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INCUBATION OF TISSUE ENGINEERINGINCUBATION OF TISSUE ENGINEERING 
CONSTRUCTS IN ECTOPIC SITESCONSTRUCTS IN ECTOPIC SITES

•• AllowsAllows ffoor addir addititionalonal development for thedevelopment for the
construct in anconstruct in an in vivoin vivo ((aauutoltologousogous))
environenvironmmentent
–– Exposed to host cells and regulatory moleculesExposed to host cells and regulatory molecules 
–– Not exposed to mechanical loading duringNot exposed to mechanical loading during

developmentdevelopment
–– Development can be monitoredDevelopment can be monitored
–– At the appropriate stage of development theAt the appropriate stage of development the

construct can be transpconstruct can be transplanted to the targetlanted to the target
defectdefect

INCUBATION OF TISSUE ENGINEERINGINCUBATION OF TISSUE ENGINEERING 
CONSTRUCTS IN ECTOPIC SITESCONSTRUCTS IN ECTOPIC SITES

•• Nude (Immune Deficient) MouseNude (Immune Deficient) Mouse 
Experimental ModelExperimental Model
–– Subcutaneous site used as theSubcutaneous site used as the in vivoin vivo

environment to investigate the development ofenvironment to investigate the development of 
tissue induced bytissue induced by xenogeneicxenogeneic (human) cells(human) cells



CONSIDERATIONS IN TISSUECONSIDERATIONS IN TISSUE 
ENGINEERINGENGINEERING

••

••

••

Clearly define thClearly define the specie specifific clinicalc clinical problprobleemm 
to be solved.to be solved.
Implement thImplement the simplest pe simplest prrocedure forocedure for 
treatintreatingg the probthe problem to achieve alem to achieve a 
meaningful clinical benefit.meaningful clinical benefit.
–– BenefitBenefit--Risk Ratio (e.g., risRisk Ratio (e.g., riskkss of using cells:of using cells:

cell transformation, morbidity of a 2ndcell transformation, morbidity of a 2nd
surgical procedure)surgical procedure)

–– CostCost
Need to evaluate tissue enNeed to evaluate tissue engineeringineeringg
products in animal models that relate toproducts in animal models that relate to
human phuman prroblems to be treatedoblems to be treated..

CLINICAL PROBLEMS REQUIRINGCLINICAL PROBLEMS REQUIRING 
BONE TISSUE ENGINEERINGBONE TISSUE ENGINEERING

•• FusionFusion
–– Spine fusionSpine fusion

•• Defects resulting fromDefects resulting from ththe excisione excision ofof
tumors or cysts.tumors or cysts.

•• IncomplIncompleete fractte fractuure healire healinngg
•• Bone lBone loosss associs associated wiated with prosthth prostheseseses

–– ParticleParticle--induced osteolysisinduced osteolysis
–– Stress shieldingStress shielding



ELEMENTS OF TISSUE ENGINEERING/ELEMENTS OF TISSUE ENGINEERING/ 
REGENERATIVE MEDICINEREGENERATIVE MEDICINE

•• MATRIMATRIXX (SCAFFOLD)(SCAFFOLD)
–– Porous, absorbablePorous, absorbable synthetic and naturalsynthetic and natural 

biomaterialsbiomaterials
•• CELLSCELLS (Autologous or Allogeneic)(Autologous or Allogeneic)

–– Differentiated cells of same type as tissueDifferentiated cells of same type as tissue
–– Stem cells (Stem cells (e.ge.g., bon., bonee marromarroww--derived)derived) 
–– Other cellOther cell typestypes

•• REGULATORSREGULATORS
–– GrowGrowth factors orth factors or their genestheir genes

•• ENVIRONMENTAL FACTORSENVIRONMENTAL FACTORS
–– Mechanical loadingMechanical loading
–– Static versus dynamic (Static versus dynamic (““bioreactorbioreactor””))

TISSUE ENGINEERING ENDPOINTSTISSUE ENGINEERING ENDPOINTS

••

••

••

Morphological/Histological/BMorphological/Histological/Biochemicaliochemical
–– Match the cMatch the composition and architeomposition and architeccture oture off thethe tissue.tissue.
–– ProbleProblem: A complete am: A complete annalysisalysis is difficult and no cleais difficult and no clearr 

relationships yet wrelationships yet wiith functith functional and clinical endpoints.onal and clinical endpoints.
Functional (Functional TissueFunctional (Functional Tissue Engineering)Engineering)

–– Achieve certain functions; dispAchieve certain functions; display certain propertieslay certain properties
((e.ge.g., mechanical properties).., mechanical properties).

