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Definition of biomaterials 

•  Biomaterial is defined as a material designed to interface with 
biological systems to evaluate, to support or replace any 
tissue, organ or body function 

• (II International Conference on Biomaterials, Chester,UK, 1991). 

•  The performance of materials used in the medical field are 
evaluated on their biofunctionality and biocompatibility. 

•   The biofunctionality refers to the property that a device must 
have to play a certain function from the standpoint of physical 
and mechanical. 

•   The biocompatibility refers to the ability of the device to 
continue to perform that particular function throughout the 
useful life of the implant and is closely related to interaction 
between the biomaterials and the tissues with which they come 
in contact. :  An introduction to bioceramics 



Classification of bioceramics

❑ Ceramic for biological use, are divided into the 
following categories:

•  1) Bioinert (Al2O3, glassy carbon) do not provoke or 
undergo reactions with the medium in contact with 
physiological

•  2) Bioactive (hydroxyapatite) increased 
phenomenon of adhesion, through stimulation of 
bone regrowth

•  3) Biodegradable (eg bioglass) filling materials 
which make it possible during and after their 
dissolution, reformation of the tissues
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Overview of the uses of ceramics in medicine
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Type of tissue response
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The living factories of Bioceramics 

❑  Living organisms construct 
mineralized skeletons from 550 million 
years, biominerals are known so far 
about 80 and belonging to three 
groups

❑   Calcium phosphates

❑   Calcium carbonates

❑   Silica (opal)
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Natural Bioceramics: Mollusc Shell 

❑ Shell Composition is
❑ Calcium carbonate 

❑ Organic layer (Conchiolin, perlucin)

❑ Outer CaCO3  layer Crystalized 
in Aragonite form
❑ A hard and high strength form of 
CaCO3  to protect it from 
surroundings. 

❑ The inner CaCO3 layer is 
crystalized in calcite form
❑ A soft and less strength form of 
CaCO3 , and also with high %age of 
binding material(Conchiolin & 
perlucin) to comfort the animal

  Scienza e tecnologia dei materiali 



Biogenic silica

  Biogenic silica (BSi), also 
referred to as opal, biogenic 
opal, or amorphous opaline 
silica, forms one of the most 
widespread biogenic 
minerals. 
  BSi is an amorphous metal 

oxide formed by complex 
inorganic polymerization 
processes.
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Natural Bioceramics: Natural Pearls 

❑ Nacre 
❑ also known as mother-of-pearl, is a 
naturally-occurring organic/inorganic 
composite, composed of crystalline 
and organic substances forming the 
iridescent inner lining of the shell. 

❑ Pearl 
❑ It forms by the foreign nuisance that 
entered in the shell creating 
discomfort for the Animal and to get 
himself relaxed, it coat this with 
nacre and thus later it becomes a 
pearl with time  

❑ Mikimoto pearls 
❑ Artificially these pearls are made by 
growing mollusks and adding each 
animal some little stone which with 
time appears to be a pearl  
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Natural Bioceramics: Teeth 

❑ Tooth enamel 

❑ Hardest and most mineralized 
substance of body, crystalline 
calcium phosphate is major 
mineral and high strength is 
because of large number of 
minerals (Hydroxyapatite)
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Tooth Enamel

Sanosh et..al. Dental Materials (2010) 

Vickers Hardness 3.3 GPa 
KR= 0.98 MPa/m2 



Bone: a natural composite material

❑ The bone tissue is a dense organic matrix, consisting mainly 
of collagen, which presents inorganic deposits of 
hydroxyapatite [Ca10(PO4)6(OH)2] and calcium carbonate 
CaCO3  

❑   The bone is present in the skeleton of bony fishes and land 
vertebrates.

❑   And produced by cells called osteoblasts become 
osteocytes that maturing (bone cells).

❑   The cells are separated, but preserving minutes 
cytoplasmic connections between themselves and with the 
blood vessels.

