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Cartilage Structure and CompositionCartilage Structure and Composition

Collagen fibrils

PGA

Nonlinearity Inhomogeneity Anisotropy

• Type II collagen 
10%-30% per wet wt

• Proteoglycans 3%-
10% per wet wt

• Water 60%-87%

• Proteins, 
glycoproteins, lipids

• Chondrocytes

Mow and Hayes, 1997

Superficial Zone (SZ)Superficial Zone (SZ)

Deep Zone (DZ)Deep Zone (DZ)

Calcified cartilage (CZ)Calcified cartilage (CZ)

Middle Zone (MZ)Middle Zone (MZ)

TidemarkTidemark

Articular surfaceArticular surface

Subchondral boneSubchondral bone
Cancellous boneCancellous bone

ZonesZones

40 nm.



MEMS Pressure TransducerMEMS Pressure Transducer
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Creep ResultsCreep Results
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Human Glenohumeral Joint Cartilage 
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Huang et al. (2005) Fluid Load Support in Unconfined CompressionFluid Load Support in Unconfined Compression
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Dynamic Response in Unconfined CompressionDynamic Response in Unconfined Compression
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Joint LoadingJoint Loading

• Contact stress: 2-8 MPa
Ahmed et al., 1983
Brown et al., 1984

• Equilibrium Compressive Modulus: 
0.1-1.0 MPa
Mow et al., 1980
Huang et al., 1999

• Dynamic Compressive Modulus:  
15-40 MPa
Park et al., 2002

Dynamic Strain DeviceDynamic Strain Device

• Eccentric Cam

• Impermeable Platen -
unconfined compression

• Adjustable Strain 
magnitude

• Adjustable Loading 
Frequency (0-3 Hz)

• Eccentric Cam

• Impermeable Platen -
unconfined compression

• Adjustable Strain 
magnitude

• Adjustable Loading 
Frequency (0-3 Hz)

disk

00

2020

4040

6060

8080

100100

120120

140140

Results - 28 days of loadingResults - 28 days of loading

E
qu

ili
br

iu
m

 A
gg

re
ga

te
M

od
ul

us
 (

kP
a)

E
qu

ili
br

iu
m

 A
gg

re
ga

te
M

od
ul

us
 (

kP
a)

Mauck et al., J Biomech Eng,
June 2000

Day 0Day 0 Day 3Day 3 Day 14Day 14 Day 21Day 21 Day 28Day 28Day 7Day 7

Free SwellingFree Swelling

Day 0Day 0

Day 28Day 28

1Hz loading, 10% peak-to-peak strain, 3 cycles of 1hr on/ 1 hr off1Hz loading, 10% peak-to-peak strain, 3 cycles of 1hr on/ 1 hr off

**

**
****

Dynamically LoadedDynamically Loaded

Day 28
Loading
Day 28
Loading

Optimization – Gross AppearanceOptimization – Gross Appearance

Day 42
thickness (mm)

Day 42
thickness (mm)

Free
Swelling

Free
Swelling

10 x 106 cells/ml10 x 106 cells/ml

10% FBS10% FBS

2.57 ± 0.122.57 ± 0.12

Dynamically
Loaded

Dynamically
Loaded

2.47 ± 0.042.47 ± 0.04

20% FBS20% FBS

2.83 ± 0.022.83 ± 0.02

2.36 ± 0.03*2.36 ± 0.03*

20% FBS20% FBS10% FBS10% FBS

60 x 106 cells/ml60 x 106 cells/ml

2.91 ± 0.022.91 ± 0.02 2.92 ± 0.042.92 ± 0.04

2.44 ± 0.03*2.44 ± 0.03* 2.56 ± 0.10*2.56 ± 0.10*

Mauck et al 2003

Optimization – 60 x 106 cells/mlOptimization – 60 x 106 cells/ml
* = p<0.02

n = 3-4
* = p<0.02

n = 3-4

Free - SwellingFree - Swelling
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� Dynamic Modulus

� Day 56 

� 60 x 106 cells/ml

� 20% FBS

� 30 ml DMEM 
overnight culture

� Dynamic Modulus
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Joint Specific Agarose ConstructsJoint Specific Agarose Constructs

Patellofemoral joint:
retropatellar articular layer

Patellofemoral joint:
retropatellar articular layer

Thumb trapeziometacarpal joint:
metacarpal articular layer

Thumb trapeziometacarpal joint:
metacarpal articular layer

Biologic ArthroplastyBiologic Arthroplasty

Hung et al 2003

MR Imaging SequenceMR Imaging Sequence
• 3D SPGR with Fat 

Suppression

• 1.5 T magnet (Signa 
Horizon, GE)

