www.nature.com/scientificreports

scientific reports

W) Check for updates
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role of MMPs-1 and 9 on articular
cartilage biomechanical properties
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Tanvir Faisal'™*

Matrix metalloproteinases (MMPs) play a crucial role in enzymatically digesting cartilage extracellular
matrix (ECM) components, resulting in degraded cartilage with altered mechanical loading capacity.
Overexpression of MMPs is often caused by trauma, physiologic conditions and by disease. To
understand the synergisticimpact MMPs have on cartilage biomechanical properties, MMPs from
two subfamilies: collagenase (MMP-1) and gelatinase (MMP-9) were investigated in this study. Three
different ratios of MMP-1 (c) and MMP-9 (g), c1:g1, c3:g1 and c1:g3 were considered to develop a
degradation model. Thirty samples, harvested from bovine femoral condyles, were treated in groups
of 10 with one concentration of enzyme mixture. Each sample was tested in a healthy state prior to
introducing degradative enzymes to establish a baseline. Samples were subjected to indentation
loading up to 20% bulk strain. Both control and treated samples were mechanically and histologically
assessed to determine the impact of degradation. Young’s modulus and peak load of the tissue under
indentation were compared between the control and degraded cartilage explants. Cartilage degraded
with the c3:g1 enzyme concentration resulted in maximum 33% reduction in stiffness and peak load
compared to the other two concentrations. The abundance of collagenase is more responsible for
cartilage degradation and reduced mechanical integrity.

A distinctive feature of arthritic disease is cartilage extracellular matrix (ECM) degradation, which is often
orchestrated by matrix metalloproteinases (MMPs) as well as a disintegrin and metalloproteinase with throm-
bospondin type I motifs (ADAMTSs). Epidemiological studies show that either disease! or acute trauma? to
the articular cartilage triggers pro-inflammatory cytokines such as IL-1 beta, and TNF-alpha’, which stimulate
the production of MMPs and disrupt their healthy balance. While MMPs are important regulators for tissue
homeostasis, unregulated MMP activity turns destructive and is closely associated with arthritic disease path-
ways. MMPs degrade two principal macromolecules of cartilage ECM— proteoglycan (PG) aggregates and type
II collagen fibrils*, beginning at the articular surface®. The fibrils are the major load-bearing components that
provide tensile strength and aid to restrict PG swelling, and thereby endowing cartilage with its compressive
stiffness®”. PG degradation is thought to be an early and reversible process, whereas the breakdown (degrada-
tion) of the collagen network is believed to be an irreversible loss of tensile properties and structural integrity®.
The collagen damage inflicted by degradative enzymes upon the articular cartilage surface during early-stage
osteoarthritis (OA) has long been recognized as one of the earliest stages of the disease process’*! and is believed
to be the point of no return for disease progression’!.

The breakdown of the ECM by different MMPs is closely related to degenerative joint diseases (such as OA)
and a major cause of joint dysfunction'>™**. MMPs-1, 2, 9, 13 and others have been found in elevated levels
within the synovial fluid of the pathways to cartilage destruction'>!¢. Traditionally known as collagenases and
gelatinases, these enzymes act in two steps, first collagenases (MMPs-1, 8 or 13) cleave and bind triple helical
collagen molecules and denature the collagen fibrils'’~*°, and thereafter, gelatinases (MMPs-2, 9) digest the
denatured fibers'®2%2!, In the present work, two key members of MMP family, MMP-1 (interstitial collagenase)
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Figure 1. Stress-strain analyses of healthy and degraded cartilage samples before and after treatment with
enzyme concentrations of cl:gl (a), c3:g1 (b), and c1:g3 (c).

and MMP-9 (gelatinase B) were primarily considered representatives of two protease classes. Other collagenases,
such as MMP-13 have often been studied?-** as the major catabolic effector in OA and have been perceived to
be more active than MMP-1 on type II collagen. However, the level of MMP-1 expression is often tenfold higher
than that of MMP-13 expression®, suggesting that the sheer amount of MMP-1 can overcome its comparative
lack of efficiency in degrading the load-bearing type II collagen fibers. MMP-9, which acts as collagenase and
gelatinase®®, is the most complex member of MMP families in terms of proteolytic activity and may individu-
ally degrade non-collagen matrix components. Overexpression of MMPs results in an imbalance between the
activity of MMPs that becomes pathogenic to cartilage. Therefore, the current study aims to understand the role
of relative concentration of two classes of MMPs, MMP-1 and MMP-9, when they act in synergy on cartilage
degradation mechanism.

The synergistic effect of a weakening cartilage infrastructure (due to degradation) and mechanical stresses
on cartilage and joints accelerate the characteristic wearing away of the articular cartilage. To understand the
correlation between the biochemical changes and mechanical loading, a limited number of in vivo studies based
on contact forces were conducted on OA patients’ knee joints*’~?’. These studies failed to address the kinematic
changes in degraded cartilage associated with early-stage OA™. Clinical cartilage testing is conducted utilizing
slow strain rate indentation tests (post-mortem) as a method of evaluating degenerative changes observed in
cartilage. Alternatively, transient indentation testing is of interest for in vitro studies to measure compressive
stiffness along with mild cartilage degeneration®*2. The relationship between degraded matrix constituents and
cartilage’s mechanical integrity was discreetly investigated in vitro through enzymatic degradation®-*’. Indeed,
in vitro degradation models containing a variety of enzymes have been used in the past to simulate ECM deg-
radation in the context of osteoarthritis*****7, but these models are limited. Furthermore, the catabolic effect of
combined MMP-1 and MMP-9 on the structural integrity (stiffness and/or load-bearing ability) of cartilage tissue
has not been studied explicitly. Hence, the current in vitro study is designed to investigate the macro-mechanical
properties of cartilage treated with different concentrations of MMP-1 and MMP-9 in combination to unfold the
mutual effect of MMPs on cartilage biomechanics.

Accordingly, in this study, an in vitro cartilage degradation model with ECM degeneration at the articular
surface treated with three different concentration ratios of MMP-1(c) to MMP-9 (g) as 1:3, 1:1 and 3:1, denoted
by cl:g3, cl:gl, and c3:gl, respectively, was developed to explore the comparative influence of the relative con-
centration of collagenase and gelatinase. Mechanical integrity such as the intrinsic, equilibrium Young’s modulus
(E) and the peak load at 20% bulk strain of the cartilage tissue was measured and compared under indentation
loading for both intact and enzymatically degraded cartilage explants. This study enables us to understand the
pathomechanics of cartilage tissue, which may eventually pave the development of a targeted tissue inhibitors
of metalloproteinases (TIMP) and therapeutic interventions.