❑   The bone grows and is remodeled by the action of 
osteoblasts and osteoclasts, which are cells responsible for 
the construction and bone resorption, and everything is 
under hormonal control.
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Natural Bioceramics: Bones Composition 

§  Hydroxyapatite (A natural Bioceramic inorganic)
§  Collagen Fibers (Organic)
§  Living Cells and blood vessels  
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•  Osteoblast - found within the bone, its function is to form the tissue and minerals 
that give bone its strength. 
•  Osteoclast - a very large cell (20-100 μm) formed in bone marrow that can have 
till 10 nuclei; its function is to absorb and remove unwanted tissue. 
•  Osteocyte - found within the bone, its function is to help maintain bone as living 
tissue. 
•  Fat cells and hematopoietic cells are found within the bone marrow. 
•  Ematopoietic cells are those that produce blood cells.

Bone remodelling 

The different types of bone cells
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Anatomy and function of bone 

•  Bone provides shape and support for the body, as well as protection for some organs.  

What are the functions of bone? 

•  Bone also serves as a storage site for minerals and provides the medium (marrow) for the   
development and storage of blood cells. 

Beneath the hard outer shell of the periosteum there are tunnels and canals through which blood and 
lymphatic vessels run to carry nourishment for the bone.  
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Bioglass
Bioglass is a commercially available family of 
bioactive glasses, composed of SiO2, Na2O, 
CaO and P2O5 in specific proportions. 

  The proportions differ from the traditional 
soda-lime glasses in low amount of silica (less 
than 60 mol.%), high amount of sodium and 
calcium, and high calcium/phosphorus ratio.

  High ratio of calcium to phosphorus promotes 
formation of apatite crystals; calcium and silica 
ions can act as crystallization nuclei

  Professor Larry Hench developed Bioglass at the 
University of Florida in the late 1960s. He was 

challenged by a MASH army officer to develop a 
material to help regenerate bone, as many 

Vietnam war veterans suffered badly from bone 
damage



Bioglass 45S5
  Bioglass 45S5, one of the most important 

formulations, is composed of SiO2, Na2O, CaO and 
P2O5. 

  The 45S5 name signifies glass with 45 wt.% of SiO2 
and 5:1 ratio of CaO to P2O5. Lower Ca/P ratios do 
not bond to bone.

  The key composition features of Bioglass is that it 
contains less than 60 wt% SiO2, high Na2O and 
CaO contents, high CaO/P2O5 ratio, which makes 
Bioglass highly reactive to aqueous medium and 
bioactive.
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Mechanical properties of bioglass
  High bioactivity is the main advantage of Bioglass, 

while its disadvantages includes mechanical 
weakness, 

  Low fracture resistance due to amorphous 2-
dimensional glass network. 

  The bending strength of most Bioglass is in the 
range of 40–60 MPa, which is not enough for load-
bearing application. 

  Its Young's modulus is 30–35 GPa, very close to 
that of cortical bone, which can be an advantage. 
Bioglass implants can be used in non-load-bearing 
applications, for buried implants loaded slightly or 
compressively. 
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Bond formation from bioglass

•  1) Replacement of the alkali ions 
between the glass and the hydrogen of 
the solution

•  2) Rupture of the siloxane bonds with 
the formation of a large surface 
concentration of silane groups

•  3) It forms a glass surface with a double 
protective film of calcium phosphate gel 
and rich in silicon

•  4) the film amorphous calcium 
phosphate to form hydroxyapatite 
crystals crystallizes
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Calcium phosphate family

  Calcium phosphate materials have been widely used as implant 
materials since significant research in the early 1970’s demonstrated 
the biocompatibility and utility of these materials as implants. 

  Within this class of calcium phosphates known as orthophosphates, 
there exists a tremendous diversity of chemical and structural 
variations. A high degree of biocompatibility, minimal if any 
inflammatory response or foreign body response and no evidence of 
local or systemic toxicity. 

  This is because the calcium and phosphate ions are the most 
common ions in the body and these compounds allow direct 
bonding of soft tissue or bone cells. 
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CaP in detail
  Calcium Hydroxyapatite [Ca10(OH)2(PO4)6]

  CaHA is generally used in applications where a more durable form of 
material is required. HA must meet the requirements of ASTM F1185 and 
ISO 13779. Stoichiometric hydroxylapatite has a Ca/P ratio of 1.67.

