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Abstract

While it is well established that the composition and 
organisation of articular cartilage dramatically change 
during skeletal maturation, relatively little is known 
about how this impacts the mechanical properties of the 
tissue. In this study, digital image correlation was first 
used to quantify spatial deformation within mechanically 
compressed skeletally immature (4 and 8 week old) and 
mature (1 and 3 year old) porcine articular cartilage. 
The compressive modulus of the immature tissue was 
relatively homogeneous, while the stiffness of mature 
articular cartilage dramatically increased with depth 
from the articular surface. Other, well documented, 
biomechanical characteristics of the tissue also emerged 
with skeletal maturity, such as strain-softening and a 
depth-dependent Poisson’s ratio. The most significant 
changes that occurred with age were in the deep zone 
of the tissue, where an order of magnitude increase in 
compressive modulus (from 0.97 MPa to 9.4 MPa for low 
applied strains) was observed from 4 weeks postnatal to 
skeletal maturity. These temporal increases in compressive 
stiffness occurred despite a decrease in tissue sulphated 
glycosaminoglycan content, but were accompanied by 
increases in tissue collagen content. Furthermore, helium 
ion microscopy revealed dramatic changes in collagen fibril 
alignment through the depth of the tissue with skeletal 
maturity, as well as a fivefold increase in fibril diameter 
with age. Finally, computational modelling was used to 
demonstrate how both collagen network reorganisation and 
collagen stiffening play a key role in determining the final 
compressive mechanical properties of the tissue. Together 
these findings provide a unique insight into evolving 
structure-function relations in articular cartilage.
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Introduction

Articular cartilage consists of an extracellular matrix 
made up of water (80 % wet weight), proteoglycans (~ 25-
35 % dry weight) and collagen (~ 50-60 % dry weight), 
together with a small concentration of non-collagenous 
matrix proteins and glycoproteins (~ 15-20 % dry weight) 
(Brama et al., 2000; Buckwalter et al., 2005). The tissue 
is synthesised and remodelled by chondrocytes, which 
vary in organisation and phenotype with depth from the 
articular surface (Stockwell, 1970). During postnatal 
development and skeletal maturation, the biochemical 
composition of articular cartilage changes both spatially 
and temporally. Collagen concentration and pyridinoline 
cross-link concentration has been reported to increase with 
maturation, whilst the glycosaminoglycan concentration 
and percentage water content remain unchanged or 
decrease slightly (Williamson et al., 2003; Temple et 
al., 2007; Julkunen et al., 2009). The specific types of 
glycosaminoglycans (GAGs) within the tissue also change; 
chondroitin-4 sulphate is reported to be the predominant 
GAG in immature cartilage, while chondroitin-6 sulphate 
is predominant in mature tissue (Torzilli et al., 1998). 
Structurally, significant alterations of the collagen network 
also take place during postnatal development (Buckwalter 
et al., 2005; Rieppo et al., 2009; Hunziker et al., 2002). 
This network transitions from a predominantly isotropic 
architecture in immature tissue to the mature arcade-like 
zonal structure first described by Benninghoff (1925).
	 Understanding how such compositional (Stockwell, 
1970; Bank et al., 1998; Wachtel et al., 1995; Brama 
et al., 2000) and architectural changes (Rieppo et al., 
2009; Julkunen et al., 2010; Hyttinen et al., 2009) alter 
the mechanical properties of articular cartilage during 
postnatal development is central to understanding how 
the tissue achieves its function. Surprisingly, relatively 
little is known about how the biomechanical properties of 
articular cartilage evolve during postnatal development and 
maturation (Brommer et al., 2005; Julkunen et al., 2009; 
Williamson et al., 2001). In terms of bulk mechanical 
properties, an increase in tensile stiffness has been reported 
with maturation (Williamson et al., 2003; Roth and Mow, 
1980), with more subtle changes reported in the compressive 
properties of the tissue with age (Brommer et al., 2005; 
Williamson et al., 2001; Julkunen et al., 2009). However, 
articular cartilage is known to possess complex depth-
dependent mechanical properties (Wang et al., 2002; Wang 
and Mow, 1998; Schinagl et al., 1997; Klein et al., 2007), 
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which cannot be evaluated through commonly used bulk 
mechanical testing protocols. Given that articular cartilage 
changes from a relatively isotropic and homogeneous 
tissue at 4 weeks postnatal to one displaying significant 
complexity in its spatial composition and organisation at 
adulthood, it would seem reasonable to assume that the 
depth-dependent mechanical properties of the tissue change 
dramatically during postnatal development. Recently, 
digital image correlation techniques have been developed 
to characterise the depth varying compressive properties 
of articular cartilage (Schinagl et al., 1997; Schinagl et 
al., 1996; Wang et al., 2002; Canal Guterl et al., 2010). 
Furthermore, developments such as helium ion microscopy 
have enabled unprecedented nanoscale visualisation 
of the collagen network of articular cartilage (Vanden 
Berg-Foels et al., 2012), while advances in constitutive 
modelling are providing greater insight into how the 
structure and composition of articular cartilage determine 
the biomechanical function of the tissue (Ateshian, 2009; 
Korhonen et al., 2003; Nagel and Kelly, 2010; Soltz and 
Ateshian, 2000; Soulhat et al., 1999; Wilson et al., 2007). 
The objective of this study was to elucidate how the 
structure and composition of articular cartilage change 
during postnatal development and maturation using a novel 
combination of histological, biochemical and imaging 
techniques, and to relate this evolution to changes in the 
depth dependent mechanical properties of the tissue. It 
is envisioned that such knowledge will be integral to the 
development of novel tissue engineering strategies to 
successfully regenerate articular cartilage.

Materials and Methods

Sample preparation
Tissue explants were isolated and stored as described 
previously (Gannon et al., 2012). Osteochondral cores 
(Ø 6 mm) were harvested from the femoropatellar groove 
of healthy porcine knee joints within 3  h of sacrifice. 
The porcine model was chosen, as biochemical levels 
are reported of a similar order of magnitude to human 
articular cartilage (Malda et al., 2013; Schlichting et al., 
2014). Specimens collected were divided into groups, 
representing different stages of postnatal development: 
4 week and 8 week old, immature articular cartilage; 1 
year old, approaching skeletal maturity; and 3 years old, 
representing fully mature articular cartilage. Two pigs from 
each age group were used. Therefore, a total of eight pigs 
were used for this study. Three cores from each pig were 
prepared for mechanical testing to produce 6 samples (for 
each age group) to account for any variability associated 
with different anatomical locations and donor-to-donor 
differences. All cores tested mechanically were then used 
for biochemical analysis with an additional twenty cores; 
with at least two cores (from different pigs) added to each 
respective age group (minimum n = 8 per age group). Two 
cores from each animal per age group were chosen for 
helium ion microscopy (n = 4 per age group); and finally 
two cores from each animal within each age group were 
chosen for histological analysis. Specimens harvested for 
mechanical testing were placed in phosphate buffered 

saline (PBS) solution and stored at -80 °C until the day of 
use. On each respective day of mechanical testing, cores 
were thawed to room temperature by immersion in PBS 
and sub-punched from Ø 6 mm to Ø 3 mm. These cores 
were then sliced in half to create two semi-cylindrical 
osteochondral specimens in order to obtain a flat surface 
on which to image cells (that acted as fiducial markers) 
within the mechanically compressed tissue. The annulus of 
each sample was wet weighed and frozen at -80 °C for later 
biochemical analysis. The fiducial markers were created by 
fluorescent staining of chondrocyte DNA. Chondrocytes 
are essentially affixed within the dense extracellular matrix 
because they are three orders of magnitude larger than the 
effective pore size of the matrix (Maroudas, 1979) and the 
movement of these cells can thus reflect the deformation 
of the sample within the imaging plane (Wang et al., 
2002). Samples were immersed in 1 mL PBS with 5 μL/
mL Hoechst 33342 for 1.5 h at 22 °C to allow diffusion 
of the dye into the cartilage and reaction with the cellular 
DNA (Schinagl et al., 1996).

