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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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Introduc tion 
 

Afte r 15 ye ars o f Tissue  Eng ine e ring  & Re g e ne ra tive  Me di- 

c ine  1.0 a nd  a no the r 10 ye a rs o f 2.0 ve rsio ns (

 

1) the  e ra  

o f tissue  e ng ine e ring  3.0 ha s b e g un. This re vie w will de s- 
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c rib e  the  sta te  o f the  a rt o f the  b o ne  tissue  e ng ine e ring  

fie ld  a nd  pre se nt a  pe rsp e c tive  o f its ro le  in Tissue  

Eng ine e ring  & Re g e ne ra tive  Me dic ine  3.0. Ove r the  la st 

te n ye a rs re ma rka b le  pro g re ss ha s b e e n ma de  in the  

de ve lo p me nt o f surg ic a l te c hniq ue s fo r b o ne  re c o ns- 

truc tio n. Altho ug h the se  so p histic a te d  te c hniq ue s ha ve  

tra nsfo rme d re c o nstruc tive  surge ry and signific antly im- 

pro ve d c linic a l o utc o me s, the y ha ve  a lre a dy re ac he d  a  

numbe r o f the ir pra c tic a l limits to  furthe r impro ve  he a lth- 
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c a re  o utc o me s. To da y ma jo r re c o nstruc tive  surg e rie s 

(d ue  to  tra uma  o r tumo ur re mo va l) a re  still limite d  b y the  

pa uc ity o f a uto lo g o us ma te ria ls a va ila b le  a nd  d o no r 

site  mo rb id ity. Re c e nt a d va nc e s in the  de ve lo p me nt o f 

sc a ffo ld -b a se d  Tissue  Eng ine e ring  (TE) ha ve  g ive n the  

surg e o n ne w o ptio ns fo r re sto ring  fo rm a nd  func tio n. 

The re  a re  no w b io a c tive  b io ma te ria ls (se c o nd  g e ne r- 

a tio n) a va ila b le  tha t e lic it a  c o ntro lle d  a c tio n a nd  

re a c tio n to  the  ho st tissue  e nviro nme nt with a  c o ntro lle d  

c he mic a l b re a kd o wn a nd  re so rptio n to  ultima te ly b e  

re p la c e d  b y re g e ne ra ting  tissue . Third -g e ne ra tio n b io - 

ma te ria ls a re  no w b e ing  de sig ne d  to  stimula te  re g e n- 

e ra tio n o f living  tissue s using  tissue  e ng ine e ring  a nd  in situ 

tissue  re g e ne ra tio n me tho ds. Eng ine e ring  func tio na l 

b o ne  using  c o mb ina tio ns o f c e lls, sc a ffo ld s a nd  b io - 

a c tive  fa c to rs a re  se e n a s a  pro mising  a ppro a c h a nd  

the se  te c hniq ue s will undo ub te d ly le a d  to  c e a se le ss 

po ssib ilitie s fo r tissue  re g e ne ra tio n a nd  re pa ir. The re  a re  

c urre ntly tho usa nds o f re se a rc h pa pe rs a nd  re vie ws 

a va ila b le  o n b o ne  tissue  e ng ine e ring , b ut the re  is still a  

ma jo r d isc re pa nc y b e twe e n sc ie ntific  re se arc h e ffo rts o n 

bo ne  tissue  e ng ine e ring  a nd  the  c linic a l a pplic a tio n o f 

suc h stra te g ie s. The re  is a n e vide nt la c k o f c o mpre - 

he nsive  re vie ws tha t c o ve r b o th the  sc ie ntific  re se a rc h 

a spe c t a s we ll a s the  c linic a l tra nsla tio n a nd  pra c tic a l 

a pplic a tio n o f b o ne  tissue  e ng ine e ring  te c hniq ue s. This 

re vie w will the re fo re  d isc uss the  sta te  o f the  a rt o f 

sc ie ntific  b o ne  tissue  e ng ine e ring  c o nc e pts a nd  will a lso  

pro vide  c urre nt a ppro a c he s a nd  future  pe rspe c tive s fo r 

the  c linic a l a pplic a tio n o f b o ne  tissue  e ng ine e ring . 

 

Bone  biology 

 

Bo ne  a s a n o rg a n ha s ne xt to  its c o mple x c e llula r c o m- 

po sitio n a  hig hly spe c ia lise d  o rg a nic -ino rg a nic  a rc hi- 

te c ture  whic h c a n b e  c la ssifie d  a s mic ro - a nd  na no - 

c o mpo site  tissue . Its mine ra lise d  ma trix c o nsists o f 1) a n 

o rg a nic  pha se  (ma inly c o lla g e n, 35% dry we ig ht) re s- 

po nsib le  fo r its rig id ity, visc o e la stic ity a nd  to ug hne ss; 2) a  

mine ra l pha se  o f c a rb o na te d  a pa tite  (65% dry we ig ht) 

fo r struc tura l re info rc e me nt, stiffne ss and  mine ra l ho me o - 

sta sis; a nd  3) o the r no n-c o lla g e no us pro te ins tha t fo rm a  

mic ro e nviro nme nt stimula to ry to  c e llula r func tio ns (2). 

Bo ne  tissue  e xhib its a  d istinc t hie ra rc hic a l struc tura l o r- 

g a niza tio n o f its c o nstitue nts o n nume ro us le ve ls inc lud- 

ing  ma c ro struc ture  (c a nc e llo us a nd  c o rtic a l b o ne ), 

mic ro struc ture  (Ha rve rsia n syste ms, o ste o ns, sing le  tra b e - 

c ula e ), sub -mic ro struc ture  (la me lla e ), na no struc ture  

(fib rilla r c o lla g e n a nd  e mb e dde d  mine ra ls) a nd  sub - 

na no struc ture  (mo le c ula r struc ture  o f c o nstitue nt e le - 

me nts, suc h a s mine ra l, c o lla g e n, a nd  no n-c o lla g e no us 

o rg a nic  pro te ins) (Fig ure  1) (3). Ma c ro sc o p ic a lly, b o ne  

c o nsists o f a  de nse  ha rd  c ylindric a l she ll o f c o rtic a l b o ne  

a lo ng  the  sha ft o f the  b o ne  tha t b e c o me s thinne r with 

g re a te r d ista nc e  fro m the  c e ntre  o f the  sha ft to wa rd s 

the  a rtic ula r surfa c e s. Co rtic a l b o ne  e nc o mpa sse s 

inc re a sing  a mo unts o f po ro us tra b e c ula r b o ne  (a lso  

c a lle d  c a nc e llo us o r spo ng y b o ne ) a t the  pro xima l a nd  

d ista l e nds to  o ptimise  a rtic ula r lo a d  tra nsfe r (2). In 

huma ns, tra b e c ula r b o ne  ha s a  po ro sity o f 50-90% with 

a n a ve ra g e  tra b e c ula r spa c ing  o f a ro und  1mm a nd a n 

a ve ra g e  de nsity o f a ppro xima te ly 0.2 g ·c m -3 (4-6). Co rti- 

c a l b o ne  ha s a  muc h de nse r struc ture  with a  po ro sity o f 

3-12% a nd  a n a ve ra g e  de nsity o f 1.80 g ·c m-3 (5, 7). 

On a  mic ro sc o p ic  sc a le , tra b e c ula r struts a nd  de nse  

c o rtic a l b o ne  a re  c o mp o se d  o f mine ra lize d  c o lla g e n 

fib re s sta c ke d  p a ra lle l to  fo rm la ye rs, c a lle d  la me lla e  

(3–7 µm thic k) a nd  the n sta c ke d  in a ±45° ma nne r (2). In 

ma ture  b o ne  the se  la me lla e  wra p  in c o nc e ntric  la ye rs 

(3–8 la me lla e ) a ro und  a  c e ntra l p a rt na me d Have rsian 

c anal whic h c o nta ining s ne rve  a nd  b lo o d  ve sse ls to  

fo rm wha t is c a lle d  a n Oste o n (o r a  Have rsian syste m), a  

c ylindric a l struc ture  running  ro ug hly p a ra lle l to  the  lo ng  

a xis o f the  b o ne  (3). Ca nc e llo us b o ne  c o nsists o f inte r- 

c o nne c ting  fra me wo rk o f ro d  a nd  p la te  sha pe d  tra b e - 

c ula e . On a  na no struc tura l le ve l, the  mo st pro mine nt 

struc ture s a re  the  c o lla g e n fib re s, surro unde d  a nd  infil- 

tra te d  b y mine ra l. At the  sub -na no struc tura l le ve l thre e  

ma in ma te ria ls a re  b o ne  c rysta ls, c o lla g e n mo le c ule s, 

a nd  no n-c o lla g e no us o rg a nic  pro te ins. Fo r furthe r de ta ils 

the  re a de r is re fe rre d  to  (3). 

Mine ra lise d  b o ne  ma trix is po pula te d  with fo ur b o ne - 

a c tive  c e lls: o ste o b la sts, o ste o c la sts, o ste o c yte s a nd  

b o ne  lining  c e lls. Ad ditio na l c e ll type s a re  c o nta ine d  

within the  b o ne  ma rro w tha t fills the  c e ntra l intra - 

me dulla ry c a na l o f the  b o ne  sha ft a nd  inte rtra b e c ula r 

spa c e s ne a r the  a rtic ula r surfa c e s (8). Bo ne  ha s to  b e  

de fine d  a s a n o rg a n c o mp o se d  o f d iffe re nt tissue s a nd  

a lso  se rve s a s a  mine ra l de p o sit a ffe c te d  a nd  utilise d  b y 

the  b o dy’ s e nd o c rine  syste m to  re g ula te  (a mo ng  o the rs) 

c a lc ium a nd  pho spha te  ho me o sta sis in the  c irc ula ting  

b o d y fluids. Furthe rmo re , re c e nt studie s ind ic a te  tha t 

b o ne  e xe rts a n e ndo c rine  func tio n itse lf b y pro duc ing  

ho rmo ne s that re gula te  pho spha te  and  g luc o se  ho me o - 

sta sis inte g ra ting  the  ske le to n in the  g lo b a l mine ra l a nd  

nutrie nt ho me o sta sis (9). 

Bo ne  is a  hig hly d yna mic  fo rm o f c o nne c tive  tissue  

whic h unde rg o e s c o ntinuo us re mo de lling  (the  o rc he s- 

tra te d  re mo va l o f b o ne  b y o ste o c la sts fo llo we d  b y the  

fo rma tio n o f ne w bo ne  b y o ste o b lasts) to  o ptima lly a da pt 

its struc ture  to  c ha ng ing  func tio na l de ma nds (me c ha ni- 

c a l lo a d ing , nutritio na l sta tus e tc .). Fro m a  ma te ria l sc i- 

e nc e  po int o f vie w b o ne  ma trix is a  c o mpo site  ma te ria l 

o f a  p o lyme r-c e ra mic  la me lla r fib re -ma trix a nd  e a c h o f 
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the se  de sig n a nd  ma te ria l a spe c ts influe nc e  the  me - 

c ha nic a l pro pe rtie s o f the  b o ne  tissue  (10). The  me - 

c ha nic a l pro pe rtie s de pe nd  o n the  b o ne  c o mp o sitio n 

(p o ro sity, mine ra lisa tio n e tc .) a s we ll a s the  struc tura l 

o rg a nisa tio n (tra b e c ula r o r c o rtic a l b o ne  a rc hite c ture , 

c o lla g e n fib re  o rie nta tio n, fa tig ue  da ma g e  e tc .) (11). 

Co lla g e n po sse sse s a  Yo ung ’ s mo dulus o f 1-2 GPa  a nd  

a n ultima te  te nsile  stre ng th o f 50-1 000 MPa , c o mpa re d  

to  the  mine ra l hydro xya p a tite  whic h ha s a  Yo ung ’ s 

mo dulus o f ~130 GPa  a nd  a n ultima te  te nsile  stre ng th o f 

~100 MPa . The  re sulting  me c ha nic a l pro pe rtie s o f the  

two  type s o f b o ne  tissue , na me ly the  c o rtic a l b o ne  a nd  

c a nc e llo us b o ne , a re  sho wn in Ta b le  1. Ag e  a nd  re la te d  

c ha ng e s in b o ne  de nsity ha ve  b e e n re po rte d  to  sub - 

sta ntia lly influe nc e  the  me c ha nic a l pro pe rtie s o f c a nc e - 

llo us b o ne  (12). As o utline d  a b o ve , b o ne  sho ws a  d istinc t 

hie ra rc hic a l struc tura l o rg a niza tio n a nd  it is the re fo re  

impo rta nt to  a lso  de fine  the  me c ha nic a l pro pe rtie s a t 

mic ro struc tura l le ve ls (Ta b le  2). Altho ug h the  c a nc e llo us 

a nd  c o rtic a l b o ne  ma y b e  o f the  sa me  kind  o f ma te ria l, 

the  ma tura tio n o f the  c o rtic a l b o ne  ma te ria l ma y a lte r 

the  me c ha nic a l pro pe rtie s a t the  mic ro struc tura l le ve l. 

Bo ne  tissue  is a lso  kno wn to  b e  me c ha no -re c e ptive ; 

b o th no rma l b o ne  re mo de lling  a nd  fra c ture  o r de fe c t 

he a ling  a re  influe nc e d  b y me c ha nic a l stimuli a pplie d  a t 

the  re ge ne rating  de fe c t site  and  surro unding  bo ne  tissue  

(17-20). In c o ntra st to  mo st o the r o rg a ns in the  huma n 

b o d y, b o ne  tissue  is c a pa b le  o f true  re g e ne ra tio n, i.e . 

he a ling  witho ut the  fo rma tio n o f fib ro tic  sc a r tissue  (21). 

During  the  he a ling  pro c e ss b a sic  ste p s o f fe ta l b o ne  

de ve lo p me nt a re  re c a p itula te d  a nd  b o ne  re g e ne ra te d  

in this wa y d o e s no t d iffe r struc tura lly o r me c ha nic a lly 

fro m the  surro unding  unda ma g e d  b o ne  tissue  (22). Ho w- 

e ve r, d e sp ite  this tre me nd o us re g e ne ra tive  c a p a c ity, 

 

Table 1 Mechanical properties of compact (cortical) 

and spongy (cancellous) bone. Reproduced and modi- 

fied from (13). 

Pro pe rty Co rtic a l 

b o ne  

Ca nc e llo us 

b o ne  

Co mpre ssive  stre ng th/ MPa  100-230 2-12 

Fle xura l, te nsile  stre ng th/ MPa  50-150 10-20 

Stra in to  fa ilure / % 1-3 5-7 

Fra c ture  to ug hne ss/ MPa m1/ 2 2-12 - 

Yo ung ’ s mo dulus/ 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 c ture  Yo ung ’ s mo dulus 

We t spe c ime n (ma c ro struc tura l) (14) 14-20 

We t spe c ime n (mic ro struc tura l) (15) 5.4 

Dry spe c ime n (sub mic ro struc ture ) (16)  22 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

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), 

©1998 IPEM. 
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5-10% o f a ll fra c ture s a re  pro ne  to  de la ye d  b o ny unio n 

o r will pro g re ss to wa rds a  no n-unio n a nd  the  de ve lo p - 

me nt o f a  p se uda rthro sis (23-24). To g e the r with la rg e  

tra uma tic  b o ne  de fe c ts a nd  e xte nsive  lo ss o f b o ne  

sub sta nc e  a fte r tumo ur re se c tio n o r re visio n surg e ry a fte r 

fa ile d  a rthro p la stie s, the se  pa tho lo g ic a l c o nditio ns still 

re pre se nt a  ma jo r c ha lle ng e  in to da y’ s c linic a l pra c tic e . 

The  range  o f bo ne  gra ft ma te ria ls a va ila b le  to  tre at suc h 

pro b le ms in mo de rn c linic a l pra c tic e  e sse ntia lly inc lude  

a uto lo g o us b o ne  (fro m the  sa me  p a tie nt), a llo g e ne ic  

b o ne  (fro m a  do no r), a nd  d e mine ra lise d  b o ne  ma tric e s, 

a s we ll a s a  wide  ra ng e  o f synthe tic  b o ne  sub stitute  

b io ma te ria ls suc h a s me ta ls, c e ra mic s, po lyme rs, a nd  

c o mpo site  ma te ria ls. During  the  la st de c a de s, tissue  

e ng ine e ring  stra te g ie s to  re sto re  c linic a l func tio n ha ve  

ra ise d  c o nside ra b le  sc ie ntific  a nd  c o mme rc ia l inte re st in 

the  fie ld  o f o rtho pa e dic  surg e ry a s we ll a s re c o nstruc tive  

a nd  o ro ma xillo fa c ia l surg e ry. Ye t, the  tre a tme nt o f b o ne  

de fe c ts a nd  the  se a rc h fo r b o ne  sub stitute  ma te ria ls is 

no t just a  mo de rn d a y phe no me no n, with its histo ry 

re a c hing  b a c k thro ug h mille nnia . 

 

Bone  grafting  and bone  substitute s in the  last 

4 000 ye ars 

 

The  q ue st fo r the  mo st e ffic ie nt wa y to  sub stitute  fo r lo st 

b o ne  a nd  to  de ve lo p  the  b e st b o ne  re p la c e me nt 

ma te ria l ha s b e e n pursue d  b y huma ns fo r tho usa nds o f 

ye a rs.  

In Pe ru, a rc ha e o lo g ists d isc o ve re d  the  skull o f a  trib a l 

c hie f fro m 2000 BC in whic h a  fro nta l b o ne  de fe c t 

(p re suma b ly fro m tre p a na tio n) ha d  b e e n c o ve re d  with 

a  1 mm-thic k p la te  o f ha mme re d  g o ld  (25). Tre phine d  

Inc a n skulls ha ve  b e e n fo und  with p la te s ma de  fro m 

she lls, g o urds, a nd  silve r o r g o ld  p la te s c o ve ring  the  

de fe c t a re a s (26). In a  skull fo und  in the  a nc ie nt c e nte r 

o f Ishtkunui (Arme nia ) fro m a ppro x. 2000 BC, a  7 mm 

dia me te r skull de fe c t ha d  b e e n b ridg e d  with a  p ie c e  o f 

a nima l b o ne  (27). The se  pursuits a re  no t limite d  to  skull 

surg e rie s invo lving  b o ne  sub stitute s. Anc ie nt Eg yptia ns 

ha ve  b e e n sho wn to  ha ve  pro fo und  kno wle dg e  o f 

o rtho p a e dic  und  tra uma to lo g ic a l pro c e dure s with Sur- 

g e o ns ha ving  impla nte d  iro n pro sthe se s fo r kne e  jo int 

re plac e me nt a s e arly as 600 BC, a s ana lyse s o f pre se rve d 

huma n mummie s ha ve  re ve a le d  (28). 

The  first mo de rn e ra  re po rt o f a  b o ne  xe no g ra ft pro - 

c e dure  is b e lie ve d  to  b e  the  Dutc h surg e o n Jo b  Ja ns- 

zo o n va n Me e ke re n in 1668 (29-30). A skull de fe c t o f a  

Russia n no b le ma n wa s suc c e ssfully tre a te d  with a  b o ne  

xe no g ra ft ta ke n fro m the  c a lva ria  o f a  de c e a se d  do g . 

