrared range, from 400 to 4000tm

» absence of tabular datéR absorption peaks tables are widespread all theeliterature,

and extensive transmission FTIR characterizatiomg been carried out on bioactive
glasses of compositions really close to mine, $gbating one vibrational mode to a
detected IR peak is almost straightforward; on ¢batrary, Raman tables practically
don't exist, and finding some bibliographic refeemiding in the identification of Stokes

scattering peaks turned out to be quite difficult.

The spectrophotometer used during the researcbitgatias a Jobin Yvon T64000, coupled
with a confocal microscope (using the 50x optidfle monochromatic light beam was
provided by the 514.5nm line of an‘Alaser (1.5 W of power at the exit of the genetator
corresponding to approximately 41mW on the sampled;collection optics was constituted
by a Notch filter (to chop the Rayleigh scatterimgupled with a monochromator (1800
lines/mm); the detection was carried out by a ggrocooled multichannel CCD camera,
over a range of Raman shifts going from 200 to 1&60; in particular, the global spectrum
was divided into three parts, separately acquiretitben merged together, each of which was
collected twice for averaging purposes, with 100 aecumulation time (for a total analysis
time of 600 sec, i.e. 10 minutes). At least thrpectra were acquired for each analyzed
sample, focusing the beam on different spots; & #Htquired data showed reasonable
agreement, than one of the plots was saved, whitase of consistent differences, other spots

were probed until an "average" recurring patters feand.
3.5: Infrared spectroscopy

Infrared spectroscopy is by far the most widespi&adacterization technique employed in
the study of the structural / vibrational featuoé$®oth amorphous and crystalline samples, as
well as of gases and liquids; for this reason, vilknet spend a lot of words (as we've just
done for micro-Raman) in the description of its gibgl basis, or on its pro's and con's, for we

assume that the reader is already well familiah\alt this.
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To provide just a brief panoramic, when a beamrmbhred light impinges on a sample, the
incident photons can be absorbed by the matesialistural units if their frequency matches
the characteristie of a vibrational mode of said unit, i.e. if a reaaceeffect takes place;
from a quanto-mechanic point of view, this corregfmto the fact that the energy carried by
the incident photon coincides with the energy gagiwken the ground state of the
molecule/unit and one of its excited vibrationaldis; therefore, when the photon is absorbed,

a transition between the mentioned levels takesepla

Since the distance between said energy states tf@rdfore the wavenumber of the
absorbed IR light quantum) is characteristic bdthhe vibrating structural unit and of the
peculiar vibrational mode involved in the trangitidy carrying out a spectroscopic study on
the absorption of the incident IR wave one canveea lot of useful information on which
units are present in the sample and how they abiitis kind of analyses can thus allow the
recognition of the vibrational fingerprint of therwctural units constituting the analyzed
material, that is, in a nutshell, can provide infation on which bonds resonate inside the

sample, and with what intensity.

However, infrared absorption is intrinsically a gtamechanic phenomenon, therefore not
all the possible transitions between vibrationatest are permitted, but some selection rules

apply: in particular, in order for a certain vibostal mode to be IR-actiye.e. to be able to

yield a transition upon direct absorption of anpgkbton,_it must involve a change in the net

electric dipole momentum of the structural uRibr example, let us consider a O@olecule:

* The symmetric stretching of the C=0 bonug,(C=0), does not induce a change in the
net dipole moment, because this latter, due tolittear geometry of the molecule,
remains constantly equal to zero; this vibratianabe is therefore IR-inactive.

* On the contrary, the antisymmetric stretching isati®ve, since it causes an "unbalance”
in the moments of the two C=0 bonds, that results change in the net dipole moment

of the whole molecule.

Depending on the number N of atoms it is made u@raf on its linear or non-linear
geometry, a molecule can have either 3N-5 (linearBN-6 possible vibrational modes;
these latter can be classified in various famileeapngst which we can cite for example the

symmetric and asymmetric stretchimgvolving the change in the relative distancestoims

without alterations in the bond angle; or the swis®), involving the exactly opposite effect;

etc (refer to specialized textbooks for more dethihformation on this subject).
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IR absorption spectroscopic analyses can be peefbmhetecting either the fraction of light
transmitted by the sample or the reflected ones (ttier case will be discussed no further in
this work); to practically carry out infrared sp@scopy transmission measurements one can

exploit mainly two experimental approaches to ilatelthe sample:

- Using a continuous excitation source (an IR lampyl &electing step by step the
wavelength to be directed onto the sample throughoaochromator, like normally
happens in UV - visible spectroscopy;

- Or coupling the IR source with a Michelson's indeoimeter and with Fourier
transformed treatment of the recorded data; thiwhat goes by the name of Fourier

Transformed IR spectroscopy.

This latter solution is definitely the fastest,c@nit allows the acquisition of an absorption
spectrum over the complete Mid-infrared range (460 cnY) in just a few seconds; and
the detected signal is way stronger, since it'swhele source's intensity (modulated in
wavelength by the interferometer) that impingesaay time on the sample; so it is not
surprising that the overwhelming majority of modeesearch instruments for IR analyses is

made up of FTIR spectrophotometers.

Infrared absorption data can be recorded acrossspletrum in terms of transmittance

percentage (of) or in terms of absorbance (Abs), where:

Ty, = Teransmitted 100 and Abs =logq (_IinCident ) :

Iincident Itransmitted

depending on the peculiar field of research, the ways are exploited almost equivalently:
for example, in the study of biomineralized bioaetglasses (i.e. in our case) the majority of
literature data is published in terms of transmittg so with our analyses we decided to
follow in this path, but there is no scientific sea to choose one method over the other.

During our research activity we performed FTIR s$pescopy measurements on Eu doped
bioactive glasses prior and after in vitro bioatyivesting, with the purpose of demonstrating
the actual formation of HCA crystals on the surfateour powders during immersion in
simulated biological fluids. In Chapter 4 and 5 wédl present the specific features we
exploited to recognize the characteristic vibragioimgerprint of HCA; for now we will just

describe the peculiar method we exploited in oraerto lose the analyzed material.
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As we have already said in Par. 3.4.3, due to #éng small amounts of material subjected to
bioactivity tests, losing the analyzed powders wobhve led us to a premature complete
depletion of our samples, with consequent impolyibiof carrying out further
characterizations; therefore, the idea of sacnifja few milligrams of biomineralized glass to
create (together with KBr powder, transparent tdi¢fRt) a compress for each analysis was

not extremely tempting.

Nevertheless, we needed to support our samplese svay to place them into the sample-
holder, so we came out with a home-made soluti@put our powders in between two slabs
of KBr normally used to build a containment celt foTIR analyses on liquids. In particular,
for each analysis a spatula tip of sample was fiustin the center of one of the slabs, then
spread onto it as much as possible (in order tsuye not to completely extinguish the
incident beam), then finally blocked in position syperimposition of the second slab; the
sandwich slab/powder/slab was eventually mountsiiéenthe sample holder, paying utmost

care not to move it too roughly (or else grainpoivder could have spilt out).

The analyses covered the whole Mid-infrared rarfgem 4000 to 400 ci, with a
resolution of 2 crit and 128 accumulations (to yield the best quatisutts we could attain),
and were carried out on a Perkin-Elmer 2000 FTIBcspphotometer. Due to the peculiar
home-made trick we exploited for sample-supportsightly different amounts of powder
were characterized each time, so the acquiredrspeeter resulted rigorously quantitatively
comparable between each other. Nevertheless, tjilitative features (such as relative
intensities of the various peaks, for example) mled us a lot of useful information on our
doped bioactive glasses, allowing us to demonsttaeactual formation of HCA crystals
upon interaction with DMEM for all our bioactivityested compositions (though with

considerable differences in the precipitation ejten
3.6: Eu3+ ions and their luminescence features

Europium is a rare earth element belonging to thmily of the lanthanides; it was
discovered in 1896 by the French chemist Eugendef®emarcay, and is the most reactive
among the lanthanides: it oxidizes very quickl¥Et®Os in air, even spontaneously igniting at
temperatures above 150°C; it has two stable oxidatumbers, +2 and +3, the latter one
being the most stable in air atmosphere, and can foany compounds with halogens and

chalcogens, as well as being capable of forminguteis (hydrated or not).
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In its metallic state it has no practical applioatwhatsoever, while on the contrary many
compounds containing Eu(ll) or Eu(lll) find sciditias well as technological applications
for their luminescence (fluorescence in most cageg)erties: for example Elions are used
as dopant in amorphous hosts for the constructidasers for optoelectronics; (Y,B@s is
employed as red phosphor in CRT-TV sets and fleuemslamps, while Eu doped yttrium
ortho-vanadate was the red phosphor that in thé@sl96volutionized the CRT industry,

allowing the construction of monitors of much iresed brightness than before.

Eu in its elemental state has electronic configomat [Xe] 4f 6
While EL* ions have ground electronic configuration: [XE]
And EU" has ground electronic configuration: [Xef 4f

3.6.1: Eu3+ ions' energy levels

As reported above, the fact that®Eipns have an external %4électronic configuration is
their most important trait, and is responsible rfavst of their fluorescence features. First of
all, it is important to point out that the 4f oddi exhibit an interesting behavior going by the
name of lanthanides contractidhn the 4f wavefunctions tend to progressively caatiwhen
the number of 4felectrons increases from n = 0 (La) to n = 14 (lse)that in the case of Eu
the maximum 4f density of probability is alreadgdted closer to the nucleus than in the case
of 5s and 5p orbitals. With a certain abuse of legg, we could say that 4f orbitals are
located below the 5s and 5p outer shells, andthiese two latter have a sheltering effect on
4f electrons, which therefore show only low sengiito external electric fields (just like the

other inner shells).

To be more precise, we should say that, due tdahihanides contraction effect, the 4f
electrons' wavefunctions exhibit only weak intei@ts with the wavefunctions of the
electrons of any adjacent ions; therefore**BEmmersed in any crystal field (i.e. surrounded
by any disposition, ordered or disordered, of aypetof ions) behaves more or laasthe
same way from the photoluminescence point of vidat is its energy level scheme remains

more or less unchanged, just as if it were alwayé$ree ion"” (i.e. in void) conditions.

The underlined "more or less", however, is of apinhportance, since slight variations in
the energetic whereabouts of the various levelaromben the sites occupied by Eu ions have
different point group symmetry, or the intensitytbé crystal field (CF) is dissimilar due to

the presence of different surrounding ions; ands iexactly this series of slight but yet
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relevant (and detectable) differences that, togethih other features we will point out in the
following pages, makes Elions perfectly suited to be used as a luminesstencturalprobe.

The peculiar energy scheme deriving from th&etéctronic configuration is what renders
Eu ions capable of giving rise to fluorescence pheena; however, in order to understand
how electrons can occupy the different levels, & ¢d complex quanto-mechanic

considerations need to be made.

First of all, EG" is far from being an hydrogenoid ion, that is am with one single electron,

since it has 60 of them; fortunately, the firsté4belonging to completaner shells and to

the 5s and 5p complete orbitals give no contribbutio the levels involved in luminescence

transitions therefore only the 6 4f electrons must be kepd iaccount. Nevertheless, 6
electrons can be accommodated into 7 4f orbitatshuge number of different configurations
(3003, to be exact), called electromicro-statesand depending on the peculiar combination
of quantum numbers of the 6 electrons, these natates will have different energies (i.e. it's
the way all the sixelectrons occupy the 4f orbitals that determihesenergy state of the ion).

However, many microstates, even if configurationalifferent, are equivalent from an
energetic point of view (this effect is called degration), and can be grouped inside what we
call spectroscopic terms of Russel-Saundevhose denomination depends on the total
angular momentum of the micro-state. To compute ¢hergy of a certain electronic
configuration / spectroscopic term we must resoguantum physics and perturbation theory,

that is we must use a series of Hamiltonian opesato

In particular, for rare earth ions like Euit is possible to demonstrate that the global

Hamiltonian can be decomposed in the following way:
H= Hconfig. + Hinterel. + Hspin/orbit+ HCF

and that in the above reported formula, the ordenagnitude of the various Hamiltonians is
such that each of them can be considered pragticalependent from the ones on its right,
and to be a higher order perturbation of the onestleft: for example, Hnig iS almost

completely independent fromiddre, While Heg is just a minor perturbation ofskhorit

Hconiig keeps into account the electrostatic Coulombiaeractions between the various
electrons and the positively charged nucleus; byt fia the most important contribution,

leading to the distribution of the electrons in tlaious orbitals of the atom/ion. With a
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certain degree of approximation it can be calcdlae the sum of the mono-electronic
contributions of each e

- Hinterer @accounts for the inter-electronic repulsions, @acffects can be translated into
the spectroscopic terms of Russel-Saunders; incpkat, the orbital momentunisof the
6 4f electrons sum vectorially up to yield a globddital angular momentui, while the

spin momentums sum vectorially up to give the global spin momemtsi; cross

interactions between spin and orbital momentumgainsidered negligible.

Each micro-state has its own set of #ds vectors, and through a complex and long
method (for more information refer to specializedrature, or to [56]) in dependence of
these latter it is possible to group the varioadest into a series of spectroscopic terms

denoted®>* ", where 2S+1 represents the total spin multiplioitghe term (S being the

scalar projection of the maximuSnattained by the various states belonging to thma)te
andI is a letter connected to the maximum L of theesfatbeing the scalar projection of
the maximun®. of the termI’ =S, P, D, F, G, H, I, ... for L=0, 1, 2, 3, 46,...).

If we did not consider any further perturbatiort®e spectroscopic terms would identify
the different energy levels of the ion; followinguktl's rules, the fundamental term
between them could be identified as the one hathaghighest spin multiplicity and, in
case of two or more terms having the same 2S+leyals the one having also the
maximum orbital degeneration (i.e. the one contgmore micro-states).

- Hspinorbit kK€EPS into account the interactions between spih @mital momentums
neglected at the previous point; in particular, fRessel-Saunders coupling model
theorizes that these interactions induce the appearof a total angular momentum
J =L + S, and this causes the splitting of eadm @to (2S+1) levels if S<L, or (2L+1)
levels if L<S; these latter are deno?@d’fj, where j assumes values between |L-S| and
|[L+S|. Moreover, each of these levels is 2J+1 tiaegenerated, and the fundamental
level can be identified as the one belonging toftmelamental spectroscopic term and
having: the lowest J value if the 4f orbitals ass than half filled (L — EU*"); J = S!
if they are exactly half filled (G); the highest J value if the orbitals are morenthalf
filled (Tb* — Lu®).

- Hce accounts for the interactions between electronthefREE ion and the external
electric field generated by surrounding charges,what we call the electric crystalline
field. Thanks to the lanthanides contraction efféwwever, the 4f electrons are well

sheltered from the CF, so this interaction causehdr splitting of each level into sub-
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levels having only slightly different energy val (internal Stark effec®. Nevertheless,
theselittle but detectablesplittings dependn the point group symmetry and on
intensity of the crystal field, so a spectroscagiiedy on the luminescence features of
ions hosted in a material can yield structural rinfation on tle sitesthe emitting center

occupy in the host lattic

Giving a more detailed or rigorous description dfe tquantomechani basis of
luminescence phenomena, on the Stark effect dn@way theenergieof the different level:
are calculated is way begnd the purposes of this work, so we will spendmare words of

this subject, inviting the reader to refer to spkred textbooks if he seeks such informa

We conclude this paragraph showing on the rightetinergy sy
level scheme calculated by O for EU** ions hosted inside 25 '=_i
LaF; (the picture shows only the part interested - D,
luminescence phenomena); evidently, due to therdifices e e L
in host lattices and in constitutichemical species, the Eu ? sl ’
ions used to dopeur bioactive glasses will expence a T;’
different CF, and therefore will have a slightlyssimilar %’C 10k
energy scheme. Nevertheless, as already statetkstia the = - e
lanthanides contraction effect the differences andy of 5r '_‘;T
minor entity, and therefore what is shown in 3.4 remains [ T %
approximately validé€xcept for exact energy value 0" 3+ é

I Fig. 3.4: Energy level sch
The fundamental manifold is made uf 7 ’F; energy levels '8 nergy fevel scheme

(J going from O to 6)with the ground state being tI’'Fy, while the first available excite
levelscommonly interested by luminescence phenor are the'Do, °Dy, °D>, °D3 andLe.

3.6.2: Luminescence phenomena in Eu3+ ions

Luminescencgalso called fluorescenc phenomenan the case of E** ions are tightly
connected to transitions between few energy levels we've just citeais we have shown

the scheme at Par. 3.4.1, prior to the emissidaroinescence photo, the active center (i.¢

® For transition metals' ions, on the contrary, since the valence electrons are not sheltered from the action of
the CF, the Hamiltonian H¢ is of capital importance, and has almost the same order of magnitude as Hiyeres;
this renders their energy scheme extremely sensitive to the environment.

7G.S. Ofelt, Structure of the f6 configuration with application to Rare-Earth ions, The Journal of Chemical
Physics, 1963, 38(9): p. 2171-2180
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the EJ* ion) must be brought into an excited state. THiscecan be triggered in many ways,
ranging from direct excitation of the center itsély absorption of a photon of proper
wavelength, to energy transfer from other sengitmanplexes, to high energy excitation of
the host lattice (as in the case of scintillatidh)we keep as simple as possible, taking into
account only the first excitation mechanism, thewider to be able to detect a luminescence
signal we have first to excite our material by direg against it a beam of light having

suitable energy

In fact, in this case, differently from the Ramdfeet, excitation must involve a transition to
some permitted energy level, therefore we can tl&ietnescence emission only if we excite
in a correct way the target, i.e. by tuning therseuto a wavelength corresponding to a

transition from the ground state to one of the ahmentioned excited staté®, °D;, etc).

When this result is achieved, two different pathsvayay be followed by the Buexcited
ion, depending on the peculiar level it was "proeadtinto:

« If this latter coincides with th#y, after a characteristic delay, called luminescetemy
lifetime, the emitting center effectuates a traamittowards the ground manifold,
normally attaining dF; level with J< 6; this transition is associated with the emissibn
a luminescence photon having energy exactly equathé gap between the two levels
involved in the radiative transition.

» If on the contrary the excited state has higherrggnethen usually non radiative
relaxation towards theD, takes place, followed by radiative desexcitatinto ithe 'F;
manifold (as described above). However, it is ghessible that desexcitation with
emission of fluorescence photons takes directlggofeom the’D; or °D; levels, but this
event is much less probable, therefore the emisaiensities detected f6D; — 'F; or

°D, — 'F;transitions are far lower than the ones arisingfiDo — 'F..

A typical emission spectrum of Euions hosted in an amorphous environment upon
excitation in the’D, level is reported in Fig. 3.5; we have labeled #agious transitions

according to what is reported in literature onghbbject.
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Fig. 3.5: Typical emission spectrum of Eu>" ions in glassy environment (excitation in the °D,)

Not everything is as straightforward as it may sehawever, since the physical princi
underlying these processes belongs to quantum mieshgéherefore, some complex select

rules exist, and notlahe transitions between energy levels are peeah

In particular,two types of transitics exist, depending on the peculiar quantum opel

involved, and each one has its own set of r

« Dipolar electric(DE) transitions: of electric nature are "Dy — 'Fo, °Dg — 'F» and’Dg

— 'F5 transitions; here the rules aradJ|< 6 (and if at least one of the two levels J =
0, then AJ| = 2 t06); AS = 0 andAL = 1. This latter rule goesy the name of Laporte
rule, and basically states that dipolar electransitions can take place only betwt
levels having different parity states (i.e. differekinds of symmetry in their orbité

[** ions the transitions involve lev: all deriving

wavefunctions Now, in the case of
from 4f orbitals, so they would be parity forbidgdenoreover, theexcitec levels have a
total spin multiplicity of 5, while the ground manifoldab 2S+1 = 7therefore the
transitions would be also spin forbidd However,when Eu ions areontained in a
crystalline host,the odd CF terms mix th4f (odd parity) and 5d (even parity)
wavefunctions (acquisitioby 4f of partial 5d character), renderitigese rules less stric

and the transitionsecome possibl On the other hand, when the site occupied by Et
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no inversion center, the possibility of vibronicupting (association of dipolar electric
transitions with lattice vibrational modes breakithg symmetry/parity of one of the two
states), leads to the observation of vibronic itams.

Dipolar magnetidDM) transitions: Dy — 'F1 and® Do — 'F4 transitions are of magnetic

nature, and therefore exhibit lower intensity aoaidr sensitivity to the CF; this time
Laporte's rule states that the parity mustai@nge in the transition, i.AL = 0 (so Eu's
4f — 4f transitions are permitted); moreovag = 0 andAJ = 0,1 (but G— O forbidden).

For a more complete and in depth description obldiptransitions, of selection rules and of

their exceptions we invite the reader to refermtecsalized textbooks like ref. [54].

3.6.3: Eu3+ ions as a luminescent structural probe

A lot of features contribute in making Euions very suitable for the application as a

luminescent structural probe; among them, we c@n ci

Distance between excited and ground states: the weickrgy gap between the lowest
excited state®Dg) and the highest level of the fundamental maniigk) makes non
radiative relaxation across the whole energy gdpemely unlikely to happen; therefore,
the yield of radiative desexcitation is quite high.

Recognizable spectra: since the lanthanides cdianaeffect shelters Eu 4f electrons
from the external CF, different CFs (both in sgensnetry and intensity) don't revolution
too much the spectral emission features, so adypimission fingerprint is always easily
recognizable.

Low but detectable CF sensitivity: even if whatdsabove is true, nevertheless the
crystalline field produces detectable effects angpectra, so by enumerating the number
of emission lines and evaluating their lambda shdhe can infer a lot of useful
information on the point group symmetry of the sitesites occupied by Eu ions inside
the host lattice. Moreover, it is straightforward tistinguish luminescent centers
accommodated in amorphous networks from centerdangystalline lattices, since in
the former case emission spectra exhibit broad $dne to inhomogeneous broadefijng

while in the latter sharp peaks are to be expected.

®In an amorphous host there is no long range order, so Eu ions end up occupying a great variety of sites, with
small but appreciable differences between each other (that's the reason behind the adjective
"inhomogeneous"); this leads to minor differences in the emission features of each center, that convoluted
one over the other, lead to the detection of broad bands instead of narrow well resolved peaks.
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However, the main reason that explains the greatess of Etf as a structural probe,
employed in a really wide range of research fiel@s, in the fact that both its ground state,
"Fo, and its lowest emitting (that is excited) staf®y, have total angular moment j = 0. This
makes these two levels mono-degenerated (i.e. tb&at degeneracy (2J+1) is 1), and
therefore the radiative transition between themdsadetectable consequence the appearance
of one single peain the high energy part of the emission spectrainaround 575 + 580 nm.

Obviously, what we have just said is true if andyahthere exists only one kind of site
occupied by Eu ions; if on the contrary the hotttda has for example two different sites that
accommodate our REE, in the two cases the CF eqpuerd by the emitting centers would be
a bit different, and therefore some differenceghi@ Stark splittings of the various levels
would arise; consequently, tABy — ‘Fy (andvice versi transitions for the two sites would
take place with the emission (or absorption) oftphe having slightly different lambdas, and

therefore in the spectra we would detect twe @ peaks instead of one.

In practice, from a very simplified point of viewewnight say that the number of emission
peaks we can detect in tABy — ‘F, region of the spectrum coincides with the numtfer
inequivalent sites occupied by ¥tons in the sample's lattice. However, this iscpically
true only when the excitation is unselective (fgample when we excite in the UV range),
that is when all the Eu ions, unregarding of theetgf site occupied, are actually excited, and
can thus emit at their characteristic wavelengths.

On the contrary, when we tune our light sourceeledively excite Eu ions occupying just
one of the sites, that is when the incident photoage energy exactly equal to the gap
between ground and emitting states of one of tle"types"” of Eu, then we are able to detect
only the fluorescence signal arising from centetsoenmodated in said sites (and thus,

among the other consequences, only ore @ peak can be observed).

This, in a nutshell, is the basic principle of sgelective luminescence spectroscopy:
selectively exciting just one set of centers taedeits specific emission spectral signature, or,
alternatively, selectively observing one charasteriemission peak to acquire the specific

excitation spectrurhof the site responsible for said emission.

° An emission spectrum is acquired by fixing the excitation wavelength and progressively scanning the detected
lambda over the desired range of wavelengths (for the emission from the °D, level the most commonly
studied range is 570 — 720 nm); an excitation spectrum, on the contrary, is acquired by fixing the detection
wavelength and varying the lambda of the incident exciting beam over the range 250 — 550 nm.



56

S. Tiozzo Eu® ions as structural probe for studying biomineralization in bioactive glasses

Once identified the luminescence features of thterdint sites, peak enumeration, peak
integration and energetic calculations can yielibtaof interesting data on the crystal (or
amorphous) structure of the analyzed material, ille@tification of the point group symmetry

of the site occupied by REE ions, estimation ofdbgree of preferential site occupancy, etc.
3.6.4: Luminescence spectroscopy measurements

Luminescence measurements constitute the heagaarnaf this thesis, since the innovative
method we strived to develop for the detection iofdgically induced precipitation of HCA

crystals on bioactive glasses is based on sitetsadespectroscopy studies.

As we will describe in better detail in Chapterwke made the hypothesis that by doping
with EL** ions the starting bioactive glasses we could iedihe precipitation of Eu doped
HCA crystals; therefore, assuming that the sitesiped by the emitting centers in the two
phases (amorphous glass and crystalline HCA) weresiderably different in both site
symmetry and CF intensity, we tried first to disepnthe correct wavelengths to be exploited
to selectively excite one or the other, and theacgeded to the identification of the

characteristic spectral signatures of Eu ions asgland in HCA.

To do so, we carried out a series of luminesceneasorements, acquiring a lot of emission
and localized excitation spectrd{ — °Dy transition range), as well as some global (390

550 nm) excitation spectra; some luminescence deeagsurements were performed too.

Total reflection prism

L

Raman cell

_I_I: :I—I— Dye laser —I]— Nd:YAG laser
L300 L300 \
Frequency

L el L150

Pellin-Broca prisms doubler crystal
1 I Monochromator PM [resee- Boxcar [reses PC
L100 Lso
Sample

Fig. 3.6: Scheme of the optical set-up exploited for emission measurements
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To acquire our emission spectra as well as ourlilmzh excitation spectra we used the
optical set-up schematically reported in Fig. 3l& experimental parameters exploited for
each measurement will be described in detail inp@heb, when we will expose the path we
followed to develop our fluorescence based new attarization method for the study of

biomineralization processes.

Some luminescence decay measurements were perfexpéating the same optical set-up
of Fig. 3.6, but connecting a digital oscilloscajpethe photomultiplier (PM) instead of a
boxcar; the aim of these analyses was mainly tergehe the characteristic decay lifetimes

of Eu ions hosted in the different identified sites

The few complete excitation spectra we were ableottect were acquired using a Xenon
lamp as excitation source, coupled with a Jobin¥¥Voax 550 and a Jobin-Yvon Triax 180
monochromators for the selection of the inciderd detected wavelengths (2mm aperture

size for both); the detection was assured by a C&bera.

In all the luminescence measurements | was guigedtaught by prof. Rachid Mahiou,
director of theLaboratoire des Materiaux Inorganiques the Blaise Pascal University of
Clermont-Ferrand, to whom | address my most sinaacegrateful thanks for all the help he
gave me in learning from scratch what fluoresceas@nd how a site selective spectroscopy
analysis is meant to be performed.
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Chapter Four: Eu3* doped bioactive glasses

In this chapter we will first present the reasdmat have led us to the choice of undertaking
this research activity, and all the literature dat gave us hints on how we could reach the
desired results; then we will describe the expeniialeand logic path we have followed to
pursue our aims; finally, we will provide informati on the synthesized bioactive glasses:
textural properties, structural characterizatiangstallization behaviors, etc.

4.1: An overview of the research

4.1.1: The issue: how to detect HCA crystallization on bioactive glasses

As already mentioned in the preceding chapters, ainthe most important features of
bioactive glasses is that, when they are left mact with true or simulated biological fluids,
they are capable of forming an interfacial layeraofiorphous calcium phosphates (Ca-P),
which crystallizes over time as hydroxyl-carbonapatite (HCA), a phase extremely similar
to the mineral part of natural human bone; thisi$et the recognition of the biomaterial as
self by the organism, and thus to the avoidance of fangign body reactionchronic

inflammation, immune defense system response, fowmaf a thick fibrotic capsule, etc).

Thanks to the formation of the HCA layer and to ¢batrolled release of ionic species (like
Si** solvated ions) stimulating bone regeneration,cadiive implant is readily populated by
osteoblasts and osteo-progenitor stem cells, ameryagood and intimate degree of osteo-

integration is attained in much less time tharhm¢ase of bioinert materials.

While the qualitative behavior of bioactive glas$es been extensively studied since the
70's, so that now our knowledge reaches a quiteplieextent, much less has been written
from the quantitative point of view on the dynamarsd kinetics of the physico-chemical

processes involved in the interaction with bioladimedia.

