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Structure of the lecture:

1. Bone- Composition, structure, function and biology:

1.1 Bone composition

- Extracellular Matrix and mechanism of mineralisation

- Cells

1.2 Bone morphology

- Types of bone

1.3 Bone and embryogenesis

- Neural crest, mesodermal

1.4 Bone biology

- Bone healing

- Bone remodeling

2. Bone Tissue Engineering

2.1 Tissue engineering concept

2.2 Scaffolding

- General concepts and requirements

- Biomaterials for bone tissue engineering

2.3 Cellular components

3. From bench to bedside

3.1 Long bone Tissue Engineering

3.2 Cranofacial bone regeneration

- Periodontal regeneration

- Vertical bone augmentation



1.1 Bone composition

Bone is composed by inorganic salts and organic matrix.
Organic matrix:

- collagenous proteins (90%), predominantly type I collagen
- noncollagenous proteins including osteocalcin, osteonectin,
osteopontin, fibronectin and bone sialoprotein II, bone morphogenetic proteins (BMPs), and 
growth factors
- Proteoglycans: decorin, biglycan, lumican, osteoaderin, and seric proteins

inorganic material of bone:

Predominantly phosphate and calcium ions; however, significant amounts of 
bicarbonate, sodium, potassium, citrate, magnesium, carbonate, fluorite, zinc, barium, 
and strontium
Calcium and phosphate ions nucleate to form the hydroxyapatite crystals, which are 
represented by the chemical formula Ca10(PO4)6(OH)2. 
Together with collagen, the noncollagenous matrix proteins form a scaffold for 
hydroxyapatite deposition and such association is responsible for the typical stiffness 
and resistance of bone tissue

Bone is a natural composite which act as a loading bearing structure or scaffold for 
supporting the human body. It also acts as a calcium reservoir.



1.1 Bone composition- mineralisation mechanism

Mechanism 1:
Direct nucleation of HA  in the 67nm collagen fibril gap (hole zones)  

1. Protocollagen
Continued growth 
from these initial 
mineral deposits 
occurs primarily in 
length and width

2. collagen 3. Collagen fibrils 4. HA nucleation 5. HA growth



1.1 Bone composition- mineralisation mechanism



The high degree of loading of mineral phase which encases the collagen 
fibrils suggests that bone is a fiber-reinforced ceramic–matrix composite.

Hydroxyapatite crystals in mineralized 
collagenous tissues (i.e., bone and dentin) do 
not initially nucleate within the hole zones, but 
rather a liquid-phase amorphous precursor is 
drawn into the collagen fibrils via
capillary action, and upon solidification, the 
precursor crystallizes, leaving the collagen 
fibrils embedded with
nanoscopic platelets of HA

Mechanism 2:
Nucleation of an amorphous calcium phosphate phase from a liquid phase precursor in 
between the fibrils

1.1 Bone composition- mineralisation mechanism



The bone organ is composed by 4 types of cells:
(1) Osteoblasts
(2) Osteocytes
(3) Osteoclasts 
(4) Bone lining cells

(1) Osteoblasts:
Osteoblasts are cuboidal cells that are located along the bone surface 
comprising 4–6% of the total resident bone cells and are largely known for 
their bone forming function.
Osteoblastic function is activated by prostaglandin E2 (PGE2), Insulin 
Growth Factor
Osteoblasts are derived from mesenchymal stem cells (MSC). The commitment of MSC 
towards the osteoprogenitor lineage requires the expression of specific genes, following 
timely programmed steps, including the synthesis of bone morphogenetic proteins (BMPs) 
and members of the Wingless (Wnt) pathways

1.1 Bone composition - cells



(2) Osteocytes.
Osteocytes, which comprise 90–95% of the total bone cells, 
are the most abundant and long-lived cells, with a lifespan of 
up to 25 years

Oteocytes are the key player of bone remodeling, through
regulation of osteoblast and osteoclast activities

The osteocytes act as mechanosensors as their interconnected 
network has the capacity to detect mechanical pressures and 
loads, thereby helping the adaptation of bone to daily 
mechanical forces

Osteocytes are derived from MSCs lineage through osteoblast 
differentiation

At the end of a bone formation cycle, a subpopulation of 
osteoblasts becomes osteocytes incorporated into the bone 
matrix.

The osteocytes are located within lacunae surrounded by 
mineralized bone matrix, wherein they show a dendritic 
morphology



Osteoclasts are terminally differentiated multinucleated cells, which originate from 
mononuclear cells of the hematopoietic stem cell lineage
Main function is to resorb bone
Osteoclastogenesis occurs via binding of RankL and is inhibited by osteoprotegerin
(OPG)

(3) Osteoclasts:

Osteoclasts express Tartrate-Resistant Acid 
Phosphatase (TRAP) and matrix 
metalloproteinase(MNPs) which degrade the 
organic matrix.



