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Nanomechanics of Murine Articular Cartilage Reveals the Effects of Chondroadherin Knockouts 
M. Batista1,2, A.J. Grodzinsky2,3,4, C. Ortiz1

,  D. Heinegard5, L. Han1 
Departments of 1Material Science and Engineering, 2Biological Engineering, 3Electrical Engineering and Computer Science, 4Mechanical 

Engineering 
77 Massachusetts Avenue, Massachusetts Institute of Technology, Cambridge, MA, 02139 

5Department of Rheumatology, University of Lund, Lund, Sweden 

Previous biomechanical studies of articular cartilage have focused primarily on its major molecular constituents, collagen and aggrecan. Despite 
their important roles in cartilage matrix formation, integrity, and function, other cartilage biomolecules have received less attention. Direct 
quantification of cartilage biomechanical properties using murine knockout models can provide important insights into how these molecules affect 
the function and pathology of cartilage. This study focuses on chondroadherin (CHAD), a leucine-rich repeat protein from the territorial matrix, 
which binds to type II collagen and the integrin α2β1, and is hypothesized to function in the communication between cells and their surrounding 
matrix as well as in the regulation of collagen fibril assembly. Femoral condyles from murine knee joints were dissected from the hind legs of wild 
type and CHAD knockout specimens with ages of 1 year, 4 month, and 11 weeks (n≥4 joints for each group). AFM-based nanoindentation was 
performed on the femoral medial condyle of each specimen using a gold-coated SiO2 spherical colloidal probe tip (spring constant ~ 4.5 N/m, end 
radius ~ 2.5 μm), functionalized with a neutral, hydrophilic self-assembled monolayer (11-mercaptoundecanol). All the tests were conducted in 
PBS with 0.1-10 μm/s z-piezo displacement rates. The effective indentation modulus, Eind, was calculated in the loading portion of each force-
indentation depth curve using the Hertz model to account for tip geometry. For all the tested age groups, the CHAD-knockout cartilage had 
significantly lower Eind at all indentation rates (p<0.05, 2-way ANOVA). For example, Eind was 0.77±0.1 MPa (mean±SEM) for 1 year wild type 
specimens and 0.25±0.07 MPa for CHAD knockout specimens at 1.0 μm/s. The same effect was observed among the 4 month and 11 week 
groups, in which Eind was significantly lower for CHAD knockout specimens. In addition, significant increase in Eind with indentation rate for all 
specimens (pFriedman<0.05) suggested the presence of poroviscoelastivity in both wild type and CHAD knockout joints. The results of this study 
demonstrated a significant reduction in compression resistance of the cartilage tissue in the absence of CHAD macromolecules. This weakening of 
cartilage tissue appears to be consistent with the hypothesis that CHAD has a biomechanically important function as a connecting linkage in the 
formation of an appropriately assembled fibrillar collagen network. Lack of CHAD appears to weaken development of the load bearing 
extracellular matrix. This could consequently affect the local concentration and compressive resistance of aggrecan, and influence osmotic 
swelling pressure and permeability. Ongoing studies are investigating the biochemical properties and nanostructure of CHAD-knockout murine 
joints, to provide further evidence on the important role of CHAD in cartilage tissue formation and function.  
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Molecular Interactions between Aggrecan and Collagen from the Cartilage Extracellular Matrix 

Fredrick P. Rojas,1 Alan J. Grodzinsky,2,3,4 Christine Ortiz1, and Lin Han1 

Departments of 1Materials Science and Engineering, 2Biological Engineering, 3Electrical Engineering and Computer Science, and 4Mechanical Engineering,  
Massachusetts Institute of Technology, Cambridge, MA 

The functional behavior of articular cartilage is dependent on the integrated interactions of its extracellular matrix molecular constituents including the fibrillar 
collagen network and negatively charged proteoglycans, such as aggrecan. Understanding interactions between these molecules will provide important insights 
into the mechanistic origins of cartilage biomechanical behavior. In this study, atomic force microscopy (AFM) was utilized to quantify the interactions between 
a spherical probe tip (R ~ 2.5μm) end-functionalized with aggrecan at physiological-like packing densities, and the surface of trypsin-treated, proteoglycan-
depleted cartilage samples, consisting primarily of type II collagen fibrils, in physiological-like aqueous conditions. The aggrecan-collagen interactions were 
measured by: 1) indenting into the trypsin-digested cartilage disk up to a depth of ~ 500 nm at 0.5 μm/s indentation rate; 2) holding at this constant indentation 
depth for a given surface dwell time (t = 0 – 60 s); and 3) retracting from the sample at the same indentation rate as loading. This experiment was repeated for 
cartilage disks obtained from a minimum of three calf knee joints, in various aqueous solutions (NaCl, ionic strength (IS) = 0.01 – 1.0M; phosphate buffered 
saline without Ca2+, IS = 0.15M; NaCl, IS = 0.15M with [Ca2+] = 0 – 20mM). The maximum adhesion force and energy were extracted from each of the 
retraction force-indentation depth curves. For the aggrecan-tip, heterogeneous long-range adhesion was observed up to ~ 2.5 μm upon retraction from the surface 
after indentation for all dwell times. The adhesion force, Fad, showed an asymptotic, nonlinear increase with t, reaching a maximum of 3.1±0.2 nN at t = 60 s. 
Aggrecan-collagen interactions displayed a significant dependence on IS (p < 0.001), where Fad varied from 2.5±0.2 nN at 0.01M NaCl to 4.3±0.3 nN at 1.0M 
NaCl (t = 30 s); as well as a significant [Ca2+]-dependence (p < 0.001), where Fad increased from 2.95±0.2 nN with a [Ca2+] = 0mM to 7.4±0.3 nN with a [Ca2+] = 
20 mM (0.15M NaCl, t = 30 s). Aggrecan-collagen interactions displayed ~50% higher magnitude in adhesion force and ~ 3× longer adhesion distance than 
previously studied aggrecan-aggrecan interactions. Our results provide a quantitative assessment of the magnitude and environmental dependence of the 
molecular interactions between aggrecan and collagen. These molecular interactions are important in determining the overall integrity of the cartilage 
extracellular matrix and the relative mobility of matrix molecules, such as aggrecan, within the fibril network during tissue deformation. Understanding 
aggrecan-collagen interactions can provide additional insights into normal cartilage tissue function (e.g., osmotic swelling, hydraulic permeability and energy 
dissipation) and altered function in disease states, as well as a molecular perspective for approaches to tissue engineering. 
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Theoretical Analysis and Tunable Design of the Failure of Synthetic and Biological Suture Joints 