The  xe no g ra ft wa s re po rte d  to  ha ve  b e c o me  fully 

inc o rpo ra te d  into  the  skull o f the  pa tie nt. In the  1800s, 

p la ste r o f Pa ris (Ca lc ium sulpha te ) wa s use d  to  fill b o ne  

c a vitie s in pa tie nts suffe ring  fro m Tub e rc ulo sis (31). 

Atte mpts we re  a lso  ma de  to  fill b o ne  de fe c ts with 

c ylinde rs ma de  fro m ivo ry (32). In 1820 the  Ge rma n sur- 

g e o n Phillips vo n Wa lte rs de sc rib e d  the  first c linic a l use  o f 

a  b o ne  a uto g ra ft to  re c o nstruc t skull de fe c ts in p a tie nts 

a fte r tre pa na tio n (33). Wa lte rs suc c e ssfully re pa ire d  tre - 

pa na tio n ho le s, fo llo wing  surg e ry to  re lie ve  intra c ra nia l 

pre ssure , with p ie c e s o f b o ne  ta ke n fro m the  pa tie nt’ s 

o wn he a d . In 1881, Sc o ttish surg e o n Willia m Ma c Ewe n 

de sc rib e d  the  first a llo g e nic  b o ne  g ra fting  pro c e dure : 

He  use d  tib ia l b o ne  we dg e s fro m thre e  do no rs tha t ha d  

unde rg o ne  surg e ry fo r ske le ta l de fo rmity c o rre c tio n 

(c a use d  b y ric ke ts) to  re c o nstruc t a n infe c te d  hume rus 

in a  3-ye a r-o ld  c hild  (34) 

Ma jo r c o ntrib utio ns le a d ing  to  the  d e ve lo p me nt o f 

mo de rn da y b o ne  g ra fting  pro c e dure s a nd  b o ne  sub - 

stitute s ha ve  b e e n ma de  b y Ollie r a nd  Ba rth in the  la te  

1800s. Lo uis Lé o po ld  Ollie r c a rrie d  o ut e xte nsive  e xpe ri- 

me nts to  stud y the  o ste o g e nic  pro pe rtie s o f the  pe ri- 

o ste um a nd  o the r va rio us a ppro a c he s to  ne w b o ne  fo r- 

ma tio n, ma inly in ra b b it a nd  do g  mo de ls. He  a lso  me ti- 

c ulo usly re vie we d  the  lite ra ture  o n b o ne  re g e ne ra tio n 

a va ila b le  a t tha t time  a nd  in 1867 he  p ub lishe d  his 

1 000-pa g e  te xtb o o k ‘ Traite  e xpe rime nte l e t c liniq ue  de  

la  re g e ne ratio n de s o s e t de  la  pro duc tio n artific ie lle  du 

tissu o sse ux’ , in whic h he  de sc rib e d  the  te rm ‘ b o ne  g ra ft’  

(“ g re ffe  o sse use ”) fo r the  first time  (35). In 1895 the  Ge r- 

ma n surg e o n Arthur Ba rth p ub lishe d  his tre a tise  ‘ Ue b e r 

histo lo g isc he  Be funde  nac h Kno c he nimplantatio ne n’  

(‘ On histo lo g ic a l find ing s a fte r b o ne  impla nta tio ns’ ) 

pre se nting  his re sults o f va rio us b o ne  g ra fting  pro c e dure s 

invo lving  the  skull a nd  lo ng  b o ne s (hume rus, fo re a rm 

b o ne s) o f do g s a nd  ra b b its inc lud ing  histo lo g ic a l a sse ss- 

me nt (36). To da y, b o th Ollie r’ s a nd  Ba rth’ s wo rk a re  c o n- 

side re d  to  b e  mile sto ne s in the  de ve lo p me nt o f pre se nt 

da y b o ne  g ra fting  pro c e dure s a nd  b o ne  sub stitute  

ma te ria ls.  

With the  de ve lo pme nt o f ne w o rtho pae dic  te c hnique s 

and inc re a se d numbe rs o f jo int re plac e me nt pro c e dure s 

(p ro sthe se s), the  de ma nd fo r b o ne  g ra fts inc re a se d  in 

the  20th c e ntury, le a d ing  to  the  o pe ning  o f the  first b o ne  

b a nk fo r a llo g e nic  b o ne  g ra fts in Ne w Yo rk in 1945 (37). 

But the  risk o f an immuno lo g ic a l re ac tio n fro m transplant- 

e d  a llo g e nic  b o ne  ma te ria l wa s so o n re c o g nize d  a nd  

a d dre sse d  in va rio us studie s (38-39). Se ve ra l pro c e dure s 

suc h a s the  use  o f hydro g e n pe ro xide  to  ma c e ra te  

b o ne  g ra fts (“ Kie le r Spa n”) in the  1950s a nd  1960s to  

o ve rc o me  a ntig e nity we re  no t suc c e ssful (40-41). To da y, 

b o ne  sub stitute  ma te ria ls suc h a s (b o vine ) b o ne  c hips 

a re  ro utine ly use d  in c linic a l pra c tic e  a fte r b e ing  pre - 

tre a te d  to  re mo ve  a ntig e n struc ture s. Ho we ve r, due  to  
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the  pro c e ssing  ste p s ne c e ssa ry to  a b o lish a ntig e nic ity, 

mo st o f the se  g ra fts d o  no t c o nta in via b le  c e lls o r g ro wth 

fa c to rs a nd  a re  the re fo re  infe rio r to  via b le  a uto lo g o us 

b o ne  g ra ft o p tio ns. Whe n a llo g ra fts with living  c e lls a re  

tra nspla nte d , the re  is a  risk o f tra nsmitting  vira l a nd  b a c - 

te ria l infe c tio ns: Tra nsmissio n o f huma n immuno de fic i- 

e nc y virus (HIV), he pa titis C virus (HCV), human T-lympho - 

zytic  virus (HTLV), unspe c ifie d  he pa titis, tub e rc ulo sis a nd  

o the r b a c te ria  ha s b e e n do c ume nte d  (ma inly) fo r a llo - 

g ra fts (ma inly fro m tho se  c o nta ining  via b le  c e lls) (42). 

As e a rly a s 1932, the  wo rk o f the  Swiss H. Ma tti pro ve d  

the  para mo unt me aning  o f auto lo g o us c anc e llo us bo ne  

g ra fts fo r b o ne  re g e ne ra tio n a ppro a c he s (43). Ha ving  

c o nduc te d  va rio us e xpe rime nts o n the  o ste o g e nic  

po te ntia l o f a uto lo g o us a nd  a llo g e nic  b o ne , Sc hwe i- 

b e re r c o nc lude d  in 1970 tha t the  a uto lo g o us tra nspla nt 

re ma ins the  o nly re a lly re lia b le  tra nspla nta tio n ma te ria l 

o f the  future , if a pp lie d  to  b ring  a b o ut ne w b o ne  fo rma - 

tio n o r c ruc ia lly to  supp o rt the  b ridg ing  b o ne  de fe c ts 

(44). Eve n tho ug h this sta te me nt wa s ma de  mo re  tha n 

50 ye a rs a g o , it still re ma ins va lid  to da y, whe n b o ne  is still 

the  se c o nd  mo st tra nspla nte d  ma te ria l, se c o nd  o nly to  

b lo o d . Wo rld wide  mo re  tha n 3.5 millio n b o ne  g ra fts 

(e ithe r a uto g ra fts o r a llo g ra fts) a re  pe rfo rme d e a c h ye a r 

(45). Re c e nt a d va nc e s in te c hno lo g y a nd  surg ic a l 

pro -c e dure s ha ve  sig nific a ntly inc re a se d  the  o ptio ns fo r 

b o ne  g ra fting  ma te ria l, with no ve l pro duc ts de sig ne d  to  

re p la c e  b o th the  struc tura l p ro pe rtie s o f b o ne , a s we ll a s 

pro mo te  fa ste r inte g ra tio n a nd  he a ling . The  numb e r o f 

pro c e dure s re q uiring  b o ne  sub stitute s is inc re a sing , a nd  

will c o ntinue  to  do  so  a s the  po pula tio n a g e s a nd  physi- 

c a l a c tivity o f the  e lde rly po pula tio n inc re a se s. The re fo re , 

while  the  c urre nt b o ne  g ra fting  ma rke t g lo b a lly is e sti- 

ma te d  to  b e  in e xc e ss o f $2.5 b illio n US e a c h ye a r, it is 

e xpe c te d  to  inc re a se  a t a  c o mp o und a nnua l g ro wth 

ra te  o f 7-8% (45). 

Altho ug h the  la st de c a de s ha ve  se e n nume ro us inno - 

va tio ns in b o ne  sub stitute  ma te ria ls, the  tre a tme nt o f 

b o ne  de fe c ts with a uto lo g o us b o ne  g ra fting  ma te ria l is 

still c o nside re d  to  b e  the  ‘ Go ld  Sta nda rd ’  a g a inst whic h 

a ll o the r me tho ds a re  c o mp a re d  (46). Auto lo g o us b o ne  

c o mb ine s a ll the  pro pe rtie s de sire d  in a  b o ne  g ra fting  

ma te ria l: It pro vide s a  sc a ffo ld  fo r the  ing ro wth o f c e lls 

ne c e ssa ry fo r b o ne  re g e ne ra tio n (=o ste o c o nduc tive ); it 

pro mo te s the  pro life ratio n o f ste m c e lls and the ir diffe re n- 

tia tio n into  o ste o g e nic  c e lls (=o ste o induc tive ) a nd  it 

ho lds viab le  c e lls that c a n fo rm ne w bo ne  tissue  (= o ste o - 

g e nic ) (22, 47). Ho we ve r, the  a va ila b le  vo lume  o f a uto - 

lo g o us b o ne  g ra ft fro m a  pa tie nt is limite d  a nd  a n 

a d ditio na l surg ic a l pro c e dure  is re q uire d  to  ha rve st the  

g ra fting  ma te ria l whic h is a sso c ia te d  with a  sig nific a nt 

risk o f do no r site  mo rb id ity. 20-30% o f a uto g ra ft p a tie nts 

e xpe rie nc e  mo rb id ity suc h a s c hro nic  pa in o r dysa e sthe - 

sia  a t the  g ra ft-ha rve sting  site  (48). La rg e  b o ne  de fe c ts 

(>5 c m) ma y b e  tre a te d  with b o ne  se g me nt tra nspo rt o r 

fre e  va sc ula rize d  b o ne  tra nsfe r (49), a s the  use  o f a n 

a uto lo g o us b o ne  g ra ft a lo ne  is no t re c o mme nde d  

b e c a use  o f the  risk o f g ra ft re so rptio n de sp ite  g o o d  so ft 

tissue  c o ve ra g e  (50). The  va sc ula rise d  fib ula  a uto g ra ft 

(51) a nd  the  Iliza ro v me tho d  (52-54) a re  the  mo st c o m- 

mo nly use d  tre a tme nt me tho ds fo r la rg e r b o ne  de fe c ts; 

ho we ve r, c o mplic a tio ns a re  c o mmo n a nd  the  pro c e ss 

c a n b e  la b o rio us a nd  p a inful fo r the  pa tie nt a s she / he  

ma y b e  re q uire d  to  use  e xte rna l fixa tio n syste ms fo r up  

to  o ne  a nd  ha lf ye a rs (49, 55-56). 

The  limita tio ns o f e xisting  b o ne  g ra fting  pro c e dure s, 

e ithe r a uto lo g o us o r a llo g e nic  in na ture , a nd  the  in- 

c re a se d  de ma nd fo r b o ne  g ra fts in limb  sa lva g e  sur- 

g e rie s fo r b o ne  tumo urs a nd  in re visio n surg e rie s o f fa ile d  

a rthro p la stie s ha ve  re ne we d  the  inte re st in b o ne  sub - 

stitute  ma te ria ls a nd  a lte rna tive  b o ne  g ra fting  pro c e - 

dure s (57). In 1986, Ma sq ue le t a nd  c o lle a g ue s (58) first 

de sc rib e d  a  ne w two -sta g e  te c hniq ue  ta king  a dva n- 

ta ge  o f the  bo dy’ s immune  re spo nse  to  fo re ign ma te ria ls 

fo r b o ne  re c o nstruc tio n. The  a utho rs c a lle d  it the  ‘ c o n- 

c e pt o f induc e d  me mb ra ne s’  – so o n to  b e c o me  kno wn 

a s the  ‘ Ma sq ue le t te c hniq ue ’ : In a  first ste p , a  ra d ic a l 

de b ride me nt o f ne c ro tic  b o ne  a nd  so ft tissue  is fo llo we d  

b y the  filling  o f the  de fe c t site  with a  p o lyme thylme tha - 

c ryla te  (PMMA) spa c e r a nd  sta b ilisa tio n with a n e xte rna l 

fixa to r. Afte r the  de finitive  he a ling  o f the  so ft tissue , a  

se c o nd  pro c e dure  is pe rfo rme d 6-8 we e ks la te r, whe n 

the  PMMA spa c e r is re mo ve d  a nd  a  mo rc e llise d  c a n- 

c e llo us b o ne  g ra ft (fro m the  ilia c  c re st) is inse rte d  into  

the  c a vitiy (59-60). The  c e me nt spa c e r wa s initia lly 

tho ug ht to  pre ve nt the  c o lla pse  o f the  so ft tissue  into  the  

b o ne  de fe c t a nd  to  pre pa re  the  spa c e  fo r b o ne  re c o n- 

struc tio n. Ho we ve r, it wa s so o n d isc o ve re d  tha t the  

PMMA spa c e r do e s no t o nly se rve  a s a  p la c e  ho lde r, b ut 

tha t a  fo re ig n b o dy re a c tio n to  the  spa c e r a lso  induc e s 

the  fo rma tio n o f a  me mb ra ne  tha t po sse sse s hig hly 

de sira b le  pro pe rtie s fo r b o ne  re g e ne ra tio n (60-61): The  

induc e d  me mb ra ne  wa s sho wn to  b e  ric hly va sc ula rise d  

in a ll la ye rs; the  inne r me mb ra ne  la ye r (fa c ing  the  c e - 

me nt) c o mpo se d  o f syno via l like  e p ithe lium a nd  the  o ut 

pa rt is ma de  fro m fib ro b la sts, myo b la sts a nd  c o lla g e n. 

The  induc e d  me mb ra ne  ha s a lso  b e e n sho wn to  se c re te  

va rio us g ro wth fa c to rs in a  time -de pe nde nt ma nne r: 

Hig h c o nc e ntra tio ns o f va sc ula r e ndo the lia l g ro wth 

factor (VEGF) as well as transforming growth factor β 
(TGF β) are secreted as early as the second week after 
impla nta tio n o f the  PMMA spa c e r; b o ne  mo rpho g e ne - 

tic  pro te in 2 (BMP-2) c o nc e ntra tio n pe a ks a t the  fo urth 

we e k. The  induc e d  me mb ra ne  stimula te s the  pro life ra - 
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tio n o f b o ne  ma rro w c e lls a nd  d iffe re ntia tio n to wa rd s a n 

o ste o b la stic  line a g e . Fina lly, c linic a l e xpe rie nc e  ha s 

sho wn tha t the  c a nc e llo us b o ne  inside  the  induc e d 

me mb ra ne  is no t sub je c t to  re so rptio n b y the  b o dy. Eve r 

sinc e  its intro duc tio n the  ‘ induc e d me mb rane ’ -te c hnique  

ha s b e e n use d  ve ry suc c e ssfully in va rio us c linic a l c a se s 

(se e  (59) a nd  re fe re nc e s the re in). Ho we ve r, the  Ma s- 

q ue le t te c hniq ue  still re q uire s the  ha rve sting  o f a n a uto - 

lo g o us b o ne  g ra ft, a nd  with tha t c o me  a ll the  po te ntia l 

a fo re me ntio ne d  c o mplic a tio ns. Furthe rmo re , the  use  o f 

a lte rna te  b o ne  sub stitute  ma te ria ls, suc h a s hydro xy- 

a pa tite  tric a lc ium pho spha te , in c o mb ina tio n with the  

Ma sq ue le t te c hniq ue  ha s so  fa r yie lde d  re sults infe rio r to  

the  use  the  Ma sq ue le t te c hniq ue  with a uto lo g o us b o ne  

g ra fting  ma te ria l (59, 62). 

Be side s the  Ma sq ue le t te c hniq ue , a  mo re  re c e nt inno - 

va tio n ha s a lso  sig nific a ntly impro ve d  the  c linic a l 

a ppro a c h to  re sto ring  b o ne  de fe c ts. The  de ve lo p me nt 

o f the  Re a me r-Irrig a to r-Aspira to r (RIA©)-Syste m (De Puy- 

Synthe s) ha s g ive n c linic ia ns a n a lte rna tive  to  ilia c  c re st 

ha rve sting  to  re trie ve  b o ne  g ra fting  ma te ria ls fro m p a ti- 

e nts: The  RIA Syste m pro vid e s irrig a tio n a nd  a sp ira tio n 

during  intra me dulla y re a ming , a llo wing  the  ha rve sting  o f 

fine ly mo rse lise d  a uto lo g o us b o ne  a nd  b o ne  ma rro w fo r 

surg ic a l pro c e dure s re q uiring  b o ne  g ra fting  ma te ria l (63). 

The  RIA wa s initia lly de ve lo p e d  to  lo we r the  intra me du- 

lla ry pre ssure  during  the  re a ming  o f lo ng  b o ne s to  re - 

duc e  the  risk o f fa t e mb o lisms a nd  pulmo na ry c o mpli- 

c a tio ns suc h a s the  Ac ute  Re sp ira to ry Distre ss Syndro m 

(ARDS), a s we ll a s to  re duc e  lo c a l the rma l ne c ro sis o f 

b o ne  tissue  (64-65). Ho we ve r, the  fine ly mo rse lise d  a uto - 

lo g o us b o ne  a nd  b o ne  ma rro w tha t is c o lle c te d  b y the  

RIA ha s b e e n sho wn to  b e  ric h in ste m c e lls, o ste o g e nic  

c e lls a nd  g ro wth fa c to rs a nd  ha s b e e n re c o g nize d  to  b e  

a  suita b le  b o ne  g ra ft a lte rna tive  to  the  ilia c  c re st a uto - 

g ra ft tissue  (66-67). Also , RIA e na b le s the  ha rve sting  o f 

la rg e r b o ne  g ra ft vo lume s c o mpa re d  to  the  ilia c  c re st 

(a p pro x. 40 c m3 fo r the  fe mur a nd  33 c m3 fo r the  tib ia ) 

(48, 65). Furthe rmo re , the  risk o f c o mplic a tio ns fro m the  

ha rve sting  pro c e dure  ha s b e e n re duc e d  sig nific a ntly 

(RIA 6% vs. 19.37% fo r ilia c  c re st a uto g ra fts) (68). Sinc e  its 

intro duc tio n, the  ind ic a tio ns fo r use  o f RIA ha ve  b e e n 

furthe r e xte nde d  to  inc lude  the  tre a tme nt o f po sto pe ra - 

tive  o ste o mye litis (69) a nd  the  ha rve sting  o f me se nc hy- 

ma l ste m c e lls (MSCs) (70). The  inno va tio n drive n b y the  

RIA syste ms wa s so  sig nific ant, tha t the  Jo urna l “ Injury” 

ha s de d ic a te d  a  c o mple te  issue  to  the  da ta  a va ila b le  

o n RIA a nd  its a pplic a tio ns re c e ntly (71). A syste ma tic  

re vie w o n the  Re a me r-irrig a to r-a sp ira to r ind ic a tio ns a nd  

c linic a l re sults ha s re c e ntly b e e n pub lishe d  b y Co x e t a l 

(72). The  Ma sq ue le t te c hniq ue  a s we ll a s the  RIA-syste m 

is no wa da ys fre q ue ntly use d  in c linic a l pra c tic e , in- 

de pe nde ntly. Ho we ve r, the  two  te c hniq ue s ma y a lso  b e  

c o mb ine d  to  furthe r impro ve  the ir e ffe c tive ne ss whe n 

tre a ting  se ve re  b o ne  de fe c ts, fo r e xa mp le  in po st- 

tra uma tic  limb  re c o nstruc tio n (73). An e xa mple  o f a  

c a se  fro m o ne  o f o ur a utho r’ s c linic a l pra c tic e  (M.S.) 

c o mb ining  the  use  o f Ma sq ue le t te c hniq ue  a nd  the  use  

o f the  RIA-syste m to  tre a t a  c o mple x c a se  o f tib ia l no n- 

unio n is pro vide d  in Fig ure  2. 