( 4) Bone lining cells :
quiescent flat-shaped osteoblasts that cover the bone surfaces, where 
neither bone resorption nor bone  formation occurs

Bone lining cells functions are not completely understood, but it has been shown 
that these cells prevent the direct interaction between osteoclasts and bone 
matrix, when bone resorption should not occur, and also participate in osteoclast 
differentiation, producing osteoprotegerin (OPG) and the receptor activator of 
nuclear factor kappa-B ligand (RANKL)



1.2 Bone Morphology

Bone can be classified based on both anatomy and structure anatomic :

Anatomic
long bones
flat bones
Craniofacial bones

Structure at macroscopic level :
Cortical bone
Cancellous bone

Structure at microscopic level :
lamellar
woven bone



Cortical Bone:

•80% of skeleton

•characterized by slow turnover rate and high Young's modulus 

•made of packed osteons or Haversian systems 

•osteons 

•outer border defined by cement lines 

•vascular canals 

•contain arterioles, venules, capillaries, and nerves 

•if oriented along long axis of bone: Haversian canals

•if oriented transversely to long axis of bone: Volkmann canals 

•interstitial lamellae 

•the region between osteons 



Cancellous bone (spongy or trabecular bone):
lower Young's modulus and more elastic
high turnover to remodel according to stress across the bone

structure 
boney struts organized into a loose network
each strut is approximately 200 micrometers in diameter
30-90% of bone is porous and contains bone marrow
increased porosity in osteoporosis



Woven bone:
immature or pathologic bone that is woven and 
random and is not stress oriented
compared to lamellar bone, woven bone has: 

more osteocytes per unit of volume
higher rate of turnover

weaker and more flexible than lamellar bone

Lamellar bone
secondary bone created by remodeling woven bone

organized and stress oriented
stronger and less flexible than woven bone



There are three distinct lineages that generate the skeleton. The somites
generate the axial skeleton, the lateral plate mesoderm generates the 
limb skeleton, and the cranial neural crest gives rise to the branchial 
arch and craniofacial bones and cartilage

1.3 Bone and embryogenesis - the origin of bone tissues

The neural crest



As mesenchymal cells within condensations differentiate, they can follow one of two 
paths:
-bone-forming cells, osteoblasts, 
-chondrocytes and secrete the characteristic extracellular matrix of hyaline cartilage. 
This has significant impact on the manner bone is formed in the limbs and/or in the 
head

There are three distinct lineages that generate the skeleton. The somites
generate the axial skeleton, the lateral plate mesoderm generates the 
limb skeleton, and the cranial neural crest gives rise to the branchial 
arch and craniofacial bones and cartilage

Axial skeleton Limb skeleton

Craniofacial bones



Two different pathways of bone formation:

Differentiation into osteoblasts occurs in areas of membranous 
ossification, such as in the calvaria of the skull, the maxilla, and the 
mandible, and in the subperiosteal bone-forming layer of long bones.

Differentiation into chondrocytes occurs in the remaining skeleton where 
cartilage models of the future bones are formed.

Intramembranous ossification

Endochondral ossification



Intramembranous ossification
The direct conversion of mesenchymal tissue into bone 

Schematic diagram of intramembranous ossification. (A) Mesenchymal cells condense to produce osteoblasts, which deposit 
osteoid matrix. These osteoblasts become arrayed along the calcified region of the matrix. Osteoblasts that are trapped within 
the bone matrix become osteocytes. (B) Intramembranous ossification in the plastron (ventral shell) of the red-ear slider turtle
Trachemys scripta. The plastron of a one-month-old hatchling was stained with alcian blue (for cartilage) and alizarin red (for 
bone). No cartilage was seen to precede the formation of bone. (Photograph courtesy of G. Loredo, A. Brukman, and S. F. 
Gilbert.) From: Osteogenesis: The Development of Bones Gilbert SF.

https://www.ncbi.nlm.nih.gov/books/NBK10056/


Schematic diagram of endochondral ossification. (A, B) Mesenchymal cells condense and differentiate into chondrocytes to form
the cartilaginous model of the bone. (C) Chondrocytes in the center of the shaft undergo hypertrophy and apoptosis while they
change and mineralize their extracellular matrix. Their deaths allow blood vessels to enter. (D, E) Blood vessels bring in osteoblasts, 
which bind to the degenerating cartilaginous matrix and deposit bone matrix. (F-H) Bone formation and growth consist of ordered 
arrays of proliferating, hypertrophic, and mineralizing chondrocytes. Secondary ossification centers also form as blood vessels 
enter near the tips of the bone. (After Horton 1990.)

The process by which a cartilage intermediate is formed and replaced by bone 
cells

Endochondral ossification

Identify the process concomitant to bone deposition

https://www.ncbi.nlm.nih.gov/books/NBK10056/figure/A3484/?report=objectonly


Bone remodeling is a highly complex process by which old bone is replaced by new bone, 
in a cycle comprised of three phases: 
(1) initiation of bone resorption by osteoclasts,
(2) the transition (or reversal period) from resorption to new
bone formation, and 
(3) the bone formation by osteoblasts.
This process occurs due to coordinated actions of osteoclasts, osteoblasts, osteocytes, 
and bone lining cells which together form the temporary anatomical structure
called basic multicellular unit (BMU)

Bone remodeling is a ménage a trois !