  β Tricalcium Phosphate [Ca3(PO4)6]
  β TCP has a higher solubility than HA and is generally selected for 

applications where dissolution of the implant is desired. Our β TCP meets 
the requirements of ASTM F1088. Stoichiometric tricalcium phosphate has 
Ca/P ratio of 1.5.

  Biphasic Calcium Phosphate
  Biphasic CaP is a HA/β TCP combination. The most commonly used forms 

are 60% HA/40% β TCP and 85% HA/15% β TCP. Biphasic CaPs has to 
meet the requirements of the combined ASTM F1185 and ISO 13779 and 
the STM F1088. Biphasic CaPs have Ca/P ratios of 1.5 to 1.67.

  Fluorapatite
  Fluorapatite is very similar to hydroxylapatite but some of the hydroxyl 

groups that define the HA are replace with fluorine ions. 



Fluoroapatite

Hydroxyapatite Ca10(PO4)6(OH)2 

Beta-Tricalcium Phosphate Ca3(PO4)2  

Alpha- Tricalcium Phosphate Ca3(PO4)2 

Amorphous Calcium Phosphate

Tetracalcium Phosphate Ca4P2O9

Order of solubility
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Select the right CaP material

•  The only calcium phosphate that is stable in contact with water is 
hydroxylapatite, and this is the form found naturally as bone mineral.

•   In applications where a stable, but biocompatible material is desired, HA is 
the material of choice. 

•  If the goal is remodeling, then more soluble forms might be of interest. 
•  Regardless of the composition, all calcium phosphates are osteoconductive. 
•  Osteoconduction helps to increase the activity of bone forming cells 

(osteoblasts). 
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Calcination in air at 900°C for 60 min - 
heating rate 5°C/min 

HA Powder: Precipitation method 

The calcined powder was grinded 
using a planetary ball mill using 

zirconia balls for 30min and sieved 
through 80mm mesh 

1 L of 0.3M H3PO4 in double-
distilled water - Ammonia was added 

till a constant pH 10 was obtained 

1 L of 0.5M Ca(NO3)2.4H2O prepared in 
double-distilled water, was slowly added 

maintaining a Ca/P ratio of 1.67  

The solution was maintained at a 
constant pH 10 by adding small 

amount of ammonia.  

The precipitates were filtered out, 
washed repeatedly and dried at 65°C 

for 24 h 
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H3PO4 + H2O Ca(NO3)2.4H2O in water 

Add NH3 till pH-10 stir 

Add NH3 till pH-10 

Keep for ageing 1 day 

Drying and sintering 

Mix 

(NH4)3PO4+ 3H2O 

6(NH4)3PO4 + 10Ca(NO3)2.4H2O Ca10(PO4)6 (OH)2 
2NH4OH 

H3PO4 + 3NH4OH 
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DLS: particle size ~ 500 nm TEM: particle size ~ 150 nm 

The BET specific surfaces was equal to 12m2/g that corresponds to an estimated 
equivalent spherical diameter (dBET) of 159 nm

HA particle features
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Silicon Doped HA

Ca10(PO4)6(OH)2 + xSiO4
4- →    Ca10(PO4)6-x(SiO4)x(OH)2-x + xPO4

3- +xOH-  



Inert Ceramics: Aluminum Oxides (Alumina – Al2O3) 
 

Applications 

•  orthopaedics:  

•  femoral head 

•  bone screws and plates 

•  porous coatings for femoral stems 

•  porous spacers (specifically in revision surgery) 

•  knee prosthesis  

•  dental: crowns and bridges 



Prosthesis for Hip and knee: ceramic and 
titanium 

❑ Nelle protesi d’anca la palla 
femorale di Al2O3 è legata al tronco 
metallico.  
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Prosthesis for Hip and knee 

❑ Improvements in durability and compatibility of materials for hip 
replacements 
❑ New designs to help patients of any age 
❑ Choices of hip joint materials: 
❑ Metal-on-polyethylene 
❑ Metal-on-metal 
❑ Ceramic-on-ceramic 
❑ Ceramic-on-polyethylene 
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Prosthesis for Hip and knee:   #
Hip Replacement Components

