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The role of Bone Tissue Engineering in the field of Regenerative Medicine has been the topic of substantial
research over the past two decades. Technological advances have improved orthopaedic implants and surgical
techniques for bone reconstruction. However, improvements in surgical techniques to reconstruct bone have
been limited by the paucity of autologous materials available and donor site morbidity. Recent advances in the
development of biomaterials have provided attractive alternatives to bone grafting expanding the surgical
options for restoring the form and function of injured bone. Specifically, novel bioactive (second generation)
biomaterials have been developed that are characterised by controlled action and reaction to the host tissue
environment, whilst exhibiting controlled chemical breakdown and resorption with an ultimate replacement by
regenerating tissue. Future generations of biomaterials (third generation) are designed to be not only osteo-
conductive but also osteoinductive, i.e. to stimulate regeneration of host tissues by combining tissue engineer-
ing and in situ tissue regeneration methods with a focus on novel applications. These techniques will lead to
novel possibilities for tissue regeneration and repair. At present, tissue engineered constructs that may find
future use as bone grafts for complex skeletal defects, whether from post-traumatic, degenerative, neoplastic or
congenital/developmental “origin” require osseous reconstruction to ensure structural and functional integrity.
Engineering functional bone using combinations of cells, scaffolds and bioactive factors is a promising strategy
and a particular feature for future development in the area of hybrid materials which are able to exhibit suitable
biomimetic and mechanical properties. This review will discuss the state of the art in this field and what we can
expect from future generations of bone regeneration concepts.
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Intioduc tion

After15 yearsof'Tissue Engineering & Regenerative Medi-
cine 1.0 and another 10 years of 2.0 versions (1) the era
of tissue engineering 3.0 hasbegun. Thisreview will de s-
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crbe the state of the art of the bone tissue engineerng
field and present a perspective of its role in TTssue
Engineering & Regenerative Medicine 3.0. Overthe last
ten years ermarkable progress has been made in the
development of surgical techniques for bone recons-
truc tion. Although these sophisticated techniques have
transformed reconstructive suigery and signific antly im-
proved clinical outcomes, they have aleady reached a
numberof theirpractic allimits to furtherimprove health-



care outcomes. bday major reconstructive surgeres
(due to trauma ortumourremoval) are stillimited by the
paucity of autologous materals avaiable and donor
site mobidity. Recent advancesin the development of
scaffold-based Tssue Engineering (TE) have given the
surgeon new options for restoring form and func tion.
There are now bioactive biomaterals (second gener
ation) available that elicit a controlled action and
reaction to the host tissue envinnment with a controlled
chemical breakdown and resorption to ultimately be
replaced by regenerating tissue. Thid-generation bio-
materals are now being designed to stimulate regen-
eration ofliving tissue s using tissue engineerng and in situ
tissue regeneration methods. Engineerng functional
bone using combimnations of cells, scaffolds and bio-
active factors are seen as a promising approach and
these techniques will undoubtedly lead to ceaseless
possibilitie s for tissue regeneration and repair. There are
cunently thousands of research papers and reviews
available on bone tissue engineerng, but there is stil a
majordiscrepancy between scientific research effortson
bone tissue engineering and the clinical application of
such strategies. There is an evident lack of compre-
hensive reviews that cover both the scientific research
aspect as well as the clinical translation and practical
applcation of bone tissue engineerng techniques. This
review will therefore discuss the state of the arnt of
scientific bone tissue engineering concepts and wil also
provide cument appmwachesand future perspectives for
the clinicalapplication of bone tissue engineerng.

Bone biology

Bone asan organ hasnextto its complexcellularcom-
position a highly specialised organic-mnorganic archi
tecture which can be classified as micro- and nano-
composite tissue. Its mineralised matrix consists of 1) an
organic phase (mainly collagen, 35% dry weight) res-
ponsible forits rigidity, visc o e lastic ity and toughness; 2) a
mineral phase of cartbonated apatite (65% dry weight)
for struc tural re info rc e me nt, stiffness and mmeralhomeo-
stasis; and 3) othernon-collagenousproteinsthatform a
micwenvimnment stimulatory to cellular functions (2).
Bone tissue exhibits a distinct hierarc hic al struc tural or-
ganization of its c onstitue nts on numewus levels inc lud -
ing macmwstructure (cancellous and cortical bone),
mic 1o struc ture (Harversian syste ms, oste ons, single trabe-
culae), sub-microstructure (lamellae), nano struc ture
(fbrllar collagen and embedded minerals) and sub-
nanostruc ture (molecular structure of constituent ele-
ments, such as mineral, collagen, and non-collagenous
organic proteins) (Figure 1) (3). Macmwscopically, bone
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consistsofa dense hard cylindricalshellofcorticalbone
along the shaft of the bone that becomes thinner with
greater distance from the centre of the shaft towards
the articular surfaces. Cortical bone encompasses
increasing amounts of porous trabecular bone (also
caled cancelousorspongy bone) at the proximal and
distal ends to optimise articular load transfer (2). In
humans, trabecular bone has a powsity of 50-90% with
an average trabecularspacing of amund 1mm and an
average density of approximately 0.2 g-c m3 (4-6). Corti-
calbone hasa much denser struc ture with a porosity of
3-12% and an average density of 1.80g-cm= (5, 7).

On a microscopic scale, trabecular struts and dense
cortical bone are composed of mineralzed collagen
fibres stacked parallel to form layers, called lamellae
(3=7 pm thick) and then stacked in a+45° manner(2). n
mature bone these lamellae wrap in concentric layers
(3-8 lamellae) around a central part named Haversian
canal which containings nerve and blood vessels to
form whatiscalled an Osteon (ora Haversian system), a
cylindric al struc ture running roughly parallel to the long
axis of the bone (3). Cancellous bone consists of inter
connecting framework of ond and plate shaped trabe-
culae. On a nanostructural level, the most prominent
structures are the collagen fibres, sumounded and infi-
trated by mineral At the sub-nanostructural level three
main materals are bone crystals, collagen molecules,
and non-collagenousorganic proteins. Forfurtherdetails
the readerisreferred to (3).

Mineralised bone matrix is populated with four bone-
active cells: osteoblasts, osteoclasts, osteocytes and
bone Ining cells. Additional cell types are contained
within the bone mamow that fills the central intra-
medullary canal of the bone shaft and intertrabecular
spaces near the articular surfaces (8). Bone has to be
defined asan organ composed of different tissues and
also servesasa mineraldeposit affected and utilised by
the body’sendocrne system to regulate (among others)
caltium and phosphate homeostasis in the circulating
body fluids. Furthermore, recent studies indicate that
bone exerts an endocrine function itself by producing
homonesthat regulate phosphate and gluicose homeo-
sta sis inte grating the skeleton in the global mineral and
nutre nt home o stasis (9).

Bone is a highly dynamic form of connective tissue
which undergoes continuous remodelling (the orches-
trated removalof bone by osteoclasts folowed by the
formation ofnew bone byosteoblasts) to optimallyadapt
its struc ture to c hanging functionaldemands (mechani-
calloading, nutrtional status etc.). Fom a materal sci
ence point of view bone matrxisa composite maternal
of a polymerceramic lamellarfibre-matrix and each of
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these design and material aspects influence the me-
chanical properties of the bone tissue (10). The me-
chanical properties depend on the bone composition
(pormsity, mineralisation etc.) as well as the structural
organisation (trabecular or cortical bone arc hite c ture,
collagen fibre onentation, fatigue damage etc.) (11).
Collagen possesses a Young’s modulus of 1-2 GPa and
an ultimate tensie strength of 50-1 000 MPa, compared
to the mineral hydroxyapatite which has a Young’s
modulus of ~130 GPa and an ultimate tensie strength of
~100 MPa. The resulting mechanical properties of the
two typesof bone tissue, namely the corticalbone and
cancellousbone, are shownin Table 1. Age and related
changes in bone density have been reported to sub-
stantially influenc e the mechanicalpropertiesofcance-
Iousbone (12). Asoutlned above,bone showsa distinct
hierarchical structural organization and it is therefore
mportant to also define the mechanical properties at
mic 1o struc tural le vels (Table 2). Although the cancelous
and corticalbone may be ofthe same kind of matenal,
the maturation of the cortical bone material may alter
the mechanicalprperties atthe mic ro struc turalle ve l
Bone tissue is also known to be mechano-receptive;
both normal bone remodelling and fracture or defect
healing are infuenced by mechanicalstmuliappled at
the regenerating defect site and sunounding bone tissue
(17-20). In contrast to most other organs in the human
body, bone tissue is capable of true regeneration, ie.

Cancellous bone

Lamella

10-500 pm
Microstructure (B)
Macrostructure (A)

healing without the formation of fbrotic scar tissue (21).
During the healing process basic steps of fetal bone
developmentare recapitulated and bone regenerated
in this way does not differ structurally or mechanically
from the sumounding undamaged bone tissue (22). How-
ever, despite this temendous regenerative capacity,

Table 1 Mechanical properties of compact (cortical)
and spongy (cancellous) bone. Reproduced and modi-
fied from (13).

Property Cortical Cancellous
bone bone

Compressive stre ngth/MPa 100-230 2-12

Fexural, te nsile stre ngth/ MPa 50-150 10-20

Strain to failure/% 1-3 5-7

Fac ture toughne s/ MPam?v2 2-12 -

Young’s modulus/ GPa 7-30 0.5-0.05

Table 2 Young’'s modulus (GPa) (according to various
levels of architecture). Modified from (14-16) as listed in
the table.

Arc hite ¢ ture Young’s mo dulus
14-20
Wetspecimen (mic 1o struc tural) (15) 54

Dry spe cimen (submic 1o struc ture ) (16) 22

Wetspecimen (mac o struc tural) (14)

Collagen
molecule

ﬂ:

Collagen

Collagen fibril

fiber

Bone
Y Crystals

Nanostructure (D)
Sub-microstructure (C)

Sub-nanostructure (E)

Figure 1 Hierarchical structural organization of bone: (A) cortical and cancellous bone; (B) osteons with Haversian systems; (C) lamellae; (D) collagen

fibre assemblies of collagen fibrils; (E) bone mineral crystals, collagen molecules, and non-collagenous proteins. Reproduced with permission from (3),
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5-10% of all fractures are prone to delayed bony union
or will progress towards a non-union and the develop-
ment of a pseudarthrosis (23-24). Thgether with laige
traumatic bone defects and extensive loss of bone
substance aftertumourresection orrevision surgery after
failed arthroplasties, these pathological conditions stil
represent a majorchallenge intoday’sclinicalpractice.
The range ofbone graftmateralsavaiable to treat such
problemsin modem clinical practice essentially include
autologous bone (from the same patient), allogeneic
bone (from a donor), and demineralised bone matrces,
as well as a wide range of synthetic bone substitute
biomaterals such as metals, ceramics, polymers, and
composite materals. During the last decades, tissue
engineerng strategies to restore clinical function have
raised considerable scientific and commercialinterest in
the field of orthopaedic surgery aswellasrec onstruc tive
and oromaxilofacial suigery. Yet, the treatment of bone
defects and the search for bone substitute materals is
not just a modem day phenomenon, with its history
reaching back through mille nnia.

Bone grafting and bone substitute s in the last
4 000 years

The quest forthe most efficient way to substitute forlost
bone and to develop the best bone replacement
materalhasbeen pursued by humans for thousands of
years.