Mechanical testing protocol
Semi-cylindrical samples of articular cartilage from 
different stages of postnatal development were tested in 
unconfined compression in a custom made stainless steel 
compression rig (Fig. 1) that was designed to sit on the 
stage of an inverted fluorescent Olympus IX 51 microscope 
equipped with a 100 W xenon arc lamp, a DAPI filter 
cube and a 0.4  NA Universal Plan Super Apochromat 
10× objective (Mason Technology, Dublin, Ireland). The 
semi-cylindrical cartilage sample was bathed in PBS in a 
testing chamber with a glass microscopic slide window at 
its base, sandwiched between two Perspex loading platens 
with its rectangular cross section facing down toward the 
microscope objective; enabling the visualisation of the 
tissue during testing. Compression was manually applied 
to the articular surface of test specimens by advancement 
of a micrometer gauge attached to the remaining Perspex 
platen (Mitutoyo, Radionics, Dublin, Ireland; resolution 
0.01 mm). The remaining platen was rigidly connected to 
a precision miniature load cell (Model 31, 10 lbs., RDP 
Electronics Ltd., Wolverhampton, UK); amplified by a 
4-Ch 24-Bit Full Bridge Analogue Input (NI 9237, National 
Instruments UK & Ireland, Berkshire, UK) and connected 
to a standard laptop (Dell XPS M1330; Intel Core 2 Duo 
Processor) interfaced using LabView software (National 
Instruments UK & Ireland). Images were recorded with a 
12-bit Olympus DP70 camera (Mason Technology; view 
1360  ×  1024) and Analysis imaging software (Mason 
Technology). The 1360 × 1024 pixel image represented 
a 583 × 438 µm sampling of the specimen focal plane at 
0.428 µm/pixel.
	 Cartilage thickness was determined using bright field 
microscopy at 4× magnification in the uncompressed state 
(Chen et al., 2001). A tare load of ~ 1 N was applied to 
ensure union between the platen and the articular surface 
after which the sample was allowed to fully relax. The 
samples were compressed up to 10  %, in 2.5  % strain 
increments, and then to 15  % and 20  % offset strain 
based on the initial sample thickness determined after 
tare load application at a strain rate of 0.5 %/s. After each 
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loading increment the sample was allowed to relax for 
60 min or until the stress changed by less than 0.001 MPa 
in 5 min (Chen et al., 2001), and the equilibrium force 
was measured. The intra tissue displacement field was 
calculated using the digital image correlation software 
VIC 2D 2009 (Correlated Solutions, Columbia, SC, USA). 
The average axial (εyy), lateral (εxx) and shear strain (εxy)
were computed within three distinct zones; the superficial 
tangential zone (STZ), the middle zone (MZ) and the 
deep zone (DZ). These regions were assumed to be 0-6 %, 
7-18 % and 19-30 %, respectively, of the total cartilage 
thickness from the articular surface. Zone thicknesses 
were determined in the referential configuration and then 
followed throughout the deformation. Local strains were 
computed for a range of different global offset strains 
(2.5 %, 5 %, 10 % and 15 % strain), from which the depth 
dependent nominal equilibrium Young’s modulus (Eyy) 
and Poisson’s ratio were determined. The depth dependent 
nominal Young’s modulus (Eyy, MPa) was taken as the 
equilibrium force, divided by the specimens cross-sectional 
area, divided by the computed averaged strain (εyy) within 
each zone for each nominal applied global offset strain. 
Likewise, Poisson’s ratio was calculated as the negative 
ratio of averaged strain in the radial direction (εxx) to the 

averaged axial strain (εyy), all computed for each applied 
global offset strain; 2.5 %, 5 %, 10 % and 15 % strain.

Biochemical analysis
The wet mass of all annuli of the mechanically tested cores 
were recorded and the samples were frozen for subsequent 
biochemical analysis as mentioned previously. The frozen 
samples were freeze dried (RVT4104 Thermo Scientific, 
Hemel Hempstead, UK) for 48 h or until a constant dry 
weight was obtained. The samples were then recovered, 
weighed and sub-divided to yield separate aliquots for 
sulphated GAG, collagen content and cross-link analyses.

Sulphated glycosaminoglycan determination
Aliquots of dry material (~ 10 mg) were placed in 1 mL 
50 mM phosphate buffer, 2 mM EDTA, pH 6.5 (Sigma, 
Gillingham, UK) and hydrated overnight. Samples were 
then digested with papain 0.5 mL (0.5 mg/mL) at 60 °C 
under constant rotation for 18 h. The proteoglycan content 
was determined by quantifying the amount of sulphated 
GAG using the dimethylmethylene blue dye-binding assay 
(Sigma Aldrich, Gillingham, UK), in comparison with a 
chondroitin sulphate standard (Farndale et al., 1982). Data 
were normalised to the tissue dry weight and wet weight.

Fig. 1. (a) Schematic of custom designed unconfined compression rig, (b) example of an undeformed reference and 
subsequently deformed fluorescent image taken prior to and after loading illustrating the way in which strain is tracked 
at every loading increment, (c) example of a typical strain (εyy) correlation for a one year old sample for a selected 
region of interest (ROI), (d) graphical representation of the strain output of image (c) displayed as the compressive 
strain in the zonal direction (εyy) plotted versus depth from the articular surface (pixels).
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Collagen cross-link determination
The samples were rehydrated with phosphate buffered 
saline overnight at 4  °C, then treated with sodium 
borohydride as described elsewhere (Avery et al., 2009). 
After 1 h reduction at room temperature they were acid 
hydrolysed for 24  h at 115  ºC, lyophilised and pre-
fractionated using strong cation exchange solid phase 
extraction (SPE) cartridges (Biotage Ltd, Kungsgatan, 
Sweden), prior to cross-link analysis. Cross-links were 
quantified using a Dionex Ultimate 3000 auto-sampler 
(Thermo Scientific) linked to a Dionex ICS 3000 ion 
chromatography system (Thermo Scientific) configured 
for post-column analysis of the eluate from a 15 × 0.46 cm 
sodium cation exchange column (Pickering Laboratories, 
Mountain View, CA, USA). Column eluate was reacted 
with ninhydrin in a post column reactor at 125  °C 
(CRX400, Pickering Laboratories) and assayed using 
a variable wavelength detector set at 570  nm (Dionex 
Ultimate 3000, Thermo Scientific). System control and 
data acquisition was by means of Dionex Chromeleon 
software. The cross-links were quantified; by comparison 
with standards prepared in-house, after resolution using 
an analytical program also developed in-house. The 
mature cross-links hydroxylysyl pyridinoline, lysyl 
pyridinoline and histidinohydroxylysinonorleucine could 
all be detected, although lysyl pyridinoline predominated 
in all samples. The immature cross-links hydroxylysino-
ketonorleucine and hydroxylysinonorleucine were also 
detected in some samples but at appreciably lower levels 
(Table 1). Cross-links are expressed as moles of crosslink 
per mole of collagen.

