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Background: Articular cartilage degeneration arising from the complex interplay of focal
defect and enzymatic degradation compromises its morpho-mechanical integrity. The lack
of comprehensive characterization of this combined pathology limits our mechanistic
understanding of osteoarthritis (OA) initiation and progression.
Methods: Cylindrical osteochondral explants were harvested from six bovine knee joints
and allocated into five experimental groups (n = 12 per group): intact healthy cartilage
(Control), focal defect alone (Def), enzymatic degradation alone (Enz), enzymatic degrada-
tion followed by focal defect (Enz+Def), and focal defect followed by enzymatic degrada-
tion (Def+Enz). In vitro mechanical characterization was performed under three loading
configurations—ramp compression, multi-step stress-relaxation, and dynamic sinusoidal
loading conditions—to characterize the elastic and viscoelastic properties of each group.
Semi-quantitative compositional and histological analyses were conducted using Fourier
transform infrared (FTIR) spectroscopy, light, and polarized light microscopy.
Results: Enzymatic degradation plays a dominantrole in compromising cartilage mechanical
integrity, with enzymatically degraded cartilage exhibiting substantially greater mechanical
deterioration than cartilage with afocal defect alone. FTIR analysis revealed greater zone-wise
collagen loss than proteoglycan depletion in Enz group. While the combined insults compro-
mised mechanical response across all loading conditions, Enz+Def group produced the most
severe reduction in compressive (79.7% (p < 0.001, 95% CI : [58.1%, 90.1%])) and equilib-
rium (97.7% (p < 0.001, [95.1%, 98.9%])) moduli and dynamic loading capacity relative to
Control.
Conclusion: To the best of our knowledge, this is the first study to systematically combine and
sequence enzymatic degradation and a focal cartilage defect, providing mechanistic insight
into their isolated and combined effects on cartilage morpho-mechanics with relevance to
OA pathomechanics and early intervention strategies.
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1. Introduction

The mechanical behavior of articular cartilage is fundamentally governed by the composition and structural organization
of its extracellular matrix (ECM), primarily type II collagen fibrils and proteoglycans (PGs). Cartilage damage compromises
load-bearing capacity through two concurrent mechanisms: disruption of the collagen fibrillar network—responsible for the
tissue’s tensile and elastic integrity [1] and breakdown of the PG constituents that confer compressive strength and vis-
coelastic capacity [2]. Focal cartilage damage further establishes a pro-inflammatory microenvironment in which catabolic
enzymes are upregulated, including matrix metalloproteinases (MMPs), aggrecanases—a disintegrin and metalloproteinase
with thrombospondin motifs (ADAMTS), and cathepsins, collectively driving enzymatic degradation of the ECM [3]. While
both enzymatic degradation and mechanical damage are individually detrimental to cartilage health, their isolated and com-
bined effects on cartilage mechanics remain insufficiently characterized, limiting our understanding of the initiation and
progression of osteoarthritis (OA).

Mechanical damage to articular cartilage can originate from obesity, injurious overloading, repeated mechanical loading,
axial knee malalignment, meniscectomy, patellar dislocation, and osteochondritis dissecans [4-8]. Structural damage includ-
ing focal cartilage defects, fissures, tears, and cracks in the cartilage is predominantly observed in 60-66% of patients under-
going knee arthroscopy; however, 43% to 58% of articular cartilage defects occur on the load-bearing femoral condyle [9,10].
According to the International Cartilage Repair Society (ICRS) classification, full thickness fissures extending to the subchon-
dral bone (Grade III) typically require surgical intervention [11,12]. The size of cartilage lesions varies widely, ranging from
under 2 cm? to over 8 cm? depending on anatomical locations and patient-specific clinical factors [4]. While not all focal
defects progress to OA, such lesions represent a recognized contributing factor in knee OA development and can accelerate
disease progression by altering joint contact mechanics and stress distribution. Understanding how focal defects alter the
intrinsic mechanical properties of cartilage tissue is therefore essential to elucidating the pathomechanical basis of OA ini-
tiation and progression.

Among the catabolic mediators implicated in cartilage degeneration, MMPs and ADAMTS family enzymes are the princi-
pal drivers of ECM breakdown, targeting the two primary structural constituents—collagen and PGs. Overexpressed MMPs in
osteoarthritic cartilage drive irreversible collagen degradation through a sequential two-step cascade: collagenases (MMP-1,
-8, —13) first cleave native collagen fibrils at specific triple-helical sites, after which gelatinases (MMP-2, —9) degrade the
resulting denatured collagen fragments [13]. In this study, MMP-13 (collagenase-3) was selected as the representative col-
lagenolytic agent, given its role as the principal collagenolytic effector in OA, and its high substrate specificity and catalytic
efficiency for type Il collagen [14]. MMP-9 was additionally included for its gelatinolytic activity against denatured collagen
fragments, as well as its broader proteolytic action on non-collagenous ECM components including aggrecan, and collagens
of types 1V, V, VII, and X, as well as elastin [15]. Complementing these collagenolytic and gelatinolytic activities, ADAMTS-5
was incorporated as the dominant aggrecanase in cartilage, recognized as the principal protease responsible for aggrecan
cleavage across multiple functional domains of the core protein [16]. Together, the combined proteolytic activity of these
three enzymes recapitulated the major biochemical catabolic pathways active in OA and produced mechanically significant
ECM degradation across both the collagenous and proteoglycan compartments of the tissue.