In Peru, archaeologists discovered the skullof a tribal
chief from 2000 BC in which a frontal bone defect
(presumably from trepanation) had been covered with
a 1 mm-thick plate of hammered gold (25). Trephined
Incan skulls have been found with plates made from
shells, gourds, and siver or gold plates covering the
defect areas (26). In a skull found in the ancient center
of Ishtkunui (Armenia) from approx. 2000 BC, a 7mm
diameterskulldefect had been bridged with a piece of
animal bone (27). These pursuits are not limited to skull
surgeries involving bone substitutes. Ancient Egyptians
have been shown to have prmfound knowledge of
orthopaedic und traumatological procedures with Sur-
geons having implanted mon prostheses for knee joint
replacementaseardy as600 BC,asanalysesof preserved
human mummieshave revealed (28).

The first modem era report of a bone xenograft pro-
cedure is believed to be the Dutch surgeon Job Jans-
zoon van Meekeren in 1668 (29-30). A skulldefect of a
Russian nobleman was suc cessfully treated with a bone
xenograft taken from the calvara of a deceased dog.
The xenograft was reported to have become fully
incomporated nto the skull of the patient. In the 1800s,
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plaster of Paris (Calcium sulphate) was used to fil bone
cavities in patients suffering from Tuberculosis (31).
Attempts were also made to fil bone defects with
cylinders made from ivory (32). In 1820 the Geman sur-
geon Phillipsvon Waltersdescrbed the fist c linicaluse of
a bone autograft to reconstruct skulldefects in patients
after trepanation (33). Walters successfully repaired tre-
panation holes, folowing surgery to relieve intracranial
pressure, with pieces of bone taken from the patient's
own head. In 1881, Scottish surgeon Willam MacEwen
descrbed the fist allogenic bone grafting procedure:
He used tbialbone wedges from three donorsthat had
undergone surgery for skeletal deformity comnection
(caused by rickets) to reconstruct an infected humerus
in a 3-year-old child (34)

Major contrbutions leading to the development of
modem day bone grafting procedures and bone sub-
stitutes have been made by Olier and Barth in the late
1800s. Iouis Iéopold Oller camied out extensive expern-
ments to study the osteogenic properties of the pen-
osteum and othervariousapprmachesto new bone for
mation, mainly in rabbit and dog models. He also meti-
culously reviewed the literature on bone regeneration
available at that time and in 1867 he published his
1000-page textbook ‘Tuite experimentelet clinique de
la egenemtion desosetde la production arntificielle du
tissu o sse ux’, n which he described the term ‘bone graft
(“greffe osseuse”) for the fist time (35). In 1895 the Ger
man surgeon Arthur Barth published his treatise ‘Ueber
histologisc he Befunde nach Knochenimplantationen’
(‘On histological findings after bone mmplantations’)
presenting hisresultsofvariousbone grafting procedures
involving the skull and long bones (humerus, forearm
bones) ofdogs and rabbits inc luding histologic al a sse ss-
ment (36). hday,both Oliersand Barth’sworkare con-
sidered to be milestonesin the development of present
day bone graftng pmcedures and bone substitute
materals.

With the development of new orthopaedic tec hniques
and increased numbersofjoint replacement procedures
(prostheses), the demand for bone grafts increased in
the 20 ¢ entury, leading to the opening of the fist bone
bank forallogenic bone graftsin New York in 1945 (37).
But the niskof an immunologicalreac tion from transplant-
ed allogenic bone material was soon recognized and
addressed in various studies (38-39). Severalprocedures
such as the use of hydrogen peroxide to macerate
bone grafts (“Keler Span”) in the 1950s and 1960s to
overcome antigenity were not suc c e ssful (40-41). b day,
bone substitute materals such as (bovine) bone chips
are rmutinely used in clinical practice after being pre-
treated to remove antigen struc tures. However, due to
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the processing steps necessary to abolish antigenicity,
mostofthese graftsdo notcontain viable cellsorgro wth
factors and are therefore inferior to viable autologous
bone graft options. When allografts with living cells are
transplanted, there is a risk of transmitting virmland bac-
tenal infections: Transmission of human immunode fic -
ency virus (HIV), he patitis C virus (HCV), human Tlympho -
zytic virus (HILV), unspecified he patitis, tuberc ulo sis and
otherbacteria hasbeen documented (mainly) forallo-
grafts (mainly from those containing viable cells) (42).

Aseary as 1932, the work of the Swiss H Matti proved
the paramount meaning of autologous cancelous bone
grafts for bone regeneration approaches (43). Having
conducted varous experments on the osteogenic
potential of autologous and alogenic bone, Schwei
bererconcluded in 1970 that the autologous transplant
remains the only really reliable transplantation matenal
of the future, f applied to bring about new bone forma-
tion or crucially to support the bridging bone defects
(44). Even though this statement was made more than
50 yearsago,itstllemainsvald today, when bone is still
the second most transplanted materal, second only to
blbod. Worddwide more than 3.5 milion bone grafts
(eitherautograftsorallografts) are pefformed eachyear
(45). Recent advances in technology and sugical
pro-cedures have significantly increased the options for
bone grafting materal, with novelproducts designed to
replace both the structuralpropertiesofbone,aswellas
promote fasterintegration and healing. The numberof
procedures requinng bone sub stitute s is inc re asing, and
will continue to do so asthe population agesand physi-
calactivity of the eldedy population increases. Therefore,
while the cument bone grafting market globally is esti-
mated to be in excess of $2.5 billion USeach year, it is
expected to increase at a compound annual growth
rate of 7-8% (45).

Although the last decadeshave seen numerous inno-
vations in bone substitute maternals, the treatment of
bone defects with autologous bone grafting matenal is
stillconsidered to be the ‘Gold Standard’ against which
allothermethodsare compared (46). Autologous bone
combines all the properties desired in a bone grafting
maternal & provides a scaffold for the ingrowth of cells
necessary forbone regeneration (=osteoconductive); it
promotesthe prolferation of stem cells and their diffe re n-
tiation into osteogenic cells (=osteoinductive) and it
holdsviable cellsthatcan form new bone tissue (= osteo-
genic) (22, 47). However, the available volume of auto-
logous bone graft form a patient is limited and an
additional surgical procedure is required to harvest the
grafting material which is associated with a signific ant
risk of donor site morbidity. 20-30% of auto graft patients

experience moibidity such aschronic pain ordysae sthe -
sia at the graft-harvesting site (48). Iarge bone defects
(>5cm) maybe treated with bone segment transportor
free vascularized bone transfer (49), as the use of an
autologous bone graft alone is not recommended
because of the riskof graft resorption despite good soft
tissue coverage (50). The vascularsed fibula autograft
(51) and the lizarov method (52-54) are the most com-
monly used treatment methodsforlargerbone defects;
however, complications are common and the process
can be laborious and painful for the patient as she/he
may be required to use extemal fixation syste ms for up
to one and halfyears (49, 55-56).

The Imitations of existing bone graftng procedures,
either autologous or allogenic in nature, and the in-
creased demand for bone grafts in imb salvage sur
geriesforbone tumours and in revision suigeriesof failed
arthroplasties have renewed the interest in bone sub-
stitute materals and altemative bone grafting proce-
dures (57). In 1986, Masquelet and colleagues (58) first
descrbed a new two-stage technique taking advan-
tage ofthe body simmune response to foreign maternals
for bone reconstruction. The authors called it the ‘con-
ceptofinduced membranes —soon to become known
as the ‘Masquelet technique’: In a first step, a radical
debridementofnecrotic bone and soft tissue isfollowed
by the filling of the defect site with a polyme thylme tha-
crylate (PMMA) spacerand stabilisation with an extemal
fixator. After the definitive healing of the soft tissue, a
second procedure is performed 6-8 weeks later, when
the PMMA spaceris rrmoved and a morcellised can-
celous bone graft (from the iiac crest) is nserted into
the cavitly (59-60). The cement spacer was initially
thoughtto preventthe collapse ofthe soft tissue into the
bone defectand to prepare the space forbone recon-
struction. However, it was soon discovered that the
PMMA spacerdoesnotonly serve asa place holder,but
that a foreign body reaction to the spaceralso induces
the formation of a membrane that possesses highly
desirable properties for bone regeneration (60-61): The
induced membrane wasshown to be ric hly vascularised
in all layers; the mner membrane layer (facing the ce-
ment) composed of synovial like epithelium and the out
part is made from fibroblasts, myoblasts and collagen.
The nduced membrane hasalso been shown to secrete
varous growth factors in a time-dependent manner:
High concentrations of vascular endothelial growth
factor (VEGF) as well as transforming growth factor B
(TGF B) are secreted as early as the second week after
implantation of the PMMA spacer, bone morphogene-
tic protein 2 (BMP-2) concentration peaks at the fourth
week. The induced membrane stimulates the prolifera-
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tion ofbone mamow cellsand differentiation towards an
o ste o bla stic
shown that the cancellous bone inside the induced

lneage. Fnally, clinical experience has

membrane isnotsubjectto resorption by the body. Ever
sinc e its intro duc tion the ‘induc ed me mbrane’-te ¢ hnique
hasbeen used very successfully in various clinicalcases
(see (59) and references therein). However, the Mas-
quelet tec hnique still re quire s the harvesting of an auto -
logousbone graft, and with that come all the potential
aforementioned complic ations. Furthermore, the use of
altemate bone substitute matenrals, such as hydrxy-
apatite tricalcium phosphate, n combmation with the
Masquelet tec hnique hasso faryielded results infe rior to
the use the Masquelet tec hnique with autologous bone
grafting materal(59, 62).

Besidesthe Masquelettechnique,a more recentinno-
significantly improved the clnical
approach to restoring bone defects. The development
of the Reamerkgator-Aspirator (RIA®)-System (De Puy-
Synthe s) has given clinicians an allemative to iiac crest
haresting to retrieve bone grafting matenals from pati-
ents: The RIA System provides imgation and aspiation
during mtrame dullay reaming, allowing the harvesting of
finely morselised autologousbone and bone manow for

vation has also

surigicalproceduresrequiring bone grafting materal (63).

The RIA was initially developed to lower the mtrame du-
Iary pressure during the reaming of long bones to re-
duce the rsk of fat embolisms and pulmonary compl-
cations such as the Acute Respiratory Distress Syndrom
(ARDS), as well as to reduce local thermal necrosis of
bone tissue (64-65). However, the finely morselised auto -
logousbone and bone mamow thatiscollected by the
RIA hasbeen shown to be rich in stem cells, osteogenic
celsand growth factorsand hasbeenrecognized to be
a suitable bone graft altemative to the iiac crest auto-
graft tissue (66-67). Also, RIA enables the harvesting of
larger bone graft volumes compared to the iiac crest
(approx. 40 cm3 for the femur and 33 ¢m?3 for the tibia)
(48, 65). Furthermore, the risk of complic ations from the
harwesting procedure has been reduced signific antly
(RIA 6% vs. 19.37% foriliac crest autografts) (68). Since its
introduc tion, the indications for use of RIA have been
furtherextended to include the treatmentofpostopera-
tive osteomyelitis (69) and the harvesting of mesenc hy-
malstem cells (MSCs) (70). The innovation driven by the
RIA systems was so signific ant, that the Joumal “Injury”
has dedicated a complete issue to the data available
on RIA and its applications recently (71). A syste matic
review on the Reamerimgatoraspiratorindic ations and
clinical results hasrecently been published by Coxetal
(72). The Masquelet technique as well as the RIA-system
is nowadays frequently used in clnical practice, in-
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dependently. However, the two tec hniquesmay also be
combined to further improve their effectiveness when
treating severe bone defects, for example in post-
traumatic lmb reconstruction (73). An example of a
case from one of our authors clinical practice (M.S)
combining the use of Masquelet tec hnique and the use
of the RIA-system to treata complexcase of tbial non-
union isprovided in Fgure 2.

