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A B S T R A C T   

Many material properties of articular cartilage are anisotropic, particularly in the superficial zone where collagen 
fibers have a preferential direction. However, the anisotropy of cartilage wear had not been previously inves
tigated. The objective of this study was to evaluate the anisotropy of cartilage material behavior in an in vitro 
wear test. The wear and coefficient of friction of bovine condylar cartilage were measured with loading in di
rections parallel (longitudinal) and orthogonal (transverse) to the collagen fiber orientation at the articular 
surface. An accelerated cartilage wear test was performed against a T316 stainless-steel plate in a solution of 
phosphate buffered saline with protease inhibitors. A constant load of 160 N was maintained for 14000 cycles of 
reciprocal sliding motion at 4 mm/s velocity and a travel distance of 18 mm in each direction. The contact 
pressure during the wear test was approximately 2 MPa, which is in the range of that reported in the human knee 
and hip joint. Wear was measured by biochemically quantifying the glycosaminoglycans (GAGs) and collagen 
that was released from the tissue during the wear test. Collagen damage was evaluated with collagen hybridizing 
peptide (CHP), while visualization of the tissue composition after the wear test was provided with histologic 
analysis. Results demonstrated that wear in the transverse direction released about twice as many GAGs than in 
the longitudinal direction, but that no significant differences were seen in the amount of collagen released from 
the specimens. Specimens worn in the transverse direction had a higher intensity of CHP stain than those worn in 
the longitudinal direction, suggesting more collagen damage from wear in the transverse direction. No anisot
ropy in friction was detected at any point in the wear test. Histologic and CHP images demonstrate that the GAG 
loss and collagen damage extended through much of the depth of the cartilage tissue, particularly for wear in the 
transverse direction. These results highlight distinct differences between cartilage wear and the wear of tradi
tional engineering materials, and suggest that further study on cartilage wear is warranted. A potential clinical 
implication of these results is that orienting osteochondral grafts such that the direction of wear is aligned with 
the primary fiber direction at the articular surface may optimize the life of the graft.   

1. Introduction 

Articular cartilage is a resilient load-bearing material in diarthrodial 
joints, and provides excellent friction, lubrication and wear resistance 
during joint motion. Its unique properties derive from its composition 
and structure. In normal articular cartilage, water content is 65–80% of 
its total wet weight (Mankin et al., 1994; Mow and Ratcliffe, 1997). The 
remaining tissue is divided in two major classes of extracellular matrix, 

proteoglycans associated with abundant glycosaminoglycans (GAGs) 
and collagen. Chondrocytes are distributed throughout the tissue. The 
cartilage microstructure is heterogeneous, and can be divided into four 
zones through the depth of the tissue: superficial, middle, deep and 
calcified zones (Mankin et al., 1994; Mow and Ratcliffe, 1997). In the 
superficial zone, the collagen fibers are oriented parallel to the articular 
surface, and have a preferential fiber direction that is thought to be 
aligned with the direction of joint motion (Below et al., 2002). 
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The oriented fibers lead to anisotropic tensile properties in the su
perficial zone of cartilage, with higher tensile strength and elastic 
modulus in the direction aligned with the fibers than perpendicular to 
them (Huang et al., 2005; Kempson et al., 1973; Roth and Mow, 1980; 
Woo et al., 1979, 1976). However, it has not been determined how these 
anisotropic properties affect cartilage wear. The wear response of 
cartilage in different orientations may be especially important when 
considering the transplantation of osteochondral autografts and allo
grafts to repair cartilage defects. In this repair strategy, one or more 
osteochondral grafts are transferred to the defect site from minimally 
weight-bearing areas in the case of autografts, or from cadaveric donors 
in the case of allografts. Osteochondral grafts have a success rate that is 
comparable to other surgical techniques for cartilage repair (Gudas 
et al., 2013, 2006; Horas et al., 2003; Richter et al., 2016; Ulstein et al., 
2014) but that is still far from ideal. In one study by Ulstein et al. that 
followed patients with osteochondral autografts for an average of 9.8 
years, 36% of the patients (5 of 14) underwent additional surgical 
procedures on their treated knee (Ulstein et al., 2014). The long-term 
success of these grafts likely relies on multiple factors, including har
vesting technique (Hafke et al., 2016), graft geometry (Ackermann et al., 
2019), and defect size (Lynch et al., 2015). A better understanding of 
cartilage wear properties and their relationship to collagen fiber direc
tion could identify another factor affecting osteochondral graft 
longevity. 

Wear is typically quantified for engineering materials by the loss in 
mass due to wear. Because cartilage is a hydrated tissue and this mea
surement is difficult (Ateshian et al., 2005), a variety of wear measures 
have been reported. One of the first and simplest methods for quanti
fying cartilage wear was by measuring its loss-of-depth. Radin et al. 
(1982) prepared histologic slides from bovine metatarsophalangeal 
joints that were subjected wear, and compared cartilage depth to that of 
the contralateral control. Another method of determining cartilage wear 
is to measure the size, shape and/or number of wear particles, which has 
been performed in vivo and in vitro. Kuster et al. (1998) collected wear 
particles from the knees of patients by joint lavage. SEM images of the 
particles were used to determine that wear particles from healthy and 
osteoarthritic cartilage are different in shape due to the distinct 
arrangement of collagen fibers in different zones of cartilage. In an in 
vitro test, Oungoulian et al. (2013) slid loaded cartilage plugs against a 
glass surface for 24 h and analyzed the particulate size and number in 
the fluid bath. The authors reported that the number and volume of 
particulates 0.6 μm to 60 μm in size were a sensitive measure of wear. In 
the current study, biochemical analysis of the cartilage extracellular 
matrix that was removed from the tissue was used to quantify the wear 
in cartilage. Hydroxyproline is an amino acid which is very abundant in 
collagen but rare in other proteins (Mow et al., 2005; Mow and Ratcliffe, 
1997). Its presence in the solution bath of a cartilage wear test is an 
indicator of collagen loss due to wear (Ateshian et al., 2005; Lipshitz 
et al., 1975; McGann et al., 2012; Oungoulian et al., 2013; Trevino et al., 
2017). Similarly, GAGs in the solution bath can also be quantified bio
chemically and are a measure of proteoglycan loss due to wear (Gha
dially, 1981; Oungoulian et al., 2013; Trevino et al., 2017). These wear 
measures were chosen because quantification of the release of these two 
matrix components to the solution bath provides information on the 
nature of the cartilage matrix degradation with mechanical wear. 

The objective of this study was to investigate the anisotropic nature 
of cartilage in an accelerated in vitro wear test. Cartilage wear in the 
direction of the collagen fibers (longitudinal) and perpendicular to them 
(transverse) was determined by biochemically quantifying the GAGs and 
collagen that were released to the hydrating fluid bath during the wear 
test. The coefficient of friction (COF) throughout the wear test was also 
measured. Collagen damage from the wear test was evaluated with 
collagen hybridizing peptide (CHP), which binds to denatured collagen 
and is conjugated to a fluorophore to allow for visualization of collagen 
damage (Zitnay et al., 2017). Finally, the distribution of proteoglycans 
and collagen in the tissue was visualized via histology after the wear test 

was completed and the optical density of the stains were quantified. 

