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Verres bioactifs

= Calcium silicate-based glasses doped with phosphorus oxide

= Bioactive : Strong bonding interface
connecting the glass to the living tissues

(Enable stable integration of implants)

= Dental bone grafting material (Perioglass®, Biogran®)

= Orthopedic and cranofacial reconstruction (Novabone®, Bonalive ®)

Powder Small pieces
(100-800 um) = Reconstruction of tiny bones of the middle ear

= Bioactivity depends on glass composition and structure !



Structure locale des verres bioactifs CaO-SiO,-P,0.

1D MAS NMR : Nature of phosphate groups, silicate network
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Repolymerization of the disordered silicate network with P addition



Liaisons P-O-Si

??

Débattue dans la littérature

J. Phys. Chem. C 2008, 112, 5522-5562

Multinuclear Solid-State NMR Studies of Ordered
Mesoporous Bioactive Glasses

E. Leonova,..., M. Vallet-Regi, M. Eden

“Although the signal at ca. -7 ppm may safely be
assigned to 3P in Q! units, it is less clear if those
derive from P-O-P or P-O-Si bonding scenarios.....
Our NMR results suggest that the 3!P resonance
at ca. -7 ppm derives from P-O-Si moieties.”

Chem. Mater. 2007, 19, 5644-5652

The Structure of Bioactive Silicate Glasses: New
Insight from Molecular Dynamics Simulations

A. Tilocca, A. N. Cormack, et al.

“.....characterized by a marked increase in the
connectivity of the silicate network and by an
increasing fraction of phosphate groups

involved in P-O-Si.”

/ Chem. Mater. 2010, 22, 5644-5652 \
555

New Insights into the Atomic Structure of 4
Bioglass by Means of Solid-State NMR spectroscopy
and Accurate First-Principles Simulations

A. Pedone, T. Charpentier et al.

“No Si-O-P bridges have been detected by both 31P
NMR and 70 MQMAS experiments, and therefore
isolated orthophosphate units are able to form
nanodomains that subtract sodium and calcium
cations from their network modifying role into the

Wte network.” /
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= Reintroduction of the heteronuclear P-Si dipolar couplings
= Dephasing of the 3P echo signal
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F. Fayon, C. Duée, T. Poumeyrol, M. Allix, D. Massiot, J. Phys. Chem. C 117, 2283-2288 (2013)



Distribution des monomeéres PO,* dans le réseau Silicate

Chemical homogeneity ? Phosphate clusters ? / ,
B. O. Mysen, F. J. Ryerson, D. Vigo \

The structural role of phosphorus in silicate melts
g é A American Mineralogist, Volume 66, p 106-117 (1981)
vﬁ “Phosphate complexes are formed in the melts.
These complexes are bonded to metal cations
such as Ca%*,Mg?*, and Na*. The M-PO,
complexes occur as discrete units that are

@ger than 20 A in the melt.” J

Silicate chains

~ N\
A PO

= Amorphous material
= Very weak Z-contrast between Si and P

No information with conventional techniques
(SAXS, TEM, XRD)

31p solid-state spin-counting ‘
multiple-quantum NMR ? TEM (5.0 mol.% P,0)




Principe de la spectroscopie RMN multi-quantum
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Spectroscopie multiple-quantum 3!P dans un phosphate cristallin

Reference compound: Weak homonuclear P-P dipolar couplings (D< 270 Hz)
Structure made of PO, monomers But the excitation of Multiple Quantum Coherence is possible !!!
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Number of correlated PO units (i.e. size “Infinite” (unbounded) spin system
of the system) increases continuously MQC orders up to 40 !!!




Spectroscopie multiple-quantum 3P dans les bioverres
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Taille des domaines phosphates dans les bioverres
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Polymerization of the Si network

F. Fayon, C. Duée, T. Poumeyrol, M. Allix, D. Massiot, J. Phys. Chem. C 117, 2283-2288 (2013)




Simulations numériques / Expériences

Numerical simulations:

SIMPSON
Bak, Rasmussen and Nielsen, JMR 2000.