Both the Masquelet tec hnique and the development
of the RIA-system re present significant impro ve ments in
today’s clnical approach to bone reconstruction and
regeneration. However, utilising these techniques, we
have still not been able to replace autologous bone
grafting in orderto avoid surgical graft retrieval proce-
dures with all the associated disadvantages. However,
with research looking towards inc re asingly so p histic ated
bone tissue engineering tec hnique s and their first ¢ linic al
applic ations, the quest for developing improved bone
sub stitute materaladvancesto the nextlevel

Bone substitute materals (BSM)

Bone substitutes can be defned as “a synthetic, in-
oganic orbiologically organic combination-biomateral
which can be inserted forthe treatment of a bone de-
fectinstead of autogenousorallogenousbone” (74). This
definition applies to numerus substances and a varety
of materialshave been used overtime in an attempt to
sub stitute bone tissue . Although merely of historic inte re st
and with no significance mn modem therapies, the use of
seashells, nuts, gourds and so forth show that humans
have strived for BSM forthousandsofyears.

With the introduction of tissue engineering and its c lini-
calapplication the regenerative medicine in 1993 (75)
the modem day quest for BSMs has undergone a signifi-
cant change. The limitations of cument clnical approa-
cheshave necessitated the development of alte mative
bone repair techniques and have driven the develop-
ment of scaffold-based tissue engineering strategies. In
the past, mostly inert bone substitute materials have
been used, func tioning mainly as space holders during
the healing processes. Now a paradigm shift has taken
place towardsthe use of new ‘intelligent’ tissue engineer
ing biomaterals that would support and even promo te
tissue re-growth (76).

According to the “diamond concept’ of bone tissue
engineerng (77-78), an ideal bone substitute maternal
should offer an osteoinductive three-dimensional struc -
ture, contain osteogenic cellsand osteoinduc tive fac tors,
have sufficient mechanical properties and promote
vascularsation. De spite extensive research in the field of
bone tissue engineering, apart from the “gold standard”
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Figure 2 Clinical case combining the Masquelet-technique and the RIA-system to treat a tibial non-union. 51 year old male acquired a Gustillo 3B
fracture of the right tibia and fibula and was treated with a stage procedure with locked plating and a free flap . The patient’s progress was very slow
and an implant failure occurred 8 months post-operatively (A). The patient was then referred for the further management and underwent
debridement of the non-union site on the distal tibia by lifting the flap (B). The size of the extensive bone defect is shown in B (intraoperative image of
situs and X-ray image with retractor in defect site). Additionally, a PMMA bone cement spacer was inserted into the tibial defect as part of the
Masquelet technique. Postop X-ray images after surgery with the PMMA spacer (circles) in place (C). 8 weeks later the PMMA spacer was removed
and the induced membrane at the defect site was packed with autologous cancellous bone graft obtained from the femur using the
Reamer-Irrigator-Aspirator (RIA) technique. (D) shows assembled RIA system, insert showing morselised autologous bone and bone marrow graft
obtained. Postop films after the second surgery (E). 7 weeks after bone grafting the defect showed good healing and patient was able to fully bear
weight as tolerated. Over the following 2 months X-ray images showed progressive bridging of the zone and he was able to return to work with light
duties. He was reviewed again 7 months post-surgery and had returned to work full-time and was walking long distances without any support (F).
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autograft bone, no cunently available BSM can offer
these properties in one single materal Therefore, the
fundamentalconceptundenying tissue engine ering is to
combine a scaffold orthree-dimensional c onstruc t with
living cells, and/orbiologically active molecules to form
a “tissue engineernng construct’” (TEC), which promotes
the repairand/orregeneration of tissue s (79-80).
Curnently used BSM can be classified into diffe rent sub-
groupsaccording to theirorgin (76, 81):
1) BSM ofnatural origin
This group consists of harvested autogenousbone grafts
aswellasallogenic BSM, such demineralised bone ma-
trix, corticocancellousorcorticalgrafts,cancellouschips
(from eithercadaversorliving donors) (82-84). Xeno ge nic
maternals, forexample porousnaturalbone hydroxyapa-
tite fom animal bones (bovine, equine, porcine etc.)
are also part of this group (85). Phytogenic maternals
such as bone-analogue calcium phosphate orngimaly
obtained from marne algae orcoralderved maternals,
also fallinto thiscategory (86-87).
2) Synthe tic (alloplastic) materals
This groups contains ceramics such as bioactive glasses
(88), Thc alc umpho sphate s (TCP) (89-90), Hyd 1o xya p a tite
(HA) (91-93) and glassionomercements as wellas Cal-
cium Phosphate (CP) ceramics (94). Metals such as
titanium also belong to this group. Furthermore polymers
inc luding polymethylmethacrylate (PMMA), polylactides/
poliglycolides and copolymers as well as polycapro-
lactone (PCD (95) are summarised in this group (76, 79,
96-97).
3) Composite materals
BSM combining different materalssuch asceramicsand
polymers are refemred to as composite materals (92,
98-99). By merging materals with diffe re nt struc tural and
biochemical properties into composite matenals, the
properties of composite materials can be modified to
achieve more favourable characternstics, for mstance
with respectto biodegradability (79, 97).
4) BSM combined with growth factors
Natural or recombinant growth factors such a bone
mormphogenic protein (BMP), platelet-derived growth
factor (PDGF), transforming growth factorB (TGEF-B),
insulin-ke growth-factor 1, vascular endothelial growth
factor (VEGF) and fbroblast growth factorcan be add-
ed to increase the biological ac tivity of BSM (100-101).
For example, a composite material made of medical
grade polycapmwlactone-tricalcium phosphate (mPCL-
TCP) scaffolds (combined with recombinant human
BMP-7) hasbeen demonstrated to completely bridge a
critic al-sized (3 cm) tibialdefectin a sheep model(102).
5) BSM with living cells
Mesenchymalstem cells (103-105), bone mamow stromal
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cells (106-107), periostealc ells (108-109), osteoblasts (110)
and embryonic (111) as well as adult stem cels (112)
have been used in bone tissue engmeerng (22, 101,
113-116). These cells can generate new tissue alone or
canbe used in combination with scaffold matrices.

BSMscan also be classified according to theirproper-
tiesofaction. An overview ofthe cumently available BSM
forclinical (orthopaedic) use and theirmode ofaction is
given in Table 3 (lreproduced from (117)).

Three-dimensional scaffolds in bone tissue
engineering

Scaffolds serve as three-dimensional struc tures to guide
cell migration, proliferation and differentiation. ln load
bearing tissues, it also serves as temporary mechanical
support struc ture. Sc affolds substitute for the function of
the extracellular matrix and need to fulfil highly spe c ific
criteria. An idealscaffold should be (i) three-dimensional
and highly porus with an interconnected pore network
forcellgrowth and flow transport of nutrients and meta-
bolic waste; (i) should have surface properties which
are optimized for the attachment, migration, prolifera-
tion and differentiation of celltypesofinterest (depend-
ing on the targeted tissue); (i) be biocompatible, not
elicitan immune response and be biodegradable with a
controllable degradation rate to compliment cell/ tissue
in-growth and maturation; (iv) its mechanical properties
should match those of the tissue at the site of implanta-
tion and (v) the scaffold structure should be easiy and
efficiently eproducible in various shapesand sizes (97).

Bio c omp atib ity

Biocompatibility represents the ability of a matenal to
perform with an appropriate response in a specific apph
cation (118). Asa generalrle, scaffolds should be fabn-
cated from materals that do not have the potential to
elicit mmunological orclnically detectable primary or
secondary foreign body reactions (119). Parallel to the
formation of new tissue in vwo, the scaffold may under
go degradation via the release of by-products that are
either biocompatble without proof of elimination from
the body (biodegradable scaffolds) orcanbe eliminated
through natural pathways from the body, eitherby sim-
ple fitration of by-products or after their metabolisation
(bioresobable scaffolds) (97). Due to poorvasc ulansation
orlow metabolic activity, the capacity of the sumound-
ing tissue to eliminate the by-products may be low lead-
ing to a build up of the by-products thereby causing
local temporary distutbances (97): A massive in viwo
release of acidic degradation by-products leading to
inflammatory reactions has been reported for several
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Table 3 Bone grafts and graft substitutes currently used in clinical orthopaedic applications. Reproduced with permission

from (117), © Dr Samit Kumar Nandji, 2010.

Class Descrption Examples Popettiesofaction
Autograftbased Used alone Osteoconductive, Oste oind uc tive,
Oste o genic

Allograftbased Allograftbone used alone orincombination Allegr, Orthoblast,
with othermatenals

Factorbased Naturaland recombinant growth factors
used alone orin combination with other
matenals

Cellbased Cellsused to generate new tissue alone or

seeded onto a support matrix
Ceramic based Includescalcium phosphate,calcium sulfate,
and bioactive glassused alone orin
combination
Includesdegradable and nondegra-dable
polymersused alone and in combination
with othermatenals

Polymerbased

Misc elane ous CoralHA granules, blocksand composite

Mesenchymalstem cells

Osteograf, Osteoset,

NovaBone

Corto ss, OPIA, Inmix

ProOsteon

Osteoconduc tive, Oste oinduc tive

Grafton
TGFR, PDGF, FGF, BMP

Oste oinduc tive , Both o ste o c onduc tive
and osteoinductive with camer
matenals

Oste o genic

Both osteogenic and osteo-conductive
with camermatenals

Oste o conduc tive

Limite d o ste oinduc tive whe n mixe d
with bone mamow

Oste o conduc tive

Bioresotbable ndegradable polymer

Oste oconduc tive
Bioresobable

bioresotbable devicesmade from polylactides (120-122).
Anotherexample is the increase of osmotic pressure or
pHcaused by localfluid accumulation or transie nt sinus
formation from fibre reinforced polyglycolide pins used
in orthopaedic applications (120). It is also known that
calcium phosphate biomateral patticles can cause
mflaimmatory reactions afterbeing implanted (although
thisinflammatory reaction may be considered desirable
to a certain extent as it subsequently stimulates osteo-
progenitor cell differentiation and bone matrx deposi-
tion) (123). These examples ilustrate that potential pro-
blems related to biocompatibility in tissue engineerng
constructs forbone and cartiage applications may be
related to the use of biodegradable, erodible and bio-
resotbable polymer scaffolds. Therefore, it is important
that the three dimensional Tissue Engineernng Construct
(TEC) is exposed at all times to sufficient quantities of
neutral culture media when undertaking cel culture
procedures, especially during the period where the
mass loss of the polymermatnx occurs (97). Forapplica-
tionsin viwo,itisofcourse notpossible to expose the TEC
to neutral media, and one therefore has to carefully
take nto account the localspecifications (pH, vascula-
risation, metabolic activity etc) of the tissue to be en-
gineered when accessing biocompatibility ofa TEC.

Mechanicalproperntiesand degradation kine tic s
The design of tissue engineering scaffoldsneeds to con-
siderphysico-chemical properties, mormphology and bio-

mechanical properties as well as degradation kine tic s.
The scaffold struc ture isexpected to guide the develop-
mentofnew bone formation by promo ting attac hment,
migration, prolferation and differentiation of bone cels.
Parallel to tissue formation, the scaffold should also
undergo degradation in order to allow for ultimate
replacement of scaffold materal with newly formed,
tissue engineered bone. Furthermore, the scaffold is also
responsble for (temporal) mechanical support and
stability at the tissue engineering site until the new bone
is fully matured and is able to withstand mechanical
load. As a generalrule, the scaffold material should be
sufficiently robust to resist changes in shape resulting
from the introduction of cells into the scaffold (each of
which should capable ofexerting tractionalforces) and
from wound contraction forces that would be evoked
durng tissue healing in vivo (79). h orderto achieve opti-
malresults, it is therefore necessary to carefully balance
the biomechanical properties of a scaffold with its
degradation kinetics. A scaffold materal has to be
chosen that degrades and resotbsata contiolled rate,
giving the TEC sufficient mechanicalstability at all times,
but at the same time allowing new in viwvo formed bone
tissue to substitute for its struc ture. Figure 3 depicts the
interdependence of molecularweightlossand massloss
ofa slow degrading composite scaffold and also shows
the comesponding stagesof tissue regeneration (80).