Hydroxyproline analysis
Prior to treatment with SPE an aliquot (5 µL) of the above 
hydrolysates was analysed for hydroxyproline content 
(Burkhard Scientific, Uxbridge, UK) utilising the Bannister 
and Burns adaptation (Bannister and Burns, 1970) of the 
Bergman and Loxley technique (Bergman and Loxley, 
1963). Total collagen content was determined by assuming 
a hydroxyproline conversion factor of 7.15 (Etherington 
and Sims, 1981). Data acquisition and manipulation was by 
means of Dionex AI 450 software. Data were normalised 
to the tissue dry weight and wet weight.

Histological analysis, polarised light microscopy and 
helium ion microscopy
Depth dependent sulphated GAG and collagen content 
were determined histologically; as described previously 
(Gannon et al., 2012). Briefly, sections were stained with 
safranin O for sGAG and picrosirius red for collagen and 
subsequently imaged on an Olympus Bx41 microscope 
equipped with a 30-bit CCD camera (Mason Technology).
	 In order to visualise the orientation of the collagen 
fibril architecture, picrosirius red stained sections were 
imaged using a polarised light microscope (Nikon Eclipse 
E400 POL) (Gannon et al., 2012). In an effort to enhance 
visualisation of the collagen architecture, all sulphated 
glycosaminoglycans were removed from the tissue sections 
by bovine testicular hyaluronidase (Sigma) treatment for 
18 h. The enzyme was prepared in 0.1 M phosphate buffer, 
pH 6.9, containing hyaluronidase 1000 U mL-1 at 37 °C 
(Király et al., 1997).
	 In addition, the collagen network was imaged using 
a helium ion microscope (HIM) (Orion® Plus, Carl Zeiss 
NTS) with an Everhart-Thornley detector producing an 
image from the secondary electrons generated by the 
incident helium ions. In order to provide an unobstructed 
view of the collagen fibrils, serial enzymatic digestion 
was used to remove glycosaminoglycan from the cartilage 
specimens; this protocol is based on a modified version 
of Vanden Berg-Foels et al. (2012). HIM images were 
acquired in secondary electron mode with an acceleration 
voltage of 34.9 kV, a beam current of 0.2-0.5 pA and a dwell 
time of 0.5-2.0 µs. High resolution images were acquired 
in the superficial zone of the articular cartilage (classified 
as the top 100 µm of tissue from the articular surface), 
in the middle zone (taken between 100-250 µm from the 
articular surface) and in the deep zone (taken below 500 µm 
from the articular surface) across age groups, in order to 
visualise the changing morphology of individual network 
fibrils and fibril connections in these regions of the tissue 
during skeletal maturation. In the 4 week old and 8 week 
old immature tissue samples an extra region was imaged, 
due to the increased thickness of the immature samples; 
this region was labelled the lower deep zone and taken as 
approximately 1 mm from the articular surface. All images 
were acquired using a pixel resolution of 2048  ×  2048 

Cross-Link1 4 Weeks. 8 Weeks. 1 Year. 3 Years.
OHPyr (mol/ mol) 0.339044 ± 0.021 0.347882 ± 0.014 0.426479 ± 0.021 0.415663 ± 0.021
LysPyr (mol / mol) 5.372473 ± 0.384 4.263293 ± 0.529 3.257847 ± 0.200 3.921245 ± 0.355
HHL (mol / mol) 0.010926 ± 0.001 0.013906 ± 0.001 0.020964 ± 0.002 0.019304 ± 0.002
HKLNL (mol / mol) 0.23215 ± 0.052 0.137895 ± 0.025 0.025400 ± 0.007 0.029725 ± 0.008
HLNL (mol /mol) 0.031619 ± 0.006 0.043163 ± 0.003 0.053693 ± 0.003 0.044065 ± 0.003

Table 1. Specific cross-linking data for all measured time points; four weeks, eight weeks, one year and three 
years old.

1The mature cross-links are hydroxylysyl pyridinoline (OHPyr), lysyl pyridinoline (LysPyr) and histidino-
hydroxylysinonorleucine (HHL), whilst the immature cross-links are hydroxylysino-ketonorleucine (HLKNL) 
and hydroxylysinonorleucine (HLNL). Cross-links are expressed as moles of crosslink per mole of collagen; data 
is presented as mean with SEM.
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or 1024 ×  1024. The pixel spacing for a 1 µm field of 
view corresponds to a pixel dimension spacing of 0.49-
0.98 nm/pixel. The brightness and contrast of all images 
were optimised; no other post processing procedures were 
performed. Fibril diameters were measured using ImageJ 
(Schneider et al., 2012).

Constitutive model
The effects of collagen network stiffness and alignment 
on the bulk mechanical properties of a cartilage sample 
in unconfined compression cannot be clearly separated 
experimentally. The interpretation of experimental results 
is additionally complicated by variations in other tissue 
properties, such as porosity and fixed charge density 
to name but a few. Therefore, a set of simulations was 
performed in which changing bulk mechanical properties 
could be attributed to isolated and controlled variations of 
collagen network stiffness and orientation.
	 A finite strain biphasic material model with a Donnan 
osmotic swelling pressure was implemented, where 
the solid matrix was modelled as an overlay of a Neo-
Hookean component and several families of fibrils (Görke 
et al., 2010). To capture both isotropic and anisotropic 
fibril distributions, the fibril network was modelled as 
consisting of a quasi-isotropic network of 7 secondary 
and, in the case of anisotropy, additionally 2 primary 
families of fibrils (Wilson et al., 2005). In models with an 
isotropic fibril arrangement, the overall collagen network 
stiffness was equally distributed among the 7 secondary 
fibrils. In simulations with anisotropic fibril architectures, 
the primary and secondary fibrils were assigned weights 
according to Wilson et al. (2005), such that the primary 
fibrils forming the characteristic Benninghoff architecture 
were significantly stiffer than the secondary isotropic 
network. Independent of the architecture, the overall 
fibril stiffness (sum over all families) was kept constant. 
As was performed previously (Nagel and Kelly, 2010), a 
Holzapfel-type free energy functional (Holzapfel et al., 
2000) was used as a constitutive model for the individual 

fibrils. The fibril stiffness values were determined as 
described by Nagel and Kelly (2010) (Table 2).
	 The described model was implemented into the source 
code of FEBio (version 1.6.1, (Maas et al., 2012)). After 
a free swelling step, steady state unconfined compression 
tests were simulated by lowering a frictionless contact 
platen onto the surface of the cartilage plug. To mimic the 
presence of the bone, displacements at the cartilage-bone 
interface were constrained in all directions. Lateral surfaces 
were traction-free and were assigned homogeneous 
Dirichlet boundary conditions for the pore pressure. 
Local Young’s moduli were predicted in the superficial, 
middle and deep regions of the tissue. The model was 
used to investigate the relative influence of the changing 
collagen fibril stiffness and collagen network orientation 
on the compressive properties of articular cartilage during 
postnatal development. Average homogeneous material 
properties for the porosity (80 %) and the fixed charge 
density (0.0002  mEq/mm³) were used for all models, 
while sample geometry was kept constant. Isotropic and 
Benninghoff fibril architectures were investigated using 
either baseline fibril stiffness values or with a significantly 
increased fibril stiffness (to account for increases due to 
higher collagen content and increased collagen cross-
linking). The parameter values for the constitutive model 
are listed in Table 2, and for the performed simulations 
with varied collagen network properties see Table 3.