❑ Acetabular component - consists of two 
components 

❑ Cup - usually made of titanium 

❑ Liner - can be medical grade plastic, 
metal or ceramic 

Cup 

Liner 
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Prosthesis for Hip and knee:#
Ceramic-on-Poly Overview

❑ Cup made of Marathon cross-
linked poly

❑ Ball made of Biolox Delta Ceramic

❑ Composite zirconia aluminum 
ceramic 
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Prosthesis for Hip and knee:#
Ceramic-on-Ceramic Overview

❑ Ball and cup made of alumina 
ceramic 

❑ Shorter clinical history

❑ Not toxic to the body

*Not currently available from DePuy Orthopaedics. 
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Prosthesis for Hip and knee:#
Ceramic-on-Ceramic Overview cont.

❑ Ceramic femoral heads offer:

❑ Excellent compatibility within the body

❑ Good mechanical performance

❑ Very hard and scratch-resistant

❑ Chemical and temperature stability
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Prosthesis for Hip and knee:#
Ceramic-on-Ceramic Wear

❑ 100-200 times less wear rate than other materials in mechanical 
tests

❑ Resistance to deformation and surface scratching

❑ Less particle debris around joint available to get into the body
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Bioceramic coatings by plasma spray
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Lower jaw prosthesis with plasma sprayed 
coating
  A high-temperature plasma spray 

was used to cover the jaw part with 
a bioceramic



Macroporous foams

: Processing, properties and applications of ceramic foams



Classification of ceramic foams
  Open cells

  Closed cells



Classification of ceramic foams
  ceramic strut

  Strut detail showing cavity left by 
templating material



Mechanical properties of strut based foams
  relative density

  relative modulus
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R. Studart, U. Gonzenbach, E. Tervoort, L.J. Gauckler “Processing Routes to Macroporous Ceramics: A Review” J. Am. Ceram. Soc., 89 [6] 1771–
1789 (2006)

Foams manufacturing
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R. Studart, U. Gonzenbach, E. Tervoort, L.J. Gauckler “Processing Routes to Macroporous Ceramics: A Review” J. Am. Ceram. Soc., 89 [6] 1771–
1789 (2006) 

Porosity Vs. pore size
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R. Studart, U. Gonzenbach, E. Tervoort, L.J. Gauckler “Processing Routes to Macroporous Ceramics: A Review” J. Am. Ceram. Soc., 89 [6] 1771–
1789 (2006)

Mechanical properties
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Ceramic Foam Filters for metal casting



ROLE OF BIOMATERIAL SCAFFOLD

  before being resorbed, it acts as a matrix for cell adhesion in order 
to adjust some processes / cellular functions (eg, mitosis, synthesis, 
migration, contraction) of the cells in vivo or of seeded cells in vitro

  reinforces the defect, while maintaining its shape and prevents the 
distortion of the surrounding tissue

  acts as a barrier to prevent the entry of surrounding tissue in the 
defect

:  An introduction to bioceramics 



Bone is living tissue that makes up the body's 
skeleton. 
There are three types of bone tissue, including the 
following:
•  compact tissue - the harder, outer tissue of bones. 
•  cancellous tissue - the sponge-like tissue inside 
bones. 
•  subchondral tissue - the smooth tissue at the ends 
of bones, which is covered with another type of tissue 
called cartilage. Cartilage is the specialized, gristly 
connective tissue that is present in adults, and the 
tissue from which most bones develop in children.
• Together, compact and cancellous tissues are 
called the periosteum. 

Bone
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Construction of bone substitutes 

The field of TISSUE ENGINEERING has emerged with the goal 
to bridge the gap between the need and the lack of ideal bone 

graft 

(Andric T et al. J Biomed Mater Res A. 2012 May 21)  

CELLS  GROWTH 
FACTORS  

SCAFFOLD  

•  POROSITY 
•  DEGRADATION RATE 

•  MECHANICAL PROPERTIES 
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MORPHOLOGY MECHANICAL PROPERTY 
BIOLOGICAL REQUIREMENTS 
(Chemical Composition) 

 High degree of porosity (> 80%) 
 Highly interconnected pore 

• Control pore size 

Mechanical response adequate to 
support the hydrostatic pressure and 
to preserve the geometry of the 
pores required for cell growth during 
the phases of in vitro culture (or the 
efforts in vivo). 