2. Methods 

2.1. Specimen preparation and fiber orientation 

Bovine stifles joints from approximately 1-year old animals were 
collected from a local abattoir (This Old Farm, Colfax, IN) and stored at 
-20 �C before further use. Cylindrical osteochondral specimens 9.5 mm 
in diameter and approximately 18 mm in height were cored from the 
thawed femoral condyles such that the articular surface was perpen
dicular to the coring axis. Specimens for this study were harvested from 
8 different stifles and were distributed randomly to the longitudinal and 
transverse groups. Fiber direction at the articular surface was estimated 
from the cartilage split-lines at the periphery of the specimens (Below 
et al., 2002). The articular surface was pierced with a pin in 14–16 lo
cations near the edge of the specimen and India ink was applied. The 
excess India ink was removed with dry gauze and the remaining ink 
identified the preferential direction of the collagen fibers (Fig. 1A). 

The split lines at the periphery of the specimen were used to orient 
the specimen during the wear test. After the wear test, wear lines were 
also visible with India ink (Fig. 1B). The final determination of the angle 
between the fiber orientation and wear direction was based on the split 
line analysis on the cartilage surface after the wear test was complete. 
This analysis was done on the entire surface of the cartilage, though only 
regions where the superficial zone had not been worn off could be used 
to determine the fiber direction (Fig. 1C). An image of the split lines was 
taken with a stereomicroscope (Stemi 508, Carl Zeiss, Jena, Germany) 
equipped with a digital camera (Axiocam ERc 5s, Carl Zeiss), and the 
average angle between the fibers and the wear direction was determined 
for each specimen using ImageJ software (NIH). 

Fig. 1. Fiber angle analysis. A) Split-lines identifying fiber direction at the 
periphery of the articular surface were used to determine specimen orientation 
during the wear test. B) Wear lines were visible after the wear test. C) Angle 
between the fiber and wear directions were determined over the remaining 
articular cartilage surface. Scale bar A-C: 1 mm. D) Measurement of angle be
tween fiber and wear directions. Scale bar: 100 μm. 
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2.2. Wear and friction 

An accelerated cartilage wear test was performed against a T316 
stainless-steel plate with a #8 mirror finish using a UMT Tribolab (Fig. 2; 
Bruker, San Jose, CA). The bone portion of the osteochondral specimen 
was clamped in the device. Specimens were manually oriented based on 
a visual assessment of the split-lines at the periphery of the specimen 
such that the primary direction of the collagen fibers was aligned either 
with the direction of motion (longitudinal) or perpendicular to this di
rection (transverse). The wear test was performed in a solution of 
phosphate buffered saline (PBS) with protease inhibitors (1 mM ethyl
enediaminetetraacetic acid, 5 mM benzamadine and 10 mM n-ethyl
maleimide) at room temperature. Preliminary studies identified a test 
protocol that caused measurable wear. The specimen was lowered to
ward the stainless steel plate at a rate of 1 mm/s until a “touch force” of 
0.2 N was reached. Then, the specimen was lowered at a rate of 0.1 mm/ 
s to a sustained load of 160 N. This load was maintained for 14000 cycles 
of reciprocal sliding motion at 4 mm/s velocity and a travel distance of 
18 mm in each direction. The wear test took approximately 43 h for each 
specimen and the total wear distance was approximately 504 m. The 
friction and normal forces were collected from a two-axis load cell at a 
rate of 1 kHz throughout the wear test. Additionally, specimens that 
were exposed to the reciprocating motion of the wear test without an 
applied load and those that experienced the 160 N load for the same 
duration of the wear test without the reciprocating motion served as 
controls. 

To quantify cartilage wear, biochemical assays were used to measure 
the amount of GAGs and collagen released to the solution bath during 
the wear test. The solution along with any particles that had been 
released to the bath during wear were collected at the end of the test and 
stored at -20 �C before further analysis. These samples were lyophilized, 
re-suspended in papain digest solution and incubated at 60 �C overnight. 
The GAG content of the papain digests was determined with a dime
thylmethylene blue (DMMB) assay, as has been previously reported 
(Bonitsky et al., 2017). Aliquots of the papain digest were hydrolyzed at 
100 �C for 18 h in concentrated HCl (38%). A chloramine-T assay was 
performed on the hydrolysates to quantify their hydroxyproline content 
(Bonitsky et al., 2017; McGann et al., 2015). The collagen content was 
calculated using a hydroxyproline:collagen ratio of 1:7.69 (Ignat’eva 
et al., 2007). 

The ratio of the friction and normal forces was computed to deter
mine the COF during the ~43 h duration of the experiment. For this 
analysis, the COF data during acceleration and deceleration was dis
carded, and only the COF data during the 4 mm/s velocity was consid
ered. COF values were averaged for each reciprocating cycle (both 
directions) using Matlab (Mathworks, Natick, MA). The average value 
from the first reciprocating cycle was considered the initial COF. 
Because the COF reached equilibrium by 4 h, the average COF of the last 
39 h was taken as the equilibrium COF. 

Wear and friction were analyzed for four different groups. First, all 
longitudinal and transverse samples (n ¼ 12 for each, or 24 total) were 
analyzed. To determine whether the anatomic location of the harvest 
site impacted differences in wear between the longitudinal and trans
verse directions, cartilage specimens that had been collected from 
medial (n ¼ 6 to 7 each for longitudinal and transverse) or lateral con
dyles (n ¼ 5 to 6 each) were analyzed separately. Finally, specimens in 
which both longitudinal and transverse cartilage specimens had been 
harvested from the same stifle were analyzed (n ¼ 7 each) to minimize 
the joint-to-joint variability. For each group, GAG wear, collagen wear, 
initial COF and equilibrium COF of the cartilage were reported. 

2.3. Collagen damage and histology 

To better understand the effect of longitudinal and transverse wear 
on cartilage collagen damage and matrix loss, some wear test specimens 
from medial condyles were assessed with collagen hybridizing peptide 
(CHP) and histology. At the end of the wear test, cartilage was removed 
from the bone with a scalpel and was cut in half perpendicular to the 
articular surface. One half was incubated with 5 μM CHP conjugated to 
fluorescein (3Helix, Salt Lake City, UT) in PBS for 1 h at 4 �C, rinsed 
overnight at 4 �C, and was imaged with an inverted confocal microscope 
(FV1000MPE, Olympus America, Melville, NY). The average fluores
cence intensity of the tissue was determined with ImageJ software (n ¼ 5 
each for longitudinal and transverse). The other half was fixed in 
paraformaldehyde, embedded in paraffin, and 5 μm sections were 
stained with Safranin-O/Fast Green or Modified Masson’s trichrome to 
visualize GAG and collagen distribution, respectively. Proteoglycan 
content of one section per specimen was determined with digital 
densitometry of the Safranin-O stain (n ¼ 6, Kiviranta et al., 1985). The 
standard Trichrome staining protocol was modified to include enzy
matic digestion of the proteoglycans with papain before staining, as this 
provides good correlation between collagen content and optical density 
of the stain (Rieppo et al., 2019). The collagen content of one section per 
specimen was determined with the digital densitometry of the trichrome 
stain (n ¼ 6 each for longitudinal and transverse). Images were taken 
using a light microscope (Leica DM3000, Wetzlar, Germany) connected 
to a digital camera (Leica DFC290). Staining intensity was quantified by 
transforming the red channel in Safranin-O images and the blue channel 
in Trichrome images to gray scale, and then converting average gray 
scale values to the optical density. 