–– ProbleProblem: Difficult to measm: Difficult to measure aure all pll prroperties; Whichoperties; Which
mechanical properties are the most important?mechanical properties are the most important?

ClinicalClinical
–– Pain relief.Pain relief.
–– Problems:Problems: Can only be evalCan only be evaluated in human subjects anduated in human subjects and

the methe mechanisms (incchanisms (including theluding the placebo effect) and kineticsplacebo effect) and kinetics
of pain relief (of pain relief (e.ge.g., how., how long it wlong it wiill last) are unknoll last) are unknown.wn. 



SCAFFOLDSSCAFFOLDS

••
••
••
••
••

••
••
••
••

Chemical CompositionChemical Composition
CollagenCollagen--GAG (Yannas)GAG (Yannas)
PolyglycPolyglycololic/polic/polylactic acid (Langer and Freed)ylactic acid (Langer and Freed)
SelfSelf--asseassemblyingmblying proteins (Zhang)proteins (Zhang)
NanoNano--Ap/CollagenAp/Collagen CompositeComposite--self asseself assembly (Cui)mbly (Cui)
Chitin/chitosan (Chitin/chitosan (XuXu and others)and others)

Structure/ArchitectureStructure/Architecture
Fiber mesFiber meshh, li, like noke noododles (Langer and Freed)les (Langer and Freed)
Free Form FabricationFree Form Fabrication--33--D printing (D printing (YanYan))
SpongeSponge--like (Yannas and Cui)like (Yannas and Cui)
Fine filament mesh (Zhang)Fine filament mesh (Zhang)

Fiber mesh, 
like noodles

Scaffold Structures

Photos removed due to copyright restrictions. 



PRINCIPLES AND PRACTICEPRINCIPLES AND PRACTICE
OF TISSUEOF TISSUE ENGINEERINGENGINEERING

PrinciplPrincipleses
•• ScafScafffooldlds cans can regulatregulatee cellcell functionfunction by theiby theirr 

chemicalchemical makemake--upup
•• ScafScafffooldlds cans can regulatregulatee cellcell functionfunction by theiby theirr 

structustructurre/architecturee/architecture
PracticePractice
•• MethodsMethods for prodfor producing sucing sccafaffoldsfolds withwith 

selectedselected chemicalchemical compcomposiositiontion andand structustructurree

PRINCIPLESPRINCIPLES

••
••
••
••

Chemical CompositionChemical Composition
Pore SPore Structure/tructure/ ArchitArchitectureecture
DegradDegradationation RatRatee
MechaniMechaniccal Propal Propertieserties



PRINCIPLESPRINCIPLES

••

••

Chemical CompositionChemical Composition
ScafScafffooldlds cans can regulatregulatee cellcell functionfunction by theiby theirr 
chemicalchemical makemake--upup
–– Affects cell attachment through integrinAffects cell attachment through integrin

binding, or absence of attabinding, or absence of attachmentchment in tin thhe case ofe case of 
hydrogelshydrogels

–– Affects cell behavior through interactions wAffects cell behavior through interactions wiithth 
integrinsintegrins

DegradDegradationation rate andrate and mechanical propertimechanical propertieses 
are dependent on the chemical makeare dependent on the chemical make--upup

PRINCIPLESPRINCIPLES

••

••

••
••

••

Pore SPore Structure/tructure/ArchitectuArchitecturere
PercentPercentaage pge poorosrosiityty
–– number of cells that can be containednumber of cells that can be contained
–– strength of the materialstrength of the material

Pore diameterPore diameter
–– surface area and thsurface area and thee nunumber of adherent cellsmber of adherent cells
–– ability of cells to infiltrate the poresability of cells to infiltrate the pores

InterconInterconnectinnecting pore diameterg pore diameter
Orientation of poresOrientation of pores
–– can directcan direct cell grocell growwthth

Overall shape ofOverall shape of the devicethe device needs to fit the defectneeds to fit the defect 



PRINCIPLESPRINCIPLES

••

••
••

••

DegradDegradationation RatRatee
Too rapid does not alToo rapid does not allow for thlow for the pe prroperoper 
regenerative processes.regenerative processes.
Too slow interferes with remodeling.Too slow interferes with remodeling.
For synFor syntthetic polhetic polyymersmers regulated by blendingregulated by blending 
polymers with dpolymers with diifferentfferent ddeegradgradatiatioon ratn rateess 
((e.ge.g., PLA and., PLA and PGA).PGA).
For nFor naatutural pral poollyymers (mers (vizviz., collagen) by., collagen) by 
crosscross--linking.linking.

