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Summary
The specific aim of this study was to investigate the effect of chondroitinase ABC treatment on the
frictional response of bovine articular cartilage against glass, under creep loading. The hypothesis is
that chondroitinase ABC treatment increases the friction coefficient of bovine articular cartilage
under creep. Articular cartilage samples (n=12) harvested from two bovine knee joints (1–3 months-
old) were divided into a control group (intact specimens) and a treated group (chondroitinase ABC
digestion), and tested in unconfined compression with simultaneous continuous sliding (±4 mm at 1
mm/s) under a constant applied stress of 0.5 MPa, for 2,500 s. The time-dependent response of the
friction coefficient was measured. With increasing duration of loading, treated samples exhibited a
significantly higher friction coefficient than control samples as assessed by the equilibrium value
(treated: μeq = 0.19 ± 0.02; control: μeq = 0.12 ± 0.03; p=0.002), though the coefficient achieved
immediately upon loading did not increase significantly (treated: μmin = 0.0053 ± 0.0025; control:
μmin = 0.037 ± 0.0013; p=0.19). Our results demonstrate that removal of the cartilage
glycosaminoglycans using chondroitinase ABC significantly increases the overall time-dependent
friction coefficient of articular cartilage. These findings strengthen the motivation for developing
chondroprotective strategies by increasing cartilage chondroitin sulfate content in osteoarthritic
joints.
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INTRODUCTION
Articular cartilage functions as the bearing material of synovial joints providing very low
friction and wear. Experiments have shown that the frictional response of articular cartilage is
time-dependent [1–7], with the minimum friction coefficient occurring immediately upon
loading (μmin ~ 10−3) and much higher values achieved upon equilibrium (μeq ~ 0.1–0.4).
Recent studies have confirmed experimentally [8,9] that pressurization of the interstitial water
of cartilage is the main mechanism regulating this time-dependent frictional behavior [2–4,6,
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7,10,11]. According to this mechanism, as the interstitial water pressurizes upon loading it
supports most of the articular contact load, leaving only a small fraction to be transmitted across
the solid matrix of the tissue, consequently producing a small friction force and friction
coefficient. As the fluid pressure decreases with time, the frictional force on the solid matrix
increases, along with the friction coefficient, until reaching equilibrium conditions.

The magnitude and duration of interstitial fluid pressurization are dependent upon the tensile
and compressive moduli and permeability of the collagen-proteoglycan solid matrix [12–14].
However, the dependence of the equilibrium friction coefficient μeq on tissue composition
remains unclear. Degradative enzymes have been widely used to study the role of matrix
proteoglycans in the mechanical properties of articular cartilage [15–19], including the effect
on the interstitial fluid load support in unconfined compression [20] and the frictional properties
[9,21–23]. In a recent study [9] we showed that an alteration in the mechanism of fluid load
support has a detrimental effect on the frictional response of cartilage. Experimental results
proved that enzymatic digestion with chondroitinase ABC increased the minimum friction
coefficient μmin under stress-relaxation due to a loss of interstitial fluid load support, providing
further evidence to the role of interstitial fluid in the transient response of the friction
coefficient. The equilibrium friction coefficient μeq also increased significantly after the
removal of glycosaminoglycans (GAGs), the side chains of proteoglycans, suggesting that the
matrix composition and degree of degradation may play a role in the equilibrium frictional
properties.

Other studies have also explored the effects of GAG removal on the frictional response of
cartilage under creep loading. Kumar and co-workers [23] found a significant increase in the
friction coefficient under constant load after cartilage specimens were treated with
chondroitinase ABC. On the other hand, a study by Pickard et al. [22] found no significant
change in the frictional response under creep loading, at two different stress levels, after
enzymatic treatment with chondroitinase AC. Even though our previous results are consistent
with those of Kumar et al. [23], they do not address the conflicting results with Pickard’s study
[22] and it may be possible that the testing configuration plays a role on the effect of
proteoglycan removal on the friction coefficient.

The long-term objective of this study is to provide evidence in support of the hypothesis that
higher proteoglycan content in cartilage promotes a lower friction coefficient. The specific aim
is to investigate the effect of chondroitinase ABC treatment on the frictional response of bovine
articular cartilage against glass, under creep loading. The specific hypothesis is that
chondroitinase ABC treatment increases the friction coefficient of bovine articular cartilage
under creep. At the same time, these experiments could help to address the potential
contradiction with the results of Pickard et al. [22].

METHODS
Specimen preparation and enzymatic treatment

Twelve cartilage plugs (∅8 mm) were harvested from the femoral condyles of two bovine knee
joints (2–4 months old) obtained from a local abattoir and stored in phosphate buffered saline
(PBS) at −20°C until testing. On the day of testing the cartilage samples were thawed at room
temperature and the deep zone of each plug was removed using a sledge microtome in order
to ensure a uniform final thickness (average final thickness: 1.49±0.23 mm), leaving the
articular surface intact. Using a cylindrical punch, ∅4.78 mm specimens were further cored
out from the ∅8mm plugs. Specimens from each joint were randomly assigned to two testing
groups: those in the control group (n=6) received no treatment prior to frictional testing. Based
on our previous study [9], specimens in the treated group (n=6) were digested with 0.1 u/ml
of chondroitinase ABC from Proteus vulgaris (Sigma, St. Louis, MO) in 3 ml of a buffer
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solution containing 50 mM Tris-HCl, 60 mM sodium acetate and 0.02% bovine serum albumin
(pH 8.0) at 37°C for 24 hours under gentle agitation. This protocol for chondroitinase digestion
was motivated by that of Schmidt et al. [17]. After the enzymatic treatment, specimens were
thoroughly rinsed with PBS and kept in PBS before friction measurement.