At the time of implantation the biomechanical pro-
perties of a scaffold should match the structural pro-
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perties ofthe tissue itisimplanted into asclosely aspossi-
ble (124). E should p o sse ss suffic ie nt struc turalinte grity for
the period untl the engineered tissue imgrowth has
replaced the slowly disappearng scaffold matrix with
regards to mechanical properties. In bone tissue engin-
eering the degradation and resomption kinetics of the
scaffold have to be contiolled in such a way that the
bioresotbable scaffold retains its physical properties for
atleast 6 months to enable cell and tissue remodelling
to achieve stable biomechanical conditions and vas-
cularisation at the defect site (97). Apart from host
anatomy and physiology, the type oftissue thatisaimed
to be engineered also has a profound influence on the
degree of remodelling: in cancellous bone the remo-
deling takes 3-6 months, while cortical bone wil take
twice as long, approximately 6-12 months, to remodel
(79). Whe ther the THC wil be part of a load bearing or
non-load bearng site will also signific antly influence the
needsformechanicalstability of the THC as mechanical
loading can directly affect the degradation behaviour
aswell (79). Utilising orthopaedic implants to te mporanly
stabilise the defect area also influences the re quire ments
for biomechanical stability of the TEC signific antly (18,
125). I is therefore crucial to meticulously select the
scaffold materalindividually foreach tissue engineernng
appmach to tailor the mechanical properties and de-
gradation kinetics exactly to the purpose of the spec ific
TEC (97). Conse quently, there isnot one “idealscaffold
matenal’ for all bone tissue engineering purposes, but
the choice depends on the size, type and location of
the bone tissue to be regenerated.

Surface Propernties

The surface area of a scaffold represents the space
where pivotal interactions between biomateral and
host tissue take place. The performance of a THC de-
pends fundamentally on the interaction between biolo-
gical fluids and the surface of the THC, and it is often
mediated by proteinsabsorbed from the biologic al fluid
(126). The initialeventsinc lude the orientated adsomption
of molecules from the sumounding fluid, creating a
specific interface to which the cells and other factors
respond to the macstruc ture ofthe scaffold aswelas
the microtopography and chemical properties of the
sufface determine which molecules are adsorbed and
how cels will attach and align themselves (127). The
focalattachments made by the cells with the ir sub stra te
then determines cell shape, which in tum transduces
signals via the cytoskeleton to the nucleus resulting in
expression of specific proteins which may be struc tural
orsignalrelated and contrbute towardsthe cellpheno-

type.
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Due to technical progress, we are now able to mani-
pulate materals at the atomic, molecular, and supra-
molecularlevel and bulk materals and surfacescanbe
designed at a similar dimension to that of the nano-
meter constituent components of bone (2): In natural
bone, hydroxyapatite platesare approximately between
25 nm in width and 35 nm in length while collagen type 1
isa triple helix 300 nm in length, 0.5 nm in width and with
a periodicity of 67 nm (128). “Nanomaterals” commonly
refers to materals with basic struc tural units in the range
1-100 nm (nanostruc tured), crystaline solids with grain
sizes between 1 and 100 nm (nanocrystals), individual
layersormultiayersurface coatingsin the range 1-100 nm
(nanocoatings), extremely fne powders with an average
partticle size in the range 1-100nm and filbres with a
diameter in the range 1-100 nm (nanofibres) (2). The
close proximity of the scale of these materals to the
scale ofnaturalbone composite s makesthe application
ofnanomaterals forbone tissue engineering a very pro-
mising strategy. Surfaces with nanometer topography
can promote the avaiability of amino acid and proteins
for cell adhesion to a great extent, for example, the
adsormption of fibronectin and vitronectin [two proteins
known to enhance osteoblast and bone forming cel
function (129)] can be significantly ncreased by de-
creasing the grain size on the scaffold/implant surface
below 100 nm (130). &k has also been shown that cal
cium-mediated cell protein adsomption on nanophase
materalpromotesunfolding ofthese proteins promoting
bone celladhesion and func tion (130). Curre nt lite ra ture
supports the hypothesis that by creating surfface topo-
graphies with characternstics that approximate the size
of proteins, a certain control over protein adsomption
and interactions wil be possble. Snce the surface
characternstics regarding mughness, topography and
surface chemistry are then transcnbed via the protein
layerinto information thatiscomprehensble forthe cels
(127), this will enable the fabrication of surfface proper
tiesdirectly targeted atbinding specific celltypes. h vitro,
osteoblast adhesion, prliferation and differentiation
and calcium deposition is enhanced on nanomatenrals
with grain size s le ssthan 100 nm (130-131). The adherence
of osteoblasts hasbeen shown to increase up to three-
fold when the surface iscovered with nanophase titan-
um particles nstead of conventional titanium particles
(132). Nano- and microporosiy has also been shown to
promote osteogenic differentiation (133) and osteo-
genesis (134). The use of nanomaternalsto achieve better
osteointegration of orthopaedic implants and for bone
tissue engineering apprmaches has been extensively
summarsed in several recent reviews (2, 135-138) and
wilnotbe reviewed in its entire ty here.
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Figure 3 Schematic illustrating the interdependence of molecular weight loss and mass loss of a slow-degrading composite scaffold plotted against
time, which corresponds with tissue regeneration. Scaffold, as shown by SEM (A) is implanted at t =0 (B) with lower figures (C-E) showing a
conceptual illustration of the biological processes of bone formation over time. The scaffold is immediate filled with a hematoma on implantation (C)
followed by vascularization (D) and gradually new bone is formed within the scaffold (E). As the scaffold degrades over time there is increased bone
remodeling within the implant site until eventually the scaffold pores are entirely filled with functional bone and vascularity. SEM of scaffold
degraded over time (G) with associated schematic visualization of how mPCL-TCP scaffolds degrade via long-term bioerosion process, which takes
up to 36 months in vivo (h). Reproduced with permission from (80), © Elsevier Ltd 2012.
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However, it becomes clear that mugh scaffold sur
facesfavourattac hment, proliferation and differentiation
of anchorage-dependent bone forming cells (139).
Osteogenic cells migrate to the scaffold surfface through
a fibrin clotinitially e stablished imme diately afterimplan-
tation of the THC from the haematoma caused by the
surgical procedure (101). The migration causes retrac tion
of the temporary fibrin matrix and, if not well secured,
can lead to detachment of the fibrin from the scaffold
during wound contraction leading to decreased migra-
tion ofthe osteogenic cellsinto the scaffold (140-141).

With regards to sufface chemistry, degradation pro-
pertiesand by-products (relating to pH, osmo tic pre ssure,
infammatory reactions etc.) are of importance and
have been brefly discussed aleady. In the following
section, the mle of calcium phosphate in the osteo-
inductivity of biomaterials wil be summarnzed as an
example of how surface chemistry may be manipulated
to benefit scaffold properties. o date, most synthe tic
biomaterals that have been shown to be osteo-
inductive contained calcium phosphate undedining the
crucialwle of calcium and phosphate in osteoinduc tion
properties of biomaterals (142). As summarsed above,
adequate porosity and pore size iscrucialforbone tissue
engineerng scaffoldsin orderto allow sufficie nt vasc ula-
rsation and enable a supply of body fluids throughout
the THC. B gether with this nutrie nt supply, a release of
calcium and phosphate ions from the biomateral sur
face takes places and is believed to be the orgin of
bioactivity of calcium phosphate biomaterals (143-145).
This processis folowed by the precipitation of a biologi-
calcarmonated apatite layer (that contains calcium-,
phosphate- and otherions such as magnesium as well
as proteins and otherorganic compounds) that occurs
when the concentration of calcium and phosphate ions
hasreached supersaturation levelin the vicinity of the
implant (142, 146-147). This bone-lke biological car
bonated apatite layeris thought to be physiological tn-
ggerforstem cells to differentiate down the osteogenic
Ineage or could nduce the release of growth factors
that complement this process (142). For biomaterals
lacking calcium phosphate particles, the mughness of
the surface is considered to act as a colection of
nucleation sites for calcium phosphate precipitation
from the hosts’ body fluids, thereby forming a carbonat-
ed apatite layer.

Comparng calcium phosphate (CaP) coated fibrous
scaffolds (fbre diameterapprox 50 ym) made from me-
dicalgrade polycapmwlactone (mPCL with non-coated
mPClL-sc affolds, we have shown that CaP-coating is
beneficial for new bone formation in viro, enhancing
alkaline phosphatase activity and mineralisation within
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the scaffolds (148). Interestingly, other research has
shown that the implantation of highly soluble carbonat-
ed apatite ceramics alone did not result in bone in-
duction in vwo (149), suggesting that a relatively stable
surface (e.g. thhugh a composite materal that con-
tainsa lesssoluble phase)isneeded forthe faciltation of
bone formation as discussed above (see “mechanical
properties and degradation kinetics’). Bone formation
requires a stable biomateral inteface and therefore,
too rapid in viwo dissolution of calcium phosphate ma-
terals has been shown to be unfavourable for the
formation of new bone tissue (150-151). Chaiet al and
Bamadas et al have recently reviewed the effects of
calcium phosphate osteogenicity in bone tissue engin-
eerng (150, 152).

Furtherc ompre he nsive reviews on the influence of sur-
face topography and surfface chemistty on cell attach-
ment and proliferation for orthopaedic implants and
bone tissue engineering are avaiable (2, 126, 142, 150,
153).

Porosity and pore size

Porosity iscommonly defined asthe percentage of void
space in a so called cellular solid (the scaffold in bone
tissue engineerng applications) (154). Using solid and
pormusparticlesofhydroxyapatite forthe delivery of the
growth factor BMP-2, Kuboki et al showed that pores
are crucialforbone tissue formation because they alow
migration and prolferation of osteoblasts and mesen-
chymal cells, as well as vasculansation; no new bone
formed on solid particles(155). Apomwusscaffold surface
also improves mechanical intedocking between the
implanted TECs and the sumounding naturalbone tissue,
providing greater mechanical stabilty at this crucial
interface in tissue engine ernng (156).