This might partly be due to the lack of a reallfiacént characterization technique, capable
of detecting and rigorously quantifying the pretapon of the apatite layer, especially at low
interaction delays, when the absolute amount of HEAegligible with respect to the total

mass of the sample and the crystals are still nbmeetric size, and not well crystallized.
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To study the biomineralization proces, in the last decadesany characterization
techniques have been used, wdifferent degrees of success and prec; in the following

lines the prinipal methods and their features will be expao

» X-ray Diffraction (XRD): from a theoretical point of view, this should be thetl

technique to detect and quantify the exact ccsition of a crystalline sampl

Comparing the acquired diffractiidatawith the JCPDS/ICDD reference database sh

permita precise identification of the phases, while Reatwefinemenion the detected
patterns should providextremely accurate andmplete quantitative informatit.

From the practical point of view, howevein the caseof bioactive glassethe low

amount of formectrystalline phase with respect to the amorphous Iggass and -P

layer, the tiny dimension of the crystallites am@ high degree of defectivity of the

lattices are all detrimental to obtaining good quality difftion patterns; the data

conventionalpowder XRL analysis can acquire from pasteraction sampl¢ are often

not much better thmawhatis shown in Fig. 4.1 and 4.2:

——B67,5 Eu5 4g grosso

Static 7 days 700-
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Fig. 4.1: Powder XRD patterns of two

bioactive sol-gel derived glasses after 7 Fig. 4.2: Powder XRD pattern of one of our doped bioactive

glasses after 4 days of immersion in DMEM (see Chap. 5)

days of static immersion in SBF (from [2])

Evidently, for such plotshe application of Rietveld refinement is downrigmipossible
and even the identification of the crystalline pdgags somewhat uncertain: if we n't
have complementary information from other charazation techniquesor we didn't
exactly know what to expecrecognizing those broad, feeble and noisy peakd@&s

would be quite challengin
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Slightly better results can be obtained passing feoBrag-Brentano (also known a$ -
20") to a thin-films glancing angleXRD set up; thisis the only sensible way -
characterize glass monoliths afiin vitro bioactivity testing (since the HCA layer
formed on the sole surfa,, but can yield interesting signal improvements alsohe
case of powdered samples, which, howt must be mounted on the sample hol
exploiting some easy hor-made tricks, such as covering with powder a dc¢-sided
tape stuck to a soda-lingtass slid or to a Si wafer piece. Thgpical diffraction patterns
acquirable viathin films XRD in the case of postteraction bioactive glasseare

reported in Fig. 4.8monolith)and 4.4 (powders).

Fig. 4.3: TF-XRD pattern of the surface of a Bioglass® 45S5 monolith after 7 days in SBF (from [32])
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Fig. 4.4: TF-XRD pattern of our non-doped bioactive glass powder after 4 days in DMEM (see Chap. 5)

The absencef diffraction peaks, however, is not a suffici@indition to infer that ni

biomineralization has taken place: for examplethim case of M. Vall-Regi's 80S20C



S. Tiozzo Eu® ions as structural probe for studying biomineralization in bioactive glasses

glass, FTIR spectra, SEM + ECand TEM + electron diffraction all confirm (see.rg])
that tiny HCA crystals actually precipitd on the surface of the samy, even though
the XRD data show a perfectly amorphous patteraFig. 4.1).

In fact, according to LeGeros ef', apatite crystals must consist of more than 2@

cells in order to return a detectable XRD signatj must bemuch bigger if we desire

good quality diffractogram, with thin and well résed peaks; taking into account t
HA lattice parametersa(= 0.94 nm;c = 0.69 nm)and symmetry (hexagonal, 3/m), and
observing that, at least in the beginniit shows preferred growth along tic axis,
giving rise to abnormally high (002) reflections28° (see ref. [2][32], [37], [45]), a
minimum detectablsize for the nanocrystallites of HCcanbe estimated around 15 r

» FourierTransformed InfraRecspectroscopy(FTIR): this is by far the most ust

technique for the characterization of - and posinteraction samples (see ref. [1], [
[71, [9], [13], [22], etq, and both transmission and reflection (ATR) asabyare reporte
in literature. Thisnethoc has the advantage of beingry simple, fas and inexpensive

and of requiring little to none sample prepara
80S20C  Static

(in most cases, just compressing the powd
sample alongwvith KBr in the shape of a dis

Unfortunately, it has a n~negligible drawback:
while it is easy to make comparisons betw:
groups of acquired spectra, extracting quantite
information from them is quite problematic, &
the attainable accuracy is not satisfact

P-0 amph

% Transmittance

c-0

The typical IR signature of a bioactive glass v
an apatitic layer on its surface can be founc o
top (7 days) of Fig. 4,5vhere the evolution of I

spectra with in vitro bioactivity testing time

depicted in the case @f binary(80%mo SIO, + $iosi
) 1600 1000 400
20%no CaO) sol-gederived glas (from ref. [2]). Wavenumbers (cm)

The spectral featuraused to identify HCA Fig. 4.5: Evolution of IR spectra of a bioactive
. . . o glass during in vitro bioactivity testing, from [2]

crystallization is principally the couple of pe

located at around B6and 600 cr, labeled "P-O cryst.ih the pictur. As we will see in

the next chapter, thosasily recognizablpeaks, corresponding to®-bonds resonatin

' J.P. LeGeros, O.R. Trautz, and R.Z. LeGeros, in Transations of the American Crystal. Association (1965), p. 40
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in an apatitic environme?, become more and more intense with biologinteraction
time. Of great interest are also the-O peaks, while the OH bands (not represe in

Fig. 4.5 since they occur at higher wavenumbers) arerédisbhle

« Raman and micr&aman spectrosco: complementary but in practice, oftel

competitive with FTIR, Raman effect exploiting sfyescopic techniques offer sor
interesting advantagesver conventional IR structural/vibrationanalyse: first of all,

Raman active modes are different from IR active @spdand i this case P-O (in
particular thesymmetricvibration peak at 960 cmof Raman shift) and -O vibrations
are highly enhanced over -O-Si bands; secondlywater molecules are almc
completely incapable of giving inelastic diffusi@gin situ "real timé measurements a
possible (see ref. [36]), that is bioglass samplas be directly analyzed while s
immersed and interacting in biological simulatedds

Moreover, if a Raman mic-spectro-

photometer is used, it is possible to foca
10000 the beamon the C-P surface layer,
therefore further maximizing the phosph
signal over the silicate one. However, si

literature data on the application of Ran

spectroscopy to bioactive glasses is far

widespread than foFTIR analyses, th

Raman Intensity

exact and dfinitive attribution of inelasti
scattering peaks can sometimes be r
difficult, e.g. for glasses quite differe
from those of published articl

The typical spectral signature of a bioact

. glass that has developed an HCA layel

1200 1000 800 600 400
Raman shift (cm™)

Fig. 4.6: Raman spectra of HA (c) and bioactive glass medium is reportEdn Fig- 4.6 (fOI‘ a

samples before (a), and after 7 days of interaction (b) glass of nominal composition 7wt SiOs,

its surface afteinteraction with a biologice

14%,: CaO and 9% P.Os; from ref. [36]); the mosimportant, intense and recogniza

features are the peaks at 960, 1070 and 10¢* of Raman shift, which are respectivi

®Elliot J.C., Structure and chemistry of the apatites and other calcium orthophosphates, Vol. 18, Studies in
inorganic chemistry, Amsterdam Elsevier 1994, p. 59.
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associated to the symmetric apatit-O vibration, asymmetric apatitic-O stretching,
and carbonate ©- vibration
As for FTIR spectroscopy, the principal drawbackitaé characterization technique

that quantitive reliable analyses are quite difficult to gaout.

» Scanning Electron Microsco (SEM): this microscopy technique is extremely helpfu

observing the morphology of the -P amorphous or crystalline layer developed on
surface of bioactive glasses after exposure tagioal fluids; basically, it allows us
directly "see" the HCA cryals growing on the samples (Fig. 3. However, at low
interaction times, when HCA is still in the form toiy nanocrystallites, the resolution

the most common instruments is not high enougheid gatisfactory resulf

700°C
70S30C

:' 'z -1 - ,; "‘7 Ll
0d 3d
3h 7d
1d Fig. 4.7: SEM micrographs of bioactive glasses after

various delays of interaction with biological media
(from ref. [22])

Moreover, the Energy Dispersive-ray probes (EDX), commonlgoupled to SEM's fc
conducting chemical characterizatioprovide insufficiently reliableompositional da,

and, above allgannot confirm if what appears on the screen igadlgtin a crystalline or
amorphous formThis way, the recognition of HC solelyrelies on the calculation of tt
Ca/P ratio of the analyzed <, but since the determination of Ca and P congenbt sc
accurate, deviations from the theoretical valuel@67 are to be expec, even for
reference or synthetidA crystal:.

Therefore, this method of characterization, thougkuitive and simple (samp

preparation is not soomplicated or time consumi, especially if ESEM's are usel



Chapter Four: Eu** doped bioactive glasses = 65

cannot be considered the best ch for detecting and, especiallfor quantifying the

biomineralization of bioactive glass.

» Transmission Electron Microscc (TEM): with this technique the maximuattainable

resolution isfar better than with SEM, and direct observatiorH&A nanocrystals &
little as a few tens of nanometers is pos: (see Fig. 4.8)Moreover, the possibility ¢
carrying out electron diffraction (ED) analysesoals for the actual recognition of t
crystalline structure of the sam, so it is really possible to determine if the alied

crystal is HCA, or not.

Fig. 4.8: TEM micrograph showing a particle scraped from a bioactive glass surface
after 7 days of bioactive testing, made up of clustered needle-like HCA crystals of
approximately 150nm length. Inset: ED pattern of the same particle (from ref. [2]).

Though atremely powerfulthe couple TEM+ED is affected lspme¢ severe drawbacks:
first of all, the complex and tin-consuming procedures necessary to prepare the

thin sections needddr the analysi: and the greagxpensiveness of the instrum.

Most of the discoveries made in the bioactive materialdd fireave exploited thes
characterization techniques, and much has beerasdidvritten on the subje¢ in fifty years;
however, in order to push further and deeper oomkedge on biomineralization prcsses, a
new tool, capable of providing quantitative as wadl qualitative information, even at I
interaction times (the first dozens of hours), nilgh extremely useft And who knows wha

new technological improvements shedding some rgiwt 6n these phenomena could br
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4.1.2: The clues suggesting a possible new solution

As already said in the previous chapter, thanksth&ir easily recognizable spectral
signatures and to their high sensitivity to the sytry and intensity of the crystalline field
acting on the site they occupy, Europium trivalemis have been extensively used as a
luminescent structural probe to study a great € crystalline and amorphous materials,
belonging to the most disparate research fieldgeborbable materials for drug delivery such
as mesostructured HA (ref. [24]), fluorescent dyes cell staining like doped TCP
nanocrystals (ref. [5]), phosphors as LuPind YPQ (ref. [46]), scintillating crystals like
Lu,SiOs (ref. [47]), etc.

The information obtained through site selectivectpscopy luminescence analyses on
those samples has allowed, for example, to deepenkhowledge on the existence of
different lattice sites occupied by ions, to dedihetir point group symmetry and to estimate

their degree of preferential occupancy.

Moreover, doping amorphous materials with little camts of Ed" can allow for the
discovery of nanometric size crystals developedieghe glassy matrix upon heat treatment,
undetectable by X-ray diffraction because of theiy dimensions (see ref. [20]). This is
made possible since rare earth ions in crystadineironments give rise to characteristic
emission spectra with narrow, well resolved peafldsile when hosted inside amorphous,
highly disordered networks, they produce emissiggecsa with broad, sometimes
overlapping bands (see Par. 4.3.7).

In particular, selective excitation of Etions in the two different kind of environments is
possible since therein the luminescent centersre different crystalline fields (both in
intensity and symmetry), and thus their emittingeleenergy scheme results quite different;
therefore, site selective emission spectra yietticedly different information, not only from
the point of view of shape and positiok) ©f peaks, but also from the point of view of

luminescence decay lifetimes (see ref. [4]).

Only a few articles (ref. [4] and [20]) on the sassful doping with EUf ions of bioactive
glasses (belonging to the ternary system,SGa0O-RBOs) are reported in literature; for the

synthesis, an alcoholic solution sol-gel route haen exploitedl Silicon and Phosphorus

* However, this path is no more than a slight modification of Saravanapavan and Hench's sol-gel protocol for
the synthesis of binary SiO,-CaO bioactive glasses; see ref. [12], [40] and [41], and Par. 4.2.1.
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precursors are in the form of alcoxides, respelsthnTEOS (TetraEthyl-Ortho-Silicate,
Si—(0-GHs)4 ), and TEP Tri-Ethyl-Phosphate, O=P-(0—H8s); ), while Calcium anc
Europium precursors are hydrated nitrates, Cé), - 4H,O and Eu(NGC3); - 6H,O. After
proper synthesis, gelation and heat treatment gduwes, he resultingglasse are generally
homogeneous and transparent, and their emissi@raupon excitation at 394nm (in tI5L,-
manifold, which relaxeson radiatively to theSDj levels)bear the typicasignature of Etf
ions occupying amorphous ss, i.e. high inhomogeneous broadening of the peaks,
strong overlapping of thearious components of each transition (see Bi§).

5 7, 5 7
1500 D—'F, DDo F,
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1 ' 1 ' L) ' L]
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Fig. 4.9: Emission spectrum (A = 394nm) of a 75%m SiO, —19% CaO - 6% P,05 bioactive
glass doped with Eu in such a way that the ratio Eu/Ca+Eu = 0.5% (from ref. [20])

Eu®" ions have also been diffusedly use study the structure of Hydrolapatite crystals
through site selectiveiminescencespectroscopyEu doped HA have been synthesized |
at high (950°C in the case of ref. [11], 650°C fief. [30]) and low (37 to 100°C in ref. [2¢&
temperatures exploiting sgkl techniques, and both tFpure” coprecipitation ar the

"mixed" alcoxidesaitrates routes have been successfully expl

Inside the crystalline lattice the rare earth c&iplace themselves in sites norme
occupied by C# ions (see ref. [11], [24], [25], [28], [30]); this sulistion is possible an

relatively favored since the two ionic radare not much dissimilagpproximatelyl A for

* Drouet, Rey et al in ref. [28] report that the Eu/(Ca+Eu) ratios experimentally determined for their synthesized
crystals are very close to the theoretic values, meaning that almost all the Eu ions present in their precursor
solutions have been preferentially incorporated over Ca in the HA lattice.
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C&* and 0,95 A for EY (both in the same conditions of coordination; e[28] and [55]),
but obviously requires some form of compensatiaritie difference in net electric charges.

Various charge compensation mechanisms have begpoged for both natural and
synthetic HA; adopting the same symbolic notatiér{28] (where a square represents an

ionic vacancy, and, stays for a monovalent cation occupying a Ca,dite) are:

(1) Ca?* +HPO,” — Eu?* + P0,*
(2) Ca?* + [oy — Eudt + OH™
() 2Ca** —Eu*t + M{,

(4) Ca?t +OH™ —Eu®t + 0%

(5) 3Ca?t — 2Eut + [,

While mechanism (3) needs the presence of monavedgions such as alkali metals ions or
NH;" groups, and therefore it is possible only for ratapatites and for certain synthesis
protocols, the others are all theoretically plalgsibowever, experimental evidences tend to
validate mechanisms (4) and (5) above the others.

In particular, equation (5) states that increasiogant concentrations lead to an increase in
the defectivity of the lattice, and this is confechboth by XRD analyses, since higher Eu%
gives rise to less resolved diffraction peaksd by chemical titrations, since the (Ca+Eu)/P

ratio decreases slightly with Eu concentration (e¢e[28]).

On the other hand, equation (4) is consistent tighhigh substitution yield of Eu over Ca
(see note 4), which might be due to the higherilittabf the E**~0O?" bond with respect to
the C&'-OH™ bond, ascribable to its higher degree of covaleht®eover, this mechanism
is also consistent with the site selective lumieese spectroscopy studies reported by
Ternane (ref. [11]) and Long (ref. [30]).

In particular, non-selective excitatiofef= 254nm at 20K) of Ternane's Eu doped HA

crystals, synthesized at high temperature (950yi€lds the following spectrum (Fig. 4.10):

> However, the inferior degree of crystallization detected in the case of highly doped HA may also be due to an
hindering or inhibiting effect of Eu®" ions, which are more likely to stabilize the non-yet-apatitic surface layer
of the growing crystals over their well-apatitic core (see ref. [28]).
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Fig. 4.10: Emission spectrum of Ternane's Eu doped HA upon excitation at 254nm (from ref. [11])

The most evident spectral feature is the presehdteree quite well resolvepeaks in the
Dy — 'Fo region(see ellipse abov; since, as previously said in Chap. 3, this dipelactric
transition takes placketween non degenerated energy states, detecteg) ¢mission peal
at three different wavenumbers implies that thmeeguivalent emitting sites exist in t
lattice. In HA, however, Eu substitutes for Ca, amdly two different Ca sites are pres (see
ref. [11], [26], [30]) so it is sensible to state that A and B peakdchviare only slightly
shifted from each other, are connected to the sste, but with different "neighbors" in the

second coordination shell (see ref. [.
The two Ca sites in M are usually labeled Ca(l) and Ca(ll), and canléscribed as follow

e Ca(l): occupies the 4(f) positic on the ternary axegs coordinated b9 oxygen atoms
and has a §point groupsymmetry;

» Ca(ll): occupies the 6(h) position, is coordinated toxygenatoms and by 1 hydrox
(sevenfold totatoordination) and has s symmetry (even lower thang); moreover, 6
Ca(ll) ions describe a s-pointed star shape on a plane perpendicular t®; screw
axis, in the center of which liran OH group (or the other ions substituting for it, |

CI” for chloroapatites and™ for fluoroapatites).
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A scheme representing tpeojection on th base plane (001) of the HA unit cis reported
in Fig. 4.11 inside the broken line circlwe highlighted the stashaped "channel” of Ca(

ions encircling the OH group.

Star-shaped

"channel"

Fig. 4.11: Schematic projection of the HA unit cell on the base plane (from ref. [26])

When Euoccupies a Ca(ll) sitethe most plausible charge compensation mechanis
Ca?*t + OH™ — Eu3* + 0%, due to the high proximity with trOH™; but the chemical bon

between Eti and G~ is so much more covalent and strong than the oheeea C2* and
OH’, that the site symetry changefrom G to a pseudo & (see ref. [30])Since for this
latter symmetry theD, — ‘Fo transition is permitted by the selection rules, theulting
emission intensity is very big, so it is possildeascribe the A and B abnormally high s
to EU*" ions occupying Ca(ll) sit (see ref. [11]).

On the contrary, when Eoccupies the Ca(l) site, the chargempensation mechanis
number (4) becomawo longer possible, due to the increased distaioee the OF, and thus
no covalent Eu—O bond fsrmed; therefore, no deformation of the site syrmnekes plce,

and so the related emission intensstays as low as usual for a prohibit’Dy - “Fo
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transition. All of this said, it's only logical @scribe the C emission peakFig. 4.10 to Eu

ions occupying Ca(l) sitesee ref. [11].

Since the aforementioned -O pseudo-

J00

covalent bond is very stable, preferen
occupancy of Ca(ll) sites over Ca(l) sites
reported (ref.[11]), but much can chanc

INTENSITY (A.U.)
.{ 0

with synthesis protocol, firing temperat,

crystallite size, etc. (see ref. [28] and [3I

moreover, the stability of that bond makes

cai £t 0 %00 7200 7600°
A and B emission decay lifetimes mu e ( micro 0

shorter than C's: respectively 436 and 43t

Fig. 4.12: Luminescence decay plots of Eu:HA; excitation
against 848 pus (see Fig. 44 ref. [11]) and detection are both site selective (see ref. [11])

Last but not leasthere is ublished evidence (see ref. [29]) that fi&&€" ions in aqueous
solution are not only readily and preferentiallgaxbed on the surface of apatitic crystals,

can also penetrate to some depth inside the ciigstiae obviouslysubstituting for C** ions.
4.1.3: The research strategy

Gathering tgether all the information reported in the precgdparagraps, a possible
solution to the problem of detecting ai(maybe) quantifying thebiomineralization o

bioactive glasses comes foridoping the glasses with Euions in order to carry out si

selective luminescenamectroscopy analyses on the -interaction sampl.

In fact, we have seen that Eu doped glasses shgpical amorphous broad band emissi
while Eu doped Hydroxgpatite bears an highly distiive spectral signature, witsharp
peaks and uncommonly inter’Dg - 'Fq transitions; we'valso learned that doped HA ¢
be synthesized at temperatures as low as 37°Cwarichow that when bioactive glasses
immersed in biological simulated flui at 37°G an HCA layer precipitates on their surfa

Therefore it isplausible that Eu doped bioactive glasses develayex of Eu doped HC,

on their surfacesipon immersion in biological me¢, thus allowing the detection of tl

biomimetic crystalwvia site selective spectroscopy measuren.

If that is true, by carrying ouopportune luminescencanalyses on bioactivity test

samples it should be possible to either excitedas in the glass phaand/o Eu ions in the
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crystallized layer, and thus to detect their twéfedent spectral signatures, that is broad
emission bands and/or thin peaks, maybe overlappeast probably with different

luminescence decay lifetimes. Moreover, since weehseen that Eu ions are extremely
sensitive to their surrounding crystalline envir@nt) the doped HCA luminescent
"fingerprint" should be detectable even at low iatdion time, when the precipitating crystals
are still of nanometric size (see ref. [20]) an@réfore invisible to most of the other

characterization techniques.

The path we chose to verify if the underscored kiygsis was correct, and thus to determine
whether the use of Bliions as a luminescent structural probe is an &ffeasset in detecting

bioactive glasses' biomineralization or not, wasa nutshell, the following:

1) Individuate a "base" glass of well documented Hivdy;

2) Dope it with various amounts of Eu following a dyesis protocol of documented
effectiveness, granting a good degree of homogeteethe final materials;

3) Thoroughly characterize the structural, textural &amminescence properties of the thus
obtained products, in order to better understardetifiects of the dopant on the glass
network and on his hydrolytic and crystallizaticghlavior;

4) Carry outin vitro bioactivity tests on the synthesized glass powdel®wing a
standardized procedure, possibly reported in hieea

5) Analyze the post-interaction samples from the stmat and spectroscopic points of
view, searching for evidences of HCA crystallizatithrough "traditional”" (i.e. FTIR,
micro-Raman, XRD and SEM+EDX; plus ICP-AES on postraction fluids) as well as
"unconventional” (i.e. site selective spectroscdpghniques;

6) Compare the obtained results to determine whetherirtfformation provided by our

"new" technique is consistent with other "classigperimental and theoretical data.

Of course, even if the luminescent probe proveglfiten effective characterization tool for
studying biomineralization processes, that is if wlas capable of detecting HCA
crystallization better than the other present damatgchniques, it would need nevertheless to
be carefully validated; in fact, it is absolutelgaessary to verify that the doping process does
not significantly alter the base glass behavioteast for what concerns the aspects involved
in bioactivity dynamics and kinetics, since a praltering its target's properties is completely

unreliable and therefore useless.



Chapter Four: Eu** doped bioactive glasses = 73

From this latter point of view, we must take int@caunt many aspects, most of which are
related to the obvious differences existing betw€anand Eu ions, and design appropriate

ways to discover if those differences yield invatidg effects:

» The net charge of Eu is 3+, while the charge ofiC2+, but their ionic radii are quite
simila®, therefore the electric field surrounding®Eipns is slightly more intense than
the one existing around &aons. This might potentially alter the bioactivehavior of
the glasses in a few ways:

- Eu might be more difficult to leach from the netlwdhan Ca during the initial ionic
exchange step (see. Chap. 1), leading to possiédeysl in the attainment of the
supersaturation critical level for the precipitatiof doped HCA,

- due to its higher field strength, Eu might be leffective in modifying the glass
network, thus increasing the hydrolytic resistaand plausibly reducing or slowing
down the release of soluble*Sions (which is crucial because they stimulate bone
regeneration, see Chap. 1);

Moreover, again due to its relatively high fieldestgth, Eu might behave like &I, i.e.

it might act as a network modifier at low concetitras and as a network former at high
concentrations.

To verify whether these modifications took placenot, and if Eu behavior was "linear"
or "aluminium-like", we synthesized and tested @asi bioactive glasses with different
dopant concentrations, so that from ICP-AES analyse interaction fluids it has been

possible to notice if some trend in leachabilitg aonic release actually existed.

* As it's reported for one particular synthesis protdref. [28]), even in our experimental
conditions Eu might slightly hinder or even inhifat high percentages) the formation of
HCA crystals, both upon heating and during in vitesting. If this effect was never
negligible, not even at the lowest degree of dopihgiould be extremely detrimental to
the purpose of this research, since this would nthah our luminescent probe alters
significantly the very same biomineralization preses it was designed to study, and thus

is completely useless.

6 Respectively 0.95 and 1 A according to [30]; 1.09 and 1.14 A according to www.chemicool.com.

7AI, however, has approximately half the ionic radius of Eu: 7,3+ = 0.54 A, so its Field Strength o Z/r- 5 is
won

way higher than Eu's.
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To discover if that's the case, both the as symbésglasses and the post-interaction
samples have been thoroughly characterized notthridygh site selective luminescence
spectroscopy, but also with more "conventional'htegues, in order to confirm the

actual precipitation of HCA crystals and determntimeir quantitative variations.

» The almost physiologic conditions of vitro bioactivity tests are slightly different from
those reported in literature for the syntheses wfdBped HA: for sure we are very far
from the 650°C of Long (ref. [30]) or the 950°C ®érnane (ref. [11]), but even if
compared with the 37 + 100°C of Drouet and Rey. (f28]), the chemical species in
solution are very different (see Chap. 5), and eseme organic components like
vitamins and amino acids are present.

This way, even if it did not inhibit or alter thekmineralization processes, Eu might still
not be able to enter oudCA lattice®, thus remaining in the amorphous calcium
phosphates (Ca-P) layer, within the glass netwoik solution.

To understand where Eu actually went during bied#gtitesting, the information
provided from luminescence, FTIR, micro-Raman, X&1al ICP-AES analyses has been
cross-referenced; we can tell since now that tieea@nce of narrow peaks in the right
positions of the emission spectra, the confirmatibRICA precipitation by FTIR, Raman
and XRD data, and the absence of'Hans from interaction media testified by ICP-AES,
altogether confirm the actual formation of Eu dop®iA on the surface of our samples

Last but not least, before continuing on to theitkd description of the experimental part

of the research activity, some words need to batspeour rare earth element itself.

Surely Eu is not a natural component of the humastlypand, though being referred to as
only lightly toxic in many articles (see ref. [28hd [5]), with a LD50 P& of 5000 mg/kg for
rats in the case of Eu(NY) nevertheless at high concentrations it mightehaytotoxic or
metabolic alteration effects on cells. This, howeienot a "real" problem from our point of
view, since our doped glasses are not meant tmpkanted in human patients, but are just a

research tool to shed some new light on the intiermdehavior of bioactive materials in

8 However, the high substitution yield of Eu over Ca (see ref. [28]), due to the great stability of Eu-O bonds,
should grant the feasibility of the Eu doped HCA precipitation even in our case.

° Obviously, a considerable amount of Eu remains also inside the glassy core of the grains of bioactive powder,
especially in the biggest ones.

% D50 PO means "lethal dose 50 per oral route", and it's the orally absorbed amount of substance needed to
cause the death of the 50% of an animal testing population.
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contact with biological fluids. The only actual df@ack of cytotoxicity would be the
impossibility to exploit the luminescent structu@bbe also in the second stepimofvitro
testing protocol (interaction with simulated bodyids being the first one), i.e. for cellular

adhesion essays and cell culture tests on samples.

Concluding, Eu is unfortunately a highly expensivaterial: 10g of quality europium nitrate,
Eu(NQs)s - 6H,O at 99.99%' purity, may cost even more than 600 €, and in otdéhave
enough material to carry out the necessary analys¥sng of it are averagely needed for
each synthesis. Even with proper research fundimguse of such a costly material can be
guestionable, and, in order to be justified, ituiegs the obtainable results to be of great
quality and innovation; as we will show in the &lling chapters, at the moment such results

have not yet been reached, but the technique yspremising.

4.2: The synthesized bioactive glasses

4.2.1: The bioactive base glass: B67,5

In order to follow in the path laid by other resgeers of the team, as starting bioactive
material we chose a sol-gel derived ternary gladenging to the Si@ CaO P,Os system
named B67,5 (where B stays for bioactive and 67,5 is the weightof SiGQ), whose
composition is reported in Tab. 4.1; the data boave as percentages of oxides, in agreement

with the glassmaking tradition:

Role Oxide Weight % Molar %
Network former SiO, 67,5 69,3
Network modifier CaO 25,0 27,4
Network former P,0s 7,5 3,3

Tab. 4.1: Nominal composition of the B67,5 base glass

Though our choice was forced by the will of pregsagvthe expertise, knowledge and
experimental data gathered through years of workioactive glasses by the LMI research

team, the decision was not merely arbitrary: th&,Béot only has proven to be bioactive in

"' The high purity is very important, since rare earth elements are quite difficult to separate from each other,
and any RE contamination might lead to undesired spectral features and luminescence artifacts.
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earlier studies of the grolfpbut is alscpractically identical tlaria Valle-Regi's 70S26C4P
and 68S glasses, whopeonounce bioactivity properties are reported several published
articles (see for exampleef. [22] and [9]), ancis very close todo almost every s-gel
derived glass studied by her te (see ref. [1], [2], [7], [37]).