Friction Apparatus and Testing Protocol
The friction measurements were performed in a previously described custom-designed testing
apparatus [24]. Sliding motion was provided by a computer controlled translation stage
(PM500-1L, Newport Corporation CA), while normal and frictional loads were measured with
a multi-axial load cell (20E12A-M25B, JR3 Inc, CA). The friction measurements (glass-on-
cartilage) were performed in unconfined compression with continuous reciprocal sliding (±4
mm at 1 mm/s), with the specimen and glass-loading surface immersed in PBS at room
temperature. A creep load of 8.9 N (corresponding to a normal stress of 0.5 MPa, consistent
with the protocol of Pickard et al.’s study [22]) was applied in 5 seconds and held until near
equilibrium was achieved (~2,500 sec). The time-dependent friction coefficient was
determined from the ratio of the friction force and normal force, and its minimum and
equilibrium values were tabulated for each specimen. The creep displacement response was
also monitored using a linear variable differential transformer (HR100, Shaevitz Sensors, VA).

Biochemical Analysis
After the test, specimens were equilibrated in PBS and their wet weights measured (M220,
Denver Instruments, CO). They were then lyophilized overnight and reweighed dry to obtain
the water content. Following 16-hour digestion with papain (Sigma, MO), the
glycosaminoglycan (GAG) content was determined using a 1,9 dymethylmethylene blue assay
[25] with chondroitin-6-sulfate (Sigma) as the standard. GAG content was normalized by the
wet weight.

RESULTS
The average and standard deviation of the time-varying friction coefficient (μeff) for all
specimens in the control and treated groups are shown in Figure 1, demonstrating a clear
difference in the frictional response between both groups. The friction coefficient achieves its
minimum value ( μmin ) right after load application, and subsequently increases toward its
equilibrium value ( μeq ).

Averages and standard deviations of the minimum and equilibrium friction coefficients are
reported in Table 1. One-way ANOVA and Bonferroni post-hoc testing of the results
(performed with SAS statistical software; SAS Institute INC., NC) showed that the increase
in μmin after treatment with chondroitinase ABC was not statistically significant (p=0.19).
However, a highly significant increase was found in μeq between control and treated groups
(p=0.002). The characteristic time constant for the rise of μeff with time (defined as the time
τμ needed for μeff to rise from μmin by (1−e−1)(μeq − μmin)) of the treated specimens was found
to be 751±162 s, compared to 678±128 s for the control specimens, although this difference
was not statistically significant (p=0.41).

Biochemical analyses (Table 1) showed that the enzymatic treatment did not change the water
content (81.9 ± 0.8% for the control group; 81.9 ± 1.7 % for the treated group, p=0.96). GAG
content was significantly lower in the chondroitinase treatment group (2.15±0.62%) when
compared to the control group (2.96±0.32%) (p=0.017).

The creep deformation response, normalized by the specimen thickness to produce an
engineering strain ε, is presented in Figure 2, showing that treated specimens reached
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equilibrium faster than their respective control. The corresponding time constant τε for the
control group was 434±201 s, while for the treatment group it was 187±38 s (p=0.014) (Table
1). No difference was observed in the equilibrium creep strain between the control group (0.55
± 0.03) and the treated group (0.55 ± 0.05) (p=0.95).

DISCUSSION
The main objective of this study was to investigate the effect of chondroitinase ABC digestion
on the frictional response of articular cartilage under creep loading. It is evident from these
results (Figure 1), along with those of our earlier study (Figure 3) [9], that removal of the GAG
side chains from proteoglycans using chondroitinase ABC significantly increases the overall
time-dependent friction coefficient of articular cartilage, regardless of the testing
configuration. This finding thus supports the specific hypothesis that chondroitinase ABC
treatment increases the friction coefficient of bovine articular cartilage under creep loading.

Chondroitinase ABC lyase degrades mostly chondroitin sulfate, which is the most abundant
GAG in the matrix proteoglycans. (According to the manufacturer, the enzyme used in this
study has a much slower rate of degradation of hyaluronan.) Even though proteoglycans are
present in the extracellular matrix of articular cartilage in a relatively small amount, they are
responsible for many characteristics of the tissue. The mechanical properties of cartilage are
related to the bulk properties of the proteoglycans. The highly concentrated fixed negative
charges brought on by the GAG side chains produce an inflow of counterions that create a
Donnan osmotic pressure effect which contributes significantly to the compressive modulus
of the tissue. The transport of interstitial fluid and electrolytes is also affected by the presence
of the negative fixed charges [26,27].