1.4 Bone biology - Bone remodeling 



Schematic summary of bone tissue showing bone cells and the relationships among them and with bone matrix (B). Osteoclast (Oc) activation occurs after binding of RANKL to 
its receptor RANK, present in the membrane of osteoclast precursors. Then, osteoclast becomes polarized through its cytoskeleton reorganization; the ruffled border (RB) and 
clear zone (CZ) are membrane specializations observed in the portion of the osteoclast juxtaposed to the bone resorption surface, Howship lacuna (HL). Dissolution of 
hydroxyapatite occurs in the bone surface adjacent to the ruffled border (RF) upon its acidification due to pumping of hydrogen ions (H+) to the HL. H+ and ions bicarbonate 
(HCO3 −) originate from the cleavage of carbonic acid (H2CO3) under the action of carbonic anhydrase II (CAII). After dissolution of mineral phase, osteoclast (Oc) releases 
cathepsin (Cp), matrix metalloproteinase-9 (MMP-9), and tartrate-resistant acid phosphatase (TRAP) that degrade the organic matrix. EphrinB2 (Eph2) present in osteoclast 
membrane binds to ephrinB4 (Eph4) in osteoblast (Ob) membrane, promoting its differentiation, whereas the reverse signaling (ephrinB4/ephrinB2) inhibits 
osteoclastogenesis. Sema4Dproduced by osteoclasts inhibits osteoblasts, while Sema3Asecreted by osteoblasts inhibits osteoclasts.Osteoblasts (Ob) also produce receptor 
activator of nuclear factor KB (RANKL) and osteoprotegerin (OPG), which increase and decrease osteoclastogenesis, respectively. Osteoblasts (Ob) secrete collagenous (Col1) 
and noncollagenous proteins such as osteocalcin (OCN), osteopontin (OSP), osteonectin (OSN), bone sialoprotein (BSP), and bone morphogenetic proteins (BMP). Osteocytes 
(Ot) are located within lacunae surrounded by mineralized bone matrix (B). Its cytoplasmic processes cross canaliculi to make connection with other neighboring osteocytes 
processes by gap junctions, mainly composed by connexin 43 (Cx3), as well as to cytoplasmic processes of osteoblasts (Ob) and bone lining cells (BLC) on bone surface. RANKL 
secreted by osteocytes stimulates osteoclastogenesis, while prostaglandin E2 (PGE2), nitric oxide (NO), and insulin-like growth factor (IGF) stimulate osteoblast activity. 
Conversely, osteocytes produce OPG that inhibits osteoclastogenesis; moreover, osteocytes produce sclerostin and dickkopf WNT signaling pathway inhibitor (DKK-1) that 
decrease osteoblast activity.



Understanding of bone normal function
How does it healed once injured?



Figure 6 | Schematic representation of inflammation and repair during fracture healing. Immediately after the initial trauma, the fracture 
hematoma is formed as a result of blood clotting. The fracture hematoma is characterized by hypoxia and low pH, and contains 
proinflammatory and anti-inflammatory cytokines together with inflammatory cells from the peripheral blood (1). During the initial 
inflammatory phase of bone healing, immune cells are rapidly recruited to the site of injury (2), neutrophils being the first cells to invade the 
callus, followed by macrophages and lymphocytes. During the repair phase, osteomacs are pivotal for osteoblast-driven mineralization in zones 
of intramembranous ossification (3), whereas inflammatory macrophages mainly contribute to endochondral bone formation (4). Several 
systemic (severe trauma, leukocytosis, diabetes mellitus and possibly autoimmune diseases) and local factors (fixation stability) affect 
inflammatory processes at the fracture site, and can result in impaired fracture healing. Abbreviations: PMN, polymorphnuclear neutrophils.

The repair process proceeds via a characteristic sequence of events:
1. Inflammation 
2. Repair
3. Remodeling

1.4 Bone biology - Bone Healing



- blood vessel rupture inside bone 

Inflammation

- initiation of the inflammatory cascade and fracture 
healing

- within the fracture gap fibrinogen is converted into 
fibrin, leading to fracture hematoma formation

- the hematoma acts as a temporary scaffold for the 
active invasion of additional inflammatory cells. 
- Invasion of macrophage, release of a multitude of 
cytokine (pro-inflammation and/or pro healing.
- Secretion of bone forming growth factor along with 
vascular growth factors
- Inducing differentiation of progenitors cells for 
bone formation and vasculogenesis



Repair

development of a predominantly soft callus, which is 
secondarily transformed into a bony callus 

Further callus growth is driven by chondrocytes, with 
cartilaginous tissue forming  probably due to lack of blood 
supply
Away from the fracture intra membranous bone formation 
occurs from cells derived form the periosteum
Calcification of the soft callus (bony callus) and chondrocyte 
apoptosis, and concomitant invasion of blood vessels
Recruitment of MSCs and monocytes. Whereas monocytes 
differentiate into osteoclast-like cells, which resorb the 
calcified cartilage, MSCs differentiate into osteoblasts, which 
fill the resorption lacunae with new bone. These processes 
lead to the formation of woven bone with a trabecular 
structure.