Results

Mechanical characterization. Indentation testing has shown its potential for assessing mechanical prop-
erties of articular cartilage®*>**-*" and is adopted in this study to characterize the mechanical integrity of enzy-
matically degraded cartilage. All the samples, irrespective of control or treatment groups, were subjected to 20%
bulk strain. The stress—strain analyses show a declining load-bearing ability of cartilage explants with increasing
strain (Fig. 1) for each treated group as compared with their respective control group. The analyses show that the
decrease in compressive stress for c3:g1 is significant compared with the other two concentrations of enzymes
(c1:g1 and c1:g3). Untreated cartilage samples belonging to the c3:g1 group exhibited compressive stress as high
as 19 kPa under 20% strain; after treatment the same samples reached maximum stress at only 9 kPa for the
same level of strain. The stress at 20% strain between the control and treated group are~17 kPa and ~ 13 kPa,
and ~ 11 kPa and ~ 7.8 kPa for c1:g1 and c1:g3, respectively.

Figure 2a shows the changes in peak load (mean + SD) for the three treated groups compared with their con-
trol data. Out of the three treatment groups, cartilage specimens enzymatically degraded with the c3:g1 concen-
tration of mixture experienced a statistically significant decrease in peak load compared to their control baseline
data. The cl:gl, c1:g3, and ¢3:g1 treatment groups resulted in an average of 19%, 16%, and 33% reduction in the
peak load required to strain the samples 20% of the original cartilage thickness in their degraded state (Fig. 2a).
Prior to enzymatic digestion by MMPs-1 and 9, the statistically significant treatment group (c3: g1) experienced
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Figure 2. (a) Average peak load (mean £ SD) required in indentation per treatment group and the associated

control group at 20% of applied bulk strain. (b) Average Young’s modulus (mean % SD) for each treatment group
and the associated control group.
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Figure 3. Distributions of changes in elastic modulus (AE) of degraded cartilage for cl:gl, c3:g1, and c1:g3
treatments groups. The mean of each group is represented by a straight line. Individual data points within the
distribution are shown.

an average peak load of 0.31 N at 20% of strain. Following treatment, the same group of samples only required
an average peak load of 0.21 N to reach the same level of compressive strain tested at the same strain rate.

Figure 2b shows the average variation of Young’s modulus among the different treatment groups. The elastic
modulus data extracted from the indentation tests also resulted in a statistically significant decrease for the c3:gl
treatment group when compared to its control baseline. While the degradative changes to the c1:g1 and c1:g3
groups did not reveal statistical significance (p < 0.05) in their biomechanical properties, the cartilage response
for all three groups followed a decreasing trend when tested after enzymatic degradation. A similar behavior
pattern to the peak load data was observed in the Young’s modulus where the c1:g1, c1:g3, and c3:gl treatment
groups revealed a 19%, 17%, and 33% decrease in elastic modulus, respectively (Fig. 2b).

The violin plot in Fig. 3 shows the distributions of differences in elastic modulus (AE) between healthy and
degraded cartilage for the three combinations of enzyme (MMPs) mixtures as a continuous approximation of
the probability density function, computed using kernel density estimation (KDE). The width of each curve
corresponds with the approximate frequency of data points in each region. Wider sections of the violin plot
represent a higher probability, and the skinnier sections represent a lower probability. Distributional differences
are displayed in the violin plots, displaying KDE (smoothed histograms) of each dataset. Grubb’s analysis was
used to detect significant outliers (p < 0.0sgbefore displaying distributional differences in the violin plots of each
dataset. Two outliers were detected, one belonging to the c1:gl treatment group and one belonging to the c1:g3
treatment group. No significant outliers were detected in the c3:g1 treatment group. The outliers were excluded
from the results before analyzing the distribution. It is apparent that the distribution of AE for the activity of
cl:g3 is bimodal, while c1:g1 and c3:g1 are unimodal. Pairwise distributions of Young’s modulus (E) between the
control and each treatment group are also shown via violin plots (see Supplementary Fig. S1 online) and data
can be found in Supplementary Table S1 online.

Both the mechanical properties, stiffness and peak load, were statistically analyzed. Statistical analysis by
the Kruskal-Wallis test (p < 0.05) showed that the stiffness as well as peak load at 20% strain resulting from the
indentation tests on the c3:gl treated cartilage were significantly different at the @ = 0.05 level of significance.
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Figure 4. Change in intensity and consistency of the histochemical staining due to enzymatic activity compared
to controls (a, ) in representative samples degraded with MMP-1 and MMP-9 of concentration c1:gl (b, f),
c3:g1 (¢, 8), and cl:g3 (d, h). Staining was performed with Safranin O to visualize PGs (a-d) and Picrosirius Red
to visualize collagen (e-h). Classified as minimal (0), very weak (1), weak (2), moderate (3), strong (4), and very
strong (5), scoring grade for each section is included for comparative analysis below the respective micrograph.

The stiffness and peak load results from both c1:gl and c1:g3 groups showed no significant difference (ns) fol-
lowing indentation testing. Dunn’s post hoc test for pairwise comparison of means was used to detect the differ-
ence between the control and treated group for all 3 treatment groups. Each treatment group was paired against
established baseline control data to determine differences in peak load and stiffness after enzymatic degradation.
At o = 0.05 level of significance, the ¢3:gl treatment group shows significant difference in both peak load and
stiffness when compared pairwise to its control indentation test results. The Dunn’s test showed no significant
difference in peak load or Young’s modulus results from the c1:g1 or c1:g3 groups following enzymatic digestion.
The degeneration of the mechanical integrity of cartilage is further validated with the histological analyses of
the tissue in healthy and degraded states.

Histological analysis. Representative images of Safranin O and Picrosirius Red stained cartilage sections
are shown in Fig. 4. The untreated control group has strong Safranin O and Picrosirius Red staining indicating
both normal collagen and PG content (Fig. 4a,e). Treatment groups cl:gl, c3:gl, and c1:g3 depict a weaker affin-
ity for Safranin O uptake indicating a reduction in PG content starting at the articular surface (Fig. 4b-d), and
reduced uptake in Picrosirius Red (Fig. 4f~h) compared to the control, indicating a reduction in collagen content
as well. For Safranin O staining, the treatment group with the greatest abundance of collagenase, c3:g1 received
the lowest grade by all three independent observers indicating minimal stain intensity. The qualitative (as well
as comparative) assessment resulted in c1:g3 receiving a grade of 3, meaning independent observers believed
the Safranin O staining intensity to be moderate, while the c1:gl group received a grade of 4, indicating strong
staining intensity. In these two groups, the intensity gradient is visible spanning from the superficial zone, where
the treatment was applied, to the deep zone.