  Biocompatibility 

  Osteoconductive 

•  Osteoinductive 

•  Degradation rate comparable with 
the rate of formation of new 
tissue. 

Large pores: 
for adhesion and cell proliferation 
(eg osteblast):  

•   150-300µm  
•   100-400µm  

Small pores:  
For the transport of nutrients and 
removal of waste substances and 
release of growth factors 

•   0.1-10 µm  

bioactivity 

Design criteria of the scaffold
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MORPHOLOGY  

POROSITY  

MECHANICAL PROPERTY 

BIOLOGICAL RESPONSE 

Design criteria of the scaffold
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•  Advantages  
ü  Biological compatibility and activity 
ü  Less stress shielding  
ü  No disease transmission 
ü  Unlimited material supply 

Disadvantage 
ü  Brittleness – not for load bearing applications 

ü  Hydroxyapatite  
ü  Tricalcium phosphate 
ü  Glass ceramics (Ca-P-Si  system) 

Materials commonly used •  Ca10(PO4)6(OH)2 
•  Main component of bone      and 

tooth minerals 
•  Ca/P ratio : 1.67 
•  Excellent biocompatibility 
•  Chemically similar to bone 

Bioceramic Scaffolds
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SPONGE REPLICATION 

PHASE SEPARATION 
(freeze drying, phase inversion, 
cocontinuous blends) 

GAS FOAMING 

RAPID PROTOTYPING 
(Fused Deposition Modeling FDM 
Selective Laser Sintering SLS 
Three-dimensional Printing 
Stereolithography SL) 

LEE – BIOMATERIALS (2003) 

NAM - J BIOMED MATER RES. (2000) 

MA - J BIOMED MATER RES. (2001) 

EMULSION (MICROSFERE) 
SINTERING 

LAURENCIN – BIOMATERIALS (2003) 

HUTMACHER - J BIOMED MATER RES. (2000) 

PARTICULATE LEACHING  
(agenti porogeni) 

MODULATION OF 
MICROSTRUCTURE 

Fabrication Processes for Porous Scaffolds

QUEIROZ - Key Engineering Materials (2004) 

:  An introduction to bioceramics 



Slurry preparation (70% 
solid load)

PU Sponge (density of 30 Kg/m3, 25 ppi) 
impregnation and squeezing

Sintering of the infiltrated sponge at 
three sintering temperature (1200, 

1250, 1300°C)

PU 

Squeezing 

10C/min 

500 0C  1 hr 
30C/min 

1300 0C  3 hr 

4 0C /min  to
room  temp 

HA
 + 

Water
+

PVA (2wt%)
+

Dolapix

HA Scaffold: Sponge replica method
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Replication Method 
Raw Material-Reticulated Foam 

Polyurethan sponge SEM micrograph



Manufacturing with sponge replica method
  Green” coated foams ready for sintering

  Sintered foam parts



Composition 

In-house 
powder 

Commer
cial 

HA microstructure of starting powders
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XRD analysis
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Sponge 

Commercial In-house powder 

Scaffold 

HA morphology at SEM
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Commercial

In-house powder

a) and d) Tsint=1200°C c) and f) Tsint=1300°C b) and e) Tsint=1250°C 

HA morphology vs temperature
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Microstructure of hydroxyapatite before and after the 
onset of sintering

•  Microstructural evolution of hydroxyapatite as a function of sintering 
temperature, below 1000 ° C there is a substantial modification of the size of 
the powders

900°C 1200°C 
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Sintering, grain growth and coarsening

•  Microstructural evolution of hydroxyapatite obtained from a green of 
nanopowders (University of Salento) varying the sintering temperature, 
evidence of abnormal growth of the grains from 1300 ° C

1200°C 1300°C 1400°C 
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HA Scaffold compressive strength

: Processing, properties and applications of ceramic foams



Mechanically strong and highly biodegradable 
porous scaffold for bone regeneration 

 

63 

ü  Both Hydroxyapatite and wollastonite (CaSiO3) are bioactive and 
biocompatible. 