Bo th the  Ma sq ue le t te c hniq ue  a nd  the  de ve lo p me nt 

o f the  RIA-syste m re pre se nt sig nific a nt impro ve me nts in 

to d a y’ s c linic a l a ppro a c h to  b o ne  re c o nstruc tio n a nd  

re g e ne ra tio n. Ho we ve r, utilising  the se  te c hniq ue s, we  

ha ve  still no t b e e n a b le  to  re p la c e  a uto lo g o us b o ne  

g ra fting  in o rde r to  a vo id  surg ic a l g ra ft re trie va l pro c e - 

dure s with a ll the  a sso c ia te d  d isa d va nta g e s. Ho we ve r, 

with re se a rc h lo o king  to wa rds inc re a sing ly so phistic a te d  

b o ne  tissue  e ng ine e ring  te c hniq ue s a nd  the ir first c linic a l 

a pplic a tio ns, the  q ue st fo r de ve lo p ing  impro ve d  b o ne  

sub stitute  ma te ria l a d va nc e s to  the  ne xt le ve l. 

 

Bone  substitute  mate ria ls (BSM) 

 

Bo ne  sub stitute s c a n b e  d e fine d  a s “a  synthe tic , in- 

o rg anic  o r b io lo g ic a lly o rg anic  c o mbinatio n-b io ma te ria l- 

whic h c a n b e  inse rte d  fo r the  tre a tme nt o f a  b o ne  de - 

fe c t inste a d o f auto ge no us o r a llo ge no us b o ne ” (74). This 

de finitio n a pplie s to  nume ro us sub sta nc e s a nd  a  va rie ty 

o f ma te ria ls ha ve  b e e n use d  o ve r time  in a n a tte mpt to  

sub stitute  b o ne  tissue . Altho ug h me re ly o f histo ric  inte re st 

a nd  with no  sig nific a nc e  in mo de rn the ra pie s, the  use  o f 

se a she lls, nuts, g o urds a nd  so  fo rth sho w tha t huma ns 

ha ve  strive d  fo r BSM fo r tho usa nds o f ye a rs.  

With the  intro duc tio n o f tissue  e ng ine e ring  a nd  its c lini- 

c a l a pplic a tio n the  re g e ne ra tive  me dic ine  in 1993 (75) 

the  mo de rn d a y q ue st fo r BSMs ha s unde rg o ne  a  sig nifi- 

c a nt c ha ng e . The  limita tio ns o f c urre nt c linic a l a ppro a - 

c he s ha ve  ne c e ssita te d  the  de ve lo p me nt o f a lte rna tive  

b o ne  re pa ir te c hniq ue s a nd  ha ve  drive n the  de ve lo p - 

me nt o f sc a ffo ld -b a se d  tissue  e ng ine e ring  stra te g ie s. In 

the  pa st, mo stly ine rt b o ne  sub stitute  ma te ria ls ha ve  

b e e n use d , func tio ning  ma inly a s spa c e  ho lde rs during  

the  he a ling  pro c e sse s. No w a  pa ra dig m shift ha s ta ke n 

plac e  to wards the  use  o f ne w ‘ inte llige nt’  tissue  e ng ine e r- 

ing  b io ma te ria ls tha t wo uld  suppo rt a nd  e ve n pro mo te  

tissue  re -g ro wth (76). 

Ac c o rd ing  to  the  “d ia mo nd  c o nc e pt” o f b o ne  tissue  

e ng ine e ring  (77-78), a n ide a l b o ne  sub stitute  ma te ria l 

sho uld  o ffe r a n o ste o induc tive  thre e -d ime nsio na l struc - 

ture , c o nta in o ste o ge nic  c e lls and o ste o induc tive  fac to rs, 

ha ve  suffic ie nt me c ha nic a l pro pe rtie s a nd  pro mo te  

va sc ula risa tio n. De sp ite  e xte nsive  re se a rc h in the  fie ld  o f 

b o ne  tissue  e ng ine e ring , a p a rt fro m the  “ g o ld  sta nd a rd”  
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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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a uto g ra ft b o ne , no  c urre ntly a va ila b le  BSM c a n o ffe r 

the se  pro pe rtie s in o ne  sing le  ma te ria l. The re fo re , the  

funda me nta l c o nc e pt unde rlying  tissue  e ng ine e ring  is to  

c o mb ine  a  sc a ffo ld  o r thre e -d ime nsio na l c o nstruc t with 

living  c e lls, a nd / o r b io lo g ic a lly a c tive  mo le c ule s to  fo rm 

a  “ tissue  e ng ine e ring  c o nstruc t” (TEC), whic h pro mo te s 

the  re pa ir a nd / o r re g e ne ra tio n o f tissue s (79-80). 

Curre ntly use d  BSM c a n b e  c la ssifie d  into  d iffe re nt sub - 

g ro ups a c c o rd ing  to  the ir o rig in (76, 81): 

1) BSM o f na tura l o rig in 

This g ro up  c o nsists o f ha rve ste d  a uto g e no us b o ne  g ra fts 

a s we ll a s a llo g e nic  BSM, suc h de mine ra lise d  b o ne  ma - 

trix, c o rtic o c a nc e llo us o r c o rtic a l g ra fts, c a nc e llo us c hips 

(fro m e ithe r c ada ve rs o r living  do no rs) (82-84). Xe no ge nic  

ma te ria ls, fo r e xa mple  po ro us na tura l b o ne  hydro xya pa - 

tite  fro m a nima l b o ne s (b o vine , e q uine , po rc ine  e tc .) 

a re  a lso  pa rt o f this g ro up  (85). Phyto g e nic  ma te ria ls 

suc h a s b o ne -a na lo g ue  c a lc ium pho spha te  o rig ina lly 

o b ta ine d  fro m ma rine  a lg a e  o r c o ra l de rive d  ma te ria ls, 

a lso  fa ll into  this c a te g o ry (86-87). 

2) Synthe tic  (a llo p la stic ) ma te ria ls 

This g ro ups c o nta ins c e ra mic s suc h a s b io a c tive  g la sse s 

(88), Tric a lc iumpho spha te s (TCP) (89-90), Hydro xya p a tite  

(HA) (91-93) a nd  g la ss io no me r c e me nts a s we ll a s Ca l- 

c ium Pho spha te  (CP) c e ra mic s (94). Me ta ls suc h a s 

tita nium a lso  b e lo ng  to  this g ro up . Furthe rmo re  po lyme rs 

inc luding  po lyme thylme thac ryla te  (PMMA), po lylac tide s/  

po lig lyc o lide s a nd  c o po lyme rs a s we ll a s p o lyc a pro - 

la c to ne  (PCL) (95) a re  summa rise d  in this g ro up  (76, 79, 

96-97). 

3) Co mpo site  ma te ria ls 

BSM c o mb ining  d iffe re nt ma te ria ls suc h a s c e ra mic s a nd  

po lyme rs a re  re fe rre d  to  a s c o mpo site  ma te ria ls (92, 

98-99). By me rg ing  ma te ria ls with d iffe re nt struc tura l a nd  

b io c he mic a l pro pe rtie s into  c o mp o site  ma te ria ls, the  

pro pe rtie s o f c o mpo site  ma te ria ls c a n b e  mo difie d  to  

a c hie ve  mo re  fa vo ura b le  c ha ra c te ristic s, fo r insta nc e  

with re spe c t to  b io de g ra da b ility (79, 97). 

4) BSM c o mb ine d  with g ro wth fa c to rs 

Na tura l o r re c o mb ina nt g ro wth fa c to rs suc h a  b o ne  

mo rpho g e nic  pro te in (BMP), p la te le t-de rive d  g ro wth 

fa c to r (PDGF), tra nsfo rming  g ro wth fa c to r-ß (TGF-β), 
insulin-like  g ro wth-fa c to r 1, va sc ula r e ndo the lia l g ro wth 

fa c to r (VEGF) a nd  fib ro b la st g ro wth fa c to r c a n b e  a d d- 

e d  to  inc re a se  the  b io lo g ic a l a c tivity o f BSM (100-101). 

Fo r e xa mple , a  c o mp o site  ma te ria l ma de  o f me dic a l- 

g ra de  p o lyc a pro la c to ne -tric a lc ium pho spha te  (mPCL- 

TCP) sc a ffo lds (c o mb ine d  with re c o mb ina nt huma n 

BMP-7) ha s b e e n de mo nstra te d  to  c o mple te ly b ridg e  a  

c ritic a l-size d  (3 c m) tib ia l de fe c t in a  she e p  mo de l (102). 

5) BSM with living  c e lls 

Me se nc hyma l ste m c e lls (103-105), b o ne  ma rro w stro ma l 

c e lls (106-107), pe rio ste a l c e lls (108-109), o ste o b la sts (110) 

a nd  e mb ryo nic  (111) a s we ll a s a dult ste m c e lls (112) 

ha ve  b e e n use d  in b o ne  tissue  e ng ine e ring  (22, 101, 

113-116). The se  c e lls c a n g e ne ra te  ne w tissue  a lo ne  o r 

c a n b e  use d  in c o mb ina tio n with sc a ffo ld  ma tric e s. 

BSMs c a n a lso  b e  c la ssifie d  a c c o rd ing  to  the ir pro pe r- 

tie s o f a c tio n. An o ve rvie w o f the  c urre ntly a va ila b le  BSM 

fo r c linic a l (o rtho pa e dic ) use  a nd  the ir mo de  o f a c tio n is 

g ive n in Ta b le  3 (re pro duc e d  fro m (117)). 

 

Thre e -dime nsional sc affolds in bone  tissue  

e ngine e ring  

 

Sc a ffo lds se rve  a s thre e -d ime nsio na l struc ture s to  g uide  

c e ll mig ra tio n, pro life ra tio n a nd  d iffe re ntia tio n. In lo a d  

b e a ring  tissue s, it a lso  se rve s a s te mpo ra ry me c ha nic a l 

suppo rt struc ture . Sc a ffo ld s sub stitute  fo r the  func tio n o f 

the  e xtra c e llula r ma trix a nd  ne e d  to  fulfil hig hly spe c ific  

c rite ria . An ide a l sc a ffo ld  sho uld  b e  (i) thre e -d ime nsio na l 

a nd  hig hly po ro us with a n inte rc o nne c te d  po re  ne two rk 

fo r c e ll g ro wth a nd  flo w tra nspo rt o f nutrie nts a nd  me ta - 

b o lic  wa ste ; (ii) sho uld  ha ve  surfa c e  pro pe rtie s whic h 

a re  o ptimize d  fo r the  a tta c hme nt, mig ra tio n, pro life ra - 

tio n a nd  d iffe re ntia tio n o f c e ll type s o f inte re st (d e pe nd- 

ing  o n the  ta rg e te d  tissue ); (iii) b e  b io c o mpa tib le , no t 

e lic it a n immune  re spo nse  a nd  b e  b io de g ra d a b le  with a  

c o ntro lla b le  de g ra da tio n ra te  to  c o mp lime nt c e ll/ tissue  

in-g ro wth a nd  ma tura tio n; (iv) its me c ha nic a l pro pe rtie s 

sho uld  ma tc h tho se  o f the  tissue  a t the  site  o f impla nta - 

tio n a nd  (v) the  sc a ffo ld  struc ture  sho uld  b e  e a sily a nd  

e ffic ie ntly re pro duc ib le  in va rio us sha pe s a nd  size s (97). 

 

Bio c o mpatib ility 

Bio c o mpa tib ility re pre se nts the  a b ility o f a  ma te ria l to  

pe rfo rm with an appro pria te  re spo nse  in a  spe c ific  appli- 

c a tio n (118). As a  g e ne ra l rule , sc a ffo lds sho uld  b e  fa b ri- 

c a te d  fro m ma te ria ls tha t d o  no t ha ve  the  po te ntia l to  

e lic it immuno lo g ic a l o r c linic a lly de te c ta b le  prima ry o r 

se c o nda ry fo re ig n b o d y re a c tio ns (119). Pa ra lle l to  the  

fo rma tio n o f ne w tissue  in vivo , the  sc a ffo ld  ma y unde r- 

g o  de g ra da tio n via  the  re le a se  o f b y-pro duc ts tha t a re  

e ithe r b io c o mp a tib le  witho ut pro o f o f e limina tio n fro m 

the  b o dy (b io de gra da b le  sc a ffo lds) o r c an be  e limina te d  

thro ug h na tura l p a thwa ys fro m the  b o dy, e ithe r b y sim- 

p le  filtra tio n o f b y-pro duc ts o r a fte r the ir me ta b o lisa tio n 

(b io re so rba b le  sc a ffo lds) (97). Due  to  po o r vasc ularisa tio n 

o r lo w me ta b o lic  a c tivity, the  c a pa c ity o f the  surro und- 

ing  tissue  to  e limina te  the  b y-pro duc ts ma y b e  lo w le a d- 

ing  to  a  b uild  up  o f the  b y-pro duc ts the re b y c a using  

lo c a l te mp o ra ry d isturb a nc e s (97): A ma ssive  in vivo  

re le a se  o f a c id ic  de g ra da tio n b y-pro duc ts le a d ing  to  

infla mma to ry re a c tio ns ha s b e e n re p o rte d  fo r se ve ra l 
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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 Nandi, 2010. 

Cla ss De sc rip tio n Exa mple s Pro pe rtie s o f a c tio n 

Auto g ra ft b a se d Use d  a lo ne   Oste o c o nduc tive , Oste o induc tive , 

Oste o g e nic  

Allo g ra ft b a se d Allo g ra ft b o ne  use d  a lo ne  o r in c o mbina tio n 

with o the r ma te ria ls 

Alle g ro , Ortho b la st, 

Gra fto n 

Oste o c o nduc tive , Oste o induc tive  

Fa c to r b a se d  Na tura l a nd  re c o mbina nt g ro wth fa c to rs 

use d  a lo ne  o r in c o mbina tio n with o the r 

ma te ria ls 

TGF-β, PDGF, FGF, BMP Oste o induc tive , Bo th o ste o c o nduc tive  

a nd  o ste o induc tive  with c a rrie r 

ma te ria ls 

Ce ll b a se d Ce lls use d to  g e ne ra te  ne w tissue  a lo ne  o r 

se e de d  o nto  a  suppo rt ma trix 

Me se nc hymal ste m c e lls Oste o g e nic  

Bo th o ste o g e nic  a nd o ste o - c o nduc tive  

with c a rrie r ma te ria ls 

Ce ra mic  ba se d Inc lude s c a lc ium pho spha te , c a lc ium sulfa te , 

a nd  b io a c tive  g la ss use d a lo ne  o r in 

c o mbina tio n 

Oste o g ra f, Oste o se t, 

No va Bo ne  

Oste o c o nduc tive  

Limite d o ste o induc tive  whe n mixe d  

with b o ne  ma rro w 

Po lyme r ba se d Inc lude s de g ra da b le  a nd  no nde g ra - da b le  

po lyme rs use d  a lo ne  a nd  in c o mbina tio n 

with o the r ma te ria ls 

Co rto ss, OPLA, Immix Oste o c o nduc tive  

Bio re so rb a b le  in de g ra da b le  po lyme r 

Misc e llane o us Co ra l HA g ra nule s, b lo c ks a nd c o mpo site  Pro Oste o n Oste o c o nduc tive  

Bio re so rb a b le  

 

b io re so rb a b le  de vic e s ma d e  fro m po lyla c tide s (120-122). 

Ano the r e xa mple  is the  inc re a se  o f o smo tic  pre ssure  o r 

pH c a use d  b y lo c a l fluid  a c c umula tio n o r tra nsie nt sinus 

fo rma tio n fro m fib re  re info rc e d  po lyg lyc o lide  p ins use d  

in o rtho pa e dic  a pplic a tio ns (120). It is a lso  kno wn tha t 

c a lc ium pho spha te  b io ma te ria l pa rtic le s c a n c a use  

infla mma to ry re a c tio ns a fte r b e ing  impla nte d  (a ltho ug h 

this infla mma to ry re a c tio n ma y b e  c o nside re d  de sira b le  

to  a  c e rta in e xte nt a s it sub se q ue ntly stimula te s o ste o - 

pro g e nito r c e ll d iffe re ntia tio n a nd  b o ne  ma trix de po si- 

tio n) (123). The se  e xa mple s illustra te  tha t po te ntia l pro - 

b le ms re la te d  to  b io c o mp a tib ility in tissue  e ng ine e ring  

c o nstruc ts fo r b o ne  a nd  c a rtila g e  a p plic a tio ns ma y b e  

re la te d  to  the  use  o f b io de g ra d a b le , e ro d ib le  a nd  b io - 

re so rb a b le  po lyme r sc a ffo lds. The re fo re , it is impo rta nt 

tha t the  thre e  d ime nsio na l Tissue  Eng ine e ring  Co nstruc t 

(TEC) is e xpo se d  a t a ll time s to  suffic ie nt q ua ntitie s o f 

ne utra l c ulture  me dia  whe n unde rta king  c e ll c ulture  

pro c e dure s, e spe c ia lly during  the  pe rio d  whe re  the  

ma ss lo ss o f the  po lyme r ma trix o c c urs (97). Fo r a p plic a - 

tio ns in vivo , it is o f c o urse  no t po ssib le  to  e xpo se  the  TEC 

to  ne utra l me dia , a nd  o ne  the re fo re  ha s to  c a re fully 

ta ke  into  a c c o unt the  lo c a l spe c ific a tio ns (pH, va sc ula - 

risa tio n, me ta b o lic  a c tivity e tc ) o f the  tissue  to  b e  e n- 

g ine e re d  whe n a c c e ssing  b io c o mp a tib ility o f a  TEC. 

 

Me c hanic al pro pe rtie s and de g ra datio n kine tic s 

The  de sig n o f tissue  e ng ine e ring  sc a ffo lds ne e ds to  c o n- 

side r physic o -c he mic a l pro p e rtie s, mo rpho lo g y a nd  b io - 

me c ha nic a l pro pe rtie s a s we ll a s de g ra da tio n kine tic s. 