Statistical analysis
Statistical analysis was performed using a general linear 
model for analysis of variance with Tukey’s post-hoc test 
for multiple comparisons used to compare regional/zonal 
differences and age affects. All tests were performed using 
the statistical software package MINITAB 15.1 (Minitab 
Ltd., Coventry, UK). Graphical and numerical results are 
displayed as mean with standard error. Significance was 
accepted at p ≤ 0.05 or as indicated. Sample numbers varied 
according to respective comparison and are outlined in the 
methods section of this manuscript.

Table 2. Free Helmholtz energy potentials and parameter values used in the constitutive model. Details regarding model 
formulation and implementation as well as parameter identification can be found in the references quoted in the text.
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Results

Dramatic changes to the depth dependent mechanical 
properties of articular cartilage are observed during 
postnatal development and skeletal maturation
The average local strain (εyy) in the superficial tangential 
zone (STZ), middle zone (MZ) and deep zone (DZ) of 
porcine articular cartilage (from 4 week old, 8 week old, 
one year old and three year old donors) was determined 
using digital image correlation (DIC) for increasing 
magnitudes of global applied strain (2.5 %, 5 %, 10 % and 
15 %). Similar local strains were measured through the 
depth of the 4 week old and 8 week old tissues (Fig. 2). In 
contrast, local strains were found to significantly (p < 0.05) 
depend on depth within the 1 year old mature tissue, with 
lower strains measured in the deeper regions of the tissue 
compared to the STZ. These spatial strain measurements 
were then used to compute the local Young’s modulus 
through the depth of the tissue with age. No significant 
changes in the local Young’s moduli (Eyy) were observed 
with depth from the articular surface in 4 week old and 8 

week old immature articular cartilage (Fig. 3), irrespective 
of the applied global strain. In contrast, the DZ was found to 
be significantly stiffer than the STZ in one year old cartilage 
for all applied strains. In addition, significant differences 
were observed between the depth dependent mechanical 
properties of the immature (4 weeks old) and skeletally 
mature (1 and 3 year old) tissue, with dramatic increases 
observed in the Young’s modulus of the DZ of articular 
cartilage during postnatal development. For example, at 
low global offset strains (2.5 % applied strain), the DZ 
of the one year old (6.01 ± 1.35 MPa) and three year old 
(9.4  ±  4.07  MPa) tissues were significantly stiffer than 
corresponding region in the 4 week old (0.97 ± 0.45 MPa) 
tissue (p = 0.0315 and p = 0.0052, respectively). At high 
global offset strains (15  % global applied strain), all 
regions of the three year old tissue (STZ, MZ and DZ: 
1.1 ± 0.18 MPa, 0.97 ± 0.15 MPa and 1.92 ± 0.57 MPa) 
were significantly stiffer than the immature 4 week old 
(STZ, MZ and DZ: 0.33 ± 0.06 MPa, 0.27 ± 0.04 MPa 
and 0.28 ± 0.1 MPa) tissue (p = 0.0133, p = 0.0019 and 
p  <  0.0001, respectively). Similarly, the DZ of the one 

Simulation name Fibre architecture Primary fibril stiffness Secondary fibril stiffness
ISO LOW Isotropic -- C4i = 0.429 MPa
ISO HIGH Isotropic -- C4i = 1.287 MPa
BENN LOW Benninghoff C4i = 1.161 MPa C4i = 0.097 MPa
BENN HIGH Benninghoff C4i = 3.483 MPa C4i = 0.291 MPa

Table 3. Acronyms of the performed simulations along with the collagen network architecture and 
the fibre stiffness values. The Benninghoff architecture was modelled as described in the text and the 
references quoted therein.

Fig. 2. Compressive strain (εyy) in the zonal direction plotted versus depth from the articular surface divided into three 
distinct zones – the superficial tangential zone (STZ), the middle zone (MZ) and the deep zone (DZ). The results 
displayed are of different stages of postnatal development: 4 weeks old, 8 weeks old, one year old and three years 
old. In addition, the graphs are displayed at increasing global offset strains: 2.5 %, 5 %, 10 % and 15 %. Bars show 
mean with SEM; statistical significance is taken at p ≤ 0.05. ς indicates significant difference vs. 1 year DZ.
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Fig. 3. Incremental Young’s modulus, (Eyy) (MPa), in the zonal direction plotted versus depth from the articular surface 
divided into three distinct zones – the superficial tangential zone (STZ), the middle zone (MZ) and the deep zone 
(DZ). The results displayed are of different stages of postnatal development: 4 weeks old, 8 weeks old, one year old 
and three years old. In addition, the graphs are displayed at increasing global offset strains: 2.5 %, 5 %, 10 % and 
15 %. Bars show mean with SEM; statistical significance is taken at p ≤ 0.05. Statistical differences are indicated as 
follows: α vs. 4 weeks STZ, β vs. 4 weeks MZ, γ vs. 4 weeks DZ, ς vs. 1 year DZ, θ vs. 3 years MZ, ι vs. 3 years DZ.

Fig. 4. Poisson’s ratio ν in the zonal direction plotted versus depth from the articular surface divided into three distinct 
zones – the superficial tangential zone (STZ), the middle zone (MZ) and the deep zone (DZ). The results displayed 
are of different stages of postnatal development: 4 weeks old, 8 weeks old, one year old and three years old. In 
addition, the graphs are displayed at increasing global offset strains: 2.5 %, 5 %, 10 % and 15 %. Bars show mean 
with SEM; statistical significance is taken at p ≤ 0.05. Statistically significant differences are indicated as follows: 
δ vs. 1 year STZ, ς vs. 1 year DZ, θ vs. 3 years MZ, ι vs. 3 years DZ.
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year old tissue (6.01 ± 1.35, 7 ± 2.42, 5.68 ± 1.49 and 
4.1 ± 0.63 MPa for 2.5 %, 5 %, 10 % and 15 % strain, 
respectively) was significantly stiffer than DZ of the 
4 week old (0.97 ±  0.45, 0.71 ±  0.38, 0.17 ±  0.05 and 
0.28 ± 0.1 MPa for 2.5 %, 5 %, 10 % and 15 % strain, 
respectively) tissue (p = 0.0315, p = 0.0084, p < 0.0001 
and p < 0.0001) for all applied strains.
	 A noticeable reduction in Young’s moduli (Eyy) of 
the DZ was observed with increasing level of applied 
strain (termed strain softening), particularly for skeletally 
mature tissue. For example, the Young’s modulus of the 
DZ of the three year old articular cartilage was observed 
to decrease from approximately 10 MPa (at 2.5 % applied 
stain) to 2 MPa (at 15 % applied strain). Less dramatic 
strain softening was observed in the immature tissue. No 
significant differences in Poisson’s ratio (calculated as the 
negative ratio of the transverse strain (εxx) to the axial strain 
(εyy) when loaded in the axial direction) with location (i.e. 
with depth or zone) was observed for immature tissue (Fig. 
4). In contrast, at low offset strains the Poisson’s ratio of 
the STZ of the one and three year old tissues (0.026 ± 0.007 
and 0.021  ±  0.006) were significantly (p  =  0.047 and 