Authors:  Y.N. Li, C. Ortiz, M.C. Boyce 

Abstract:  

   Suture joints are composite mechanical structures that are most often composed of compliant interdigitating seams connecting stiffer 
components. Suture joints with different types of interfacial geometries (e.g. triangle, sinusoid, trapezoid and fractal) are found throughout nature 
and serve to bear and transmit loads, absorb energy, and provide flexibility to accommodate growth, respiration and/or locomotion. One 
fascinating feature of suture joints is tunable failure over a large range depending on the interfacial geometry. To investigate this topic, an 
analytical composite model for a triangular “sawtooth” suture joint was developed which assumes perfect bonding between the stiffer “teeth” and 
the more compliant interfacial layer. Additionally, analogous 2D finite element analysis (FEA) numerical models (ABAQUS 6.9) were formulated 
that possessed cohesive bonding between the tooth components and interfacial layer. To capture the effects of evolution of nano-/micro cracks in 
the post-failure process, both linear and exponential damage evolution laws were used to quantitatively describe the degradation rate of material 
stiffness during crack propagation.  Parametric studies were carried out to investigate the role of sawtooth angle (5o~150o), tooth/interface volume 
fraction (0.6/0.4~0.95/0.05), and material properties of the tooth/interface (stiffness ratio in a range of 100~10,000) on the failure mechanisms and 
strength of the suture joints. For most simulations, suture joints were observed to fail either within the stiffer “tooth” components or by interfacial 
failure, although for a few cases, the two mechanisms occurred simultaneously.  The mechanism of tooth failure exhibited the maximum failure 
strength. Through this parametric analysis, it was found that when the tooth and interface fail simultaneously, the fracture energy locus reaches a 
cusp at an optimal tip angle. Thus, it is concluded that an optimal geometry with the maximum failure strength and energy corresponds to the 
transition of the two failure mechanisms. Consequently, substantial advantages in stiffness, strength and energy absorption for a given volume and 
weight are achieved. The conclusions from this investigation provide a guideline for optimal design of suture joints. 
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Title:  

Structural and Mechanical Studies of the Individual Building Block of a Transparent Natural Armor of Placuna placenta 

Author and Affiliations:  

Ling Li1 and Christine Ortiz1 

1. Department of Materials Science and Engineering, Massachusetts Institute of Technology, 77 Massachusetts Avenue, RM 13-4022, 
Cambridge, MA 021239, USA 

A number of species of mollusks possess transparent and highly mineralized exoskeletons which combine both optical and protective mechanical 
functionalities. These biomaterials are composed of nanoscale building blocks which minimize the scattering and absorption of light, as well as 
resist penetration, dissipate energy and localize fracture. Here, we investigate the nanostructure and mechanical behavior of the transparent 
shell of the mollusk, Placuna placenta (Linnaeus 1785). The foliated layer is an organic-inorganic nanocomposite composted of ~99 wt% calcite 
and 1 wt% organic, and consists of ~1750 individual layers. Each individual building block in the foliated layer is an elongated diamond-shaped 
plate with a length of 141.8 ±43.4 µm, width of 5.54±1.36 µm, thickness of 294±84 nm, and tip angle of 10.45±2.95°. Transmission electron 
microscopy analysis show that spherical-shaped organic inclusions (diameter: 47±25nm) uniformly distributed within the crystalline building 
block (estimated volume fraction of intracrystalline organics: 2.8%). The mechanical behavior of the individual plates was quantified using an 
atomic force microscopy (AFM)-based nano-/micro-three-point bending experiments. The bending samples were prepared using a Dual-Beam 
Focused Ion Beam and the dimensions of each individual sample were quantified using scanning electron microscopy (SEM, typical dimensions, 
length: 10 µm, width: 0.8 µm, height: 0.3 µm). Customized AFM probes with a well-defined wedge geometry (angle: 60°, length: 1.1 µm, and 
height: 5 µm) were used for the bending experiment. Force/displacement curves were recorded using a 3D Molecular Force Probe (Asylum 
Research, CA), which maintains a closed loop X/Y/Z function on loading and unloading (maximum force: ~ 18 µN) in ambient conditions (number 
of samples, n=5) at displacement rates 0.1-5.0 µm/s. The lack of any loading-unloading hysteresis and permanent deformation (verified by SEM) 
indicated a purely elastic response. The predictions of an isotropic, elastic 3D finite element model of the beam exhibited an excellent fit to the 
experimental data (typical R-square values > 0.999), and allowed for estimation of Young’s modulus as found to be 86± 9 GPa. This relatively high 
stiffness may be attributed to low organic content, which is also believed to enhance transparency by reducing scattering and absorption. The 
nanoscale material characteristics found in this study might be served as design principles for high-performance synthetic transparent armor 
materials.  