2.4. Statistics 

Data were tested for normality with the Kolmogrov-Smirnov test. 
Where necessary, data were evaluated with an equivalent nonpara
metric test. Quantitative differences between the longitudinal and 
transverse wear tests were determined with a Student’s t-test with the 
Bonferroni correction for repeated measures where appropriate 
(Graphpad Prism Software, La Jolla, CA). For the analysis of data where 
a longitudinal and transverse specimen came from the same stifle, a 
paired t-test was used. Significance was set at p < 0.05. Data are pre
sented as mean � standard deviation. 

3. Results 

3.1. Fiber orientation 

After the accelerated wear test, loss of the superficial zone was 
observed in most specimens, primarily in the center of the articular 
surface. Wear lines in the direction of reciprocating motion were visible. 
The split lines at the periphery of the specimen did not appear to initiate 
or exacerbate the wear (Fig. 1B), perhaps due to the inherent slight 
curvature of the specimens (McGann et al., 2012). To validate the 
relationship between the direction of motion and the fiber orientation, 
the average angle between fiber and wear directions was determined 

Fig. 2. Wear test set-up. Osteochondral specimens underwent reciprocating 
motion while loaded against a polished T316 stainless-steel plate. The wear test 
was performed in PBS containing protease inhibitors. Friction and normal 
forces were collected from the two-axis load cells and the COF was calculated. 
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from the split line analysis of the remaining articular surface after the 
wear test. The values were 4.2 � 12.0� for the longitudinal specimens 
and 79.8 � 15.8� for the transverse specimens. 

3.2. Wear and friction 

The matrix components released to the solution bath during the wear 
test, including from control specimens with no load or no motion, were 
quantified. The no-load controls released 1.53 � 0.64 mg GAGs and 
66.0 � 32.4 μg collagen to the solution bath, while the no-motion con
trols released 0.51 � 0.39 mg and 40.4 � 34.9 μg GAGs and collagen, 
respectively. Because the no-load controls released more matrix overall, 
the average amount of GAGs and collagen that were released to the 
solution bath from the no-load controls were subtracted from the 
respective wear test values to determine the matrix components released 
due to wear only. When all wear specimens were considered, the 
transverse wear test resulted in 1.84 � 0.92 mg GAGs released from the 
tissue, while the GAGs released due to wear in the longitudinal direction 
was significantly less at 0.837 � 0.85 mg (Fig. 3A). Similarly, signifi
cantly more GAGs were released in the transverse direction when just 
specimens from the medial condyle were considered, but there was no 
significant difference between longitudinal and transverse directions 
when the specimens originated from the lateral condyle or when the 
specimens were harvested from the same bovine stifle (Fig. 3A). The 
collagen released to the saline bath was 262.4 � 123.0 μg and 
207.6 � 89.6 μg for wear in the longitudinal and transverse directions, 
respectively, when all samples were considered. No significant differ
ences in collagen released during the wear test were detected in any 
analysis, including when the anatomic location of the harvest site was 
taken into consideration or when a paired analysis was performed with 
specimens taken from the same stifle (Fig. 3B). 

For both the longitudinal and transverse wear test, the COF was 
initially low, and with time, the COF increased, consistent with previous 
studies (Bonitsky et al., 2017; Forster and Fisher, 1999; Krishnan et al., 
2004; Lewis and McCutchen, 1959; McGann et al., 2015; Northwood 
and Fisher, 2007). After approximately 4 h the COF reached equilibrium 
and was nearly constant for the remaining 39 h for both longitudinal and 
transverse wear (Fig. 4). For the longitudinal case, the average COF 
increased from an initial value of 0.00358 � 0.00059 to an equilibrium 
value of 0.265 � 0.033. For transverse case the COF rose from 
0.00345 � 0.00041 to 0.247 � 0.034. No significant differences were 
found in the initial and equilibrium COF values between longitudinal 
and transverse direction for any group (Fig. 3C and 3D). 

3.3. Collagen damage and histology 

CHP was used to visualize collagen damage due to the wear tests in 
the longitudinal and transverse directions. Confocal imaging of the 
cartilage tissue showed greater CHP staining in specimens that had been 
worn in the transverse direction than in the longitudinal direction, with 
high intensity staining at the articular surface. The average fluorescence 
intensity was 12.2 � 1.8 and 24.1 � 11.0 for longitudinal and transverse, 
respectively (Fig. 5). 

Histological analysis of the wear test specimens supported the results 
of GAG and collagen wear. Safranin-O staining indicated that specimens 
that had been worn in the transverse direction were more depleted of 
GAGs than those that had been worn in the longitudinal direction, and 
that the GAGs loss extended through most of the depth of the cartilage 
(Fig. 6A). The optical density of the Safranin-O staining was 
0.509 � 0.043 for specimens that had been worn in the longitudinal 
direction, and 0.437 � 0.061 for the transverse direction. On the other 
hand, Modified Masson’s trichrome staining of collagen appeared 
approximately equivalent between longitudinal and transverse speci
mens (Fig. 6B). The optical density of the trichrome stain was 
0.494 � 0.071 and 0.481 � 0.054 for wear in the longitudinal and 
transverse directions, respectively. 

Fig. 3. Wear and friction. Measures of wear and coefficient of friction (COF) 
in the longitudinal and transverse direction for four different groups, including 
GAGs and collagen released for no-load controls and no-motion controls. All: 
All specimens in the study; 2) Medial: Only specimens that originated from the 
medial condyle; Lateral: Only specimens that originated from the lateral 
condyle; Same: Only specimens where both longitudinal and transverse speci
mens were harvested from the same stifle. A) GAGs that were released from the 
specimens; B) Collagen that was released from the specimens; C) Initial COF; D) 
Equilibrium COF during the wear test. * indicates p < 0.05. 
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4. Discussion 

The objective of this study was to investigate the anisotropic nature 
of cartilage in an accelerated in vitro wear test. Based on the amount of 
GAGs released to the solution bath in the accelerated wear test, cartilage 
wear was anisotropic, as more GAGs were released from the cartilage 
during transverse wear than during longitudinal wear (Fig. 3A). Histo
logical analysis supported the wear results, demonstrating that fewer 
GAGs remained in the specimens subjected to transverse wear compared 
to longitudinal wear (Fig. 6A). In contrast, there was no difference in 
collagen released from the cartilage for any of the groups that were 
analyzed (Fig. 3B), and the collagen content measured via quantification 
of Trichrome staining was also equivalent between the two groups of 
specimens (Fig. 6B). Instead, CHP staining varied with the direction of 
wear. Transverse loading in the wear test tended to cause greater CHP 
staining than loading in the longitudinal direction (Fig. 5). The 
increased wear was not due to increased friction forces, as the COF was 
equivalent in the longitudinal and transverse directions (Fig. 3C-D, 
Fig. 4). The data indicating anisotropic wear from the accelerated wear 
test are consistent with cartilage’s anisotropic tensile material properties 
(Huang et al., 2005; Kempson et al., 1973; Roth and Mow, 1980; Woo 
et al., 1979, 1976). 