Resorption of the periosteal callus begins with 
osteoclastic activity at the outer surface 

Woven bone formed in the cortical fracture 
gap is remodeled to lamellar bone by osteon 
formation, similar to primary bone healing 

The final outcome is fully-loadable 
reconstructed bone

Remodeling



Learning outcomes of part 1:
1. Bone composition:

components of bone: collagen HA, Cells (osteoblasts, osteocytes, osteoclasts)
bone tissue morphology: cortical bone, alveolar bone, lamellar bone, non woven
bone physiology: balance between bone resorption and bone formation

2. Origin of the different types of bone
Neural crest = craniofacial
Mesodermal plate = limbs

3. Bone  remodeling and healing
bone cells interaction via OPG, RankL, Connexin 43, DKK1.
3 phases: Inflammation, Repair and Remodeling



2.1 Tissue engineering concept:

Tissue engineering applies the principles of biology and engineering to the development 

of functional substitutes for damaged tissue

Intrinsic pluridisciplinary approach requires biologists, clinicians, biomaterialists, 

engineers etc. 

2. Bone Tissue Engineering



2.2 Scaffolding

Scaffold is a porous 3D construct which  essentially act as a template for tissue formation and 
guidance

Scaffold can be osteoinductive :
Osteoinduction is the process by which osteogenesis is induced. It is a phenomenon regularly 
seen in any type of bone healing process. Osteoinduction implies the recruitment of immature 
cells and the stimulation of these cells to develop into preosteoblasts. Usually, osteoinduction is 
demonstrated in ectopic site when bone formation occurs.

Scaffold can be osteoconductive :
Osteoconduction is the process by which bone formation occurs within a 3D construct as the 
result of the tissue environment but not as a result of the scaffold impact onto progenitors cells. 
Osteoconduction occurs for some biomaterials when placed in a bony environement.



Scaffold requirements for bone tissue engineering
(i)Biocompatibility
Must be biocompatible; cells must adhere, function normally, 
Must elicit a negligible immune reaction (bioinert) or guide the host reaction towards 
regeneration
(ii)Biodegradability
must be biodegradable so as to allow cells to produce their own extracellular matrix 
which eventually replace the scaffold, and degradation rate should be controlled and 
match matrix deposition rate
The by-products of this degradation
should also be non-toxic for obvious
reasons

2.2 Scaffolding



(iii)Mechanical properties
Should approximate mechanical properties of the targeted tissue, or at least withstand physiological loading. 
Must be strong enough to allow surgical handling during implantation. 
(iV)Scaffold architecture
High porosity and an interconnected pore structure to ensure cellular penetration and adequate diffusion 
of nutrients, oxygen to the cells within the construct 
Macroscopic pore size to allow for cell migration, in vivo tissue colonisation and establishment of neo-
vascularisation

2.2 Scaffolding - Scaffold requirements 

Effect of pore size is 
negligible if above 300um Effect of pore architecture is significant to 

allow cell condensation and bone formation



2.2 Scaffolding - Biomaterials
There exists a plethora of Biomaterials for bone tissue engineering, the listing would be tiring and boring… 
so let’s concentrated  on two major types:

Aliphatic polyesters and Calcium Phosphates

Calcium Phosphates (CaP)

• 7 different forms of PO4 based calcium phosphates exist - depend on Ca/P ratio, presence of water, pH, 
impurities and temperature 

• Crystalline or amorphous, sintered or not sintered

• Biodegradable and resorbable

Performance towards bone formation depends on ions solubility, CaP scaffold 
physical stability and pore surface topography



• A study comparing HA, b-TCP-HA composite, b-TCP and a-TCP
– TCP Can appear in two different crystallographic structures, α-TCP and β-TCP.

– Relatively high solubility.

– β-TCP is more stable and hence more appropriate for bone formation and subsequent bone 
remodeling

2.2 Scaffolding - CaP

ions solubility, CaP scaffold physical stability 

Bone formation
at day 45






X

Bone formation
at day 45



Bone like

X

In a-TCP ceramic which has a higher dissolution rate than b -TCP ceramic, the high local concentration of dissolved 
ingredients may be harmful to the cells in soft tissues, which could explain that at most times no bone formation 
was found at early stage and only a low incidence of bone-like tissue was found after a long time.



Pore surface topography:
2.2 Scaffolding - CaP

Accumulation of Ca2+ in micro/nano leads to activation of progenitors cells 
via the BMP2 pathway and hence results in bone formation



Mechanism of bone formation in CaP scaffold
2.2 Scaffolding - CaP



Most  common biodegradable polyesters

Degradation mechanism

Degradation by products are 

incorporated in the Krebs cycle

However they require to become water 

soluble

The molecular weight should be below 

900 g/mol (2-3 repetitive units)

2.2 Scaffolding – Aliphatic polyester
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Figure 1.2 : Description du progrès de l’hydrolyse autocatalysée des polyesters                      

de grande taille, dégradation en masse [LI 95]. 

 

La première étape décrit l’état du polymère. On estime qu’il est homogène dans le sens où la 

Mw est la même dans toute la matrice. Une fois placé dans un milieu aqueux (étape 2), la 

diffusion des molécules d’eau à travers le matériau permet le début de l’hydrolyse des liaisons 

esters. Lors de cette étape, la vitesse de dégradation de la surface est supérieure à celle qu’on 

trouve en masse car le gradient d’eau absorbé est décroissant en fonction de la profondeur. 