Overexpressed collagenase and gelatinase prevailing in cartilage lesions degrades the cartilage’s structural integrity, lead-
ing to progressive damage. Under physiological conditions, regulated collagenase activity indirectly contributes to normal
matrix turnover and remodeling, whereas activity due to upregulated collagenase leads to ECM degeneration [17,18]. These
enzymes are transcriptionally regulated in response to joint inflammation, collectively amplifying ECM degradation within
and adjacent to the damaged area [19-21]. Epidemiological and quantitative studies further confirm that osteoarthritic
joints exhibit a significantly greater likelihood of developing focal cartilage lesions and of existing lesions progressing in size
and severity [22,23]. While prior studies have employed either enzymatic degradation or mechanical defect models in iso-
lation, the present work, to the best of our knowledge, is the first to systematically combine and sequence both insult modal-
ities—enzymatic degradation and full-thickness ICRS Grade III focal defect—across five distinct experimental groups, and to
comprehensively characterize their isolated and combined effects using multiple biomechanical loading modalities, includ-
ing ramp compression, multi-step stress-relaxation, and dynamic cyclic loading by histomorphometric and compositional
analysis.

Therefore, this study was designed to investigate the mechanical consequence of focal cartilage damage and proteolytic
enzymatic degradation under physiologically relevant loading conditions, by systematically degrading bovine cartilage
explants in vitro using a three-enzyme cocktail of MMP-13 (collagenase), MMP-9 (gelatinase), and ADAMTS-5 (aggrecanase),
in isolation and in combination with an ICRS Grade III equivalent full-thickness focal defect. Five experimental groups were
established to enable systematic comparison: intact healthy cartilage (Control), focal defect alone (Def), enzymatic degrada-
tion alone (Enz), enzymatic degradation followed by focal defect (Enz+Def), and focal defect followed by enzymatic degra-
dation (Def+Enz). Each group was subjected to different testing modes comprising ramp compression, multi-step stress-
relaxation, and dynamic sinusoidal loading, complemented by semi-quantitative histological analysis and Fourier transform
infrared (FTIR) spectroscopy to assess collagen and PG content and their depth-wise zonal distributions across healthy and
compromised ECM. However, this model does not replicate full complexity of OA, which involves additional cellular,
biological, and biomechanical phenomena beyond the scope of any three-enzyme in vitro system; rather, the model is
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designed to isolate and quantify the mechanical consequences of proteolytic ECM degradation and structural focal damage,
independently and in sequence. Collectively, these findings are expected to deepen the mechanistic understanding of carti-
lage pathomechanics and provide a quantitative foundation for developing more targeted intervention strategies aimed at
delaying OA initiation and progression.

2. Materials and methods
2.1. Sample preparation

Cylindrical osteochondral explants (n = 60) with a diameter of 9 mm were harvested from the stifle joints of six healthy
adult bovines (18 - 24 months) under aseptic condition. To control anatomical site and inter-animal variability, explants
were harvested solely from the weight-bearing surfaces of the femoral and tibial condyles, yielding six explants per condylar
site per group with two samples collected from each stifle joint. The cartilage thickness was measured using Image] software
from high resolution image of the sample. The average thickness of the cartilage was 1.86 + 0.35 mm. Only samples without
any visible surface damage were considered in this study. The samples were stored frozen at —20°C in moist gauze soaked
with phosphate buffered saline (PBS). Samples were thawed once for 45 min prior to testing.

2.2. Testing groups

Each experimental group contained 12 cartilage explants (6 per condylar site; 2 per bovine joint). The experimental group
details, including treatment conditions, are summarized in Table 1.

2.3. Focal cartilage defect

A1 mm diameter biopsy punch was used to create a central, full-thickness cylindrical defect (hole) through the articular
cartilage layer to subchondral bone in all Def, Def+Enz and Enz+Def groups. The induced structural damage was designed to
replicate a Grade 3 focal cartilage defect as defined by the ICRS classification [11,12]. To ensure clinical relevance, the critical
in vivo lesion area—defined as the threshold above which focal cartilage lesions are unlikely to heal spontaneously and typ-
ically require surgical intervention—was scaled proportionally from the full joint surface (2 cm?, representing approximately
1.23% of the 163 cm? total articular cartilage surface) to the explant geometry. Accordingly, a 1 mm diameter defect
(~0.00785 cm?) was introduced into the 9 mm diameter disk (~0.636 cm?), representing approximately 1.23% of the disk
surface area and maintaining the clinically derived lesion-to-surface ratio [4,24,25].

2.4. Enzymatic treatment of cartilage

The cartilage plugs were placed on sterile agar plates and gently embedded in a 2.5% solidified and autoclaved agarose gel
to keep them stable during enzyme incubation, exposing only the top surface for enzyme diffusion. Samples from Enz, Enz
+Def and Def+Enz groups were enzymatically treated with a mixture of MMP-9, MMP-13 and ADAMTS-5 and incubated at
37 °C for 44 h, being gently agitated every 10-12 h. Control and Def groups were also incubated under identical conditions in
phosphate-buffered saline (PBS) without enzyme supplementation, ensuring observed differences between groups are attri-
butable solely to the applied treatments. To induce proteolytic degradation of the cartilage ECM in a pathophysiologically
relevant manner, enzyme concentrations similar to our groups’ prior studies [26,27] were selected from the concentration
range (Table 2) found in the synovial fluid of arthritic patients [28-32]. The concentrations were drawn from the range
reported in OA synovial fluid to ensure pathophysiological relevance, without the supraphysiological levels associated with
acute cytokine stimulation models.

