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Regenerative biomaterials for bone



• Biomaterials in bone regenerative 

medicine.



Biomaterials for bone regeneration
 Autogenous bone (Gold Standard)

Limited bone stock (small packs) 

High risk of morbidity 

Painful and not aesthetic

 Allograft (Human)

 Xenograft bone (Animal)
Infection (bacterial - viral) 

Dead bones limit cell proliferation 

Legal requirements (biological origins)

 Bio Glasses
 Controlled synthetic material

 Able to recruit osteoprogenitor cells, the "stem cells" of bone.

 controls the cycle of osteoblasts to promote proliferation and differentiation

Calcium Phosphates
Wide variety on the market 

Different quality and clinical results 

Very specific production know-how
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Biomaterial Design



Calcium Phosphate pionniers 



Biological and synthetic apatites

Bone mineral:

Ca8,3 (PO4)4,3 (HPO4,CO3)1,7 (OH,CO3)0,3

Dental enamel Mineral:

Ca9,4 (PO4)5,4 (HPO4,CO3)0,6 (OH,CO3)1,4

Hydroxyapatite 

Ca10 (P04)6 (OH)2

Beta Tricalcique Phosphate (-TCP) : 

Ca3 (P04)2

Biphasic calcium phosphate BCP = HA + -TCP



Monocalcium Phosphate Dicalcium phosphate tricalcium Phosphate : TCP :

C
A





Biological activity of CaP
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Calcium Phosphate Ceramics

Céramique = cohésion de la structure assurés par traitement thermique 

CaP powder

Polymeric beads
(porogenic elements) Impregnation

SlurryPolymeric skeleton

= Bone substitute

= Polymeric skeleton + CaP

Porous Ceramic

Thermal treatment (debinding then sintering)

Drying

“Green”



Calcium phosphate ceramics biomaterials

Sinter the powders 



Porosity 1050°C

1200°C



Bioglass



Bio glass

«A glass is a non-crystalline solid 

exhibiting the glass transition 

phenomenon » (Zarzycki 1982)



Synthesis

A flow chart of the acid-catalysed sol–

gel process of synthesis of a bioactive 

glass with schematics of the evolution 

of the gel and its nanoporosity.

Structural transformations of bio-glasses:

Fusion : Mixture of inorganic raw 

materials heated between 1300 

and 1600 °C then cooled without 

allowing crystallization

Sol-gel: A solution that gels by 

polymerizing in an aqueous 

medium. Then the gel is dried 

and heated 



Differents Bio Glasses

• Particle size: Micro to nanometric

• Compositions: with Silver, Potassium, Magnesium, Strontium...

• Nano or meso porosity

• +/- Crystallized

Transmission electron microscope 

image of ordered mesoporous silica

particles. Courtesy of Lijun Ji, 

Yangzhou University, China.



Bone regeneration with Bio Glass

Scanning electron micrograph (SEM) of new bone growing around 

and connecting 45S5 Bioglass particles to form a regenerated 

trabecular bone structure. Upper figure is SEM-EDS analysis of the 

composition gradients of the Bioglass particles due to ion exchange 

reactions that lead to growth of a biologically active hydroxyl-

carbonate-apatite (HCA) layer that is rich is in Ca, region #3.

Rapid regeneration of new bone from Class A Bioglass versus Class 

B bioactive A/W and HA particles in Oonishi critical size defect rabbit 

condyle model. Note rapid growth of new bone within 4weeks in the 

presence of Bioglass particles and eventual greater amount of bone 

regenerated within the critical size defect.



Calcium Phosphate Suspensions

in HPMC viscous water solution

Without hardening properties

WO 9521634 (A1) Injectable Bone Substitute : WEISS P, 

DACULSI G,, DELECRIN J, GRIMANDI G ET PASSUTI N

2% HPMC in water + BCP granules 





22

Cement

Cement (hydraulic) = structural cohesion provided by soft chemistry



Cements
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Injection

Prise



Macroporous Cement

WO 20081023254 A1, 2008, Macroporous and 

highly resorbable apatitic calcrtm-phosphate 

cement, 

WEISS P, KHAIROUN I, BOULER JM

Mixture of a powder :

• 78 wt %α -tricalcium phosphate (α-TCP), 

• 5 wt % dicalcium phosphate dihydrate (CaHPO4,2H2 O) 

• 5 wt % monocalcium phosphate mono-hydrate (MCPM)

• 10 wt % calcium-deficient hydroxyapatite (CDA)

• 2 wt % HPMC. 

liquid phase : 5 wt % Na2HPO4 aqueous solution



Total porosity measured by Hg intrusion (%) 