Moreover, many published evidences sunto indicate our B67,5 as an excellent chcof
bioactive glass to start from:

» Beingsynthesized via thsol-gel methoglit's far more bioactive than a melt ded glass
of the same composition, because it a way higher specific surface area and an opt
interplay betweenpore size and pore volume, which result in a greabst in
biomineralization kingcs™;

» The presence of 7,5%P,0s in the composition, though slowing down the initielease
of Ca ions and the growth of the amorphous-P interfacial layer,improves the
precipitation rate of HCA, whose crystallites gréaster and bigger than in,Os free
glasses (see ref. [7], [2]37], [49]).

Fig. 4.13: 1) Raw and 2) filtered HR-TEM images of a bioactive glass sample close to our composition; 3) and
4) are filtered details of Ca and P-rich nanometric size crystalline domains inside the amorphous matrix

“In particular, Jonathan Lao in his PhD thesis has demonstrated through PIXE-RBS microprobe analyses that
after less than 4 days of interaction with biological fluids B67,5 is capable to grow on its surfaces a layer of
calcium phosphates whose Ca/P ratio is equal to 1.71, very close to the HA stoichiometric value of 1.67.

" For more information on this topic, see:

Li R, Clark AE, Hench LL, An investigation of bioactive glass powders by sol-gel processing, J Appl Biomater, 1991;

Vallet-Regi M, Ragel CV, Salinas AJ, Glasses with medical applications, Eur J Inorg Chem 2003.
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This effect is highly positive for the biomineraimn processes, and is due to the
that upon calcination athe glass, nanometric sizeystalline clusters of silic-doped
calcium phosphates precipitewithin the glassy matrix, as visible iheHR-TEM image
reportedin the previous pageFig. 4.13, from ref. [7]) Depending on the compositi
and on the calcination temperature, those ordeoethdhs can attain different sizes, ¢
eventually evolve into XRD detectable apatitic tays if the calcinatior T is sufficiently
high (see ref. [22]ower part ofFig. 4.14 and Par. 4.2.3).
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Fig. 4.14: XRD patterns of the aforementioned 70S26C4P bioactive glass, practically
identical to our B67,5, calcined at different temperatures (from [22]).

When the bioactive glass is immersed in biologitads, these nar-clusters provide
preferentialnucleation site for HCA precipitation or better, they are themselves nu
ready for crystal growth, and tt facilitate and enhance the biomineralization prees
Moreover, the presence of P inside the glass n&twgovery helpful for the synthesof

Eu doped glasses, because it aids in preventingli&Eerizatiol (see ref. [21], and thus
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in avoiding problems like concentration self quanghof luminescence (see also Par.
4.3.7); in this, its effect is equivalent to theeoof A" (see ref. [4]), but while Al is
highly detrimental to bioactivity properties (contetions as low as 3% can inhibit

the formation of the HCA layer; see ref. [2]), Bslem exactly opposite, beneficial effect.

The only relative drawback of this glass is thaitaining BOs, the onset of the formation
of the Ca-P amorphous layer cannot be easily detedga FTIR or Raman spectroscopy,

since it might be masked by the presence-@ Bonds in the glass network.
4.2.2: The series of Eu3+ doped bioactive glasses

In order to understand the textural and structaffdcts brought about by Eu doping, we
synthesized various bioactive glasses with diffefea contents; this result was achieved
following the research team’s usual dopmgdus operandi(see ref. [23] and [49]): starting
from the B67,5's "original" composition, we subsgid increasing weight percentadés.:)

of CaO withanalogous % of EwQOs, leaving unchanged the,y®f SiO, and BOs.

Since their silica content is always equal to 6%,5%ll the synthesized glasses (except for
one case, which will be discussed in detail atehd of this paragraph) can be correctly
referred to as "doped B67,5 glasses"; in particuttathe following pages we will name them
B67,5 EuX where X is the % of CaO that has been substituted by®u Their nominal

compositions, both in ¥ and %, are reported in Tab. 4.2:

Weight percentage (%) of oxide Molar percentage (%mol) of oxide

Name SiO; P,05 Cao Eu,03 SiO; P,0s Cao Eu,03
B67,5 Eul 67,5 7,5 24,0 1,0 69,90 3,29 26,63 0,18
B67,5 Eu2 67,5 7,5 23,0 2,0 70,56 3,32 25,76 0,36
B67,5 Eu3 67,5 7,5 22,0 3,0 71,23 3,35 24,88 0,54
B67,5 Eud 67,5 7,5 21,0 4,0 71,92 3,38 23,97 0,73
B67,5 Eu5 67,5 7,5 20,0 5,0 72,61 3,42 23,05 0,92
B67,5 Eul0 67,5 7,5 15,0 10,0 76,31 3,59 18,17 1,93

Tab. 4.2: Nominal composition of the synthesized Eu doped bioactive glasses

The choice of introducing in the composition ingieg amounts of EXD; at the expense of
CaO, and not of Si©or P.Os, was motivated by two main reasons:
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» Eu substitutes for Ca inside the HCA lattice, saytag out the same substitution even in
the base glass was an idea that intuitively spimtagour mind;
« Even bearing a 3+ net charge, having almost theedanic radius of C& makes Eu's

and Ca's electric field strengths (FS) not mucliedeht; if we estimate the FS being

proportional toZ/r_ ,, we can calculaté
mon
FSp,s+ = A-3.32A72

FSpg2+ = B-2.00 A72

Since these values are sufficiently close, we cakenthe hypothesis that Ca and Eu both
behave as modifiers, and thus both tend to brealcomtinuity of the silicate network,
creating non bridging oxygen; obviously, having teorsger FS, Eu should be a less
effective modifier than Ca, and thus the substtutiwe operated might slightly
strengthen the glass, making it more difficulteéadh and dissolve (as already said in the
previous paragraph).

Moreover, in our opinion Eu electric field intenysis not sufficiently high to allow its
classification among the so called "Intermediatéd®s’ like AF*; in fact, if we estimate
this latter ion's FS value, we obtdif,;s+ = C - 10.28 A=2, which is way higher than
Eu's 3.32472,

Therefore, even if Eu might not behave exactlyn@a same way as Ca, nevertheless the
differences between them should not be too stremgfe substitution of CaO with g

in our glasses should be a correct idea.

On the other hand, though motivated by the wilfafowing the research teamfsodus
operandj we must acknowledge that the choice of operasiaig substitution in terms of

weightpercentages of oxides might be questionable.

In fact, being EpO3; a much heavier chemical species than CaO (thspertive molar
masses areMg,,o, = 351,9 g/mol VS M¢,, = 56,1 g/mol), the molar amount of &y
needed to attain a given weight percentage is itigfiower than in the case of CaO; this
way, the total amount of molecules of modifier @edCaO + ExDs) within the composition
decreases with increasing Ey2thus making the heavily doped glasses' netwdrksg. In

particular, if for each bioactive glass we calosiltiie_molar rati@f network modifier oxides

" Using the ionic radii of 0.95 A for Eu* and 1.00 A for Ca** reported in R. D. Shannon, Acta Cryst. 1976, A32
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(CaO + EuO3) / network former oxides (S¥O+ P.Os), and use it as a simple tool to estimate
the resistance to leaching and hydrolytic dissofugprocesses, we can find the following

values:
Even if we might assumthat the_differencesf
Glass Mod/For ratio behavior between glasses from B67,5 up to B67,5
B67,5 0,38 Eu5are only slight and thus reasonably negligible
B67,5 Eul 0,37 surely we cannot do so for B67,5 Eul0, whose
B67,5 Eu2 0,35 ratio= 0,25 is too far from B67,5's value of 0,38.
B67,5 Eu3 0,34
B67.5 Eud 0,33 Consequently, in this latter glass two effects
B67,5 EuS 0,32 might overlap in strengthening the network: the
B67,5 Eul0 0,25 lower modifier / former oxides molar ratio and the

lower modifying efficiency of Eu ions VS Ca ions.

In order to separate these two contributions andniderstand to what extent the sole Eu
doping alters the bioactive behavior of B67,5 Eud@, synthesized a last glass, named
Molari, keeping the same molar percentage ofCzuas in B67,5 Eul0, and the same
modifier / former oxides molar ratio as in B67,Gistway, if EG* and C4&" had the same
modifying efficiency, B67,5 and Molari would havexaetly the same hydrolytic and
leachability resistance, and thus if on the cogtiae detected some differences in their two

real behaviors, they would exclusively be ascribdblalterations induced by the dopant.

Molari's composition in terms of molar and weigktgentages of oxides is the following:

Molari bioactive glass
Oxide Weight % Molar %
SiO, 61,59 69,26
Cao 21,15 25,48
P,0s 6,84 3,26
Eu,03 10,42 2,00

Tab. 4.3: Composition of Molari bioactive glass

Obviously, having a % of SiG, different from 67,5, Molari glass is not a B67yp+¢ glass.
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4.2.3: The protocol of synthesis

All the aforementioned glasses have been syntihesiige an alcoholic solution alcoxide
hydrolysis/condensation based sol-gel method (e C2 for introductive information); in
particular, since the sample holder of the ava#lablptical set-up for luminescence
spectroscopic analyses was fit only for powderadpas, we synthesized our glasses under
the form of powders. This has rendered all the tmracoperations very easy and relatively
fast, because not working with sol-gel monolithewaed us to carry out the drying and

calcination/stabilization steps without any speciistraint on speed or environment

The protocol of synthesis we used for our Eu dogmefel glasses is a minor modification
of the research team's usual protocol (see rel. 488 [49]) for obtaining bioactive glass
samples, which in turn is none other than a siigbdification of a method introduced by P.
Saravanapavan and L.L. Hench for binary SiCaO glasses (see ref. [12], [40] and [41]). In
the end, this protocol turns out to be practicallgntical to the one exploited by M. Vallet
Regi's team (see ref. [2], [7], [9], etc.), andhie one exploited for the only literature reported

synthesis of Eu doped ternary $i@aG0G P,Os bioactive glasses (see ref. [4] and [20]).

The precursors for the glass network formers,,%iQ@l BOs, are two alcoxides, respectively
TEOS and TEP, while the precursors for network rinexdi are two nitrates, Ca(NRR - 4H,0
and Eu(NQ)s; - 6H,0O; since TEOS is not miscible with,8, the reaction was carried out
using ethanol (TEOS's parent alcohol) as solveriiodih reactants, and was catalyzed using
2M HCI (acidic catalysis; this is one slight diégice from Saravanapavan, who in [12] uses
HNO; instead of HCI). To ensure the complete hydrolgdialcoxides before condensation,
and thus to obtain a well interconnected three-dsimmal network, a large excess of water
was used; in particular, the molar ratigQH/ (TEOS+TEP) was set at 12:1. The volumic
ratios HO / HCIl and HO / Et-OH were set respectively at 6:1 and 1:1t(el ratios are the
same as in [12]). The reaction is entirely carnetlat room temperature.

All the above reported information is summarizedTeb. 4.4. The protocol of synthesis
consists of eight steps, which will be describediétail in the next lines and schematically

represented in Fig. 4.15:

B For example, drying (i.e. evaporation of both solvent and water from the gel interconnected pores) of sol-gel
derived bioactive glass monoliths is often carried out under high humidity conditions (see ref. [9]), for long
times and with multiple-step heating programs (see ref. [12]).



S. Tiozzo

Eu® ions as structural probe for studying biomineralization in bioactive glasses

Role Chemical Species Purity
SiO, precursor TEOS 99,999%
P,0s precursor TEP 99,8%
CaO precursor Ca(NG), - 4H,0O 99,999%
Eu,0; precursor Eu(NGs);3 - 6H,0 99,99%
Solvent Et-OH 98%
Hydrolyzing agent H,O De-ionized
Catalyst HCI 2M aqueous solution
H,O / (TEOS + TEP) molar ratio 12:1
H,0O / Et-OH volumic ratio 1:1
H,0 / HCl volumic ratio 6:1

Tab. 4.4: Reactants summary

[ Mix H,0, Et-OH and HCl in a balloon ]

15 min
v

Add TEOS I

30 min

A\ 4

[ Add TEP and Et-OH ]

20 min
\ 4

[ Add Ca and Eu nitrates ]

60 min
v

[ Pour solution into Teflon ves

sel and put it in oven @ 60°C ]

24 hours
v

[ Spread gel onto crystallizer

and put it in oven @ 125°C ]

24 hours
v

[ Crush grains, put them into a crucible and calcinate in oven @ 700°C ]

24 hours

A\ 4

[ Finely crush the powders and stock them in an Eppendorf cap ]

Fig. 4.15: Flow-chart diagram of the synthesis protocol
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1) Mixing of precursors: in the beginning, the required amounts gDHEt-OH and HCI

are mixed together with the help of a magneticesti(kept turned on for the whole
reaction time) inside a glass flask of adequateaciag®; this latter is sealed with a
silicone rubber cap to keep the system as clos@bssble, thus preventing for example
evaporation of ethanol or absorption of atmosphaogsture by the solution.

2) After 15 minutes of reasonably vigordUstirring, TEOS is added inside the flask;

3) After other 30 minutes, equivalent volumes of Tl &t-OH are added to the solution;

4) After 20 minutes, Ca and Eu nitrate powders areeddd the reaction medium;

5) After another hour of mixing, the resultirgpl is poured inside some 10mL PTFE
(Teflon®) sealed vessels (there's need of approximateljasreach gram of final desired
product); at this point of the synthesis, inside tlguid phase it is possible to find
primary particles of nanometric size (approx. 5 se®e Lin. et al, ref. [50]);

6) Gelation _and gel-ageing treatmentthe Teflon vessels are put inside an oven at 60°C

for 24 hours. During this time, first the primargrpcles coalesce, forming secondary
particles of around 10 + 30 nm of diameter. Thesythggregate, forming a continuous
interconnected skeleton (gelation point) that taftez continues to thicken (ageing). At
the end of the 24 hours of treatment, gleéhas a gelatinous consistency (a bit more solid
than a creme-caramel) and must be "fragmented" avépatula in order to be extracted
from the vessel. In particular, tigel pieces are spread onto a crystallizer (a glassdsy
with large base and low walls) and divided to a fextent, in order to maximize their
surface for the further treatments.

7) Drying step: the crystallizer is put inside an oven at 1256€Z4 hours. During this time
ethanol and water both progressively evaporate ftmrinterconnected pores of the gel,
leading to gel shrinkage, pore collapse, seconparticle aggregation, etc. At the end of
this step, the material is made up of yellowishieltoarse grains, that are then crushed
in an agate mortar to yield a finer yellowish powde

8) Calcination step said powder is placed inside alumina boat-shapecibles and put in

an oven, where it's heated at a rate of 10°C/mitoupe desired calcination temperature,
that almost always is 700°C, and then it's kephiatT for 24 hours, after which the oven
is let spontaneously cool down to room temperatDtging this step of the synthesis the
densification of the collapsed gel network takescel particles start to coalesce through

' Since we synthesized maximum 1 or 2g of material for each batch, 25 and 50mL balloons were used.

Y As an operational habit meant to enhance reproducibility, we tuned the rotation speed so that the vortex-
shaped meniscus of the solution remained always approximately a millimeter above the magnetic stirrer.
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various mechanismsnd ultimately form icontinuous threelimensional bulky structur:
which may or may not retain part of the originabnconnected porosi in dependence of
the calcination temperatt. The calcinegroduct is a white glass poer, that is further

finely crushed in an agate mortar and tfinally stocked in plastic Eppend® caps.

The evolution of the synthesized mateithroughout the various steps of the protais

schematically summarized kg. 4.16.

. Gelation and . L
Mixing ) Drying Calcination
ageing
= 5| S —
Room T 60°C 125°C 700°C
2 hours 24 hours 24 hours 24 hours
Precursors
00 Q0
= oo O oo
(X
()
Primary Secondary  Gelation
. . . Aged gel
particles particles point

Aggregation of
geree Densification

| secondary particles

Fig. 4.16: Evolution of the sol-gel glasses throughout the synthesis procedure (from [23])

The choice to exploit &alcination temperatu of 700°C was rade taking into accoul

many experimentatvidencesboth newly acquiredand derived by previous works of t

team (ref. [23] and [49))as well avvarious bibliographic references:

First of all, from TGA (Therm-Gravimetric-Analysisplots (see. Pa4.3.2) it is possible
to notice that the complete elimination of nitraiintroduced in the composition by t

precursors of Ca and Eu, is possible only at teatpezs above 550 + 580

XRD analyses show that glasscalcinedat 700°C are still almost completely amorphc
while those fired at 800, 900 and 1100°C show im&ng degrees of crystallinity (s

Par. 4.3.4);

Nitrogen adsorption isotherms show that calcinatain900°C results in comple

densification of the glass, as testified by thesticadrop in specific surface area and

volume with respect to the mearlues of glasses calcined 700°C (see P&4.3.3);
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* In literature the vast majority of bioactive solgkerived glasses in the ternary system
Si0,-Ca0-RBOs as well as in the binary system $i@aO is calcined at 700°C (see
Saravanapavan's, Vallet-Regi's, Kreb's, Greenspantus articles on the subject);

* In previous research works by members of the tesea (ef. [23] and [49]) the chosen

calcination temperature was always 700°C.

Since we needed to compare our results with the gathered by other researchers of the
team; since we wanted to exploit also some liteeaiinformation such as FT-IR, Raman and
luminescence spectra; since we wanted to keep taircategree of meso-porosity and an
adequately high specific surface area value, owantheir utmost importance in bioactivity
processes; since we wanted to avoid having thoradegitrification in our glasses because it
could spoil bioactivity as well as complicate theterpretation of resultd;, and since we
needed to completely eliminate nitrates from ounas, due to their detrimental effect on

bioactivity; then we chose 700°C as systematicication temperature.

However, in order to study the effect of Eu doporgthe devitrification behavior of our
bioactive glasses as well as on their textural sindctural properties, we also carried out
some calcinations at 800, 900 and 1100°C (seedRad and 4.3.7).

Before passing to the characterization of the sampesulting from the above described
procedure, it is very important to spend some waortdshe behavior of Ca and Eu precursors
during the various steps of the synthesis. In paldr, being under the form of nitrates, during
the mixing step they are dissolved inside the smiyutand thus at the beginning of the
gelation treatment free €a EU™* and NQ ions are present in the liquid phase along with
primary particles deriving from alcoxides (both TE@nd TEP) condensation.

When the material passes beyond the gelation poinds been demonstrated by Lin et al.
(ref. [50]) that those ions are still located ire thiquid phase dwelling inside the gelatinous
skeleton's interconnected porosity (see Fig. 4wltfich depicts the evolution of €aions;
Eu® ions, however, behave exactly the same way) éniders the use of vessels in Teflon of
primary importance, since the high hydrophobicitly tbis material should prevent the

accumulation of ionic species on the containeriswsee ref. [23]).

¥ For example, having a considerable amount of crystallized HA since the beginning (because of extensive
devitrification during calcination) would render the identification of the onset of HCA biologically-induced
precipitation extremely difficult.
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At the end of the drying step, when no more ligoichse is present, Ca and Eu ions can be
found adsorbed on the surfaces of the aggregat®d sticondary particles, that is on the
surface of the interconnected collapsed porositthefdried gel. This means that the actual
incorporation of Ca and Eu ions in the 56,05 amorphous network takes place only upon
heating (starting from 400°C; see ref. [50]) durthg calcination step, when silica particles
coalesce and diffusion becomes possible; thereforegrrect choice of calcination T and

duration is crucial to ensure a good degree of lgameity to the synthesized glasses.

During gelation After drying After calcination

Secondary SiO,-P,05 particles Aggregated secondary particles 3D ternary glass network
® nos o Bridging Oxygen
~ ca? @ Non-bridging Oxygen
& H
® si o

Fig. 4.17: Evolution of Ca®" ions throughout the synthesis steps (from ref. [23] and [50])

From this latter point of view, our choice of calating at 700°C for 24 hours seems quite
sensible, because, even if the nitrates can be letehpeliminated also at 600°C, surely the
degree of final homogeneity attainable at 700°fansuperior; maybe heating at 800°C might
yield even better results, but the considerableitdiizsation that takes place at that
temperature is unacceptable, so 700°C representisest compromise between homogeneity
and prevention of thorough crystallization.

All the aforementioned issues with nitrates an@éfrions could be avoided if we used
alcoxide precursors also for Ca and Eu, as oneengted by Ramila and Balas (see ref. [1]):
this way, in fact, the hydrolysis and condensatisctions would directly yield primary and
secondary patrticles containing all the four Si,dg, and Eu. However, depending on the
chosen —O—-R moieties (2-methoxyethyl in ref. [19ubd to the metal center, said alcoxides
are often either too much (see ref. [1]) or notwgioreactive (see ref. [49]), they require
specific attention to catalysts, they must be fiseslinthesized right before the reaction, this

latter needs to be carried out under controlled @@nosphere (dry Ar or dryJ\ etc.
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On the other hand, the homogeneity degree attarfatbbwing an "all-alcoxides" synthesis
route is not exceptionally higher than the one edhble through a more conventional
"alcoxide formers-nitrate modifiers” method, antpee all, the final impact on bioactivity
properties is practically negligible (see ref. [1Therefore, since the increased operational
complexity is not rewarded with significantly betteesults, we decided to follow the
“traditional” alcoxides-nitrates synthesis path.

Moreover, the homogeneity degree of our bioactilassgs is very good, as intuitively
shown by the following chemical cartographies (F#18), acquired via PIXE-RBS
microprobe analyst€ on a B67,5 Eu5 glass powder compact. As it isheasiticeable, no
segregation, clusterization or zoning of ions igedied, at least as far as the resolution of the
instrument (0,5 to 5 pm, depending on the settintis)vs us to s&&

Fig. 4.18: PIXE-RBS chemical cartographies of a B67,5 Eu5 glass compact

' Since this characterization technique will never be used again in this work, we won't spend any more words
to describe its features, neither will we explain the experimental procedure followed to prepare and analyze
the samples. For more information on this subject, please refer to [23] and [49].

*The reported cartographies show large scale homogeneity; linear atomic concentration profiles in several
directions have also been acquired on a more local scale (measure spots of 1 umz), and the results (not
shown) demonstrate again a very good degree of homogeneity, with less than 4,8% point-to-point maximum
deviations from the average value.
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4.3: Characterization of the as synthesized bioactive glasses

4.3.1: Compositional analysis via ICP-AES

First of all, the actual composition of our dopedaative glasses has been checked through
ICP-AES analyses, in order to verify that the ekphtb protocol of synthesis yielded the
desired results; since in order to be fed to tlasmh torch the samples must be in the liquid
form, the glass powders were dissolved using tHeliak fusion method (for more
information on this method and on the characteomaiechnique itself, refer to Chap. 3). The
analyses were carried out by Dr. Mhammed Benbakk#reLaboratoire Magma et Volcans

of the Blaise Pascal University (Clermont-Ferradand the results are the following:

Weight percentages (%uw:)
oite | sors | %13 [ 3975 | a7 [ s [ aers | s
SiO; 65.00 | 64.32 65.14 | 64.96 | 64.58 65.09 | 64.48
Cao 23.69 22.41 22.33 20.92 19.84 20.13 14.58
P,0s 6.79 6.87 7.08 6.76 7.12 6.99 7.0
Eu,03 n.a. n.a. n.a. n.a. n.a. n.a. n.a.

Tab. 4.5: Experimental composition of the synthesized bioactive glasses

As it is clearly evident from a comparison of Tdlb and 4.2, there's a good match between
nominal and real values for SIQCaO and fOs (as already found by other researchers of the
team; see ref. [23] and [49]) but £ data are lacking; this was unfortunately due ® th
unavailability in the lab of a reference standaadd of a quality certification standard too)
with such high Eu % as our samples: none of the rocks stored in thelevigeology
department contained significant amounts of Eujtseas impossible for us to create a
reference solution by dissolving a mineral with WamoEu content via alkaline fusion, and

therefore it was impossible to calibrate the insteat for the detection of Eu ions.

The impossibility of knowing the true amount of By incorporated in the glass network
during the synthesis is a severe drawback, sinéarées us to arbitrarily assume as actual
percentage of Eu its nominal value, even if we db mve proof of this equivalence; the

assumption, however is nevertheless reasonablee Btarature data published by Krebs and
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Brownstein (ref. [4] and [20]), who exploited a fwool of synthesis practically identical to
ours to synthesize almost equivalent glasses, sheery good agreement between nominal

and experimentally determined compositions.
4.3.2: Thermal analysis, DTA and TGA plots

Due to technical problems with the available instemtation, thermal analyses could not be
carried out right after the drying step of the &gses; consequently, small amounts of dried
"yellowish" powder (see point 7 of Par. 4.2.3) wetered in closed plastic Eppendodaps,
and eventually underwent TGA+DTA (Thermo-Gravimetinalysis + Differential Thermal
Analysis) characterization only a few months lafenis way, DTA data cannot be strictly
considered as representative of the processesotblaplace upon calcination of the original

powders, but still can provide us some useful imiation.

Regarding said non representativeness, in particwka noticed that effectuating the
calcination step a few months after drying resuitedvioactive glass powders with higher
specific surface area (SSA) values and with extenslevitrification: B67,5 Eul powder
calcined right after drying has a mean SSA of 6fgnisee Par. 4.3.3) and underwent only
slight devitrification; on the contrary, B67,5 Eyfowder calcined approximately three
months after drying has a SSA value of 18#%grand from site selective spectroscopy
analyses (see. Par 4.3.7) shows a very high degrdgdroxylapatite devitrification (for the
identification of the crystalline phase with HAgsRar. 4.3.4, 4.3.7 and Chap. 5).

Coming to the useful information, we can reasonaldye that, even if delayed calcination
yields significant differences in textural propestiand in crystallization behavior, it should
nevertheless leave the TGA plots unchanged. Thentieanalyses have been carried out
starting from room temperature up to 1200°C, witkeating rate of 10°C/min (the same used

during real calcination steps) in simple air atniesp.

The total percentage weight loss varies only diyghith composition, and has a mean value
of about 40%, which is consistent with the opermtalcination losses (around 42% average)
registered during the syntheses. These latter\atiaed by simply weighing the powders
before and after calcination, and thus keep intmact not only the elimination of volatile
species, but also the loss of powder due to coiweecturrents inside the oven, the small loss

of material due to attachment of powders to thetanpetc.
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The weight loss always takes place betw90°C (onset of theelimination of humidity
reabsorbed after drying) and 550 + 60 (total elimination of nitratesassociated with
strong endothermic peakee ref. [12, while beyond this latter T theariations in sample
weight become negligibldhe most sustantial weight loss (25 + 30%), however, takes@
between 125°C (maximum temperature attained dugwgporation treatment) and 250
and corresponds to the complete elimination of esmivand water molecules from t
interconnected porosity. At higr T, up to 400°C, Saravanapavan and Hench in [aggest

that evaporation of organic molecules like alcoxyups mighialsotake place

Other important, but maybe less relic (due to the said detected changes in devitrifice
behavior) feature of thBTA plots is the exothermic pedassociated with no weight loat
850 + 900°Cwhich can be attributed fcrystllization of apatitic crystals; this identificatic
is in good agreement with literature data (see[84], but there is experimentevidence of
slight HA crystallization even at 700°C (see 4, 4.3.6and 4.3.7) due to the long duration
the thermal treatment.
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Fig. 4.19: DTA and TGA plots of a B67,5 Eu3 sample

The reporteglots are referred to a sample of B67,5 Eu3 glassthe curves acquired fro
other powders exhibit more or less the same tremits,just slight differences in the heigt
of the DTA peaks at 400°C and 550 + 60(
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4.3.3: Textural effects of Eu doping, Nitrogen adsorption analyses

Almost all the synthesized glasses have been thbipucharacterized through nitrogen
adsorption measurements, in order to understandhwieixtural modifications were brought

about by the increasing content ofEions introduced in the composition of our samples.

The various isotherms acquired for powders calciaed00°C are all very similar, so one
for each composition will be reported, in ordemake the assignment of their main features

as direct and straightforward as possible (too dexhgraphics are often difficult to interpret).