Table 1
Group classification based on the treatment applied on the cartilage.
Group Name Condition Treatment Description
Control Intact healthy cartilage Healthy cartilage without any visible defect or intervention.
Defect (Def) Focal defect alone Cartilage with a 1 mm dia. through thickness hole (ICRS grade III defect) at the
center, up to subchondral bone.
Enzyme (Enz) Enzymatic degradation alone Cartilage treated with MMPs-13 and -9 and ADAMTS-5 to induce enzyme
mediated degradation.
Enzyme+Defect (Enz+Def) Enzymatic degradation followed Localized defect of 1 mm dia. through thickness hole was induced in
by focal defect enzymatically degenerated cartilage.
Defect+Enzyme (Def+Enz) Focal defect followed by Localized defect of 1 mm dia. through thickness hole was induced in cartilage
enzymatic degradation prior to enzymatic treatment.
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Table 2
Concentration of MMPs-9 and 13, and ADAMTS-5, considered in this study to degrade articular cartilage
in vitro.
Enzyme Enzyme Concentration (ng/mL)
MMP-9 30 [28]
MMP-13 15 [29,30]
ADAMTS-5 15 [31,32]

2.5. Mechanical testing

Unconfined compressions tests were conducted on the samples using Mach-1 micromechanical testing system (Biomo-
mentum Inc. Longueuil, QC, Canada) under three distinct loading modes (Figure 1) to characterize the mechanical properties
of each experimental group. A 12 mm diameter metal non-porous platen was used consistently across all mechanical tests.
Each sample was attached with its subchondral surface to a custom sample holder filled with PBS using an acrylate-based
adhesive, ensuring stable specimen positioning throughout testing. To simulate the mechanical environment of prolonged
standing (Figure 1a), a multi-step stress-relaxation protocol was applied, with a 5% tare prestress followed by incremental
compressive steps (3% strain x 5, 0.1% strainrate) and a 180-seconds relaxation period at strain level. The equilibrium mod-
ulus was calculated from the slope of the line connecting the second to the final equilibrium stress points, thereby excluding
the initial loading step to avoid pre-conditioning transients. It is acknowledged that full stress equilibrium was not achieved
within the 180-second hold duration; the reported value therefore represents a pseudo-equilibrium modulus, consistent
with standard practice in cartilage biomechanics [26,33,34]. Following each test, specimens were returned to the incubated
environment and allowed a minimum recovery period of two hours to restore its shape and mechanical integrity prior to
subsequent testing [13].

The second loading configuration was conducted in two sequential phases. In the first phase, each specimen was sub-
jected to unconfined ramp compression to 20% total compressive strain at a strain rate of 0.1%/s, followed by a 5-minute hold
at 20% strain to allow partial stress relaxation and fluid pressure equilibration, which served as mechanical prestress condi-
tioning prior to dynamic loading. The compressive modulus was determined from the slope of the stress—strain curve in the
15-20% strain range of the unconfined ramp compression response, corresponding to the high-strain near-linear regime of

5% prestress 20% strain 1.25% strain x 6

3% strain x 5 0.1% strain rate 0.7 Hz
0.1% strain rate
(a) . (b)
Simulation: Prolonged standing ~ : Simulation: Compression Simulation: Walking
Equilibrium modulus [l modulus
g | Cl : g {
a1 NN : s
\ \
"\ ‘U_&‘_;_\_’-—S- : @
Time : Strain

i

Figure 1. Systematic biomechanical testing protocol for cartilage explants. (a) Stress-relaxation test comprising a five-step incremental compression
sequence at 3% strain per step, used to determine the equilibrium modulus. (b) Unconfined ramp compression test to measure compressive modulus, in
which the indenter applies a ramp displacement 20% total strain at a strain rate of 0.1% [35]. Dynamic sinusoidal loading protocol applied following stress-
relaxation and ramp compression, used to determine the dynamic modulus and phase difference under loading conditions representative of walking
[36,37]. (c) Complete experimental setup in the Mach-1 testing system, showing the cartilage explant submerged in PBS solution and positioned beneath
the compression platen for mechanical loading.


move_f0005

A. Istiak, A.S. Bahar Moni and T.R. Faisal The Knee 63 (2026) 104604

the nonlinear stress-strain response, where collagen fibril engagement is complete and tissue stiffness is maximal
[35,38,39]. In the second phase, a dynamic sinusoidal loading protocol (1.25% strain amplitude x 6 cycles at 0.7Hz) was
superimposed on the 20% compressive offset strain to simulate the dynamic mechanical environment of normal walking
[36,37]. The preceding prestress conditioning phase substantially attenuated the initial creep transient peak sinusoidal
stress; consequently, all 6 cycles were included in the analysis. The time dependent viscoelastic properties were calculated
from the peak load (F*), peak displacement (d*), and phase shift averaged across all cycles using Egs. (1)-(5) [40].

Pl M)
E =E cosé (2)
E' =E siné 3)
Loss tangent : tand = f/’/ 4)
§ = tan™!(Loss tangent) (5)

where E', E', and E” are the dynamic (complex) modulus, storage modulus, and loss modulus, respectively, and the angle ¢ is
the phase difference between the peak force and peak displacement.

2.6. Morphological assessment

Morphological and compositional analyses were performed on n = 3 samples per group for both histological staining and
FTIR spectroscopy. These analyses were restricted to the Control and enzymatically degraded (Enz) groups, as enzymatic
degradation induces distributed, zone-wise compositional changes throughout the bulk tissue that are detectable by histo-
logical staining and FTIR spectroscopy. In contrast, the 1 mm dia. single focal mechanical defect produces a localized struc-
tural disruption confined to the lesion site, a limiting assumption that was considered in this study. Previous studies showed
that ECM macromolecules following mechanical injury alone remains localized near the lesion [41], with widespread depth-
wise changes occurring only when injury is combined with cytokine challenge [42,43]. In this study, the principal drivers of
distant-from-defect matrix degradation such as cytokine stimulation, chondrocyte-mediated MMP secretion and inflamma-
tory upregulation were considered absent. Accordingly, bulk FTIR and histological analyses of the Def group were not
expected to reveal zone-wise compositional differences from control in regions distant from the defect margin. Moreover,
sectioning through a full-thickness punch defect introduces tissue discontinuity that precludes reliable zone-wise quantifi-
cation. For these reasons, the Def, Enz+Def, and Def+Enz groups were excluded from morphological and compositional
analyses.