 

ü  The low biodegradability of Hydroxyapatite could be altered by 
incorporating  wollastonite phase which has a good biodegradability. 

 

ü  The mechanical property of the scaffold also could be enhanced by 
incorporating wollastonite phase in  hydroxyapatite. 

HA + WS 



Wollastonite /HA composite  

HA
d=150nm

Acicular wollastonite
d=20-50μm

5µm 

5µm 
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Microstructure and EDS analysis 
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HA HA/WS 

Microstructure of sintered HA scaffold shows well -densified microstructure without any noticeable 
defects and HA/WS scaffold has microcrystalline grains appearance with clear crystal boundaries.   

10 µm 20 µm 



0,0 
0,2 
0,4 
0,6 
0,8 
1,0 
1,2 
1,4 

WS 50% HA 50% HA 100% 

Cell load: 1 kN 
Cross head speed: 0.5mm/min 

Compressive strength 
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Biodegradability in Tris-HCl 

In Vitro Test-Biodegradation test 
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After soaking in SBF for 1 week 

In Vitro Test-Bioactivity 
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HA100 

HA50WS50 

10µm 

20µm 

HA 

HA/WS 

Before soaking in SBF 

HA 

HA/WS 

10 µm 

20 µm 



Advantages	  	  

ü  Biological	  compa2bility	  and	  ac2vity	  
(osteogenesis	  and	  bond	  with	  bone)	  

ü  No	  disease	  transmission	  

ü  Unlimited	  material	  supply	  

Single-‐phase	  scaffolds	  

Disadvantage	  
ü  BriAleness	  –	  not	  for	  load	  bearing	  

applica2ons	  

ü  Not	  compliant	  

ü  Too	  low	  biodegradability	  

ü  Hydroxyapa2te	  	  

ü  Tricalcium	  phosphate	  

ü  Glass	  ceramics	  (Ca-‐P-‐Si	  	  system)	  

Bioceramic	  scaffold	  

Materials	  commonly	  used	  

Polymeric	  scaffold	  
Advantages	  	  

ü  Biological	  compa2bility	  

ü  Formability	  

ü  High	  porosity	  

Disadvantage	  
ü  Poor	  mechanical	  strength	  

ü  Too	  fast	  biodegradability	  

ü  Poly(glicolic	  acid)	  

ü  Poly(caprolactone)	  

ü  Collagen	  

ü  Gela2n	  

ü  Chitosan	  

Materials	  commonly	  used	  



Collagen/Hydroxyapa2te	  microsphere	  (Col/mHA)	  scaffold	  with	  a	  
mul2scale	  porosity	  

+ 

= 

Degradation of 
the polymeric 

coating 

Control on 
the release 

kinetics + 

= 



Collagen/Hydroxyapa2te	  microsphere	  (Col/mHA)	  scaffold	  with	  a	  
mul2scale	  porosity	  

= + 

SYNTHESIS	  HA	  
Microsphere	  

SYNTHESIS	  COLL/Ham	  
scaffold	  

Characteriza2on	  



Materials	  and	  methods	  

Aged slurry spray dried at 200 
C, 1 bar pressure, 2 litre/hr 

HA	  Powder:	  Precipita2on	  
method	  

Spray dried powder calcined at 
500 C for 2 hr 

1 L of 0.3M H3PO4 in double-
distilled water - Ammonia 

was added till a constant pH 
10 was obtained 

1 L of 0.5M Ca(NO3)2.4H2O prepared 
in double-distilled water, was slowly 

added maintaining a Ca/P ratio of 1.67  

The solution was maintained 
at a constant pH 10 by adding 

small amount of ammonia.  

