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various materials 
Values of the elastic or Young’s modulus for 
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Right tibia (somewhat non-
isotropic and nonlinear) 

Longitudinal 
direction 

Radial direction 

Microscopic -
sarcomere level 

Striated 
muscle 

Macroscopic view 

A - resting 

B - max contraction 

C - active component 
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Collagen -- single 
molecule 
characteristics 

procollagen. 
Type II 

Curve-fit: Marko-
Siggio WLC 
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Striated 
appearance of 
collagen fibrils 
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Collagen fiber arrangement in skin 
and cornea with alternating directions 
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ACL -- different strain rates


Range of linearity. 

E = d(stress)/d(strain) = 109 Pa 
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Collagen derives its stiffness, not from the single molecule 
characteristics of collagen, but rather from the straightening 

Cornea, M. 
Johnson, J. Ruberti 

of “wavy” collagen fibers 

Start 3/12 
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Entropic elasticity


Elastin -- note linearity, 
small hysteresis. 

Normally found 
intertwined with collagen. 

Provides the 
“stretchiness” of tissues. 

Combination of single-
molecule characteristics 
and microscale structure. 
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Canine aorta showing elastic fiber 
content. 

Histological cross-section 

artery stained for smooth 
muscle cells. 

Elastic response 
initially, then stiff, 
collagen response at 
high degrees of 
extension. 

H=hypertensive 

High wall stress 
leads to functional 
remodeling! 

of a diseased carotid 
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Lung parenchyma 

Mostly air, parenchyma mostly elastin and collagen. 

Effect of 
collagen at 
high degrees 
of extension 

Mostly linear response at 
small extensions 

Effect of surface 
tension of gas-
liquid interface 

Proteoglycans (PGs) and 
glycosaminoglycans (GAGs) 

a) GLYCOSAMINOGLYCANS (GAGs) form gels 
i) polysaccharide chains of disaccharide units 
ii) too inflexible and highly charged to fold in a compact way 
iii) strongly hydrophilic 
iv) form extended conformations and gels 
v) osmotic swelling (charge repulsion) 
vi) usually make up less than 10% of ECM by weight 
vii) fill most of the ECM space 
viii) four main groups 

a. hyaluronan
b. chondroitin sulfate and dermatin sulfate
c. heparin sulfate and heparin
d. keratin sulfate
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b) Proteoglycans (PGs) 
i) form large aggregates 
ii) aggrecan is a large proteoglycan in cartilage 
iii) decorin is secreted by fibroblasts 
iv) PGs have varying amounts of GAGs. 
v) PGs are very diverse in structure and content 
vi) PGs and GAGs can also complex with collagen 
vii) secreted proteoglycans have multiple functions 
viii) some PGs are not secreted 
ix) PG/GAGs have important roles in cell-cell 
signaling 
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Quick-freeze, deep-etch TEM of cornea (100,000x) 

M. Johnson, J. Ruberti 

Striations can 
be seen on the 
collagen fibers. 
PGs can be 
seen bridging 
between the 
collagen fibers. 
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HA core. Scale bar 1 micron 

Single hyaluronic acid 
using 

optical trap. Typical of 

described before. 

Aggrecan proteoglycans with 

(HA) molecule 

the WLC models 

Ave. GAG length: ~36 nm 

Inter-GAG spacing: 4-5 nm 

(L. Ng, C. Ortiz, A. Grodzinsky) 

50 nm 

Atomic Force Microscopy of Aggrecan 

Aggrecan Chondroitin 

sulfate GAG Chains 

(Fetal Bovine) 

15




TISSUE 

Electrostatic: GAG 

other 

TISSUE 

NaCl 

Shear Modulus 

16




Shear Modulus: (Dynamic @ 0.5Hz, 0.8% strain)


Jin+, Macromolecules, 2001 

Equilibrium G 

Dynamic G 

Dynamic Phase 

Like charge repulsion accounts for a large fraction (~50%) of 
the stiffness in tissues with high GAG content. 

These effects can be eliminated either by shielding 
(importance of Debye length -- BE.430!) with counter-ions or 
neutralization by changing pH. 

+ + + + + ++ + 
+ ++ + + + 

+ ++ + 
+ ++ ++ + + + + + 
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Strain 

Stress
 (N/m^2) 

Linear behavior up to 
fracture 

Relatively low 
toughness due to small 
fracture strain 

Leon, et al., 1998 

a bneedle needle 

peptide 
matrix 

peptide 
matrix 

plastic 
mesh 

Stress-Strain Behavior of KFE12 
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Gelation at 6 < pH < 10 

Equilibrium Bath pH 
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Fraction Ionized 

pK(K) ~ 10.5 

Activation barrier is due to like charge repulsion. 

Therefore, gelation occurs when KFE12 has net zero charge 
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a) fibronectin 
i) principal adhesion protein of connective tissues 
ii) fibronectin is a dimeric glycoprotein 
iii) fibronectin interacts with other molecules 

b) laminin 
i) found in basal laminae 

iii) has various binding sites 
iv) assembles networks of crosslinked proteins 

c) integrins 
i) cell surface receptor, for attachment of cells to 
ECM 
ii) family of transmembrane proteins 
iii) two subunits, alpha and beta 
iv) about 20 different integrins 
v) binding sites for ECM components 
vi) binding sites for the cytoskeleton and linkage to 
ECM 

ADHESION PROTEINS 

ii) form mesh-like polymers 

20




21




22




<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /All
  /Binding /Left
  /CalGrayProfile (None)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (U.S. Web Coated \050SWOP\051 v2)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Warning
  /CompatibilityLevel 1.5
  /CompressObjects /Tags
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJDFFile false
  /CreateJobTicket false
  /DefaultRenderingIntent /Default
  /DetectBlends true
  /ColorConversionStrategy /sRGB
  /DoThumbnails false
  /EmbedAllFonts true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams false
  /MaxSubsetPct 100
  /Optimize true
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveEPSInfo false
  /PreserveHalftoneInfo false
  /PreserveOPIComments false
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts true
  /TransferFunctionInfo /Apply
  /UCRandBGInfo /Remove
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /DownsampleColorImages true
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 150
  /ColorImageDepth -1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages true
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /ColorImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /AntiAliasGrayImages false
  /DownsampleGrayImages true
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 150
  /GrayImageDepth -1
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages true
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /GrayImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /AntiAliasMonoImages false
  /DownsampleMonoImages true
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 300
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects true
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile (None)
  /PDFXOutputCondition ()
  /PDFXRegistryName (http://www.color.org)
  /PDFXTrapped /False

  /Description <<
    /JPN <FEFF3053306e8a2d5b9a306f300130d330b830cd30b9658766f8306e8868793a304a3088307353705237306b90693057305f00200050004400460020658766f830924f5c62103059308b3068304d306b4f7f75283057307e305930023053306e8a2d5b9a30674f5c62103057305f00200050004400460020658766f8306f0020004100630072006f0062006100740020304a30883073002000520065006100640065007200200035002e003000204ee5964d30678868793a3067304d307e30593002>
    /DEU <>
    /FRA <>
    /PTB <>
    /DAN <>
    /NLD <>
    /ESP <>
    /SUO <>
    /ITA <>
    /NOR <>
    /SVE <>
    /ENU <>
  >>
>> setdistillerparams
<<
  /HWResolution [300 300]
  /PageSize [612.000 792.000]
>> setpagedevice