The  sc a ffo ld  struc ture  is e xpe c te d  to  g uide  the  de ve lo p - 

me nt o f ne w b o ne  fo rma tio n b y pro mo ting  a tta c hme nt, 

mig ra tio n, pro life ra tio n a nd  d iffe re ntia tio n o f b o ne  c e lls. 

Pa ra lle l to  tissue  fo rma tio n, the  sc a ffo ld  sho uld  a lso  

unde rg o  de g ra da tio n in o rde r to  a llo w fo r ultima te  

re p la c e me nt o f sc a ffo ld  ma te ria l with ne wly fo rme d , 

tissue  e ng ine e re d  b o ne . Furthe rmo re , the  sc a ffo ld  is a lso  

re spo nsib le  fo r (te mpo ra l) me c ha nic a l supp o rt a nd  

sta b ility a t the  tissue  e ng ine e ring  site  until the  ne w b o ne  

is fully ma ture d  a nd  is a b le  to  withsta nd  me c ha nic a l 

lo a d . As a  g e ne ra l rule , the  sc a ffo ld  ma te ria l sho uld  b e  

suffic ie ntly ro b ust to  re sist c ha ng e s in sha pe  re sulting  

fro m the  intro duc tio n o f c e lls into  the  sc a ffo ld  (e a c h o f 

whic h sho uld  c a pa b le  o f e xe rting  tra c tio na l fo rc e s) a nd  

fro m wo und c o ntra c tio n fo rc e s tha t wo uld  b e  e vo ke d  

during  tissue  he a ling  in vivo  (79). In o rde r to  ac hie ve  o pti- 

ma l re sults, it is the re fo re  ne c e ssa ry to  c a re fully b a la nc e  

the  b io me c ha nic a l pro pe rtie s o f a  sc a ffo ld  with its 

de g ra da tio n kine tic s. A sc a ffo ld  ma te ria l ha s to  b e  

c ho se n tha t de g ra de s a nd  re so rb s a t a  c o ntro lle d  ra te , 

g iving  the  TEC suffic ie nt me c ha nic a l sta b ility a t a ll time s, 

b ut a t the  sa me  time  a llo wing  ne w in vivo  fo rme d b o ne  

tissue  to  sub stitute  fo r its struc ture . Fig ure  3 de p ic ts the  

inte rde pe nde nc e  o f mo le c ula r we ig ht lo ss a nd  ma ss lo ss 

o f a  slo w de g ra ding  c o mp o site  sc a ffo ld  a nd  a lso  sho ws 

the  c o rre spo nding  sta g e s o f tissue  re g e ne ra tio n (80). 

At the  time  o f impla nta tio n the  b io me c ha nic a l pro - 

pe rtie s o f a  sc a ffo ld  sho uld  ma tc h the  struc tura l pro - 



                               Jan Henkel et al. 

  

www.boneresearch.org | Bone Research 

225 

pe rtie s o f the  tissue  it is impla nte d  into  a s c lo se ly a s po ssi- 

b le  (124). It sho uld  p o sse ss suffic ie nt struc tura l inte g rity fo r 

the  pe rio d  until the  e ng ine e re d  tissue  ing ro wth ha s 

re p la c e d  the  slo wly d isa pp e a ring  sc a ffo ld  ma trix with 

re g a rds to  me c ha nic a l pro pe rtie s. In b o ne  tissue  e ng in- 

e e ring  the  de g ra da tio n a nd  re so rp tio n kine tic s o f the  

sc a ffo ld  ha ve  to  b e  c o ntro lle d  in suc h a  wa y tha t the  

b io re so rb a b le  sc a ffo ld  re ta ins its physic a l pro pe rtie s fo r 

a t le a st 6 mo nths to  e na b le  c e ll a nd  tissue  re mo de lling  

to  a c hie ve  sta b le  b io me c ha nic a l c o nditio ns a nd  va s- 

c ula risa tio n a t the  de fe c t site  (97). Ap a rt fro m ho st 

a na to my a nd  physio lo g y, the  type  o f tissue  tha t is a ime d  

to  b e  e ng ine e re d  a lso  ha s a  pro fo und  influe nc e  o n the  

de g re e  o f re mo de lling : in c a nc e llo us b o ne  the  re mo - 

de lling  ta ke s 3-6 mo nths, while  c o rtic a l b o ne  will ta ke  

twic e  a s lo ng , a ppro xima te ly 6-12 mo nths, to  re mo de l 

(79). Whe the r the  TEC will b e  pa rt o f a  lo a d  b e a ring  o r 

no n-lo a d  b e a ring  site  will a lso  sig nific a ntly influe nc e  the  

ne e ds fo r me c ha nic a l sta b ility o f the  TEC a s me c ha nic a l 

lo a d ing  c a n d ire c tly a ffe c t the  de g ra d a tio n b e ha vio ur 

a s we ll (79). Utilising  o rtho p a e dic  impla nts to  te mpo ra rily 

stab ilise  the  de fe c t are a  a lso  influe nc e s the  re quire me nts 

fo r b io me c ha nic a l sta b ility o f the  TEC sig nific a ntly (18, 

125). It is the re fo re  c ruc ia l to  me tic ulo usly se le c t the  

sc a ffo ld  ma te ria l ind ividua lly fo r e a c h tissue  e ng ine e ring  

a ppro a c h to  ta ilo r the  me c ha nic a l pro pe rtie s a nd  de - 

g ra d a tio n kine tic s e xa c tly to  the  purpo se  o f the  spe c ific  

TEC (97). Co nse q ue ntly, the re  is no t o ne  “ ide a l sc a ffo ld  

ma te ria l”  fo r a ll b o ne  tissue  e ng ine e ring  purpo se s, b ut 

the  c ho ic e  de pe nds o n the  size , type  a nd  lo c a tio n o f 

the  b o ne  tissue  to  b e  re g e ne ra te d . 

 

Surfac e  Pro pe rtie s 

The  surfa c e  a re a  o f a  sc a ffo ld  re pre se nts the  spa c e  

whe re  p ivo ta l inte ra c tio ns b e twe e n b io ma te ria l a nd  

ho st tissue  ta ke  p la c e . The  pe rfo rma nc e  o f a  TEC de - 

pe nds funda me nta lly o n the  inte ra c tio n b e twe e n b io lo - 

g ic a l fluids a nd  the  surfa c e  o f the  TEC, a nd  it is o fte n 

me dia te d  b y pro te ins a b so rb e d  fro m the  b io lo g ic a l fluid  

(126). The  initia l e ve nts inc lude  the  o rie nta te d  a dso rp tio n 

o f mo le c ule s fro m the  surro unding  fluid , c re a ting  a  

spe c ific  inte rfa c e  to  whic h the  c e lls a nd  o the r fa c to rs 

re spo nd  to  the  ma c ro struc ture  o f the  sc a ffo ld  a s we ll a s 

the  mic ro to po g ra phy a nd  c he mic a l pro pe rtie s o f the  

surfa c e  de te rmine  whic h mo le c ule s a re  a dso rb e d  a nd  

ho w c e lls will a tta c h a nd  a lig n the mse lve s (127). The  

fo c a l a tta c hme nts ma de  b y the  c e lls with the ir sub stra te  

the n de te rmine s c e ll sha p e , whic h in turn tra nsduc e s 

sig na ls via  the  c yto ske le to n to  the  nuc le us re sulting  in 

e xpre ssio n o f spe c ific  pro te ins whic h ma y b e  struc tura l 

o r sig na l-re la te d  a nd  c o ntrib ute  to wa rds the  c e ll phe no - 

type .  

Due  to  te c hnic a l pro g re ss, we  a re  no w a b le  to  ma ni- 

pula te  ma te ria ls a t the  a to mic , mo le c ula r, a nd  supra - 

mo le c ula r le ve l, a nd  b ulk ma te ria ls a nd  surfa c e s c a n b e  

de sig ne d  a t a  simila r d ime nsio n to  tha t o f the  na no - 

me te r c o nstitue nt c o mpo ne nts o f b o ne  (2): In na tura l 

bo ne , hydro xya pa tite  pla te s are  a ppro xima te ly be twe e n 

25 nm in width a nd  35 nm in le ng th while  c o lla g e n type  1 

is a  trip le  he lix 300 nm in le ng th, 0.5 nm in width a nd  with 

a  pe rio d ic ity o f 67 nm (128). “Na no ma te ria ls” c o mmo nly 

re fe rs to  ma te ria ls with b a sic  struc tura l units in the  ra ng e  

1–100 nm (na no struc ture d), c rysta lline  so lids with g ra in 

size s b e twe e n 1 a nd  100 nm (na no c rysta ls), ind ividua l 

laye rs o r multilaye r surfac e  c o atings in the  range  1–100 nm 

(na no c o a tings), e xtre me ly fine  po wde rs with an a ve ra ge  

pa rtic le  size  in the  ra ng e  1–100 nm a nd  fib re s with a  

d ia me te r in the  ra ng e  1–100 nm (na no fib re s) (2). The  

c lo se  pro ximity o f the  sc a le  o f the se  ma te ria ls to  the  

sc a le  o f na tura l b o ne  c o mp o site s ma ke s the  a pplic a tio n 

o f na no ma te ria ls fo r b o ne  tissue  e ng ine e ring  a  ve ry pro - 

mising  stra te g y. Surfa c e s with na no me te r to po g ra phy 

c a n pro mo te  the  a va ila b ility o f a mino  a c id  a nd  pro te ins 

fo r c e ll a dhe sio n to  a  g re a t e xte nt, fo r e xa mp le , the  

a dso rptio n o f fib ro ne c tin a nd  vitro ne c tin [two  pro te ins 

kno wn to  e nha nc e  o ste o b la st a nd  b o ne  fo rming  c e ll 

func tio n (129)] c a n b e  sig nific a ntly inc re a se d  b y de - 

c re a sing  the  g ra in size  o n the  sc a ffo ld / impla nt surfa c e  

b e lo w 100 nm (130). It ha s a lso  b e e n sho wn tha t c a l- 

c ium-me dia te d  c e ll pro te in a dso rp tio n o n na no pha se  

ma te ria l pro mo te s unfo ld ing  o f the se  pro te ins pro mo ting  

b o ne  c e ll a dhe sio n a nd  func tio n (130). Curre nt lite ra ture  

suppo rts the  hypo the sis tha t b y c re a ting  surfa c e  to po - 

g ra phie s with c ha ra c te ristic s tha t a ppro xima te  the  size  

o f pro te ins, a  c e rta in c o ntro l o ve r pro te in a dso rp tio n 

a nd  inte ra c tio ns will b e  p o ssib le . Sinc e  the  surfa c e  

c ha ra c te ristic s re g a rd ing  ro ug hne ss, to po g ra phy a nd  

surfa c e  c he mistry a re  the n tra nsc rib e d  via  the  pro te in 

la ye r into  info rma tio n tha t is c o mpre he nsib le  fo r the  c e lls 

(127), this will e na b le  the  fa b ric a tio n o f surfa c e  pro pe r- 

tie s dire c tly targe te d a t b inding  spe c ific  c e ll type s. In vitro , 

o ste o b la st a dhe sio n, pro life ra tio n a nd  d iffe re ntia tio n 

a nd  c a lc ium de po sitio n is e nha nc e d  o n na no ma te ria ls 

with g ra in size s le ss than 100 nm (130-131). The  adhe re nc e  

o f o ste o b la sts ha s b e e n sho wn to  inc re a se  up  to  thre e - 

fo ld  whe n the  surfa c e  is c o ve re d  with na no pha se  tita n- 

ium pa rtic le s inste a d  o f c o nve ntio na l tita nium pa rtic le s 

(132). Na no - a nd  mic ro po ro siy ha s a lso  b e e n sho wn to  

pro mo te  o ste o g e nic  d iffe re ntia tio n (133) a nd  o ste o - 

ge ne sis (134). The  use  o f nano mate ria ls to  ac hie ve  be tte r 

o ste o inte g ra tio n o f o rtho pa e dic  impla nts a nd  fo r b o ne  

tissue  e ng ine e ring  a ppro a c he s ha s b e e n e xte nsive ly 

summa rise d  in se ve ra l re c e nt re vie ws (2, 135-138) a nd  

will no t b e  re vie we d  in its e ntire ty he re .  
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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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Ho we ve r, it b e c o me s c le a r tha t ro ug h sc a ffo ld  sur- 

fac e s favo ur a ttac hme nt, pro life ratio n and diffe re ntia tio n 

o f a nc ho ra g e -de pe nde nt b o ne  fo rming  c e lls (139). 

Oste o g e nic  c e lls mig ra te  to  the  sc a ffo ld  surfa c e  thro ug h 

a  fib rin c lo t initia lly e sta b lishe d  imme dia te ly a fte r imp la n- 

ta tio n o f the  TEC fro m the  ha e ma to ma  c a use d  b y the  

surg ic a l pro c e dure  (101). The  migratio n c ause s re trac tio n 

o f the  te mpo ra ry fib rin ma trix a nd , if no t we ll se c ure d , 

c a n le a d  to  de ta c hme nt o f the  fib rin fro m the  sc a ffo ld  

during  wo und c o ntra c tio n le a d ing  to  de c re a se d  mig ra - 

tio n o f the  o ste o g e nic  c e lls into  the  sc a ffo ld  (140-141). 

With re g a rds to  surfa c e  c he mistry, de g ra d a tio n pro - 

pe rtie s a nd  b y-pro duc ts (re la ting  to  pH, o smo tic  pre ssure , 

infla mma to ry re a c tio ns e tc .) a re  o f imp o rta nc e  a nd  

ha ve  b e e n b rie fly d isc usse d  a lre a d y. In the  fo llo wing  

se c tio n, the  ro le  o f c a lc ium pho spha te  in the  o ste o - 

induc tivity o f b io ma te ria ls will b e  summa rize d  a s a n 

e xa mp le  o f ho w surfa c e  c he mistry ma y b e  ma nipula te d  

to  b e ne fit sc a ffo ld  pro pe rtie s. To  da te , mo st synthe tic  

b io ma te ria ls tha t ha ve  b e e n sho wn to  b e  o ste o - 

induc tive  c o nta ine d  c a lc ium pho spha te  unde rlining  the  

c ruc ia l ro le  o f c a lc ium a nd  pho spha te  in o ste o induc tio n 

pro pe rtie s o f b io ma te ria ls (142). As summa rise d  a b o ve , 

a de q ua te  po ro sity a nd  po re  size  is c ruc ia l fo r b o ne  tissue  

e ng ine e ring  sc a ffo lds in o rde r to  a llo w suffic ie nt va sc ula - 

risa tio n a nd  e na b le  a  supply o f b o dy fluids thro ug ho ut 

the  TEC. To g e the r with this nutrie nt supply, a  re le a se  o f 

c a lc ium a nd  pho spha te  io ns fro m the  b io ma te ria l sur- 

fa c e  ta ke s p la c e s a nd  is b e lie ve d  to  b e  the  o rig in o f 

b io a c tivity o f c a lc ium pho sp ha te  b io ma te ria ls (143-145). 

This pro c e ss is fo llo we d  b y the  pre c ipita tio n o f a  b io lo g i- 

c a l c a rb o na te d  a p a tite  la ye r (tha t c o nta ins c a lc ium-, 

pho spha te - a nd  o the r io ns suc h a s ma g ne sium a s we ll 

a s pro te ins a nd  o the r o rg a nic  c o mpo unds) tha t o c c urs 

whe n the  c o nc e ntra tio n o f c a lc ium a nd  pho spha te  io ns 

ha s re a c he d  supe r sa tura tio n le ve l in the  vic inity o f the  

impla nt (142, 146-147). This b o ne -like  b io lo g ic a l c a r- 

b o na te d  a p a tite  la ye r is tho ug ht to  b e  physio lo g ic a l tri- 

g g e r fo r ste m c e lls to  d iffe re ntia te  do wn the  o ste o g e nic  

line a g e  o r c o uld  induc e  the  re le a se  o f g ro wth fa c to rs 

tha t c o mp le me nt this pro c e ss (142). Fo r b io ma te ria ls 

la c king  c a lc ium pho spha te  pa rtic le s, the  ro ug hne ss o f 

the  surfa c e  is c o nside re d  to  a c t a s a  c o lle c tio n o f 

nuc le a tio n site s fo r c a lc ium pho spha te  pre c ip ita tio n 

fro m the  ho sts’  b o dy fluids, the re b y fo rming  a  c a rb o na t- 

e d  a p a tite  la ye r. 

Co mp a ring  c a lc ium pho spha te  (Ca P) c o a te d  fib ro us 

sc a ffo lds (fib re  d ia me te r a p pro x 50 μm) ma de  fro m me - 

d ic a l g ra de  p o lyc a pro la c to ne  (mPCL) with no n-c o a te d  

mPCL-sc a ffo lds, we  ha ve  sho wn tha t Ca P-c o a ting  is 

b e ne fic ia l fo r ne w b o ne  fo rma tio n in vitro , e nha nc ing  

a lka line  pho spha ta se  a c tivity a nd  mine ra lisa tio n within 

the  sc a ffo lds (148). Inte re sting ly, o the r re se a rc h ha s 

sho wn tha t the  impla nta tio n o f hig hly so lub le  c a rb o na t- 

e d  a pa tite  c e ra mic s a lo ne  d id  no t re sult in b o ne  in- 

duc tio n in vivo  (149), sug g e sting  tha t a  re la tive ly sta b le  

surfa c e  (e .g . thro ug h a  c o mpo site  ma te ria l tha t c o n- 

ta ins a  le ss so lub le  pha se ) is ne e de d  fo r the  fa c ilita tio n o f 

b o ne  fo rma tio n a s d isc usse d  a b o ve  (se e  “ me c ha nic a l 

pro pe rtie s a nd  de g ra da tio n kine tic s”). Bo ne  fo rma tio n 

re q uire s a  sta b le  b io ma te ria l inte rfa c e  a nd  the re fo re , 

to o  ra p id  in vivo  d isso lutio n o f c a lc ium pho spha te  ma - 

te ria ls ha s b e e n sho wn to  b e  unfa vo ura b le  fo r the  

fo rma tio n o f ne w b o ne  tissue  (150-151). Cha i e t a l. a nd  

Ba rra da s e t a l. ha ve  re c e ntly re vie we d  the  e ffe c ts o f 

c a lc ium pho spha te  o ste o g e nic ity in b o ne  tissue  e ng in- 

e e ring  (150, 152). 

Furthe r c o mpre he nsive  re vie ws o n the  influe nc e  o f sur- 

fa c e  to po g ra phy a nd  surfa c e  c he mistry o n c e ll a tta c h- 

me nt a nd  pro life ra tio n fo r o rtho p a e dic  impla nts a nd  

b o ne  tissue  e ng ine e ring  a re  a va ila b le  (2, 126, 142, 150, 

153). 