No significant differences were detected between longitudinal and 
transverse wear for the amount of collagen released during the wear test, 
or for initial and equilibrium COF (Fig. 3B–D). Although large variation 
in mechanical properties is inherent in biological tissues, we sought to 
ensure that anatomic variation or variation between donors was not 
masking a difference in these properties with wear direction. Osteo
chondral specimens from the medial and lateral condyles were analyzed 
separately to partially remove the effect of anatomic location, and 

longitudinal and transverse specimens that originated from the same 
stifle were analyzed as pairs to address donor-specific effects. However, 
none of these analyses revealed differences in collagen released during 
wear or either COF measurement between the longitudinal or transverse 
wear directions. On the other hand, differences in GAG loss were sus
tained for specimens from medial condyles but not from lateral con
dyles. This may be due to anatomic differences in the structure of the 
collagen network. The orientation of the collagen fibers in the superfi
cial zone has been associated with mechanical loading in vivo (Below 
et al., 2002), and the medial condyle typically withstands greater con
tact forces (Mündermann et al., 2008; Zhao et al., 2007). Higher forces 
in the medial condyle may generate a more uniform fiber orientation at 
the articular surface, resulting in significant anisotropy in wear and 
damage. 

Although this study is the first to investigate anisotropy in cartilage 
wear, aspects of the study can be compared to previous reports. In the 
current study, the amount of GAGs released from the cartilage was 
greater than collagen released for both wear specimens and unloaded 
controls (Fig. 3A and 3B), consistent with the report from Trevino et al. 
(2017) on the wear of viable cartilage tissue against metal. This group 
also demonstrated GAG loss through the depth of the tissue in histo
logical sections of the wear specimens, but no apparent loss of collagen, 
consistent with histological analysis in the current study (Fig. 6). On the 
other hand, our results differ considerably from Oungoulian et al. 
(2013), who were not able to biochemically detect the release of GAGs 
or collagen to the solution bath due to wear. This is may be due to dif
ferences in the duration of the wear test, as the previously reported study 
lasted 24 h and the current one was nearly twice as long. In the current 
study, very little wear was visible in the first 24 h. 

The main limitation with this investigation is that, due to practical 
considerations, the wear test was accelerated compared to physiologic 
wear. The contact pressure during the wear test was approximately 
2 MPa, which is in the range of that reported in the human knee and hip 
joints (Brand, 2005). However, this physiologic load magnitude was 
applied constantly for ~43 h, which is a non-physiologic cartilage load 

Fig. 4. Coefficient of Friction (COF). The COF over the ~43 h wear test in the 
A) longitudinal and B) transverse direction. 

Fig. 5. Collagen damage. Collagen hybridizing peptide (CHP) was used to 
quantify and visualize collagen damage. A) Specimens worn in the longitudinal 
and transverse directions were stained with CHP conjugated to fluorescein and 
imaged with confocal microscopy. Specimens with median fluorescence in
tensity are shown. Scale bar: 200 μm. B) Quantification of CHP intensity. * 
indicates p < 0.05. 
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history. In vivo, peak load durations are short and then the load releases, 
allowing for fluid exudation and resorption to occur cyclically. In the 
current wear test, loading for the duration of the wear test prolonged the 
fluid exudation, increasing the COF and load transfer to the solid matrix 
(Krishnan et al., 2004), in order to cause measureable wear in an 
experimentally viable time period. Another aspect of the wear test that 
led to accelerated wear was the selection of polished stainless steel for 
the opposing surface. Cartilage-on-metal wear is significantly higher 
than cartilage-on-cartilage wear in both in vitro (McCann et al., 2008; 
Trevino et al., 2017) and in vivo studies (Custers et al., 2010a,b). Despite 
the accelerated nature of the wear test, it generated some of the hall
marks of osteoarthritis, namely tissue loss and collagen damage. In 
osteoarthritic cartilage, depletion of GAGs has been observed to precede 
the loss of collagen from the tissue (Otsuki et al., 2008; Pettipher et al., 
1989; Rolauffs et al., 2010; Saarakkala et al., 2010). This is consistent 
with the GAG loss in the middle and deep zones seen in the current wear 
test (Fig. 6A). Additionally, many studies have shown that fibrillation, 
lesions, and disintegration of the collagen network in the superficial 
zone occur early in osteoarthritis (Clarke, 1971; Henao-Murillo et al., 
2018; Hosseininia et al., 2013; Hwang et al., 1992; Panula et al., 1998; 
Saxena et al., 1991), similar to the striated wear lines and tissue loss in 
the superficial zone that were observed in the wear test (Fig. 1B). 
Finally, as in the wear test, osteoarthritic cartilage tissue stains more 
strongly for CHP than healthy tissue in the superficial and midzone of 
osteoarthritic cartilage, indicating extensive collagen damage and 
degradation in the diseased tissue (Hwang et al., 2017). The accelerated 
wear test, therefore, may be useful to study some aspects of mechanical 
wear and degradation that are observed in diseased states of cartilage. 

No difference was detected in the collagen released during wear in 
the longitudinal and transverse directions or in the histological analysis 
of collagen content of the specimens after the wear test. Masson’s tri
chrome stains the intact collagen network blue, but has been reported to 
stain denatured collagen red (Chvapil et al., 1984). Although no red 
stain was visible in our histological sections, CHP staining of denatured 
collagen was observed. The fluorescent CHP marker may be a more 
sensitive indicator of denatured collagen than the Masson’s trichrome 
histological stain. More abundant CHP stain in transverse wear speci
mens indicates that the loads from the wear test may have caused 
additional collagen damage in the transverse direction, but were insuf
ficient to remove collagen from the interconnected network. Increased 

GAG loss from the same transverse wear test specimens suggests that 
collagen damage and GAG loss may be connected: either the release of 
GAGs leads to greater collagen damage, or damage to the collagen 
network releases GAG-associated proteoglycans that would be otherwise 
trapped by an intact collagen network. However, the relationship be
tween GAG loss and collagen damage in cartilage tissue, and whether 
one can cause the other, in either in vitro testing or in physiologic disease 
progression, is unknown. The accelerated wear test may provide a 
platform for further studies on how these modes of cartilage degradation 
can influence each other. 