Scaffold porosity and pore size relate to the surface
area available forthe adhesion and growth ofcellsboth
in vitro as well as in vivo and to the potential for host
tissue ingrowth, including vasc ulature, to penetrate into
the central regions of the scaffold architecture. In
assessing the significance of porosity several in viwo
studies have been conducted utilising hard scaffold
matenals such as calcium phosphate or titanium with
defined porous characterstics (157). The majority of
these studies indicate the importance of pore struc ture
in facilitating bone growth. Increase of porosity as well
as pore size and spacing of pore interconnec tivity has
been found to positively influence bone formation in
vwo, which isalso comelated with scaffold surfface area.
Pore interconnections smaller than 100 um were found
to restrict vascular penetration and supplementation of
a porus struc ture with macrscopic channelshasbeen
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found to further enhance tissue penetration and bone
formation (97, 158). Intere stingly, these results conelate
well with the diameter of the physiological Haversian
systems in bone tissue that possess an approximate
diameterof more than 100 pym. The ability of new capi
Iary blood vesselsto grow into the THC is also related to
the pore size, thereby directly influencing the rate of
mgrowth of newly formed bone tissue into the TEC: h
viwo,largerpore sizesand higherporsitylead to a faster
rate of neovasculansation, thereby promoting greater
amountsofnew bone formation via direct o ste o ge nesis.
In contrast, small pores favour hypoxic conditions and
induce osteochondral formation before osteogenesis
occurs (92). Pores and pore interconnec tions should be
at least 300 microns in diameter to allow sufficient
vascularisation. Besides the actual macroporsity (pore
size >50 ym) of the scaffold micropormwsity (pore size <
10 pm) and pore wall mughness also have a large im-
pacton osteogenic response: Micoporosity resultsin lar-
gersurface areas contrbuting to higher bone-induc ing
protein adsorption and to ion exchange and bone-lke
apatite formation by dissolution and re-precipitation
(139, 157). Asoutlned above, sub-micron and nanome tre

surfac e mwughnessfavours attachment, proliferation and
differentiation of anchorage-dependent bone forming
cells (139).

Although increased porosity and higherpore size facik-
tate bone ingrowth, it also compromises the structural
inte grity ofthe scaffold, and if the porosity becomestoo
high it may adversely affect the mechanical properties
of the scaffold at the same time (79). n addition, the
rate of degradation is influenced by the porsity and
pore size (for biodegradable scaffolds). A higher pore
surface area enhances interaction of the scaffold
materals with host tissue and can thereby accelerate
degradation by macrophages via oxidation and/or
hydrolysis (157). Therefore, scaffolds fabricated from
biomaterals with a high degradation rate should not
have high pomsities (>90%) in order to avoid compro-
mise to the mechanical and structural inte grity before
adequate substitution by newly formed bone tissue.
Scaffolds made from slowly degrading biomaterals with
robust mechanical propertiescan, in contrast, be highly
porus (157). Table 4 illustrates mechanical properties
and degradation kinetics in relation to the porsity for
many commonly used composite sc affolds. This ilustrate s

Table 4 Mechanical properties and degradation kinetics in relation for porosity ofcomposite scaffolds. Reproduced with
permission from (79), Copyright © 2007 John Wiley & Sons, Ltd.

Scaffold composites Mechanicalpropertties Po 1o sity/ % Degradation kine tic s
Medicalgrade Compressive modulus 6.8 MPa; 60-70 24-30 months
polycapmwlactone-tricalcium phosphate compressive strength 1.0 MPa
(PCL'TCP)
Medicalgrade Compressive modulus 88.6 MPa (dry) and 60-70 <24 months
poly(I-lactide-co-D,I-lactide)-tricalcium 51.5 MPa (wet); compressive strength 3.1
phosphate (PLDIIA-TCP) MPa (dry) and 1.5 MPa (wet)
Poly(lactide-co-glycolide) Compressive strength 0.16 MPa (dry) and 81-91
(PLGA)-calcium phosphate (CaP) 0.04 MPa (wet) c onditio ns
Poly-lactic acid + phosphate glass Compressive modulus 120 kPa; 97
partticles compressive strength 20.1 kPa
Poly(L-lactic acid) (PLIA) and Iongitudinalmo dulusup to 1.5 times >80
hydroxyapatite (HA) or B-tric alc um higherthan the transverse modulus
phosphate (R-TCP)
HA-PLIA Hasticity module up to 10 GPa; 0.4
compressive strength up to 140 MPa
Nano hydr xyapatite - Compressive strength close to 3 MPa About90 (pore Ik vitro with a reduc tion in

collagen-poly(I-lactide)

Hyd ro xya patite/c hito san-gelatin ne two rk
(HA-CS-Ge))

B-tricalcium phosphate (B-TCP) ma trix
and hydroxylapatite (HA) nanofbres
Poly(lactide-co-glycolide) microspheres
and a poody crystallne calcium
phosphate

Compressive strength 9.87 MPa

Compressive modulus 65 MPa athigh

polymerceramic ratio (3:2.25)

size s 100-300 um) massof19.6% after4 weeks
90.6

73
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that there are a numberofadvantages and disadvan-
tages associated with any changes made to the por-
sity or pore size of scaffolds. It is inevitable to find a
balance between these prosand consin orderto tailor
the scaffold propertties ideally to the demands of the
tissue engineering apprach used. For comprehensive
reviews on ole of porosity and pore size in tissue engin-
eerng scaffolds, the readeris refemed to two recently
published reviews (157, 159).

Ebecomesclearthat a multitude of factors have to
be taken into account when designing and fabric ating
scaffolds for bone tissue engineerng. However, it is
beyond the scope ofthisreview to presentallofthem in
detail and a number of comprehensive reviews have
been published recently on this topic (2, 5, 79, 97, 101,
160-161).

Additive manufacturing and ComputerAided
Design - Game changers in the fabrication of
three-dimensional scaffolds

The three-dimensional design characteristics in com-
bination with the materal properties of a scaffold are
crucial for bone tissue engineering purposes. Not only
does the scaffold structure need to be controlled on a
macroscopic level (to achieve sufficient interposition of
the scaffold into the defect site), but also on a micro-
scopic level (to optimise tissue engineerng properties
with regardsto osteoinduction, osteoconduc tion, osteo-
genesisand vascularsation aswellasmechanicalstabi-
lity) and even down to nano struc tural c o nfiguration (to
optimise protein adsorption, cell adhesion, diffe rentia tion
and proliferation related to desired tissue engineering
characterstics of the TEC). I is therefore necessary to
exertstrict contioloverthe scaffold properties during the
fabrication process. Conventionaltechniquesforscaffold
fabrication include solvent casting and particulate
leaching, gas foaming, flbore meshes and fibbre bonding,
phase separation, melt molding, e mulsion freeze drying,
solution casting and freeze drying (162). All of these
techniquesare subtractive in nature, me aning thatparts
of the fabrcated scaffold are removed from the
construct after the mitial fabrication process in order to
generate the desired three-dimensional ¢c harac terstic s.
Hence a number of limitations exist regarding these
fabrication methods: conventional methods do not
allow a precise contol over pore size, pore geometry,
pore interc onnec tivity orspatial distrlbution of pores and
interconnecting channelsofthe scaffoldsfabricated (92,
163-164). In addition, many of these techniques re quire
the application of organic solvents and their residues
can impose severe adverse effectson cells due to their
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potentially toxic and/or carcinogenic nature, reducing
the biocompatibility ofthe scaffold signific antly (165).
The introduc tion ofadditive manufac turing (AM) te c h-
niques into the field of bone tissue engineering has
helped to overcome many of these re stric tions (92, 162,
166). In AM three-dimensional objects are created in a
computercontrolled layerby-layer fabrication process.
In contrast to subtractive conventional methods of
sc affold fabric ation, this tec hnique is additive in nature
and does not involve removal of materals after the
imitialfabric ation step. These tec hniqueshave also been
named “rapid prototyping” or “solid free form fabn-
cation” in the past, but in order to cleady distinguish
them from conventional methods the latest ASIM
standard now summarses all of these techniques under
the term “Additive Manufacturing” (167). The basis for
each AM process is the design of a three-dimensional
digitalorin siico modelof the scaffold to be produced.
This computer model can either be created from
scratch using “computeraided design” (CAD) methods
or can be generated using data from a 3D-scan of
existing thre e-dime nsio nal struc ture s (suc h as the human
skeleton) (168). The digital modelis then converted into
an Sll-file that expresses the three-dimensional struc ture
as the summary of multiple horizontal two-dimensional
planes. Using this SIl-file an AM-machine then creates
the three-dimensional scaffold structure in a layerby-
layer fabrication method in which each layer is tightly

connected to the previouslayerto create a solid object.

A numberofdifferent AM techniquesare cumently appl-
ed using themmal, chemical mechanicaland/oroptical
processes to create the solid three-dimensional object
(166). These methodsinclude laser-based methodssuch
as Stereolithography (SID) and Selective Laser Sinterng
(SLS), printing-based applic ations (e.g. 3D-Printing, Wa x-
Printing) and Nozzle-based systems like Melt Extrusion/
Fused Deposition Modeling (FDM) and Bioplotting. The
multitude of AM techniques and their specifications
were reviewed by several authors lately (162, 166, 169-
170).

AM techniqueshave been used since the 1980s in the
telecommunic ation industry, in jewelry making and
production ofautomobiles (171). Fom the 1990sonwands,
AM was gradually introduced to the medical field as
well (172): AM was initially used to fabricate three-
dimensionalmodelsofbone pathologiesin orthopaedic
maxillofacial neurosurgical applications to plan surgic al
procedures and for haptic assessment during the sur
gery itse f (173-174). With recenttechnicaladvances AM
is nowadays appled to make custom-made implants
and surgicaltools (175) and to fabricate highly detailed,
custom-made three-dimensional models for the indivi-
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dual patient (using data from CT, MRL SPECT etc.) to
plan surgicalappmwaches, specificallylocate osteotomy
sites, choose the comect implant and to predict func-
tional and cosmetic outcomes of surgeries (176-177).
Thereby the operating time as well as the riskof compl-
cationshasbeen reduced signific antly.

The applcation of AM in bone tissue engineernng
represents a highly significant mnovation that has dras-
ticcally changesthe way scaffoldsare being fabricated;
AM hasmore orlessbecome the new gold standard for
scaffold manufacturing (92). The advantages of rapid
prototyping processes include (but are not limited to)
increased speed, customisation and efficiency. AM tech-
nologies have relatively few process steps and involve
little manual interaction, therefore, three-dimensional
partscanbe manufactured in hoursand daysinstead of
weeks and months. The direct nature of AM allows the
economical production of customized tissue engineer
ing scaffolds. The productscanbe taiored to match the
patient's needs and stil sustain economic viabilty as
compared to traditional tec hniques which must manu-
facture great numbers of devices. The conventional
scaffold fabrication methods commonly limit the ability
to form complex geometres and intemal features. AM
methodsreduce the design constraints and enable the
fabrication of desired delicate features both inside and
outside the scaffold. Using ST, the AM technique with
the highest precision, forexample objectsata scale of
20 pm can be fabricated (178). A two-photon SIl-tec h-
nique to initiate the polymersation can be used to pro-

duce structureseven at micrometerand sub-micrometer
levels (179).

AM methodsallow forvaration of composition of two
ormore materalsacrossthe sufface,interfface,orbulkof
the scaffold during the manufacturing. Thereby, posi-
tional varations in physicochemical properties and
surface characternstics can be created and utilized to
promote locally specific tissue engineerng signals.
Several AM techniques operate without the use of toxic
organic solvents. This is a significant benefit, since
incomplete removal of solvents may lead to hammful
residues that can affect adherence of cells, activity of
incomorated biological agents or sumounding tissues as
already descrbed. AM alows the control of scaffold
porosity leading to the applications that may have
areasofgreaterorlesserstruc turalintegrity and areasof
encouraged blood flow due to increased porosity.
Fabricating devices and/or implants with differences in
spatial distrbution of porosities, pore sizes, mechanical
and chemical properties can mimic the complex com-
position and architecture of natural bone tissue and
thereby optimise bone tissue engineering tec hniques. In
addition, scaffolds with gradients in porosity and pore
sizes can be functionalised to allow vasculansation and
direct osteogenesis in one area of the scaffold, while
promoting osteochondralossification in the other, which
isan appealing appmwach to reproduce multiple tissues
and tissue intefac es within one and the same biomateral
scaffold (157). Table 5 summarses the advantages of

scaffoldsdesigned and fabricated by AM te c hniques.