PRINCIPLESPRINCIPLES

••

••

••

••

Mechanical PropertiesMechanical Properties
Strength high enough toStrength high enough to resist fragmentation beforeresist fragmentation before
the cells synthesizthe cells synthesizee theirtheir owown extracellular matrix.n extracellular matrix.
Modulus of elasticity (stiffness) high enough toModulus of elasticity (stiffness) high enough to
resist compressive forces that would collapse theresist compressive forces that would collapse the 
pores.pores.
For synthetic polymers regulated by blendingFor synthetic polymers regulated by blending
polymers wpolymers with different mith different mechechanical propertiesanical properties andand 
by absorbable reinforcing fibers and particles.by absorbable reinforcing fibers and particles.
For natural polymers (For natural polymers (vizviz., collagen) by cross., collagen) by cross--
linklinking and reinforcinging and reinforcing wwithith mineral (mineral (oor byr by
mineralizmineralizaation processes) or synthetic polymerstion processes) or synthetic polymers
((e.ge.g., PLA).., PLA).



PRACTICEPRACTICE

MeMethothods fords for PrProducoducing Scing Scaaffoffolds*lds*
•• Fibers (Fibers (nnonon--woven and woven)woven and woven)
•• FreezeFreeze--drdryyiingng
•• SelfSelf--assemblyassembly
•• FreeFree--form manufacturingform manufacturing

** Need to consider the adNeed to consider the advantages and disadvantvantages and disadvantagesages 
wwiith respect to the proth respect to the production of scaffoduction of scaffolds wlds wiithth 
selected chemical compselected chemical composition and structureosition and structure

BIOMINERALIZATION AND SCAFFOLDSBIOMINERALIZATION AND SCAFFOLDS 
FOR BONE TISSUE ENGINEERINGFOR BONE TISSUE ENGINEERING

BiomineralizationBiomineralization

BiomimeticsBiomimetics
Synthesize scaffoldSynthesize scaffold 

matmaterialerials usings using 
principles andprinciples and 

processes underlyingprocesses underlying 
biomineralizationbiomineralization..

BiomineralizedBiomineralized
MaterialMaterials ass as 

Biomaterial ScaffoldsBiomaterial Scaffolds
UseUse bibiomineralomineraliizedzed

structustructurres as theyes as they 
natunaturallrally occuy occur orr or 

after treatmafter treatments forents for 
modificationmodification..



BIOMINERALIZATION AND SCAFFOLDSBIOMINERALIZATION AND SCAFFOLDS 
FOR BONE TISSUE ENGINEERINGFOR BONE TISSUE ENGINEERING

BiomineralizationBiomineralization

BiomimeticsBiomimetics
Synthesize scaffoldSynthesize scaffold 

matmaterialerials usings using 
principles andprinciples and 

processes underlyingprocesses underlying 
biomineralizationbiomineralization..

BiomineralizedBiomineralized
MaterialMaterials ass as 

Biomaterial ScaffoldsBiomaterial Scaffolds
UseUse bibiomineralomineraliizedzed

structustructurres as theyes as they 
natunaturallrally occuy occur orr or 

after treatmafter treatments forents for 
modificationmodification..

BONE GRAFTBONE GRAFTSS AND GRAFTAND GRAFT SUBSTITUTESSUBSTITUTES
(Scaf(Scaffolfolds for Bds for Boone Tissne Tissue Enginue Engineerineeringg))

ComponentComponentss Calcium PhCalcium Phosphateosphate
BoneBone of Boneof Bone CeramicsCeramics

AutograftAutograft MineraMineral Alonel Alone HydroxyapatiteHydroxyapatite
Allograft*Allograft* (Anorganic(Anorganic (Including Sintered(Including Sintered

XenograftXenograft Bone)Bone) Bone)Bone)
oror

OrganOrganic Mic Maatrtrix Aloneix Alone Tricalcium PhosphateTricalcium Phosphate 
((DemineralizDemineralizeed

