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Abstract

With aging, the menisci become more susceptible to degeneration due to sustained mechanical
stress accompanied by age-related changes in the extracellular matrix (ECM). However, the
mechanistic relationship between age-related meniscal degeneration and osteoarthritis (OA)
development is not yet fully understood. We have examined the nanomechanical properties of the
ECM of normal, aged, and degenerated human menisci using atomic force microscopy (AFM).
Nanomechanical profiles revealed a unique differential qualitative nanomechanical profile of
healthy young tissue: prominent unimodal peaks in the elastic moduli distribution among three
different regions (outer, middle, and inner). Healthy aged tissue showed similar differential
elasticity for the three regions but with both unimodal and bimodal distributions that included
higher elastic moduli. In contrast, degenerated OA tissue showed the broadest distribution without
prominent peaks indicative of substantially increased heterogeneity in the ECM mechanical
properties. AFM analysis reveals distinct regional nanomechanical profiles that underlie aging
dependent tissue degeneration and OA.
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Background

Aging is the leading risk factor for osteoarthritis (OA), a whole joint degenerative disease
that affects all articulating tissues, including articular cartilage and menisci in the knee. The
menisci play a crucial role in joint loading by providing mechanical stability, smooth
articulation, shock absorption, load bearing and transmission in the knee.1~” Damage or
degeneration due to aging of the menisci leads to unfavorable changes in joint loading that
significantly affect overall joint health by precipitating the onset of OA development. The
role of meniscal injuries and surgical removal of the meniscus on the development of post-
traumatic OA is well established.8-10 However, the mechanistic relationship between age-
related meniscal degeneration and OA development is not yet fully understood.

The menisci are two crescent shaped tissue structures wedged between the articulating
surfaces of the femoral condyle and tibial plateau. During normal joint loading, the femoral
condyle bears down on the menisci concentrating the highest compressive loads in the inner
tapered end of the tissue. The forces are transmitted to the outer periphery due to its
geometry, which causes the tissue to expand circumferentially. The extrusion is resisted by
the anterior and posterior attachments, creating circumferential tensile hoop stresses that
distribute the compressive load. This anisotropic biomechanical response is supported by a
regionally heterogeneous network of collagenous extracellular matrix (ECM) that varies in
microvasculaturity, microstructure, and biocomposition.11: 12 The inner region is composed
primarily of randomly aligned collagen type I fibrils embedded within an abundance of
proteoglycan molecules that help resist high compressive loads.13 14 The outer region is
more fibrous consisting of both collagen types | and Il that form mostly circumferentially
aligned fibrils to uphold tensile strength and carry out anisotropic load transmission.13: 14

Age-related changes are accompanied by molecular and structural changes in the ECM that
lead to matrix degeneration.15-17 This degenerative process is characterized by an imbalance
between anabolic and catabolic processes as cells reduce production of important growth
factors and increase production of matrix degrading enzymes and inflammatory
cytokines.18: 19 These age-related biochemical changes have been identified by histological
analyses which demonstrate increased Safranin-O staining, reduced cellularity, and loss of
collagen fiber orientation.2? While the biochemical changes have been investigated by
histological and immunohistochemical analyses, age-related changes in biomechanical
properties have not been documented at the microstructural level in human menisci. Our
hypothesis is that aging alters the biomechanical properties of meniscal ECM thus changing
the tissue response during joint loading thereby leading to OA development.

To define the earliest age-related biomechanical changes of the ECM, a high resolution
force scanning technique is required to measure mechanical properties at the nano-to-
microscale, the native length scale of the cells and associated matrix. Recent studies have
examined tissue mechanical properties at the nano-to-microscale utilizing atomic force
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microscopy (AFM).2! Cartilaginous tissues, including articular cartilage and porcine
menisci, have been evaluated by AFM demonstrating depth-dependent and regional
variations in nanomechanical properties.?2 23 However, the nanomechanical properties of
human meniscal tissue, especially in its native and non-fixed condition, have not been
reported. Characterizing these nanomechanical properties and identifying key changes with
aging, degeneration, and OA will provide important insights into the pathogenesis of joint
degeneration and OA, and may lead to novel therapeutic developments for the prevention
and treatment of OA. For tissue engineering of menisci, nanomechanical characterization is
critical for optimal design of materials and scaffolds. In addition, understanding the
correlation between biochemical and biomechanical changes may lead to novel targets for
pharmacological modulation of meniscal tissue degeneration.