1 |——B67,5 1stsyn
120 4 | ——B67.5 2nd syn
1 |——B67,5 Eul 1stcalc
110 + B67,5 Eul 2nd calc
1 |——B67,5Euw2
100 4 |——B67,5 Eu3
1 |——B67,5Eu4
90 - B67,5 Eu5 2nd syn
— B67,5 Eu10

Vads (cm’/g (STP))

0,1 0,2 0,3 0,4 0,5 0,6 0,7 0,8 0.9 1,0
P/Po

Fig. 4.20: N, adsorption isotherms acquired for our doped bioactive glasses (Tcac = 700°C)

If we compare the shap# the above reported plots to the IUPAC clasatfan standards

(see Fig. 4.21), in our opinion we can recognizeridy Type | + Type IV isothermsin

particular, since Type | isotherms are usually eséed with microporous substrates and
Type IV ones are typical of samples with mesopavisrein capillary condensation of the
adsorbate can take place (see ref. [51] and [FB)n the isotherms' shapes we can

reasonably induce that our samples contain bothom@and mesopores.
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Fig. 4.21: IUPAC classification of nitrogen Fig. 4.22: IUPAC classification of hysteresis
adsorption isotherms (from [52]) loops in N, adsorption isotherms (see [53])

Switching to hysteresisecognitior, our adsorption and desorption brant have more
horizontal than vertical nature (H4 feature), bend to "meet" before reaching the higfr
relative pressures (H1 feature), so doops can be classified as IUP/ hybrid H1+ H4
hysteresigsee Fig. 4.22)therefore we can infer that osamples should reasonably con

both mesopores (H1) amérrow (even in the mic- domain) slit shaped poi (H4).

Moreover, many obur experimental cuns show low pressure hysterechighlighted with
dashed lines in Fig. 4.2Peaning that a small rt of the adsorbate cannot be desorbed
the sample's surfaces by lowering relative presslame; this might be due to the presenc
micropores in our bioactive glass powders (see[B8f, page 44 and is consistent with tt

partial Type Icharacter of most isother and with their H4 loops.

Well different from the above report ] ——— B67,5 Eu5 800°C
isotherms is the plot obtained from f
analysis of a B67,5 Eu5 samjcalcined at
900°C (on the right):the low pressur

hysteresis has disappeared, and the |

Vads (cm’/g (STP))

loop has become practically negligit

moreover, the total pore volume is very |

(0,0115cn¥g), and even the specific surf;
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area calculated through the BET method, equal3ari/g, is far lower than the average value
for bioactive glasses calcined at 700°C, quantiia around 70 + 100 ffy.

All these evidences lead us to the conclusion tiadétination at T> 900°C yields fully
densified powders, i.e. it completely eliminatesgsity from the samples; therefore, since a
high surface area and a high degree of porosityoargmost importance for a successful

bioactive behavior of the glass, 900°C is not satle temperature for calcination.

Returning to the isotherms of samples treated @tG0we can notice that most of them bear
the same features and are located on the loweros$itlee graph, while two curves slightly
different from the others stand out on the topgink and black in Fig. 4.20); these latter
isotherms are connected with two samples whosédesist path has been different from the

normal protocol:

- B67,5 1st syn(black): this glass has undergone gelation treatnmside a disposable
plastic polyethylene (Nalgefigbottle and not in a Teflon vessel. From Fig. 4&0can
notice that it has the widest hysteresis loop, faoh BET and BJH methods applied to
the isotherm data we can determine the followindgues specific surface area
SA = 225 ni/g; total pore volume Mres= 0.195 cri¥g; average pore SiAggres= 3.5 NM.
This means that it is far more porous than therstfsee also Tab. 4.6);

- B67,5 Eul 2nd calc(pink): this glass has been calcined only a fewntin® after the
drying treatment; it has SA = 184°hy, Vpores = 0.149 cri¥g and rpores = 3.2 Nm.
Evidently, since the heating program was the samsdoa the other glasses, some
structural rearrangements must have taken placegitine stocking period, and after
calcination those changes must have yielded a pan@us (and more crystallized, as we

will see in Par. 4.3.7) glass.

If we now exclude said two anomalous curves, tfferdinces between isotherms noticeable
in Fig. 4.20 are principalf} ascribable to the doping with Eu, be it an effdae to the
different behavior of the precursor or a direceeftfof the ion itself. In particular, the most
straightforward trends we can spot when the Euesdnhcreases are a progressive narrowing

of the main hysteresis loop and the appearancewatehing) of low pressure hysteresis.

2 Obviously, small differences in the operational steps of the syntheses (such as different rotation speeds of
stirrers, small delays in the schedule, different room temperatures, etc.) cannot be avoided.
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This latter effect suggests that doping our sibesed sol-gel glasses with Eu increases the
amount of microporosity inside the samples, whghdnsistent with what found by Ferrati
al and what reported in ref. [21] for Eu doped sik@aogels and glasses. On the other hand,
since the hysteresis loop is connected to capillkopdensation in roughly cylindrical
interconnected mesopores (see ref. [52]), its mang® means that said type of mesopores
tends to disappear at high Eu content, either dwedlobal reduction in mesoporous volume

or due to a change in pore shape and organization.

The data provided by the isotherms has been arthiyjaeapplication of BET method on the
first seven adsorption points and of BJH methodhendesorption branch (see Chap. 3), in
order to calculate the specific surface area, tptak volume and mean pore size of the
samples; the obtained results are reported in &bt is however necessary to bear in mind
that BET and especially BJH methods are designech&soporous materials, and thus yield
rigorously correct and reliable results only foatthype of samples; since a non-negligible
part of the porosity of our glasses lies in theropores domain, as testified by the shape of

the adsorption hysteresis, the values reportedwbetmst be considered only as semi-

quantitative.
Sample SA (m’/g) Viores (cm*/g) Fpores (Nm)

B67,5 2nd syn 64 0.0712 4.4
B67,5 Eul 1st calc 66 0.0618 3.7
B67,5 Eu2 82 0.0880 4.3
B67,5 Eu3 109 0.0925 34
B67,5 Eud 55 0.0569 4.1
B67,5 Eu5 2nd syn 131 0.0914 2.8
B67,5 Eul0 115 0.0838 2.9
B67,5 1st syn 225 0.195 3.5
B67,5 Eul 2nd calc 184 0.149 3.2

Tab. 4.6: Textural data from BET and BJH methods (in grey, the two anomolies)

As we can see from the first column of the tabte, $pecific surface area of the samples
seems to increase with increasing weight perceatafjgu (except for the B67,5 Eu4 data); a
slight increase seems to affect also the totaliBpgmore volume, accounting for both micro-

and mesopores; on the contrary, the average ppeessems to become narrower with Eu
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content (but in this case the trend is less reyulanich is consistent with an increase in
microporosity at the expense of mesoporosity, aitth Whe detected narrowing of main

condensation hysteresis loops.

Since a complete textural characterization andagatlon is not the purpose of this witk
and since due to microporosity the BJH data asm@h completely reliable, we won't report
the BJH pore size distributions of our samples,witirwe spend more words on the textural

properties of our Eu doped bioactive glasses.
4.3.4: Influence of Eu3+ ions on the devitrification behavior, XRD analyses

With the aim of studying the effects of Eu ions the devitrification behavior of our
materials, we analyzed some of our samples witbreventional X-Ray diffraction powder
instrument, exploiting a Bragg Brentarb-"20" set-up. In particular, we characterized a few
"normal” (that is calcined at 700°C) glasses, aé agesome other samples purposely calcined
at higher temperatures (800, 900, 1100°C).

Below we show the comparison between patterns etéor samples calcined at 700°C:

450 -
| ' Molari 700°C
400 ——B67,5 Eu10 700°C
——B67,5 Eu5 700°C
350 —B67,5 2nd syn 700°C
; 300
8 |
2 250
®
c
@
£ 200
150
100
50 1 T T T T T T T T . )
10 20 30 40 50 60

2 theta (°)

Fig. 4.23: Comparison between diffraction patterns of glasses calcined at 700°C

*? The textural data are principally needed in order to carry out the in vitro bioactivity tests in the best possible
way, that is trying to keep them as reproducible as possible (see Chap. 5).
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As it is clearly evidenced, the materials treate@°C are almost completely amorphous,
even though a minor devitrified phase can be deteict the non dopel67,5 2nd syncase; a
rigorous identification of this crystalline phasenot possible, since we have only one broad
peak at 32°, but comparing Fig. 4.23 with Fig. dntl Fig. 4.2, we can reasonably state that it
should be some form of poorly crystallized or naetim size apatite. At high doping degree,
XRD patterns cannot detect devitrification, bustlbes not mean that devitrification actually
does not occur: in fact, it is highly probable tlsaime apatitic crystals are formed upon
calcination even in the case of B67,5 Eu5, but #reytoo tiny to yield significant diffraction

effects.

This hypothesis, as well as the identification wsthme form of apatite, is confirmed by
FTIR measurements, that for B67,5, B67,5 Bahd B67,5 Eu5, but ndor B67,5 Eul0 or
Molari, show slight apatitic phosphate peaks at 5800 cni* (see Par. 4.1.1 and Par. 4.3.6).
Even the luminescence spectra acquired via sieetpat excitation (see Par. 4.3.7 and Chap.
5) confirm the presence of Eu doped apatitic ctystaB67,5 Eul and B67,5 Eu5, and show
that the degree of crystallization decreases witlc@tent, up to almost no devitrification at
all in B67,5 Eul0 and Molari.

Therefore, considering all the available experirabdata, we can state with a reasonable
degree of confidence that Eiions have a slight kinetic hindering effect on ¢nestallization

of apatitic crystals upon low temperature heatineat

B67,5 and B67,5Eu5 glasses have be ] 5675 2nd syn 900°C
——B67,5 Eu5 900°C

calcined also at a higher temperature, 1600
particular at 900°C, to induce a mori 1400+

intense devitrification, and thus to allow= 27
= 1000 4

a more rigorous identification of the’;z:

formed crystalline phases. If we comparE -

the two resulting diffraction patterns j:: '

(Fig. 4.24), acquired with the same .

instrument and the same experiment 2 25 3 3 40 45 50 55

2 theta (°)

settings, we can notice that they are ] )
Fig. 4.24: Comparison between XRD patterns

practically identical, both in position and of glasses calcined at 900°C

3 Unfortunately, for this glass there was not enough powder left to carry out powder-XRD analyses.
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intensity of the peaks (maybe B67,5 yields a shghetter resolved pattern). However this
does not surprise us very much, since within ad#dilong high temperature heat treatment,

the kinetic hindering effect of Etishould be reasonably negligible.

The evolution of devitrifying phases has been fgfld in B67,5 Eu5 bioactive glass by
calcination of powders at 800, 900 and 1100°Cyréselts are shown in Fig. 4.25:

2400 — B67.5 Eu5 800°C
—B67.5 Eu5 900°C
\ — B67.5 Eu5 1100°C
S 1600 - ﬂ
S
>
=
[
(0]
=
800
T T T T ' | T T - T T T : 1
20 25 30 35 40 45 50 55
2 theta (°)

Fig. 4.25: Comparison between B67,5 Eu5 samples calcined at different T,

As it can be easily noticed, the patterns frompgbeders treated at 800 and 900°C are very
similar (the only relevant differences are at 23.46d 30°), and exhibit a very good match
with an hydroxyl-apatite phase (see below); sifeered pattern has more intense and well
resolved peaks than the black one, the apatitiseligiows in size and crystallinity with
calcination temperatufé as one would normally expect. On the other hamteasing the
annealing temperature up to 1100°C not only yiblelser apatite crystals, but also causes the
formation of other crystalline phases, as testifigdthe appearance of new peaks at 20.85°,

25.65°, 27.60°, 36.65° and 45.75°.

As for the identification of the phases, in B67 #bEalcined at 900°C we can recognize:

" This is confirmed also by luminescence spectroscopy analyses, which show that HA characteristic emission
peaks grow in intensity passing from a calcination temperature of 800°C to 900°C (see Par. 4.3.7).
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» An apatiticphase: good match wiHydroxylapatite, Ca(PQ,)30H,, JCPDS file -432;

» Calcium Pyrophosphat&€e,P,0O;, JCPDS file 23-871,

* Wollastonite:a calcium silicate, CaSs, JCPDS file 42-550;

* B-TCP: Ca(POy),, thatis the crystal into which HA tends to spontaneowesiglve wher
heated above 900°C, JCPDS fi-169;

In Fig. 4.26we report the diffraction patteiof a B67,5 Eu5 samplealcinec at 900°C, with
superimposed the JCPDS file of }

| | a ||_ ’I L, I.|‘__|_[|
i ylapatite, aym = = EcSSID._ raw Tar_ E:;:l,:‘,',:

Fig. 4.26: Identification of the apatitic phase in the XRD pattern of B67,5 Eu5 900°C

A very good match can be found also with a Calcium Europium d@xiSilicate
CaEu(SiOy)s0,, JCPDS file 2-320, an oxyapatite with the same type of hexagonéilcell
and the same BBn point group of HA, but with slightly differeia andc cell parameters; th
is due to the fact that the Bragg peaks of the $aidl crystals are practically in the sa

positions (just a few cents of degree shifted fesamnh other

However, in literaturésee ref. [17]we found out that, in order to synthesize the oayiap
a heat treatment at 1400°C for 4 days is necessryywe can reasonably state
CaEug(SiOy)sO, cannot crystallize under our synthesis conditiamereove, many other
experimental evidences confirme presence of Eu dopétA in our samples: for exampl
the luminescent fingerprint of Calcium Europium @xiSilicat: (ref. [17]) is very different
from the one detected for our samples, which in tsiidentcal to theEu dopecHA's one.

Switching to the diffraction pattern registered #87,5 Eu5calcinedat 1100°C together
with the cited phases (btlis time Wollastonite is much m¢presentwe can identif also:

* Quartz: SiQ, responsible for the huput-ofscale peak at 26.65°, JCPDS file-1161;
* Ca&Si0Oy, another calcium silicat JCPDS file 23-1042;
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4.3.5: Structural characterization by micro-Raman spectroscopy

The synthesized series of Eu doped bioactive glass®es undergone micro-Raman
spectroscopy measurements in order to gain somel&dge on the structural units of the
amorphous network; as previously said (see Chathi3)technique allows the identification
of the chemical bonds present in our samples ftoencharacteristic energy of their various
vibrational modes, provided that the vibration lit®auses a net change in the polarizability
of the structural unit. Said energy is calculatemirf the detected Raman shift, which is the
difference between the wavenumber of the instruimémtident beam and the wavenumber of
the light inelastically scattered by the sample] Hius is related to the characteristic energy
difference between the vibrational excited stagpoasible for the detected Raman scattering

and the ground state of the structural unit.

The Raman spectra acquired for our glasses areteepo Fig. 4.27; for our experimental

parameters, see Chapter 3.

Vsym(P_o)

L | [ ——B67,52nd syn

. : | |——B67,5Eul 1stcalc
8 (5+-0-51) Il —B67.5Eu2

| ——B67,5Eu3

— B67.,5Eu4
— B67,5Eu5
— B67,5Eul0
% |— Molari

Normalized Intensity (a.u.)

0,0

T T T T T T T T T [ T T
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Fig. 4.27: Normalized Raman Stokes spectra of our doped bioactive glasses

Since it was impossible to always employ the saowalization, or to always analyze the

same micro-volume of material, the absolute specaranot be quantitatively compared to
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each other; a qualitative comparison between tighhef the peaks, however, is possible if
we consider the normalized spectra. In particuigthout bibliographic information on which
of the peaks could remain reasonably unchangedrirspectra (if any of the like exists), we
saw no better solution than normalizing to theristy of the maximum peak (960 &n This
way we obtained almost comparable plots, but wetles possibility of intuitively evaluate
the changes in height of the "reference" peakadt, fdifferences in the intensity at 960tm

manifest themselves in a global lowering or incegasthe height of all the other peaks.

This approach might be considered questionablegesior example in the case of a
contemporaneous variation in the intensity of mpegks, reference one included, it would be
challenging to identify the actual modificationsrr a normalized spectra; however, it's also
true that the compositional and thus structurahgea in our series of bioactive glasses are

very gradud® (we alter 1% each time), so the trends should be easily ndileea

The principal features of our spectra are summadrineTab. 4.7 (data gathered from ref.
[21], [33] and [36]):

Raman Shift (cm™) | Vibrational mode Description
430 6(Si—0-Si) Si—0O-Si in-plane bending and out-of-plane rocking
490 D, Symmetric breathing of 4 members siloxane rings
603 D, Symmetric breathing of 3 members siloxane rings

Symmetric deformation of the network involving the Si

800 Bym(S1-0) and O atoms
960 Veym(P-0) Symmetric vibration of P-O bonds in PO,>" groups
1060 TO Vagym(Si-0-Si) Transverse optic antisymmetric stretching of Si-O-Si
bonds
1070 Vasym(P=0) Antisymmetric stretching of P-O bonds in PO, groups
1080 v(C-0) Vibration of C-O bonds inside carbonate groups
1250 + 1450 ?7?? Unidentified broadband connected to Eu content

Tab. 4.7: Summary of the most relevant features detectable in our glasses' spectra

What we notice the most in the reported plots it timcreasing Eu content causes a
progressive increase in the intensity of all peakshe expense of the reference 960" @me,
vsym(P—0), which means that this latter becomes letmnge; moreover, even the peak at

» B67,5 cannot be that different from B67,5 Eul, and this latter is very similar to B67,5 Eu2, and so on;
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around 1070 cih, vasyr(P—0O), becomes shorter and less resolved from ®ect’ one at
high doping degree.

Since those two peaks are associated with P-O bamdk since phosphate groups in a
crystalline environment are much more Raman adtie® in amorphous networks (see ref.
[33]), all this might mean that the amount of nayetals of HA formed upon calcination
decreases with Eu content, which is consistent witht emerges from both XRD (Par. 4.3.4)
and FTIR (Par. 4.3.6) analyses.

Another interesting feature is the broad band Extat 1250 + 1450 cm that is evidently
absent in the base B67,5 glass, and becomes mdrmare intense with increasing dopant
concentration: its height seems to be influencedbys,, alone, and not by the rest of the
glass composition, since B67,5 Eul0 and Molarisgas having the same £ %o but
different molar amounts of other oxides, exhibihtb& of the same intensity. No specific
information about it has been found in literaturet we can reasonably state that it is due to a
luminescence feature of Etions and not to Raman effect.

In particular, being redshifted of 1250 + 1450 tfrom the incident laser beam at 514.5 nm,
this band is located between 550 and 556 nm, amsl mhight be connected to the direct
radiative desexcitation from th®, levef® towards the'F; level (see Fig. 4.28; the reported
data are derived from the experimental spectra Wleshow in Par. 4.3.7). The very faint
(comparable with Raman Stokes signal) detectechsitieis consistent with this hypothesis,
because the probability of radiative transitionigioating from levels different from th#,
is very low for Ed* ions: in fact, the overwhelming majority of theeirons promoted to the
°D; level normally non radiatively relax to th®, level prior to emitting luminescence

photons in the transition to the ground state.

A s
E D, " )
5
DO A A 1
1 16779 cm™ 18692 cm™ 18200 cm
L727tcm =596 nm =535 nm =550 nm
=579 nm
7
Fl Y . v
7 v 2492cm”
Fo

Fig. 4.28: Simplified energy level scheme of Eu®" ions hosted inside the glass network

?® The transition 'Fo = °D; takes place upon absorption of photons having A = 535 nm (see ref. [20]), so the Ar
laser, having A = 514.5 nm, is sufficiently energetic to yield excitation of Eu ions in the °D, level.
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4.3.6: Structural characterization by FTIR spectroscopy

To complete the structural/vibrational charactdrara of our as-synthesized bioactive
glasses, together with micro-Raman we also carrmed some transmission FTIR
spectroscopic analyses; as explained in Chaptdris3technique allows direct promotion of
the structural units to excited vibrational statieugh absorption of IR photons, provided
that the resulting transition occurs with a chaimgine net electric dipole moment of the unit.
Since each vibrational mode of a solid has a chearatic energy gap with respect to the
ground state, by measuring the transmittahogthe sample as a function of the incident
beam wavenumber (and thus, energy) we can unddrsthith bonds are present and IR-

active in our samples.

For more information on the technique and on thpearmental set-up we used for our
analyses, we invite the reader to refer to Chagitbere we will only recollect that in order to
avoid losing the powders we characterized, we tekploit the KBr compress method, but,
on the contrary, to support our samples insidertsieument we put our powders between two

KBr windows normally used to carry out analysesiguids.

This, though allowing us to be completely non dedtve (maybe just a bit sample-
polluting), rendered the analyses extremely semsith the amount of powder placed between
the slabs of KBr, and to its degree of dispersibarefore, extracting quantitative information
from absolute spectra is out of discussion, andy aplalitative comparisons between

normalized curves will be made.

The normalized spectra acquired for some of oureddpioactive glasses, those that also

underwenin vitro bioactivity testing, are reported in Fig. 4.29:

%’ Defined as the ratio between transmitted and incident light intensities: Ty, = Itmnsm/l. y * 100 ; this way,
mcil
the absorption of the beam at a certain wavenumber, corresponding to the presence of a certain bond, is
detected as a drop in Ty, so transmittance IR peaks are visualized, in practice, as "transmittance wells".



Ry [ m—T
2,0 ——B67,5 Eu1

{ ——B67,5Eu5
184 | —B67,5Eu10
1.6 4 |—— Molari
1,4 4

1,2 -
1,0 4
0,8

0,6 -

Normalized Transmittance (a.u.)

0,4
0,2

0,0

Chapter Four: Eu*" doped bioactive glasses
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Fig. 4.29: Normalized FTIR spectra of some of our as-synthesized bioactive glasses
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ranging from 1600 to 400 chin fact, at higher wavenumbers there's littleoinfation on
Si—0O and P-0 bonds, and the plots are dominateuabsr vibrations.

Type of bond Symbol Type of bond Symbol
Si-0 [ Cc-0 A
P-0O | O-H (o)

Tab. 4.8: Symbols used in Fig. 4.29 to highlight and identify peaks

103

In literature we found a great number of articleslohg with FTIR characterizations of
bioactive glasses (see ref. [1], [2], [9], [13]2]2[32], [37], [40], etc), and since in almost
each of them a comparison between samples befdrafter bioactivity testing is shown, we
have a lot of information on how to interpret opestra (much more than with Raman, for
instance). Our measurements were carried out fl@d0 4o 400 cn (128 accumulations with
2cmit resolution), even if the majority of publicatioskow only the portion of spectrum

The most important spectral features are summaiizéab. 4.9, and highlighted in Fig.
4.29 using the symbols of Tab. 4.8.
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Wavenumber (cm™) | Vibrational mode Description
3600 Veym(O-H) Symmetric stretching of O-H bonds
3300 v(H,0) Y|bratlon of adsorbed water molecules (humidity
in the samples)
_ Antisymmetric stretching of CO, atmospheric
2360 and 2340 Vasym(C=0) molecules (bad background subtraction)
1600 + 1700 v(O-H) O-H deformation mode and H,0 bending
1450 v(C-0) C-0 bonds asymmetric deformation
Asymmetric stretching of amorphous phosphate
Vasym (P=0) groups (mainly at 1035 cm™)
1000 + 1200

Asymmetric stretching of Si-O-Si bonds
(mainly at 1085 cm™)

Asymmetric stretching of bridging oxygens in Q°

900 Vasym (P=0) in Q’ phosphate tetrahedra (PO,> groups with only
two connection to the glass network)

Vasym (Si—O-Si)

800 Veym (Si—0) Symmetric stretching of Si-O bonds
560 and 600 Veryst (P=0) Stretching of P-O bonds in apatitic environment
Opend (Si-0O-Si) Symmetric bending of Si-O-Si bonds
450 ; . . .
Antisymmetric bending of P-O bonds in
6abend(p_o) v &

amorphous environment

Tab. 4.9: Summary of the most important vibrational modes detected in our samples

As easily noticeable from Fig. 4.29, the spectrawf samples look all very similar to each
other: the same peaks are present, approximatdheisame positions, and their intensities
vary only slightly. Since in this work we are irgsted in identifying the modifications
induced by the introduction of Eu ions in the cosipon of our glasses, our attention must
focalize above all on the doublet of peaks at 5660 @00 cril, connected with phosphate
vibrations in an apatitic environment (see ref J78]nce it is not present in B67,5 Eul0 and
Molari, this means that no crystallization takesacgl upon calcination at high Eu
concentration. On the contrary, for low up to ndhe content those peaks can be detected
(though their intensity is really faint), therefor@s already inferred from XRD and Raman

data, we can further confirm that Eu has a hindeefifiect on the devitrification of HA.
4.3.7: Structural characterization by luminescence spectroscopy

In Chapter 5 we will describe in full detail thepeximental path we followed to discover

and explore the luminescence features of our ddypealctive glasses, while the theoretical
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bases of the characterization technique and thesrempntal set-up we employed are
described in Chapter 3; therefore, for a deepererstanding of what will be said in the

following pages we invite the reader to refer ta gzarts of this work, as well as to consult

more specialized, but yet didactic textbooks lie: Blasse, B.C. Grabmaietuminescent

materials Springer-verlag, 1994. Here we will just show whand of information site

selective luminescence spectroscopy can providenvithe analyzed samples are glasses

beforein vitro bioactivity testing.

As we will see in Chap. 5, by carrying out sitees@ive luminescence spectroscopy

measurements on_post-interactisamples it is possible to identify the presencetvod

"families" of EU’* ions, occupying radically different sites:

« one selectively excitable in thB, emitting level by tuning the incident lasers@9 nm

and corresponding to Eu cations insidedh@rphous network (broad band emission);

« and one selectively excitable in M by tuning the laser &74 nm and corresponding

to Eu centers within a crystalline environment (oarpeaks), in particular occupying the

Ca(ll) sites of arapatitic lattice (see Par. 4.1.2).

Using the same two laser wavelengths to excitashgynthesizedlasses calcined at 700°C,
we can obtain the emission spectra reported in£&RP (beam at 579 nm - glass) and 4.31

(574 nm - apatitic crystal):
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——B67,5 Eu10 exc579
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Fig. 4.30: Emission spectra of our glass powders when excited at 579 nm (no offset)
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Fig. 4.31: Emission spectra of our 700°C glass samples when excited at 574 nm (with offset)

The spectra acquired with excitation at 579 nm.(Eig0) look all very similar, with broad
emission bands located within the most common veagth ranges for Bliions; the only
relevant difference is in their intensity, and iarticular in the height of théDy — 'F»
transition, which increases with Eu content up %,& but then decreases in the case of
B67,5 Eul0. This effect might seem illogical atiratfglance, but it is not: in fact, even if in
the beginning increasing the amount of emitting@encauses reasonably an increase in peak
intensity, when a certain concentration of ionsexxeeded the equation "more excitable

luminescent centers = more intense emission" besamenore valid.

This is due to the fact that the higher the dopmiagree, the closer Eu ions will be inside the
amorphous network (supposing an homogeneous disai®), and thus, beyond a certain
point, Energy Transfe(ET) between centers becomes possible. Thereiforeighly doped
glasses (and this is true for any kind of emitiimg, not only for Eu) the luminescent ions can

cross-desexcitate between each other, that isrc@ntein the excited state, can relax non

%% Even worse is the case when emitting centers tend to segregate, phase separate or clusterize, because this
way they get within the critical distance for energy transfer much earlier, and thus the emission intensity
starts to drop at considerably lower concentrations. It's in this optics that the presence of P in our glasses'
composition is highly beneficial, since it helps in preventing RE clusterization (see ref. [21]).
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radiatively to its ground state;Ay effectuating an ET towards another identicaitee A,
present in its proximity, which consequently ismpaied to an excited state A

This effect alone, however, cannot explain the atbed 'Concentration self-quenching

(CSQ) of luminescentahat is, in our case, B67,5 Eul0's low emissiort;

* since in our bioactive glasses there is a condidiei@mount of residual —OH groups, due
to the sol-gel route we exploited for their syntk€see also FTIR spectra of Par. 4.3.6);

» and since hydroxyl moieties are very powerful luesicence quenchers, because they
provide a most favorable non-radiative desexcitapath, due to the high characteristic
energy of their vibrational mode,

then the explanation becomes almost straightforwbeyond a certain concentration of
dopant, the statistic probability of hydroxyl aslwas of other types of luminescence
guenching becomes higher, because now, thanke foassibility of ET between centers, it is
more probable for an excited center to be locatdte vicinity of a quencher. And, obviously,

more quenching equals less emission intensity.

Let's make an example to make things clearernifdgis within the critical distance for non

radiative coupling from an hydroxyl group, and lisoenext to an excited centeg A

« if Eu's % is higher than the critical value for C3fjen the ions are close enough far A
to effectuate ET towards,Aand thus A's emission will be quenched by théH;
« if on the contrary we are below said critical camtcation, then ET is impossible, and A

is "forced" to desexcitate by emitting a luminesmephoton, leaving Aundisturbed.

In other words, below the CSQ point the excitatan be regarded as "bound" to the
actually excited centers, while beyond that domamicentration it becomes "mobile”, that is
it can migrate from a center to another via ET sthendering more probable the encounter

with a quenching trap.

All of this said, it seems highly probable that centrational self quenching takes place in
the case of B67,5 Eul0, but unfortunately we castaie with precision which is the critical
CSQ concentration for our bioactive materials; wan only estimate that it's located
somewhere in between 5 and 1Q%f EwO3, since no intermediate doped glasses have been
synthesized between the B67,5 Eu5 and B67,5 Euipasitions.