Bone)Bone) OtheOtherr
Calcium SulfatCalcium Sulfatee

Calcium CarbonateCalcium Carbonate 
** WoWorks well; porks well; potential protential probbllemsems 

ooff ttrransmissionansmission ofof diseadiseassee andand 
llooww grgradeade iimmmune rmune reeacactitionon



BONE MINERAL VERSUSBONE MINERAL VERSUS 
SYNTHETIC HYDROXYAPATITESYNTHETIC HYDROXYAPATITE

SySyntheticnthetic
Bone MineralBone Mineral Calcium PhCalcium Phosphatesosphates

ChemicalChemical CalciumCalcium--deficientdeficient HydroxyapatiteHydroxyapatite
carbonate apatitecarbonate apatite WhitloWhitlockiteckite (TCP)(TCP)
and other calciumand other calcium
phosphate phasesphosphate phases

CrystallineCrystalline Small crysSmall crysttalline salline siizze;e; Large crystallites;Large crystallites;
noncrystalline phasenoncrystalline phase high crystallinityhigh crystallinity

MechanicaMechanicall LowLower strength;er strength; Dense;Dense; higherhigher 
lowlower moduluser modulus strength;strength;

higher modhigher moduuluslus

COMPRESSIVE PROPERTIESCOMPRESSIVE PROPERTIES

UltimateUltimate Modulus ofModulus of 
CoComp.mp. StrStr.. ElasticElasticityity

(MPa)(MPa) (GPa)(GPa)
Cortical BoneCortical Bone 140140 -- 200200 1414 -- 2020
Cancellous BoneCancellous Bone 55 -- 6060 0.70.7 -- 1.51.5
Synthetic HASynthetic HA 200200 -- 900900 3434 -- 100100
Bone MineralBone Mineral 2525 66

(anorganic bone)(anorganic bone)



M. Spector, J Microscopy 
1975;103:55

Mineralization of Collagen in Bone 

Schematic of collagen structure
removed due to copyright restrictions. 

Photos removed due to copyright restrictions. 



100 nm

V. Benezra Rosen, et al., 
Biomat. 243:921 (2002)

V. Benezra Rosen, et al., Biomat. 243:921 (2002)

The collagen fibril structure (diameter and periodic pattern) is
reflected in the organization of the apatite crystallite structure.

Photos removed due to copyright restrictions. 

Photos removed due to copyright restrictions. 



ISSUES RELATED TO PERFORMANCE OFISSUES RELATED TO PERFORMANCE OF 
BONE GRAFT SUBSTITUTE MATERIALSBONE GRAFT SUBSTITUTE MATERIALS

(Scaff(Scaffoldolds for Bone Tissue Engins for Bone Tissue Engineeering)ering) 

••

••

••

IncorpIncorporatioratioonn ooff thethe grgraft into hoaft into host bost bone (tone (to 
stabilize the graft materistabilize the graft material) by bone formational) by bone formation 
on the suon the surface ofrface of tthhe grafte graft matmateriaerial
((osteoconductionosteoconduction).).
OsteoclOsteoclaasticstic resresorptiorptioonn of the graft (vs.of the graft (vs. 
dissolutidissolution)on) may be impmay be impoortanrtant bt beecausecause 
osteoclosteoclaasststs releasreleasee regulregulaattoors ofrs of ososteobteoblaslast
function.function.
Modulus matchingModulus matching of the grafof the graft mt maateriterial to hostal to host 
bone tbone too prevent stress shprevent stress shielding.ielding.

Page 25 



ynthetic Hydroxyapatite Particles Implanted in Synthetic Hydroxyapatite Particles Implanted in 
a Periodontal Defect (Prof. Brion-Paris)

Defect in the Proximal Tibia Filled with 
Particles of Synthetic Hydroxyapatite, 1yr f-u

Failure Due to Lack of Modulus Matching

Photo removed due to copyright restrictions. 

Photo removed due to copyright restrictions. 