In this study, we have examined nanomechanical properties of the ECM of normal, aged,
and osteoarthritic human menisci using AFM. Human meniscal tissue samples were
collected from donors of various ages and OA grades to represent meniscus physiology of
aging and OA development. Regional ECM nanomechanical properties of individual
specimens were measured by AFM-based elastic mapping and correlated with histological
Safranin-O staining to identify matrix degeneration.24 Our results show distinct regional
differences in the nanomechanical properties of menisci that correlate well with the aging as
well as with the severity of OA.

Tissue selection and processing

This study was approved by the Institutional Review Board at Scripps Health. Human knee
joints were collected from tissue banks or from patients undergoing total knee arthroplasty.
Subjects were selected by age and OA grade scored by macroscopic assessment of articular
cartilage.2® Briefly, OA grade 0 describes normal (intact smooth surface) articular cartilage,
grade 1 thru 3 describes surface irregularities of slight to moderate reductions, and grade 4
describes severe disruption or loss of tissue.2>

In this study, 8 individual specimens were selected to represent normal meniscus physiology
and pathophysiology, grouped by age and OA grade (age range 20-90 years; OA grade 0—
4). Tissue donors were separated into three groups: specimens from individuals younger
than 45 and of OA grade 0 were classified as young normal menisci; specimens from
individuals older than 50 with OA grade 1 to 2 were classified as aging normal; and severely
degenerated human menisci obtained from OA knee joints (OA grade 4) removed from
patients greater than 50 years of age and undergoing total knee arthroplasty were classified
as aging OA.

Menisci were dissected from the knee joints and triangular shaped cross-sections in the
sagittal plane were harvested from the central portion of the medial menisci (Fig 1). The
samples were embedded into O.C.T. Tissue Tek (Sakura Finetek, Torrance, CA) and stored
at —80 °C for cryopreservation. The O.C.T. embedded samples were then cut using a
cryostat microtome into 10 um thick sections onto glass slides to be processed for histology
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and AFM measurements. Same or adjacent tissue sections were evaluated by AFM using
histology to locate regions of interest.

10 um thick cryosections were thawed and stained with Safranin-O/Fast Green (Sigma-
Aldrich, St. Louis, MO) for semi-quantitative evaluation of proteoglycan content associated
with matrix degeneration. Each tissue section was examined for Safranin-O staining
intensity.

Atomic force microscopy

Prior to AFM, the tissue sections were thawed, having undergone only one freeze-thaw
cycle to minimize the effects of freezing on the tissue structure. Tissue sections were rinsed
with PBS to remove O.C.T. Tissue Tek and replenished with fresh PBS (Cellgro, Manassas,
VA) to allow the tissue to swell at room temperature. All AFM measurements were carried
out using a diBioScope SZ AFM (Bruker Corporation, Santa Barbara, CA) mounted on an
Olympus 1X71 inverted microscope used to visually position the AFM cantilever with
respect to the sample. Colloidal AFM cantilevers (silicon nitride rectangular cantilever tip
with a 5 um diameter borosilicate glass sphere attached; NovaScan, Ames, 1A) were used.
The nominal spring constant k of the cantilever was 4.5 N/m and the exact value was
determined by the thermal tuning method. The deflection sensitivity was determined by
indenting on a glass substrate in fluid. Force-volume (FV) maps were generated from 20 x
20 um? to 50 x 50 um? areas of the tissue samples. Each FV map recorded 32 x 32 pixels
(1024 force-displacement curves per map). Each individual force curve constitutes 512 data
points. The maximum applied loading force was ~200nN, which resulted in indentation
depths of ~1 pum (~10% of the section thickness) at a tip velocity of ~15 pm/s. Force
retraction curves were analyzed using Hertzian contact mechanics to determine the elastic
modulus. The Poisson’s ratio was assumed to be 0.04.