• extremity coil 
• TR=55, TE=5, flip 

angle=40°
• 12 cm field of view
• 0.47 mm/pixel
• 1.0 mm slice 

thickness
• 12 minutes

+
+
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+
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+

Automated
MRI 

segmentation

Automated
MRI 

segmentation Cohen et al 1999

Anatomic Osteochondral ConstructsAnatomic Osteochondral Constructs

Human PatellaHuman Patella

CNC millingCNC milling

mold collar-bonemold collar-bone

Hung+, J. Biomechanics 2003Hung+, J. Biomechanics 2003
Hung+, Ann Biomed Eng 2004Hung+, Ann Biomed Eng 2004

Cell-seeded
Anatomically 

Correct
Bilayer 

Constructs

Cell-seeded
Anatomically 

Correct
Bilayer 

Constructs

Anatomic Osteochondral ConstructsAnatomic Osteochondral Constructs
10 mm

Long-Term 
Culture

Long-Term 
Culture

Enhancing Material Properties and CompositionEnhancing Material Properties and Composition

Day 31Day 31
Chondrogenic Media:

DMEM, 1% ITS+, 
0.1 µM Dexamethasone,

50 µg/mL Stabilized Ascorbate
10 ng/mL TGF-ß3 (1st 14 days)

Media changed every 48 h
5% CO2, 37OC

Chondrogenic Media:
DMEM, 1% ITS+, 

0.1 µM Dexamethasone,
50 µg/mL Stabilized Ascorbate
10 ng/mL TGF-ß3 (1st 14 days)

Media changed every 48 h
5% CO2, 37OC

ControlControl

AgaraseAgarase

Agarase
50 u /mL

48 h @ 37 C

Agarase
50 u /mL

48 h @ 37 C

Constructs:
30 x 106 chondrocytes/mL

2% type VII agarose
Ø4.0 x 2.3 mm

Constructs:
30 x 106 chondrocytes/mL

2% type VII agarose
Ø4.0 x 2.3 mm

Byers, et al. 2006, Mauck, et al. 2006Byers, et al. 2006, Mauck, et al. 2006
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Ng et al 2006 Tissue Collagen ContentTissue Collagen Content
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Improvements in Engineered Cartilage:Improvements in Engineered Cartilage:

EEYY GAGGAG G*G* CollagenCollagen

Native CartilageNative Cartilage

Bian, et al. 2006Bian, et al. 2006 ~1000 kPa~1000 kPa ~6 %ww~6 %ww ~14 MPa~14 MPa ~25 %ww~25 %ww

TE CartilageTE Cartilage

Mauck, et al. 2003Mauck, et al. 2003 ~185 kPa~185 kPa ~4 %ww~4 %ww ~1.6 MPa~1.6 MPa ~2 %ww~2 %ww

Seidel, et al. 2004Seidel, et al. 2004 ~300 kPa~300 kPa ~4 %ww~4 %ww N/AN/A ~3 %ww~3 %ww

Byers, et al. 2006Byers, et al. 2006 ~800 kPa~800 kPa ~6 %ww~6 %ww ~3 MPa~3 MPa ~3 %ww~3 %ww

Lima , et al. 2007Lima , et al. 2007 ~1300 kPa~1300 kPa ~8 %ww~8 %ww ~4 MPa~4 MPa ~3 %ww~3 %ww

TE CartTE Cart

Art CartArt Cart

In Vivo Studies: Allogenic Cell Source (canine)In Vivo Studies: Allogenic Cell Source (canine)

•• Cell expansion with growth factor cocktail before seedingCell expansion with growth factor cocktail before seeding
•• Culture with TGFCulture with TGF--B3 continuously (Cont) or 2 weeks (2W)B3 continuously (Cont) or 2 weeks (2W)
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Our First In vitro Tests: Gel-onlyOur First In vitro Tests: Gel-only

Cook+, Trans. Orthop. Res. Soc., 2004Cook+, Trans. Orthop. Res. Soc., 2004

Construct
Bone

Cart ilage

Comparative Orthopaedic Laboratory, University of Missouri
Columbia, Missouri 65211

Comparative Orthopaedic Laboratory, University of MissouriComparative Orthopaedic Laboratory, University of Missouri

Columbia, Missouri 65211Columbia, Missouri 65211

Canine in vivo Model: Agarose discs in focal defectsCanine in vivo Model: Agarose discs in focal defects

In Vivo Studies: Mechanical PropertiesIn Vivo Studies: Mechanical Properties

�  Good construct integration to cartilage and boneÖ

*
*

500 µm

Implant Core Cartilage Core
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Osteochondral Constructs: bovine chondrocytesOsteochondral Constructs: bovine chondrocytes

Role of soluble mediators?Role of soluble mediators?