Comparison of NaturalComparison of Natural
Bone Mineral andBone Mineral and 
Synthetic HA in aSynthetic HA in a 

Rabbit ModelRabbit Model

Patella 

Patellar 
Ligament 

Site for Implantation 

Medial Collateral 
Ligament 

T. Orr, et al. 
Biomat. 2001;22:1953-1959 

RABBIT MODELRABBIT MODEL
Retrieval Jig Guide Pins 

Trephine 
T. Orr, et al. 
Biomat. 2001;22:1953-1959 

Page 27 



Implantation Time, weeks 

T. Orr, et al. 
Biomat. 2001;22:1953-1959 0 
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BONE GRAFT MATERIALSBONE GRAFT MATERIALS
(Scaff(Scaffoldolds for Bone Tissue Engins for Bone Tissue Engineeering)ering)

••

••

••

Allograft bone remains a valuable substance forAllograft bone remains a valuable substance for 
grafting;grafting; care must be tacare must be takenken witwithh resprespect to theect to the 
transmission of disetransmission of disease.ase.
Many offMany off--thethe--shelf bone graft substituteshelf bone graft substitute 
materials are nowmaterials are now available and should be ofavailable and should be of 
value for many applications.value for many applications.
NeedNeed to bto bee aawware ofare of hohoww tthhe ie inncrease in stiffnesscrease in stiffness 
caused by certain materials will affect thecaused by certain materials will affect the 
surrounding tissues so that wsurrounding tissues so that wee do not causedo not cause 
greater problems thgreater problems than wean we are trying to solve.are trying to solve.



BIOMINERALIZATION AND SCAFFOLDSBIOMINERALIZATION AND SCAFFOLDS 
FOR BONE TISSUE ENGINEERINGFOR BONE TISSUE ENGINEERING

BiomineralizationBiomineralization

BiomimeticsBiomimetics
Synthesize scaffoldSynthesize scaffold 

matmaterialerials usings using 
principles andprinciples and 

processes underlyingprocesses underlying 
biomineralizationbiomineralization..

BiomineralizedBiomineralized
MaterialMaterials ass as 

Biomaterial ScaffoldsBiomaterial Scaffolds
UseUse bibiomineralomineraliizedzed

structustructurres as theyes as they 
natunaturallrally occuy occur orr or 

after treatmafter treatments forents for 
modificationmodification..

Defect in the Proximal Tibia Filled with 
Particles of Synthetic Hydroxyapatite, 1yr f-u

Photos removed due to copyright restrictions. 



Porous Composite nHAC/PLA

FZ Cui, et al.

BIOMINERALIZATION AND SCAFFOLDSBIOMINERALIZATION AND SCAFFOLDS 
FOR BONE TISSUE ENGINEERINGFOR BONE TISSUE ENGINEERING

BiomineralizationBiomineralization

BiomimeticsBiomimetics
Synthesize scaffoldSynthesize scaffold 

matmaterialerials usings using 
principles andprinciples and 

processes underlyingprocesses underlying 
biomineralizationbiomineralization..

BiomineralizedBiomineralized
MaterialMaterials ass as 

Biomaterial ScaffoldsBiomaterial Scaffolds
UseUse bibiomineralomineraliizedzed

structustructurres as theyes as they 
natunaturallrally occuy occur orr or 

after treatmafter treatments forents for 
modificationmodification..

Porous Composite nHAC/PLA

Photos removed due to copyright restrictions. 



BIOMINERALIZATION AND SCAFFOLDSBIOMINERALIZATION AND SCAFFOLDS 
FOR BONE TISSUE ENGINEERINGFOR BONE TISSUE ENGINEERING

BiomineralizationBiomineralization

BiomimeticsBiomimetics
Synthesize scaffoldSynthesize scaffold 

matmaterialerials usings using 
principles andprinciples and 

processes underlyingprocesses underlying 
biomineralizationbiomineralization..

BiomineralizedBiomineralized
MaterialMaterials ass as 

Biomaterial ScaffoldsBiomaterial Scaffolds
UseUse bibiomineralomineraliizedzed

structustructurres as theyes as they 
natunaturallrally occuy occur orr or 

after treatmafter treatments forents for 
modificationmodification..

BIOMIMETIC BONE SCAFFOLDBIOMIMETIC BONE SCAFFOLD

NanoNano--HAp/collHAp/collagenagen ((nHACnHAC) composite was) composite was 
developed by mineralizdeveloped by mineralizing type I collagen in aing type I collagen in a 
solution of calcium phosphate.solution of calcium phosphate.

HA crystals and collagen molecules selfHA crystals and collagen molecules self--assembledassembled 
into a hierarchical structure through chemicalinto a hierarchical structure through chemical 
interaction, winteraction, whhichich resembresembled the natural processled the natural process 
of mineralizof mineralization of collagen fibers.ation of collagen fibers.