Table 5 Advantages of scaffolds designed and fabricated via additive manufacturing

Properties Advantages

Varia b ility Highervanability of designing a taigeted degradability and resotbility aswellasimproved biocompati lity

Fo mability Canbe processed into varousshapes, volume s and mic 1o struc ture s

Pra c tic a bility Easlly mass-produced orpropertiescanbe tailored forpatient-specific applic ations(addressing the scheme
of Personalised Medicine)

Contro llability Contioloverchemicaland physic ally struc tural pro pertie s, ¢ rysta llinity, hydro phobicity, degradation rate
and mechanicalpropertties(e.g. through the alteration of surface c hemistry)

Applic ability Alow exactengineerng of matrx ¢ o nfiguration, satisfying the bio p hysic allimitations of mass transfer

He xib lity Fe xibility to alterthe physicalpropertiesand potentially facilitate reproducibility and scale-up
HFe xibility to manipulate the configuration of matix to vary the surface area available forcellattac hments,
also to optimize the exposure ofattached cellsto nutrientsand allow transportofwaste products

Design The designsand fabrication ofcomposite scaffolds which ¢ hemicalenvironment suno unding a synthe tic
degradable polymermateral(e.g. aliphatic polyesters) be affected ina controlled fashion asthe polymer
by-productsare neutralized by ceramic components

Massdelivery The potentialto delivercontinuo usly the nutrients and hormonesthatcanbe incomporated into the scaffold

struc ture
Surface properties

The ratio of surface area to masscanbe altered orthe porosity, pore size and pore size distrbution of the

differing configurationscanbe altered so asto mcrease ordecrease the mechanicalpropertiesofthe

sc affold
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Tanslating bone tissue engineering strategies
from bench to bedside

Musculoskeletal conditions are highly prevalent and
cause a large amount of pain, ilness and disability to
patients. These conditions are the second mostcommon
reason forconsulting a general prac titioner, ac ¢ ounting
foralmost 25% ofthe totalcostofilnessand up to 15%of
primary care (180). In addition, the impact of musculo-
skeletalconditionsis predicted to grow with the increas-
ing ncidence of lifestyle-related obesity, educed physi-
cal fitness and increased mad traffic accidents (180).
The impactofbone trauma is signific ant-the consequen-
cesoffailing to restore fullfunction to an injured limb are
dramatically demonstrated by the statistic that only 28%
of patients suffering from severe open fractures of the
tbia are able to resume fullfunc tion and hence retum to
previous employment (180). Along with trauma, tumour
resection isanothermajorcause oflarge bone defects.
Canceris a major public health challenge, with one in
four deaths in the United States cumently due to this
disease. Recent statistics indicate that 1638910 new
cancercases and 577 190 deaths from cancerare pro-
jected to occurin the United States in 2012 (181). As
outlined above, the number of procedures requinng
bone implant materalis increasing, and wil c ontinue to
do so in our aging population and with deterorating
physical activity levels (57). The cument bone grafting
marketaleadyisestimated to be in excessof $2.5 bilion
eachyearand isexpected to mcrease by 7-8% peryear
(45). With the introduc tion of tissue engineering the hopes
and expectations were extremely high to be able to
sub stitute natural organs with simiar (or even better)
tissue engineered replacement organs. However, at the
time it was stated that “few areas of technology wil
require more interdisciplinary research than tissue engin-
eering” (75) and this asse ssment holds true today.

In the years to folow, numerous private and public
mstitute s conducted scientific research and clinical trans-
lation efforts related to tissue engineerng. At the begin-
ning of 2001, tissue engineering research and develop-
ment was being pursued by 3 300 scientists and support
staffin more than 70 start-up ¢ ompaniesorbusine ss units
with a combined annualexpenditure of over $600 milion
USD (182). The US National Institutes of Health (NIH),
accounting for the largest cumulative US federal re-
search expenditures, hasincreased the funding in tissue
engineerng from 2.36 billion USD in the fiscal year 2003
to more than 614 billion USD forthe fiscalyear2006 (183).
Between 2000 and 2008 the numberofpaperspublished
on tissue engineerng and scaffolds peryearincreased
by more than 400% and more than 900%, respectively
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(184). But despite the increasing research expenditure
and the magnitude of discoveries and mnovations in
bone tissue engineering since its introduc tion more than
three decadesago, the translation of these noveltech-
nique s into routine clinicalapplicationson a large scale
hasstilnot taken place. As Scott J. Hollister has pointed
out, there is, on the one hand, a startkcontrast between
the amount of tissue engineering research expenditures
overthe last 20 years and the resulting numbers of pro-
ducts and sales figures. On the other hand, there is also
a significant discrepancy between the complexities of
intended tissue engineerng therapies compared to the
actualtherapiesthathave reached clinicalapplic ations
(184). This evident gap between research and clnical
application/commercialisation is commonly termed the
“Valey of Death” due to the large numberof ventures
that “die” between scientific technology development
and actual commercialzation due to lack of funds
(Fgure 4) (184). The Valey of Death is particulady laige
for tissue engineering approaches because this field of
research often utilises immensely cost intensive high-tech
biotechnologies for technological development eating
up large parts of the funding available, but then addi
tionally faces the challengesof funding laige scale pre-
clinic al studies and clinical studies to gain approval by
regulatory bodies, demonstrate productsafety and gain
clinicalacceptance (184-186).

Bridging the gap between tissue engineenng research
and clinicalapplic ations

D bridge the gap between the bench and bedside, the
scaffold is required to perform as a developmentally
conducive extracelular niche, at a clnically relevant
scale and n concordance with strict c linic al (e c onomic
and manufac turing) prere quisite s (Figure 5) (187). In this
context the scaffold faciltates for smaller and medium
sized defects the entrapment of the hematoma and
preventsit's “too eardy” contrac tion (188). Forlarge and
high-load bearnng defects the scaffold can also deliver
cells and/or growth factors to the site of damage and
providesan approprate template for new tissue forma-
tion. The scaffold should thus constitute a dynamically
long-lasting yetdegradable three-dimensionalarc hitec -
ture, preferably serving as a func tional tissue sub stitute
which, overtime,canbe replaced by cel-derved tissue
function. Designing and manufacturing processes are
believed to be the gatekeepersto translate tissue engin-
eering research into clinic al tissue engineering applica-
tions and concentration on the development of these
entities wilenable scaffoldsto bridge the gap between
research and clinicalpractice (184). One ofthe greatest
diffic ulties in bridging the Valley of Death is to develop
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good manufacturing processes and scalable designs
and to apply these in preclnical studies; fora descrip-
tion ofthe rationale and mad map ofhow ourmultidisc -
plnary research team has addressed this fist step to
translate orthopaedic bone engineernng from bench to
bedside see below and referto ourrecent publication
(185). n orderto take bone tissue engineerng approa-
chesfrom bench to bedside, it also imperative to me ti-
culously assess the clinicaldemandsforspecific scaffold
characternsticsto achieve a broad and optimised range
of clinicalapplic ations forthe specific tissue engineerng
apprach. Asophisticated bone tissue engineerng tech-
nology wilnot necessarly have multiple clinicalapplica-
tionsjustbecause ofitslevelofcomplexity, and defining
specific clinical target applications remains one of the
most underestimated chalenges in the bridging the
Valley of Death (184). There isoften a greatlevelof dis-
crepancy between the clinical demands on a tissue
engineernng technique and the scientific realisation of

such technique, hamperng the clinic al translation. Thus
a scaffold that is realistically targeted at bridging the
Valley of Death should (187): () meet FDA approval (for
furtherdetails on thistopics see reviews by Scott J. Ho llis-
ter 2011 and 2009) (184, 189); (i) allow forc ost e ffec tive
manufacturing processes; (i) be sterlisable by industral
techniques; (iv) enable easy handling witho ut e xte nsive
preparatory procedures in the operation theatre; (v)
preferably, be radiographically distinguishable from
newly formed tissue; and (vi) allow minimally invasive
implantation (190-191).

Rationale fortranslating bone tissue e ngine e nng
strate gie s into clinicalapplic ations

In targeting the translation of a (bone) tissue engineer
ing approach from bench to bedside, there is a distinct
hierarchy and sequence ofthe type of studiesthatneed
to be undertaken to promote the translation process
(192): Having identified clnicalneedsand based on fun-

Valle ath Funding:
Venture Capital?, SBIR?,

Corporate Partnerships?

NIH, NSF, DOD, etc. CLINICAL TRIA
Pre-Clinical Studies:
ISO/FDA Guided
Small Animal Model; Bench Tests;
Rudimentary Biologic/ Large Targeted
Scaffold Constructs Animal Studies;
Basic /n Vitro Research: Design/Manufacturing:
Cell Isolation; Design History, Input
Material Synthesis \ GMP Manufacturing;
Tissue
Engineering
Research

Commercialization Funding:
Large Companies, Private Equity
Regulatory
Approval

Surgeon
Acceptance

Insurance
Reimbursed
Clinical Product

/

Tissue
Engineered
Products

The Valley of Death

Figure 4 For tissue engineering, the Valley of Death is the gap and associated funding difficulties of taking tissue engineering technologies to
tissue-engineered products. The Valley exists due to the need of obtaining funding to develop scalable/GMP design and manufacturing processes, the
need for pre-clinical studies proving therapies in large animal models, and finally, the need to progress to clinical trials. Reproduced with permission

from (184), © 2009 IOP Publishing Ltd.
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Figure 5 Bone tissue engineering strategies rely on three-dimensional scaffolds that constitute an inductive/conductive extracellular microenviron-

ment for stem cell function as well as a delivery vehicle and 3D scaffold of clinically relevant properties and proportions. In fulfilling these dual

criteria the biomimetic scaffold plays a critical role bridging the gap between the developmental context of stem cell mediated tissue formation and

the adult context of injury and disease. Reproduced with permission from (187), © 2008 Elsevier Inc.

damentaldiscoveriesregarding biologic al mechanisms,
a novel tissue engineering approach is designed and
first studies are undertaken to characterise mechanical
and chemicalpropertiesofthe TEC to be used. The next
step involves feasbilty and bioactivity testing and
should be camed outin viro and in viwo. I vitro assays
using cell culture preparations are used to charac terse
the effectsof materalson isolated cellfunction and for
screening large numbers of compounds for biological
ac tivity, to xic ity and immuno ge nic ity (193-194). Howe ver,
due to their nature using isolated cells, in vitro models
are unavoidably imited in theircapacity to reflectcom-
plexin viwo envinnments thatthe THC wilbe exposed to
and are therefore nadequate to predict m vwo or
clinical pefformances. Therefore, in vivo models (that is
animal models) are required in order to overcome the
limitations of in vitro models to provide a reproducible
approximation of the real life situation. In vivo feasibility
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te sting is almo st e xc lusively done in smallanimals, mainly
in rodents and rabbits (192, 195-197). The advantagesof
smallanimalmodelsinclude relatively easy standardisa-
tion of experimental conditions, fast bone tumoverrates
(=shorter periods of observation), similar lamellar bone
architecture and similar cancellous bone thinning and
fragility, simiar remodeling rates and sites, common
avaiabilty and relatively ow costs forhousing and main-
tenance. Disadvantages of mdent and rabbit models
include different skeletalloading pattems, open epiphy-
ses at varous growth plates up to the age of 12-14
months (orforlife time in rats), minimalintra-cortical remo -
delling, the lack of Harversian canal systems, a smaler
proportion of cancellous bone to total bone mass and
their relatively small size for testing of implants (196).
Whilst a large number of studies in rodents and rabbits
have established proofofconceptforbone tissue engin-
eering strategies, scaling up to larger, more clnically