Cependant, les vitesses de dégradation vont s’inverser au cours du temps. 

La réaction est autocalysée de par la formation d’un nouveau groupe carboxyle lors de 

l’hydrolyse d’une chaîne. Cependant, les chaînes de basses Mw (oligomères) issues de la 

dégradation, lorsqu’elles sont formées à la surface du matériau, diffusent et sont solubilisées 

par le milieu de dégradation réduisant la concentration en groupement acide. Il en résulte une 

réduction de l’autocatalyse en surface conduisant à un ralentissement de la vitesse de 

dégradation. Le gradient d’acidité étant inversé, c’est-à-dire que l’intérieur du matériau est 

plus acide que la surface, la dégradation est alors plus rapide en masse qu’en surface             

(étape 3). 

Lorsque les oligomères de l’intérieur du matériau sont devenus assez petits pour être 

solubilisés par le milieu, ils diffusent rapidement dans celui-ci à travers le matériau. Ce 

dernier se "vide" (étape 4). Finalement la peau du matériau se dégrade moins rapidement 

(étape 5). 

Etape 1

Etape 5

Etape 2

Etape 3

Etape 4

Degradation profile

Few months/several years

Late inflammation 

reported in some cases

Fully degraded 

in 1-2 weeks Several years

Autocatalytic degradation

1. Chain scission on the 

surface

2. Diffusion of water 

through the material and 

homogeneous degradation

3. Autocatalytic effect in the 

bulk of the biomaterials

4. Small chains are 

diffusing out

5. Degradation of the 

surface of the biomaterials
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1.1.3.1 Principe de la dégradation 

La présence de la liaison ester dans le squelette du polymère permet, via son hydrolyse, la 

scission de la chaîne polymère. On rappelle que l’obtention d’un ester se fait lors de la 

réaction équilibrée entre un acide carboxylique et un alcool, produisant aussi une molécule 

d’eau (formule 1.1). 

 

R1COOH + R2OH                                  R1COOR2   +  H2O    

 

L’hydrolyse d’un ester conduit donc à la production d’un acide et d’un alcool (sens 2). Cette 

réaction peut être catalysée par des acides et des bases. Ainsi, l’acide carboxylique issu de la 

dégradation est capable d’accélérer l’hydrolyse de la liaison ester. Ce phénomène est appelé 

autocatalyse. 

Dans le cas des polyesters, la réaction va aboutir à la scission de la chaîne en deux, l’une, 

ayant à son extrémité une fonction acide carboxylique et l’autre, une fonction alcool (formule 

1.2) 

 

         ~COO~   +  H2O                                  ~COOH  + HO~        

 

Par conséquent, la chaîne possédant le groupe acide va accélérer encore la réaction 

d’hydrolyse. 

L’hydrolyse d’un polyester suit toujours le même schéma. L’eau diffuse préférentiellement 

dans les zones amorphes du matériau initiant sa dégradation par la scission aléatoire des 

liaisons esters. On observe alors une chute du poids moléculaire moyen Mw. Les chaînes de 

polymère devenant, en raison de leur propre scission, de plus en plus petites, gagnent en 

mobilité et vont cristalliser [GÖP 96]. Une fois que l’eau a pu pénétrer dans les cristaux, la 

dégradation s’accélère jusqu’à l’obtention de chaînes à petites Mw, qui pourront elles-mêmes 

diffuser à travers le matériau entraînant une perte de masse et un ralentissement de la vitesse 

de scission des liaisons esters [PIT 81], ce qui constitue le phénomène d’érosion. Il apparaît 

que pour les pièces de grande taille la dégradation est plus rapide en masse qu’en surface. Ce 

phénomène a lieu en raison de l’autocatalyse plus forte en masse qu’en surface. La figure 1.2 

illustre les étapes de cette dégradation [LI 95]. 

 

 

 

COOH 

1 

2 
(1.1) 

(1.2)
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2.2 Scaffolding – Aliphatic polyester



Autocatalytic degradation

C. Vaquette et al. / Journal of Biomaterials Science 21 (2010) 1737–1760 1753

Figure7. Morphology of the knitted scaffolds during the degradation. SEM-observation. (a, b) Day 0,

(c, d) day 28, (e, f) day 35.

handle the scaffolds (after 49 days of degradation). Again, a similar observation has

been reported [21, 25, 37]. Deng et al. could not perform mechanical testing after

30 days of degradation [25] due to lack of structural integrity.

3.4. Composite Scaffold

Our group has developed a composite scaffold using an alginate gel to encapsu-

late cells and the knitted scaffold. The difficulties encountered in seeding highly

porous scaffolds were overcome via this encapsulation technique. Figure 1c and 1d

shows the morphology of the scaffolds we obtained. The alginate gel encapsulated

Consequences on the mechanical properties, space maintenance 

and impact of rapid degradation on tissue integration

2.2 Scaffolding – Aliphatic polyester



1754 C. Vaquette et al. / Journal of Biomaterials Science 21 (2010) 1737–1760

Figure8. Evolution of the characteristic tensile curves with the degradation time. Although the shape

of the tensile curve was preserved, the ultimate tensile strain and stress gradually decreased.