Results of the wear test identified some significant differences be
tween cartilage wear and the wear of engineering materials. The wear of 
engineering materials is often considered a surface phenomenon, as 
wear results in the removal of material at or near the surface (Chatto
padhyay, 2001; Davis, 2001; Mellor, 2006). Because engineering com
posites experience surface wear, the composition of their wear debris is 
assumed proportional to the surface composition. Although the solid 
cartilage matrix is composed of approximately 70% collagen (Mow and 
Guo, 2002; Venn and Maroudas, 1977), the wear test resulted in the 
release of approximately 5 times more GAGs than collagen. This may be 
because the collagen molecules are tightly bound to one another in a 
continuous network, while the large, GAG-rich proteoglycans are 
physically trapped by this network but are not covalently bonded to it 
for the most part. Additionally, loss of GAGs (Fig. 6A) and CHP stain 
(Fig. 5A) extended through much of the depth of the tissue and were not 
confined to the surface. The current results suggest that cartilage wear is 
distinct from that of engineering materials and that further studies are 
required to better understand the physical mechanism governing carti
lage wear. 

Results of the study demonstrating anisotropic wear in the acceler
ated wear test may have implications for the wear of osteochondral 
grafts. The results suggest that the orientation of osteochondral grafts 
may affect its wear, and that aligning the collagen fibers at the articular 
surface with the direction of joint motion may maximize the life of the 
transplant. Minimizing the wear may also be important to reducing 
inflammation of the joint after the transplantation of osteochondral 
grafts, as cartilage wear particles have been shown to induce an in
flammatory response in fibroblast-like synoviocytes (Estell et al., 2019). 
Additionally, the results of this study are important for biomechanical 
engineers who are performing in vitro wear tests; the orientation of the 

Fig. 6. Histological analysis of wear specimens. A) Safranin-O/Fast Green stain indicating GAG distribution in red and optical density quantification; B) Tri
chrome stain indicating collagen distribution in blue and optical density quantification. Images represent the median optical density of their respective stains. Scale 
bar: 500 μm, * indicates p < 0.05. 
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cartilage may need to be taken into account to conduct a consistent wear 
analysis. 

In conclusion, articular cartilage demonstrated anisotropic proper
ties in the accelerated in vitro wear test. More GAGs were released from 
the tissue when the direction of wear was oriented perpendicular to the 
preferential fiber direction. CHP staining intensity was higher when the 
wear direction was perpendicular to the fiber direction, suggesting that 
collagen damage may be higher in this case, but this did not lead to a 
higher amount of collagen released from the tissue. The anisotropic 
cartilage wear did not appear to be influenced by the COF, which did not 
vary with the direction of wear. Cartilage wear was not limited to the 
articular surface, as the GAG loss and CHP stain extended through the 
depth of the tissue, particularly when the wear was transverse to the 
primary fiber direction. These results indicate distinct differences be
tween cartilage wear and the wear of traditional engineering materials, 
and suggest that further study on cartilage wear is warranted. A po
tential clinical implication of these results is that orienting osteochon
dral grafts such that the direction of wear is aligned with the primary 
fiber direction at the articular surface may optimize the longevity of the 
graft. 

Author roles 

M. Jayed Hossain: Methodology, Investigation, Formal Analysis, 
Writing – Original Draft, Visualization; Hessam Noori-Dokht: Investi
gation, Formal Analysis, Visualization; Sonali Karnik: Investigation, 
Formal Analysis, Validation, Visualization; Naomi Alyafei: Methodol
ogy, Investigation, Formal Analysis; Amin Joukar: Investigation, Formal 
Analysis; Stephen Trippel: Conceptualization, Writing – Review and 
Editing; Diane Wagner: Conceptualization, Methodology, Formal Anal
ysis, Writing – Review and Editing, Supervision, and Funding 
Acquisition. 

Declaration of competing interest 

The authors declare that they have no known competing financial 
interests or personal relationships that could have appeared to influence 
the work reported in this paper. 

Acknowledgements 

This research was supported by NIH grant AR069657 and NSF 
Research Experience for Undergraduates (REU) award 1659688. 

Appendix A. Supplementary data 

Supplementary data to this article can be found online at https://doi. 
org/10.1016/j.jmbbm.2020.103834. 

References 

Ackermann, J., Merkely, G., Shah, N., Gomoll, A.H., 2019. Decreased graft thickness is 
associated with subchondral cyst formation after osteochondral allograft 
transplantation in the knee. Am. J. Sports Med. https://doi.org/10.1177/ 
0363546519851098. 

Ateshian, G. a, Mow, V.C., Huiskes, R., 2005. Friction, lubrication, and wear of articular 
cartilage and diarthrodial joints. Basic Orthop. Biomech. Mechano-Biology. https:// 
doi.org/10.1186/1475-925X-4-28. 

Below, S., Arnoczky, S.P., Dodds, J., Kooima, C., Walter, N., 2002. The split-line pattern 
of the distal femur: a consideration in the orientation of autologous cartilage grafts. 
Arthroscopy. https://doi.org/10.1053/jars.2002.29877. 

Bonitsky, C.M., McGann, M.E., Selep, M.J., Ovaert, T.C., Trippel, S.B., Wagner, D.R., 
2017. Genipin crosslinking decreases the mechanical wear and biochemical 
degradation of impacted cartilage in vitro. J. Orthop. Res. https://doi.org/10.1002/ 
jor.23411. 

Brand, R.A., 2005. Joint contact stress: a reasonable surrogate for biological processes? 
Iowa Orthop. J. 

Chattopadhyay, R., 2001. Surface Wear: Analysis, Treatment, and Prevention. ASM 
International. 

Chvapil, M., Speer, D.P., Owen, J.A., Chvapil, T.A., 1984. Identification of the depth of 
burn injury by collagen stainability. Plast. Reconstr. Surg. https://doi.org/10.1097/ 
00006534-198403000-00018. 

Clarke, I.C., 1971. Articular cartilage: a review and scanning electron microscope study. 
1. The interterritorial fibrillar architecture. J Bone Jt. Surg Br 53, 732–750. 

Custers, R.J.H., Dhert, W.J.A., Saris, D.B.F., Verbout, A.J., van Rijen, M.H.P., 
Mastbergen, S.C., Lafeber, F.P.J.G., Creemers, L.B., 2010a. Cartilage degeneration in 
the goat knee caused by treating localized cartilage defects with metal implants. 
Osteoarthritis Cartilage. https://doi.org/10.1016/j.joca.2009.10.009. 

Custers, Roel J.H., Saris, D.B.F., Creemers, L.B., Verbout, A.J., Van Rijen, M.H.P., 
Mastbergen, S.C., Lafeber, F.P., Dhert, W.J.A., 2010b. Replacement of the medial 
tibial plateau by a metallic implant in a goat model. J. Orthop. Res. https://doi.org/ 
10.1002/jor.21021. 

Davis, J.R., 2001. Surface Engineering for Corrosion and Wear Resistance. ASM 
International. 

Estell, E.G., Silverstein, A.M., Stefani, R.M., Lee, A.J., Murphy, L.A., Shah, R.P., 
Ateshian, G.A., Hung, C.T., 2019. Cartilage wear particles induce an inflammatory 
response similar to cytokines in human fibroblast-like synoviocytes. J. Orthop. Res. 
https://doi.org/10.1002/jor.24340. 