For Picrosirius Red, the three independent observers gave the c1:g3 group the lowest grade for staining
intensity, whereas the c3:g1 group received a high grade of 4. The c1:g1 group received a moderate grade of 3 for
staining intensity by the independent observers and exhibits a trace of staining intensity gradient from superfi-
cial to deep zone as well. Statistical distributions of the scoring grades are shown for all the treatment groups in
the Supplementary section (see Supplementary Fig. S2 online). Individual grades given by each observer can be
found in Supplementary Table S2 online.

A close-up magnification of the cartilage superficial zone (40X) of Safranin O stained sections is displayed
in Fig. 5 for both the untreated control (Fig. 5a) and the c1:g1, c3:g1, and c1:g3 treatment groups (Fig. 5b-d).
When compared to the control, a degradation gradient can be seen in the treated samples indicating reduced
proteoglycan content experienced by treated samples. The greatest reduction in Safranin O stain intensity in
the superficial zone is shown in the c3:g1 group, indicating the greatest loss of proteoglycan content within this
treatment group.

Picrosirius red staining highlights the natural birefringence of collagen when exposed to polarized light. Rep-
resentative cartilage sections are shown in Fig. 6 for both control (Fig. 6a) and each enzymatic treatment group,
cl:gl, c3:gl, and c1:g3 (Fig. 6b-d). Following degradation, collagen experiences content change and irregular
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Figure 5. Higher magnification (40X) micrographs to demonstrate the change in intensity and consistency

of the histochemical staining in the superficial zone due to enzymatic activity compared to controls (a) in
representative samples degraded with MMP-1 and MMP-9 of concentrations c1:g1 (b), c3:g1 (c), and c1:g3 (d).
Staining was performed with Safranin O to visualize PG content (a-d).
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Figure 6. Collagen network visualization under polarized light microscopy of Picrosirius Red stained sections
for untreated control (a), and MMP-1 and MMP-9 treatment groups cl:gl (b), ¢3:g1 (c), and c1:g3 (d).

arrangement causing the birefringence to exist in a different pattern than normal tissue such as the control
(Fig. 6a). The c3:g1 treatment group (Fig. 6¢) experienced the most irregular collagen arrangement highlighted
by the weakened change in birefringence when compared to the control (Fig. 6a) indicating the greatest collagen
degradation following enzymatic digestion by MMPs- 1 and 9. Furthermore, the Pearson correlation was used
to assess the relationship between the loss in mechanical integrity and histological scoring. The resultant cor-
relation coefficient of -0.96 implies that as loss of mechanical integrity increases, histological scoring decreases
with the two instances being highly correlated.

Discussion

Low levels of MMP expression are essential in regulating collagen homeostasis by digesting the collagen network;
this balance is imperative for tissue development, remodeling, and repair*'. This balance is disrupted either
by mechanical stress or diseases such as OA, resulting in increased digestion of cartilage ECM constituents.
All of the degradative enzymes belonging to the collagenase family (MMP-1, 8, and 13) are expressed at low
levels in healthy joint tissue and experience increased expression in arthritic tissue. Characteristically, MMP-1
and 8 have been localized to the more superficial cartilage surface, while MMP-13 is found within the deeper
layers*>®. The distribution pattern reflects the fact that MMP-1 and MMP-8 are primarily products of synovial
cells and neutrophils, respectively, which are adjacent to the cartilage, while MMP-13 expression predominates
in the chondrocytes®. Gelatinases are responsible for cleaving the proteoglycan core protein-aggrecan; how-
ever, enzymes included in the gelatinase family (MMPs- 2 and 9) further degrade collagen after collagenase has
cleaved the collagen triple helix’. The mechanical integrity of the cartilage ECM is crucial in determining the
tissue’s biomechanical properties, as the type II collagen and PG aggregates provide the cartilage with tensile
and compressive strength**,
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In the current study, we developed an in vitro cartilage degradation model by treating the articular surface
with the two subfamilies of MMPs, MMP-1 and MMP-9 in different combinations. The MMPs in synergy were
responsible for facilitating collagen and PG degradation in the cartilage ECM*. MMP-1 (c) and MMP-9 (g)
have exhibited their destructive ability to denature and digest collagen fibrils at the molecular level’®, whereas
the current study aims to present their synergistic effect on cartilage tissue. Indentation tests were conducted
in the current study as it is a classical technique to quantify the mechanical properties of articular cartilage
in situ. Evidently, the mechanical integrity of the cartilage was compromised (Fig. 1) when treated with higher
concentration of MMP-1, c3:g1 that degrades more collagen fibrils primarily at the superficial layer. Cartilage
demonstrates the highest tensile stiffness at the superficial layer where fibrils are densely packed and parallel to
the articular surface. However, PG aggregates occupy the interfibrillar space of the cartilage ECM and may act
as a barrier to protect collagen fibrils from enzymatic denaturation*. From the indentation testing, it is inferred
that the collagen fibers are primarily responsible for mechanical integrity not the PG aggregates, as we see a
nearly similar variation for cl:gl and c1:g3 (Fig. 1). The stress variation between the control and treated group
at 20% bulk strain is nearly 24%, and 29% for c1:gl and c1:g3, and ~ 50% for c3:g1. The increased concentration
of MMP-9 (gelatinase) has little effect on aggregate degeneration. When the amount of collagenase is the more
potent component in the enzyme mixture, combined with the presence of gelatinase, a much greater degradative
impact is observed in the compressive cartilage stiffness (Fig. 2) as collagenase denatures the type II collagen
in the ECM facilitating further digestion by gelatinase (MMP-9). The variability in stiffness changes (AE) for
the concentrations of enzyme demonstrates a central tendency for cl:g1, where we observe a larger difference
in the shape of the distribution from the other two (Fig. 3), signifying susceptibility of cartilage damage due to
MMPs imbalance.