To facilitate histological analysis, articular cartilage was separated from the subchondral bone following mechanical test-
ing to avoid decalcification process. Tissue samples were fixed in 10% neutral buffered formalin (NBF) for 12 h and dehy-
drated through a graded ethanol series (20%, 40%, 60%, 80%, 95%, 100%) before paraffin embedding. Afterwards,
5 um—thick slices were sectioned with a microtome (Shandon Scientific; model: Finesse ME) [26]. After deparaffinizing,
the sections were stained with Alcian blue to assess PG content under a light microscope and with Picrosirius red to evaluate
collagen content and fibrillar organization, examined under a polarized light microscope (PLM).

Semi-quantitative compositional analysis of collagen and PG content was performed using a LUMOS II Bruker FTIR micro-
scope (Bruker Optics, Billerica, MA, USA). Twenty-four attenuated total reflectance (ATR) crystal sampling points were
arranged along a fixed linear transect spanning the full cartilage thickness, with 8 points distributed per zone across the
superficial (SZ), middle (MZ), and deep (DZ) zones [44-47]. Each sampling point was acquired with 16 co-added scans for
signal averaging at a spectral resolution of 8 cm~!. Collagen and PG distributions were mapped using the amide I band
(1720 to 1590 cm™') and the carbohydrate-associated peaks (1140 to 985 cm™'), respectively. The semi-quantitative FTIR
data was compared against the qualitative histological assessment [44,45].

Infrared signature peaks corresponding to collagen and PGs have been demonstrated to exhibit linear correlations with
their respective biochemical concentrations [46]. Accordingly, relative collagen content was quantified by integrating the
area under the amide I absorption band (1720-1590 cm™!), and PG content was estimated by integrating the area under
the carbohydrate-associated band (1140-985 cm™!), which corresponds to C-O-C and C-OH vibrational modes (Figure 2).
Savitzky-Golay smoothing with a second-order polynomial was used for background subtraction. No additional spectral
smoothing was applied, as the 16-scan signal averaging employed during acquisition provided sufficient noise reduction
for reliable peak area quantification in both the Amide I and carbohydrate spectral regions. Spectral peak area integrations
were performed using a custom Python script to ensure consistent and reproducible quantification across all specimens and
zones.
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Figure 2. Representative FTIR absorption spectrum of bovine articular cartilage acquired from a single ATR sampling point within the ECM. Shaded regions
indicate the baseline-corrected spectral integration windows used for semi-quantitative compositional analysis: the amide I band (1720-1590 cm™!),
corresponding to collagen content, and the carbohydrate band (1140-985 cm™!), corresponding to PG content, shown across the SZ, MZ, and DZ of the
tissue.

2.7. Statistical analysis

Statistical analyses were performed using OriginPro, Version 2025b (OriginLab Corporation, Northampton, MA) and cus-
tom Python scripts implemented in Google Colab. Normality of each outcome variable was assessed using the Shapiro-Wilk
test (o = 0.05), and homogeneity of variance was evaluated using Levene’s test (o = 0.05). For the equilibrium modulus,
which violated the normality assumption (Shapiro-Wilk: p > 0.05), a Kruskal Wallis test was conducted, followed by Dunn’s
post hoc test with Bonferroni correction for pairwise comparisons. All remaining mechanical outcome variables satisfied the
normality assumption (Shapiro-Wilk test: p > 0.05) but violated the homoscedasticity assumption (Levene’s test: p > 0.05)
for relatively small number of sample; these were therefore analyzed using Welch’s ANOVA [48], and followed by Games-
Howell post hoc test for pairwise group comparisons. A significance threshold of p < 0.05 was applied to all statistical tests.

3. Results
3.1. Biomechanical properties

The mechanical integrity of articular cartilage subjected to enzymatic degradation, focal defect, and their sequential com-
binations were assessed under three unconfined compression loading configurations as shown in Figure 1. Figure 3(a) shows

kK *kk *kk *kk
(a) (b)
» 2.0
s Control ‘
;_(“\ '_ - Ere]; * *% *kk
é 0.12 4— - - — Enz+Def E
g ---------- Def+Enz S 151 .
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- E // |
2 0.09 '§ / .
§ €1.0- /
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Figure 3. (a) Nonlinear compressive stress-strain behavior of intact healthy cartilage (Control), cartilage with focal defect alone (Def), enzymatically
degraded cartilage (Enz), enzymatically degraded cartilage with subsequent focal defect (Enz+Def), and cartilage with focal defect followed by enzymatic
degradation (Def+Enz), subjected to 20% unconfined compressive strain. Solid lines represent the group mean stress-strain response, with shaded regions
denoting + standard deviation. (b) Bar plot with error bars representing the mean + standard deviation of compressive modulus derived from the
unconfined ramp compression test for each experimental group.
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the average compressive stress-strain curves for all experimental groups, with standard deviation represented by shaded
regions. Both the Control and Def exhibited similar near-linear behavior up to approximately 5% strain, beyond which non-
linearity increased progressively with steeper tangential slopes through 20% strain. Enzymatically degraded groups, with or
without a focal defect, exhibited a pronounced reduction in stress across the full strain range. The compressive modulus was
significantly reduced in all compromised groups relative to Control (p < 0.001) (Figure 3b). The mean compressive moduli of
Control, Enz, Def, Enz+Def, and Def+Enz werel.41 4+ 0.41 MPa, 0.198 + 0.18 MPa, 0.46 + 0.24 MPa, 0.11 & 0.07 MPa, and
0.037 £ 0.037 MPa, respectively.