 

Po ro sity and p o re  size  

Po ro sity is c o mmo nly de fine d  a s the  pe rc e nta g e  o f vo id  

spa c e  in a  so  c a lle d  c e llula r so lid  (the  sc a ffo ld  in b o ne  

tissue  e ng ine e ring  a pplic a tio ns) (154). Using  so lid  a nd  

po ro us p a rtic le s o f hydro xya pa tite  fo r the  de live ry o f the  

g ro wth fa c to r BMP-2, Kub o ki e t a l. sho we d  tha t po re s 

a re  c ruc ia l fo r b o ne  tissue  fo rma tio n b e c a use  the y a llo w 

mig ra tio n a nd  pro life ra tio n o f o ste o b la sts a nd  me se n- 

c hyma l c e lls, a s we ll a s va sc ula risa tio n; no  ne w b o ne  

fo rme d o n so lid  p a rtic le s (155). A p o ro us sc a ffo ld  surfa c e  

a lso  impro ve s me c ha nic a l inte rlo c king  b e twe e n the  

impla nte d  TECs a nd  the  surro unding  na tura l b o ne  tissue , 

pro vid ing  g re a te r me c ha nic a l sta b ility a t this c ruc ia l 

inte rfa c e  in tissue  e ng ine e ring  (156). 

Sc a ffo ld  p o ro sity a nd  po re  size  re la te  to  the  surfa c e  

a re a  a va ila b le  fo r the  a dhe sio n a nd  g ro wth o f c e lls b o th 

in vitro  a s we ll a s in vivo  a nd  to  the  po te ntia l fo r ho st 

tissue  ing ro wth, inc lud ing  va sc ula ture , to  pe ne tra te  into  

the  c e ntra l re g io ns o f the  sc a ffo ld  a rc hite c ture . In 

a sse ssing  the  sig nific a nc e  o f p o ro sity se ve ra l in vivo  

stud ie s ha ve  b e e n c o nd uc te d  utilising  ha rd  sc a ffo ld  

ma te ria ls suc h a s c a lc ium pho spha te  o r tita nium with 

d e fine d  p o ro us c ha ra c te ristic s (157). The  ma jo rity o f 

the se  studie s ind ic a te  the  impo rta nc e  o f p o re  struc ture  

in fa c ilita ting  b o ne  g ro wth. Inc re a se  o f po ro sity a s we ll 

a s po re  size  a nd  spa c ing  o f po re  inte rc o nne c tivity ha s 

b e e n fo und  to  p o sitive ly influe nc e  b o ne  fo rma tio n in 

vivo , whic h is a lso  c o rre la te d  with sc a ffo ld  surfa c e  a re a . 

Po re  inte rc o nne c tio ns sma lle r tha n 100 μm were found 
to  re stric t va sc ula r pe ne tra tio n a nd  supple me nta tio n o f 

a  po ro us struc ture  with ma c ro sc o p ic  c ha nne ls ha s b e e n 
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fo und  to  furthe r e nha nc e  tissue  pe ne tra tio n a nd  b o ne  

fo rma tio n (97, 158). Inte re sting ly, the se  re sults c o rre la te  

we ll with the  d ia me te r o f the  physio lo g ic a l Ha ve rsia n 

syste ms in b o ne  tissue  tha t p o sse ss a n a p p ro xima te  

d ia me te r o f mo re  tha n 100 µm. The  a b ility o f ne w c a p i- 

lla ry b lo o d  ve sse ls to  g ro w into  the  TEC is a lso  re la te d  to  

the  p o re  size , the re b y d ire c tly influe nc ing  the  ra te  o f 

ing ro wth o f ne wly fo rme d b o ne  tissue  into  the  TEC: In 

vivo , la rg e r po re  size s a nd  hig he r po ro sity le a d  to  a  fa ste r 

ra te  o f ne o va sc ula risa tio n, the re b y pro mo ting  g re a te r 

a mo unts o f ne w b o ne  fo rma tio n via  d ire c t o ste o g e ne sis. 

In c o ntra st, sma ll po re s fa vo ur hypo xic  c o nditio ns a nd  

ind uc e  o ste o c ho nd ra l fo rma tio n b e fo re  o ste o g e ne sis 

o c c urs (92). Po re s a nd  po re  inte rc o nne c tio ns sho uld  b e  

a t le a st 300 mic ro ns in d ia me te r to  a llo w suffic ie nt 

va sc ula risa tio n. Be side s the  a c tua l ma c ro po ro sity (po re  

size  >50 µm) o f the  sc a ffo ld  mic ro po ro sity (po re  size  < 

10 µm) a nd  po re  wa ll ro ug hne ss a lso  ha ve  a  la rg e  im- 

pa c t o n o ste o g e nic  re spo nse : Mic ro po ro sity re sults in la r- 

g e r surfa c e  a re a s c o ntrib uting  to  hig he r b o ne -induc ing  

pro te in a dso rptio n a nd  to  io n e xc ha ng e  a nd  b o ne -like  

a pa tite  fo rma tio n b y d isso lutio n a nd  re -pre c ip ita tio n 

(139, 157). As o utline d ab o ve , sub -mic ro n and nano me tre  

surfa c e  ro ug hne ss fa vo urs a tta c hme nt, pro life ra tio n a nd  

d iffe re ntia tio n o f a nc ho ra g e -de pe nde nt b o ne  fo rming  

c e lls (139). 

Altho ugh inc re a se d po ro sity and highe r po re  size  fac ili- 

ta te  b o ne  ing ro wth, it a lso  c o mpro mise s the  struc tura l 

inte g rity o f the  sc a ffo ld , a nd  if the  po ro sity b e c o me s to o  

hig h it ma y a dve rse ly a ffe c t the  me c ha nic a l pro pe rtie s 

o f the  sc a ffo ld  a t the  sa me  time  (79). In a dditio n, the  

ra te  o f de g ra da tio n is influe nc e d  b y the  po ro sity a nd  

po re  size  (fo r b io de g ra da b le  sc a ffo lds). A hig he r po re  

surfa c e  a re a  e nha nc e s inte ra c tio n o f the  sc a ffo ld  

ma te ria ls with ho st tissue  a nd  c a n the re b y a c c e le ra te  

d e g ra d a tio n b y ma c ro p ha g e s via  o xid a tio n a nd / o r 

hyd ro lysis (157). The re fo re , sc a ffo ld s fa b ric a te d  fro m 

b io ma te ria ls with a  hig h d e g ra da tio n ra te  sho uld  no t 

ha ve  hig h po ro sitie s (>90%) in o rde r to  a vo id  c o mpro - 

mise  to  the  me c ha nic a l a nd  struc tura l inte g rity b e fo re  

a d e q ua te  sub stitutio n b y ne wly fo rme d  b o ne  tissue . 

Sc a ffo lds ma de  fro m slo wly de g ra ding  b io ma te ria ls with 

ro b ust me c ha nic a l pro pe rtie s c a n, in c o ntra st, b e  hig hly 

po ro us (157). Ta b le  4 illustra te s me c ha nic a l pro pe rtie s 

a nd  de g ra da tio n kine tic s in re la tio n to  the  p o ro sity fo r 

many c o mmo nly use d c o mpo site  sc a ffo lds. This illustra te 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. 

Sc a ffo ld  c o mpo site s Me c ha nic a l pro pe rtie s Po ro sity/ % De g ra da tio n kine tic s 

Me dic a l g ra de  

po lyc a pro la c to ne -tric a lc ium pho spha te  

(PCL-TCP) 

Co mpre ssive  mo dulus 6.8 MPa ; 

c o mpre ssive  stre ng th 1.0 MPa  

60-70 24-30 mo nths 

Me dic a l g ra de  

po ly(L-la c tide -c o -D,L-la c tide )-tric a lc ium 

pho spha te  (PLDLLA-TCP) 

Co mpre ssive  mo dulus 88.6 MPa  (dry) a nd  

51.5 MPa  (we t); c o mpre ssive  stre ng th 3.1 

MPa  (dry) a nd  1.5 MPa  (we t) 

60-70 <24 mo nths 

Po ly(la c tide -c o -g lyc o lide ) 

(PLGA)-c a lc ium pho spha te  (CaP) 

Co mpre ssive  stre ng th 0.16 MPa  (dry) a nd  

0.04 MPa  (we t) c o nd itio ns 

81-91  

Po ly-la c tic  a c id  + pho spha te  g la ss 

pa rtic le s 

Co mpre ssive  mo dulus 120 kPa ; 

c o mpre ssive  stre ng th 20.1 kPa  

97  

Po ly(L-la c tic  a c id ) (PLLA) a nd  

hydroxyapatite (HA) or β-tric a lc ium 

phosphate (β-TCP) 

Lo ng itudina l mo dulus up  to  1.5 time s 

hig he r tha n the  tra nsve rse  mo dulus 

>80  

HA-PLLA Ela stic ity mo dule  up to  10 GPa ; 

c o mpre ssive  stre ng th up  to  140 MPa  

0.4  

Na no hydro xya pa tite - 

c o lla ge n-po ly(L-la c tide ) 

Co mpre ssive  stre ng th c lo se  to  3 MPa  Ab o ut 90 (po re  

size s 100-300 μm) 
In vitro  with a  re duc tio n in 

ma ss o f 19.6% a fte r 4 we e ks 

Hydro xya pa tite / c hito sa n-g e la tin ne two rk 

(HA-CS-Ge l) 

 90.6  

β-tricalcium phosphate (β-TCP) ma trix 

a nd  hydro xyl apa tite  (HA) na no fib re s 

Co mpre ssive  stre ng th 9.87 MPa  73  

Po ly(la c tide -c o -g lyc o lide ) mic ro sphe re s 

a nd  a  po o rly c rysta lline  c a lc ium 

pho spha te  

Co mpre ssive  mo dulus 65 MPa  a t hig h 

po lyme r:c e ra mic  ra tio  (3:2.25) 
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tha t the re  a re  a  numb e r o f a d va nta g e s a nd  d isa d va n- 

ta g e s a sso c ia te d  with a ny c ha ng e s ma de  to  the  po ro - 

sity o r po re  size  o f sc a ffo ld s. It is ine vita b le  to  find  a  

b a la nc e  b e twe e n the se  pro s a nd  c o ns in o rde r to  ta ilo r 

the  sc a ffo ld  pro pe rtie s ide a lly to  the  de ma nd s o f the  

tissue  e ng ine e ring  a ppro a c h use d . Fo r c o mpre he nsive  

re vie ws o n ro le  o f po ro sity a nd  po re  size  in tissue  e ng in- 

e e ring  sc a ffo lds, the  re a de r is re fe rre d  to  two  re c e ntly 

pub lishe d  re vie ws (157, 159). 

It b e c o me s c le a r tha t a  multitude  o f fa c to rs ha ve  to  

b e  ta ke n into  a c c o unt whe n de sig ning  a nd  fa b ric a ting  

sc a ffo lds fo r b o ne  tissue  e ng ine e ring . Ho we ve r, it is 

b e yo nd  the  sc o pe  o f this re vie w to  pre se nt a ll o f the m in 

de ta il a nd  a  numb e r o f c o mpre he nsive  re vie ws ha ve  

b e e n pub lishe d  re c e ntly o n this to p ic  (2, 5, 79, 97, 101, 

160-161). 

 

Additive  manufac turing  and Compute r Aide d 

De sign – Game  c hange rs in the  fabric ation of 

thre e -dime nsional sc affolds 

 

The  thre e -d ime nsio na l de sig n c ha ra c te ristic s in c o m- 

b ina tio n with the  ma te ria l pro pe rtie s o f a  sc a ffo ld  a re  

c ruc ia l fo r b o ne  tissue  e ng ine e ring  purpo se s. No t o nly 

do e s the  sc a ffo ld  struc ture  ne e d  to  b e  c o ntro lle d  o n a  

ma c ro sc o p ic  le ve l (to  a c hie ve  suffic ie nt inte rpo sitio n o f 

the  sc a ffo ld  into  the  de fe c t site ), b ut a lso  o n a  mic ro - 

sc o p ic  le ve l (to  o p timise  tissue  e ng ine e ring  pro pe rtie s 

with re g a rd s to  o ste o induc tio n, o ste o c o nduc tio n, o ste o - 

g e ne sis a nd  va sc ula risa tio n a s we ll a s me c ha nic a l sta b i- 

lity) a nd  e ve n do wn to  na no struc tura l c o nfig ura tio n (to  

o ptimise  pro te in a dso rptio n, c e ll adhe sio n, diffe re ntia tio n 

a nd  pro life ra tio n re la te d  to  de sire d  tissue  e ng ine e ring  

c ha ra c te ristic s o f the  TEC). It is the re fo re  ne c e ssa ry to  

e xe rt stric t c o ntro l o ve r the  sc a ffo ld  pro pe rtie s during  the  

fabric atio n pro c e ss. Co nve ntio na l te c hnique s fo r sc a ffo ld  

fa b ric a tio n inc lude  so lve nt c a sting  a nd  pa rtic ula te  

le a c hing , g a s fo a ming , fib re  me she s a nd  fib re  b o nding , 

pha se  se p a ra tio n, me lt mo ld ing , e mulsio n fre e ze  drying , 

so lutio n c a sting  a nd  fre e ze  drying  (162). All o f the se  

te c hniq ue s a re  sub tra c tive  in na ture , me a ning  tha t p a rts 

o f the  fa b ric a te d  sc a ffo ld  a re  re mo ve d  fro m the  

c o nstruc t a fte r the  initia l fab ric a tio n pro c e ss in o rde r to  

g e ne ra te  the  de sire d  thre e -d ime nsio na l c ha ra c te ristic s. 

He nc e  a  numb e r o f limita tio ns e xist re g a rd ing  the se  

fa b ric a tio n me tho ds: c o nve ntio na l me tho ds do  no t 

a llo w a  pre c ise  c o ntro l o ve r po re  size , po re  g e o me try, 

po re  inte rc o nne c tivity o r spa tia l d istrib utio n o f po re s a nd  

inte rc o nne c ting  c ha nne ls o f the  sc a ffo lds fa b ric a te d  (92, 

163-164). In a dditio n, ma ny o f the se  te c hniq ue s re q uire  

the  a pp lic a tio n o f o rg a nic  so lve nts a nd  the ir re sidue s 

c a n impo se  se ve re  a d ve rse  e ffe c ts o n c e lls due  to  the ir 

po te ntia lly to xic  a nd / o r c a rc ino g e nic  na ture , re duc ing  

the  b io c o mpa tib ility o f the  sc a ffo ld  sig nific a ntly (165). 

The  intro duc tio n o f a dditive  ma nufa c turing  (AM) te c h- 

niq ue s into  the  fie ld  o f b o ne  tissue  e ng ine e ring  ha s 

he lpe d  to  o ve rc o me  ma ny o f the se  re stric tio ns (92, 162, 

166). In AM thre e -d ime nsio na l o b je c ts a re  c re a te d  in a  

c o mpute r-c o ntro lle d  la ye r-b y-la ye r fa b ric a tio n pro c e ss. 

In c o ntra st to  sub tra c tive  c o nve ntio na l me tho ds o f 

sc a ffo ld  fa b ric a tio n, this te c hniq ue  is a d ditive  in na ture  

a nd  do e s no t invo lve  re mo va l o f ma te ria ls a fte r the  

initia l fa b ric a tio n ste p . The se  te c hniq ue s ha ve  a lso  b e e n 

na me d “ ra p id  pro to typ ing ” o r “ so lid  fre e  fo rm fa b ri- 

c a tio n” in the  pa st, b ut in o rde r to  c le a rly d isting uish 

the m fro m c o nve ntio na l me tho ds the  la te st ASTM 

sta nda rd  no w summa rise s a ll o f the se  te c hniq ue s unde r 

the  te rm “ Ad ditive  Ma nufa c turing ” (167). The  b a sis fo r 

e a c h AM pro c e ss is the  de sig n o f a  thre e -d ime nsio na l 

d ig ita l o r in silic o  mo de l o f the  sc a ffo ld  to  b e  pro duc e d . 

This c o mpute r mo de l c a n e ithe r b e  c re a te d  fro m 

sc ra tc h using  “ c o mpute r a ide d  de sig n” (C AD) me tho d s 

o r c a n b e  g e ne ra te d  using  d a ta  fro m a  3D-sc a n o f 

e xisting  thre e -d ime nsio na l struc ture s (suc h a s the  huma n 

ske le to n) (168). The  d ig ita l mo de l is the n c o nve rte d  into  

a n STL-file  tha t e xpre sse s the  thre e -d ime nsio na l struc ture  

a s the  summa ry o f multip le  ho rizo nta l two -d ime nsio na l 

p la ne s. Using  this STL-file  a n AM-ma c hine  the n c re a te s 

the  thre e -d ime nsio na l sc a ffo ld  struc ture  in a  la ye r-b y- 

la ye r fa b ric a tio n me tho d  in whic h e a c h la ye r is tig htly 

c o nne c te d  to  the  pre vio us la ye r to  c re a te  a  so lid  o b je c t. 

A numb e r o f d iffe re nt AM te c hniq ue s a re  c urre ntly a ppli- 

e d  using  the rma l, c he mic a l, me c ha nic a l a nd / o r o ptic a l 

pro c e sse s to  c re a te  the  so lid  thre e -d ime nsio na l o b je c t 

(166). The se  me tho ds inc lude  la se r-b a se d  me tho ds suc h 

a s Ste re o litho g ra phy (STL) a nd  Se le c tive  La se r Sinte ring  

(SLS), printing -b a se d  a pplic a tio ns (e .g . 3D-Printing , Wa x- 

Printing ) a nd  No zzle -b a se d  syste ms like  Me lt Extrusio n/  

Fuse d  De po sitio n Mo de ling  (FDM) a nd  Bio p lo tting . The  

multitude  o f AM te c hniq ue s a nd  the ir spe c ific a tio ns 

we re  re vie we d  b y se ve ra l a utho rs la te ly (162, 166, 169- 

170).  

AM te c hniq ue s ha ve  b e e n use d  sinc e  the  1980s in the  

te le c o mmunic a tio n ind ustry, in je we lry ma king  a nd  

pro duc tio n o f auto mo bile s (171). Fro m the  1990s o nwards, 

AM wa s g ra dua lly intro duc e d  to  the  me dic a l fie ld  a s 

we ll (172): AM wa s initia lly use d  to  fa b ric a te  thre e - 

d ime nsio na l mo de ls o f b o ne  pa tho lo g ie s in o rtho pa e dic  

ma xillo fa c ia l ne uro surg ic a l a pplic a tio ns to  p la n surg ic a l 

pro c e dure s a nd  fo r ha ptic  a sse ssme nt during  the  sur- 

g e ry itse lf (173-174). With re c e nt te c hnic a l a dva nc e s AM 

is no wa da ys a p plie d  to  ma ke  c usto m-ma de  impla nts 

a nd  surg ic a l to o ls (175) a nd  to  fa b ric a te  hig hly de ta ile d , 

c usto m-ma de  thre e -d ime nsio na l mo de ls fo r the  ind ivi- 
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dua l p a tie nt (using  da ta  fro m CT, MRI, SPECT e tc .) to  

p la n surg ic a l a ppro a c he s, spe c ific a lly lo c a te  o ste o to my 

site s, c ho o se  the  c o rre c t impla nt a nd  to  pre d ic t func - 

tio na l a nd  c o sme tic  o utc o me s o f surg e rie s (176-177). 

The re b y the  o pe ra ting  time  a s we ll a s the  risk o f c o mp li- 

c a tio ns ha s b e e n re duc e d  sig nific a ntly. 