In the current study, histological analysis was used to supplement and validate the changes in macromechani-
cal properties following enzymatic degradation observed through indentation testing. From the histological
analysis, it is apparent that the greatest visibility of fast-green counterstain lies within the articular surface of the
c3:gl group (Fig. 4c). The counterstain presence is indicative of depleted proteoglycan content as there is little to
no uptake of Safranin O at the surface. Furthermore, the intense staining affinity for Picrosirius Red at the deep
zone with yellow at the surface (Fig. 4g) is the evidence of reduced collagen content at the surface and normal
collagen content in the middle and deep zones. The bulk of visible degradation for all groups is occurring within
the superficial layer of the articular surface, the magnified view of this zone (Fig. 5) provides an enhanced view of
the highly reduced Safranin O uptake from the c3:g1 group (Fig. 5¢) which indicates proteoglycan degradation.
It is apparent that the collagen cleavage by MMP-1, reduces the tissue level integrity, which enables the penetra-
tion of more MMP-9, and thereby degrading more PG aggregates. Additionally, the collagen content change and
irregular configuration observed in the birefringence of the Picrosirius Red stained c3:g1 group (Fig. 6¢) when
compared to the respective control (Fig. 6a) captured through polarized microscopy provides further evidence
of collagen degradation. From the results, we have concluded that the c3:g1 group experienced the greatest loss
of both PGs and collagen at the articular surface, indicated by the abundance of fast green and picric acid pre-
sent in the superficial zone of the c3:gl treated samples. In healthy tissues, aggregating proteoglycans that are
occupying the interfibrillar zone may act as a barrier to protect the cross-linked collagen fibrils from enzymatic
denaturation®. With the aggregating proteoglycan barrier compromised by the presence of MMP-9, collagenase
receives access to the type II collagen fibrils paving the way for further degradation of denatured collagen by
gelatinase. Subsequently, samples treated with the increased concentration of collagenase (c3:g1) experience the
greatest degradative force once the PG barrier is compromised and the concentration of collagenase is increased.
The degradation of cartilage appears largely dependent on enzyme diffusivity, which shows no or minimal
diffusivity beyond the superficial layer. The collagenolytic activity is primarily increased by the abundance of
MMP-1 and aggravated by MMP-9 in addition to its gelatinolytic activity. The reduced PG content exhibited by
light orange intensity at the surface of the other two enzyme concentrations (Fig. 5b,d) shows the gelatinolytic
activity of MMP-9 with different concentration. The histochemical staining delineates that the abundance of
MMP-1 plays an important role in collagen degradation and is aggravated by MMP-9.

Exploring the effect of degraded fibrils on cartilage mechanics is experimentally challenging. While the results
from this study provide promising insight into how the relative abundance of enzymes MMPs-1 and 9 may
impact the biomechanical response of articular cartilage, the differences in the control states of the samples from
multiple bovines may introduce variance in the results. Samples are separated by bovine within their respective
treatment groups, but samples from both medial and lateral condyles belonging to the same bovine were mixed
and randomized based on a mechanical characterization study finding no significant difference in the frictional
coeflicient between the two condyles*. While the age of all bovines utilized in this study was similar (~2 years
in age), all the specimens might not be an exact age match and potential pre-existing conditions of the subjects
were also unknown which could attribute to the differences in control states between treatment groups. How-
ever, a thorough visual check was performed to identify any injury or disease state, and concomitant thickness
measurement showed no large variations, indicating a healthy state among the joints. Rather than enzymes
found in vivo®, prior studies used bacterial collagenase that contains small amounts of proteases, which can
degrade the proteoglycans within the ECM***3. Moreover, mammalian MMP-1 cleaves collagen at a single site in
each chain of the triple helix, whereas bacterial collagenase initially cleaves all three chains at multiple domains
along the triple helix, followed by continued cleavage of the collagen fragments into multiple smaller fragments.

In summary, MMP mediated articular cartilage degradation is closely tied with trauma or physiological condi-
tions and is widely accepted as fundamental to OA disease progression. However, the mechanistic investigation
of the synergistic influence of MMPs of a different kind (i.e., collagenase and gelatinase) is limited. The results of
this study illuminate in vitro the degradative effect of MMPs-1 and 9 on articular cartilage biomechanical prop-
erties. From the results, it can be concluded that combined collagenase and gelatinase weaken the compressive
strength of the cartilage extracellular matrix, but a much greater destructive force is observed when collagenase
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Figure 7. (a) Femoral condyle locations used for sample extraction. Medial posterior (MP), medial anterior
(MA), lateral posterior (LP), and lateral anterior (LA) sample extraction locations are denoted. (b) Extracted
articular cartilage plug with subchondral bone.

is present in increased concentration. Cartilage, being avascular, has a limited capacity for intrinsic healing and
repair. Preservation of articular cartilage is essential to joint-health and is highly dependent on maintaining the
integrity of the tissue’s internal organized architecture. This insight into the combined degradative influence of
MMPs on articular cartilage will aid in research developing targeted MMP inhibition and therapeutic interven-
tions to prevent cartilage destruction as well as early-stage OA.

Materials and methods

Articular cartilage plugs tested in this study were harvested from 3 different fresh stifle joints of mature cows of
approximately ~ 2 years old, collected from a local slaughterhouse. The bovine stifle joints were stored frozen at
-50°C until the time of sample (plug) extraction. Prior studies have shown that freeze-thaw cycles have negligible
impact on the mechanical properties of articular cartilage explants**.

Sample preparation. The stifle joints were dissected at room temperature to expose the medial and lateral
femoral condyles from where the samples were extracted”. A total of 30 articular cartilage plugs of diameter
3.5 mm and 5 mm thickness with subchondral bone attached were harvested from the femoral condyles of the 3
stifle joints (Fig. 7) using a mosaicplasty tubular chisel (Smith & Nephew 7,209,234). During the extraction pro-
cess, the articular surface was moistened with phosphate-buffered saline (PBS) to prevent the cartilage from dry-
ing out. Cartilage quality was judged before and after the extraction by visible inspection, and cartilage showing
any sign of fissures or surface defects were excluded from the current study. The harvested samples were stored
frozen at -20°C in PBS moistened gauze until needed for testing®’. Prior to testing, cartilage thickness (without
subchondral bone) was individually assessed using a needle probe of the micromechanical tester, Mach-1 v500c
(Biomomentum Inc.). The average thickness of the articular cartilage was 1.3+0.08 mm.