Switching now to Fig. 4.31, this time we can easpot some considerable differences
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between emission spectra: some thin peaks (chasticteof a crystalline phase), located at
around 602, 622,5 and 629,5 nm, tend to disapp#hrincreasing Eu content. As it will be
clearly demonstrated in Chapter 5, those peakdeaattributed to Eu ions occupying Ca(ll)
sites of Hydroxylapatite crystals, and thus theicréasing intensity with doping degfée
means that Eu has a hindering effect on the dbeétion upon heating of apatitic phases, as
confirmed by FTIR, Raman and XRD analyses on sasmga&ined at 700°C.

A further validation of the attribution of said ession peaks to Eu ions inside HA can be
found in Fig. 4.32, where we report the emissioaca upon excitation at 574 nm of B67,5
Eu5 powders calcined at different temperatures ,(7800, 900 and 1100°C): it's
straightforward to recognize the same three pedkSigp 4.31, increasing in height with
calcination T. Now, since increasing T yields lardgeetter crystallized crystals, and since
from XRD analyses (see Par. 4.3.4) we identifiexldbvitrified phases as mainly HA, than a

reasonable connection can be established betwe&naXR luminescence peaks.

In Chapter 5 the same correlation will also be tbwith Raman and FTIR measurements
on post-interaction samples, and, moreover, agai@hap. 5 we will report a comparison
between an experimental emission spectrum with idé-peaks and the plot detected by
Ternane (see ref. [11]) for his sol-gel deriveddfyped Hydroxylapatites; the perfect match
we will find shall be the ultimate proof of the idity of our peak attribution.

- ——B67,5 Eu5 exc574 700°C
—— B67,5 Eu5 exc574 800°C
—— B67,5 Eu5 exc574 900°C
Lol ——B67,5 Eu5 exc574 1100°C
- 10 H
. ‘\
L) |
> 8
2 /)
&
E ™ J
1=
2]
0 I T : T ) T r T u T . T J 1
580 600 620 640 660 680 700 720

Wavelength (nm)

Fig. 4.32: Emission spectra (Ae = 574nm) of B67,5 Eu5 samples calcined at various T (offset)

2 However, in the case of B67,5 Eul0 and Molari this effect might also partly be due to the concentrational self
quenching of luminescence.
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Last but not least, we want to rep
104 |[——B67,5 Eu1 2nd calc exc574 700°C|

the emission spectrum upon excitat
at 574 nm of one of the "anomalot
glasses we synthesized: B67,5 Eul
calc (see Par. 4.3.3), having the s¢

Intensity

composition of B67,5 Eul, the sai
Tcac = 700°C, but fired only a fe
months after the drying ste¢ In Fig.

4.33 we can see enormous HA peg

even hlgher than those norma 580 ‘ 6[;0 I 62IO ' 5‘;'0 I 6(]30 ' SéO I 760 I 750
Wavelength (nm)

detected after 4 days of interaction w

Fig. 4.33: Emission spectrum (Ae = 574nm) of the

biological fluids (Chap. 5) or afte
stabilization at 900°C (Fig. &2).

This is the reason why in Par. 4.3.3 we said te#yed calcination, besides yielding mt

anomalous sample B67,5 Eul 2nd calc

more mesoporous samples, enhanced also devitieiicapon heating ¢700°C
4.3.8: Conclusions

In this chapter we havpresented the issue we faced during the reseatohitygd.e. the
need of a new tool for characterizing biominerdl@a processes, and shown why, at lea:
theory, our ideathat is doping bioactivelasses with EXf ions and carrying out site selecti
luminescence spectroscopy measurements orinteraction samplesmight be an effectiv
solution. Then we have described first our experimental aggrdo this thesis, and secc
how we actually syhiesized our materials, pointing out advantagesdaabacks of the s-
gel protocol we employed. Finally, we hareported the results dhe various analyses v
carried out on our preveraction doped samplesdemonstrating how site selecti
luminescene spectroscopy can be a useful tool for detectlagitrification upon hee

treatment in our glasses.

Finally, by cross referencing all the data we gathered, \wehed the conclusion that **
ions at high concentrations hinder the devitrifmatof Hydroxylapatite upon calcination
700°C.
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Chapter Five: The bio-mineralized samples

In this chapter we will first describe the proceslwe followed to carry ouin vitro
bioactivity tests on our doped and undoped soldgglved glass powders, pointing out its
strengths and its weaknesses; then we will exglanexperimental path that, through site
selective luminescence analyses, led us to thetiidation of the characteristic spectral
signature of doped Hydroxyl-carbonate-apatite afgstformed during interaction with
biological simulated media; finally, we will predeall the data we gathered through various
characterization techniques in order to validager#sults of our luminescent structural probe.

5.1: In vitro bioactivity testing

5.1.1: The simulated biological medium, DMEM

The synthesized bioactive powders have been tésliesving a well established protocol,
already used by other researchers of the teamréde§23] and [49]), and very similar to
many static procedures reported in bibliography éample see ref. [31] or [40]), which in
turn are all more or less derived from the milestarticle by Kokubo et aGolutions able to
reproduce in vivo surface-structure changes in biv@ glass ceramic A-WJ. Biomed.
Mater. Res 26,1147-1161 (1992).

A major difference exists from this latter articlastead of SBF (Simulated Body Fluid) we
employed Dulbecco's Modified Eagle Medium (DMEM)cell culture medium. While the
former is merely an ionic solution mimicking humglasma'’s composition, the latter, besides
Na’, C&*, CI” and other ions, contains also vitamins, amino saoigucids and other bio-
organic molecules meant to sustain cell growth. idméc compositions of human plasma,
SBF and DMEM are reported in Tab. 5.1, while thgaoic components of DMEM are listed
in Tab. 5.2:

Na* K Mg | ca* CI” | HCO;™ | HPO, | SO,
Human Plasma | 142,0 | 5,0 1,5 2,5 | 103,0 | 27,0 1,0 0,5
Kokubo's SBF | 142,0 | 5,0 1,5 2,5 | 1480 | 4,2 1,0 0,0
DMEM 1553 | 5,3 0,8 1,8 | 1157 | 44,1 0,9 0,8

Tab. 5.1: lonic concentrations (in mmol/L) of natural and simulated biological media
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Amino Acids Concentration Vitamines Concentration
Glycine 30 Choline chloride 4
L-Arginine hydrochloride 84 D-Calcium pantothenate 4
L-Cysteine 2HCI 63 Folic Acid 4
L-Glutamine 580 Niacinamide 4
L-Histidine hydrochloride 42 Pyridoxine hydrochloride 4
L-Isoleucine 105 Riboflavin 0,4
L-Leucine 105 Thiamine hydrochloride 4
L-Lysine hydrochloride 146 i-Inositol 7,2
L-Methionine 30
L-Phenylalanine 66 Other components Concentration
L-Serine 42 D-Glucose (Dextrose) 1000
L-Threonine 95 Phenol Red 15
L-Tryptophan 16 Sodium Pyruvate 110
L-Tyrosine 72
L-Valine 94

Tab. 5.2: Concentration of bio-organic species inside the DMEM (in mg/L)

This choice was made with three principal aims:

» to grant as much continuity as possible betweenvleemost common stages of the
vitro bioactivity testing protocol, that is: first, imgetion with simulated biological fluids
(carried out in the present work); and second, aditlesion or cell culture assays (maybe
possible in the future developments of this thesis)

» to follow the path already laid by other researstarthe team (all of which used DMEM
as biological medium), in order to be able to ekphbso their published experimental
data to better understand the biomineralizatiocgsses;

» to avoid the need of manually preparing SBF rigifole interactions: in fact, this latter
is a home-made solution "brewed" by mixing appraggriamounts of salts in deionized
water, so during its preparation operative errarsvall as biologic contaminations of the
liquid can take place; on the contrary, DMEM is @menercial product, sold in a
sterilized state and with certified ionic and big&nic compositions (in our case our
supplier was Biochrom AG), whose sealed bottles banstocked in a fridge for
reasonably long periods of time and be opened wleneed arises (however, they must
then be consumed or disposed of within a few days).
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Moreover, it has been demonstrated by J.E. Gough,Henchet af* that the differences in
bioactive behavior brought about by the use of DMHEstead of SBF are extremely small,
and consist of a slight decrease in HCA precimitakinetics and of a reduced apatitic layer
thickness. This is due to the fact that DMEM's oiganolecules can adsorb onto the granules
of bioactive glass, thus hindering a little thesdisition and precipitation processes that take

place on their surfaces upon immersion in simulatetbgical fluids.
5.1.2: Our interaction protocol

The doped glasses' bioactive behavior has beesdtbgtimmersion of appropriate amounts
of powders in appropriate volumes of DMEM for vaisanteraction delays; in particular, the
assays were performed inside closed disposablesthglgne 50mL bottles (obviously, one
for each time interval of each different glass cosipon), kept in an oven at a constant
temperature of 37°C (more or less the same asuimam body) and manually shaken several

times a day to avoid localized concentration effect

Since the main interest of this work is to provat thite selective luminescence spectroscopy
Is capable of detecting HCA formation even aftest ja few hours of interaction, the delays
we decided to study weré: hour, 6h, 12h, 1 day, 2d, 3d, 4dherefore, each type of glass
required a series of 7 bottles to be tested. Taiohih practice such samples, one can exploit

two principal approaches:

» Startall the biological interactions of a series at gagne timethis way any possible
degradation of the DMEM caused through time bydgalal contamination or oxidation
of the solution is completely avoided,;

» End all the biological interactions of a series at fane timethis way all the liquids

deriving from bioactivity tests can be analyzed MG®-AES in one shot.

Due to the fact that the employed ICP-AES instrumeas not located in the same
department of our laboratory, and to the fact thatas impossible to use it "at will", but we

needed to reserve analysis time in advance, we fwared to follow the second method.

On the other hand, since we had to work with maleunder the form of powders to be able
to carry out a series of characterizations withekisting equipment, a serious problem arose

regarding our luminescent probe's validity: biomahligation during interaction with

'p.c Clupper; J.E. Gough; M.M. Hall; A.G. Clare; W.C. LaCourse; L.L. Hench; Journal of Biomedical Materials
Research Part A 2003, 67A, 285-294.
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biological media is fundamentally a surface drivemces3, and our_samplesio have

different specific surface arealues (see Par. 4.3.3), owing to their differ@mpositions, so

they naturally would react with DMEM at differerattes and thus to different final extents.

Moreover, bioactivity tests, besides yielding biapralized samples to be studied via site
selective luminescence spectroscopy and other itpodsy are also meant to identify the
effects of the dopant alone on leaching, hydrolygisistance and HCA formation for probe
validation purposes, so, in order to make well gomd comparisons between results
belonging to different glasses, we had to designesstrategy that could allow us to isolate

the contribution of the increasing Eu concentratibbom that of the different surface areas.

To solve this issue at the best of our possibdjtiwe used the same solution exploited by
other researchers of the team (see ref. [23] afq) [@s well as by some other famous
academics (see for example ref. [31] by Rehmanfi8dnand_Hench that is we tailored the
amount of glass powders and the volume of DMHMorder to always achieve a fixed ratio
between total surface area of the sample and vobfriquid. In particular, with the purpose

of exploiting the data already gathered by the gram undoped bioactive glasses, we
calculated the weight of powder to be put into eatéraction bottle by using the following
simple formula, extracted from J. Lao's PhD thést [49]):

Mgiass= 500 - (\bmem [in mL] / Specific Surface Area [in nf/g])- 10*

We recognize that this approach might be considguestionable, so a critics on it will be
developed in depth inside the next paragraph. k& fibllowing table we report the

combinations weight of powder / volume of DMEM watally used in bioactivity tests:

B67,5 B67,5 B67,5 Eul | B67,5 Eul
1st syn 2nd syn 1st calc 2nd calc

Surf. Area 225 m?/g 64 m?/g 66 m?/g 184 m%/g 131 m%/g 113 m%/g 49 m?/g

B67,5 EuS | B67,5 Eul0 Molari

1109 mg 31.18 mg 30.24 mg 16.27 mg 19.08 mg 22.04 mg | 40.55mg

Combination | 5, 40 mL 40 mL 60 mL 50 mL 50 mL 40 mL

Tab. 5.3: Experimental parameters used for our bioactivity tests

2 Because, as already said in Chap. 1, the actual amount of surface available for ionic exchange and nucleation
& growth processes deeply influences the kinetics of apatite precipitation.

® This latter, however, was limited by the capacity of the container, and thus was almost always kept equal to
50mL, except for the cases when "extreme" specific surface area values would have yielded too little or too
big values for the weight of the powders.
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As it can be easily noticed, not all the synthedizpasses have undergome vitro
biomineralization assays: since these tests andctimsequent characterizations are both
expensive and time consuming, we chose to perfootodical interactions only for the base
bioactive glass and for three samples respectatelgw (1%,), medium (5%) and high (10%)

doping degrees.

However, a few exceptions were made: since it wagossible to carry out ICP-AES
characterizations on the B67,5 Eul 1st calc selirsto a malfunction of the instrument in
the date scheduled for the analyses, and sincaviiitable amount of said powder was not
enough to perform a second test, the interactionstife 1% dopant concentration were
repeated also on a newly calcined material: B61,56 Znd calc. Therefore, while all the FTIR,
Raman, luminescence, etc characterizations havedagged out on post-interaction powders

of the first test, ICP-AES data refer to post-iatgion DMEMSs of the second series.

Moreover, in order to have enough biomineralizedtemi@ for XRD analyses, a
considerable amount of B67,5 Eu5 (190.8 mg in 500aihDMEM) and of B67,5 powders
(110.9 mg of 1st synthesggass in 500 mL of fluid) has also been testegdrticular, for this
latter composition we had the possibility of chogsbetween powders deriving from the first
(SSA = 225 mg) or from the second (SSA = 65%) synthesis; since our aim was to
compare their diffraction patterns to B67,5 EuSie(SSA = 131 ffg), we decided to test

the powders with higher specific surface area value

The exploited interaction protocol described in éidtail consists of the following points:

1. Each and every vessel used in the test is markdd thee name of the sample it will
contain (both type of glass and interaction delay)articular, it is necessary to prepare
and classify for each glass composition: 7 PE 50algené bottles, in which the assay
itself is carried out; 7 Eppendorf caps, where pensdare collected after interaction; 7
tiny 10mL glass bottles, where an aliquot of poséfiaction DMEM is stocked, in order
to be successively analyzed via ICP-AES;

2. An appropriate amount of powder, calculated using &bove reported formula, is
weighed and put inside each PE bottle;

3. Depending on the scheduled hour and date for threedg of liquid samples to the ICP-
AES analysis center (and keeping into account ithe heeded to practically recover
each biomineralized glass from its solution), a tight time each interaction with
biological medium is started by pouring into thetkeothe required volume of DMEM
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(usually 50mL); for this operation, carried out endaspiration hood, an Eppendorf
pipette with carefully Ethanol-cleaned disposalge ts used.

4. The filled bottle is tightly closed, vigorously $tem and put inside an oven at 37°C,
where it is left for the required amount of timeyipdically agitated to prevent localized
concentration effects.

5. When the interaction delay has expired, the bastleithdrawn from the oven, and an
aliquot of DMEM is collected with a pipette fromethtop of the solution (to avoid
aspiration of powder grains, located mainly onllb&om part of it) and poured into the
corresponding 10mL glass bottle.

6. The pH of the interaction medium is quickly measlusing a pH-meter;

7. Using another pipette, the biomineralized powdeesvathdrawn from the solution and
put inside the correct Eppendorf cap, where theycantrifuged at 3000 rpm for a few
seconds; the residual DMEM is eliminated from tlep @and the powders are then
redispersed and rinsed in ethanol.

8. Finally, the powders are centrifuged again, theesgcethanol is eliminated and the

Eppendorf cap is put inside an oven at 37°C fomgdrpurposes.

At the end of this procedure, 7 liquid samples adtgnteraction DMEM and 7 samples of

post-interaction biomineralized powders are obthiioe each tested glass composition.
5.1.3: Drawbacks of the employed method

The first critic one might express about our intéicn protocol is that it is far from being
adequate from the technical-biological point ofwieeven though the utmost attention and
care were paid in cleaning bottles and pipette tipsugh we always worked under aspiration
hood, etc., nevertheless we operated in a chemaywhere obviously sterile equipment
(gloves, vessels, spatulas, pipettes, etc) is matlable; we employed a common oven,
normally used for drying lab glassware, instea@ afedicated incubator; we shook manually
the bottles instead of using a continuous mechhd@ace, etc. However, even if this critic is

grounded, what we did was actually the best wedcdalwith our available resources.

Another interesting criticism might be that we tdrthe various interactions of each series
at different times: it would have been far bettestart them all together, and to stop each one
after the right delay, because DMEM deteriorateghtlly over time once its bottle is opened,

even if it's stocked in the fridge. For examples #olution's pH passes from 7.44 (just after
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the removal of the seal) to 7.78 after two days a&® after three days, so this means that
some alterations take place within the liquid, neaglhe to oxidation processes, maybe due to
bacterial contamination. However, since we coulgetform ICP analyses at will this

method was out of discussion, and we were forcedake all the interactions end at the same

time.

The most important drawback of our protocol, howelies in its unavoidable sensitivity to
the specific surface area (SSA) value of the sasnjtefact, keeping a constant:3 Vomewm
ratio can only help compensating little differencasd works mainly for ICP analyses, but
with very distant SSA values the alterations innfiimeralization kinetics become too
significant to be balanced. Let's explain this pairbetter detail.

From a theoretical but simplistic point of view, laast for what concerns the leaching
behaviorthe "constant ratio trick" should work: in factjem if wider surfaces release more
ions because they are more easily attacked byidb&l Iphase, compensating this effect by
increasing the volume of biological medium shoulieldy comparable final ionic

concentrationgi.e. amount of ions_/ volume

This argument, however, neglects a series of ishasnight happen:

» Specific surface area values are determined frarogen adsorption measurements, and
from those values we calculate the total surfacethef powders we put inside the
interaction bottles; however, we don't know whetther biological medium can infiltrate
the interconnected porosity to the same extentmidlecules can, or not, therefore we
don't know either if the whole calculated surfacwally interacts with DMEM or, more
likely, only a part of it is interested in biomimdization processes. This way, the
calculated &; / V ratio might be different from the actual orsnce the "effective
surface" might be smaller than the BET-derived S

* Our approach neglects the possible evolution obgity with interaction time: some
pores might become initially wider due to glassamek dissolution, while, later, others
might be blocked by the growing Ca-P amorphousriayel HCA crystals. Evidently,
these effects cannot be easily quantified, so keeihiem into account in a formula or in

the protocol is practically impossible.

* Moreover, due to the high ionic concentrations of our samples, a costly and time consuming thorough
cleaning process of the instrument was necessary after each batch of analyses.
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» Samples with different total pore volumes, or paiees, or pore shapes, or pore
tortuosities might experience different solutioagstation effects, which in turn influence
in a non-negligible way the overall ionic releases.

» The leaching process in a sample with high SSAivesea considerable surface-induced
kinetic boost if compared to what happens in agylash low SSA, therefore their ionic
releases will be different not only in their abgelwvalues, but, above all, in their timing:
i.e. a powder with high SSA reaches a certain aegfdonic release way before than a

sample with low SSA, and this effect cannot be censated by the "constant ratio trick".

Summarizing, it appears evident that keeping ateohsatio between total surface of the
sample and volume of DMEM can help us in compengatine differences in SSA values
existing between our powders, but cannot elimitlagen; therefore, ICP-AES data on ionic
release can be rigorously compared only betweens paisamples having close SSA values
(for example B67,5 Eu5 with B67,5 Eul0; and B6/8 &yn with Molari).

As regards HCA biologically-induced precipitatidhe effects brought about by diversities
in SSA are completely unavoidable and unbalanceatdee surface yields more nucleation
sites and more space for crystal growth, theretoeeamount of HCA formed (and its rate) is
highly dependent on the total surface of the samjleerefore utmost care must be paid in
the interpretation of results provided by charazé&tion techniques.

All of this said, even with all these issues, yet believe that, by paying attention to the
correct interpretation of data, our interactiontponl can provide us useful information on
our samples. On the contrary, better comparabldtseg/ould have surely been obtained if
we had tailored each time the synthesis protocolder to create powders with identical SSA
values, that's true, but this way we would have getely lost reproducibility in the syntheses,
and therefore those rigorous results would havddete no information about the
modifications intrinsically induced in our bioaaiwglasses by the dopant, because further
extrinsic and unaccountable alterations would H#een introduced.

>In our case, with our fixed S / V ratio value, ions contained in DMEM were never a limiting condition for
precipitation, that is they were never completely depleted.
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5.2: Site selective luminescence spectroscopy analyses on post-

interaction samples

Before starting to describe the path we followedthe exploration of our luminescent
structural probe's potential, we have to warn #eder that in the following pages he won't
find almost any complete (covering the "usual” &0 + 550 nm, as in most literature
about Ed") excitation spectrum of our samples. This is duart exceptional dose of bad luck
with the Xe lamp used as excitation source in tleasarements, which actually worked only
for one afternoon in six months, the rest of theetremaining out of order. We anticipate also
that in the following paragraphs we won't presmmtdata in a strictly organized way, but, on
the contrary, we will really describe almost infaanological way the little discoveries that,
step by step, led us to the demonstration of thidisaof our probe. For more information on

the experimental set-up or on the characterizagohnique itself, please refer to Chapter 3.
5.2.1: Emission spectra with excitation in the 5D level

Due to the above mentioned impossibility of perfomgn excitation analyses on our
biomineralized samples, we started out with emrssiminescence measurements by trying
to selectively excite Eli ions located inside the amorphous glass netwarkja so, we
referred to an excitation spectrum (reported in. Fdl) previously acquired by another
member of the team on a B67,5 Eu5 composition bgitmong the emission of theDy —

’F, transition (i.eAqps= 614 nm).
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Fig. 5.1: Excitation spectrum of a B67,5 Eu5 glass calcined at 700°C (Agps = 614 nm)
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Since the synthesis of this latter glass was ahwoig following our very same protocol, we

hopefully made the hypothesis that the excitati@velengths remained identical also in our

case; in the following pages we will see that tkisot completely true (see Par. 5.2.4), but

the little mismatch betweenwas highly providential, since it allowed us tdet# also a faint

emission from EXi ions inside apatitic crystals.

In order to reach the maximum possible emissior

intensity, we decided to_excite the samples in e

level, at 456 nnthighest peak in Fig. 5.1); as already said

in Chapter 3, however, the main emitting level of iE
the’Dy, and in fact what actually happens upon excitatior

in the °D, is that the excited electrons non radiatively

Energy

relax to the®Do, and thence they return to one of the
levels of the7F,- ( = 0 .. 6) fundamental manifold by
emission of a luminescence photon (and this latte

emission is the one we detect; see red arrowsyins2).

However, emission from théD, as well as non
radiative relaxation to the5D1 and then radiative

desexcitation to théF, manifold are also possible, even

L]

bl = Lh SN

though much less probable, and therefore theirctidite Fig. 5.2: Simplified energy level

intensities are much much lower.

scheme of Eu* ions

To obtain a 456 nm beam with our dgger we had to employ the Anti-Stokes 1 beam of its

H, Raman cell attachment; in particular, the exptbgettings were as follows:

* Pumping laser: pulsed frequency doubled Nd:YAG (b31).

» Dye solution: pure Rhodamine 590.

* Laser fundamentab64.5 nm this is the wavelength of the beam at the exithef dye

laser, that is before it enters the Raman cell.

+ H, Raman cell beam selectiohnti-Stokes 1 (shift of +4155 crit) — 456 nm this beam

is separated from the four other components (uaddmental, Stokes 1 and 2, Anti-

Stokes 2) coming out of the Raman cell by meansdtiple dispersion prisms (Pellin

Broca prisms), and is focalized and directed ongosample by means of focusing lenses.

» Degree of focalization: high, in order to compeasas much as possible for the low
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intensity of the Anti-Stokes beam.

To detect the emission of our samples we used a Jobin-Yv&1080 monochromator
coupled with a Hamamatsu R1104 photomultiplier anth a EG&G PAR 162/164 Boxcar

Averager (to perform time-resolved spectroscopyysesa), exploiting the following settings:

* Analysis range: 556> 712 nm.

* Lambda step: 0.325 nm.

» Photomultiplier voltage: 800 V.

» Variable resistance: 100X

» Acquisition delay from front laser pulse: 60% ofn2.
* Integration gate interval: 5 ns.

* Temperature: room temperature.

Since the available excitation data were acquirechfa B67,5 Eu5 pre-interaction glass, the
described analytical setup was first employed talyame our B67,5 Eu5 series of
biomineralized samples; the resulting emission tspeare reported in Fig. 5.3. In particular,
being interested in the evolution of the relatimtensities of the various transitions, we have
normalized the spectral data to the intensity ef’fby — ‘F4 peak, whose detected height is
practically independent from the interaction delay.

& 5D0 - 7F2
611+620nm ——B67,5 Eu5 0h
- ——B67,5 Eus 1h
——B67,5 Eus 6h
——B67,5 Eu5 12h
——B67,5 Eu5 1d
B67,5 Eu5 2d
—— B67,5 Eu5 3d
——— B67,5 Eus 4d

5D0 —> 7F1

Normalized Intensity (a.u.)

5D0 — 7F4
14 573:581n W | Dp— 'F
: N\ 0 3

/ ‘ 650 + 660 nm

e
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Fig. 5.3: Global emission spectra acquired for the B67,5 Eu5 biomineralized
glasses series with excitation in the °D, level, at 456 nm
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First of all, the obtained spectra certainly bese distinctive mark of Eli ions located
inside an amorphous matrix: in fact, we detectedtyipical wide emission bands caused by
inhomogeneous broadening, and their positions elative intensities are perfectly consistent
with what is published in literature about Eu dojpeshctive glasses (see ref. [4], [10], [20])

From the reported plots and, above all, from alisotwrves (not shown), we can easily
notice a global lowering in the emission intensitigh interaction time, which is perfectly
consistent with the fact that Eu ions are progwesdgileached from the bioactive glass
network; from ICP-AES data we will also see thatllo not remain in solution, but, on the
contrary, they are quickly depleted, which meaias tluring interaction with biological media
Eu is increasingly incorporated inside the amorghcalcium phosphates layer and inside the

HCA crystals (as we will demonstrate later) in depenent on the surface of the powders.

In fact, it is reasonable to state that in these tatter phases Eu ions occupy sites
significantly different both in site symmetry and/stal field intensity from those present in
the silicate amorphous network, and thus thejr— °D; transitions shift to different energies
due to different Stark splittings of both the matds; therefore, Eu ions in HCA and Ca-P
layer are no more effectively excitable at 456 rand thus the global intensity of the

detectable emission becomes lower and lower widraction delay.

A decrease in emission intensity is also consistatfit the formation of a highly silanol-rich
silica gel layer on the surface of the grains (joslow the Ca-P and HCA layer) owing to
ionic exchanges between glass and biological medsae® Chap. 1): the increasing amount of
luminescence-quenching —OH groups renders noniragliadesexcitation routes more

probable, and thus the REE emission intensity besancreasingly lower.

Another interesting characteristic of the acquispéctra is that the relative intensity of the
°D, — 'F, peak decreases with bioactivity testing time;iterature this transition is reported
to be hyper-sensitive to the degree of symmetrthefCF (high asymmetry, like in crystals,
yields high intensity; anglice versg so this might mean that the progressive breakfuthe
glass network consequent to the interaction witl ldnd OH molecules of DMEM renders
the amorphous lattice increasingly disordered,thnd, increasingly symmetric (i.e. we move

towards compensation isotropy).

The_most important spectral featwe can identify in the curves of Fig. 5.3, howevethe

coupleof peaksat around 574 and 579 nm, within tlypical wavelength range 6Dy — 'Fo
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transitions: as previously said in Chapter 3, the>®@ transition is non degenerated, thus it
manifests itself with one single peak for eachedé#ht emitting site present in the sample; the
detection of two perfectly resolved peaks in thighhenergy region of the spectra clearly

indicates the existence of Eu ions occupying tvifedint sitesboth somehow excited by the

incident 456 nm laser, but emitting at slightlyfeient wavelengths.

Intrigued by this double peak, we decided to repisat emission measurements by
focalizing our attention only on th®, — 'Fy and°Doy — 'F; transitions; in particular, the
new settings used for this batch of analyses were:

* Analysis range: 576> 605 nm;

* Lambda step: 0.075 nm;

* Photomultiplier voltage: 950 V;

(all the parameters not cited above remained umgdwn and the obtained spectra are
reported in Fig. 5.4; for clarity purposes, thevasr have been normalized to their maximum
intensity and presented adding a certain offsetden them.

B "Do— 'y

2.0 -

1.8

1_6;
1_4;
1‘2;
104

0.8

Normalized intensity (a.u.)

] ——B67,5 Eu5 0h
0.6 - ——B67,5 Eu5 6h
] ——B67,5 Eu5 12h
0.4 - ——B67,5 Eu5 1d
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Fig. 5.4: Emission spectra acquired from post-interaction samples of the

B67,5 Eu5 series (Aexc = 456 nm); zoom on the Do — "Fo , ’F, transitions

This time the presence of two different peaks auad 573 + 574 and 577 + 579 nm is

clearly evident, and it is also straightforwardntatice a trend in their relative intensities: the
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peak at 574 nm becomes progressively higher thanotie at 579 nm with increasing
interaction delay. This means that the phase wkereccupies the site responsible for the

574 nm emission (site A) becomes more and more daninwith increasing bioactivity

testing time Moreover, a difference in emission wavelengthamuch as 4 + 5 nm is very
high, which means that the crystalline fields iniebhEu ions are embedded inside the two
sites are radically different.