Day 14

Day 42
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* *
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Chondral Region

Bony Region

Osteochondral Constructs
bovine chondrocytes

Osteochondral Constructs
bovine chondrocytes
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Integration Strength 

Measurement
Day 42 Tantalum 

Group
Day 0 Native Cart

Peak load (N) 1.4 ± 0.6 6.0 ± 0.8
Stiffness (N/mm) 2.9 ± 1.2 21.4 ± 13.4
Energy to Failure (J/m 2) 109 ± 49 386 ± 123

*

*

Moving to Cylindrical OsteochondralMoving to Cylindrical Osteochondral

Comparative Orthopaedic Laboratory, University of Missouri
Columbia, Missouri 65211

Comparative Orthopaedic Laboratory, University of MissouriComparative Orthopaedic Laboratory, University of Missouri

Columbia, Missouri 65211Columbia, Missouri 65211

Canine in vivo Model: Agarose and Tantalum in Focal DefectsCanine in vivo Model: Agarose and Tantalum in Focal Defects

Inserting 
Construct
Inserting 
Construct

3 Constructs
Per dog

3 Constructs
Per dog

3 dogs Total3 dogs Total

In Vivo Studies: Mechanical PropertiesIn Vivo Studies: Mechanical Properties
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X-ray: Implanted

X-ray: Empty Control
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Canine in vivo Model : 
Generating Anatomically-Shaped Molds
Canine in vivo Model : 
Generating Anatomically-Shaped Molds

Canine Knee

• CAT Scan
• 3 year old
• 30 lbs
• Trace Segments

Canine Knee

• CAT Scan
• 3 year old
• 30 lbs
• Trace Segments

James L. Cook, DVM, PhD

Comparative Orthopaedic Laboratory, University of Missouri
Columbia, Missouri 65211

James L. Cook, DVM, PhDJames L. Cook, DVM, PhD

Comparative Orthopaedic Laboratory, University of MissouriComparative Orthopaedic Laboratory, University of Missouri

Columbia, Missouri 65211Columbia, Missouri 65211

Generating Anatomically-Shaped MoldsGenerating Anatomically-Shaped Molds

•• Generate CAD DesignGenerate CAD Design •• Rapid Prototype MoldRapid Prototype Mold



Canine in vivo Model : 
Generating Anatomically-Shaped Molds
Canine in vivo Model : 
Generating Anatomically-Shaped Molds

James L. Cook, DVM, PhD

Comparative Orthopaedic Laboratory, University of Missouri
Columbia, Missouri 65211

James L. Cook, DVM, PhDJames L. Cook, DVM, PhD

Comparative Orthopaedic Laboratory, University of MissouriComparative Orthopaedic Laboratory, University of Missouri

Columbia, Missouri 65211Columbia, Missouri 65211

Canine in vivo Model : Canine in vivo Model : 
Implantation of Patella ConstructsImplantation of Patella Constructs

Canine in vivo Model: 
Biologic Patella Replacement
Canine in vivo Model: 
Biologic Patella Replacement

James L. Cook, DVM, PhD

Comparative Orthopaedic Laboratory, University of Missouri
Columbia, Missouri 65211

James L. Cook, DVM, PhDJames L. Cook, DVM, PhD

Comparative Orthopaedic Laboratory, University of MissouriComparative Orthopaedic Laboratory, University of Missouri

Columbia, Missouri 65211Columbia, Missouri 65211

Anatomical Osteochondral ConstructsAnatomical Osteochondral Constructs

Unsuccessful outcomes

Mature constructImmature construct

SummarySummary

l Agarose: biocompatible, retains matrix products
l Dynamic loading enhances properties
l TGF-b3 release enhances properties
l Native trabecular bone is a poor substrate
l Porous tantalum is a good substrate
l Technology for molding and implanting 

anatomical constructs is successful
l Successes with bovine chondrocytes not 

matched with canine chondrocytes

l Agarose: biocompatible, retains matrix products
l Dynamic loading enhances properties
l TGF-b3 release enhances properties
l Native trabecular bone is a poor substrate
l Porous tantalum is a good substrate
l Technology for molding and implanting 

anatomical constructs is successful
l Successes with bovine chondrocytes not 

matched with canine chondrocytes



SummarySummary

l Equilibrium properties = native values
l Dynamic properties < native values
l Insufficient collagen synthesis
l Long in vitro culture improves in vivo outcome

l Future directions
� Pre-condition constructs with dynamic loading
� Assess maximum construct size for partial defects
� Increase collagen content
� Assess interspecies differences

l Equilibrium properties = native values
l Dynamic properties < native values
l Insufficient collagen synthesis
l Long in vitro culture improves in vivo outcome

l Future directions
� Pre-condition constructs with dynamic loading
� Assess maximum construct size for partial defects
� Increase collagen content
� Assess interspecies differences