In the present study, the difference in μeff between control and treated specimens became more
significant as time increased (Figure 1), whereas the increase in the friction coefficient μmin
achieved immediately upon loading was not statistically significant. Similarly, chondroitinase
digestion did not significantly decrease the characteristic time constant τμ of the friction
coefficient μeff. These results suggest that the influence of GAG degradation was more
significant on μeq, which represents the frictional response after interstitial fluid pressurization
has subsided [8].

When examining the creep deformation, the equilibrium strain εeq remained unaffected by
chondroitinase digestion, whereas the time constant τε for reaching strain equilibrium
significantly decreased. The implication from these results is that the equilibrium compressive
modulus of cartilage did not change whereas the transient response was significantly affected.
Earlier studies have shown that the removal of the GAG side chains of matrix proteoglycans
causes a decrease in compressive modulus when the applied strain is small [16,19], but an
increase when the applied strain is large [9,20], showing a complex interaction between the
nonlinear equilibrium stress-strain response under large strains and proteoglycan content. Thus
the observation that the equilibrium modulus did not change significantly with chondroitinase
digestion falls within the range of observations reported in the prior literature. Interestingly,
in light of our earlier observation that μeq decreases significantly with increasing compressive
strain [28], it is fortunate that εeq did not change following digestion, or else another
confounding factor might have significantly affected the testing of our hypothesis. In light of
these findings, it is possible that the discrepancy with Pickard’s results [22] is related to the
amount of compressive strain. Their study achieved complete proteoglycan removal, which
may have caused larger equilibrium compressive strains (whose magnitude is not reported
unfortunately) than the current study.
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The change in the characteristic time τε can be attributed to an increase in hydraulic
permeability [18], or an alteration in the intrinsic, fluid-flow-independent viscoelasticity of the
collagen-proteoglycan matrix following chondroitinase ABC digestion [15,17]. Since the time
constant τμ of the interstitial fluid pressure-dependent friction coefficient did not significantly
change, this would suggest that digestion had a greater influence on the intrinsic flow-
independent properties of the tissue in this study.

Though the protocol used for enzymatic digestion was consistent with that of our previous
stress-relaxation study [9], the decrease in GAG content in the current study was smaller (from
3.0% to 2.2% here, versus 3.3% to 1.7% in the earlier study). The difference in the amount of
degradation may be explained by tissue variability and lot-to-lot enzyme variability. This may
explain why μmin did not increase significantly after the enzymatic treatment, in contrast to
our stress-relaxation study. The fact that μeq did increase very significantly suggests that the
equilibrium frictional properties are more susceptible to relatively small changes in matrix
composition and the degree of degradation. In future studies, the use of different levels of
digestion would help elucidate this issue and would give better insight into how sensitive the
mechanical and frictional properties are to different levels of tissue degradation.

The observation that μeq increases following GAG digestion is consistent with our recent study
which found that μeq is higher at the articular surface than right underneath it or at the deep
zone [24]. Both studies imply that μeq increases with decreasing GAG content, even though
the current study altered GAG content enzymatically while the earlier study employed
mechanical means (microtoming) to expose regions of cartilage with increasing GAG content.
Neither approach is ideal, since both enzymatic degradation and microtoming may arguably
alter other factors which regulate the frictional response of cartilage. However, combined with
our earlier observation that higher compressive strains (which lead to increased GAG
concentrations) reduce μeq [28], there is now a preponderance of evidence in support of the
hypothesis that higher proteoglycan content in cartilage promotes a lower friction coefficient.

A potential limitation of the current study is that cartilage samples in the control group were
tested immediately after specimen preparation, whereas samples in the treatment group
underwent incubation at 37°C for 24 hours prior to testing. However, in our previous stress-
relaxation study [9], we included an additional control group in which cartilage samples were
incubated in PBS for 24 hours under the same conditions as the chondroitinase treated group.
It was found that incubation in PBS did not reduce the GAG content and did not affect the
minimum and equilibrium friction coefficients.

Osteoarthritis is characterized by a progressive degradation of the joint’s cartilage that involves
loss of proteoglycans, increased hydration and fibrillation of the matrix [29]. The results of
this study indicate that a relatively small loss of proteoglycans will significantly degrade the
frictional properties of cartilage. These findings strengthen the motivation for developing
chondroprotective strategies by increasing cartilage chondroitin sulfate content in
osteoarthritic joints [30–32]. Future studies would naturally involve testing of normal and
enzymatically degraded articular cartilage plugs that have been incubated either in chondroitin
sulfate or PBS control solutions, to investigate the effect of chondroitin sulfate supplementation
on the frictional properties of cartilage [33].
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Figure 1.
Average and standard deviation of the time-dependent friction coefficient μeff for the
chondroitinase treated (solid line) and control (dotted line) groups (n=6 per group).
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Figure 2.
Average and standard deviation of the response of the creep strain for the chondroitinase treated
and control groups (n=6 per group).
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Figure 3.
Average friction coefficient obtained under a stress-relaxation testing configuration (10%
compressive strain after an application of a tare load of 1.8 ± 0.4 N), from the study of Basalo
et al. [9].
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