DuDu C,C, CuiCui FZFZ, Z, Zhhang Wang W,, etet alal.,., JJ BIOMBIOMEEDD MMAATERTER RES 50RES 50:51:5188 (200(2000)0)
ZZhhang W,ang W, LiaoLiao SSSS,, Cui FZCui FZ, CHE, CHEMM MATMATEER 15R 15::33222211 ((22000033))



Mineralization of Collagen in Bone 

In Tissue Engineering, growth factors and 
Cells are definite, but scaffold may be various 

depending on design. 

scaffold 

F-Z Cui, Tsinghua Univ., Beijing 

Slides courtesy of Prof. Fu-Zhai Cui. Used with permission. 

Schematic of collagen structure 
removed due to copyright restrictions.



•	 Thus, our object is to manufacture the scaffold 
with similarity to  the special natural ECM, in 
composition and hierarchical structure, as well as 
in physiology. 

•	 However, this object is not easy. In one hand, the 
exact structure and fabrication process are still 
obscure for many ECMs, from the opinion of 
Materials Engineering. In another hand, the 
available technology has not be able to  fabricating 
the known hierarchical structure of ECM. 

•	 We had made our effort in biomimetic fabrication 
of scaffold in bone, liver and brain. Here, is the 

example of bone scaffold.


Slides courtesy of Prof. Fu-Zhai Cui. Used with permission. 

Structure model of natural bone on molecule level

Image removed due to copyright restrictions.

See Landis, W. J., et. al. J Structural Biology 110, no. 39 (2003).



•	 The formation of a two-dimensional array of 
molecules as detailed by Hodge and Petruska 

•	 A three-dimensional array leading to the creation 
of extensive channels or gaps throughout the 
assemblage. 

•	 A number of cylindrically shaped molecules 300 
nm in length and 1.23 nm in width aggregated in 
parallel. 

• Our aim is to make it in lab. 

Biomimetic Fabrication of Artificial 
Bone 

�The nano-HAp/collagen (nHAC) composite has been developed for 
the first time by mineralizing the type I collagen in the solution of 
calcium phosphate. 
HA crystals and collagen molecules self-assembled into a hierarchical 
structure through chemical interaction, which resembles the natural 
process of mineralization of collagen fibers 

Du chang et al, JBMR 1999 

zhang wei et al, Chem Mater 2003 

Slides courtesy of Prof. Fu-Zhai Cui. Used with permission. 



Slides courtesy of Prof. Fu-Zhai Cui. Used with permission. 

HRTEM of 
mineralized 
collagen fibers.

SEM morphology of the 
porous composite 
nHAC/PLA.

Photo removed due to copyright restrictions. 

See Zhang, W., S. S. Liao, and F. Z. Cui.  “Hierarchical Self-assembly


 of Nano-fibrils in Mineralized Collagen.” Chemistry of Materials 15, 

no. 16 (Aug 12, 2003): 3221-3226.


Photo removed due to copyright restrictions.

See Liao, S. S., F. Z. Cui, W. Zhang, et. al.

"Hierarchically Biomimetic Bone Scaffold Materials: Nano-HA/collagen/PLA Composite."

Journal of Biomedical Materials Research Part B: Applied Biomaterials 69B, no. 2

(May 15, 2004): 158-165.




(C) (D)

Group nHAC/PLA+rhBMP-2 4 

weeks,


the new trabecular bone (TB)

distribute in the whole 

fusion mass area, the mature 

bone matrix were shown as

particle to block, 200× and 

100×. The white arrows 

refer to the osteoblast and

osteocyte around the new

trabecular bone.


Slides courtesy of Prof. Fu-Zhai Cui. Used with permission. 

TEM micrographs of nHAC/PLA material; insert is selected 
area of the electron pattern of the central part of the image.

Photo removed due to copyright restrictions.

See Liao, S. S., F. Z. Cui, W. Zhang, et. al.

"Hierarchically Biomimetic Bone Scaffold Materials: Nano-HA/collagen/PLA Composite."

Journal of Biomedical Materials Research Part B: Applied Biomaterials 69B, 
no. 2 (May 15, 2004): 158-165. 






Slides courtesy of Prof. Fu-Zhai Cui. Used with permission. 

Image removed due to copyright restrictions.

Diagram of "Lumbar Intertransverse Spinal Fusion of Rabbits."




Slides courtesy of Prof. Fu-Zhai Cui. Used with permission. 