p = 0.0034) smaller than their respective DZ (0.25 ± 0.06, 
0.27 ± 0.1). Whilst at high strains (15 % global applied 
strain), the Poisson’s ratio of the STZ of the one year old 
tissue (0.014 ± 0.003) was significantly (p = 0.017) smaller 
than in the DZ (0.15 ± 0.04).

Increases in tissue compressive properties with age 
are accompanied by a reduction in the sGAG content 
and an increase in collagen content
We next sought to determine if the observed increases 
in tissue mechanical properties with age correlated with 
changes in the sGAG and collagen content and collagen 
crosslinking. Biochemical analysis revealed a significant 
decrease (p < 0.0001) in sGAG content with age when 
normalised to percentage dry weight (Fig. 5). The one year 
and three year old mature tissues contained significantly 
less sGAG than the four week old (p  =  0.0016 and 
p  =  0.0001, respectively) and 8 week old (p  =  0.0009 
and p < 0.0001, respectively) immature tissue also when 
normalised to percentage wet weight. Overall collagen 
content significantly increased with age (p < 0.0001). The 
mature three year old tissue contained significantly higher 

Fig. 5. (a) Sulphated glycosaminoglycan (sGAG) content expressed per sample dry weight (%), (b) sGAG content 
expressed per sample wet weight (%), (c) total collagen content expressed per sample dry weight (%), (d) total collagen 
content expressed per sample wet weight (%), (e) mature collagen cross-links expressed as moles cross-link per mole 
of collagen (mol/mol), (f) immature collagen cross-links expressed as moles cross-link per mole of collagen (mol/
mol), (g) the ratio of mature collagen cross-links to immature collagen cross-links. All samples are full thickness 
articular cartilage cores obtained from developing age groups: 4 weeks old, 8 weeks old, one year old and three years 
old. Bars show mean with SEM; statistical significance is taken at p ≤ 0.05. Statistical differences are indicated as 
follows: α vs. 4 weeks, β vs. 8 weeks, χ vs. 1 year.
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Fig. 6. Full thickness cartilage sections stained with picrosirius red-collagen (a) and safranin O-sGAG (b) from the 
femoral trochlear ridges. Images are taken at each respective zone – STZ, MZ and DZ with developing ages; four 
weeks, eight weeks, one year and three years old. Scale bars 100 μm.
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amounts of collagen compared to the 4 (p = 0.0016) and 
8 week old tissue (p < 0.0001) (Fig. 5); this was also seen 
when normalised to percentage wet weight. A significant 
decrease in immature cross-links was also observed 
with skeletal development (p = 0.001), with the one year 
and three year old tissues containing significantly lower 
amounts of immature collagen cross-links than the 4 week 
(p = 0.0018 and p = 0.0002) and 8 week (p = 0.036 and 
p = 0.004) old immature tissue. In addition, the ratio of 
mature to immature cross-links was significantly higher in 
the mature three year old tissue compared to the 4 week and 
8 week old immature tissues (p = 0.0036 and p = 0.0087, 
respectively). Aside from these changes in biochemical 
composition, the thickness of articular cartilage was found 
to significantly (p < 0.0001) decrease with age (4 week old, 
4.4895 ± 0.22 mm; 8 week old, 2.9863 ± 0.11 mm; one year 
old, 1.0578 ± 0.06 mm; three years old, 0.8747 ± 0.02 mm).
	 Histological analysis was also undertaken to help 
identify if the spatial composition of articular cartilage 
changes during postnatal development (Fig. 6). Picrosirius 
red-stained sections (Fig. 6a) point to an increase in 
staining between the 4 week and 8 week old immature and 
the 1 year and 3 year old mature tissues, whilst safranin 
O staining (Fig. 6b) demonstrated a decrease in staining 
between the immature and mature samples. However, no 
dramatic differences in either safranin O or picrosirius red 
staining was observed with depth, suggesting that spatial 
changes in tissue composition with age cannot fully explain 
the increase in compressive stiffness observed with skeletal 
maturation.

Increases in the depth-dependent mechanical 
properties of articular cartilage are accompanied by 
significant changes in collagen fibril alignment and 
fibril diameter
Polarised light microscopy (PLM) was first undertaken to 
help elucidate the time point during skeletal development at 

which a Benninghoff-like collagen architecture emerges in 
articular cartilage (Fig. 7). With PLM, large bands of vivid 
colour known as birefringence indicate extensive degrees 
of alignment; this can be clearly visualised in the three year 
old fully mature tissue, which demonstrates clear evidence 
of such organisation in the superficial tangential zone and 
in the deep zone of the tissue. In stark contrast, very little 
evidence of organisation was observed in the immature 4 
week old tissue, bar a thin band of organised fibrils in the 
superficial region (Fig. 7). In the one year old cartilage, 
where the tissue is beginning to reach skeletal maturity 
(i.e. closure of the epiphyseal growth plate), the collagen 
architecture had transitioned from a predominantly 
isotropic structure observed in the immature cartilage 
towards an adult phenotype. An extra lamina was also 
present in the lower part of the deep zone, as evidenced by 
a region of the tissue displaying a decrease in birefringence 
(and hence a decrease in the degree of organisation in this 
region of the tissue). This extra lamina may highlight the 
process of internal reorganisation of the tissue (Nieminen et 
al., 2002; Rieppo et al., 2009; Hunziker et al., 2007) from 
a predominantly isotropic structure in immature articular 
cartilage to a highly organised Benninghoff architecture 
present in fully mature tissue.
	 Helium ion microscopy was used to visualise how the 
morphology of the collagen network fibrils and fibrillar 
connections of articular cartilage adapt with age and 
spatially through the tissue. No clear spatial changes in 
structural organisation with depth were observed in the 
immature 4 week old and 8 week old tissues (Fig. 8). In 
the superficial tangential zone (100 µm from the articular 
surface), the collagen fibrils lacked any preferential 
arrangement. Similarly, no evidence of collagen fibril 
alignment was observed in the middle zone, the upper 
portion of the deep zone or the lower portion of the deep 
zone at these time points. In addition, fibrils and fibrillar 
connections were abundant in their numbers throughout the 