Forster, H., Fisher, J., 1999. The influence of continuous sliding and subsequent surface 
wear on the friction of articular cartilage. Proc. Inst. Mech. Eng. 213, 329–345. 

Ghadially, F.N., 1981. Structure and function of articular cartilage. Clin. Rheum. Dis. 7, 
3–28. 

Gudas, R., Stankevicius, E., Monastyreckiene, E., Pranys, D., Kalesinskas, R.J., 2006. 
Osteochondral autologous transplantation versus microfracture for the treatment of 
articular cartilage defects in the knee joint in athletes. Knee Surg. Sports Traumatol. 
Arthrosc. 

Gudas, R., Gudaite, A., Mickevi�cius, T., Masiulis, N., Simonaityte, R., �Cekanauskas, E., 
Skurvydas, A., 2013. Comparison of osteochondral autologous transplantation, 
microfracture, or debridement techniques in articular cartilage lesions associated 
with anterior cruciate ligament injury: a prospective study with a 3-year follow-up. 
Arthrosc. J. Arthrosc. Relat. Surg. https://doi.org/10.1016/j.arthro.2012.06.009. 

Hafke, B., Petri, M., Suero, E., Neunaber, C., Kwisda, S., Krettek, C., Jagodzinski, M., 
Omar, M., 2016. Chondrocyte survival in osteochondral transplant cylinders 
depends on the harvesting technique. Int. Orthop. https://doi.org/10.1007/s00264- 
015-3065-3. 

Henao-Murillo, L., Ito, K., van Donkelaar, C.C., 2018. Collagen damage location in 
articular cartilage differs if damage is caused by excessive loading magnitude or rate. 
Ann. Biomed. Eng. https://doi.org/10.1007/s10439-018-1986-x. 

Horas, U., Pelinkovic, D., Herr, G., Aigner, T., Schnettler, R., 2003. Autologous 
chondrocyte implantation and osteochondral cylinder transplantation in cartilage 
repair of the knee joint A prospective, comparative trial. J. Bone Jt. Surg. 85, 
185–192. 

Hosseininia, S., Lindberg, L.R., Dahlberg, L.E., 2013. Cartilage collagen damage in hip 
osteoarthritis similar to that seen in knee osteoarthritis; A case-control study of 
relationship between collagen, glycosaminoglycan and cartilage swelling. BMC 
Muscoskel. Disord. https://doi.org/10.1186/1471-2474-14-18. 

Huang, C.Y., Stankiewicz, A., Ateshian, G.A., Mow, V.C., 2005. Anisotropy, 
inhomogeneity, and tension-compression nonlinearity of human glenohumeral 
cartilage in finite deformation. J. Biomech. 38, 799–809. 

Hwang, W.S., Li, B., Jin, L.H., Ngo, K., Schachar, N.S., Hughes, G.N., 1992. Collagen fibril 
structure of normal, aging, and osteoarthritic cartilage. J. Pathol. 167, 425–433. 

Hwang, J., Huang, Y., Burwell, T.J., Peterson, N.C., Connor, J., Weiss, S.J., Yu, S.M., 
Li, Y., 2017. In situ imaging of tissue remodeling with collagen hybridizing peptides. 
ACS Nano. https://doi.org/10.1021/acsnano.7b03150. 

Ignat’eva, N.Y., Danilov, N.A., Sobol, E.N., 2007. Determination of hydroxyproline in 
tissues and the evaluation of the collagen content of the tissues. J. Anal. Chem. 62, 
51–57. https://doi.org/10.1134/S106193480701011X. 

Kempson, G.E., Muir, H., Pollard, C., Tuke, M., 1973. The tensile properties of the 
cartilage of human femoral condyles related to the content of collagen and 
glycosaminoglycans. Biochim. Biophys. Acta 297, 456–472. 

Kiviranta, I., Jurvelin, J., S€a€am€anen, A.M., Helminen, H.J., 1985. 
Microspectrophotometric quantitation of glycosaminoglycans in articular cartilage 
sections stained with Safranin O. Histochemistry. https://doi.org/10.1007/B 
F00501401. 

Krishnan, R., Kopacz, M., Ateshian, G.A., 2004. Experimental verification of the role of 
interstitial fluid pressurization in cartilage lubrication. J. Orthop. Res. 22, 565–570. 

Kuster, M.S., Podsiadlo, P., Stachowiak, G.W., 1998. Shape of wear particles found in 
human knee joints and their relationship to osteoarthritis. Br. J. Rheumatol. 37, 
978–984. https://doi.org/10.1093/rheumatology/37.9.978. 

Lewis, P.R., McCutchen, C.W., 1959. Mechanism of animal joints: experimental evidence 
for weeping lubrication in Mammalian Joints. Nature. https://doi.org/10.1038/ 
1841285a0. 

Lipshitz, H., Etheredge 3rd, R., Glimcher, M.J., 1975. In vitro wear of articular cartilage. 
J. Bone Jt. Surg. Am. 57, 527–534. 

Lynch, T.S., Patel, R.M., Benedick, A., Amin, N.H., Jones, M.H., Miniaci, A., 2015. 
Systematic review of autogenous osteochondral transplant outcomes. Arthrosc. J. 
Arthrosc. Relat. Surg. https://doi.org/10.1016/j.arthro.2014.11.018. 

Mankin, H.J., Mow, V.C., Buckwalter, J.A., Iannotti, J.P., Ratcliffe, A., 1994. Form and 
function of articular cartilage. In: Simon, S.R. (Ed.), Orthopaedic Basic Science. 
American Academy of Orthopaedic Surgeons, pp. 1–44. 

McCann, L., Udofia, I., Graindorge, S., Ingham, E., Jin, Z., Fisher, J., 2008. Tribological 
testing of articular cartilage of the medial compartment of the knee using a friction 
simulator. Tribol. Int. https://doi.org/10.1016/j.triboint.2008.03.012. 

McGann, M.E., Vahdati, A., Wagner, D.R., 2012. Methods to assess in vitro wear of 
articular cartilage. Proc. Inst. Mech. Eng. Part H J. Eng. Med. 226, 612–622. 

M.J. Hossain et al.                                                                                                                                                                                                                              