233



Bone tissue engineering

234

relevant animal models has presented new challenges.
Quoting Thomas A. Enhom, when conducting animal
studies, one has to keep in mind that “in general, the
best model system is the one which most closely mimics
the clinical situation for which this technology is being
developed, wil not heal spontaneously unless the tech-
nology is used, and wil not heal when another tech-
nology is used if that technology isless advanced than
the one being tested” (198). The most effective animal
models will therefore 1) provide close resemblance of
the clinical and bioclogical envimnment and maternal
propertties, 2) encompass highly standardised measure -
ment methods providing objective parameters (qualita-
tive and quantitative) to investigate the newly formed
bone tissue and 3) are able to detectand predict signifi-
cant differences between the bone tissue engineerng
methods investigated (192). For clinical modeling and
efficacy prediction of the tissue engineernng strategy to
be translated into clnical application, up-scaling to
large animalmodelsis therefore inevitable. Thereby, the
tissue engineerng therapycanbe delivered in the same
(or similar) way n which it will be delivered in clnical
settings utilising surgical techniques that match (or
closely resemble) clinical methods at the site that
matches the setting in which it will be used later as
closely aspossble (192). The advantage oflaige animal
models (using nonhuman primates, dogs, cats, sheep,
goats, pigs) is the closerresemblance of microarc hitec -
ture, bone physiology and biomechanical properties in
humans. They encompass a welldeveloped Haversian
and trabecularbone remodellng, have greaterskeletal
surface to volume areas, show similar skeletal disuse
atrophy, enable the use of implants and techniques
similar to the ones used in humans and show highly
localised bone fragility associated with stre ss shielding by
implants. However, the use of large animal models has
disadvantages as wel, including the high cost and
maintenance expenses, extensive housing and space
requirements, relatively long life spans and lower bone
tumoverrates (making longerstudy periods necessary),
difficulties in standardisation to generate large, homo-
genous samples for statistical testing as well as various
ethical concems depending on the species used (e.g.
primates) (196). But despite several disadvantages, it is
mevitable to perform the final pre-clinical in large ani
mals, as realistically as possble, with relevant loading
conditions and with similarsurgic altec hniquesasused in
the fmalprocedure n humans(197). Ilarge animalmodels
provide massand volume challengesforscaffold-based
tissue engineering and re quire surgic alfixation tec hnique s
that cannot be tested either in vi#ro orin small animal
models (184). n general, preclinic al translation te sting is

performed in large skeletally mature animals, the species
most utiised are dog, sheep, goat and pig (192, 199). i
sufficient preclinicalevidence forthe efficacy and safe-
ty of the new bone tissue engineering system hasbeen
generated utlising large animal models, clinical trals
care undertaken to prove clinicalsignificance and safe-
ty, ultimately leading to the translation of the technology
into routine clinicalpractice.

Taking composite scaffold based bone tissue
engineenng from bench to bedside

In accordance with the above outlne rationale for
translating bone tissue engineering research into clinical
applic ations, during the lastdecade ourintedisciplinary
research team has focussed on the bench to bedside
translation of a bone tissue engineering conceptbased
on slowly biodegradable composite scaffolds made
from medicalgrade polycaprolactone (mPCL) and cal
cium phosphates [hydmoxyapatite (HA) and tricalcium
phosphate (TCP)] (80, 200). Detailed descriptions of the
scaffold fabrication protocolcan be found in ourrecent
public ations (102, 109, 200-202).

The scaffolds have been shown in vitro to supportcel
attachment, migration and pmwlferation; degradation
behaviour and tissue in-growth has also been exten-
sively studied (203-206). We subsequently took the next
step towarnds clinical translation by performing small
animal studies using rat, mice and rabbit models (207-
209). As reviewed in detail in Reference (200), we were
able to demonstrate the in vivo capability of our com-
posite scaffolds in combination with growth factors or
celsto promote bone regeneration within ectopic sites
orcrticalsized cranialdefectsin the smallanimalmodels.
Studiesin large animalmodelsthatclosely resemble the
clinicalcharacternstics of human disease, with respect to
defect size and mechanical loading, then became
essential to advance the translation of this technology
into the mo st difficult and challenging clnical applica-
tions in orthopaedic tumour and trauma surgery. The
choice ofa suitable large animalmodeldependson the
ultimate clinical applcation, and consequently there is
no such thing as “one gold standard animal model’.
Overthe last years, ourresearch team has investigated
the application of our composite scaffolds in several
preclinical large animal models addressing different
clinicalapplic ations:

Ioad-beanng, cnticalsized ovine tibialdefect model

Wel-charactersed, reproducible and clinically relevant
animal models are essential to generate prof-of-
prnciple pre-clinical data necessary to advance novel
therapeutic strategies into clinical tdal and practical
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application. Our research group at the Queensland
University of Technology (QUL Brisbane, Australia) has
spentthe last5 yearsdeveloping a word-leading defect
modelto study pre-clinic ally diffe re nt tre atme nt o ptions

forcasesoflarge volume segmentalbone loss (159, 210).

We have successfully established this 3 ¢m critic al-sized
defect model in sheep tibiae to study the mPCLTCP
scaffold n combination with cells or growth factors in-
cluding bone momphogenic proteins (BMPs) (211-212).
This model has not only generated a seres of highly
cited publications(211-215), butalso hasattracted laige
mterest in the orthopaedic industty to be used as a
preclinical test bed for theirbone graft products under
development. The modelenablescontolofexpermen-
talconditionsto allow fordirect comparson of products
against a brary of benchmarks and gold standards we
have developed over the last 5 years (we have per
formed more than 200 operations using this model to-
date). Ourpreclnicaltibialdefect modeldeveloped at
QUT'is one of the only available models inte mationally,
which issuitable from both reproducibility and cost point
of view for the evaluation of large segmental defect

repairtechnologiesin statistically powered study designs.

We have chosen this crtical sized segmental defect
model of the tbia forourlarge animal modelbecause
tbial frac tures represent the most common long bone
fractures in humans and are often associated with sig-
nificant loss of bone substance (216-217). Also, tibial
fractures result in high rates of non-unions or pseud-
arthroses (216, 218). Fom an orthopaedic surgeonspoint
of view itcan be argued thatamongstallbone defects
seen in the clnical practice, segmental defects of the
tibia are often the most challenging graft sites. Thisowes
to the grafts being required to bear loads close to
physiological levels very soon after implantation, this is
despite intemal fixation, which often provides the
necessary eady stability, but also suffers from the poor
soft tissue coverage (vascularsation issue) of the tbia
compared to the femur. Hence, in a bone engineerng
strategy for the treatment of segmental tibial defects,
the scaffold must bear (or share) substantial loads im-
mediately afterimplantation. The scaffold’s mechanical
propertties (strength, modulus, toughness, and duc tility)
are determined both by the materal properties of the
buk materaland by its struc ture (mac ro struc ture, mic ro -
struc ture, and nano struc ture ). Ma tc hing the mechanical
propertiesofa scaffold to the tbial graft environment is
crtically important so that progression of tissue healing is
not imited by mechanical failure of the scaffold priorto
suc c essful tissue regeneration. Similardy, because me-
chanicalsignalsare important mediators of the differen-
tiation of cell progenitors, a scaffold must create an
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approprate stress envimnment throughout the site
where new tissue is desired. Hence, one ofthe greatest
chalenges in scaffold design for load bearng tbial
defects is the control of the mechanical properties of
the scaffold overtime. By trialing ourbone tissue engin-
eering strategiesin a tbialdefect model, we will there-
fore address a highly relevant clinical problem and are
creating valuable pre-clnical evidence for the trans-
lation from bench to bedside. With the 3 cm crticalde-
fect being regenerated successfuly by applying our
mPCLTCP scaffold in combination with BMP (102), we
are now investigating bone regeneration potentials in
even largersized tibialdefects (Figure 6).

Minimally-invasiwe ovine thormacic spine fusion model
Spinal fusion hasbeen investigated in animalmodels for
one hundred yearsnow and a lot of the knowledge we
have today on how spinalfusion progresses was gained
through animal models (219-220). With regards to the
above pictured rationale for translating bone tissue
engineering appmaches to clnical practice, it is of
importance to note that the physical size of the sheep
spine is adequate to allow spinal suigery to be camed
out using the same implants and suigical appmaches
thatare used in humansaswell Also, sheep spinesallow
foran evaluation of the successofthe study using fusion
assessments commonly used in clinical practice. When
considering spinal fusion in large animal models, it is
apparent that due to the biomechanical properties of
the spine a biped primate animal model [such as in
(221)] should ideally prefered overa quadruped laige
animalmodel[forexample ovine (222) orporcine (223)].
But given the expenses and limited availability of pn-
mate testing aswellasethicalconcemsdue to the close
phylogenical relation, it is more feasble to tral laige
numbers of scaffold varations in the most approprate
quadruped large animalmodels and then evaluate the
best performing scaffold n a primate model, if possible
(184).

We have outlined above thatdefining specific clnical
targetapplicationsis a crtical prere quisite for suc c e ssful
bone tissue engineernng research that is meant to be
translated into clinicalpractice. In accordance with this
we have selected the thoracic spine for our animal
model because we have identified idio pathic sc o liosis
as clinically highly relevant thoracic spine pathology.
Idiopathic scoliosis is a complex three-dimensional de -
formity affecting 2-3% of the general population (224).
Scoliotic spine deformmities include progressive cornal
curvature, hypokyphosis orlordosis in the thoracic spine
and vertebral mtation in the axial plane with posterior
elements tumed wtated toward the curve concavity.
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Scoliotically deformed vertebral columns are prone to
accelerated intervertebral disc degeneration, initiating
more severe morphological changes of the affected
vertebral joints and leading to chronic local, pseudo-
radicular, and radicular back pain (225). One of the
criticalaspectsin surgic al sc o lio sis de formity conec tion is
bony fusion to achieve long-term stability (226). Auto -
logousbone grafting is still the gold standard to achieve
spinal fusion and superiorto otherbone grafts for spinal
fusion (227-229). Nonetheless, the use of autologous
bone grafting material has signific ant risks as outlined in
detaillabove. A numberofanimalmodels forthe use of
tissue-engineered bone constructs in spinal fusion e xists
(230) and the use of bone mormphogenetic proteins for
spinal fusion has been studied extensively (219, 222,
231-232). However, to the best of our knowledge, our
ovine thoracic spine fusion model is the fist existing
preclinical large animal model on thoracic interverte-
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bralfusion alowing the asse ssment of tissue-engine ering
constructs such as biodegradable mPCL:CaP scaffolds
and recombinant human bone morphogenetic protein-
2 (thBMP2) as a bone graft substitute to promote bony
fusion (Figure 7) (233). We have been able to show that
radiological and histological results at 6-months post
surgery indicated had comparable gradesof fusion and
evidenced new bone formation for the mPCL-CaP sca-
ffolds plus hBMP-2 and autograft groups. The scaffold
alone group, however, had lower grades of fusion n
comparison to the othertwo groups. Ourresultsde mons-
trate the ability of thislarge animalmodelto tralvarous
tissue engineernng constructs against the cument gold
standard autograft treatmentforspinalfusion in the same
animal In the future, we wilbe able to compare spinal
fusion tissue engineerng constructs in order to create
sta tistic ally significant evidence forclnical translation of
suc h te c hniques.