Table 5.

Evolution of the mechanical properties of the knitted scaffolds as a function of the degradation time

Day Ultimate strain (%) Ultimate stress (MPa) Elastic modulus (MPa)

0 32.9 ± 2.2 164 ± 23 765 ± 108

7 29.9 ± 3.1 165 ± 24 914 ± 90a

14 27.6 ± 2.9 105 ± 28a 604 ± 101a

21 23.1 ± 2.6a 75 ± 5a 502 ± 57

28 14.5 ± 1.9a 35 ± 8a 279 ± 76a

35 8.0 ± 1.9a 10 ± 2a 128 ± 9a

a Statistical difference compared to the previous measurement.

the scaffold and cells were distributed throughout the knitted structure. Alginate

gel is used as a cell carrier, able to deliver cells to the ligament or tendon injury

site, whereas the knitted structure provides the mechanical strength and support

until cells have developed their own extracellular matrix capable of withstand-

ing the physiological load. In the last few years, different techniques to control

the cell seeding have been developed for knitted structures [19, 20, 32, 38–40].

The advantages of using alginate come from its well-known biocompatibility, its

biodegradability [41, 42], its easy processing [43] and its low cost compared to

other natural biomaterials like collagen [44] or hyaluronic acid [45]. Although the

alginate gel decreased the macroporosity of the knitted scaffolds by filling the void

space, it has been shown that cells encapsulated in alginate could survive and main-

tain their metabolic activity [46], indicating that gas and nutrient diffusion can still

occur in this type of gel. In this study the metabolic activity of cells in the al-

ginate/knitted scaffold composites was assessed using the non-destructive Alamar

Blue test. The percentage of reduction of the reagents was calculated. Cells, through

their metabolic activity, reduce the Alamar Blue solution; therefore, the higher the

percentage of reduction, the higher the cell metabolic activity. Figure 9 shows the

Erosion

Degradation occurs only on the surface of 

the biomaterials

Rapid loss of the mechanical properties no dimensional 

changes

Release of acidic products in the micro-environment leading 

to acute inflammatory response

Possible late inflammatory response in the case of PLLA

Degradation occurs only on the surface of 

the biomaterials

Gradual release of degradation by products

Gradual dimensional changes 

2.2 Scaffolding – Aliphatic polyester



2.2 Scaffolding – Aliphatic polyester

Scaffold fabrication technique

Aliphatic polyesters have an 
excellent processability, allow the 
manufacturing and a number of 
shape, architecture but they lack of 
bioactivity.
Hence they have to be combined 
with cells or bioactive molecules



2.2 Cellular components

An unresolved debate on the most effective cell type for clinical bone regeneration continues

Proposed mechanisms
by which implanted cells enhance bone regeneration in BTE involve 
(1) Early release of key osteogenic and vasculogenic molecules and growth factors 

(release), 
(2) Formation of a template to recruit host osteogenic and vasculogenic cells (attract)
(3) Actively laying down bone matrix and vascularizing the bone construct (deposit).

mesenchymal stem cells (MSCs), embryonic stem cells (ESCs), induced pluripotent stem 
cells (iPSCs), adipose derived stem cells (ADSCs) and stem cells from human exfoliated 
deciduous teeth (SHED), osteoblasts (OB).



Comparing cell types: MSC and OB

2.2 Cellular components

No difference in vitro: MSC and OB perform similarly 
and are capable of depositing mineralised matrix



Significant difference in vivo upon ectopic implantation
2.2 Cellular components



2.2 Cellular components

How and when to deliver the cells?

Cells are usually grown into the scaffolds several a time period ranging from days to weeks 
prior to implantation
In some cases they can be seeded few hours prior to the surgery.

Reflection: What is the first stage of bone healing? How is this impacting the cell survival?
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Human cells and Collagen type I tracking:
Antibodies:

• Anti- human Lamin A/C

• Anti- human Collagen 1 I-8H5

Human Periodontal cells implanted in a bony defect in the jaw (rats)

2.2 Cellular components



PDLSC ( 4 weeks)
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Cells from the host

Human cells and Collagen type I tracking:
Antibodies:

• Anti- human Lamin A/C

• Anti- human Collagen 1 I-8H5

Scaffolds and/or matrices loaded with cells are often transplanted into a bone defect immediately
after the defect has been created. At this point, the nutrient and oxygen supply is low and the  
inflammatory cascade is incited, thus creating a highly unfavorable microenvironment for 
transplanted cells to survive and participate in the regeneration process.

2.2 Cellular components



Delayed delivery – 4 weeks post scaffold implantation

Excellent bone 
formation at 12 
month post 
injection
Probably better 
survival

2.2 Cellular components



Cell embryonic origin:
Interestingly the embryonic origin of the cells can impact on bone formation

2.2 Cellular components



2.2 Cellular components

As shown here, tissue engineering therapy involving a cellular component are 
effective when the cells are selected carefully

Identify the drawbacks of utilising cells for Bone Tissue Engineering



Patient related:
- Age is an issue and will reduce the regenrative potential of the cell, it is 

generally older patients who require bone reconstruction
- Collecting the cells; it is usually requires a surgical procedure and it can be 

painful, induce tissue morbidity, post-surgical complications etc.