The  a p plic a tio n o f AM in b o ne  tissue  e ng ine e ring  

re pre se nts a  hig hly sig nific ant inno va tio n tha t ha s dra s- 

tic c a lly c ha ng e s the  wa y sc a ffo lds a re  b e ing  fa b ric a te d ; 

AM ha s mo re  o r le ss b e c o me  the  ne w g o ld  sta nda rd  fo r 

sc a ffo ld  ma nufa c turing  (92). The  a dva nta g e s o f ra p id  

pro to typ ing  pro c e sse s inc lude  (b ut a re  no t limite d  to ) 

inc re ase d spe e d , c usto misa tio n and e ffic ie nc y. AM te c h- 

no lo g ie s ha ve  re la tive ly fe w pro c e ss ste ps a nd  invo lve  

little  ma nua l inte ra c tio n, the re fo re , thre e -d ime nsio na l 

pa rts c a n b e  ma nufa c ture d  in ho urs a nd  da ys inste a d  o f 

we e ks a nd  mo nths. The  d ire c t na ture  o f AM a llo ws the  

e c o no mic a l pro duc tio n o f c usto mize d  tissue  e ng ine e r- 

ing  sc a ffo lds. The  pro duc ts c a n b e  ta ilo re d  to  ma tc h the  

pa tie nt’ s ne e ds a nd  still susta in e c o no mic  via b ility a s 

c o mpa re d  to  tra d itio na l te c hniq ue s whic h must ma nu- 

fa c ture  g re a t numb e rs o f de vic e s. The  c o nve ntio na l 

sc a ffo ld  fa b ric a tio n me tho d s c o mmo nly limit the  a b ility 

to  fo rm c o mple x g e o me trie s a nd  inte rna l fe a ture s. AM 

me tho ds re duc e  the  de sig n c o nstra ints a nd  e na b le  the  

fa b ric a tio n o f de sire d  de lic a te  fe a ture s b o th inside  a nd  

o utside  the  sc a ffo ld . Using  STL, the  AM te c hniq ue  with 

the  hig he st pre c isio n, fo r e xa mple  o b je c ts a t a  sc a le  o f 

20 µm c a n b e  fa b ric a te d  (178). A two -pho to n STL-te c h- 

niq ue  to  initia te  the  p o lyme risa tio n c a n b e  use d  to  pro - 

duc e  struc ture s e ve n a t mic ro me te r and sub-mic ro me te r 

le ve ls (179). 

AM me tho ds a llo w fo r va ria tio n o f c o mp o sitio n o f two  

o r mo re  ma te ria ls a c ro ss the  surfa c e , inte rfa c e , o r b ulk o f 

the  sc a ffo ld  during  the  ma nufa c turing . The re b y, po si- 

tio na l va ria tio ns in physic o c he mic a l pro pe rtie s a nd  

surfa c e  c ha ra c te ristic s c a n b e  c re a te d  a nd  utilize d  to  

pro mo te  lo c a lly spe c ific  tissue  e ng ine e ring  sig na ls. 

Se ve ra l AM te c hniq ue s o pe ra te  witho ut the  use  o f to xic  

o rg a nic  so lve nts. This is a  sig nific a nt b e ne fit, sinc e  

inc o mple te  re mo va l o f so lve nts ma y le a d  to  ha rmful 

re sidue s tha t c a n a ffe c t a d he re nc e  o f c e lls, a c tivity o f 

inc o rpo ra te d  b io lo g ic a l a g e nts o r surro unding  tissue s a s 

a lre a d y de sc rib e d . AM a llo ws the  c o ntro l o f sc a ffo ld  

po ro sity le a d ing  to  the  a pplic a tio ns tha t ma y ha ve  

a re a s o f g re a te r o r le sse r struc tura l inte g rity a nd  a re a s o f 

e nc o ura g e d  b lo o d  flo w due  to  inc re a se d  po ro sity. 

Fa b ric a ting  de vic e s a nd / o r impla nts with d iffe re nc e s in 

spa tia l d istrib utio n o f po ro sitie s, po re  size s, me c ha nic a l 

a nd  c he mic a l pro pe rtie s c a n mimic  the  c o mple x c o m- 

po sitio n a nd  a rc hite c ture  o f na tura l b o ne  tissue  a nd  

the re b y o p timise  b o ne  tissue  e ng ine e ring  te c hniq ue s. In 

a d ditio n, sc a ffo ld s with g ra die nts in po ro sity a nd  po re  

size s c a n b e  func tio na lise d  to  a llo w va sc ula risa tio n a nd  

d ire c t o ste o g e ne sis in o ne  a re a  o f the  sc a ffo ld , while  

pro mo ting  o ste o c ho ndra l o ssific a tio n in the  o the r, whic h 

is a n a ppe a ling  a p pro a c h to  re pro duc e  multip le  tissue s 

and  tissue  inte rfac e s within o ne  and the  sa me  b io ma te ria l 

sc a ffo ld  (157). Ta b le  5 summa rise s the  a d va nta g e s o f 

sc a ffo lds de sig ne d  a nd  fa b ric a te d  b y AM te c hniq ue s. 

 

Table 5 Advantages of scaffolds designed and fabricated via additive manufacturing 

Pro pe rtie s Adva nta g e s 

Va ria b ility Hig he r va riab ility o f de signing  a  ta rg e te d  de g ra da b ility a nd re so rb ility a s we ll a s impro ve d  b io c o mpa tib lity 

Fo ma bility Ca n b e  pro c e sse d  into  va rio us sha pe s, vo lume s a nd  mic ro struc ture s 

Pra c tic a b ility Ea sily ma ss-pro duc e d  o r pro pe rtie s c a n be  ta ilo re d  fo r pa tie nt-spe c ific  applic a tio ns (a ddre ssing  the  sc he me  

o f Pe rso na lise d Me dic ine ) 

Co ntro llab ility Co ntro l o ve r c he mic a l a nd physic a lly struc tura l pro pe rtie s, c rysta llinity, hydro pho b ic ity, de g ra da tio n ra te  

a nd  me c ha nic a l pro pe rtie s (e .g . thro ug h the  a lte ra tio n o f surfa c e  c he mistry) 

App lic ab ility Allo w e xa c t e ng ine e ring  o f ma trix c o nfig ura tio n, sa tisfying  the  b io physic a l limita tio ns o f ma ss tra nsfe r 

Fle xib ility Fle xib ility to  a lte r the  physic a l pro pe rtie s a nd  po te ntia lly fa c ilita te  re pro duc ib ility a nd sc a le -up 

 Fle xib ility to  ma nipula te  the  c o nfigura tio n o f ma trix to  va ry the  surfa c e  a re a  a va ilab le  fo r c e ll a tta c hme nts, 

a lso  to  o ptimize  the  e xpo sure  o f a tta c he d  c e lls to  nutrie nts a nd a llo w tra nspo rt o f waste  pro duc ts 

De sig n The  de sig ns and  fab ric a tio n o f c o mpo site  sc a ffo lds whic h c he mic a l e nviro nme nt surro unding  a  synthe tic  

de g ra dab le  po lyme r ma te ria l (e .g . a lipha tic  po lye ste rs) b e  a ffe c te d  in a  c o ntro lle d  fa shio n a s the  po lyme r 

b y-pro duc ts a re  ne utra lize d  b y c e ra mic  c o mpo ne nts 

Ma ss de live ry The  po te ntia l to  de live r c o ntinuo usly the  nutrie nts a nd ho rmo ne s tha t c a n b e  inc o rpo ra te d  into  the  sc a ffo ld  

struc ture  

Surfa c e  pro pe rtie s The  ra tio  o f surfa c e  a re a  to  ma ss c a n be  a lte re d  o r the  po ro sity, po re  size  a nd  po re  size  distrib utio n o f the  

diffe ring  c o nfig ura tio ns c a n b e  a lte re d  so  a s to  inc re a se  o r de c re a se  the  me c ha nic a l pro pe rtie s o f the  

sc a ffo ld  
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Translating  bone  tissue  engine e ring  strate gie s 

from be nc h to be dside  

 

Musc ulo ske le ta l c o nditio ns a re  hig hly pre va le nt a nd  

c a use  a  la rg e  a mo unt o f pa in, illne ss a nd  d isa b ility to  

pa tie nts. The se  c o nditio ns are  the  se c o nd  mo st c o mmo n 

re a so n fo r c o nsulting  a  g e ne ra l pra c titio ne r, a c c o unting  

fo r a lmo st 25% o f the  to ta l c o st o f illne ss a nd  up  to  15% o f 

prima ry c a re  (180). In a dditio n, the  impa c t o f musc ulo - 

ske le ta l c o nditio ns is pre d ic te d  to  g ro w with the  inc re a s- 

ing  inc ide nc e  o f life style -re la te d  o b e sity, re duc e d  physi- 

c a l fitne ss a nd  inc re a se d  ro a d  tra ffic  a c c ide nts (180). 

The  impac t o f bo ne  trauma is signific ant-the  c o nse que n- 

c e s o f fa iling  to  re sto re  full func tio n to  a n injure d  limb  a re  

dra ma tic a lly de mo nstra te d  b y the  sta tistic  tha t o nly 28% 

o f pa tie nts suffe ring  fro m se ve re  o pe n fra c ture s o f the  

tib ia  a re  a b le  to  re sume  full func tio n a nd  he nc e  re turn to  

pre vio us e mplo yme nt (180). Alo ng  with tra uma , tumo ur 

re se c tio n is a no the r ma jo r c a use  o f la rg e  b o ne  de fe c ts. 

Ca nc e r is a  ma jo r pub lic  he a lth c ha lle ng e , with o ne  in 

fo ur de a ths in the  Unite d  Sta te s c urre ntly due  to  this 

d ise a se . Re c e nt sta tistic s ind ic a te  tha t 1 638 910 ne w 

c a nc e r c a se s a nd  577 190 de a ths fro m c a nc e r a re  pro - 

je c te d  to  o c c ur in the  Unite d  Sta te s in 2012 (181). As 

o utline d  a b o ve , the  numb e r o f pro c e dure s re q uiring  

b o ne  impla nt ma te ria l is inc re a sing , a nd  will c o ntinue  to  

do  so  in o ur a g ing  po pula tio n a nd  with de te rio ra ting  

physic a l a c tivity le ve ls (57). The  c urre nt b o ne  g ra fting  

ma rke t a lre a dy is e stima te d  to  b e  in e xc e ss o f $2.5 b illio n 

e a c h ye a r a nd  is e xpe c te d  to  inc re a se  b y 7-8% pe r ye a r 

(45). With the  intro duc tio n o f tissue  e ng ine e ring  the  ho pe s 

a nd  e xpe c ta tio ns we re  e xtre me ly hig h to  b e  a b le  to  

sub stitute  na tura l o rg a ns with simila r (o r e ve n b e tte r) 

tissue  e ng ine e re d  re p la c e me nt o rg a ns. Ho we ve r, a t the  

time  it wa s sta te d  tha t “ fe w a re a s o f te c hno lo g y will 

re q uire  mo re  inte rd isc ip lina ry re se a rc h tha n tissue  e ng in- 

e e ring ” (75) a nd  this a sse ssme nt ho ld s true  to da y. 

In the  ye a rs to  fo llo w, nume ro us priva te  a nd  pub lic  

institute s c o nduc te d sc ie ntific  re se arc h and c linic a l trans- 

la tio n e ffo rts re la te d  to  tissue  e ng ine e ring . At the  b e g in- 

ning  o f 2001, tissue  e ng ine e ring  re se a rc h a nd  de ve lo p - 

me nt wa s b e ing  pursue d  b y 3 300 sc ie ntists a nd  supp o rt 

sta ff in mo re  tha n 70 sta rt-up  c o mp a nie s o r b usine ss units 

with a  c o mbine d annua l e xpe nditure  o f o ve r $600 millio n 

USD (182). The  US Na tio na l Institute s o f He a lth (NIH), 

a c c o unting  fo r the  la rg e st c umula tive  US fe de ra l re - 

se a rc h e xpe nditure s, ha s inc re a se d  the  funding  in tissue  

e ng ine e ring  fro m 2.36 b illio n USD in the  fisc a l ye a r 2003 

to  mo re  tha n 614 b illio n USD fo r the  fisc a l ye a r 2006 (183). 

Be twe e n 2000 a nd  2008 the  numb e r o f pa pe rs pub lishe d  

o n tissue  e ng ine e ring  a nd  sc a ffo lds pe r ye a r inc re a se d  

b y mo re  tha n 400% a nd  mo re  tha n 900%, re spe c tive ly 

(184). But de sp ite  the  inc re a sing  re se a rc h e xpe nditure  

a nd  the  ma g nitude  o f d isc o ve rie s a nd  inno va tio ns in 

b o ne  tissue  e ng ine e ring  sinc e  its intro duc tio n mo re  tha n 

thre e  de c a de s a g o , the  tra nsla tio n o f the se  no ve l te c h- 

niq ue s into  ro utine  c linic a l a pplic a tio ns o n a  la rg e  sc a le  

ha s still no t ta ke n p la c e . As Sc o tt J. Ho lliste r ha s po inte d  

o ut, the re  is, o n the  o ne  ha nd , a  sta rk c o ntra st b e twe e n 

the  a mo unt o f tissue  e ng ine e ring  re se a rc h e xpe nditure s 

o ve r the  la st 20 ye a rs a nd  the  re sulting  numb e rs o f pro - 

duc ts a nd  sa le s fig ure s. On the  o the r ha nd , the re  is a lso  

a  sig nific a nt d isc re pa nc y be twe e n the  c o mple xitie s o f 

inte nde d  tissue  e ng ine e ring  the ra pie s c o mp a re d  to  the  

a c tua l the ra pie s tha t ha ve  re a c he d  c linic a l a pplic a tio ns 

(184). This e vide nt g a p  b e twe e n re se a rc h a nd  c linic a l 

a pplic a tio n/ c o mme rc ia lisa tio n is c o mmo nly te rme d the  

“ Va lle y o f De a th” due  to  the  la rg e  numb e r o f ve nture s 

tha t “d ie ” b e twe e n sc ie ntific  te c hno lo g y de ve lo p me nt 

a nd  a c tua l c o mme rc ia liza tio n due  to  la c k o f funds 

(Fig ure  4) (184). The  Va lle y o f De a th is pa rtic ula rly la rg e  

fo r tissue  e ng ine e ring  a ppro a c he s b e c a use  this fie ld  o f 

re se arc h o fte n utilise s imme nse ly c o st inte nsive  high-te c h 

b io te c hno lo g ie s fo r te c hno lo g ic a l de ve lo p me nt e a ting  

up  la rg e  p a rts o f the  funding  a va ila b le , b ut the n a d di- 

tio na lly fa c e s the  c ha lle ng e s o f funding  la rg e  sc a le  pre - 

c linic a l stud ie s a nd  c linic a l stud ie s to  g a in a ppro va l b y 

re g ula to ry b o d ie s, de mo nstra te  pro duc t sa fe ty a nd  g a in 

c linic a l a c c e pta nc e  (184-186). 

 

Bridg ing  the  g ap  b e twe e n tissue  e ng ine e ring  re se arc h 

and c linic a l applic atio ns 

To  b ridg e  the  g a p  b e twe e n the  b e nc h a nd  b e dside , the  

sc a ffo ld  is re q uire d  to  pe rfo rm a s a  de ve lo p me nta lly 

c o nduc ive  e xtra c e llula r nic he , a t a  c linic a lly re le va nt 

sc a le  and  in c o nc o rda nc e  with stric t c linic a l (e c o no mic  

a nd  ma nufa c turing ) pre re q uisite s (Fig ure  5) (187). In this 

c o nte xt the  sc a ffo ld  fa c ilita te s fo r sma lle r a nd  me dium 

size d  de fe c ts the  e ntra p me nt o f the  he ma to ma  a nd  

pre ve nts it’ s “ to o  e a rly” c o ntra c tio n (188). Fo r la rg e  a nd  

hig h-lo a d  b e a ring  de fe c ts the  sc a ffo ld  c a n a lso  de live r 

c e lls a nd / o r g ro wth fa c to rs to  the  site  o f da ma g e  a nd  

pro vide s a n a ppro pria te  te mpla te  fo r ne w tissue  fo rma - 

tio n. The  sc a ffo ld  sho uld  thus c o nstitute  a  dyna mic a lly 

lo ng -la sting  ye t de g ra da b le  thre e -d ime nsio na l a rc hite c - 

ture , pre fe ra b ly se rving  a s a  func tio na l tissue  sub stitute  

whic h, o ve r time , c a n b e  re p la c e d  b y c e ll-de rive d  tissue  

func tio n. De sig ning  a nd  ma nufa c turing  pro c e sse s a re  

b e lie ve d  to  b e  the  g a te ke e pe rs to  tra nsla te  tissue  e ng in- 

e e ring  re se a rc h into  c linic a l tissue  e ng ine e ring  a pplic a - 

tio ns a nd  c o nc e ntra tio n o n the  de ve lo p me nt o f the se  

e ntitie s will e na b le  sc a ffo lds to  b ridg e  the  g a p  b e twe e n 

re se a rc h a nd  c linic a l pra c tic e  (184). One  o f the  g re a te st 

d iffic ultie s in b ridg ing  the  Va lle y o f De a th is to  de ve lo p  
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g o o d  ma nufa c turing  pro c e sse s a nd  sc a la b le  de sig ns 

a nd  to  a pply the se  in pre c linic a l stud ie s; fo r a  de sc rip - 

tio n o f the  ra tio na le  a nd  ro a d  ma p o f ho w o ur multid isc i- 

p lina ry re se a rc h te a m ha s a d dre sse d  this first ste p  to  

tra nsla te  o rtho pa e dic  b o ne  e ng ine e ring  fro m b e nc h to  

b e dside  se e  b e lo w a nd  re fe r to  o ur re c e nt pub lic a tio n 

(185). In o rde r to  ta ke  b o ne  tissue  e ng ine e ring  a ppro a - 

c he s fro m b e nc h to  b e d side , it a lso  impe ra tive  to  me ti- 

c ulo usly a sse ss the  c linic a l d e ma nd s fo r spe c ific  sc a ffo ld  

c ha ra c te ristic s to  a c hie ve  a  b ro a d  a nd  o ptimise d  ra ng e  

o f c linic a l a pplic a tio ns fo r the  spe c ific  tissue  e ng ine e ring  

appro ac h. A so phistic a te d b o ne  tissue  e ng ine e ring  te c h- 

no lo g y will no t ne c e ssa rily ha ve  multip le  c linic a l a pplic a - 

tio ns just b e c a use  o f its le ve l o f c o mple xity, a nd  de fining  

spe c ific  c linic a l ta rg e t a pplic a tio ns re ma ins o ne  o f the  

mo st unde re stima te d  c ha lle ng e s in the  b ridg ing  the  

Va lle y o f De a th (184). The re  is o fte n a  g re a t le ve l o f d is- 

c re pa nc y b e twe e n the  c linic a l de ma nds o n a  tissue  

e ng ine e ring  te c hniq ue  a nd  the  sc ie ntific  re a lisa tio n o f 

suc h te c hniq ue , ha mpe ring  the  c linic a l tra nsla tio n. Thus 

a  sc a ffo ld  tha t is re a listic a lly ta rg e te d  a t b ridg ing  the  

Va lle y o f De a th sho uld  (187): (i) me e t FDA a p pro va l (fo r 

furthe r de ta ils o n this to p ic s se e  re vie ws b y Sc o tt J. Ho llis- 

te r 2011 a nd  2009) (184, 189); (ii) a llo w fo r c o st e ffe c tive  

ma nufa c turing  pro c e sse s; (iii) b e  ste rilisa b le  b y industria l 

te c hniq ue s; (iv) e na b le  e a sy ha ndling  witho ut e xte nsive  

pre pa ra to ry pro c e dure s in the  o pe ra tio n the a tre ; (v) 

pre fe ra b ly, b e  ra d io g ra phic a lly d isting uisha b le  fro m 

ne wly fo rme d tissue ; a nd  (vi) a llo w minima lly inva sive  

impla nta tio n (190-191). 