Vosegaard et al., Mon. Chem 2002. 6 P cluster
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Conclusion

= Structure of bioactive glass shows a non uniform (homogeneous)

distribution of phosphate groups and contains chemical heterogeneities

" Low P,0O; content (= < 3.7 mol.%) : Forte Bioactivité

Small phosphate clusters, average size of 1 nm

= Higher P,O. content : Faible Bioactivité

Significant repolymerization of the silicate network
Clusters close together forming larger aggregate



Bioactivité des verres

Bioglass® 45S5
46,1mol% SiO, — 26,9 mol% CaO — 24,4mol% Na,0 — 2,6mol% P,0.

Sio,

Bioactive
Glass

KL e

o ¥ TS ol BRLENE
Na,O M. Neo et al., J. Biomed. Mat. Res. 26, 1419 (1992).
Interface :

Liaison forte et
stable avec I'os

s»*Caractérisation de la phase formée en surface du verre

Hench et al.,Journal of the American Ceramic Society, 1991, 74 (7), p.1487
Neo et al., Journal of Biomedical Materials Research, 1992, 26 (11), p.1419



Mécanismes proposés

Hydrolyse surface verre = Si-OH (silanols)
Condensation des Si-OH = Gel de silice

Interface :
1 Liaison forte et
YAl stable avec I'os

Migration Ca?*, P0,3 vers surface du Gel de silice

=»Formation phase CaP amorphe

X

: " "/ ,AP 7 o/ 4 . ‘ria
U
-Migration HO", CO,% vers CaP amorphe . O !

-Cristallisation progressive

BIOACTIVITE

=» HydroxyApatite Carbonatée HAC

Gel de Silice CaP amorphe

HAC = liaison avec I'os naturel
Os naturel
HAC



Caractérisation des phases formées in-vitro

s*Préparation SBF (Simulated Body Fluid)

Concentration Plasm'a SBE
(mMol/L) Humain
Na* 142,0 142,0
K* 5,0 5,0
Mg2* 1,5 1,5
Ca%t 2,5 2,5
Clr 103,0 147,8
HCO?* 4,2* 27,0
HPO,> 1,0 1,0
50, 0,5 0,5
pH 7,24-7,40 | 7,25-7,42
“*Verre 45S5

Granulométrie 40-75um

Atmosphere controlée

Kokubo et al., Biomaterials, 2006, 27, p.2907

Ratio Solide / Liquide = 1

37°

agitation

Temps d'immersion :
5 minutes a 2 mois

Filtration sous vide

!

Récupération
fraction solide

Y

Microscopie DRX RMN FTIR



Formation d’une couche de gel de silice ?

Microscopie

DRX
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Formation d’une couche de gel de silice

GEL DE SILICE

MAS 14kHz 7T /\M
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Formation d’une couche de gel de silice
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Formation d’une phase CaP amorphe
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Cristallisation de la phase CaP amorphe

4 heures

Diffraction Electronique

=> Nouvelle morphologie nanocristalline
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Taille de cristallite (nm)

Hydroxyapatite nanocristalline
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Cristallisation de la phase CaP amorphe

CPMAS = Cross-Polarisation MAS
Observation sélective de la phase
initial amorphe et de I’hydroxyapatite
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Structures des phases phosphocalciques

T
Corrélation hétéronucléaire RMN 3P / 1H
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Structures des phases phosphocalciques

Spectroscopie IR
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Conclusion

Verre 45S5: particules 40-75um
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31p multiple-quantum experiments in bioglasses

Number of correlated spins is time dependant N(t)

Statistical model :
with a binomial distribution of MQC intensities

(Pines et al.)

Baum, Munovitz, Garoway and Pines, ] Chem Phys 1985. (2 N)' _pz
Munovitz, Pines and Mehring, J Chem Phys 1987. ~exp|—— |
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Local structure of bioactive Glasses

Ca/Si=1.11 Ca/Si=1.11
2.6 mol.% P,0, 5.0 mol.% P,0,
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