Enzymatic degradation of articular cartilage. To prepare MMPs for experimental use, vials contain-
ing MMPs were tapped down to ensure all of the lyophilized powder was collected at the bottom of the vial
prior to opening. Per the manufacturer’s instructions (BioVision) MMPs were reconstituted in PBS solution at a
concentration of 0.5 mg/mL and allowed to sit for 30 min. Vials containing MMPs were gently agitated during
the reconstitution process prior to making dilutions. No vigorous shaking was induced as this can cause foaming
and protein denaturation. Following dilutions, 200 pL aliquots were stored at -20°C until needed for enzymatic
degradation. To induce downward degradation from the articular surface, the explants were individually placed
inside the wells of a standard well plate. A mixture of 2% agarose gel was prepared using solid agar (Sigma-
Aldrich) and TAE buffer (Sigma-Aldrich). Warm agarose was then carefully pipetted around each sample until
only the top of the articular surface was exposed to the enzyme solution to simulate in vivo conditions. The
agarose gel was allowed to cool and solidify for 30 min before the top articular surface of each sample was loaded
with activated human recombinant MMP-1 and MMP-9 (BioVision, Milpitas, CA) mixtures with different con-
centrations. In groups of 10, articular cartilage samples were treated with a MMP-1(c) to MMP-9 (g) ratio as
shown in Table 1. The concentration scale of MMPs used for sample degradation was selected based on studies
utilizing immunoassays (ELISA) to detect the pro-form of the enzymes in the synovial fluid of both osteoarthri-
tis and inflammatory arthritis patients. The level of proMMP-1 detected in the synovial fluid of arthritis patients
did not exceed 6 ng/mL in trials including over 300 patients®. Thus, this study was also sought to mimic a similar
enzymatic degradation experienced by articular cartilage during early-stage OA.

With a closed lid, the well plate containing the enzymatically treated samples was incubated at 37°C, 5% CO,
for 44 h*>3. Every 12 h, the samples were gently agitated to promote diffusion. Upon completing the incubation
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MMP-1 (c) concentration (ng/mL) MMP-9 (g) concentration (ng/mL) | c:g ratio

4 4 1:1
2 6 1:3
6 2 3:1

Table 1. Concentration ratios of enzymes used to degrade articular cartilage samples.

period, explants were thoroughly washed (3 x for 10 min) and rinsed in PBS solution before proceeding to
indentation testing.

Indentation testing. Each sample was placed inside an osteochondral core holder to secure the sample
during the testing process and prevent displacement. The sample was immersed in a PBS bath throughout test-
ing to prevent drying of the articular surface. Each articular cartilage explant was subjected to compressive
stress-relaxation tests using a spherical indenter (1 mm dia.) in the Mach-1 testing apparatus, which is a gold
standard for cartilage mechanical testing. The Mach-1 micromechanical tester is non-destructive, accurately
measures tissue-level properties, and permits the use of multiple indenter geometries. Both flat ended and spher-
ical indenters have been used for indentation testing®*2. However, the spherical type of indenter was chosen for
the experiment as it causes less damage to the cartilage compared to pyramid and other sharp indenter tips. A
spherical indenter has been shown to create more centralized compression in the tissue and less stretching at the
edges as compared to a flat indenter. Additionally, the spherical indenter deforms a more narrow and shallow
region of the cartilage®'. Spherical indenter size (1 mm in diameter) was selected based on a literature review
examining techniques used to mechanically assess cartilage samples. The results of the review determined most
studies aiming to mechanically characterize articular cartilage use flat indenters for unconfined/confined com-
pression tests, while in situ tests may opt for spherical or flat indenters with around 30% of studies not specifying
indenter geometry®. It is accepted that in order to ensure full contact between the probe and the sample, the
sample diameter must be greater than that of the probe. Prior test results showed that both 1 mm as well as 3 mm
indenter tips were significantly better when compared to the 0.5 mm indenter with a standard deviation of about
10% of the average®. Furthermore, the computational study by Meloni, G.R., et al.*® showed that at minimum
the probe to sample diameter ratio must be 1:3 to accurately measure reaction forces and fluid pressurization®.
In the current study, this ratio is 1:3.5 which is beyond the threshold dictated by the prior in silico analysis.
Samples were compressed at a strain rate of 0.01%/sec until the total strain reached 20%>*, which typically falls
within the elastic limit. The test was repeated on the same sample, allowing the samples to relax for 2 h between
the tests*. To ensure repeatability, the percent change in sample results between control tests was monitored.
After the resting period, sample test results experienced a negligible amount of change (<2%). Each sample was
tested in a healthy state prior to introducing degradative enzymes MMP-1 and MMP-9 mixture to establish a
baseline. After enzymatic treatment, the same tests were conducted twice for each sample (i.e., 4 tests total per
sample), allowing each sample to serve as its own control. To investigate the differences in mechanical properties
between healthy and degraded states, the peak load (F) required to strain the sample and Young’s modulus (E)
were determined from the indentation test.

Histological analysis. Both healthy and enzymatically degraded specimens were fixed at 4°C in 10% phos-
phate-buffered formalin (Sigma-Aldrich) for 24 h. Since decalcifying agents such as EDTA, nitric and hydro-
chloric acids have shown the potential to extract or destroy proteoglycans present in cartilage resulting in dimin-
ished binding of Safranin O/Fast Green stains®”%, cartilage was carefully removed from the subchondral bone
prior to histological preparation. Following fixation, cartilage samples were thoroughly rinsed in running tap
water for 10 min, then dehydrated through a series of graded ethanol changes from 50%-100%. Samples were
then cleared with xylene before being embedded in Paraplast Plus paraffin (Electron Microscopy Sciences) and
sectioned with a rotary microtome. Sections were mounted on plain glass slides for histological analysis. 12 um
thick sections were deparaffinized and rehydrated for either Safranin-O/Fast Green (Sigma-Aldrich) or Picro-
sirius Red (Sigma-Aldrich) staining using standard protocols®. The intensity of the Safranin-O stain is propor-
tional to the proteoglycan content present in the articular cartilage samples, while the Picrosirius Red intensity
is proportional to the collagen content. The reduction of the histochemical staining in the degraded samples will
confirm the loss in PG and collagen content compared to controls, thus suggesting effective enzymatic degrada-
tion of the cartilage.