Regulatory agency related:
- Using cells bring the medical device into “biological grade device “ and 

the regulation is very strict (in term of manufacturing, adhesion to strict 
cell culture protocol, GMP accredited facilities) and hence can slow down 
the translation towards the clinic

Economic:
- It is very very expensive

2.2 Cellular components



Learning outcomes of part 2:
1. Concept of Tissue engineering and scaffold requirement (porosity, interconnectivity, 

pore size etc.) 

2. Osteoconduction and osteoinduction

3. Biomaterials: Bioceramic (CaP) and synthetic polymer
- CaP: Mode of action towards bone formation
- Polymer: degradation and manufacturing process

4. Cellular component of Bone Tissue Engineering
- Different cell type, impact of the cell type and origin
- Analysed drawbacks of cell therapy



3. From bench to bedside

3.1 Long bone Tissue Engineering

The reconstruction of large defects (>10 mm) in humans usually relies on bone graft 
transplantation. Limiting factors include availability of graft material, comorbidity, and 
insufficient integration into the damaged bone.

Emerging solution is the combination of customised patient specific scaffold with 
osteogenic biofactor such as Bone Morphogenic Protein

Variety of commercially available products such as Infuse from Medtronic (collagen
sponge with BMP2)





Fig. 1. Biomechanical outcomes after 3 months. (A 
to E) Representative x-ray images showing 
anempty control defect (n = 8) (A), a defect 
reconstructed with cancellous bone graft from 
the iliac crest (n = 8) (B), a defect treated with the 
mPCL-TCP scaffold only (n = 8) (C), and defects 
augmented with scaffold + rhBMP-7 (n = 8) (D) or 
scaffold + MSCs (n = 8) (E). Scale bar, 1 cm. (F) 
Median BVs were determined by CT. (G) BV 
distribution along the z axis. The total length of 
the defect was divided into three parts of equal 
length (proximal, middle, and distal thirds). (H 
and I) Torsional moment (H) and torsional 
stiffness (I) measurements. Empty control defects 
(n = 8) were excluded because they were filled 
with soft tissue only. *P < 0.05, Bonferroni-Holm

3.5 mg of BMP



Reduced dose of BMP, 3 months post-operation

Delivery of supraphysiological dose has been associated with adverse event such as 
heterotopic bone formation, acute inflammatory reaction 
Can a lower dose achieve similar regenerative outcomes?



No differences in new bone, nor in mechanical properties



References: Takanori Iwata, Masayuki Yamato, Isao Ishikawa, Tomohiro Ando, Teruo Okano. Tissue Engineering in periodontal tissue. The anatomical record. 297: 16-25. 2014. 

Highly hierarchical tissue composed of soft and hard tissue :

• Cementum

• Periodontal Ligament

• Alveolar Bone

• Gingival Tissue

3. From bench to bedside

3.2 Periodontal complex



• Periodontitis

Common infectious disease affecting 30-40% of the population

Leading cause of tooth loss

Initiated by the accumulation of plaque and tartar

Affected by age, gender, buccal hygiene, smoking habits  etc.

• Surgical repair procedures

Open flap debridement (still in debate)

Guided Tissue Regeneration (GTR)

Wound stabilisation

Space maintenance for bone ingrowth

Selective cell repopulation along the root surface 

Most documented technique but unpredictable outcome

Gingival incision and separation from 

the tooth

Root curettage

Membrane application

1.

Gum suturing

2.



Selective Laser sintering SLS and treatment of periodontal defect

Clinical trial using PCL scaffold: appropriate result until 13 months post-implantation when scaffold 

became exposed and thereafter retrieved

Issues with stiffness, porosity and lack of biological component



3. From bench to bedside

3.3 Vertical bone augmentation

2 choices:

Denture or implant placement

Implant placement requires a certain thickness of bone to ensure the stability of the 
device

In many cases it requires vertical augmentation



Figure 1: Current surgical techniques for vertical bone augmentation. A: Guided Bone Regeneration using a titanium reinforced non-

resorbable ePTFE membrane from [28] with permission, B: Utilisation of a particulate bone graft for elevating the alveolar bone from [32]

with permission, C: Schematic described the principles of distraction osteotomy from [37] with permission, D: autologous bone block graft

whereby a piece of bone is fixed by means of a titanium screw onto the resident bone from [39] with permission, E: Screw tent pole

technique allowing the creation of space for vertical bone augmentation from [40] with permission.