Figure 4(a) presents the stepwise stress-relaxation curves (3% strain per step, 180-second hold duration) for all 5 groups.
Both peak and equilibrium stress levels varied across groups. The Control group exhibited the highest peak stress (mean:
0.04 MPa), followed by the Def group, which showed marginally lower but statistically non-significant peak stress
(p > 0.05). The enzymatically degraded (Enz) group exhibited significantly lower peak stress (<0.02 MPa), followed by
Enz+Def, with Def+Enz demonstrating the lowest peak and pseudo-equilibrium stress levels across all loading steps. Com-
pared to the Control, the equilibrium modulus was significantly reduced in all enzymatically treated groups (p < 0.001),
regardless of the presence of a focal defect (Figure 4b). Conversely, no statistically significant difference was observed
between the Def and Control groups (p > 0.05). The mean equilibrium moduli of the Def, Enz, Enz+Def, and Def+Enz groups
were 0.021 +0.013 MPa, 0.012 + 0.007 MPa, (0.010 &+ 0.006 MPa, and 0.004 + 0.002 MPa, respectively, compared to a Con-
trol value of 0.023 +0.015 MPa.

Figure 5(a) illustrates the viscoelastic behavior of each group under repetitive sinusoidal loading via normalized nominal
stress. The Control and Def groups exhibited comparatively denser hysteresis loops, indicative of greater energy storage
capacity, with the Def group showing a marginally larger loop area than Control. In contrast, the enzymatically degraded
groups displayed markedly reduced stress amplitudes and altered loop morphology relative to both Control and Def. Nota-
bly, among the enzymatically treated groups, the hysteresis loop area was largest in Def+Enz, followed by Enz+Def and Enz,
indicating progressively greater energy dissipation and reduced stiffness in that order. The dynamic modulus of Control
group (7.70 &+ 3.59 MPa) was significantly higher than that of all the compromised groups (Figure 5b). Statistically significant
differences were observed between Control and Enz+Def group (1.53 + 1.00 MPa; p < 0.001), and between Control and Def
+Enz group (0.92 +0.77 MPa; p < 0.01). The mean dynamic modulus of Def and Enz groups were 4.54 + 2.58 MPa and
1.99 4+ 1.34 MPa, respectively. Pairwise comparisons revealed statistically significant differences between all group pairs
except Enz and Enz+Def (p > 0.05). The phase difference of the Control group (27.72° 4+ 8.04") was significantly lower than
that of all other groups except Def (33.60° +12.90°; p > 0.05)(Figure 5c¢), consistent with the more elastic mechanical
behavior of intact cartilage. All remaining group pairs showed statistically significant differences (p < 0.01) in phase angle,

with the exception of the Enz (61.17° +£7.04"), Enz+Def (65.78° +5.64"), and Def+Enz (66.66“ i7.75°> comparisons

(p > 0.05), indicating that enzymatic degradation, regardless of the presence or sequence of focal defect, produced a compa-
rable shift toward more viscous mechanical behavior.
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Figure 4. (a) Stress-relaxation behavior of intact healthy cartilage (Control), cartilage with focal defect alone (Def), enzymatically degraded cartilage (Enz),
enzymatically degraded cartilage with subsequent focal defect (Enz+Def), and cartilage with focal defect followed by enzymatic degradation (Def+Enz)
comprising a five-step incremental compression sequence at 3% strain per step. Solid lines represent the group mean stress-strain response, with shaded
regions denoting + standard deviation. (b) Bar plots with error bars representing the mean + standard deviation of equilibrium modulus derived from the
five-step stress relaxation test for each experimental group.


move_f0020
move_f0025

A. Istiak, A.S. Bahar Moni and T.R. Faisal The Knee 63 (2026) 104604

| A I = 3 > 1 I = 1 * 1 I .. 1 & 1§ B LA
— Control — Def — Enz |— Enz+Def|— Def+Enz
1.0 E = =
©
o
2
2051 B — B
o
©
£
o
c
kel
o)
N
2-05F - g .
o
Z
-1.0 - E E = E B
| I | | I | | I I | | I | | I I |
1 o o 1 o o 1 o o ] o o 1 o o
© o o 2 o o Q2 o o 2 o o 2 o o
Strain
(a)
15 4 90 ‘ ‘ ‘ 1
* *kk *kk *kk *kk *kk
\ { ( \
g 3 T
s - o
% * *k *% _§)60_
3 o { .
3 2
7 :
(0]
O 6 / £
©
§ / N
(=
s 17 2 7
T / . /
0 4 T T T T 0 % T T T T
Control Def Enz Enz+Def Def+Enz Control Def Enz Enz+Def Def+Enz
***p<0.001,*p<0.01,*p<0.05
(b) (c)

Figure 5. (a) Normalized nominal stress-time hysteresis loops under sinusoidal loading (1.25% strain amplitude x 6 cycles at 0.7 Hz, superimposed on 20%
compressive offset strain) for intact healthy cartilage (Control), cartilage with focal defect alone (Def), enzymatically degraded cartilage (Enz), enzymatically
degraded cartilage with subsequent focal defect (Enz+Def), and cartilage with focal defect followed by enzymatic degradation (Def+Enz). Bar plots with
error bars representing the mean +* standard deviation of (b) dynamic modulus and (c) phase difference for all experimental groups under dynamic
sinusoidal loading simulating normal walking.