The precipitates were aged for 
24 h 

SYNTHESIS	  
HA	  

Microsphere	  



Synthesized HA  
microspheres  

Schematic presentation of SPD (spray dried) HA powders  

Materials	  and	  methods	  

HA 
slurry 

SYNTHESIS	  
HA	  

Microsphere	  



HA microsphere 
COL slurry (3wt

%) COL/HAm slurry (2:1 wt%) 

COL/HAm 
slurry in mold 

Freeze drying 

COL/HAm 
Scaffold 

DHT 72 hr 

Materials	  and	  methods	  

Schematic presentation of COL/Ham scaffold preparation 
SYNTHESIS	  
COLL/Ham	  
scaffold	  



Par2cle	  size	  and	  morphology	  of	  HA	  powder	  

DLS:	  par7cle	  size	  ~	  100	  nm	   TEM:	  par7cle	  size	  ~	  40	  nm	  



Par2cle	  size	  distribu7on	  of	  HAm	  

SEM	  image	  of	  microspheres	  

Par2cle	  size	  and	  morphology	  of	  HA	  microspher	  

D10-1µm 
D50-6µm 
D90-13µm 



Ca:P=1.69 

XRD of HAm calcined at 500C  EDS spectra of HA microspheres 

Composi2on	  



Adsorption-desorption isotherm of Ham by BET Pore size distribution of Ham by BJH 

Pore diameter 16 nm 
(mesoporous) 

SSA 40 m2/g 

Surface	  area,	  pore	  size,	  pore	  volume	  of	  HAm	  



Pure Col Pure Col 

Col/HAm Col/HAm 

200 µm 

Morphology	  of	  COL/HAm	  scaffold	  



COL/HAm	  scaffold	  Compression	  test	  in	  PBS	  
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Development	  of	  a	  novel	  hybrid	  porous	  scaffold	  for	  bone	  2ssue	  
engineering	  made	  of	  a	  chitosan	  matrix	  reinforced	  with	  a	  bioceramic	  

nano-‐powder,	  the	  forsterite	  (Mg2SiO4),	  sinthesyzed	  in	  our	  
laboratories	  

	  

SYNTHESIS	  	   CHARACTERIZATION	  

Why	  chitosan?	  	  
It	  has	  been	  extensively	  used	  in	  bone	  7ssue	  engineering	  for	  its	  capacity	  to	  promote	  growth	  and	  
mineral	  rich	  matrix	  deposi2on	  by	  osteoblasts	  in	  culture,	  is	  biocompa7ble,	  biodegradable	  and	  
can	  be	  molded	  into	  porous	  structures	  by	  freezing	  and	  lyophilizing	  its	  solu7on	  

Why	  forsterite?	  	  
It	  is	  an	  important	  material	  in	  the	  magnesia–silica	  system.	  In	  vitro	  studies	  have	  shown	  significant	  
osteoblast	  adhesion,	  spreading	  and	  growth	  on	  the	  surface	  of	  forsterite	  ceramic	  



This highly viscous gel was calcined 
at 800 ◦C for 30 min in air using a 

muffle furnace and employing a 
heating rate of 10 ◦C/min 

FS	  nanopowder:	  sol-‐gel	  
method	  

The FS calcined nanopowder 
was grinded using a mortar 

and pestle 

Magnesium nitrate hexahydrate 
(Mg(NO3)2•6H2O) and Tetra 

ethyl ortho-silicate (TEOS) were 
used as starting magnesium and 

silicon precursors. About 8.5 g of 
TEOS was dissolved in 300 ml of 

1M HNO3 

To this solution, 20.5 g of magnesium 
nitrate was added and stirred for 2 h at 

room temperature. The pH of the 
solution was measured to be about 4  

This stirred solution was kept 
in dry oven and aged at 65 ◦C 

for 12 h to form a highly 
viscous gel 

FORSTERITE	  
SYNTESIS	  	  



The Ch/FS solution was stirred for 6 
hours at room temperature, 

transferred into a steel mold, frozen 
at -40°C (freezing rate of 1°C/min) 
then lyophilized for 19 hours at 0°C 