https://doi.org/10.1016/j.jmbbm.2020.103834
https://doi.org/10.1016/j.jmbbm.2020.103834
https://doi.org/10.1177/0363546519851098
https://doi.org/10.1177/0363546519851098
https://doi.org/10.1186/1475-925X-4-28
https://doi.org/10.1186/1475-925X-4-28
https://doi.org/10.1053/jars.2002.29877
https://doi.org/10.1002/jor.23411
https://doi.org/10.1002/jor.23411
http://refhub.elsevier.com/S1751-6161(20)30388-X/sref5
http://refhub.elsevier.com/S1751-6161(20)30388-X/sref5
http://refhub.elsevier.com/S1751-6161(20)30388-X/sref6
http://refhub.elsevier.com/S1751-6161(20)30388-X/sref6
https://doi.org/10.1097/00006534-198403000-00018
https://doi.org/10.1097/00006534-198403000-00018
http://refhub.elsevier.com/S1751-6161(20)30388-X/sref8
http://refhub.elsevier.com/S1751-6161(20)30388-X/sref8
https://doi.org/10.1016/j.joca.2009.10.009
https://doi.org/10.1002/jor.21021
https://doi.org/10.1002/jor.21021
http://refhub.elsevier.com/S1751-6161(20)30388-X/sref11
http://refhub.elsevier.com/S1751-6161(20)30388-X/sref11
https://doi.org/10.1002/jor.24340
http://refhub.elsevier.com/S1751-6161(20)30388-X/sref13
http://refhub.elsevier.com/S1751-6161(20)30388-X/sref13
http://refhub.elsevier.com/S1751-6161(20)30388-X/sref14
http://refhub.elsevier.com/S1751-6161(20)30388-X/sref14
http://refhub.elsevier.com/S1751-6161(20)30388-X/sref15
http://refhub.elsevier.com/S1751-6161(20)30388-X/sref15
http://refhub.elsevier.com/S1751-6161(20)30388-X/sref15
http://refhub.elsevier.com/S1751-6161(20)30388-X/sref15
https://doi.org/10.1016/j.arthro.2012.06.009
https://doi.org/10.1007/s00264-015-3065-3
https://doi.org/10.1007/s00264-015-3065-3
https://doi.org/10.1007/s10439-018-1986-x
http://refhub.elsevier.com/S1751-6161(20)30388-X/sref19
http://refhub.elsevier.com/S1751-6161(20)30388-X/sref19
http://refhub.elsevier.com/S1751-6161(20)30388-X/sref19
http://refhub.elsevier.com/S1751-6161(20)30388-X/sref19
https://doi.org/10.1186/1471-2474-14-18
http://refhub.elsevier.com/S1751-6161(20)30388-X/sref21
http://refhub.elsevier.com/S1751-6161(20)30388-X/sref21
http://refhub.elsevier.com/S1751-6161(20)30388-X/sref21
http://refhub.elsevier.com/S1751-6161(20)30388-X/sref22
http://refhub.elsevier.com/S1751-6161(20)30388-X/sref22
https://doi.org/10.1021/acsnano.7b03150
https://doi.org/10.1134/S106193480701011X
http://refhub.elsevier.com/S1751-6161(20)30388-X/sref25
http://refhub.elsevier.com/S1751-6161(20)30388-X/sref25
http://refhub.elsevier.com/S1751-6161(20)30388-X/sref25
https://doi.org/10.1007/BF00501401
https://doi.org/10.1007/BF00501401
http://refhub.elsevier.com/S1751-6161(20)30388-X/sref27
http://refhub.elsevier.com/S1751-6161(20)30388-X/sref27
https://doi.org/10.1093/rheumatology/37.9.978
https://doi.org/10.1038/1841285a0
https://doi.org/10.1038/1841285a0
http://refhub.elsevier.com/S1751-6161(20)30388-X/sref30
http://refhub.elsevier.com/S1751-6161(20)30388-X/sref30
https://doi.org/10.1016/j.arthro.2014.11.018
http://refhub.elsevier.com/S1751-6161(20)30388-X/sref32
http://refhub.elsevier.com/S1751-6161(20)30388-X/sref32
http://refhub.elsevier.com/S1751-6161(20)30388-X/sref32
https://doi.org/10.1016/j.triboint.2008.03.012
http://refhub.elsevier.com/S1751-6161(20)30388-X/sref34
http://refhub.elsevier.com/S1751-6161(20)30388-X/sref34


Journal of the Mechanical Behavior of Biomedical Materials 109 (2020) 103834

8

McGann, M.E., Bonitsky, C.M., Jackson, M.L., Ovaert, T.C., Trippel, S.B., Wagner, D.R., 
2015. Genipin crosslinking of cartilage enhances resistance to biochemical 
degradation and mechanical wear. J. Orthop. Res. 33, 1571–1579. https://doi.org/ 
10.1002/jor.22939. 

Mellor, B.G., 2006. Surface Coatings for Protection Against Wear, Woodhead Publishing 
Series in Metals and Surface Engineering. Elsevier Science. 

Mow, V.C., Guo, X.E., 2002. Mechano-electrochemical properties of articular cartilage: 
their inhomogeneities and anisotropies. Annu. Rev. Biomed. Eng. https://doi.org/ 
10.1146/annurev.bioeng.4.110701.120309. 

Mow, V.C., Ratcliffe, A., 1997. Structure and function of articular cartilage and meniscus. 
In: Hayes, W.C. (Ed.), Basic Orthopaedic Biomechanics. Lippincott Williams and 
Wilkins, Philadelphia PA, pp. 113–177. V, M.  

Mow, V.C., Gu, W.Y., Chen, F.H., 2005. Structure and function of articular cartilage and 
meniscus. In: Mow, V.C., Huiskes, R. (Eds.), Basic Orthopaedic Biomechanics and 
Mechano-Biology. Lippincott Williams & Wilkins, Philadelphia, PA.  

Mündermann, A., Dyrby, C.O., D’Lima, D.D., Colwell, C.W., Andriacchi, T.P., 2008. In 
vivo knee loading characteristics during activities of daily living as measured by an 
instrumented total knee replacement. J. Orthop. Res. https://doi.org/10.1002/ 
jor.20655. 

Northwood, E., Fisher, J., 2007. A multi-directional in vitro investigation into friction, 
damage and wear of innovative chondroplasty materials against articular cartilage. 
Clin. Biomech. https://doi.org/10.1016/j.clinbiomech.2007.03.008. 

Otsuki, S., Brinson, D.C., Creighton, L., Kinoshita, M., Sah, R.L., D’Lima, D., Lotz, M., 
2008. The effect of glycosaminoglycan loss on chondrocyte viability: a study on 
porcine cartilage explants. Arthritis Rheum. https://doi.org/10.1002/art.23381. 

Oungoulian, S.R., Chang, S., Bortz, O., Hehir, K.E., Zhu, K., Willis, C.E., Hung, C.T., 
Ateshian, G.A., 2013. Articular cartilage wear characterization with a particle sizing 
and counting analyzer. J. Biomech. Eng. https://doi.org/10.1115/1.4023456. 

Panula, H.E., Hyttinen, M.M., Arokoski, J.P., Langsjo, T.K., Pelttari, A., Kiviranta, I., 
Helminen, H.J., 1998. Articular cartilage superficial zone collagen birefringence 
reduced and cartilage thickness increased before surface fibrillation in experimental 
osteoarthritis. Ann. Rheum. Dis. 57, 237–245. 

Pettipher, E.R., Henderson, B., Hardingham, T., Ratcliffe, A., 1989. Cartilage 
proteoglycan depletion in acute and chronic antigen-induced arthritis. Arthritis 
Rheum. https://doi.org/10.1002/anr.1780320514. 

Radin, E.L., Swann, D.A., Paul, I.L., Mcgrath, P.J., 1982. Factors influencing articular 
cartilage wear in vitro. Arthritis Rheum. 25, 974–980. 

Richter, D.L., Tanksley, J.A., Miller, M.D., 2016. Osteochondral autograft 
transplantation: a review of the surgical technique and outcomes. Sports Med. 
Arthrosc. https://doi.org/10.1097/JSA.0000000000000099. 