3.2. Morphological and compositional evaluation

3.2.1. Assessment of proteoglycans

Alcian blue staining enabled zone-specific visualization of PG distribution under light-microscope (Figure 6a, and b). In
both healthy and enzymatically degraded cartilage, staining intensity was highest in the DZ and decreased progressively
through the MZ and SZ, consistent with the known depth-dependent PG distribution in native cartilage. However, staining
intensity was uniformly reduced across all three zones in enzymatically degraded tissue relative to healthy controls, indicat-
ing widespread PG depletion.

FTIR carbohydrate band mapping (1140-985 cm™!) across 24 ATR sampling points corroborated these histological obser-
vations (Figure 6¢ and d). Healthy cartilage exhibited highest carbohydrate band absorption in DZ, which decreased through
MZ to SZ. In enzymatically degraded cartilage, absorption was uniformly reduced across all zones (Figure 6d), further con-
firming zone-wise PG depletion. The zone-wise bar plot (Figure 6e) revealed significantly higher PG content in the DZ of
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Figure 6. PG content and zone-wise distribution in healthy and enzymatically degraded of articular cartilage observed in Alcian blue stained micrographs
and FTIR images. Alcian blue-stained micrographs acquired under light microscope illustrate zone-wise variations in PG content and its distribution in (a)
healthy (Control) and (b) enzymatically degraded (Enz) cartilage. FTIR peak integration maps of the carbohydrate band depict the relative zone-wise PG
distribution and content of PGs in (c) healthy (Control) and (d) enzymatically degraded (Enz) cartilage. Black dotted lines demarcate the SZ, MZ, and DZ
boundaries in all images. (e) Bar plot comparing zone-wise PG content between healthy and enzymatically degraded cartilage groups. Error bars represent
the 95% confidence interval (CI). (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)

healthy cartilage relative to the degraded group (p < 0.05). PG content in SZ and MZ was also reduced in degraded cartilages,
although to a lesser degree than in DZ.

3.2.2. Assessment of type Il collagen

Polarized light micrographs of Picrosirius red-stained samples revealed zone-specific differences in collagen fibril con-
tent, organization, and birefringence between healthy and enzymatically degraded cartilage (Figure 7a, and b). In healthy
cartilage, the SZ exhibited densely packed, well-organized collagen fibrils appearing as bright yellow or yellowish-orange
birefringence, consistent with a thick, highly oriented fibrillar architecture. The DZ contained comparatively thinner fibrils
appearing as green birefringence, reflecting the more randomly oriented DZ collagen network [49-51]. In enzymatically
degraded cartilage compared to Control, birefringence intensity was reduced across all zones, indicating disruption of fibril-
lar organization and loss of collagen content (Figure 7b).

Semi-quantitative FTIR mapping of the Amide I band (1720-1590 cm™') confirmed the histological observations in
healthy (Figure 7c) and degraded (Figure 7d) cartilage. In healthy cartilage, Amide I absorption was highest in DZ and
decreased progressively through the MZ to SZ, consistent with the depth-dependent collagen content gradient in native tis-
sue. Enzymatically degraded cartilage exhibited uniformly reduced Amide I absorption across all zones, indicating zone-wise
collagen loss. The zone-wise bar plot (Figure 7e) confirms that collagen content increased incrementally from SZ to DZ in
healthy cartilage, and that significantly higher collagen content was present in each zone of the Control group relative to
the enzymatically degraded group (p < 0.05).

4. Discussion

The goal of this study was to develop a comprehensive understanding of the biomechanics of mechanically damaged and
enzymatically degraded, and their sequential combination in articular cartilage, which are pathological features collectively
characteristic of osteoarthritic cartilage. In this in vitro study, a cocktail of MMPs-13 and —9 and ADAMTS-5 was used to
degrade collagen and PGs, in combination with a full-thickness focal cartilage defect extending to the subchondral bone,
to systematically compromise the ECM'’s load-bearing capacity in a manner representative of osteoarthritic cartilage. In this
work, the morpho-mechanical outcomes of these insults, individually and in combination, were investigated through
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Figure 7. Zone-wise collagen content, distribution, and fibrillar organization in healthy and enzymatically degraded articular cartilage assessed by
Picrosirius red staining under PLM and FTIR spectroscopy. Picrosirius red stained polarized light micrographs illustrate zone-specific content and
orientation of collagen fibril in (a) healthy (Control) and (b) enzymatically degraded (Enz) cartilage. FTIR peak integration maps of Amide I band depict the
relative zone-wise collagen content and distribution in (c) healthy (Control) and (d) enzymatically degraded (Enz) cartilage. White dotted lines demarcate
the SZ, MZ, and DZ boundaries in all images. (e) Bar plot comparing zone-wise collagen content between healthy (Controls) and enzymatically degraded
(Enz) cartilage groups. Error bars represent the 95% C.I. (For interpretation of the references to colour in this figure legend, the reader is referred to the web
version of this article.)

histo-mechanical analyses. To the best of our knowledge, this is the first study to systematically combine and sequence
enzymatic degradation and a full-thickness ICRS Grade III focal defect across five experimental groups, while characterizing
their mechanical properties under multiple loading configurations and providing depth-resolved compositional validation
through FTIR spectroscopy and histomorphometry—offering mechanistic resolution that neither approach alone has previ-
ously achieved.