61 ± 6 / 44± 4 

8 weeks of implantation

in Rabbit bone



Commercialized injectable bone subtitutes

Solid materials
Injectable 

suspensions
Graftys® QuickSet

calcium phosphate salts +

HydroxyPropylMethylCellulo

se (HPMC)) + Na2HPO4

+ Biocompatibility

+ Injectability

+ mechanical properties

- Porosity = HPMC particules

- Osteoconduction

+ Biocompatibility

+ Injectability

+ Osteoconduction

- Mechanical properties

In'Oss™MBCPTM

Mechanical properties
Biological properties

Hydroxyapatite + Phosphate 

Tricalcique Bêta (ßTCP) 

+ viscous liquid = 2% HPMC
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WO 20081023254 A1, 2008, Macroporous and highly resorbable apatitic calcrtm-

phosphate cement, WEISS P, KHAIROUN I, BOULER JM
WO 9521634 (A1) Injectable Bone Substitute : WEISS P, DACULSI G,, DELECRIN J, 

GRIMANDI G ET PASSUTI N



Cl I

Cl II







Physico-chemical characterization
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X-ray diffraction



Physico-chemical characterization
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Infrared Spectroscopie

Élongation 

asymétrique

Bascule hors 

plan

Ca10-x(PO4)6-x(CO3)x(OH)2-x-2y(CO3)y



Physico-chemical characterization
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Analyses élémentaires

ICP-AES (ICP-MS également possible!) Dosages chimiques (chromato ionique, dosage C,…)



Physico-chemical characterization
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Microscopie électronique à balayage Microscopie électronique en transmission

Pan et al., Mystery of the transformation from amorphous 

calcium phosphate to hydroxyapatite, Chem. Comm. (2010)



Physico-chemical characterization
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Micro/Nano tomographie à rayons X



Physico-chemical characterization
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Essais Mécaniques



Physico-chemical characterization
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Injectabilité et temps de prise (ciment)



Physico-chemical characterization
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Comportement rhéologique (ciment)

Erdem et al., The rheological behavior of a fast-setting calcium phosphate bone cement and its 

dependence on deformation conditions (2017)



Physico-chemical characterization
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Comportement en milieu biologique simulé 

Mazzoud et al., Cell-free, quantitative mineralization measurements as a 

proxy to identify osteoinductive bone graft substitutes, Biomaterials 2022

Analyses multimodales

Changement:

- Composition

- Phases

- Masse

- Porosité

- Surface spécifique

- Morphologie…



Scaffold for cells = osteoconduction



Osteoconduction



Osteoinduction of CaP





Frittage

25°C

1050°C

600 min
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Animal model:

2 goats for 6 weeks

7 goats for 12 weeks

Implant:

BCP Granules 1-2 mm

1050°C, 1125°C, 1200°C

autologous bone chips

Teflon cylinder 

2 mm thick walls

(Femoral site)

ø



Microstructure et bioactivité



ø




BCP ceramics micro porosity

3 sintering 

Methods

Implantation

biomaterial 

Scafold 

for TE

1050°C

1125°C 1200°C
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BCP 1200°CBCP 1050°C BCP 1125°C

Femurs 12 weeks

Autologous boneEmpty cylinder
Results : Microstructure



Osteoinduction

Muscular area 

Granules MBCP 1-2mm

6 months in goat

Micropores effect

Calcif.Tiss.Res. 1990

Bone 2005



Biofabrication : Additive manufacturing



Additive Manufacturing
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• ‘’Bottom-up’’ procedure
Additive Manufacturing Technologies

Virtual Objet Layer by layer manufacturing









3 D microporous controlled structures

• Printing of 3D Wax mold

• CaP slurry before Sintering

• Gyroid porosity structure 

without GP or with cortical 

like outer shell GPRC

• Implanted in a rat femur (8 

weeks)
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Without polymer or hydrogel cement is a fragile material



Additive Manufacturing
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• Hopes for a very soon application

– More and more startups & manufacturers 

– FDA/C€ certification



Traitement personnalisé d’un patient

chien comportant (A) une fente

labiopalatine unilatérale, (B) le scanner

préopératoire 2 semaines avant

intervention et la conception d’un

implant sur mesure (C) la simulation de

la chirurgie via modèles 3D polymères

(D) l’implant sur mesure conçu en 2

parties pour faciliter son insertion dans

le défaut (E) le scanner post-op après la

chirurgie reconstructrice et (F) le

scanner à 3 mois post-op, montrant une

formation osseuse pouvant supporter

l’éruption de dents définitives

 For tomorrow 