Current vertical bone augmentation techniques

Fast resorption of autologous bone
Loss of vertical bone height

Very complex and invasive protocols

All based around Guided 
Bone Regeneration:
Space maintenance, cell
occlusiveness and selective 
cell repopulation

Lack of bioactivity of 
synthetic particulate graft
Issue with handling



Additive manufacturing for vertical bone augmentation

Patient specific constructs
Controlled resorption rate 
porosity ranging from 30 to 50 % 

Gbureket al. 2007 , Tamini et al. 2009 and 
2014

Figure 2: Additive manufacturing for vertical bone augmentation using powder bed 3D printer. A: Customized shapes made of a calcium phosphate

materials (Monetite) manufactured by contacting the powder material with a solvent to initiate fusion of the particle and hence enabling printing. B:

internal scaffold architecture featuring low porosity, small pore sizes and randomly organized porous network from [74] with permission. C: in vivo

performance of the 3D printed scaffold in comparison to autologous bone in an extraskeletal lapine vertical bone augmentation model, showing the

scaffold fixation upon implantation and the regenerative outcome 8 weeks post-surgery, heterogeneous new bone formation mostly located of the

periphery of the scaffold was observed from [76] with permission. D: Subsequent designs including perfusion channels for enhancing vascularisation

and bone formation, E: this enabled increased osteogenesis which permitted implant placement, primary stability was achieved even though bone to

implant contact remained moderate from [77] with permission.

Identify the drawbacks of this technology 

3D powder printing techniques and calcium 

phosphate cement chemistry 

Randomly organized porous network (Figure 2 

B) with small pore size which can be 

detrimental for tissue colonization, neo-

vascularization and ultimately bone formation



Extrusion printing for Vertical bone augmentation 
Most challenging issue in dentistry

Proof of concept: implantation over calvarial bone in sheep (Carrel et al. Clin Oral Imp Res 2016)

Proof of concept in more clinically relevant setting:

Implantation over mandibular bone in one dog (Carrel et al. Clinical Implant Dentistry and Related Research 2016)

Vertical bone gain up to 3-4 mm

Identify the possible drawback(s) of this study

Pink = bone

Black = 3D-printed scaffold



Major drawbacks:

Fixation of the graft, stabilisation via fixation screws is possible?

Implant placement, is also possible without fracturing the 3D printed scaffold

What is the fate of the new bone after implant placement: resorption or 

maintenance:

Polymeric scaffold would allow better degree of flexibility but lack of 

bioactivity. Therefore they are combined with osteogenic cues such as BMP-2



Ovine vertical bone augmentation model

Study design:
Bone regeneration
Biphasic scaffold with or without  
BMP2
Healing for 8 weeks
Bone resorption pattern
2 groups: gel +BMP 150ug and 

biphasic scaffold + gel + BMP 150 ug
Removal of the dome 8 weeks post-
implantation
Implant placement in 2 augmented 
defect
Healing for 8 weeks

Figure 1: Surgical protocol for placing the dome with 

the biphasic scaffold. A: calvarial bone preparation 

(groove and perforations, B: dome placement and 

stabilisation with titanium pins, C: electrospun

membrane placement, D: suturing the periosteum.



Vertical bone augmentation (regeneration study)



Bone resorption pattern (implant placement)

Figure 3: Stage 2, surgical re-entry. A: removal of the PCL membrane to exposed the 

domes, B: removal of the dome (note that this was performed without damaging the 

newly formed bone structures), C: placement of two dental implants.

4 groups:
Biphasic scaffold  + gel + BMP +/- implant

Gel + BMP +/- implant
Implants are level with  the bone height



Gel+ BMP without implant has completely resorbed 
Significant bone loss around the implant in the gel+ BMP specimen

Biphasic scaffold seems to have maintained a certain level of bone in its core (to be confirmed)



Gel PCL

The presence of the 

scaffold prevents bone 

resorption 

Surgical re-entry and 

removal of the 

protective dome results 

in bone resorption in 

the gel group 



Learning outcomes of part 3:
1. 3D printed scaffold for bone regeneration in different location of the body, long bone , 

craniofacial area
2. Concept of Guided Bone Regeneration
3. Bone resorption pattern



http://www.beam-jmp.eu/about-beam.html

Australian students can go for up to 5 months, scholarship of $9,500.

This project aims at promoting intercontinental mobility and cooperation at 

Honours/Master levels in the field of biomedical engineering and regenerative 

medicine.

Study abroad in Europe with an Australian governmental scholarship

Research project or coursework in one of our 3 partners:

in Germany, Italy or Portugal



University of Trento (Italy)

3-4 Courses to select from:

Advanced Metals (6 credits)

Functional and smart materials (6 credits)

Materials for energy (6 credits)

Biomaterials Science & Technology (6 credits)

Elective courses (18 credits)

Final thesis (15 credits)

1-2 to select from a list of elective courses:

Glass engineering (6 credits)

Aerospace materials (6 credits)

Plastics Engineering (6 credits)

Materials for cultural heritage (6 credits)

Nanostructured materials (6 credits)

Physics of surfaces and interfaces (6 credits)

Functionalization of Surfaces (6 credits)



4-5 of the following courses

- Biomaterials and Materials Processing

- Biomaterials Applications

- Controlled Drug Release

- Advanced Biomimetic Materials

- Biocompatibility and Tissue Engineering 

Laboratory

- Tissue Engineering and Stem Cells

- Techniques for the Modification and 

Processing of Biomaterials

University of Minho (Braga, Portugal)



4 courses:

- Biopharmaceutical

- Technological and clinic aspects of 

Biopharmaceuticals

- Biopharmaceuticals in regenerative medicine

- Project work

University of Halle (Halle, Germany)



Dr Cedryck Vaquette

cedryck.vaquette@qut.edu.au

07 313 86299
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