Fig. 7. Polarised light microscopic images outlining the different stages of development of the collagen architecture; 
4 week old (A), one year old (B) and three year old (C). Arrow indicates an extra lamina or zone within the deep zone 
of the one year old tissue. Scale bar in image (A) is 100 μm; scale bars in images (B) and (C) are 250 μm.
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immature tissues. In contrast, in the one year old tissue (Fig. 
9) the collagen fibrils appeared more structured in their 
organisation. In the superficial tangential zone, the collagen 
fibrils appeared to be arranged into bundles or groups of 
fibrils. These bundles, in turn, were predominantly aligned 
parallel to the articular surface. Within these fibril bundles 
certain individual collagen fibrils still appeared crimped 
and randomly orientated, which may be due, at least in 
part, to proteoglycan removal during tissue processing for 
helium ion microscopy. In the middle zone, the collagen 
fibrils arcaded from a predominantly parallel orientation 
at the articular surface to a perpendicular orientation in the 
deep zone, thus resulting in a more random organisation. 
In the deep zone the collagen fibrils were predominantly 
arranged perpendicular to the articular surface. A classical 
Benninghoff architecture was most apparent in the fully 
mature three year old articular cartilage (Fig. 9). Collagen 

fibrils were organised parallel to the articular surface in the 
superficial tangential zone and arcaded to a perpendicular 
arrangement in the deep zone. Fewer fibrils and fibrillar 
connections were also seen in both the one year old and 
three year old tissues. In addition, an increase in fibril 
diameter was observed with both age and depth from the 
articular surface (Fig. 10). In the superficial zone, average 
fibril diameter increased significantly from approximately 
11 ± 0.99 nm in the 4 week old tissue to 78 ± 9.05 nm in 
the three year old tissue (p < 0.0001). In the middle zone, 
average fibril diameter increased from approximately 
20 ± 1.92 nm in the 4 week old tissue to 125 ± 7.8 nm in 
the mature tissue (p < 0.0001). Finally, in the deep zone 
average fibril diameter increased from approximately 
21 ± 1.39 nm in the 4 week old tissue to 151 ± 24.47 nm 
in the three year old fully mature tissue (p < 0.0001). These 
findings also demonstrate that more dramatic differences 

Fig. 8. Helium ion microscopic images of 4 week old immature collagen architecture (vertically: a-h) and 8 week 
old immature collagen architecture (vertically: i-p) taken from different zonal depths from the articular surface; 
the superficial tangential zone (horizontally: a,e,i,m), the middle zone (horizontally: b,f,j,n), the upper deep zone 
(horizontally: c,g,k,o), and the lower deep zone (horizontally: d,h,l,p). Scale bar is 200 nm on images a-d and i-l; 
scale bar is 100 nm on images e-h and m-p).
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in collagen fibril diameter with depth occur in the fully 
mature tissue.

Both collagen network realignment and stiffening 
with age are predicted to contribute to increases in 
tissue compressive properties
The above results demonstrate that the alignment of 
the collagen network of articular cartilage adapts with 
skeletal maturation. Furthermore, the inherent stiffness of 
the collagen network will also presumably increase due 
to increases in the tissue collagen content, increases in 
collagen fibril diameter and increases in the ratio of mature 
to immature collagen cross-links. The next phase of this 
study therefore sought to determine the relative impact 
that both of these changes (i.e. collagen ‘stiffening’ and 
‘realignment’) will have, in isolation, on the compressive 
stiffness of the tissue. To this end, a finite strain biphasic 
constitutive model of articular cartilage that incorporated 
Donnan osmotic swelling pressure effects was employed. 
The collagen fibril alignment (either ‘isotropic’ or 
‘Benninghoff-like’) and collagen fibril stiffness (either 
‘low’ or ‘high’) were varied, while all other material 
properties in the model were kept constant. Increasing the 
stiffness of the collagen fibril network, or introducing a 
Benninghoff-like collagen architecture, was found to have 

the greatest impact on the model predictions of Young’s 
moduli at low applied strains (Fig. 11). Here, increasing the 
collagen fibril stiffness in isolation was predicted to lead 
to a 2.5-fold increase in the compressive modulus in the 
DZ of the tissue from 2.9 MPa to 7.15 MPa. Introducing a 
Benninghoff-like collagen architecture, whilst maintaining 
low fibril stiffness, was predicted to lead to a 3-fold increase 
in the Young’s modulus in the DZ of the tissue to 9.3 MPa at 
low applied strains. Increasing the collagen fibril stiffness 
and introducing a Benninghoff-type architecture was 
predicted to lead to a synergistic increase in compressive 
stiffness, increasing 8-fold to 24.3  MPa at low applied 
strains. Dramatic strain softening was predicted in the 
DZ of the Benninghoff model that incorporated high fibril 
stiffness, and to a lesser extent in the Benninghoff model 
that incorporated low fibril stiffness. At high offset strains, 
no dramatic difference in compressive Young’s modulus 
was observed between the four groups. This phenomenon 
was not observed experimentally. As might be expected, 
increasing the stiffness of the collagen network in isolation 
did not lead to a prediction of depth dependent Poisson’s 
ratio. In contrast, the experimentally observed increase 
in Poisson’s ratio with depth in the mature tissue was 
predicted once the Benninghoff collagen architecture was 
incorporated into the model (data not shown).

Fig. 9. Helium ion microscopic images of one year old collagen architecture (vertically: a-f) and three year old mature 
collagen architecture (vertically: g-l) taken from different zonal depths from the articular surface; the superficial 
tangential zone (horizontally: a,d,g,j), the middle zone (horizontally: b,e,h,k), the deep zone (horizontally: c,f,i,l). 
Scale bar is 200 nm on images a-c and g-i); scale bar is 100 nm on images d-f and j-l).
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Fig. 10. Helium ion microscopic images of 4 week old immature collagen fibrils (A-C) and three year old mature 
collagen fibrils (D-F) taken from different zonal depths from the articular surface; the superficial tangential zone 
(A,D), the middle zone (B,E) and the deep zone (C,F). Scale bar is 50 nm. (G) Graph of fibril diameters (nm) 
across age groups and zones – STZ, MZ and DZ. Bars show mean with SEM; statistical significance is taken at 
p ≤ 0.05. Statistical differences are indicated as follows: α vs. 4 weeks STZ, β vs. 4 weeks MZ, χ vs. 4 weeks DZ, δ 
vs. 3 years STZ, ε vs. 3 years DZ.