Now, a feature like this was exactly what we hopedietect in order to demonstrate the
effectiveness of our structural luminescent probiece a similar behavior is perfectly
consistent with our hypothesis of Eu entering iastte precipitated HCA crystals (that
indeed grow with interaction time): in fact, if teenission at 574 nm was actually connected
with Eu in HCA (and in the following pages we wilemonstrate so), then the increase in
peak intensity would be the tangible sign of theldmically induced growth of an apatite
incorporating E& ions, and therefore these latter could actuallgdresidered a useful tool in
detecting and quantifying biomineralization proess# bioactive glasses.

Before going on with the discussion, we need topout a few things:

* A low 574 nm peak is present also in the spectrequiaed from the as-synthesized
B67,5 Eu5 glass (i.e. before bioactivity testinigic curve in Fig. 5.4); this is consistent
with the slight devitrification of Eu doped apatitphases upon calcination at 700°C
showed and discussed in Chapter 4.

« The only detected peak belonging to Eu:HA hereimected to theD, — ‘Fy transition
(574 nm); as we have already stated in Par. 4ah@,as we will experimentally see in
Paragraph 5.2.3, this is due to the peculiar pgiatip symmetry of the site occupied by
Eu in the HCA lattice, which renders the-0 O transition allowed and thus the most
intense of the emission spectrum.

« The intensity of the site AD; — 'Fy peak is very low not only because the excitation
was site selective towards site B PEin glass), but also because our analytical setting
enhanced the detection of luminescence signals@risom slow emitters, like Eu ions
occupying type B sites. In fact, site A emissios,las we will see in the following pages,
a much faster decay lifetime than site B's (appnately 0.45 ms VS 1.28 nud site B)
so the intensity detected after 1.2 ms (our actiisidelay from the laser pulse) is way

lower than it was at the beginning.

Now, even though the faint peak at 574 nm exhibigeries of features that induce us to
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believe it is connected with Eu doped HCA, it hlsd avery low intensity upon excitation at

456 nm so it results of very little use for a charaaation, especially if our ultimate purpose
is to derive quantitative information from the sgpagon the other hand, it is also true that in
the preceding analyses we tuned our laser in dodselectively excite in thefD. level the

Eu ions located inside the amorphous glass (sifeaB) thus necessarily the emission from

Eu ions occupying different sites could not be othan faint.

Therefore, in order to enhance the emission ofpteese responsible for the 574 nm peak,
and thus to be able to better identify its comptgiectral signature (i.e. all of its peaks), we
needed to find a way to selectively excite it, tisain practice, we needed to find the correct
value of lambda for our laser. From a theoreti@ahpof view, achieving this result is very
simple: it's just a matter of acquiring a completeitation spectrum by monitoring the

emission at 574 nm.

In practice, however, without the appropriate emept (unfortunately the Xe lamp of the
instrument was broken at that time), overcoming tesue became much more challenging,
especially if we wanted to excite Eu ions in theiost emissive level: our dye laser's
wavelength was tunable over a small range of lasmlideound 30 nm), centered on the
fundamental of the selected dye, therefore a camm@gcitation spectrum could have been
obtained by merging a lot of localized 30-nanoneteide excitation spectra, acquired using
different dyes to cover all the spectrum. Nevedhg] a similar procedure would have been
considerably time consuming, and moreover wouldehesquired compensation for the
different intensity outputs obtained with differelyes.

Therefore, we decided to act in a different, marst-effective way: instead of searching the
most emissive one, we went for the level whose gaier whereabouts were approximately
known, i.e. théDy; in fact, since the transition fronD, to ‘Fy takes place with emission of a
quantum of radiative energy at around 574 nm, andesthe Stokes effektin REE
luminescent centers is limited, then exciting camples at around 574 nm should yield the
exactly inverse transition, that 16, — °Dg; and once the luminescent centers occupying type
A sites are selectively promoted into their fundatakexcited state’Do), selective site A

emission by radiative desexcitation towards femanifold would be detectable.

®Eu's spectroscopic levels are all deriving from 7f orbitals, so the configurational coordinate change upon
transition between them is practically negligible; therefore, when excitation brings an electron in the °D,
level, there is practically no need of non-radiative relaxation prior to fluorescence emission, and thus the A of
the emitted photon is almost coincident with the wavelength of the previously absorbed exciting quantum.
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This approach surely allows to selectively excite iBns occupying either type A and/or

type B sites (if we tune the laser at 579 instea&7@ nm), thus permitting to detect the

specific spectral signature of the two differenystalline fields, but obviously has the big

drawback of unavoidably losing any information abde °Dy — ‘Fy transition, whose

intensity is completely masked by the scatteredpmomant of the incident laser beam light.

5.2.2: Emission spectra with site selective excitation in the 5Dg level; part 1

In order to maximize the emission intensities rmaiydrom a site selective, but also from a

global point of view, for this new batch of analysse changed many of the experimental

settings; some modifications were also made withpghrpose of obtaining spectra as much

guantitatively comparable as possible. In particuta thelaser.

Dye solution: mix Rhodamine 610 + Rhodamine 59Gdeetively 30% and 70%);
with this combination we centered the maximum atiptensity right at 579 nm.

Laser fundamental: eith&740r579 nm

H, Raman cell beam selection: this time the Ramahwad useless, since we had no
need of shifting our beam's wavelength, therefoveas excluded; this yielded a far more
intense incident laser, thus allowing for less afigaltion of the signal.

Degree of focalization: very low; we tried to olsta laser "spot” more or less as broad as
the target (a circle with 3 mm diameter), so thet tinavoidable little displacements of
the sample holder from measure to medsammild cause only negligible changes in the

focalization of the beam, thus allowing us to aghiquantitatively comparable results.

As for what concerns thdetection

Analysis range: 576> 720 nm.
Scansion step: 0.30 nm.
Photomultiplier voltage: variable between differseties of samples and different laser
wavelengths: 600 V for B67,5 Eu5's series witletag 574 nm;
500 V for B67,5 Eu5's series with laser at 579 nm;
500 V for B67,5 Eul0's and Molari's series witbelaat 574 nm;
400 V for B67,5 Eul0 with laser at 579 nm;
700 V for B67,5 Eul's series with laser at 574 nm;
600 V for B67,5 Eul's series with laser at 579 nm;

"To place the sample inside the optical set-up exploited for the emission measurements it was necessary to
physically remove from its support the sample holder; therefore, each time this latter was put again in its
working place, a little mismatch with the previous position was possible.
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Variable resistance: 1@k
Acquisition delay from front laser pulse: 27,25%lofns; this way we can detect with
high efficiency both slow (Eu in site B) and relatly fast (Eu in site A) emitters.

19 - 614 + 616 nm
—— B67,5 Eu5 0h exc579
—— B67,5 Eu5 6h exc579
10 4 —— B67,5 Eub 1d exch79
—— B67,5 Eub 2d exch79
—— B67,5 Eub 3d exch79
8 —— B67,5 Eub5 4d exc579
=
2
IS Site B
£
4
5.2

I I n I g I & I i I g 1
600 620 640 660 680 700 720
Wavelength (nm)

Fig. 5.5: Emission spectra acquired from post-interaction samples of the B67,5 Eu5
series upon excitation in the >Dy level of site B Eu ions (Aexc = 579 nm; no offset)
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Fig. 5.6: Emission spectra acquired from post-interaction samples of the B67,5 Eu5
series upon excitation in the 5Do level of site A Eu ions (Aexe = 574nm; with offset)
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With such experimental parameters we analyzedthestB67,5 Eu5 biomineralized glasses
series, for which we already knew the correct etioh wavelengths to be used; then we
extended this approach to the B67,5 Eul serieseardtually also to a small part of the
B67,5 Eul0 and Molari series (but we will discusese data in detail in Par. 5.2.5). The
emission spectra acquired from post-interaction, B&U5 samples have been reported in Fig.
5.5 for selective excitation at 579 nm (site B)d am Fig. 5.6 for selective excitation at 574

nm (site A); no normalization of the data has baene.

As it is clearly evident, for what concerns the gsion arising from Eu ions occupying type
B sites, nothing different can be noticed from FEidh with respects to what we already saw in
Fig. 5.3 (always the same broad bands, in the gass#ions and with the same intensity
ratios), whereas Fig. 5.6 is overflowing with neiormation on the phase containing type A
sites. While in Fig. 5.3 the sole 574 nm peak amzkdor the already mentioned reasons,
thanks to site selective excitation and to theefadetection time interval it is now possible to
appreciate the full spectral signature of site Aidhs, though overlapped with site B's one.

In particular, the phase containing type A sitemanifestly crystallingsince the emission

from Eu ions located inside it exhibits characterigarrow, well resolved peaksd: 574 (not

shown in Fig. 5.6 because masked by the laseit uas evident in Fig. 5.3 and will appear
also in Par. 5.2.3%02 622.5and629.5 nm(maybe it has also some minor peaks at 585.5
and 657 nm). Moreover, as already noticed in thewipus paragraph, it clearly registers a
gradual development with interaction time, since dbove listed peaks become progressively
more intense for longer delays; in particular, mastbably said development involves both
the growth of the crystals and an improvement ertbrystallinity degree, as testified by the
resolution of the two convoluted peaks at around.B2m possible for the B67,5 Eu5 4days

sample (dark blue in Fig. 5.6).

Once again, a behavior like the one we've justrdestt would be perfectly consistent with
the identification of the phase containing type ifes with HCA, since this latter crystal is
known to actually grow on the surfaces of bioactglesses durin@ vitro biological testing,
and to attain increasing mean size and degreeysfatiization with interaction time. In the
next section (5.3) we will report a series of coempéntary evidences, gathered through
various characterization techniques, that will sapghis attribution, showing that HCA
crystals precipitating on our samples actually biithe same trend as the one detected via

site selective luminescence spectroscopy.
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Another important fact to be noticed is that in tase of Fig. 5.5, excitation was rigorously
site B selective, and thus only the typical emissmf Eu ions inside an amorphous
environment was detected; this, by the way, waslatiy obvious, since the energy of a
laser beam at 579 nm(. for site B measures) is clearly not enough totexsite A Eu ions,

which require at leastiayx.= 574 nm.

On the contrary, in the case of Fig. 5.6, togettidr site A Eu ions we excited also a part of
type B luminescent centers, therefore the resultimgssion spectra show the overlap between
features characteristic of site B (broad bands) satedA (sharp peaks). This effect is due to
two main reasons: first, a radiation at 574 nmdrasugh energy to excite also centers having
dexc = 579 nm; and second, as we will see from exoitagpectra, site B'$Fy — °Dg
excitation band is very wide, due to inhomogendwoadening; therefore a laser at 574 nm is
capable of exciting also site B centers, even thawigh less effectiveness than a beam at 579

nm, as testified by the need of a higher PM tentarbtain a good signal.
5.2.3: Localized excitation spectra in the 7Fo — 5Dy transition range

Now, once identified the distinctive features o #missions of Eu ions occupying type B
and type A sites, we decided to perform some Ipedliexcitation measurements to verify that
promotion of electrons from th@, to the°Dy level actually took place upon absorption of
photons having the very same wavelengths (579it®Bsand 574 nm for site A) as the ones

we exploited for the acquisition of our emissioedpa.

To practically achieve this without proper equipmere employed the same optical set-up
used for the collection of emission spectra (dgefdas excitation source + monochromator +
boxcar + photomultiplier as detector), but thisdinmve continuously changed the incident
beam's wavelength by scanning the whole range atldwy the radiant dye (compatibly with
maintaining the beam intensity within reasonablastancy limits;570 — 595 nm), while

contemporaneously fixing the detection at:

* lobserved= 616 nmfor Eu ions occupyingype B sites; this lambda was chosen because in
its correspondence we register the highest typenBston band (see Fig. 5.5); in this
case the photomultiplier's tension was sé&0ft V.

* Xobserved= 629.5 nmfor Eu ions located irtype A sites; this time the most intense
emission would actually be at 622.5 nm, but thitetgpeak is too close to 616 nm, where
a type B-characteristic band is located; on thetraoy the peak at 629.5 nm, besides
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being quite intense too, is also less overlappet site B'sSDy — 'F» broad banj and
thus yields more selective information; for thesalgses the PM was set&Q0 V.

The acquired excitation spectra are reported inFigfor Site B and Fig. 5.8 for Site A.
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Fig. 5.7: Localized excitation spectra acquired from post-interaction samples of the B67,5 Eu5
series upon observation of site B's Dy = ’F, emission band (Aops = 616 nm)
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Fig. 5.8: Localized excitation spectra acquired from post-interaction samples of the
B67,5 Eu5 series upon observation of site A's 629.5 nm emission peak

®Wwe might say that type A 622.5 nm peak stands on the "right shoulder" of type B's °Dy > 'F, band, while type
A 629.5 peak stands at its "right foot"; therefore, this latter peaks gives us more specific information on site A.
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Fig. 5.7 confirms that for Eu ions located inside amorphous silicate netwofgite B) the

transition from the qrounEFQ state to the excitei‘Dg statetakes place upon absorption of a

quantum of radiative energy having a wavelength7®f + 579.5 nm

In turn, from Fig. 5.8 we can notice a few inteirggthings:

1. Since in correspondence of the observation wavéieng have both the foot of site B's
Dy — 'F» emission band and a site A's characteristic pimkexcitation spectra show
both a_site A'Fy — Dy absorption peak at 574 + 574.5 rand a site B broad band

centered at around 579 nm;

2. In the beginning (Oh, 1h, 6h), when site A's chimastic emission at 629.5nm is almost
negligible (in Fig. 5.6 we can only see tiny peakserging from the amorphous bands),
the excitation peak at 574 nm remains just a sleowéfithe 579 nm band (red and black
curves in Fig. 5.8);

3. For longer interaction delays the peak at 574 nograssively increases in intensity over
the band at 579 nm, which means that, as alreddyr@d from emission spectra, the
number of Eu ions occupying type A sites increasiéls bioactivity testing time, due to

the biologically induced growth of the apatitic pedosting said sites.

At this point of the research we have gathereda gumber of evidences leading us to the
conclusion that the emission and excitation behasidype A Eu ions is consistemtith what
we would expect from luminescent centers insidéhasp capable of growing on bioactive
glasses' surfaces while they are immersed in hicdbgimulated fluids; in the next section
(5.3) we will demonstrate through FTIR, Raman ariRDXanalyses that a layer of HCA is
actually developed on our samples upon interactioih DMEM, thus confirming the
bioactivity of all of our synthesized glasses (tjowith some considerable differences in the

degree of biomineralization between them); theesfaa reasonable connectiaran be

established between biologically precipitated HGAl ghe phase containing the sites giving
rise to Eu's type A emission, thus reasonably detnating that Eu doped bioactive glasses
develop a layer of Eu doped HCA on their surfaag®d in vitro bioactivity testing.

However, no strictly rigorous proof of this lattelatement has so far been exposed, and,
without any experimental evidence that type A emaissirises really from Eu ions inside the
HCA lattice, one could object that it is also pbtsithat type A sites are located inside some
other crystalline phase precipitating on our powdauring immersion in DMEM: in fact,
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even though in Par. 5.3.1 we will see that via X&Ly HA can be found on the surface of
our bioactive grains, nevertheless some other entiile Eu doped nanocrystals could have

been formed.

Fortunately, this is not the case, but before destmating so, we need to make a little
digression and show the results we obtained amay#ihe emission of our samples by
exploiting a different excitation source: a nitradaser.

5.2.3: Emission spectra with non selective excitation in the UV range

Nitrogen lasers exhibit an emission peak at 33m1(FWHM: 0.01 nm; duration 8 ns), in
the UV domain, so, as we will see from the few ctatgoexcitation spectra we managed to
acquire (see next paragraph), using such sourceuorsamples results in_non selective

excitation

Therefore, exploiting the Naser to excite the emission of fluorescence ptfoom all the
types of emitting centers present in our powderaldvbave been the most clever thing to do
since the beginning of our luminescence measuremént a series of technical problems
with the available old instrument induced us nottd in that way. In particular, the power
output was never very stable; frequent securitydsdwns took place right in the middle of
our measures, due to problems with the faulty gassure management system; a lot of

artifacts connected to the equipment appeared lammsadominated the spectra, etc.

However, in the impossibility of acquiring completecitation spectra of site A Eu ions, and
thus of knowing exactly where théi; or °D; levels are located, if we wanted to have some

detailed intensity information also on site A% — 'Fy peak(obviously masked by the laser

when exciting in théDy level) we had to use this instrument.

The experimentaletection parameters are reported below:

* Analysis range: 408> 725 nm.

e Lambda step: 0.65 nm.

» Photomultiplier voltage: 1100 V.

» Variable resistance: 1030.

» Acquisition delay from laser pulse: 34.2% of 50 wih such a small delay it is possible
to detect both slow and relatively fast (obvioustt nanosecond) emitters.

* Integration gate interval: 5 ns.
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The acquired emission spectra are shown in Fig.rm%ormalization or offsetting of the

data has been done.
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Fig. 5.9: Emission spectra acquired from samples of the B67,5 Eu5
series upon non selective excitation at 337.1 nm (N, laser)

The really interesting feature emerging from theoréed plots, besides the usual increasing

height of type A peaks with interaction time, istthhe_most intense site A emission arises

from the®Dy — ‘Fy transition This is a highly uncommon characteristic, since ® — 0

dipolar electric transition is strongly parity fadkden by Laporte's rule (see Chapter 3), and
normally gives rise to one of the faintest peak&oft emission spectrum (if we exclude the
D, — 'F3 transition, the most feeble of all due to its &xtdipolar electric nature), as we can
notice from our site B spectra or in ref. [5], [LQR1] etc.; here, on the contrary, it

overwhelms also the usually dominatitiay — 'F, peak.

Nonetheless, if we look up in Eu luminescence di@re, we can find that one of the few
crystal families where this abnorm#d, — 'Fo intensity is present is exactly that of the
apatites (hydroxylapatite, chloroapatite, fluordépaetc). Moreover, in an article by Ternane
et al. (see ref. [11]) we found the emission spectrumnupon selective excitation at 254 nm
of an Eu doped sol-gel derived HA; we report itdeelin Fig. 5.10, together with the

spectrum of B67,5 Eu5 4d acquired upon excitatioh7d nm (we have more confidence in
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those data than in the ones acquired with thegetrdaser; our values have been converted to
wavenumbers to yield a more straightforward congoe):

- —— B67,5 Eu5 4d exc574)

1 Site B's Dy > 7F, band N

INTENSITY (A.U.)

It
IL

1 i
15500 16000 16500
WAVENUMBERS ( cm-1)

Fig. 5.10: Comparison between emission spectra of Ternane's Eu doped HA (in black,
Aexc = 254 nm) and of our B67,5 Eu5 4d sample, excited at 574 nm (in red)

If we exclude theD, — 'F» broad band belonging to our site B Eu ions, tmeilarities

between spectra are absolutely blatant: all oer Aippeak$almost perfectly coincide with

Teranane's onedoreover, the abnormally high intensity of our® O transition finds an

explanation in light of the peculiar charge compgiosr mechanism Eu must exploit to
substitute for Ca in the HCA lattice; for more infation on this point, we invite the reader
to refer back to Par. 4.1.2. Here we shall just ey the sites we have called up to this
moment "site A" coincide with HCA's Ca(ll) sitéEernane's type B sites in Fig. 5.10).

Since Eu ions have high sensitivity to their crijfsta environment (both in site symmetry
and intensity), and show abnormally inter®® — ’F, transitions only in presence of

peculiar distortions of site symmetry and high @egr of bond covalence, then a level of

’In Fig. 5.10 our 574 nm = 17422 cm? peak is actually due to the dye laser, but from nitrogen laser
measurements we've just seen that at that very same wavelength a really strong emission peak exists.
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similarity such as the one we have encountereddmtwur spectra and Ternane's can only be
justified by the identity of the host crystals waedied.

Therefore, we have found the ultimate evidence pinatves the identification of the phase

containing type A Eu sites with Hydroxyl-carbonageatite, and thus we have proved that our

initial hypothesis "Eu doped bioactive glasses form Eu doped HCA&rayn their surfaces

during interaction with biological media", was ot

As further and complementary evidence of said ifleation we can also report the results
of some luminescence decay lifetime measurememtgaiticular, we selectively excited in
their °Dy level in turn site B and site A Eu ions of a B6E35 4d sample, and we registered
the evolution of their specific emissions with tirbg coupling a Lecroy 9310A 400Mhz
digital oscilloscope to the PM detector. What wanfo is reported in Fig. 5.11.1 for site B
(excitation at 579 nm and detection at BIf8m; semilogarithmic in Fig. 5.11.2) and Fig.
5.11.3 for site AXexc = 574 nM)gps= 629.5 nm; semilogarithmic in Fig. 5.11.4):

0.010

—— B67,5 Eu5 4d exc579 obs613 20 ——B67,5 Eub 4d exc579 obs613
—— ExpDec1 of Intensity
0.008 4 [Equation y = Al*exp(xit1) + y0 s
254
Adj. R-Square 0.9908
0.006 Value Standard Error ";:
2 Intensity yo 0 o] = 304
2 Intensity Al 0.00802  3.06663E-5 8
g % E
E o004 Intensity t 0.00128 6.90493E-6 =
o
-3.54
0.002 - (1)
4.0 NfphAY
0.000 -
T T T T T T T T T d T T T T T T T
0.000 0.002 0.004 0.008 0.008 -0.001 0.000 0.001 0.002 0.003 0.004 0.005 0.006
Time (s) Time (s)
20+
—— B67,5 EuS 4d exc574 obs629 ——B67.5 Eu5 4d exc574 obs629
0.007 | = - : 2
—— ExpDec1 of Intensity
0.006 4 T T T 25
Equation y = Al*exp(-x/t1) + yO
0.005 Adj. R-Square 0.99126
| Value Standard Error = 304
2 0.004 Intensity y0 0 0 2
§ | Intensity Al 0.00656 2.7721E-5 g
€ 00034 Intensity t 448397E-4  267851E-6 :g -
5 a5
0.002 ( )
0.001 4 #949
0.000 - M
T T T T T 48 T T L ; T J g
0.000 0.002 0.004 0.006 0.008 -0.001 0.000 0.001 0.002 0.003 0,004 0.005 0.008
Time (s) Time (s)

Fig. 5.11: Site selective luminescence decay measurements on a B67,5 Eu5 4d sample

% \We chose to observe site B's emission at 613 nm and not at 616 nm (where its maximum is located) because
at 613 nm we are still on top of the 5Do — 7F2 band, but we are more distant from the 622.5 Site A
characteristic peak than at 616 nm, so this way we can acquire more site B selective information.
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As it is clearly evident, the two characteristidues of luminescence decay lifetime of Eu
ions occupying type A and type B sites are quitiedint: site A is a faster emitter than site B,
as testified by the fact that in plots (3) and (4@ completely desexcited state is attained

much earlier than for the curves number (1) andI(2particular, by fitting the experimental

data with exponential decay functionBitensity = A - exp(— time/f) we calculated:

» Site B (Eu in glass): 7=1280+7 us
» Site A (Eu in HCA): 7= 448+ 3 s

These values are very close to those publisheiteimture: for EG' ions occupying Ca(ll)
sites inside HA's lattice Ternane in ref. [11] rgpo values in the range 436 + 486 us; while
for EU* ions inside an as synthesized doped bioactives glasy similar to ours Krebs and
Brownstein in ref. [4] report avalue of 1.53 ms.

As a further confirmation of the fact that Eu ianside HCA crystals desexcite faster than
Eu ions inside the amorphous network, we reportveh Fig. 5.12 an example of time
resolved luminescence spectroscopy measuremertd6i,5 Eu5 3d sample with excitation

at 574 nm (the plots have been normalized to ttemity of the’Dy — 'F4 transition).

—— B67,5 Eu5 3d exc574 0,5ms
—— B67,5 Eub 3d exc574 1ms
—— B67,5 Eu5 3d exc574 2ms
—— B67,5 Eu5 3d exc574 5ms

Caution: True detection
delays are 27.25% of
those reported values

T T T T Y T ¥ T ! T
580 600 620 640 660 680 700 720

Normalized intensity (a.u.)
B
1

Wavelength (nm)

Fig. 5.12: Time resolved luminescence spectroscopy analyses on a B67,5 Eu5 3d sample (Aex = 574 nm)

" This slight difference might be ascribed partly to the compositional differences between Kreb's glass: 71%,0
Si0; - 22.5% Ca0 - 6% P,05 — 0.5% Eu,03 and our B67,5 Eu5 glass: 72.6%m SiO; = 23% Ca0 - 3.4% P,05 - 0.9%
Eu,03; and partly to the fact that our sample has been in contact for 4 days with DMEM, so its amorphous
network has been considerably altered (cation leaching, hydrolytic dissolution, formation of a silica gel layer,
etc). In fact, for a B67,5 Eu5 pre-interaction glass (data not shown) we measured a t value of 1.81 ms.
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As usual, tuning the laser at 574 nm results initattan of both site A and Site B
luminescent centers, and it is straightforwarddbae that site A characteristic peaks increase
in intensity when the detection interval after lagmilse is shorter, while they almost

disappear for the longest acquisition delays.

This is perfectly consistent with type A Eu iondrigefaster emitters than type B: in fact,
while for example for these latter increasing thguasition delay to approximately 1.35 ms
(that is 27.25% of 5 ms) induces an intensity dobpnly around 1/es 1/3 (becausesjes ~
1.3 ms), for type A Eu ions, havingiea =~ 450 ps, after 1.35 msr have passed, so the
emission intensity is reduced by a far larger faefox 20; therefore, site A peaks are more
"time-sensitive" than site B ones, and decreasenahiaally in intensity upon increasing

acquisition delays.
5.2.4: Complete site B selective excitation spectra of the B67,5 Eu5 glass series

During the only one afternoon the Xe lamp excitatgpurce worked, we were able to
acquire the following series of spectra from B6E#b post-interaction samples; since the
observation wavelength was set at 614 nm, the nmtion we acquired is Site B selective

(spectra are normalized and offsetted for clantsppses).

——B67,5Eu50h | 7F,— L,
B67.5 Eu5 1h 392 nm
1 |—— B67,5 Eu5 6h "Fo— 5D,
204 | B67.5Eu5 12h ; .
1 ——B67,5 Eu5 1d 461.5 nm Fo — °D;
184 | B67,5 Eu5 2d
{ ——B67,5 Eu5 3d
—~ 164 |——B67,5 Eu5 4d
:5_ 4
L
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Fig. 5.13: Complete Site B selective excitation spectra acquired from the B67,5 Eu5 series (A,p,=614)
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Fig. 5.1: Excitation spectrum of a B67,5 Eu5 glass calcined at 700°C (Aops = 614 nm)

A comparison between our spectra (Fig. 5.13) amd Fil (reported again above) shows
that the positions and relative intensities of extitation peaks are quite different from those
registered by the previous member of the reseaamit This, however, did not have a
negative effect on our work, but, on the contrgagbably helped us in identifying the first
"apatitic Eu" emission peak at 574 nm: in factyé had excited our samples exactly at 461.5
nm (site B's'D, level), type B Eu emission would have been toowtelming to allow the
detection of site A'8Dy — 'Fy transition.

Unfortunately, at the time we carried out these sueaments we did not have yet
recognized the peak at 574 nm as arising fromfardiit emitting site; when we understood
that, it was too late, and the excitation source again under maintenance, so we were not

able to acquire complete excitation spectra aldbuions hosted inside the HCA lattice.
5.2.5: Emission spectra with site selective excitation in the 5Dg level; part 2

In the preceding paragraphs we have described xperienental path that led us to the
identification of two "families” of Eu ions insidaur B67,5 Eu5 biomineralized samples:

* type A Eu ions located inside the HCA layer formed on the swe$aof our bioactive
glass powders during interaction with DMEM (or ohsithe HA crystals devitrified
during calcination at 700°C) and occupying Ca(il¢s (position 6(h) inside the apatitic
lattice), with G symmetry, but degenerating into pseudg @ue to the high covalence of

the EG"-0% bonds that can be formed in those sites: theserigucan be excited in their
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°Dy level by tuning the laser at 574 nm, and exhibitharacteristic spectral signature
with narrow, well resolved emission peaks at 6022.5 and 629.5 nm; their

desexcitation is relatively fast, and their lumitexsce decay lifetime is~ 450 us.

» type B Eu ions located inside the amorphous bioactive glass orétvand excitable in
their °Do level by tuning the laser at 579 nm; due to thghhilisorder of the glass
structure, they occupy a great variety of sitesh o symmetry and crystal field intensity,
so their characteristic spectral signature is mgmef broad (inhomogeneous broadening)
emission bands, connected with radiative trangitiom the®D, to the ‘F; manifold
(J = 0 .. 6, but only transitions up to J = 4 almserved); their luminescence decay
lifetime in the millisecond order of magnitudeX 1.5 ms average) is in line with the

most common values encountered in literature foroBse inside amorphous hosts.