 

Ratio nale  fo r translating  b o ne  tissue  e ng ine e ring  

strate g ie s into  c linic a l applic atio ns 

In ta rg e ting  the  tra nsla tio n o f a  (b o ne ) tissue  e ng ine e r- 

ing  a ppro a c h fro m b e nc h to  b e d side , the re  is a  d istinc t 

hie ra rc hy a nd  se q ue nc e  o f the  type  o f stud ie s tha t ne e d  

to  b e  unde rta ke n to  pro mo te  the  tra nsla tio n pro c e ss 

(192): Ha ving  ide ntifie d  c linic a l ne e ds a nd  b a se d  o n fun- 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

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. 

 

da me nta l d isc o ve rie s re g a rd ing  b io lo g ic a l me c ha nisms, 

a  no ve l tissue  e ng ine e ring  a ppro a c h is de sig ne d  a nd  

first stud ie s a re  unde rta ke n to  c ha ra c te rise  me c ha nic a l 

a nd  c he mic a l pro pe rtie s o f the  TEC to  b e  use d . The  ne xt 

ste p  invo lve s fe a sib ility a nd  b io a c tivity te sting  a nd  

sho uld  b e  c a rrie d  o ut in vitro  a nd  in vivo . In vitro  a ssa ys 

using  c e ll c ulture  pre pa ra tio ns a re  use d  to  c ha ra c te rise  

the  e ffe c ts o f ma te ria ls o n iso la te d  c e ll func tio n a nd  fo r 

sc re e ning  la rg e  numb e rs o f c o mp o unds fo r b io lo g ic a l 

a c tivity, to xic ity a nd  immuno g e nic ity (193-194). Ho we ve r, 

due  to  the ir na ture  using  iso la te d  c e lls, in vitro  mo de ls 

a re  una vo id a b ly limite d  in the ir c a pa c ity to  re fle c t c o m- 

p le x in vivo  e nviro nme nts tha t the  TEC will b e  e xpo se d  to  

a nd  a re  the re fo re  ina de q ua te  to  pre d ic t in vivo  o r 

c linic a l pe rfo rma nc e s. The re fo re , in vivo  mo de ls (tha t is 

a nima l mo de ls) a re  re q uire d  in o rde r to  o ve rc o me  the  

limita tio ns o f in vitro  mo de ls to  pro vide  a  re pro duc ib le  

a ppro xima tio n o f the  re a l life  situa tio n. In vivo  fe a sib ility 

te sting  is a lmo st e xc lusive ly d o ne  in sma ll a nima ls, ma inly 

in ro de nts a nd  ra b b its (192, 195-197). The  a d va nta g e s o f 

sma ll a nima l mo de ls inc lude  re la tive ly e a sy sta nda rd isa - 

tio n o f e xpe rime nta l c o nditio ns, fa st b o ne  turno ve r ra te s 

(=sho rte r pe rio ds o f o b se rva tio n), simila r la me lla r b o ne  

a rc hite c ture  a nd  simila r c anc e llo us b o ne  thinning  a nd  

fra g ility, simila r re mo de lling  ra te s a nd  site s, c o mmo n 

ava ila b ility and re la tive ly lo w c o sts fo r ho using  and main- 

te na nc e . Disa d va nta g e s o f ro de nt a nd  ra b b it mo de ls 

inc lude  d iffe re nt ske le ta l lo a d ing  pa tte rns, o pe n e p iphy- 

se s a t va rio us g ro wth p la te s up  to  the  a g e  o f 12-14 

mo nths (o r fo r life time  in ra ts), minima l intra -c o rtic a l re mo - 

de lling , the  la c k o f Ha rve rsia n c a na l syste ms, a  sma lle r 

pro po rtio n o f c a nc e llo us b o ne  to  to ta l b o ne  ma ss a nd  

the ir re la tive ly sma ll size  fo r te sting  o f impla nts (196). 

Whilst a  la rg e  numb e r o f stud ie s in ro de nts a nd  ra b b its 

ha ve  e sta b lishe d pro o f o f c o nc e pt fo r bo ne  tissue  e ng in- 

e e ring  stra te g ie s, sc a ling  up  to  la rg e r, mo re  c linic a lly 
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re le va nt a nima l mo de ls ha s pre se nte d  ne w c ha lle ng e s. 

Quo ting  Tho ma s A. Einho rn, whe n c o nduc ting  a nima l 

studie s, o ne  ha s to  ke e p  in mind  tha t “ in g e ne ra l, the  

b e st mo de l syste m is the  o ne  whic h mo st c lo se ly mimic s 

the  c linic a l situa tio n fo r whic h this te c hno lo g y is b e ing  

de ve lo pe d , will no t he a l spo nta ne o usly unle ss the  te c h- 

no lo g y is use d , a nd  will no t he a l whe n a no the r te c h- 

no lo g y is use d  if tha t te c hno lo g y is le ss a d va nc e d  tha n 

the  o ne  b e ing  te ste d” (198). The  mo st e ffe c tive  a nima l 

mo de ls will the re fo re  1) pro vide  c lo se  re se mb la nc e  o f 

the  c linic a l a nd  b io lo g ic a l e nviro nme nt a nd  ma te ria l 

pro pe rtie s, 2) e nc o mp a ss hig hly sta nd a rd ise d  me a sure - 

me nt me tho ds pro vid ing  o b je c tive  pa ra me te rs (q ua lita - 

tive  a nd  q ua ntita tive ) to  inve stig a te  the  ne wly fo rme d  

b o ne  tissue  a nd  3) a re  a b le  to  de te c t a nd  pre d ic t sig nifi- 

c a nt d iffe re nc e s b e twe e n the  b o ne  tissue  e ng ine e ring  

me tho ds inve stig a te d  (192). Fo r c linic a l mo de lling  a nd  

e ffic a c y pre d ic tio n o f the  tissue  e ng ine e ring  stra te g y to  

b e  tra nsla te d  into  c linic a l a pplic a tio n, up-sc a ling  to  

la rg e  a nima l mo de ls is the re fo re  ine vita b le . The re b y, the  

tissue  e ng ine e ring  the ra py c a n b e  de live re d  in the  sa me  

(o r simila r) wa y in whic h it will b e  de live re d  in c linic a l 

se tting s utilising  surg ic a l te c hniq ue s tha t ma tc h (o r 

c lo se ly re se mb le ) c linic a l me tho ds a t the  site  tha t 

ma tc he s the  se tting  in whic h it will b e  use d  la te r a s 

c lo se ly a s po ssib le  (192). The  a dva nta g e  o f la rg e  a nima l 

mo de ls (using  no nhuma n p rima te s, do g s, c a ts, she e p , 

g o a ts, p ig s) is the  c lo se r re se mb la nc e  o f mic ro a rc hite c - 

ture , b o ne  physio lo g y a nd  b io me c ha nic a l pro pe rtie s in 

huma ns. The y e nc o mp a ss a  we ll-de ve lo pe d  Ha ve rsia n 

a nd  tra b e c ula r b o ne  re mo d e lling , ha ve  g re a te r ske le ta l 

surfa c e  to  vo lume  a re a s, sho w simila r ske le ta l d isuse  

a tro phy, e na b le  the  use  o f impla nts a nd  te c hniq ue s 

simila r to  the  o ne s use d  in huma ns a nd  sho w hig hly 

lo c a lise d  b o ne  fra g ility a sso c ia te d  with stre ss shie ld ing  b y 

impla nts. Ho we ve r, the  use  o f la rg e  a nima l mo de ls ha s 

d isa d va nta g e s a s we ll, inc lud ing  the  hig h c o st a nd  

ma inte na nc e  e xpe nse s, e xte nsive  ho using  a nd  sp a c e  

re q uire me nts, re la tive ly lo ng  life  spa ns a nd  lo we r b o ne  

turno ve r ra te s (ma king  lo ng e r study pe rio ds ne c e ssa ry), 

d iffic ultie s in sta nd a rd isa tio n to  g e ne ra te  la rg e , ho mo - 

g e no us sa mple s fo r sta tistic a l te sting  a s we ll a s va rio us 

e thic a l c o nc e rns de pe nding  o n the  spe c ie s use d  (e .g . 

prima te s) (196). But de sp ite  se ve ra l d isa dva nta g e s, it is 

ine vita b le  to  pe rfo rm the  fina l pre -c linic a l in la rg e  a ni- 

ma ls, a s re a listic a lly a s p o ssib le , with re le va nt lo a d ing  

c o nditio ns a nd  with simila r surg ic a l te c hniq ue s a s use d  in 

the  fina l pro c e dure  in humans (197). Large  animal mo de ls 

pro vide  ma ss a nd  vo lume  c ha lle ng e s fo r sc a ffo ld -b a se d  

tissue  e ng ine e ring  and re quire  surg ic a l fixa tio n te c hnique s 

tha t c a nno t b e  te ste d  e ithe r in vitro  o r in sma ll a nima l 

mo de ls (184). In g e ne ra l, pre c linic a l tra nsla tio n te sting  is 

pe rfo rme d in large  ske le ta lly ma ture  a nimals, the  spe c ie s 

mo st utilise d  a re  do g , she e p , g o a t a nd  p ig  (192, 199). If 

suffic ie nt pre c linic a l e vide nc e  fo r the  e ffic a c y a nd  sa fe - 

ty o f the  ne w b o ne  tissue  e ng ine e ring  syste m ha s b e e n 

g e ne ra te d  utilising  la rg e  a nima l mo de ls, c linic a l tria ls 

c a re  unde rta ke n to  pro ve  c linic a l sig nific a nc e  a nd  sa fe - 

ty, ultimate ly le a ding  to  the  transla tio n o f the  te c hno lo g y 

into  ro utine  c linic a l pra c tic e . 

 

Taking  c o mpo site  sc affo ld b ase d b o ne  tissue  

e ng ine e ring  fro m b e nc h to  b e dside  

In a c c o rda nc e  with the  a b o ve  o utline  ra tio na le  fo r 

tra nsla ting  b o ne  tissue  e ng ine e ring  re se a rc h into  c linic a l 

a pplic a tio ns, during  the  la st de c a de  o ur inte rd isc ip lina ry 

re se a rc h te a m ha s fo c usse d  o n the  b e nc h to  b e d side  

tra nsla tio n o f a  b o ne  tissue  e ng ine e ring  c o nc e pt b a se d  

o n slo wly b io de g ra d a b le  c o mpo site  sc a ffo lds ma de  

fro m me dic a l g ra de  po lyc a pro la c to ne  (mPCL) a nd  c a l- 

c ium pho spha te s [hydro xya pa tite  (HA) a nd  tric a lc ium 

pho spha te  (TCP)] (80, 200). De ta ile d  de sc riptio ns o f the  

sc a ffo ld  fa b ric a tio n pro to c o l c a n b e  fo und  in o ur re c e nt 

pub lic a tio ns (102, 109, 200-202). 

The  sc a ffo ld s ha ve  b e e n sho wn in vitro  to  suppo rt c e ll 

a tta c hme nt, mig ra tio n a nd  pro life ra tio n; de g ra da tio n 

b e ha vio ur a nd  tissue  in-g ro wth ha s a lso  b e e n e xte n- 

sive ly studie d  (203-206). We  sub se q ue ntly to o k the  ne xt 

ste p  to wa rds c linic a l tra nsla tio n b y pe rfo rming  sma ll 

a nima l studie s using  ra t, mic e  a nd  ra b b it mo de ls (207- 

209). As re vie we d  in de ta il in Re fe re nc e  (200), we  we re  

a b le  to  de mo nstra te  the  in vivo  c a pa b ility o f o ur c o m- 

po site  sc a ffo lds in c o mb ina tio n with g ro wth fa c to rs o r 

c e lls to  pro mo te  b o ne  re g e ne ra tio n within e c to p ic  site s 

o r c ritic a l size d c rania l de fe c ts in the  small animal mo de ls. 

Studie s in la rg e  a nima l mo d e ls tha t c lo se ly re se mb le  the  

c linic a l c ha ra c te ristic s o f huma n d ise a se , with re spe c t to  

de fe c t size  a nd  me c ha nic a l lo a d ing , the n b e c a me  

e sse ntia l to  a dva nc e  the  tra nsla tio n o f this te c hno lo g y 

into  the  mo st d iffic ult a nd  c ha lle ng ing  c linic a l a pplic a - 

tio ns in o rtho pa e dic  tumo ur a nd  tra uma  surg e ry. The  

c ho ic e  o f a  suita b le  la rg e  a nima l mo de l de pe nds o n the  

ultimate  c linic a l a pplic a tio n, and c o nse que ntly the re  is 

no  suc h thing  a s “o ne  g o ld  sta nda rd  a nima l mo de l” . 

Ove r the  la st ye a rs, o ur re se a rc h te a m ha s inve stig a te d  

the  a pplic a tio n o f o ur c o mpo site  sc a ffo lds in se ve ra l 

pre c linic a l la rg e  a nima l mo de ls a ddre ssing  d iffe re nt 

c linic a l a pplic a tio ns:  

 

Lo ad-b e aring , c ritic a l-size d o vine  tib ia l de fe c t mo de l 

We ll-c ha ra c te rise d , re pro duc ib le  a nd  c linic a lly re le va nt 

a nima l mo de ls a re  e sse ntia l to  g e ne ra te  pro o f-o f- 

princ ip le  pre -c linic a l da ta  ne c e ssa ry to  a d va nc e  no ve l 

the ra pe utic  stra te g ie s into  c linic a l tria l a nd  pra c tic a l 
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a pplic a tio n. Our re se a rc h g ro up  a t the  Que e nsla nd  

Unive rsity o f Te c hno lo g y (QUT; Brisb a ne , Austra lia ) ha s 

spe nt the  la st 5 ye a rs de ve lo p ing  a  wo rld -le a d ing  de fe c t 

mo de l to  stud y pre -c linic a lly d iffe re nt tre a tme nt o p tio ns 

fo r c a se s o f la rg e  vo lume  se g me nta l b o ne  lo ss (159, 210). 

We  ha ve  suc c e ssfully e sta b lishe d  this 3 c m c ritic a l-size d  

de fe c t mo de l in she e p  tib ia e  to  study the  mPCL-TCP 

sc a ffo ld  in c o mb ina tio n with c e lls o r g ro wth fa c to rs in- 

c lud ing  b o ne  mo rpho g e nic  pro te ins (BMPs) (211-212). 

This mo de l ha s no t o nly g e ne ra te d  a  se rie s o f hig hly 

c ite d  pub lic a tio ns (211-215), b ut a lso  ha s a ttra c te d  la rg e  

inte re st in the  o rtho pa e dic  industry to  b e  use d  a s a  

pre c linic a l te st b e d  fo r the ir b o ne  g ra ft pro duc ts unde r 

de ve lo p me nt. The  mo de l e na b le s c o ntro l o f e xpe rime n- 

ta l c o nditio ns to  a llo w fo r d ire c t c o mpa riso n o f pro duc ts 

a g a inst a  lib ra ry o f b e nc hma rks a nd  g o ld  sta nd a rds we  

ha ve  de ve lo pe d  o ve r the  la st 5 ye a rs (we  ha ve  pe r- 

fo rme d mo re  tha n 200 o pe ra tio ns using  this mo de l to - 

da te ). Our pre c linic a l tib ia l de fe c t mo de l de ve lo pe d  a t 

QUT is o ne  o f the  o nly a va ila b le  mo de ls inte rna tio na lly, 

whic h is suita b le  fro m b o th re pro duc ib ility a nd  c o st po int 

o f vie w fo r the  e va lua tio n o f la rg e  se g me nta l de fe c t 

re pa ir te c hno lo g ie s in sta tistic a lly po we re d  study de sig ns. 

We  ha ve  c ho se n this c ritic a l size d  se g me nta l de fe c t 

mo de l o f the  tib ia  fo r o ur la rg e  a nima l mo de l b e c a use  

tib ia l fra c ture s re pre se nt the  mo st c o mmo n lo ng  b o ne  

fra c ture s in huma ns a nd  a re  o fte n a sso c ia te d  with sig - 

nific a nt lo ss o f b o ne  sub sta nc e  (216-217). Also , tib ia l 

fra c ture s re sult in hig h ra te s o f no n-unio ns o r pse ud- 

a rthro se s (216, 218). Fro m a n o rtho p a e dic  surg e o ns po int 

o f vie w it c a n b e  a rg ue d  tha t a mo ng st a ll b o ne  de fe c ts 

se e n in the  c linic a l pra c tic e , se g me nta l de fe c ts o f the  

tib ia  a re  o fte n the  mo st c ha lle ng ing  g ra ft site s. This o we s 

to  the  g ra fts b e ing  re q uire d  to  b e a r lo a ds c lo se  to  

physio lo g ic a l le ve ls ve ry so o n a fte r impla nta tio n, this is 

de sp ite  inte rna l fixa tio n, whic h o fte n pro vide s the  

ne c e ssa ry e a rly sta b ility, b ut a lso  suffe rs fro m the  p o o r 

so ft tissue  c o ve ra g e  (va sc ula risa tio n issue ) o f the  tib ia  

c o mpa re d  to  the  fe mur. He nc e , in a  b o ne  e ng ine e ring  

stra te g y fo r the  tre a tme nt o f se g me nta l tib ia l de fe c ts, 

the  sc a ffo ld  must b e a r (o r sha re ) sub sta ntia l lo a ds im- 

me dia te ly a fte r impla nta tio n. The  sc a ffo ld ’ s me c ha nic a l 

pro pe rtie s (stre ng th, mo dulus, to ug hne ss, a nd  duc tility) 

a re  de te rmine d  b o th b y the  ma te ria l pro pe rtie s o f the  

b ulk ma te ria l a nd  b y its struc ture  (ma c ro struc ture , mic ro - 

struc ture , a nd  na no struc ture ). Ma tc hing  the  me c ha nic a l 

pro pe rtie s o f a  sc a ffo ld  to  the  tib ia l g ra ft e nviro nme nt is 

c ritic a lly impo rta nt so  tha t pro g re ssio n o f tissue  he a ling  is 

no t limite d  b y me c ha nic a l fa ilure  o f the  sc a ffo ld  prio r to  

suc c e ssful tissue  re g e ne ra tio n. Simila rly, b e c a use  me - 

c ha nic a l sig na ls a re  imp o rta nt me dia to rs o f the  d iffe re n- 

tia tio n o f c e ll pro g e nito rs, a  sc a ffo ld  must c re a te  a n 

a ppro pria te  stre ss e nviro nme nt thro ug ho ut the  site  

whe re  ne w tissue  is de sire d . He nc e , o ne  o f the  g re a te st 

c ha lle ng e s in sc a ffo ld  de sig n fo r lo a d  b e a ring  tib ia l 

de fe c ts is the  c o ntro l o f the  me c ha nic a l pro pe rtie s o f 

the  sc a ffo ld  o ve r time . By tria ling  o ur b o ne  tissue  e ng in- 

e e ring  stra te g ie s in a  tib ia l de fe c t mo de l, we  will the re - 

fo re  a ddre ss a  hig hly re le va nt c linic a l pro b le m a nd  a re  

c re a ting  va lua b le  pre -c linic a l e vide nc e  fo r the  tra ns- 

la tio n fro m b e nc h to  b e dsid e . With the  3 c m c ritic a l de - 

fe c t b e ing  re g e ne ra te d  suc c e ssfully b y a p plying  o ur 

mPCL-TCP sc a ffo ld  in c o mb ina tio n with BMP (102), we  

a re  no w inve stig a ting  b o ne  re g e ne ra tio n po te ntia ls in 

e ve n la rg e r size d  tib ia l de fe c ts (Fig ure  6). 