A
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Fig. 11. Model predictions of compressive strain in the zonal direction (εyy) and incremental Young’s modulus, (Eyy) 
(MPa), plotted for specific zones in articular cartilage (STZ, MZ and DZ) at increasing levels of applied strain (low, 
intermediate and high) of four different groups (Iso Low, Iso High, Benn Low and Benn High). The zonal analysis of 
the simulation results followed the same procedure as in the experimental part of the study.
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Discussion

The aim of this study was to investigate how changes to 
the structure, composition and organisation of articular 
cartilage from 4 weeks postnatal to skeletal maturity 
influence the depth dependent mechanical properties of the 
tissue. Dramatic increases in Young’s modulus with depth 
from the articular surface were observed in the one year 
old and three year old mature tissues, whilst less significant 
changes in Young’s modulus with depth were observed in 
the 4 week and 8 week old tissues. This increase in stiffness 
with depth has traditionally been associated with spatial 
changes in tissue sulphated GAG content, resulting in 
higher fixed charge densities with depth, which generate 
greater Donnan osmotic fluid pressures (Ateshian, 2009). 
The most dramatic changes that occurred with age were 
in the deep zone of articular cartilage, where an order of 
magnitude increase in the compressive properties of the 
tissue (for low offset strains) was observed from 4 weeks 
postnatal to skeletal maturity. Remarkably, this occurred 
despite the fact that the sGAG content of articular cartilage 
was observed to decrease with maturity. These findings 
suggested that changes to the composition and organisation 
of the collagen network of articular cartilage with skeletal 
development instead play the dominant role in determining 
the final compressive mechanical properties of the tissue.
	 To further explore this possibility, we utilised a range 
of biochemical assays and microscopy tools to probe how 
the collagen network of articular cartilage adapts from 
4 weeks postnatal to skeletal maturity. Polarised light 
microscopy revealed substantial reorganisation of the tissue 
had occurred in both the one year and three year old tissues 
compared to the immature tissue which was primarily 
isotropic in structure. The mature tissue had attained what 
is known as a Benninghoff architecture, where the collagen 
fibrils are orientated parallel to the articular surface in 
the superficial tangential zone and perpendicular to the 
subchondral bone in the deep zone of the tissue. In addition, 
helium ion microscopy demonstrated a significant increase 
in collagen fibril diameter, which was accompanied by 
an increase in collagen content and a maturation of the 
collagen cross-links during postnatal development. Taken 
together, these results strongly suggest that the collagen 
network of articular cartilage both stiffens and reorganises 
with age. The dramatic increase in deep zone compressive 
modulus with age (~ 10-fold increase in the DZ from 4 
weeks to 3 years at low offset strains) can be related to these 
changes to the collagen network. Specifically, swelling 
pressures generated by negatively charged proteoglycans 
put this collagen network into a state of tension in the 
absence of external loads (Chahine et al., 2004; Khalsa 
and Eisenberg, 1997). The stiffer pre-stressed collagen 
fibrils aligned parallel to the direction of loading in mature 
tissue will provide greater resistance to axial compressive 
loading at low strains compared to the less stiff unaligned 
fibrils in immature cartilage (Nagel and Kelly, 2010), which 
explains the increased Young’s modulus in the deep zone 
of the mature tissue compared to the immature tissue.
	 In order to elucidate the relative contribution of 
both collagen network reorganisation and stiffening on 
the compressive properties of the tissue, a finite strain 

biphasic material model with a Donnan osmotic swelling 
pressure was employed. In this framework, a model with 
an isotropic, low stiffness collagen network was considered 
similar to the immature tissue, whilst the model with 
a fully developed Benninghoff architecture and high 
collagen fibril stiffness was considered representative 
of the skeletally mature tissue in terms of structure. 
These model predictions provide further support for 
our hypothesis that changes to the collagen network, in 
isolation, can explain the dramatic increases observed in 
the compressive properties of articular cartilage during 
postnatal development. In particular, the dramatic increases 
in DZ compressive modulus that are observed with age 
are predicted by a model that includes both a Benninghoff 
architecture and a stiff fibril collagen network (specifically, 
a prediction of a ~ 8-fold increase in stiffness at low offset 
strains compared to a tissue modelled with an isotropic 
structure and a low fibril stiffness). A noticeable difference 
between experimental and model predications was that the 
model did not predict any differences in the compressive 
modulus in the DZ of the tissue for high offset strains, 
which were not observed experimentally. The model was 
set up to help us understand the impact of collagen network 
properties, in isolation, and as such had to exclude the 
impact of variations in other tissue properties (e.g. porosity, 
fixed charge density) which are likely relevant for a more 
accurate representation of compressive properties at higher 
strains. Therefore, certain compositional or organisational 
changes occurring in articular cartilage with age are not 
captured by the model. Besides this point, the simple 
Neo-Hookean model used for the ground substance is not 
predictive of the complex behaviour of the tissue at high 
strains.
	 Another noticeable difference in the mechanical 
behaviour of immature and mature tissue was the greater 
levels of strain softening observed during compressive 
loading of the mature tissue. While such strain softening 
has been observed previously in articular cartilage (Chahine 
et al., 2004; Schinagl et al., 1997; Wang et al., 2003), it 
remains to be elucidated if the emergence of such strain 
softening properties with age are of functional importance 
to the tissue. These higher levels of strain softening can also 
be attributed to the vertical arrangement of the collagen 
fibrils in the deep zone of the mature tissue (as confirmed 
by the model simulations). Due to tissue swelling, these 
fibrils are initially in a state of pre-stress, contributing to 
tissue compressive properties. However, with increasing 
applied strains, these vertical fibrils buckle and will 
no longer contribute to the load bearing capabilities of 
the tissue to the same degree. Differences were also 
observed in the strain-softening behaviour between the 
one year old and three year old tissues, with the latter 
undergoing more dramatic softening, which again can be 
attributed to the younger tissue being less organised and 
less stiff. Indeed, less dramatic strain softening was also 
predicted in the finite element model that incorporated a 
Benninghoff-architecture with low fibril stiffness compared 
to the Benninghoff-like model with high fibril stiffness. 
With higher fibril stiffness, less tensile strains but higher 
stresses will be generated within the collagen network in 
the free swelling state, meaning that more dramatic strain 
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softening will occur as the tissue is initially compressed 
under strain control. The fact that such a phenomenon is 
more pronounced in the three year old tissue, compared 
to the one year old tissue, would further suggest that the 
collagen network of the former is stiffer than the latter.
	 Due to articular cartilage’s poor capacity for repair 
once damaged, tissue engineering approaches have been 
pushed to the forefront of new joint regeneration strategies 
(Kim et al., 2003; Chung and Burdick, 2008; Hunziker, 
2002). Recent approaches have attempted to generate 
complex tissues with zonal cell and tissue phenotypes in 
order to improve the functional properties of engineered 
cartilage (Accardi et al., 2013; Klein et al., 2003; Ng et 
al., 2009; Ng et al., 2005; Sharma et al., 2007; Thorpe 
et al., 2013; Nguyen et al., 2011; Kock et al., 2013). 
Despite extensive efforts to replicate the inhomogeneity 
of mature articular cartilage, these engineered constructs 
typically possess zonal characteristics that are, at best, 
similar to immature articular cartilage (Ng et al., 2005; 
Sharma et al., 2007; Klein et al., 2003). In addition, the 
fact that such in vitro engineered tissues do not possess 
a Benninghoff-like collagen architecture means that 
their DZ compressive properties are at least an order of 
magnitude lower than that of skeletally mature articular 
cartilage. Engineering a mechanically competent tissue 
in vitro prior to implantation is clinically relevant, as such 
functionality may be the key to long-term success (Ng et 
al., 2009; Nagel and Kelly, 2013). Whilst new scaffold 
fabrication techniques, such as electro-spinning and 3D 
weaving, have gone some way to generating constructs that 
mimic certain mechanical characteristics of native articular 
cartilage (Accardi et al., 2013; Moutos et al., 2007), the 
unique complexity and functionality of the native tissue 
have yet to be recapitulated. The novel findings presented 
in this study highlight the importance of temporal changes 
to the collagen network of articular cartilage during skeletal 
maturation for determining the tissue’s ability to bear 
compressive loads. Future tissue engineering strategies 
should therefore place a greater focus on recapitulating the 
mechanical functionality associated with the pre-stressed 
anisotropic collagen architecture of mature tissue in order 
to regenerate hyaline cartilage.