Once we gathered all these theoretical data, wieleldto apply them to the characterization
of the other series of post-interaction sampleohitained fromn vitro bioactivity tests (see
Par 5.1.2): B67,5 Eul's, B67,5 Eul0's and Molan'ss; in doing so, we brought about the
first embryonic application of site selective lumétence spectroscopy to the study of

biomineralization processes in doped bioactivesgias

In particular, since for the analysis of theseelatieries we exploited the same experimental
settings and parameters used for measurements @b B85, we were able to establish some
interesting comparisons between the bioactive iefiies of our samples, at least from a
qualitative point of view, therefore proving theefidness of our luminescent structural probe

in studying the bioactivity behavior of bioglasses.

In the following pages we will first show the date@ acquired from the B67,5 Eul series:
both emission spectra with selective excitatiothie®Dg level at 574 (site A, Fig. 5.15) and
579 nm (site B, Fig. 5.14), and excitation spetataays in thé Fy — °Do domain) with site
selective detection at 629.5 (Fig. 5.16.2) and wi6(Fig. 5.16.1) will be reported. Then we
will pass to the highly doped samples (B67,5 Eudd® llolari in Fig. 5.17), which however

will turn out to be a bit more "troublesome" th&we bthers.

As already said above, for more information abaatlygsis parameters and experimental set-
ups refer to paragraphs 5.2.2 and 5.2.3, sincevdhees we used here are the same as for
B67,5 Eu5's series; the exploited photomultipliensions have already been reported in

paragraph 5.2.2 for emission measurements, whillméalized excitation spectra they are:
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* 600 V for B67,5 Eul with detection at 616 nm (&)e
» 700 V for B67,5 Eul with detection at 629.5 nmgg\).
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Fig. 5.14: Emission spectra acquired from post-interaction samples of the B67,5 Eul
series upon excitation in the 5Do level of site B Eu ions (Aexe = 579 nm; with offset)
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Fig. 5.15: Emission spectra acquired from post-interaction samples of the B67,5 Eul
series upon excitation in the SDO level of site A Eu ions (Aexc = 574nm; with offset)
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——B67,5 Eu1 Oh obs616
——B67,56 Eu1 1d obs616
——B67,5 Eu1 3d obs616
——B67,5 Eu1 4d obs616 44
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Fig. 5.16: Localized excitation spectra acquired from samples of the B67,5 Eul series upon observation of:

(1) site B's Dy = 'F, emission band (Ao = 616 nm) and (2) site A's 629.5 nm characteristic peak

From the reported plots we can infer some usefalmation:

Since in Fig. 5.15 we _can recognize the typicat 3itemission signaturend since we

have already demonstrated that such peaks are cedneith Eu ions located inside

HCA crystals, then we can confidently state thabaB67,5 Eul is a bioactive glass

capable of developing an apatitic layer on itsawe$ during interaction with simulated

biological media like DMEM;

The energetic whereabouts of th, levels of both type A and type B Eu ions do not

change very much with doping degrsice the twdF, — °Dy transitions in B67,5 Eul

samples remain excitable by tuning the laser res@dyg at around 574 + 574.5 (site A)
and 579 + 579.5 nm (site B), as they were for t6&,B Eu5 series;

If we now compare site A quasi selective emissfmecta of B67,5 Eu5 and B67,5 Eul series:

—— B67,5 Eu5 Oh exc574) 8+ —— B67,5 Eul Oh exc574)
——B67,5Eu5 1h exc5?4} —_B67.5 Eut 6h exc574
—— B67,5 Eub 6h exc574 7 ——B67,5 Eul 1d exc574|
—B67.5 EuS 1d exc574 - B67,5 Eu1l 2d exc574
—— B67.5 Eu5 2d exc574) —— B67,5 Eut 4d exc574)
—— B67,5 Eu5 3d exc574
——B67,5 Eu5 4d exc574 T
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We can easily notice that:

» Coherently with what reported in section 4.3, B6ZB at the beginning contains larger

crystallites of HCA, as testified by the highereinsity of type A peaks in the low
interaction time curves (black, red);

The final degree of biomineralization should becpcally the same, since in the 4 days
plots the relative intensities of site A peaks witBpect to site B bands are very similar;
at such an embryonic stage of development of thiaade however, this statement must
indeed be interpreted in a qualitative way, butFFmeasurements seem to confirm this
hypothesis.

Now, since B67,5 Eul 1st calc powder has a lowecifip surface area value than B67,5
Eu5 (see Tab. 5.3), and since biomineralizatiortgsees are surface driven, this might
mean that our B67,5 Eul glass is intrinsically mmigactive than B67,5 Eu5 (so that the
intrinsic boost and the surface drawback comperesath other), and therefore we could
think that_Eu ions have a slight kinetic hinderiffiect not only on HA deuvitrification

upon calcination, but also on HCA precipitationidgrimmersion in biological fluids

This supposition will be confirmed by XRD, FTIR aRé&man analyses.

If we now switch to the more heavily doped materi@ontaining 2%, of EwOs3), that is

B67,5 Eul0 and Molari biomineralized glasses seaad we try to detect the characteristic

site A emission by tuning the exciting laser at 54, we get an unpleasant surprise:

580

|——B67,5 Eu10 Oh exc574/ —— Molari Oh exc574
—— Molari 4d exc574

—— B67,5 Eu10 3d exc574
—— B67,5 Eu10 4d exc574

Intensity (a.u.)

T i T ¥ T ¥ T v T T T T b 1
600 620 640 660 680 700 720 580 600 620 640 660 680 700 720

Wavelength (nm) Wavelength (nm)

Fig. 5.17: Emission spectra acquired from post-interaction samples of the B67,5 Eu10 (left) and
Molari (right) series upon excitation in the >D, level of site A Eu ions (Aexc = 574nm; with offset)
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As we can see from Fig. 5.17, even for the longéstaction delays type A Eu peaks are
extremely faint (highlighted by a black arrow), aimdthe case of Molari samples they are

almost completely undetectable. This might potdgtize due to various reasons:

* At such high concentrations, Eu's hindering effect HCA crystallization might
completely inhibit the formation of the apatitiocyéa on the surface of the glass grains,
thus rendering them no more bioactive;

* For high concentrations Eu ions might clusterize segregate (see ref. [21]), thus
becoming less easily leachable from the glass n&taod therefore lowering their
availability in solution for the precipitation ouEloped HCA,

» At these high concentrations Eu might prefer entemside phases different from HCA,
therefore the precipitated apatitic crystals wondd give rise to a luminescence signal
because no emitting centers are integrated ink&lelattice;

* At high Eu content concentrational self quenchi@$Q) of luminescence might take
place: due to the great number of silanols existmthe silica gel layer present in the
vicinity of the biologically precipitated apatit@rystals, massive energy transfer between
type A emitting centers followed by hydroxyl-medidtnon radiative relaxation might
cause the almost complete quenching of site A ésoence emission.

The data we gathered through complementary chaizatien techniques (see section 5.3)
suggest that a combination of the preceding hypethaenight be the correct explanation:
though the formation of HCA crystals is confirmeglinth FTIR and Raman measurements,
thus fortunately excluding the complete inhibitmibiomineralization by high concentrations
of Eu ions, the actual extent of the process segiite lower than in less doped samples, even
when specific surface area values are comparalder¢fer to B67,5 Eu5 and B67,5 Eul0
series); therefore on our glass powders most piglved have fewer doped apatitic crystals,
which moreover emit only feebly because of CSQ. ddwer, also the precipitation of phases
containing Eu but different from HCA (thus not eatile at our wavelengths) is highly

probable, as reported in ref. [21].
5.3: Validation of the luminescent structural probe

With all the data we have shown so far we have detnated that if we dope our bioactive
glasses with appropriate amounts of Bens and then we perforin vitro bioactivity tests

on them, through site selective luminescence speEmipy measurements on post interaction
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samples we are capable of detecting the apatistals formed during immersion in DMEM
by identifying the characteristic spectral signatof Eu ions hosted inside the HCA lattice.

Therefore we have demonstrated the actual deteaf@ectiveness of our luminescent

structural probe

However, in order for a probe to be consideredrdgsly valid for analytical purposes, it's
also absolutely essential that it does not intredaty alteration in the material it is meant to
characterize; therefore it is necessary for useimahstrate that Eu ions do not change too
much our bioactive glasses, or at least that theynot alter those features intrinsically

connected to the biomineralization processes we teastudy.

To do so, we will report the results gathered on post-interaction samples and fluids
through some complementary characterization teclesigsuch as ICP-AES, XRD, FTIR

spectroscopy and micro Raman spectroscopy.
5.3.1: XRD measurements on biomineralized samples

In paragraph 5.2.3 we have shown a comparison eetlueninescence emission spectra of
our type A Eu ions and of Eu ions inside a soldmlived HA, and we have recognized an
almost perfect match between the curves, so we al@ecto state that on our post bioactivity
testing samples there exists a layer of Eu doped,H@hose precipitation is induced by the
interaction of the doped glass with DMEM. Since H@&Aa crystalline compound, it should
be detectable via XRD analyses, provided it isicieffitly well crystallized and present in
sufficient amount; therefore, with the aim of gathg further evidences of biomineralization,

we decided to try and acquire a pair of diffractpaiterns from 4 days old samples.

As already said in Par 5.1.2, in order to have ghomnaterial to get a detectable X ray
diffraction signal from our post interaction glassee carried out two "special" 4 days long
bioactivity tests on relatively big amounts of B&Zst syn and B67,5 Eu5 powders.

In these two cases we directly put the correct arthad material (calculated with the
formula of Par. 5.1.2) inside the original bottM{ = 500 mL) of DMEM bought from
Biocrom A.G., and then put the two containers iasalr oven at 37°C with occasional
shaking. After four days, due to the considerabiangjty of material to be recovered, instead
of using pipettes and centrifuge to stop the imtiimas, we exploited some vacuum filtration

equipment (buchner funnel + buchner flask + paitter f+ vacuum pump).
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The two obtained samples were namB&¥,5 1st syn 4d grossandB67,5 Eu5 4d grossp
and underwent XRD analyses with thin films geomdtyyusing the same instrument, the
same experimental paramet&igatcing= 3°, 30 kV, 40 mA, etc.) and approximately thensa
amount of powder (double sided tape completely wm/eby sample). The acquired
diffraction patterns are reported in Fig. 5.18.

6000 ——B67,5 1st syn 4d grosso
— B67,5 Eub 4d grosso
5000

4000 —

3000 ~

Intensity (c.p.s.)
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: I L | z I . I ' 1
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2 theta (°)

Fig. 5.18: Comparison between thin films XRD patterns of B67,5 1st syn 4d grosso
and B67,5 Eu5 4d grosso biomineralized samples (no offset)

If we compare the above reported curves with wbpbrted in Par. 4.1.1 (especially Fig.
4.3), we can easily recognize the typical biolotycarecipitated apatite's XRD signature:
mainly a single peak at 26° and two convoluted pesl32°, plus minor peaks at 39.5°, 46.5°,
49°, etc. However, distinguishing an HA from an @&aped HCA from those poor quality

plots is practically impossible.

Moreover, since the black curve exhibits higher aetter resolved diffraction peaks than
the red one, it is straightforward to understarat the B67,5 undoped glass grains grow on
their surfaces a more developed and better criggtdllapatitic layer with respect to B67,5

Eu5. This effect is for sure partly due to the leigbpecific surface ared the former material,

that unavoidably boosted its reactivity in DMEM,tbuevertheless, in our opinion also a
kinetic hindering effect of Eu on HCA bio-precigitan is imaginable, and many other

experimental evidences (FTIR, Raman, see furthgpart this hypothesis.
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5.3.2: FTIR spectroscopy measurements on biomineralized samples

The various biomineralized glass powders we obthfnem in vitro bioactivity tests have
undergone a series of transmission FTIR spectrgsemasurements in order to demonstrate

and possibly quantify the actual precipitation @Adcrystals during immersion in DMEM.

As already explained in Chapter 3, in order ndbs® our powders as we would have done
by using the KBr compress method, we exploited rmdwmnade solution: we put our powders
in between two KBr (transparent to IR light) windowormally used to carry out analyses on
liquids; though being very simple and effectivasthrick" has the problematic drawback that
it renders very difficult to obtain the same signaklity from all the measurements, since
forcibly each time the amount and distribution ofmgler grains is slightly different from the
others. Therefore, rigorous quantitative informatcannot be inferred from the spectra we
will report, but, nevertheless, by comparing théede&d curves it is possible to gather many

important and interesting data on biomineralizapoocesses.

The analyses were carried out at thgartimento di Ingegneria Meccanica - Settore
Materiali of the University of Padua on a Perkin-Elmer 2600R spectrophotometer, and
covered the whole Mid-infrared range (409 4000 cnl), with a resolution of 2 cihy in
order to obtain good quality spectra, we averag28l acquisitions, and for "aesthetic"
purposes we slightly smoothed the raw profiles.hEseries of post interaction glasses has
been characterized in a sequential way (i.e. dilidhe B67,5 Eu5 powders, then all the B67,5
Eul ones, etc), but we decided to skip the 1h,me@hl2h samples, since they yielded almost

equivalent spectra (at least for those featurdsrkerest us most).

Due to the aforementioned unavoidable differenoesmount and dispersion of the powders
placed in between the KBr windows, the absolutasimattance values provided by the
instrument for different samples turned out to beegdistant; therefore, in order to establish
at least a qualitative comparison between our @& acquired data have been normalized

to their respective maxima and minima.

In Fig. 5.19 we show the spectra detected for t6&,8 Eu5 post-interaction series; for an
identification of the most interesting peaks of plots, we invite the reader to refer back to
Tab. 4.9, where we've summarized the informationcelected from various bibliographic
references (see ref. [1], [2], [7], [9], [13], [2&}tC).
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Fig. 5.19: FTIR transmission spectra of the biomineralized samples belonging to the
B67,5 Eu5 series (normalized and offsetted for clarity purposes)

The evolution of our curves is perfectly consistanith what is commonly reported in

literature for bioactive glasses:

(1) The most straightforward and important feature wan aotice with increasing
interaction delay is the appearance and progressieasification of the doublet of
peaks at around 560 and 600 %nconnected, as previously said (see Par. 4.1.1 and
4.3.6), with the symmetric stretching vibration BfO bonds of phosphate groups
located inside a crystalline apatitic environmevitreover, the longer the immersion
time, the better resolved from each other are peetks, so we can consider them as an
effective evidence of HCA crystals precipitationdagrowth on the surfaces of our
glasses during bioactivity testing (see abovehaldrticle in note 2 of Chap. 4 by Elliot).

(2) With increasing immersion time, the initial intenge absorption peak at around 1085
cm?, attributed to the symmetric stretching of Si-Ontts, becomes progressively
flanked by a peak at 1035 &nconnected with the asymmetric stretching of P-Cdspn
which then becomes dominant for longer delays.

(3) After long immersion periods, at around 1385'cwe notice the appearance of a new
peak, connected with the deformation of C-O borfdsadonate groups of HCA,;
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Based on these results, we can state_that B67,5dwe% if containing the 5%o0f EwOs,

remains still a bioactive glagat least of class B, i.e. osteoconductive), sihogaintains the

capability of developing a layer of hydroxyl-carlade-apatite on its surfaces when left in
contact with natural or simulated body fluids; iarficular, this IR finding confirms what

already inferred from site selective luminescentayses.

More or less the same kind of evolutions of trattemce peaks are also detectable for the
other glass compositions that underwientitro bioactivity testing. The results are shown in
Fig. 5.20 (B67,5), 5.21 (B67,5 Eul), 5.22 (B67,3.&uand 5.23 (Molari):
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Fig. 5.20: FTIR transmission spectra of the B67,5 glass series (normalized and offsetted)
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Fig. 5.21: FTIR transmission spectra of the B67,5 Eul glass series (normalized and offsetted)
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Fig. 5.22: FTIR transmission spectra of the B67,5 Eul0 glass series (normalized and offsetted)
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Fig. 5.23: FTIR transmission spectra of the Molari glass series (normalized and offsetted)

In all the reported plots we can recognize theetlaigove mentioned characteristic features,
SO we can reasonably state that, during immersiddMEM, HCA crystals precipitate on the
surface of all our doped glass@sich therefore can all be considered actualbabiive

In particular, the detection of the apatitic vilbwaal signature in the case of B67,5 Eul
confirms what already deduced through luminescemedyses, and constitutes further proof
of the identification of type A emission with Eutn®hosted inside HCA's lattice. On the other
hand, detecting biomineralization through FTIR nueaesents on highly doped glasses such
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as B67,5 Eul0 and Molari, whose fluorescence spelitt not exhibit typical site A peaks,
fortunately excludes a total inhibiting effect ofgh concentrations of Eu ions on HCA
biological precipitation, and thus makes us thihttmost probably the lack of site A's
luminescent signature from site selective emisgimts is connected to some concentration

self quenching effect.

Nevertheless, if we analyze the five series of spewe have reported by focusing our
attention on the apatitic P-O stretch peaks at&B8D600 crit, we can easily notice that their
height (or better, their depth) is not always thms; if we establish a reasonable connection
between IR absorption intensity from said peaksdelopment of the HCA layer, then it is
possible to infer that this latter does not redeh game final extent in all our samples, but a

scale of bioactive effectiveness actually exists.

In order to be able to make a comparison as rigoasupossible between 4 days old samples
deriving from different glass compositions, andstito estimate the impact of the doping
degree on bioactive behavior, we decided to refimatnalyses on our 4 days powders by

trying to be extremely reproducible in sample prapan; the results are reported in Fig. 5.24.
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Fig. 5.24: Comparison between 4 days old samples belonging to different series
of bioactivity tested glasses (spectra normalized and offsetted)
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However, even if utmost care was paid in the mesmsants, the differences in specific

surface area values of the original (pre-interajtmwders remain uneliminable, and thus the

differential kinetic boosts to biomineralizationopesses must still be kept into account while

interpreting the acquired spectra. As a reminderr@port again below a table summarizing

the SSA values of our relevant samples.

B67,5 B67,5 Eul B67,5 Eu5 B67,5 Eul0 Molari
2nd syn 1st calc
Surf. Area 64 m?/g 66 m?/g 131 m%/g 114 m%/g 49 m*/g

Tab. 5.4: Specific surface area values of our bioactive glasses prior to bioactivity testing

From picture 5.24 we can extract a lot of useful enteresting information:

From a comparison between B67,5 and B67,5 Eul sumeecan notice that the doublet
of apatitic peaks at 560 and 600 tias almost the same intensity, B67,5 Eul's one
being just slightly lower; by the way, the two $itag powders had practically the same
SSA values (64 VS 66 7), therefore, all of this seen, it is highly pabite that these
two bioactive glasses have developed on their sesfaHCA layers having similar
thicknesses and degrees of crystallization. Thieemental evidence is of fundamental
importance, since it constitutes a step forwardatols the demonstration that at low
doping degree the alterations to bioactive behawiduced by the substitution of €a

ions with Ed" ions are practically negligible

Let's now compare B67,5 Eul and B67,5 Eu5: it idexv that the apatitic doublet in this

latter's spectrum is somewhat less intense thémeifiormer's, even though the 5% doped
glass has almost exactly a double SSA value (13168Snf/g); if we make the
reasonable assumption that the intensity of thassk$is directly proportional to the
amount of HCA formed, then this means that someldring effect of E¥ ions on
biomineralization has compensated the surface ikinebost (otherwise Eu5 should
exhibit much higher peaks than Eul).

This statement seems to be confirmed by the cosgabetween B67,5 Eu5 and B67,5
Eul0: these two samples have very similar surfaeasa(131 VS 114 ffy), but their IR
transmittance plots show quite different intensit{Eul0 < Eu5) at 560 and 600 tm
this means that the most doped glass has devekpéaferior amount of HCA, i.e. is

less bioactive, and thus confirms that Eu has dening effect on the precipitation of
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apatitic crystals during immersion in DMEM. Howeyer decreasing the bioactivity of
the B67,5 Eul0 composition a considerable role miogghplayed also by the different
molar ratio modifier oxides / former oxides (see.HBa2.2).

* In fact, this latter effect becomes evident if vaempare B67,5 Eul0 and Molari, glasses
both containing the same molar amount of@u even though Molari has a far lower
SSA value (50 VS 114 ffy), and thus the biomineralization processestdia place on
its surfaces should be less boosted, from IR spewtr notice similar intensities for the
apatitic doublet (even higher for Molari), so wenakeduce that similar amounts of HCA
are formed in the two cases. Therefore, we arestbto conclude that for B67,5 Eul0
some other effect detrimental to bioactivity mudst and we identify it exactly with the
lower modifiers / formers molar ratio: being les®diiied makes B67,5 Eul0 more
hydrolytic and leaching resistant, which renderdess reactive when immersed in

solution, and therefore less prone to the bioldyicgaduced development of an HA layer.

Summarizing what we have learnt on our materiasfFTIR measurements, we can say
that: all the synthesized glasses are bioactiveause in all the long delay spectra it is
possible to detect the typical apatitic vibratiosagnature; the substitution of considerable
amounts of Ca ions with Eu ions for analytical pnsgs reduces the bioactive effectiveness of

our glasses, therefore it is imperative to minintlze dopant concentratipa decrease in the

value of the molar ratio network modifiers / netwdormers is harmful for the bioactive
behavior of the glass, as seen for the B67,5 Eafiés

5.3.3: Micro-Raman spectroscopy measurements on biomineralized samples

The very same samples analyzed via FTIR spectrgstape also undergone some micro-
Raman characterizations, with the purpose of aefesencing all the obtained evidences, and

thus to confirm or controvert our observations.

This technique has the great advantage of requiabgplutely no sample preparation, and it
is completely non destructive too, therefore itya to be optimal for our needs (very little
amounts of powder available , no admissible sarngsi® etc); moreover, the great capability
of focalizing excitation and detection on micronetspots of the sample granted by the
coupling of a Raman spectrophotometer with a caifaticroscope allowed us to analyze
principally the interaction layer developed on doped glasses, minimizing the contribution

of the underneath amorphous network.
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However, working with micro-Raman equipment turnedt to involve also some

problematic drawbacks:

« first of all, the acquired plots exhibit a low degrof quantitative reproducibility: in fact
even if the relative intensities of the variouskseare more or less identical from spot to
spot of a single sample, moving the analysis frogran to another often results in a
considerable change in absolute intensities; thexefto make our spectra comparable
between each other we were forced to normalizelata.

» secondly, the local nature of this technique iabie-edged sword, in the sense that to
be sure that one detected spectrum is representi#tihe whole sample it is necessary to
repeat the analysis on various spots and verifyctiecordance of the acquired data;
moreover, if the sample itself is non homogenedhs, validity of each measurement
remains of localized charactér

* third, the amount of time needed to collect a miReoman spectrum of decent quality is
quite long: in our case, it was of 10 minutes, aimte at least three measurements must
be performed on each sample to understand if their@cl information can be considered
of global validity, then at least a 30 + 45 minatelysis time must be accounted for each
sample.

» last but not least, for some Eu doped samples @m@aR Stokes signal was almost

completely masked by background fluorescence @eexaample B67,5 Eu5 6h).

The experimental parameters (200 1560 cm' Raman Shift range, 0.6 Emaverage
spectral resolution; 41 mW laser intensity on sanptc) employed for our measurements
have already been reported in Chapter 3 and 4jrahapter 3 we have already described
the theoretical bases of the technique; therefereldy we will only show the curves we
acquired with the help of Me.lle Elodie Petit bypéoiting the micro-Raman instrument of the

Laboratoire des Materiaux Inorganiques$ Clermont-Ferrand.

In Fig. 5.25 we reported the curves obtained fraomineralized glasses belonging to the
B67,5 series; in Fig. 5.26 we covered the B67,5 Earhples; in Fig. 5.27 we showed the
B67,5 Eu5 plots; in Fig. 5.28 we presented the B&410 data; and, eventually, in Fig. 5.29
we exhibited the information we gathered from Mojarst interaction powders.

2 Fortunately our materials turned out to be quite homogeneous, since only rarely we found relevant
discordances between spectra acquired from different spots of the same sample.
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Fig. 5.25: Raman spectra of biomineralized samples of the B67,5 series

(normalized to the maximum value and offsetted)
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Fig. 5.26: Raman spectra of biomineralized samples of the B67,5 Eul series

(normalized to the maximum value and offsetted)
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Fig. 5.27: Raman spectra of biomineralized samples of the B67,5 Eu5 series
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Fig. 5.28: Raman spectra of biomineralized samples of the B67,5 Eul0 series
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Fig. 5.29: Raman spectra of biomineralized samples of the Molari series

(normalized to the maximum value and offsetted)

All the reported plots bear more or less the sapextsal features, already summarized
inside Tab. 4.7 of Par. 4.3.5; in particular, sim@are interested in demonstrating the actual
precipitation of HCA crystals on our samples, wdl ¥acus our attention basically on the
vsym(P—O) peaks at 960 cih on thevasyn(P—-O) peaks at 1070 ¢ convoluted with the
carbonate C-O vibrations at 1080 tnand on some other minor apatitic peaks like ie t
ones at around 430, 580 and 590’cgall the mentioned peaks are highlighted in Fig55or
the B67,5 series; literature reference on theribaiion may be found in ref. [21], [33], [36]
and [39)).

Since all of these peaks can be actually foundhénldnger interaction delay curves of the
five reported graphs, we can confiminat deduced from FTIR measurements, i.e. thaifall

our doped glasses are capable of developing artiepalyer on their surfaces during

immersion in simulated biological mediand thus can all be considered bioactive. However

from Raman analyses we can notice again the ekmsteha scale of bioactive effectiveness:
in fact, the final (4 days) heights of the two maitmsphate peaks at 960 and 1070 are
not always the same, and the appearance of ther mpatitic peaks takes place at different

times (and in some cases they are not even dekectab
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In particular, if we establish a reasonable conoadbetween amount of HCA formed and
height of the mentioned peaks (as done for examplef. [33]), we can make the following

observations:

» The original B67,5 is the glass that forms on itdaces the most developed apatitic layer,
since its peaks at 960 and 1070 care the highest detected; moreover, it exhibiés th
fastest biomineralization kinetics, with an inted€¥0 cn' peak already after 6 hours,
and minor apatitic peaks present already afteryl da

 B67,5 Eul has almost the same specific surface aseB67,5, so their reactivity in
solution should be identical from a textural pahtiew; however, the final intensity of
the peak at 960 cthis a bit lower, therefore the total amount of jpiated HCA is
slightly inferior. Other important difference isathB67,5 Eul has a slower development
with respect to B67,5, since the peak at 1070 tracomes strong only after 12 hours,
and the minor peaks at 430, 580 and 590 eppear only after 2 or 3 days of immersion.
Given that the difference between these two glagse®nly in the doping, we conclude

that the small substitution of CaO with B4 (1%.,) alters a little the bioactive behavior

of the doped glassin particular, the effect seems to be of kineteture since the

evolution of the curves seems somewhat delayedeicase of B67,5 Eul.

» If we switch to B67,5 Eu5, which has an almost del85A value with respect to the two
preceding samples, we notice a further decreamactivity: the main peaks are slightly
lower, the minor ones appear only after 4 days, abdve all, the development of the
apatitic layer is considerably slower, since wedheewait 2 days to have a good 1070
cm’ peak. This confirms the hindering effect of,Bsion the biomineralization processes:
from a textural point of view B67,5 Eu5 should bermreactive, so detecting less apatite
formation means that the doping process has alteesdioactivity of the glass.

» Further evidence of this fact comes from the B&Z\B0 series, which exhibits even
lower peaks and the slowest reactivity ever: heeedon't even detect minor apatitic
peaks, and to see a decent 1070" geak we have to wait 3 or 4 days. However, as
already pointed out in Par. 5.3.2, here the kinbtidering effect of ExDs is surely
coupled to the relevant diminution of the molaraatetwork modifier oxides / network
former oxides, that renders the glass less reaittigelution (even if it has approximately
the same SSA value of B67,5 Eub).

» This latter statement is consistent with the treholari's spectra, that testify a return to

a level of bioactivity much higher than in B67,51B(s case: even if Molari has half the
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SSA of this latter glass (so its kinetics shoulddss surface boosted), its curves exhibit
intense apatitic peaks (except for the minor osel$ ,undetectable), just a bit lower than
B67,5 Eul's ones, and a relatively fast developnweittt a good 1070 cthpeak after 12

hours. This means that the molar ratio modifidgrhers plays a fundamental role in the

bioactivity behavior

From what reported, it seems evident that moshefexperimental evidences provided by
FTIR and micro Raman measurements are in perfegeagent, and lead us to the same
conclusions: B67,5 is the most bioactive glassnevwugh B67,5 Eul has a very similar
biomineralization effectiveness; the specific scefarea values of the powders are extremely
important in driving the reactivity in DMEM; the [sstitution of increasing weight
percentages of CaO with equal weight percentag&sw; progressively reduces the in vitro
bioactivity of the samples, both because of theseqoent increase in hydrolytic and leaching
resistances (due to the decrease of the molar nadidifiers / formers) and because of a
kinetic hindering effect of Eu ions themselves ba precipitation of HCA, testified by the
slight (but still detectable) differences in HCAvapment between B67,5 and Molari

(having the same ratio modifiers / formers, butliter containing 2%y, of EwO3).