Micrographs of both controls and degraded stained samples were obtained using AmScope biological micro-
scope XSG Series under 10X magnification to observe the degradation. For a magnified close-up view of the
superficial zone 40X magnification was used. Polarized light microscopy images were taken using a Leica DMLP
polarizing light microscope to observe collagen content and arrangement. Qualitative analysis of both Safranin-
O and Picrosirius Red sections were graded on a scale of 0 to 5 by three independent observers where the stain
intensity is classified as minimal (0), very weak (1), weak (2), moderate (3), strong (4), and very strong (5)*°.

Statistical analysis. Statistical analyses were performed using OriginPro 2019b (OriginLab Corporation,
Northampton, MA). Numerical data are presented as mean +SD and graphical results are mean with standard
deviation (SD) as error bars unless otherwise stated. Due to the relatively small number of samples and nonnor-
mality of the data, the nonparametric Kruskal-Wallis test followed by Dunn’s post hoc test for pairwise compari-
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son was used to assess statistical differences® of mechanical properties between pre-selected pairs (i.e., control
vs. treated for each ratio of enzymes). The histological scoring was also expressed in mean £ SD. To assess the
relationship between histological scoring and loss of mechanical integrity the Pearson Correlation was used in
the current study. A significance level was set at p < 0.05 and was employed for all tests.

Received: 26 April 2021; Accepted: 30 June 2021
Published online: 13 July 2021

References

1.

2.

w

10.
11.
12.

13.
14.

15.
16.
17.
18.
19.
20.
21.
22.
23.
24.
25.

26.
27.

28.
29.

30.
. Bae, W. C,, Lewis, C. W,, Levenston, M. E. & Sah, R. L. Indentation testing of human articular cartilage: Effects of probe tip geometry

32.
33.
34.
35.

36.

Barbour, K. E. et al. Prevalence of doctor-diagnosed arthritis and arthritis-attributable activity limitation—United States, 2010-
2012. MMWR Morb. Mortal. Wkly Rep. 62, 869 (2013).

Punzi, L. et al. Post-traumatic arthritis: Overview on pathogenic mechanisms and role of inflammation. RMD Open 2, €000279—
€000279. https://doi.org/10.1136/rmdopen-2016-000279 (2016).

. Burrage, P. S., Mix, K. S. & Brinckerhoff, C. E. Matrix metalloproteinases: Role in arthritis. Front. Biosci. 11, 529-543 (2006).
. Brocklehurst, R. et al. The composition of normal and osteoarthritic articular cartilage from human knee joints. With special

reference to unicompartmental replacement and osteotomy of the knee. JBJS 66, 95-106 (1984).

. Hollander, A. P. et al. Damage to type II collagen in aging and osteoarthritis starts at the articular surface, originates around

chondrocytes, and extends into the cartilage with progressive degeneration. J. Clin. Investig. 96, 2859-2869 (1995).

. Kempson, G., Muir, H., Pollard, C. & Tuke, M. The tensile properties of the cartilage of human femoral condyles related to the

content of collagen and glycosaminoglycans. Biochim. Biophys. Acta 297, 456-472 (1973).

. Pool, A. R. in Arthritis and Allied Conditions: A Textbook of Rheumatology Vol. 1 (ed William ] Koopman) 226-284 (Lippincott,

Williams and Wilkins, 2001).

. Kempson, G. E. in Adult Articular Cartilage (ed Michael Alexander Reykers Freeman) Ch. 313-414, (Pitman Medical, 1979).
. Weiss, C. & Mirow, S. An ultrastructural study of osteoarthritic changes in the articular cartilage of human knees. JBJS 54, 954-972

(1972).

Panula, H. E. et al. Articular cartilage superficial zone collagen birefringence reduced and cartilage thickness increased before
surface fibrillation in experimental osteoarthritis. Ann. Rheum. Dis. 57, 237-245 (1998).

Buckwalter, J. A. & Mankin, H. J. Articular cartilage: Degeneration and osteoarthritis, repair, regeneration, and transplantation.
Instr. Course Lect. 47, 487-504 (1998).

Billinghurst, R. C. et al. Enhanced cleavage of type II collagen by collagenases in osteoarthritic articular cartilage. J. Clin. Investig.
99, 1534-1545 (1997).

Nakki, A. et al. Association study of MMP8 gene in osteoarthritis. Connect. Tissue Res. 57, 44-52 (2016).

Mehana, E.-S.E., Khafaga, A. F. & El-Blehi, S. S. The role of matrix metalloproteinases in osteoarthritis pathogenesis: An updated
review. Life Sci. 234, 116786 (2019).

Zeng, G., Chen, A, Li, W, Song, . & Gao, C. High MMP-1, MMP-2, and MMP-9 protein levels in osteoarthritis. Genet. Mol. Res.
14, 14811-14822 (2015).

Son, Y.-O. et al. Estrogen-related receptor y causes osteoarthritis by upregulating extracellular matrix-degrading enzymes. Nat.
Commun. 8, 1-11 (2017).

Sarkar, S. K., Marmer, B., Goldberg, G. & Neuman, K. C. Single-molecule tracking of collagenase on native type I collagen fibrils
reveals degradation mechanism. Curr. Biol. 22, 1047-1056 (2012).

Rosenblum, G. et al. Direct visualization of protease action on collagen triple helical structure. PLoS ONE 5, 11043 (2010).
Powell, B., Malaspina, D. C., Szleifer, I. & Dhaher, Y. Effect of collagenase-gelatinase ratio on the mechanical properties of a col-
lagen fibril: A combined Monte Carlo-molecular dynamics study. Biomech. Model. Mechanobiol. 18, 1809-1819. https://doi.org/
10.1007/s10237-019-01178-6 (2019).

Collier, I. E. et al. Diffusion of MMPs on the surface of collagen fibrils: the mobile cell surface—collagen substratum interface. PLoS
ONE 6, €24029 (2011).

Atkinson, S. J., Patterson, M. L., Butler, M. J. & Murphy, G. Membrane type 1 matrix metalloproteinase and gelatinase A synergisti-
cally degrade type 1 collagen in a cell model. FEBS Lett. 491, 222-226 (2001).

Knduper, V. et al. Cellular mechanisms for human procollagenase-3 (MMP-13) activation: Evidence that MT1-MMP (MMP-14)
and gelatinase A (MMP-2) are able to generate active enzyme. J. Biol. Chem. 271, 17124-17131 (1996).

Rose, B. J. & Kooyman, D. L. A tale of two joints: The role of matrix metalloproteases in cartilage biology. Dis. Mark. 2016, 4895050.
https://doi.org/10.1155/2016/4895050 (2016).