Conclusions

Despite decades of research, relatively little is known 
about how changes to the composition and organisation 
of articular cartilage with age impact the mechanical 
functionality of the tissue. This study demonstrates that the 
compressive stiffness of articular cartilage increases by up 
to an order of magnitude from 4 weeks postnatal to skeletal 
maturity. By combining biomechanical and biochemical 
assays with novel imaging modalities and computational 
models, we demonstrate that the temporal evolution of the 
tissue’s collagen network plays a significant role in driving 
the increases in the compressive mechanical properties 
of the tissue with age. These results suggest that tissue-
engineering strategies should place a greater focus on 
recapitulating the mechanical functionality associated with 

the pre-stressed, anisotropic collagen network of skeletally 
mature articular cartilage to enable joint regeneration.
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Discussion with Reviewers

Reviewer I: The remodelling activity within articular 
cartilage lead to profound changes in postnatal cartilage, 
developing from an isotropic environment to an ordered 
tissue. What do you believe are the predominant 
mechanisms by which the chondrocyte can orchestrate this 
incredible change in tissue ultrastructure?
Authors: Chondrocytes respond to mechanical load as 
a means of regulating the growth and differentiation of 
cartilage tissue throughout development and maturation 
(Sanchez-Adams et al., 2014). A number of key 
transduction mechanisms have been identified that 
facilitate the mechanically-driven enhancement of 
cartilage extracellular matrix biosynthesis and functional 
properties, including mechano-sensitive ion channels and 
signalling through integrins and primary cilia (Sanchez-
Adams et al., 2014; Phan et al., 2009). Furthermore, the 
pericellular matrix has emerged as a potential transducer 
of mechanical signals in cartilage, showing an ability to 
either amplify or attenuate local mechanical strains, as 
well as to convert tissue deformation to physicochemical 
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(Haider et al., 2006) or biochemical changes (Vincent 
et al., 2004) in the chondrocyte microenvironment 
(Sanchez-Adams et al., 2014). Hence, the chondrocyte is 
uniquely equipped to sense and respond to changes in its 
mechanical environment during postnatal development. 
The culmination of the modelling/remodelling activity 
(mediated by chondrocytes through the mechanisms 
described above) to control cellular strains (or other 
mechanical inputs) throughout the tissue depth is one 
possible explanation for the alterations in the cartilage 
ultrastructure observed during postnatal development. For 
example, this might be to ensure a uniform mechanical 
environment for the chondrocytes themselves, or perhaps 
to protect these cells from injurious strain/loading.

Reviewer II: The authors need to justify the added value 
of the computational model.
Authors: The computational model offers us additional 
insight that we cannot gain directly through the experiments. 
As such, it represents a strong feature of the current study 
and allows us to get a feel for what is going on. While 
the influence of GAGs on the bulk stiffness of cartilage 
has been extensively investigated, the collagen network’s 
contribution is more involved and not intuitively obvious. 
We do know by now that collagen fibre buckling is one 
of the main causes for the apparent softening observed in 
certain strain regions. However, the differential effects 
of collagen network stiffness and alignment on the bulk 
mechanical properties of a cartilage sample in unconfined 
compression are not clear and cannot be strictly separated 
experimentally. Therefore, the purpose of the set of 
simulations used in this study was to create an environment 
in which changing bulk mechanical properties could be 
attributed to isolated and controlled variations of collagen 
network stiffness and orientation without the additional 
complication of variations in other tissue properties.

Reviewer III: How would aged/degenerate cartilage fit 
into this model? What would the authors expect to uncover 
for the relationship in biochemistry and biomechanics to 
the neonatal or skeletally mature cartilage?
Authors: Osteoarthritis (OA) is generally diagnosed 
radiographically by bony changes, including osteophyte 
formation, cysts, subchondral sclerosis, cortical plate 
thickening and joint space narrowing (Griffin and Guilak, 
2005). There is disagreement across the literature about 
whether these bone changes are concurrent with, primary 
to, or secondary to cartilage deterioration. Clinical 
observation suggests that bone density and cartilage 
fibrillation are inversely related (Burr and Schaffler, 1997). 
Cortical plate thickening in knee OA is caused by tidemark 
advancement (reduplication) following vascular invasion 
of the calcified cartilage at the bone-cartilage interface, 
as well as deposition of woven bone at the bone-marrow 
interface (Messent et al., 2005). A small amount of 
reduplication can exert a profound effect on focal increases 
in the overlaying articular cartilage and could contribute 
to cartilage loss in OA (Johnson et al., 1991). This gives 
rise to the hypothesis that cartilage fibrillation in OA is not 
solely dependent on stiffening of the subchondral plate but 
rather by a remodelling process in both subchondral bone 

and calcified cartilage that cause alterations of articular 
cartilage both biologically and mechanically (Burr and 
Schaffler, 1997). These biological alterations of articular 
cartilage include chondrocyte clustering, as a result of 
increased cell proliferation, and a general upregulation 
of synthetic activity associated with increased production 
of specific extracellular matrix proteins (Goldring and 
Goldring, 2010). As the pathological progression of OA 
continues, there is evidence of increased catabolic activity 
related to enhanced production of degradative proteinase 
genes associated with gradual loss of proteoglycans 
followed by type II collagen degradation (Goldring 
and Goldring, 2010). These alterations to the articular 
cartilage and underlying subchondral bone would have a 
profound effect on the mechanical response of the tissue 
to load; including decreases in the modulus or stiffness of 
OA cartilage in tension, compression and shear loading, 
and increases in the propensity to swell as compared to 
healthy cartilage (Gannon et al., 2012; Setton et al., 1999). 
These are different tissue and joint changes from that 
observed here during postnatal development. However, 
we believe the general findings reported in this study will 
provide greater insight into our understanding of cartilage 
mechanics in disease. Furthermore, computational models 
such as that utilised in this study can help provide greater 
insight into how structural and compositional changes in 
disease impact upon the functionality of the tissue.

Reviewer III: Would mechanical injury or overload to the 
same age groups tested drastically change the observed 
results? Imagine the availability of a bioreactor with cyclic 
mechanical stimulation. If this injury was applied to living 
tissue explants, would the tissue evolve and behave the 
same way?
Authors: We do not believe we could recapitulate the 
complex development of articular cartilage in a bioreactor. 
It is likely that the response of articular cartilage to 
mechanical injury will depend strongly on skeletal 
maturity, with the capacity of the tissue to resist overload 
increasing with age. In saying that, as articular cartilage 
acts as a growth plate during joint development, it is likely 
that immature tissue has a greater capacity for self-repair 
than skeletally mature tissue.
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