MMP-13 (collagenase), the principal collagenolytic enzyme in OA, cleaves type II collagen with high substrate specificity
and catalytic efficiency [52], at a significantly accelerated rate compared to other collagenases [53]. MMP-9 (gelatinase) was
included for its complementary activity in degrading denatured collagen fragments and non-fibrillar matrix constituents,
synergizing with MMP-13, to recapitulate the advanced osteoarthritic catabolic condition. In addition to its primary col-
lagenolytic activity, MMP-13 contributes more broadly to ECM breakdown by degrading aggrecan and other non-
collagenous matrix components [54,55]. This enzymatic action is evident in the degraded cartilage histology (Figure 6),
which shows substantial collagen depletion in SZ, as well as noticeable degradation in DZ, reflecting the broad spatial range
of enzyme activity across the full tissue thickness. Disruption of the collagen network impaired its ability to structurally sup-
port PGs, which in turn increased interstitial fluid exudation and reduced tissue stiffness under dynamic loading (Figure 5)
[56,57]. PGs are critical modulators of cartilage mechanics, regulating permeability and resisting rapid deformation under
compressive load [58,59]. ADAMTS-5 (aggrecanase) specifically penetrates the aggrecan core protein, producing rapid and
extensive PG depletion [60,61]. The combined proteolytic activity of these enzymes was reflected in the 2.09-fold reduction
in equilibrium modulus between degraded and healthy groups under stress-relaxation conditions, closely matching the
decline in compressive modulus—attributable primarily due to PG depletion, with a contributory role of collagen degrada-
tion [62,63]. It should be noted that the enzyme concentrations employed here were not intended to represent normal phys-
iological protease activity in healthy cartilage, where MMPs and ADAMTS activity is tightly regulated by endogenous
inhibitors (TIMPs, «2-macroglobulin) and remains at largely undetectable levels in synovial fluid. Rather, the selected con-
centrations model the pathological catabolic microenvironment of moderate-to-advanced OA or post-injury inflammatory
states, wherein inhibitor balance is disrupted, and net ECM catabolism dominates. Accordingly, the enzyme-treated groups
(Enz, Enz+Def, Def+Enz) represent an OA-compromised joint microenvironment, while the Def group represents an acute
mechanical injury in an otherwise biochemically intact joint, analogous to an isolated traumatic cartilage lesion without con-
current enzymatic upregulation.
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Focal structural damage disrupts the continuity of the type II collagen fibrillar network within the ECM, producing stress
amplification at the defect margins [64] and significant alteration of the elastic response under physiological compressive
loading [65,66]. Focal defects also perturb the local PG distribution, facilitating interstitial fluid and solute egress, and con-
sequent PG loss, preceding any gross changes in collagen network [41]. Prior studies demonstrated that 1 mm cracks in car-
tilage can reduce the compressive strength by approximately half, attributable to loosening of the fibrillar weave [67,68]. The
present findings are consistent with this observation The stress—strain curve of the Def group closely resembled that of the
Control up to approximately 5% compressive strain, beyond which the Def group stress progressively diverged with contin-
ued loading (Figure 3a). Under stress-relaxation conditions, the collagen network primarily supports peak compressive
stress, while entrapped PGs contribute to equilibrium stiffening during the relaxation phase [69,70]. Disruption of the
ECM architecture by the focal defect increases collagen fibril mobility, providing less structural constraint, and thereby
reducing the peak stress of mechanically damaged cartilage (Figure 4a) [70]. The stress-strain (Figure 3a) and normalized
stress—time (Figure 4a) responses indicate that bulk mechanical softening is primarily driven by the degradative proteases,
while an isolated focal defect produces only minimal ECM softening. Focal cartilage defect alone contributed to
66.9% (p < 0.001, 95% CI : [42.1%,81.1%]) lower compressive modulus and 10.1% (p > 0.05, 95% Cl : [-63.1%, 14.4%])
lower equilibrium modulus compared with Control group. The structural damage associated with the defect also impaired
viscoelastic energy storage and dissipation capacity. Swelling of the PG-rich matrix adjacent to the defect site contributed to
reduced energy dissipation during dynamic loading [68,71]. The dynamic modulus of Def group was
40.1% (p < 0.05, 95% CI : [6.1%,62.7%]) lower than Control; however, the phase difference of the Def group was
21.2% (p > 0.05, 95% CI : [-1.5%,49.3%)]) higher than Control, reflecting increased energy dissipation attributable to struc-
tural disruption of the collagen fibrillar network at the defect site (Figure 5).

This study evidently shows that enzymatic degradation is considerably more detrimental to the structural integrity of
cartilage than an isolated focal mechanical defect. The combined effects of focal defect and enzymatic degradation (Enz
+Def and Def+Enz groups) produced lower mechanical properties than either insult in isolation. Cartilage mechanics were
most severely compromised in the Enz+Def and Def+Enz groups (Figure 3a and a), where the structural integrity of ECM
was disrupted by both modalities simultaneously. The equilibrium modulus of the Enz+Def group was approximately
54.8% (p < 0.05, 95% CI : [7.0%, 65.8%]) lower than the Control, whereas the compressive modulus was significantly
reduced by 92.0% (p < 0.05, 95% CI : [21.6%, 102.4%]). However, near-equivalence of equilibrium modulus and the mini-
mal differences in compressive and dynamic moduli between Enz and Enz+Def clearly demonstrate that introduction of a
mechanical defect following prior enzymatic degradation produces comparatively limited additional mechanical deteriora-
tion. In contrast, a focal defect introduced prior to enzymatic exposure created a more permissive environment for matrix
dissolution, producing the lowest static and dynamic moduli across all experimental groups. The pre-existing focal defect
in the Def+Enz group facilitated enhanced enzyme diffusion into the ECM through the structural discontinuity, thereby
amplifying the extent of proteolytic degradation. Consequently, the equilibrium modulus of Def+Enz group was approxi-
mately 79.7% (p < 0.001, 95% CI : [58.1%, 90.1%]) lower than the Control, and the compressive modulus was significantly
reduced by 97.7% (p < 0.001, 95% CI : [95.1%, 98.9%)]). The breakdown of collagen and PGs by degradative enzyme activity
thus produced pronounced ECM degradation, significantly reducing the compressive modulus in all enzyme-mediated
groups (Figure 3b). Interestingly, while statistically significant differences in static elastic properties were observed between
the Enz+Def and Def+Enz groups, their viscoelastic properties exhibited comparatively smaller differences (Figure 5). The
enlarged hysteresis loop area (Figure 5a) reflects greater energy dissipation and reduced stiffness—evidenced by lower
storage and dynamic modulus—consequent to PG depletion, which was most pronounced in the enzyme-mediated group
(Figure 6). The hysteresis loop area increased when a focal defect was introduced into enzymatically degraded cartilage
(Enz+Def) and was largest when the defect preceded enzymatic treatment (Def+Enz). The differences in dynamic modulus
and phase difference between the Def+Enz and Enz+Def groups were 21.1% (p > 0.05, 95%Cl : [-66.3%, 84.7%]) and
1.8% (p > 0.05, 95%CI : [-48.5%, 101.6%)), respectively.