Shiomi, T., Lemaitre, V., D’Armiento, J. & Okada, Y. Matrix metalloproteinases, a disintegrin and metalloproteinases, and a disin-
tegrin and metalloproteinases with thrombospondin motifs in non-neoplastic diseases. Pathol. Int. 60, 477-496 (2010).

Elliott, S., Hays, E., Mayor, M., Sporn, M. & Vincenti, M. The triterpenoid CDDO inhibits expression of matrix metalloproteinase-1,
matrix metalloproteinase-13 and Bcl-3 in primary human chondrocytes. Arthritis Res. Ther. 5, 1-7 (2003).

Laronha, H. & Caldeira, J. Structure and function of human matrix metalloproteinases. Cells 9, 1076 (2020).

Kumar, D., Manal, K. T. & Rudolph, K. S. Knee joint loading during gait in healthy controls and individuals with knee osteoarthritis.
Osteoarthritis Cartilage 21, 298-305 (2013).

Marouane, H., Shirazi-Adl, A. & Adouni, M. Alterations in knee contact forces and centers in stance phase of gait: A detailed lower
extremity musculoskeletal model. J. Biomech. 49, 185-192 (2016).

Meireles, S. et al. Medial knee loading is altered in subjects with early osteoarthritis during gait but not during step-up-and-over
task. PLoS ONE 12, 0187583 (2017).

Meireles, S. et al. Knee contact forces are not altered in early knee osteoarthritis. Gait Posture 45, 115-120 (2016).

and indentation depth on intra-tissue strain. J. Biomech. 39, 1039-1047. https://doi.org/10.1016/j.jbiomech.2005.02.018 (2006).
Bae, W. C., Schumacher, B. L. & Sah, R. L. Indentation probing of human articular cartilage: Effect on chondrocyte viability.
Osteoarthr. Cartil. 15, 9-18. https://doi.org/10.1016/j.joca.2006.06.007 (2007).

Toyris, J., Rieppo, J., Nieminen, M., Helminen, H. & Jurvelin, J. Characterization of enzymatically induced degradation of articular
cartilage using high frequency ultrasound. Phys. Med. Biol. 44, 2723 (1999).

Grenier, S., Bhargava, M. M. & Torzilli, P. A. An in vitro model for the pathological degradation of articular cartilage in osteoar-
thritis. J. Biomech. 47, 645-652 (2014).

Schmidt, M. B, Mow, V. C., Chun, L. E. & Eyre, D. R. Effects of proteoglycan extraction on the tensile behavior of articular cartilage.
J. Orthop. Res. 8, 353-363 (1990).

Saarakkala, S. et al. Ultrasonic quantitation of superficial degradation of articular cartilage. Ultrasound Med. Biol. 30, 783-792
(2004).

Scientific Reports |

(2021) 11:14409 | https://doi.org/10.1038/s41598-021-93744-1 nature portfolio


https://doi.org/10.1136/rmdopen-2016-000279
https://doi.org/10.1007/s10237-019-01178-6
https://doi.org/10.1007/s10237-019-01178-6
https://doi.org/10.1155/2016/4895050
https://doi.org/10.1016/j.jbiomech.2005.02.018
https://doi.org/10.1016/j.joca.2006.06.007

www.nature.com/scientificreports/

37. Wang, Q. et al. Real-time ultrasonic assessment of progressive proteoglycan depletion in articular cartilage. Ultrasound Med. Biol.
34, 1085-1092 (2008).

38. Lyyra, T, Kiviranta, I., Véaitdinen, U., Helminen, H. J. & Jurvelin, J. S. In vivo characterization of indentation stiffness of articular
cartilage in the normal human knee. J. Biomed. Mater. Res. 48, 482-487 (1999).

39. Korhonen, R. et al. Comparison of the equilibrium response of articular cartilage in unconfined compression, confined compres-
sion and indentation. J. Biomech. 35, 903-909 (2002).

40. Chen, A. C. et al. Mechanical characterization of native and tissue-engineered cartilage. Methods Mol. Med. 101, 157-190. https://
doi.org/10.1385/1-59259-821-8:157 (2004).

41. Clark, I. M., Swingler, T. E., Sampieri, C. L. & Edwards, D. R. The regulation of matrix metalloproteinases and their inhibitors. Int.
J. Biochem. Cell Biol. 40, 1362-1378. https://doi.org/10.1016/j.biocel.2007.12.006 (2008).

42. Fernandes, J. et al. Collagenase-1 and collagenase-3 synthesis in normal and early experimental osteoarthritic canine cartilage:
An immunohistochemical study. J. Rheumatol. 25, 1585-1594 (1998).

43. Moldovan, E, Pelletier, J. P., Hambor, J., Cloutier, ]. M. & Martel-Pelletier, J. Collagenase-3 (matrix metalloprotease 13) is prefer-
entially localized in the deep layer of human arthritic cartilage in situ. In vitro mimicking effect by transforming growth factor p.
Arthritis Rheum. 40, 1653-1661 (1997).

44. Zhang, L., Hu, J. & Athanasiou, K. A. The role of tissue engineering in articular cartilage repair and regeneration. Crit. Rev. Biomed.
Eng. 37, 1-57. https://doi.org/10.1615/critrevbiomedeng.v37.i1-2.10 (2009).

45. Jablonska-Trypud, A., Matejczyk, M. & Rosochacki, S. Matrix metalloproteinases (MMPs), the main extracellular matrix (ECM)
enzymes in collagen degradation, as a target for anticancer drugs. J. Enzyme Inhib. Med. Chem. 31, 177-183. https://doi.org/10.
3109/14756366.2016.1161620 (2016).

46. Smith, R. L. Degradative enzymes in osteoarthritis. Front. Biosci. 4, D704-712. https://doi.org/10.2741/a388 (1999).

47. Peng, G., McNary, S. M., Athanasiou, K. A. & Reddi, A. H. The distribution of superficial zone protein (SZP)/lubricin/PRG4 and
boundary mode frictional properties of the bovine diarthrodial joint. . Biomech. 48, 3406-3412. https://doi.org/10.1016/j.jbiom
ech.2015.05.032 (2015).

48. Mookhtiar, K. & Van Wart, H. Clostridium histolyticum collagenases: a new look at some old enzymes. Matrix (Stuttgart, Germany).
Supplement 1, 116-126 (1992).

49. Athanasiou, K., Agarwal, A. & Dzida, F. Comparative study of the intrinsic mechanical properties of the human acetabular and
femoral head cartilage. J. Orthop. Res. 12, 340-349 (1994).