 

Minimally-invasive  o vine  tho rac ic  sp ine  fusio n mo de l 

Spina l fusio n ha s b e e n inve stig a te d  in a nima l mo de ls fo r 

o ne  hundre d  ye a rs no w a nd  a  lo t o f the  kno wle dg e  we  

ha ve  to da y o n ho w sp ina l fusio n pro g re sse s wa s g a ine d  

thro ug h a nima l mo de ls (219-220). With re g a rd s to  the  

a b o ve  p ic ture d  ra tio na le  fo r tra nsla ting  b o ne  tissue  

e ng ine e ring  a ppro a c he s to  c linic a l pra c tic e , it is o f 

impo rta nc e  to  no te  tha t the  physic a l size  o f the  she e p  

sp ine  is a de q ua te  to  a llo w sp ina l surg e ry to  b e  c a rrie d  

o ut using  the  sa me  impla nts a nd  surg ic a l a ppro a c he s 

tha t a re  use d  in huma ns a s we ll. Also , she e p  sp ine s a llo w 

fo r a n e va lua tio n o f the  suc c e ss o f the  study using  fusio n 

a sse ssme nts c o mmo nly use d  in c linic a l pra c tic e . Whe n 

c o nside ring  sp ina l fusio n in la rg e  a nima l mo de ls, it is 

a ppa re nt tha t due  to  the  b io me c ha nic a l pro pe rtie s o f 

the  sp ine  a  b ipe d  prima te  a nima l mo de l [suc h a s in 

(221)] sho uld  ide a lly pre fe rre d  o ve r a  q ua drupe d  la rg e  

a nima l mo de l [fo r e xa mp le  o vine  (222) o r po rc ine  (223)]. 

But g ive n the  e xpe nse s a nd  limite d  a va ila b ility o f pri- 

ma te  te sting  a s we ll a s e thic a l c o nc e rns due  to  the  c lo se  

phylo g e nic a l re la tio n, it is mo re  fe a sib le  to  tria l la rg e  

numb e rs o f sc a ffo ld  va ria tio ns in the  mo st a ppro pria te  

q ua drupe d  la rg e  a nima l mo de ls a nd  the n e va lua te  the  

b e st pe rfo rming  sc a ffo ld  in a  prima te  mo de l, if po ssib le  

(184). 

We  ha ve  o utline d  a b o ve  tha t de fining  spe c ific  c linic a l 

ta rg e t a pplic a tio ns is a  c ritic a l pre re q uisite  fo r suc c e ssful 

b o ne  tissue  e ng ine e ring  re se a rc h tha t is me a nt to  b e  

tra nsla te d  into  c linic a l pra c tic e . In a c c o rda nc e  with this 

we  ha ve  se le c te d  the  tho ra c ic  sp ine  fo r o ur a nima l 

mo de l b e c a use  we  ha ve  ide ntifie d  id io pa thic  sc o lio sis 

a s c linic a lly hig hly re le va nt tho ra c ic  sp ine  pa tho lo g y. 

Idio pa thic  sc o lio sis is a  c o mple x thre e -d ime nsio na l de - 

fo rmity a ffe c ting  2-3% o f the  g e ne ra l po pula tio n (224). 

Sc o lio tic  sp ine  de fo rmitie s inc lude  pro g re ssive  c o ro na l 

c urva ture , hypo kypho sis o r lo rdo sis in the  tho ra c ic  sp ine  

a nd  ve rte b ra l ro ta tio n in the  a xia l p la ne  with po ste rio r 

e le me nts turne d  ro ta te d  to wa rd  the  c urve  c o nc a vity. 
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Sc o lio tic a lly de fo rme d ve rte b ra l c o lumns a re  pro ne  to  

a c c e le ra te d  inte rve rte b ra l d isc  de g e ne ra tio n, initia ting  

mo re  se ve re  mo rpho lo g ic a l c ha ng e s o f the  a ffe c te d  

ve rte b ra l jo ints a nd  le a d ing  to  c hro nic  lo c a l, pse udo - 

ra d ic ula r, a nd  ra d ic ula r b a c k pa in (225). One  o f the  

c ritic a l a spe c ts in surg ic a l sc o lio sis de fo rmity c o rre c tio n is 

b o ny fusio n to  a c hie ve  lo ng -te rm sta b ility (226). Auto - 

lo g o us b o ne  g ra fting  is still the  g o ld  sta nda rd  to  a c hie ve  

sp ina l fusio n a nd  supe rio r to  o the r b o ne  g ra fts fo r sp ina l 

fusio n (227-229). No ne the le ss, the  use  o f a uto lo g o us 

b o ne  g ra fting  ma te ria l ha s sig nific a nt risks a s o utline d  in 

de ta il a b o ve . A numb e r o f a nima l mo de ls fo r the  use  o f 

tissue -e ng ine e re d  b o ne  c o nstruc ts in sp ina l fusio n e xists 

(230) a nd  the  use  o f b o ne  mo rpho g e ne tic  pro te ins fo r 

sp ina l fusio n ha s b e e n studie d  e xte nsive ly (219, 222, 

231-232). Ho we ve r, to  the  b e st o f o ur kno wle d g e , o ur 

o vine  tho ra c ic  sp ine  fusio n mo de l is the  first e xisting  

pre c linic a l la rg e  a nima l mo de l o n tho ra c ic  inte rve rte - 

b ra l fusio n a llo wing  the  a sse ssme nt o f tissue -e ng ine e ring  

c o nstruc ts suc h a s b io de g ra da b le  mPCL-Ca P sc a ffo lds 

a nd  re c o mb ina nt huma n b o ne  mo rpho g e ne tic  pro te in- 

2 (rhBMP2) a s a  b o ne  g ra ft sub stitute  to  pro mo te  b o ny 

fusio n (Fig ure  7) (233). We  ha ve  b e e n a b le  to  sho w tha t 

ra d io lo g ic a l a nd  histo lo g ic a l re sults a t 6-mo nths po st 

surg e ry ind ic a te d  ha d  c o mp a ra b le  g ra de s o f fusio n a nd 

e vide nc e d  ne w b o ne  fo rma tio n fo r the  mPCL-Ca P sc a - 

ffo lds p lus rhBMP-2 a nd  a uto g ra ft g ro ups. The  sc a ffo ld  

a lo ne  g ro up , ho we ve r, ha d  lo we r g ra de s o f fusio n in 

c o mpa riso n to  the  o the r two  g ro ups. Our re sults de mo ns- 

tra te  the  a b ility o f this la rg e  a nima l mo de l to  tria l va rio us 

tissue  e ng ine e ring  c o nstruc ts a g a inst the  c urre nt g o ld  

standard auto gra ft tre atme nt fo r spina l fusio n in the  sa me  

a nima l. In the  future , we  will b e  a b le  to  c o mp a re  sp ina l 

fusio n tissue  e ng ine e ring  c o nstruc ts in o rde r to  c re a te  

sta tistic a lly sig nific a nt e vide nc e  fo r c linic a l tra nsla tio n o f 

suc h te c hniq ue s. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

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 1cm 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 rhBMP-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. 

 

Curre nt c linic al applic atio ns o f the  c o mpo site  sc a ffo lds 

and future  o utlo o k 

The  inte rd isc ip lina ry re se a rc h g ro up  ha s e va lua te d  a nd  

pa te nte d  the  pa ra me te rs ne c e ssa ry to  pro c e ss me dic a l 

g ra de  p o lyc a pro la c to ne  (mPCL) a nd  mPCL c o mp o site  

sc a ffo lds (c o nta ining  hydro xya p a tite  o r tric a lc iumpho s- 

pha te ) b y fuse d  de po sitio n mo de ling  (97). The se  “ first 

g e ne ra tio n sc a ffo lds” ha ve  unde rg o ne  mo re  tha n 5 

ye a rs o f stud ie s in c linic a l se tting s a nd  ha ve  g a ine d  

Fe de ra l Drug  Ad ministra tio n (FDA)-a ppro va l in 2006 a nd  

ha ve  a lso  b e e n suc c e ssfully c o mme rc ia lise d  (www. 

o ste o po re inte rna tio na l.c o m). The  sc a ffo ld s ha ve  b e e n 

use d  hig hly suc c e ssfully a s b urr who le  p lug s fo r c ra nio - 

p la sty (234) a nd  until to d a y mo re  tha n 200 pa tie nts ha ve  

re c e ive d  b urr who le  p lug s, sc a ffo lds fo r o rb ita l flo o r re - 

c o nstruc tio n and o the r c ranio plastie s (Figure  8) (92). With 

the ir e xte nsive , multid isc ip lina ry a p pro a c h the  re se a rc h 

te a m ha s a c hie ve d  o ne  o f the  ra re  e xa mple s o f a  hig hly 

suc c e ssful b o ne  tissue  e ng ine e ring  a ppro a c h b ridg ing  

the  g a p  b e twe e n sc ie ntific  re se a rc h a nd  c linic a l pra c - 

tic e  le a d ing  to  sig nific a nt inno va tio ns in c linic a l ro utine s. 

As sho wn a b o ve , “ se c o nd  g e ne ra tio n sc a ffo lds” pro - 

duc e d  b y FDM a nd b a se d  o n c o mpo site  ma te ria ls ha ve  

a lre a d y b e e n b ro a dly studie d  in vitro  p lus in vivo  in sma ll 

a nima l mo de ls a nd  a re  c urre ntly unde r pre c linic a l 

e va lua tio n in la rg e  a nima l studie s c o nduc te d  b y o ur re - 

se a rc h g ro up . Ava ila b le  da ta  so  fa r c le a rly supp o rts the  

vie w tha t furthe r tra nsla tio n into  c linic a l use  will ta ke  

p la c e  a nd  tha t a  b ro a d  sp e c trum o f ta rg e te d  c linic a l 

a pplic a tio ns will e xist fo r the se  no ve l te c hniq ue s.  

Our re sults a re  c o nsiste nt with the  re sults o f o the r me m- 

b e rs o f the  (b o ne ) tissue  e ng ine e ring  c o mmunity a ll 

a ro und  the  wo rld , c le a rly sho wing  the  sig nific a nc e  o f 

inno va tio ns in the  fie ld  o f tissue  e ng ine e ring . In 2006 Chris 

Ma so n pro po se d  two  d istinc tly d iffe re nt pe rio ds o f the  

re g e ne ra tive  me dic ine  industry, na me ly, Re g e ne ra tive  

Me dic ine  1.0 spa nning  1985–2002, a nd  Re g e ne ra tive  

Me dic ine  2.0 c o mme nc ing  in a ppro xima te ly 2006 (1). 
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We  he re in pro po se  tha t Re g e ne ra tive  Me dic ine  3.0 ha s 

c o mme nc e d . We  fo re se e  tha t the  c o mple xity a nd  g re a t 

va rie ty o f la rg e  b o ne  de fe c ts re q uire  a n ind ividua lize d , 

pa tie nt-spe c ific  a ppro a c h with re g a rd s to  surg ic a l re - 

c o nstruc tio n in g e ne ra l a nd  impla nt/ tissue  e ng ine e ring  

se le c tio n in spe c ific . We  a d vo c a te  tha t b o ne  tissue  

e ng ine e ring  a nd  b io e ng ine e ring  te c hno lo g y p la tfo rms, 

suc h a s a d ditive  ma nufa c turing  a ppro a c he s c a n b e  

use d  e ve n mo re  sub sta ntia lly in b o ne  g ra fting  pro c e - 

dure s to  a d va nc e  c linic a l a ppro a c he s in g e ne ra l a nd  

fo r the  b e ne fit o f ind ividua l pa tie nt in pa rtic ula r. 

The  tre me ndo us a dva nta g e  o f sc a ffo lds ma de  b y 

Ad ditive  Ma nufa c turing  te c hniq ue s suc h a s Fuse d  De - 

po sitio n Mo de ling  (FDM) is the  d istinc t c o ntro l o ve r the  

ma c ro sc o p ic  a nd  mic ro sc o p ic  sha pe  o f the  sc a ffo ld  

a nd  the re b y c o ntro l o ve r the  sha pe  o f the  e ntire  TEC in 

to ta l. Ad ditive  ma nufa c turing  e na b le s the  fa b ric a tio n o f 

hig hly struc ture d  sc a ffo lds to  o ptimise  pro pe rtie s hig hly 

re le va nt in b o ne  tissue  e ng ine e ring  (o ste o c o nduc tivity, 

o ste o induc tivity, o ste o ge nic ity, vasc ularisa tio n, me c hani- 

c a l and  c he mic a l pro pe rtie s) o n a  mic ro - a nd  nano me tre  

sc a le . Using  hig h-re so lutio n me dic a l ima g e s o f b o ne  

pa tho lo g ie s (a c q uire d  via  CT, µCT, MRI, ultra so und , 3D 

d ig ita l pho to g ra mmy a nd  o the r te c hniq ue s) (168), we  

a re  no t o nly b e  a b le  to  fa b ric a te  pa tie nt-spe c ific  instru- 

me nta tio n (235-237), pa tie nt-spe c ific  c o nve ntio na l im- 

p la nts (238-242) o r a llo g ra fts (243), b ut a lso  to  re a lise  

c usto m-ma de  tissue  e ng ine e ring  c o nstruc ts (TEC) ta i- 

lo re d  spe c ific a lly to  the  ne e ds o f e a c h ind ividua l pa tie nt 

a nd  the  de sire d  c linic a l a pplic a tio n (168, 174, 244). We  

the re fo re  pre d ic t tha t the  c o mme nc ing  a re a  o f Re g e n- 

e ra tive  Me dic ine  3.0 will ho ld  a  sig nific a nt le a p  fo rwa rd  

in te rms o f Pe rso na lise d  Me dic ine . 

We  ha ve  a lre a dy pro ve n the  c linic a l a pplic a tio n o f 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

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 c o nc e pt b y fa b ric a ting  a  c usto m-ma de  b io a c tive  

mPCL-TCP imp la nt via  C AD/ FDM tha t wa s use d  c linic a lly 

to  suc c e ssfully re c o nstruc t a  c o mple x c ra nia l de fe c t 

(245). We  ha ve  a lso  re c e ntly pro vide d  a  ra tio na le  fo r the  

use  o f C AD/ FDM a nd mPCL-TCP sc a ffo lds in c o ntrib uting  

to  c linic a l the ra py c o nc e pts a fte r re se c tio n o f musc ulo - 

ske le ta l sa rc o ma  (Fig ure s 9 a nd  10) (246). Altho ug h it ha s 

to  b e  me ntio ne d  tha t o ur a ppro a c he s pre se nte d  in this 

re vie w a re  a t d iffe re nt sta g e s o f c linic a l tra nsla tio n, the ir 

e ntity c le arly re pre se nts a  pro mising  and hig hly signific ant 

21 c e ntury a ppro a c h in ta king  b o ne  tissue  e ng ine e ring  

stra te g ie s fro m b e nc h to  b e dside  a nd  into  the  e ra  o f 

Re g e ne ra tive  Me dic ine  3.0. 

 

Conc lusions 

 

In c o nc lusio n, the  fie ld  o f b o ne  tissue  e ng ine e ring  ha s 

sig nific a ntly c ha ng e d  the  mille nnia  o ld  q ue st b y huma ns 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

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  o p timise  the  tre a tme nt o f b o ne  de fe c ts a nd  to  ide n- 

tify suita b le  b o ne  sub stitute  ma te ria ls. We  ha ve  re vie w- 

e d  the  histo ric  d e ve lo p me nt, c urre nt c linic a l the ra p y 

sta nda rd s a nd  the ir limita tio ns a s we ll a s c urre ntly a va ila - 

b le  b o ne  sub stitute  ma te ria ls. We  ha ve  a lso  o utline d  

c urre nt kno wle dg e  o n sc a ffo ld  pro pe rtie s re q uire d  fo r 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

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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b o ne  tissue  e ng ine e ring  a nd  the  po te ntia l c linic a l a ppli- 

c a tio ns a s we ll a s the  d iffic ultie s in b ridg ing  the  g a p  

b e twe e n re se a rc h a nd  c linic a l pra c tic e . Altho ug h the  

c linic a l tra nsla tio n o f the se  a ppro a c he s ha s no t ta ke n 

p la c e  o n a  la rg e  sc a le  ye t, b o ne  tissue  e ng ine e ring  

c le a rly ho lds the  po te ntia l to  o ve rc o me  histo ric  limita - 

tio ns a nd  d isa d va nta g e s a sso c ia te d  with the  use  o f the  

c urre nt g o ld -sta nda rd  a uto lo g o us b o ne  g ra ft. Optimi- 

zing  c o mb ina tio ns o f c e lls, sc a ffo lds, a nd  lo c a lly a nd  

syste mic a lly a c tive  stimuli will re ma in a  c o mple x pro c e ss 

c harac te rize d by a  highly inte rde pe nde nt se t o f variab le s 

with a  la rg e  ra ng e  o f po ssib le  va ria tio ns. Co nse q ue ntly, 

the se  de ve lo p me nts must a lso  b e  nurture d  a nd  mo ni- 

to re d  b y a  c o mb ina tio n o f c linic a l e xpe rie nc e , kno w- 

le dg e  o f b a sic  b io lo g ic a l princ ip le s, me dic a l ne c e ssity, 

and  c o mme rc ia l prac tic a lity. The  re spo nsib ility fo r ra tio na l 

de ve lo p me nt is sha re d  b y the  e ntire  o rtho pa e dic  

c o mmunity (de ve lo pe rs, ve ndo rs, a nd  physic ia ns). The  

ne e d  fo r o b je c tive  a nd  syste ma tic  a sse ssme nt a nd  

re po rting  is ma de  p a rtic ula rly urg e nt b y the  re c e nt ra p id  

a d ditio n o f ma ny ne w o ptio ns fo r c linic a l use . By a p ply- 

ing  a  c o mple x inte rp la y o f 21st c e ntury te c hno lo g ie s 

fro m va rio us d isc ip line s o f sc ie ntific  re se a rc h, the  g a p  

b e twe e n b o ne  tissue  e ng ine e ring  re se a rc h a nd  the  

tra nsla tio n into  c linic a lly a va ila b le  b o ne  tissue  e ng ine e r- 

ing  a pplic a tio ns c a n suc c e ssfully b e  b ridg e d . 
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