Rieppo, L., Janssen, L., Rahunen, K., Lehenkari, P., Finnil€a, M.A.J., Saarakkala, S., 2019. 
Histochemical quantification of collagen content in articular cartilage. PloS One. 
https://doi.org/10.1371/journal.pone.0224839. 

Rolauffs, B., Muehleman, C., Li, J., Kurz, B., Kuettner, K.E., Frank, E., Grodzinsky, A.J., 
2010. Vulnerability of the superficial zone of immature articular cartilage to 
compressive injury. Arthritis Rheum. https://doi.org/10.1002/art.27610. 

Roth, V., Mow, V.C., 1980. The intrinsic tensile behavior of the matrix of bovine articular 
cartilage and its variation with age. J. Bone Jt. Surg. Am. 62, 1102–1117. 

Saarakkala, S., Julkunen, P., Kiviranta, P., M€akitalo, J., Jurvelin, J.S., Korhonen, R.K., 
2010. Depth-wise progression of osteoarthritis in human articular cartilage: 
investigation of composition, structure and biomechanics. Osteoarthritis Cartilage. 
https://doi.org/10.1016/j.joca.2009.08.003. 

Saxena, R.K., Sahay, K.B., Guha, S.K., 1991. Morphological changes in the bovine 
articular cartilage subjected to moderate and high loadings. Acta Anat. 142, 
152–157. 

Trevino, R.L., Stoia, J., Laurent, M.P., Pacione, C.A., Chubinskaya, S., Wimmer, M.A., 
2017. Establishing a live cartilage-on-cartilage interface for tribological testing. 
Biotribology. https://doi.org/10.1016/j.biotri.2016.11.002. 

Ulstein, S., Årøen, A., Røtterud, J.H., Løken, S., Engebretsen, L., Heir, S., 2014. 
Microfracture technique versus osteochondral autologous transplantation 
mosaicplasty in patients with articular chondral lesions of the knee: a prospective 
randomized trial with long-term follow-up. Knee Surg. Sports Traumatol. Arthrosc. 
https://doi.org/10.1007/s00167-014-2843-6. 

Venn, M., Maroudas, A., 1977. Chemical composition and swelling of normal and 
osteoarthrotic femoral head cartilage. I. Chemical composition. Ann. Rheum. Dis. 
https://doi.org/10.1136/ard.36.2.121. 

Woo, S.L., Akeson, W.H., Jemmott, G.F., 1976. Measurements of nonhomogeneous, 
directional mechanical properties of articular cartilage in tension. J. Biomech. 9, 
785–791. 

Woo, S.L., Lubock, P., Gomez, M.A., Jemmott, G.F., Kuei, S.C., Akeson, W.H., 1979. Large 
deformation nonhomogeneous and directional properties of articular cartilage in 
uniaxial tension. J. Biomech. 12, 437–446. 

Zhao, D., Banks, S.A., D’Lima, D.D., Colwell, C.W., Fregly, B.J., 2007. In vivo medial and 
lateral tibial loads during dynamic and high flexion activities. J. Orthop. Res. 
https://doi.org/10.1002/jor.20362. 

Zitnay, J.L., Li, Y., Qin, Z., San, B.H., Depalle, B., Reese, S.P., Buehler, M.J., Yu, S.M., 
Weiss, J.A., 2017. Molecular level detection and localization of mechanical damage 
in collagen enabled by collagen hybridizing peptides. Nat. Commun. https://doi. 
org/10.1038/ncomms14913. 

M.J. Hossain et al.                                                                                                                                                                                                                              

https://doi.org/10.1002/jor.22939
https://doi.org/10.1002/jor.22939
http://refhub.elsevier.com/S1751-6161(20)30388-X/sref36
http://refhub.elsevier.com/S1751-6161(20)30388-X/sref36
https://doi.org/10.1146/annurev.bioeng.4.110701.120309
https://doi.org/10.1146/annurev.bioeng.4.110701.120309
http://refhub.elsevier.com/S1751-6161(20)30388-X/sref38
http://refhub.elsevier.com/S1751-6161(20)30388-X/sref38
http://refhub.elsevier.com/S1751-6161(20)30388-X/sref38
http://refhub.elsevier.com/S1751-6161(20)30388-X/sref39
http://refhub.elsevier.com/S1751-6161(20)30388-X/sref39
http://refhub.elsevier.com/S1751-6161(20)30388-X/sref39
https://doi.org/10.1002/jor.20655
https://doi.org/10.1002/jor.20655
https://doi.org/10.1016/j.clinbiomech.2007.03.008
https://doi.org/10.1002/art.23381
https://doi.org/10.1115/1.4023456
http://refhub.elsevier.com/S1751-6161(20)30388-X/sref44
http://refhub.elsevier.com/S1751-6161(20)30388-X/sref44
http://refhub.elsevier.com/S1751-6161(20)30388-X/sref44
http://refhub.elsevier.com/S1751-6161(20)30388-X/sref44
https://doi.org/10.1002/anr.1780320514
http://refhub.elsevier.com/S1751-6161(20)30388-X/sref46
http://refhub.elsevier.com/S1751-6161(20)30388-X/sref46
https://doi.org/10.1097/JSA.0000000000000099
https://doi.org/10.1371/journal.pone.0224839
https://doi.org/10.1002/art.27610
http://refhub.elsevier.com/S1751-6161(20)30388-X/sref50
http://refhub.elsevier.com/S1751-6161(20)30388-X/sref50
https://doi.org/10.1016/j.joca.2009.08.003
http://refhub.elsevier.com/S1751-6161(20)30388-X/sref52
http://refhub.elsevier.com/S1751-6161(20)30388-X/sref52
http://refhub.elsevier.com/S1751-6161(20)30388-X/sref52
https://doi.org/10.1016/j.biotri.2016.11.002
https://doi.org/10.1007/s00167-014-2843-6
https://doi.org/10.1136/ard.36.2.121
http://refhub.elsevier.com/S1751-6161(20)30388-X/sref56
http://refhub.elsevier.com/S1751-6161(20)30388-X/sref56
http://refhub.elsevier.com/S1751-6161(20)30388-X/sref56
http://refhub.elsevier.com/S1751-6161(20)30388-X/sref57
http://refhub.elsevier.com/S1751-6161(20)30388-X/sref57
http://refhub.elsevier.com/S1751-6161(20)30388-X/sref57
https://doi.org/10.1002/jor.20362
https://doi.org/10.1038/ncomms14913
https://doi.org/10.1038/ncomms14913

	Anisotropic properties of articular cartilage in an accelerated in vitro wear test
	1 Introduction
	2 Methods
	2.1 Specimen preparation and fiber orientation
	2.2 Wear and friction
	2.3 Collagen damage and histology
	2.4 Statistics

	3 Results
	3.1 Fiber orientation
	3.2 Wear and friction
	3.3 Collagen damage and histology

	4 Discussion
	Author roles
	Declaration of competing interest
	Acknowledgements
	Appendix A Supplementary data
	References