Despite the mechanistically informative findings, several limitations of this study should be acknowledged. First, the out-
comes were based on a moderately sized focal defect scaled to maintain a clinically relevant defect-to-surface area ratio;
cartilage specimens with larger defects or multiple fissures may provide additional mechanistic insight but risk catastrophic
tissue failure under in vitro mechanical loading, precluding reliable biomechanical assessment. Second, morphological and
compositional analyses were restricted to the Control and Enz groups. The current study did not directly assess composi-
tional changes in the Def group based on the limiting assumption that compositional disruption due to the focal defect would
remain localized to the lesion site. Additionally, in the absence of cytokine stimulation and chondrocyte-mediated catabolic
signaling, widespread zone-wise compositional changes distant from the defect site were not expected over the 44-hour
incubation period [26,27,42,43]. However, the possibility of minor peri-defect compositional alterations beyond the imme-
diate lesion margin cannot be formally excluded. This represents a limitation of the study design. Future work employing
spatially resolved techniques such as Raman spectroscopy or nanoindentation mapping adjacent to the defect margin would
provide more targeted peri-defect compositional characterization. Third, the enzyme cocktail (MMP-9, MMP-13, ADAMTS-5)
recapitulates key OA-related catabolic pathways but does not fully replicate the in vivo microenvironment, which addition-
ally involves cytokine signaling, chondrocyte-mediated anabolic-catabolic responses, and temporal inhibitor regulation.
Furthermore, this model does not fully replicate the osteoarthritic disease process. OA involves additional phenomena
including cytokine-mediated chondrocyte dysfunction, synovial inflammation, subchondral bone remodeling, and progres-
sive in vivo loading history that are not captured by a three-enzyme in vitro system. The enzyme cocktail was selected to
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target the primary protease classes responsible for ECM breakdown (collagenase, gelatinase, aggrecanase) at pathophysio-
logically relevant concentrations, rather than to simulate the full OA microenvironment. Fourth, full thermodynamic
equilibrium was not reached within 180-second hold periods; the reported equilibrium modulus therefore represents a
pseudo-equilibrium value consistent with established practice in cartilage biomechanics. Fifth, flow-dependent poroelastic
parameters, specifically hydraulic permeability, were not directly quantified in this study. The multi-step stress-relaxation
and dynamic loading protocols capture the integrated poroviscoelastic response of the tissue; future work employing con-
fined compression biphasic analysis or fibril-reinforced poroelastic modelling would provide further mechanistic resolution
between flow-dependent and flow-independent contributions to the observed mechanical degradation. Next, the sequential
Def+Enz and Enz+Def groups nonetheless serve as mechanistic surrogates for two clinically relevant temporal scenarios:
acute cartilage injury in a pre-existing enzyme-rich inflammatory joint (Def+Enz), and progressive enzymatic upregulation
following chronic mechanical insult (Enz+Def), with the finding that Def+Enz produces the most severe mechanical deteri-
oration carrying direct clinical implications for early intervention in patients with focal cartilage lesions concurrent with
underlying inflammatory or metabolic joint disease. This temporal dynamics of OA progression, wherein mechanical injury
gradually upregulates enzymatic activity over months, is not fully captured by the acute sequential in vitro approach; this is a
recognized limitation of all in vitro degradation models. Next, Picrosirius red staining and the FTIR amide I band assess total
collagen rather than type II collagen specifically; type II collagen-specific immunohistochemistry would provide greater
compositional resolution. Finally, adult bovine cartilage introduces biological variability associated with age, loading history,
and inter-animal heterogeneity, and may not fully represent the mechanical behavior or compositional organization of
human cartilage under clinical conditions.

In conclusion, enzymatic degradation plays a dominant role in compromising cartilage mechanical integrity, with enzy-
matically degraded cartilage exhibiting substantially greater deterioration in compressive, equilibrium, and dynamic
mechanical properties relative to cartilage with an isolated focal defect. While the sequential combination of focal defect
and enzymatic degradation produced the lowest overall mechanical response, the order of insult introduction had a signif-
icant and mechanistically distinct influence on the magnitude of mechanical deterioration across all loading modalities.
Specifically, a moderate focal cartilage defect introduced prior to enzymatic exposure significantly amplified the loss of
morpho-mechanical properties relative to enzymatic degradation alone, independent of the testing mode—attributable to
enhanced enzyme diffusion through the structural discontinuity of the pre-existing defect. From a clinical perspective, these
findings underscore the importance of early surgical or pharmacological intervention in patients presenting with focal car-
tilage lesions, particularly those with underlying metabolic or inflammatory conditions associated with elevated catabolic
enzyme activity, in whom the synergistic interaction between structural damage and enzymatic upregulation may substan-
tially accelerate cartilage deterioration.
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