50. Szarko, M., Muldrew, K. & Bertram, J. E. Freeze-thaw treatment effects on the dynamic mechanical properties of articular cartilage.
BMC Musculoskelet. Disord. 11, 1-8 (2010).

51. Ghassemi, T. et al. A comparison study of different decellularization treatments on bovine articular cartilage. J. Tissue Eng. Regen.
Med. 13, 1861-1871 (2019).

52. Tchetverikov, L. et al. MMP protein and activity levels in synovial fluid from patients with joint injury, inflammatory arthritis, and
osteoarthritis. Ann. Rheum. Dis. 64, 694-698. https://doi.org/10.1136/ard.2004.022434 (2005).

53. Laasanen, M. et al. Biomechanical properties of knee articular cartilage. Biorheology 40, 133-140 (2003).

54. Patel, J. M., Wise, B. C., Bonnevie, E. D. & Mauck, R. L. A systematic review and guide to mechanical testing for articular cartilage
tissue engineering. Tissue Eng. Part C Methods 25, 593-608. https://doi.org/10.1089/ten. TEC.2019.0116 (2019).

55. Chandwadkar, S. A. Indentation Protocol to Determine Viscoelastic Properties of Cartilage Before and After Crosslinking (2017).

56. Meloni, G. R., Fisher, M. B., Stoeckl, B. D., Dodge, G. R. & Mauck, R. L. Biphasic finite element modeling reconciles mechanical
properties of tissue-engineered cartilage constructs across testing platforms. Tissue Eng. Part A 23, 663-674. https://doi.org/10.
1089/ten.tea.2016.0191 (2017).

57. Callis, G. & Sterchi, D. Decalcification of bone: Literature review and practical study of various decalcifying agents methods, and
their effects on bone histology. J. Histotechnol. 21, 49-58. https://doi.org/10.1179/his.1998.21.1.49 (1998).

58. Schmitz, N., Laverty, S., Kraus, V. B. & Aigner, T. Basic methods in histopathology of joint tissues. Osteoarthr. Cartil. 18, S113-S116.
https://doi.org/10.1016/j.joca.2010.05.026 (2010).

59. Sun, Y. et al. Histological examination of collagen and proteoglycan changes in osteoarthritic menisci. Open Rheumatol. J. 6, 24-32.
https://doi.org/10.2174/1874312901206010024 (2012).

60. Korhonen, R. K. et al. Comparison of the equilibrium response of articular cartilage in unconfined compression, confined com-
pression and indentation. ] Biomech 35, 903-909. https://doi.org/10.1016/s0021-9290(02)00052-0 (2002).

Acknowledgements

The authors greatly acknowledge Prof. Thomas Pesacreta of Biology department at UL Lafayette for providing
relentless guidance and support for histologic assessment. The authors extend their gratitude to Prof. Bhuvnesh
Bharti from the LSU Cain Department of Chemical Engineering for generously aiding in polarized microscopy
endeavors. The authors would like to thank Conner Hutcherson (Ph.D. candidate) and Prof. Yasin Daher of
Dhaher Lab at Southwestern Medical for the discussion in designing the experiment.

Author contributions

T.F, A.B., and M.A. conceived the idea, and T.F. and A.M. designed the study. A.M. performed the experi-
ments and A.M. and A.S. conducted histologic assessment. A.M. and T.F. conducted the statistical analysis and
interpretation of data. All authors discussed the results and contributed to drafting this manuscript. All authors
reviewed and approved the final manuscript.

Competing interests
The authors declare no competing interests.

Additional information
Supplementary Information The online version contains supplementary material available at https://doi.org/
10.1038/s41598-021-93744-1.

Correspondence and requests for materials should be addressed to T.E
Reprints and permissions information is available at www.nature.com/reprints.

Publisher’s note Springer Nature remains neutral with regard to jurisdictional claims in published maps and
institutional affiliations.

Scientific Reports |

(2021) 11:14409 | https://doi.org/10.1038/s41598-021-93744-1 nature portfolio


https://doi.org/10.1385/1-59259-821-8:157
https://doi.org/10.1385/1-59259-821-8:157
https://doi.org/10.1016/j.biocel.2007.12.006
https://doi.org/10.1615/critrevbiomedeng.v37.i1-2.10
https://doi.org/10.3109/14756366.2016.1161620
https://doi.org/10.3109/14756366.2016.1161620
https://doi.org/10.2741/a388
https://doi.org/10.1016/j.jbiomech.2015.05.032
https://doi.org/10.1016/j.jbiomech.2015.05.032
https://doi.org/10.1136/ard.2004.022434
https://doi.org/10.1089/ten.TEC.2019.0116
https://doi.org/10.1089/ten.tea.2016.0191
https://doi.org/10.1089/ten.tea.2016.0191
https://doi.org/10.1179/his.1998.21.1.49
https://doi.org/10.1016/j.joca.2010.05.026
https://doi.org/10.2174/1874312901206010024
https://doi.org/10.1016/s0021-9290(02)00052-0
https://doi.org/10.1038/s41598-021-93744-1
https://doi.org/10.1038/s41598-021-93744-1
www.nature.com/reprints

www.nature.com/scientificreports/

Open Access This article is licensed under a Creative Commons Attribution 4.0 International

License, which permits use, sharing, adaptation, distribution and reproduction in any medium or
format, as long as you give appropriate credit to the original author(s) and the source, provide a link to the
Creative Commons licence, and indicate if changes were made. The images or other third party material in this
article are included in the article’s Creative Commons licence, unless indicated otherwise in a credit line to the
material. If material is not included in the article’s Creative Commons licence and your intended use is not
permitted by statutory regulation or exceeds the permitted use, you will need to obtain permission directly from
the copyright holder. To view a copy of this licence, visit http://creativecommons.org/licenses/by/4.0/.

© The Author(s) 2021

Scientific Reports|  (2021) 11:14409 | https://doi.org/10.1038/s41598-021-93744-1 nature portfolio


http://creativecommons.org/licenses/by/4.0/

	An in vitro investigation to understand the synergistic role of MMPs-1 and 9 on articular cartilage biomechanical properties
	Results
	Mechanical characterization. 
	Histological analysis. 

	Discussion
	Materials and methods
	Sample preparation. 
	Enzymatic degradation of articular cartilage. 
	Indentation testing. 
	Histological analysis. 
	Statistical analysis. 

	References
	Acknowledgements