The only relevant difference between FTIR and Ranhata lies in the relative importance
of the two aforementioned factors detrimental wabtivity: if we look to Raman spectra, the
molar ratio network modifiers / network formers $®se much more important than the
intrinsic Eu ions hindrance effect to HCA precipita, since, as we've just said, Molari's,
B67,5's and B67,5 Eul's plots are quite close ¢th ether (and all the three share practically
the same ratio and SSA value); on the contraryyaflook to FTIR spectra, we notice a
certain difference between Molari's and the other's curves, which would lead us to think
that it's the presence of Eu ions the factor th@mnhidates the biomineralization kinetics

slowdown.

However, Raman spectroscopy is said to be mordatisen® the vibrations of phosphate
groups immersed in a crystalline environment thdraired spectroscopy (see ref. [31], pag.
99), so it is plausible that the most correct iptetation is the one provided by Raman
measurements, i.e. that the alteration of the nmalto modifiers / formers connected to the
peculiar (and maybe not so keen) way we operatedidping with EpO3 is more important
than the intrinsic precipitation hindering effect Bu ions themselves in spoiling the

bioactivity behavior of our doped glasses.
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5.3.4: ICP-AES measurements on post-interaction simulated biological media

The inductively coupled plasma atomic emission specopy (ICP-AES) is a very
powerful technique, capable of providing a veryumate compositional characterization of
the analyzed samples, in some cases reaching rierkable sensitivity of a few parts per
billion (ppb); however, in order to be fed into thiasma torch that constitutes the heart and
soul of the instrument, the samples must necegdagilin the liquid form, so only solutions
and dissolved sampfEsare suitable to undergo ICP-AES measurementsnifme detailed

information, refer back to Chap. 3).

Being basically an ionic solution containing a fbi@-organic species, DMEM is perfectly
compatible with this characterization techniquej aan be fed directly to the flame, without
any need of prior processing; unfortunately, thqusjhce it contains a lot of different ions
and in considerable amounts, it can turn out ta bigle instrument polluting, therefore after a
batch of analyses it might be positive to thoroygiéan the whole equipment (especially the

feeding circuit, the nebulizer and the plasma chtennbefore passing to different samples.

In order to validate the results obtained explgitour luminescent structural probe, we are
highly interested in estimating the extent of thierations to the hydrolytic and leaching
behavior induced in our glasses by the increasifggtgution of CaO with ExDs; to shed
some light on this subject, and thus to discovestivr our probe significantly alters its target
or not, we decided to monitor via ICP-AES the etiolus within vitro bioactivity testing
time of Ca, P, Si and Eu ionic concentrations mitfteraction media.

In fact, up to this point all of our efforts werencentrated on the biomineralized powders,
but to reach a more complete understanding of tinepex phenomena that take place upon
immersion of our doped glasses in DMEM, we need asme information on the
compositional evolution of this latter liquid witinteraction time. Then cross referencing
these data with what already deduced from othersarements, and always keeping into
account the importance of the specific surface arehof the molar ratio modifiers / formers
(whose values are reported as a reminder in T&p.05the powders, we will be able to reach
some preliminary conclusions, that might becomea gstarting point for further researches

of the team on this topic.

 The dissolution must be carried out in an adequate solvent and by exploiting an appropriate method, such as
the alkaline fusion (also referred as "alkaline pearl") method, direct acidic digestion, etc.
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. Modifier/Former Specific Surface
Glass series : . 2
oxides molar ratio Area (m?/g)

B67,5 0,379 64
B67,5 Eul 0,366 184
B67,5 Eu5 0,315 131
B67,5 Eul0 0,252 113
Molari 0,379 49

Tab. 5.5: SSA values and network modifier / network former oxides molar ratios

for the five series of glass powders that underwent bioactivity tests

As already anticipated in Par. 5.1.2, from eacleradtion bottle, corresponding to a
particular glass series and to a particular immoersielay, a sample of biological liquid has
been collected and analyzed; Si and Ca concensatwere determined exploiting the built-in
multi-element scanner of the instruméntvhile for P and Eu contents the use of reference
solutions, containing known concentrations of sd@ments, was necessary, and the analysis
was carried out using the single-element scannkis fime, differently from the alkaline
fusion ICP-AES measurements of Par. 4.3.1, a watdd standard solution containing 10
ppm of metallic Eu was fortunately available, savds possible for us to quantify also the

Eu*" ionic releases for each type of glass and for @&ehaction delay.

The results we gathered have been reported ingi@phs, one for each dosed element: Eu
in Fig. 5.30.1, P in Fig. 5.30.2, Si in Fig. 5.3@&d Ca in Fig. 5.30.4; obviously, therein the 0
hours data correspond to analyses on pristine DMEdMmake the reading of the graphs as
straightforward as possible, we connected withrealdines the various dots corresponding to
detected values, but in none way we intend to ntleginthe real ionic concentration trends are

those shown by said lines.

The interpretation of these plots is unfortunatelyomplicated matter, since the effect of the

dopant itself on biomineralization processes isesugposed first to the different kinetic

" Since the instrument was property of the Volcanology Department, it was tailored on "geologist" needs,
therefore it was specifically equipped to provide rapid, simultaneous and accurate data on Si and Ca
concentrations (but also on Al, Fe, K, etc), because these elements are extremely abundant in rocks (families
of the silicates and of the limes).
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boosts induced by the different specific surfa@aaralues of our powders, and second to the

different leaching and hydrolytic resistances of glasses, connected with the peculiar way

we operated the doping, i.e. via substitution ofilegjent weightpercentages of oxides

(which progressively changed the molar ratio medsfi/ formers).
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Fig. 5.30: Evolution of ionic concentrations in DMEM throughout in vitro bioactivity testing

Let's start commenting from Fig. 5.30.1, that mnirthe evolution oEuropium's release

inside the biological medium: the first interestthgng to notice is that even in the case of the
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undoped B67,5 glass, concentrations up to 0.2 pprnorns are detected in solution; the
material, however, was synthesized with utmost dareavoid REE contamination (for
example using brand-new Teflon vessels and aluntneibles for the gelation and
calcination steps), so what we can first conclugl¢hat the sensitivity of the instrument in

dosing Eu content is not much better than 0.2 <ppr8.

Excluding B67,5, the other four above reported pkthibit a similar trend: after an initial
release peak after 1 hour, Eu concentrations deem@ansiderably, attaining values of around
0.3 ppm, really close to the detection limit, asrsas after 12 hours of immersion time; this
seems to confirm the hypothesis we made on thevimehaf our probe during bioactivity
tests: after an initial stepuring which_Eu ions are leached from the glagevok, and thus

can be found in considerable amount inside thetisoluthey are_then progressively

incorporated inside the amorphous Ca-P ldged eventually in HCA crystglgrowing on

the surfaces of powder grains, leading to theiroalncomplete depletion from DMEM.

The maximum concentration attained after 1 hourassit was natural to suspect, in some
way proportional to the B@; molar percentage, but deepening the observationki® effect
is rendered really difficult by the different SSAlues and modifiers / formers molar ratios of
our samples: for example, passing from B67,5 EuB6@,5 Eu5 we can easily detect an
increase in Eu release, and the same we noticengadssm B67,5 Eu5 to B67,5 EulO, but
understanding if a direct or a different type obgortionality exists is practically impossible,
since we must also keep into account that the S8é#ewof Eul > Eu5 > EulO, and that the
hydrolytic and leaching resistance of Eul < Eu5W(E (due to the doping procedure we

employed), etc.

Moreover, the values we can detect at 1 hour almesainly are not the real maximum Eu
concentration attained in the solution, since tbaching process is very fast and most
probably reaches its climax in the very first fewnuotes of interaction; the maxima
themselves are also sure enough reached at diffenegs for different samples, since these

latter have different leaching resistances andases available for the attdck

B As already mentioned in Par. 5.1.3, even if we did keep for all the glass series a constant ratio between total
surface of the immersed powders and total volume of DMEM put in each interaction bottle, it was
impossible to completely compensate for the different kinetic surface boosts given to in vitro reactivity by
the considerably different specific surface area values of our samples.
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Therefore, in order to deduce more detailed anaiggeinformation, we should have
performed briefer tests, in the scale of minutes,flom the research team's experience these
kind of assays often turn out to be not much réigbee ref. [23]): in fact, when the total
immersion time is of 10, 20 or 30 minutes, even ¢heallest operational delays in the
interaction protocol can yield unacceptable errorereover, 10 minutes assays cannot really
be considered to take place at constant temperaimee the time needed to pass from the
fridge's T (4°C) to the oven's T (37°C) is of ardumcouple of minutes. All of this seen, we

decided not to carry out additional short termgest

Let's now switch to commenting Fig. 5.30.3: sirfadicate ions are not present inside
DMEM's original composition and are released inside medium due to the hydrolytic
dissolution of the glass network operated by wateslecules (and OH ions), their
concentration increases with interaction time. Mg, all the curves exhibit a behavior
typical of a saturation phenomenon, that is aftsteep rise in the first 20 hours, they then
bend towards the horizontal: this means that &rtin point the dissolution processes slow

down and eventually stop, and that Silicate ioesnat integrated inside the Ca-P Id§er

This effect is mainly due to two different reasofisst, once a certain concentration of Si
ions is attained, the driving force for further shiition of the amorphous network becomes
inferior; second and most important, at a certaimipthe Ca-P layer formed on the surfaces
renders the underneath silica gel layer (i.e. titeropart of the silicate network, depleted of
modifier cations by the initial ionic exchange/leang processes; see Chap. 1) no more easily
reachable for water molecules, so the hydrolytiackt becomes less and less effective with

immersion time.

Si ions releasseems more influenced by the hydrolytic resistasiceur glasses (tightly

connected to their molar ratio network modifieraetwork formers)_than byheir specific
surface areavalues: the most straightforward evidence of thishe fact that B67,5 Eul,
having around three times the SSA of B67,5 but atrtite same aforementioned ratio value,
has practically the same behavior of this lattaxsglfor what concerns the evolution of Si
concentrations; and the tiny negative differenceeatable is perfectly consistent with its

slightly lower ratio, and thus with its slightlydhier hydrolytic resistance.

'® We could also make the hypothesis that a dynamic equilibrium state is reached, with Si depletion perfectly
balanced by its hydrolytic release, but from literature evidences we can state that this is not the case.
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Further proof of the statement underlined abovelmafound in the fact that B67,5 Eul0,
having the lowest modifiers / formers ratio, andsththe strongest amorphous network, has

also the lowest Si release of all our samples.

It is also very interesting to notice that B67,%5 &olari exhibit very similar shapes in their
curves (and this is a feature that can be found iald? and Ca plots), even though a little
difference in absolute values exists (Molari relegssomewhat more Si than B67,5): this

means that the doping with ¥d, when_operated via substitution of equivalerdlar (and

not weight) percentages of oxides, does not after huch the hydrolytic and leaching

behavior of our bioactive glasse®nd since this is true for a huge R%of EwOs, this shall

be even more true when the doping degree is kefivass possible, compatibly with the

obtainment of a good quality luminescence signal.

Moreover, maintaining for our doped glasses a &ase kinetic tightly comparable to
B67,5's is crucial to ensuring a satisfactory Typeioactivity (demonstrated for B67,5 in ref.
[49]): in fact, as already exposed in Chap. 1¢aik ions have a highly beneficial effect on
osteo-integration, because they play an importalet in a series of biological mechanisms
leading to the activation and acceleration of bgeneration (see ref. [42]). And even if Eu
doped glasses are not meant to be usethfeivo tests, being sure that the doping process
does not alter such a critical feature of our malk®rs a very positive aspect for the validation

of our luminescent structural probe.

If we now switch to Phosphorus or Calcium graphs,enmter inside the domain of the ions
more directly involved in biomineralization, thatfirst in the formation of the surface layer
enriched in Ca and P, commonly referred to as therphous calcium phosphates layer, and,
later on, in the precipitation of hydroxyl-carbogatpatite crystals; since these processes take
place on the surface of the glass grains, theyetuout to be more deeply influenced by the

specific surface area value of the powders thart weanoticed for Si release.

Starting fromPhosphorus we notice that all the plots show a consideralgerease in its
concentration with interaction time, which meansttiphosphate ions are progressively
depleted from DMEM to build the Ca-P layer and HE#stals; in fact, differently from Ca,
P is not sufficiently abundant and easily availaislethe glass to cover the needs of the

growing interfacial layer, so it must always bewdnarom the biological medium.
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The curves seem to reflect what emerged in Par3:5fBom Raman measurements we
noticed that B67,5 Eul0 formed the smallest amotiRiCA, and here we find out that it also
consumed the smallest amount of DMEM's phosphats; iB67,5 Eu5 spectra exhibit more
intense apatitic peaks, and from Fig. 5.30.2 weacaothat in its case the decrease in P
concentration is stronger. The case of B67,5 Eyfeculiar, since the sample that eventually
underwent ICP-AES measurements had a different &8ée from the one that underwent
Raman characterizatioHsso we cannot establish a direct connection betee two sets of
data; however, the high SSA of B67,5 Eul 2nd dailgativity tested) makes us hypothesize
that a strong biomineralization might have takeacg| and this would be perfectly consistent
with the considerable amount of P taken from tHetsm.

If in the end we compare B67,5's and Molari's plete discover that the curves have
practically the same shape, but differ a bit in fihal attained concentrations; this is highly
encouraging, since it means that, as already pbiatg for the silicate ions release, if we
operate the doping of our bioactive glasses witbCg by substitution of equivalent molar
percentages of CaO, it is actually possible notalier significantly the leaching and

dissolution behavior of our samples.

Moreover, we can find a very good agreement betwdasphate ions' depletion kinetics
and Raman spectra: B67,5 and Molari exhibit stesgrehses in P content in the first few
hours, and parallel fast evolutions of apatitic Rampeaks, with intense 1070 ¢m
asymmetric P-O vibrations as early as after 6 +hofrs; on the contrary, B67,5 EulO
consumes phosphate ions very slowly, and a slowldpment of the apatitic peaks is shown
in Fig. 5.28.

B67,5 Eu5's ICP-AES plots exhibit a considerablerei@se in phosphate content starting
from 2 days, and in Raman spectra we notice thak |H@cipitation becomes really relevant
only after 2 + 3 days.; exactly the same trend lsamoticed also from B67,5 Eu5's site A
emission spectra of Fig. 5.6, where the typicakpesf EU" ions hosted inside HCA's lattice
exhibit a considerable intensity only after 2 daykis very good agreement between data
provided by three different characterization teghes can be seen as a further proof of the

identification we made earlier.

7 As already stated in Par. 5.1.2, this was due to a technical malfunction of the instrument, that was not able to
perform the required analyses on the B67,5 Eul 1st calc's series of post interaction fluids the day it was
delivered to the Department of Volcanology.
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Let's finally pass to Pic. 5.30.4, that is to comtireg the evolution ofCalcium's ionic
concentrations in DMEM throughout bioactivity tesfj in the first few hour¥ all the
reported plots exhibit a steep increase, whichesmponds to the leaching of modifier cations
(amongst which, in our case, Ca plays the most itapbrole) from our glasses' networks as
a consequence of fast ionic exchanges betweenamamdand H (HsO") ions present in the
liquid phase (see Chap. 1).

In particular, it's easy to notice that the higktee network modifiers / network formers
molar ratio, i.e. the lower the leaching resistantehe glass, the higher results also the
maximum value reached by calcium's concentrationerdfore, since we operated the
substitution of CaO with B®s in terms of weight percentages (see Par. 4.2m2) sance this
modus operandbrought about a progressive diminution in saidoratve can find out that
higher doping degrees involve lower releases df @ms inside the biological medium: in

fact, B67,5 has the highest initial Ca concentratialue, while B67,5 Eul0 has the lowest.

It is also extremely interesting to observe thatldvioglass, which has exactly the same
modifiers / formers ratio and almost the same $jpesurface area value as B67,5, and thus is
quite well comparable to this latter, exhibits a i€@kease just a bit lower than the original

undoped glass; this means that, just as we thoEgfitjons though still behaving as network

modifiers(as_testified by the fa¢hat they can be leached from the glase Fig. 5.30.1), are

less effective then Ghin breaking the continuity of the silicate amorphdattice, and

therefore slightly alte¢slowing it down) the leaching behavior of thessla

The difference in maximum detected values of Mokamd B67,5 (112 VS 121 ppm),
however, is less than the 7.5%, and in this casertblar percentage of KD assumes the
very high value of 2%,. On the other hand, as we have previously seesucit high doping
degrees a series of undesirable problems (altaratio devitrification behavior, kinetic
hindering of HCA precipitation, concentrational fsglenching of luminescence, possible
precipitation of phases different from Eu doped HCAsterization of REE ions inside the
amorphous network, etc) arises, so the optimal mlopancentrations are far lower, around
0.1 + 0.3%0.. Therefore it is reasonable to state that foroadtive_glass dopeid the correct

way (i.e. working in molar percentages) with thdimgal amount of Eu the alterations to

18 Up to 6 hours, according to the available data; however, without concentration measurements in between
1h and 6h, it is impossible for us to know if after 1h the concentration of Ca ions continues to grow slowly
but steadily, or, on the contrary, if it reaches a spike maximum, and then it steeply decreases again.
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biomineralization processes should be largely ndale, and thus that our luminescent

structural probe should not change significanthytdrget it is meant to study.

When we consider longer interaction delays, theipi@ation of amorphous and crystalline
calcium phosphates on the surfaces of our glasssgp@comes the dominant phenomenon, so
that the Ca concentration curves start to behaweway more deeply influenced by the SSA
values of our samples: for example, B67,5 Eul, itathe widest surface area (184/g),
undergoes a very intense biomineralization, leatbng strong and fast depletion of’Cns

from DMEM to feed the development of the growingEand HCA layer.

In the case of B67,5 Eu5 (SSA = 13f/g), whose Raman plots show a slower onset of
apatite crystallization, the drop in Ca concentrat(exactly as we have just noticed for
phosphorus) is somewhat delayed: it starts af@ay®, and not after 1 day as in B67,5 Eul,;
for B67,5 Eul0 (SSA = 113 7y), suffering strong hindering effects to HCA ppé@tion
due to its high hydrolytic resistance and high Buatent, the plots show an almost constant
Ca concentration, clear sign of slow biomineral@ajprocesses: the slowly growing crystals
have no need of drawing ions from the biologicatime, since the leaching and dissolution

phenomena ensure themselves a sufficient and tisogigly.

Once again, as already seen for Si and P, evdreinase of Ca concentrations Molari and
B67,5 exhibit trends very close to each other; harehaving SSA values (respectively 49
and 64 Mg) considerably lower than the previously mentibtieree glasses, they seem not
to deplete the biological medium of Ca ions to Hane extent, probably because Ca is

released in sufficient amount to constantly feedgfowth of the apatitic layer.

Summarizing the most important information we héaernt from ICP-AES data, we can
say that the ionic release of our doped glassedeeply influenced by their hydrolytic
resistance, in turn influenced by the peculiar wagy operated the doping; however, if this
latter is carried out in a proper way, a good age® can be found between doped and

undoped samples behaviors, thus demonstratingf th@ate conditions are respeciéide data

we obtain from our luminescent probe can be consgigqgorously valid

5.3.5: Conclusions

In this Chapter we have dealt with the core ofr@search activity, that is with the first steps

in the development of an alternative method of ati@rization that allows to study with high
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sensitivity the biomineralization processes thketplace on the surfaces of bioactive glasses
by exploiting a luminescent structural probe susiEd" ions.

In particular, first we have designed and tailai@dur needs aim vitro interaction protocol,
in order to establish some reproducible way tonestie the bioactive efficiency of our
synthesized materials; then we have discoveredyatevactually detect the formation of Eu
doped HCA crystals on our Eu doped glasses' swfdueugh site selective luminescence
measurements, and we've tried to translate itdotne embryonic analytical method; finally,
we tried to gather as many evidences as possitdeigh various characterization techniques
to demonstrate the validity of our probe: that s twed first to find indisputable proof that
the peculiar emission feature we exploited to ddbemmineralization, i.e. the characteristic
luminescent spectral signature detectable wheniegour samples with a laser beam having
A = 574 nm, is actually due to Etions hosted inside HCA's lattice; and second veel tro
prove that our probe does not alter too much thewder of our glasses while immersed in
biological fluids, both for what concerns the iorétease and the precipitation kinetics.

From all we have seen so far, we can confidentljesthat if the doping process is carried
out in an opportune way (in molar percentages), aufticiently low amounts of EXD; are
employed, the Eu doped glasses behave in the sayasvthe original, undoped ones, and
thus the information we can acquire through siteectwe luminescence spectroscopy
analyses is actually representative of these latbévactive behavior.



Conclusions and future perspectives = 169

Conclusions and future perspectives

Facing the new challenges connected to the prageessgeing of the population in
developed countries, especially the need of enguainsatisfactory quality of life to the
increasing number of elderly people, requires atgaad united effort to many different and
usually not communicating research fields, suclbiakbgy and biochemistry, medicine and

surgery, materials science and engineering, etc.

In the last decades biomedical research has maie¢ gieps forwards, and impressive
achievements have been reached so far, like theti@neof permanent implantable total
artificial hearts (Abio Cor I, 2009), or of advattbionic prosthetic hands responding to the
myo-electric signals of the patient (i-LIMB hand)). Even in the field of bone substitutes
the progress has been really considerable, and daysathere exist a lot of commercial
products (NovaBone, PerioGlass, Novamin, Biogrdo,) €apable not only of filling bone
defects, but also of actively stimulating the growt osseous tissue, eventually leading to the

complete resorption of the implant, i.e. to itsstithtion with newly formed natural bone.

To continue on this path and achieve new conquastee biomedical field, one of the
possible strategies is to improve the performarmieshe existing materials, as well as
developing new, more effective ones; and to sucaeeding so, it is extremely important to
further deepen our knowledge on the processestéikat place at the interface between

implants and host tissues.

In the case of bioactive materials, designed teraut with osseous tissue (e.g. bone
substitutes or coatings for metallic prosthesés$, ineans delving into the biomineralization
processes, to better understand their dynamic&iaetics; in the past decades much has been
written on this subject, but extensive quantitativ®rmation is somewhat lacking, mostly
due to technical and technological difficultiesdatecting and quantifying the formation of
the hydroxyl-carbonate-apatite surface layer deyedoduring interaction with biological

fluids, distinctive feature of this class of biomidals.

Striving to overcome this latter problem, we haaid khe first steps in the development of a
novel characterization technique, based on theofiSel®* doping ions as a luminescent
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structural probe and on site selective luminescepegetroscopy measurements; in particular,
we made the hypothesis that the Eu doped bioagltasses to be studied were able to develop
an Eu doped interfacial HCA layer upon interactioith biological environment, and that

therefore the characteristic emission of Eions hosted in the apatitic lattice could be

detected and isolated by site selective excitation.

Following the path described in Chapter 5, we vade to demonstrate that this assumption
was correct by reporting a series of evidenceshegatl through various characterization
techniques (XRD, FTIR, micro-Raman; see the whaetisn 5.3), that proved right the
attribution of the detected typical Site A emissspectral signature (see Par 5.2.2) t6'Eu
ions hosted in Ca(ll) sites of the HCA lattice. Fhaid the foundations for the development of
an embryonic characterization method, that proeedet capable of providing data perfectly
consistent with what could be deduced by otheraattarization techniques (see Par. 5.2.5).
Moreover, we demonstrated also that our novel tgcienwas capable of detecting the
formation of HCA even when the crystals were ofarartric size and represented only a tiny

mass fraction of the whole sample, i.e. even fergtorter biological interaction delays.

The method then underwent validation trials, tlgatve tried to understand whether our
luminescent probe had any influence on the veryesbiomineralization processes it was
meant to study, or not; exploiting a series of abhterization techniques (XRD, FTIR, micro-
Raman, N gas sorption, ICP-AES) we were able to demonsttat at least in the case of
the base bioactive glass we studied, B67,5 (seel2aR):

» High weightpercentage substitutions of CaO with,8glyield samples with an increased
degree of microporosity and with larger specifidace area values.

» High %, of EbLO;3 hinder the devitrification of apatitic phases upaitcination at 700°C;

* High %, of EwOs slightly alter the leaching and hydrolytic dissadn behavior of the
doped glasses, due to a strengthening effect an ribevorks that decreases the ionic
release and its rate.

* High %, of EbLO;3 result in a decreased formation of HCA during imsia in DMEM.

Nevertheless, we also proved that when the dopsgarried out by substitution of
equivalent_molarpercentages of CaO with B, the above mentioned alterations are
considerably reduced (see all data regarding Mglass), up to a point of being practically

negligible if the dopant content is kept as lovw&s+ 0.5 %
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This demonstrates that if the concentration of Eans is properly tailored, our luminescent
structural probe does not alter the targets iteamh to study, and, therefore, that the acquired
site selective luminescence spectroscopy data eattoally considered representative of the

true biomineralization processes taking place erbibactive glass surfaces.

Our novel characterization method, however, séil  very long way to go before it can be
considered fully developed; in particular, futureedtions of study might be:

« Individuation of the’D, level energetic position for Eliions hosted in HCA: this result
could not be achieved during our research actaitg to the protracted malfunction of
the light source (Xe lamp) exploited for excitatiomasurements. Once the correct
wavelength for the promotion of type A Eu ions itheir°D, level determined, it will be
possible to acquire site selective emission speexaibiting the completespectral
signature of Eu ions hosted in the apatite lai@s— 'Fo peak included.

* Localized chemical composition measurements: falgw the evolution of the
composition of our doped bioactive glass grains aicroscopic and sub-microscopic
scale, both in the surface region and in the buikght provide further useful information
on the influence of B3 on biomineralization processes; in particular, PARBS
microprobe data for the base bioactive glass Béikmlready available (see ref. [49]), sO
carrying out this type of analyses also on our dampvould allow an interesting
comparison between compositional evolutions duingtro bioactivity tests to be made.
Moreover, electron microprobe chemical analyseslGwA crystals developed in the case
of B67,5 Eul0 and Molari glasses would let us katir certainty if the lack of Site A
characteristic emission peaks from their lumineseespectra is actually due to some
concentration self quenching effect, or if at hidfpping degree Eu ions are integrated

with less efficiency into the HCA lattiée

 Individuation of the optimal doping degree: cargyiout in vitro bioactivity tests on new
B67,5 EuX samples with very low Eu content (< 1%.e < 0.2%,) would permit to

estimate which is the lowest,% of EwO3 capable of returning a Site A luminescence

' On the contrary, the spectra we reported in Par. 5.2.2 and 5.2.5 all lack the SDO — 7F0 peak, since we excited
our samples in the °D, level, and therefore the above mentioned transition is masked by the laser scattering.

? This information, however, is of pure theoretical value, since such high Eu,0; contents (2%,,,) have proven to
be not suitable for the application of our method, due to the not completely negligible alterations to
biomineralization processes they induce.
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emission signal of sufficient quality to be expaitin our method.

Development of quantitative measurements: the tqakenve have elaborated so far does
not provide any quantitative, "numeric" information the analyzed samples, but relies
on the comparison between acquired spectra. Sinpee@se quantification of HCA

precipitation on bioactive glasses is the final aifrthis research, the next fundamental
step will be a quantitative calibration of the nathcoupled with a greater exploitation
of time resolved measurements (Eu ions in HCA hshkerter luminescence decay

lifetimes than Eu ions in glass) to better isothemission of type A Eliions.

Application of the method to other bioglasses: navel characterization technique has
been developed in the case of a B67,5 composibah,aims to be applicable to all
bioactive glasses; therefore, a series of testsrma@asurements very similar to those
carried out in the present work should be perforroadother sol-gel derived doped
samples, to verify the actual reliability of theopided results also for compositions
different from that of B67,5 (see Tab. 4.1).

cell culture assays: last but not least, the applity of our characterization method
could also be investigated in the case of cellidavitro tests; obviously, the potential
cytotoxic effect of Eti ions on osteoblasts and other cells might rendepootocol not

suitable for these applications, so performing seeréication tests would be extremely

interesting to assess its limits.

Summarizing and concluding, in this thesis we hdeeeloped up to an embryonic stage a

novel method to study the biomineralization proesgsking place at the interface bioactive

glass / biological fluids; this method has proverbe effective in detecting the precipitation

of hydroxyl-carbonate-apatite crystals on the sg$aof the samples, and, under opportune

conditions, the acquired data have proven to bl tepresentative of the actual bioactive

behavior of the analyzed material.

At the moment this technique cannot be consideostteffective, that is the quality of the

results it can provide does not yet justify thehhapsts connected to the use of an expensive

dopant such as Europium. Nevertheless, we belieae bnce fully developed even in its

quantitative aspects, our novel characterizatiothote might turn out to be a valuable asset

in the biomedical research on bioactive glasses.
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