Figure 6 Load-bearing critical-sized ovine tibial defect model using mPCL-TCP scaffolds manufactured by FDM. Scaffolds (A=clinical image, holes
are oriented towards neurovascular bundle to further promote ingrowth of vasculature) exhibit mechanical and structural properties comparable to
cancellous bone and can be produced with distinct control over scaffold properties (porosity, pore size, interconnections etc.) by AM. B= Side and top
view of a mPCL-TCP scaffold visualised by microcomputed tomography. The fabrication via FDM enables well-controlled architecture as evidenced
by the narrow filament thickness distribution, leading to a porosity (volume fraction available for tissue ingrowth) of 60%, with interconnected pores.
Scale bars are 5 mm. [Image B reproduced with permission from (246), © The Authors.] C-H = Surgical procedure: A 6cm tibial defects is created in
the tibial diaphysis (C-D) and the periosteum is removed from the defect site and additionally also from lcm of the adjacent bone proximally and
distally. Special care is taken not to damage the adjacent neurovascular bundle (E, bundle indicated by Asterisk). The defect site is then stabilised
using a 12 hole DCP (Synthes) (F). Afterwards 6cm mPCL-TCP scaffold loaded with PRP and thBMP-7 is press fitted into the defect site to bridge the
defect (G-H) and the plate is fixed in its final position. Xray analysis at 3 months after implantation (I) shows complete bridging of the defect site with
newly formed radio-opaque mineralised tissue (in order to provide sufficient mechanical support, the scaffold is not fully degraded yet and scaffold

struts appear as void inside the newly formed bone tissue).
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Figure 7 The use of mPCL-CaP scaffolds for spinal fusion. (1) (A) Micro-computed tomography (m-CT) image of a biodegradable mPCL-TCP scaffold.

(B) Representative scanning electron microscopy image at 100xmagnification. (2) Image of scaffold prior to implantation. (3) Pictorial series

demonstrating the implantation process of a PCL-based scaffold: (A) Cleared intervertebral disc space prepared for implantation. (B) Implantation

process of scaffold into prepared intervertebral disc space. Scaffold being inserted into prepared intervertebral space. (C) Scaffold in situ within a

predefined intervertebral disc space. (D) Internal fixation with a 5.5mm titanium rod and two vertebral screws stabilize the treatment level. (4)

Representative reconstructed parasagittal CT images at 6 months demonstrating radiologically evident high fusion levels of (A) the recombinant

human bone morphogenetic protein-2 (rhBMP-2) plus calcium phosphate (CaP)-coated PCLbased scaffold and (B) autograft groups, while lower

fusion levels were seen in the (C) CaP-coated PCL-based scaffold alone group. (5) Representative histological (longitudinal) sections of specimen at 6

months post surgery from PCL-based scaffold plus rhBMP-2 group exhibiting well aligned columns of mineralized bone (indicated by letters “col”’)

seen interdigitating with struts of the scaffold filaments (indicated by letters “SC”). Reproduced with permission from (233), © Mary Ann Liebert, Inc.

Cument clinical applications of the composite scaffolds
and future outlook

The interdisciplnary research group has evaluated and
patented the parametersnecessary to process medical
grade polycapmwlactone (mPCL) and mPCLcomposite
scaffolds (containing hydroxyapatite or tric alc umpho s-
phate) by fused deposition modeling (97). These “first
generation scaffolds” have undergone more than 5
years of studies in clinical settings and have gained
Federal Drug Administration (FDA)-approvalin 2006 and
have also
osteoporeintemationalcom). The scaffolds have been
used highly successfully as bumr whole plugs for c ranio-
plasty (234) and untiltoday more than 200 patients have
received bumrr whole plugs, scaffolds for orbital floor re -
construc tion and othercranioplasties (Figure 8) (92). With
their e xte nsive, multidisciplinary approach the research
team hasachieved one ofthe rare examplesofa highly
suc c essful bone tissue engineering approach brdging

been successfuly commercialised (www.
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the gap between scientific research and clinical prac-
tice leading to signific ant inno vations in ¢ linic alro utine s.
As shown above, “second generation scaffolds” pro-
duced by FDM and based on composite materials have
alleadybeenbmwadly studied in vitro plusin viwo in small
animal models and are cumently under preclnical
evaluation in large animal studies conducted by ourre-
search group. Available data so farcleady supports the
view that further translation into clnical use wil take
place and that a broad spectrum of targeted clinical
applic ations will exist forthe se noveltechniques.
Ourresults are c onsiste nt with the re sultsofothermem-
bers of the (bone) tissue engineerng community al
around the wond, cleary showing the significance of
mnovationsin the field of tissue engineerng. In 2006 Chris
Mason proposed two distinctly different periods of the
regenerative medicine industry, namely, Regenerative
Medicine 1.0 spanning 1985-2002, and Regenerative
Medicine 2.0 commencing in approximately 2006 (1).
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We herein propose that Regenerative Medicine 3.0 has
commenced. We foresee thatthe complexity and great
variety of laige bone defects require an individualized,
patient-specific approach with regards to surgical re-
construction in general and implant/tissue engineerng
selection in specific. We advocate that bone tissue
engineering and bioengineering technology platforms,
such as additive manufacturing approaches can be
used even more substantially in bone grafting proce-
dures to advance clinical appmaches in general and
forthe benefit of ndividualpatientin particular.

The tremendous advantage of scaffolds made by
Additive Manufacturing techniques such as Fused De-
position Modeling (FDM) is the distinct control over the
macroscopic and microscopic shape of the scaffold
and thereby controloverthe shape of the entire THC in
total Additive manufacturing enablesthe fabrication of

highly structured scaffolds to optimise properties highly
relevant in bone tissue engineering (o ste oconduc tivity,
oste oinduc tivity, o ste o ge nic ity, vasc ularsation, mechani
caland chemicalproperties) on a micw-and nanome tre
scale. Using high-resolution medical images of bone
pathologies (acquired via CT, nCT MRI ultrasound, 3D
digital photogrammy and other tec hniques) (168), we
are notonly be able to fabricate patient-spec ific instru-
mentation (235-237), patient-specific conventional im-
plants (238-242) or allografts (243), but also to realise
custom-made tissue engineerng constructs (TEC) tai-
lored specifically to the needsofeach individualpatient
and the desired clinical application (168, 174, 244). We
therefore predict that the commencing area of Regen-
erative Medicine 3.0 will hold a significant leap forward
in terms of Personalised Medicine.

We have aleady proven the clinical application of

Figure 8 Clinical case showing the craniofacial scaffold applications for orbital floor fractures. Moldable scaffolds (A-D) are used and mechanical

stability, early vascularisation, osteoconductivity and ease of handling have been well balanced in the design of mPCL scaffold sheets in order to

properly meet the clinician's needs. The clinical follow up 2.5 years postsurgery (lower CT image) of a patient receiving a mPCL scaffold (defect site

shown in upper CT image) for the reconstruction of a orbital floor fracture defect showed complete bone regeneration of the defect site (arrow).

Reproduced with permission from (92), © 2007 John Wiley and Sons.
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this concept by fabricating a custom-made bioactive
mPCLTCP implant via CAD/FDM that wasused clinically
to successfully reconstruct a complex cranial defect
(245). We have also recently provided a rationale forthe
use of CAD/FDM and mPCLTCP sc affoldsin ¢ o ntrib uting
to clinicaltherapy concepts afterresection of musculo -

Jan Henkel et al.

entity cleardy represents a promising and highly signific ant
21 century approach in taking bone tissue engineering
strategies from bench to bedside and into the era of
Regenerative Medicine 3.0.

Conclusions

skeletalsarcoma (Figures 9 and 10) (246). Although ithas
to be mentioned thatourappmaches presented in this
review are at different stages of clinic al translation, their

In conclusion, the field of bone tissue engineering has
signific antly changed the millennia old questby humans

Figure 9 Clinical case of a 52 year old man with a malignant bone tumour above his left hip. (A) X ray and computed tomogram showing mixed lytic
sclerotic lesion above the left acetabulum, Technitium-MDP bone scan demonstrating focal area of increased tracer uptake within the tumour. (B)
Tumour resection leaving a large pelvic defect (white arrows), f=femoral head. (C) Resected specimen including upper part of acetabulum (Clinical
images: P.F.C.). The surgical resection creates a large bone defect in the pelvis that necessitates the use of autograft/allograft bone material and/or
orthopaedic implants to reconstitute the pelvic anatomy. A novel approach (D-G) could be the use of custom made porous bone tissue engineering
scaffolds fabricated via Computer Aided Design (CAD) to regenerate such defects: Data obtained from high-resolution CT can be used to create a 3D
computer-aided designed (CAD) model of the patient's pelvis by additive manufacturing (D). This model can be used by the orthopaedic surgeon to
indicate osteotomy planes to achieve tumour free margins, after which, after which the CAD model is virtually resected (E). A custom made scaffold
to fit the defined defect is then created by mirroring the healthy side of the pelvis, adjusting the size of the scaffold accordingly and fabricating the
scaffold from the virtual model using AM techniques (F). Flanges, intramedullary pegs and other details can be added to the porous scaffold structure
to facilitate surgical fixation and to enhance its primary stability after implantation (G). Images D-G reproduced with permission from (246), © The

authors
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to optimise the treatment of bone defects and to iden- standardsand theirlimitationsaswellascumently availa-
tify suitable bone substitute materals. We have review- ble bone substitute materials. We have also outlined
ed the historic development, cument clinical therapy current knowledge on scaffold properties required for

Figure 10 The vascularised fibula transfer is one of the most commonly used techniques for reconstruction of large tibial defects in orthopaedic
oncology. The figure shows clinical case from a 16 year old girl with a malignant tumour of the mid-shaft of tibia. A: Xray showing destructive lesion.
B: Segmental resection of tumour. C: Defect created by the removal of tumour. D: Example of reconstruction using vascularised fibular within
allograft bone (Cappanna procedure). E: Reconstruction in-situ using vascularised fibular and allograft. F: postoperative X-ray images. G: 3D
computed tomogram of reconstruction showing fibula enclosed by allograft bone material (Clinical case: P.F.C.). A novel biological approach to avoid
the use of allograft material could be the combination of a vascularised fibula transfer with a custom made tissue engingeering construct as shown in
H: After resection of the malignant tumour (1), a customized tubular scaffold is placed around the vascularised fibula autograft to fill the defect (2-3).
Primary stability and even load distribution is achieved by using an internal fixation device (4). Secondary stability is achieved by osseointegration of
both the fibula and the porous tissue engineering scaffold. Over time, the scaffold is slowly replaced by ingrowing tissue engineered bone and the

defect is completely bridged and regenerated (5). H partly reproduced with permission from (246), © The Authors.
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bone tissue engineering and the potentialclnicalappl-
cations as well as the difficulties in bridging the gap
between research and clnical practice. Although the
clnical translation of these appmaches has not taken
place on a large scale yet, bone tissue engineerng
cleary holds the potential to overcome historic limita-
tions and disadvantages associated with the use of the
curent gold-standard autologous bone graft. Optimi-
zing combinations of cells, scaffolds, and locally and
systemic ally active stimuli wil remain a complex process
characterized by a highly nterdependentsetof varnables
with a large range of possible vanations. Conse quently,
these developments must also be nurtured and moni
tored by a combination of clinical experience, know-
ledge of basic biological principles, medic al nec e ssity,
and commercial prac tic ality. The re sponsibility forrational
development is shared by the entire orthopaedic
community (developers, vendors, and physicians). The
need for objective and systematic assessment and
reponting ismade particulady uigentby the recentrapid
addition of many new options forclinicaluse. By apply-
ing a complex interplay of 21st century technologies
from varous disciplines of scientific research, the gap
between bone tissue engineering research and the
translation into clinically available bone tissue engineer
ing applicationscan successfully be bridged.
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