under vacuum 

Ch/FS	  scaffold:	  freeze-‐drying	  
technique	  

The obtained scaffold 
underwent a heat treatment 

at 110°C for 5 hours in 
order to remove the acetic 

acid excess 

1.5% (w/v) chitosan (medium Mw, 
75% DD, Sigma Aldrich) was 

added to the acetic acid solution 
with dispersed FS nanopowder  

10%wt FS with respect to 
chitosan (1.5%wt/v) was 

added to a 0.2 M acetic acid 
solution in order to uniformly 

disperse the ceramic 
nanopowder 

Ch/FS	  SCAFFOLD	  
SYNTESIS	  	  

Scaffold were cross-linked by 
immersing them in 1M Na2SO4 
solution for 1h. Cross-linked 
scaffold were then double-

washed in order to remove the 
sodium solphate excess and 

freeze-dryed again 



CHARACTERIZATION	  

UNCONFINED	  
COMPRESSION	  TEST	  

(MECHANICAL	  
STRENGHT)	  

FS	  nanopowder	  	  

XRD	  (COMPOSITION)	  

Ch	  and	  Ch/FS	  scaffolds	  	  

SEM	  
(MORPHOLOGY)	  

EDS	  
(FS	  COMPOSITION	  

AND	  
DISTRIBUTION	  

WITHIN	  
CHITOSAN	  
MATRIX)	  

MTT	  ASSAY	  
(BIOCOMPATIBILIT

Y)	  



XRD	  analysis	  of	  FS	  nanopowders	  calcined	  at	  800	  ◦C	  for	  30	  min	  

Pure	  FS	  nanopowder	  (Mg2SiO4)	  was	  synthesized	  by	  the	  sol-‐gel	  
process	  star7ng	  from	  Mg	  and	  Si	  based	  precursors	  



SEM	  analysis	  of	  Ch	  and	  Ch/FS	  scaffolds	  

Freeze-‐drying	  method	  allowed	  to	  
obtain	  a	  high	  porosity	  ranging	  between	  
0	  to	  100	  µm	  in	  both	  single	  and	  
composite	  scaffold	  

The	  porosity	  looks	  almost	  isotropic	  in	  
both	  single-‐phase	  and	  composite	  
samples.	  The	  presence	  of	  the	  FS	  doesn’t	  
seem	  to	  influence	  the	  porosity	  of	  the	  
scaffolds	  

In	  the	  image	  at	  higher	  resolu7on,	  FS	  
par7cles	  can	  be	  detected.	  The	  FS	  nano	  
powder	  looks	  homogenously	  dispersed	  
within	  the	  chitosan	  matrix	  as	  confirmed	  
by	  EDS	  analysis	  

EDS	  also	  confirmed	  the	  composi7on	  of	  
the	  FS	  nano-‐powder	  showing	  a	  ra7o	  
between	  Mg	  and	  Si	  of	  about	  2,	  very	  
close	  to	  FS	  stechiometric	  ra7o	  

Ch/FS	  scaffolds	  

Ch	  scaffolds	  

100 µm 20 µm 

100 µm 20 µm 



Stress-‐strain	  curves	  from	  compression	  test	  in	  PBS	  

Slope	  of	  the	  linear	  part	  of	  the	  stress	  strain	  curve	  (up	  to	  10%	  of	  strain)	  

(n=5,	  p=0.001)	  
Chitosan:	  	  	  0.8±0.2	  Kpa	  
	  	  	  Ch/FS:	  	  	  	  	  1.9±0.2	  KPa 
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MTT	  assay	  

Cytotoxicity	  analyses	  showed	  that	  the	  composite	  scaffolds	  had	  no	  adverse	  effects	  on	  MG-‐63	  cell	  
survival	  aeer	  48	  hours	  of	  culture	  



Ostechondral substitute  

89 

•  to obtain a bilayer ostechondral substitute with 
“bonny” part with a high strenght and a porosity 

higher than 300 µm and a “cartilagineous” part able to 
be colonized by cells with a porosity between 50 and 

150 µm. 



Dr. G. Peretti - S. Raffaele Hospital, Milan 

In vitro test In vivo test  

Collagen Hydroxyapatite 

Bi-layer construct 



...the ostechondral substitute 
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Thank you 