Statistical analyses

Results

All elastic measurements were summarized in histogram plots to obtain the distribution of
values. The bin width was set at 20 kPa while the frequency count was normalized to the
total number of measurements per region. A multi-peak Gaussian curve fit was applied to
the distribution wherein peaks were located using the peak analysis in OriginPro 7.0
(Northampton, MA). All data are presented as a mean + standard deviation. The statistical
significance of differences between stiffness values from different regions (outer, middle,
and inner) and conditions (normal, aged, and OA) were assessed by Kruskal-Wallis
nonparametric test followed by a Wilcoxon test with a Bonferroni correction for age group
comparisons in R 3.1.0.

Nanomechanical properties of ECM of menisci in normal joints

Histological analyses of meniscus specimens from three young normal individuals (20, 31,
and 41 years of age) showed healthy, normal well-organized ECM with minimal Safranin-O
staining, and intact articular surfaces (Fig 2). Individual histograms of regional ECM elastic
moduli characterized the nanomechanical profile for healthy, young normal menisci with
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distinct unimodal peaks in distribution (Figure 2). In general, the outer and middle regions
were characterized by a sharp dominant peak at 130 to 150 kPa and the inner region at 70 to
90 kPa. Mean elastic moduli also varied with regions: the outer region with its characteristic
fibrous content measured the highest in elastic moduli with a mean value of 205.6 + 8.9,
with the middle region showing the next highest with a mean value of 188.0 + 21.9 kPa
(Table 1). The inner region displayed the lowest elastic moduli with a mean value of 176.7 +
28.0 kPa. Each region was statistically different (P < 0.05).

Nanomechanical properties of ECM of menisci in aged joints

Meniscus specimens representative of normal aging (55 and 56 years of age; OA grade 1
and 2, respectively) exhibited intact articular surfaces, organized matrix, and mild matrix
degeneration reflected in the slight to moderate increase in Safranin-O staining compared to
healthy normal ECM. Histograms showed a nanomechanical profile that was similar to
young, normal menisci with distinct peaks that were comparable in magnitude. However, the
elastic moduli of normal aged specimens were more widely distributed, as reflected in the
larger standard deviation, and included stiffer values. In addition, the wider distribution
contained bimodal peaks varying from 110 to 400 kPa (Figure 3).

In the sample of 55 years of age (OA grade 1), the outer region exhibited a wider (bimodal)
distribution compared to the middle and inner regions (unimodal), which still displayed
region-defined nanomechanical properties. However, in the sample of 56 years of age (OA
grade 2), region-defined nanomechanical properties became less distinct in nanomechanical
properties among the outer (303.0 + 28.3 kPa), middle (282.4 + 30.2 kPa), and inner regions
(274.0 + 8.7 kPa).

Nanomechanical properties of ECM of menisci in osteoarthritic joints

All OA specimens were harvested from patients with undergoing total knee arthroplasty.
Macroscopic and histopathological analyses of the articular cartilage were categorized as
OA grade 4, while histological assessment of menisci showed severe matrix degeneration as
identified by intense Safranin-O staining throughout the sample. OA menisci specimens
exhibited a characteristic wide spread distribution of nanomechanical properties with no
dominant peak. The wide distribution of elastic moduli demonstrates stiffer mean values in
the outer (364.3 + 72.2 kPa), middle (401.9 + 39.2 kPa), and inner regions (365.9 * 106.5)
(Figure 4). The large standard deviations indicate increased nanomechanical heterogeneity
that correlated with increased Safranin-O staining intensity in matching sections. Notably,
each individual OA sample displayed a unique nanomechanical profile of each region. The
regions were not statistically significantly different (P > 0.05).

Correlation of nanomechanical properties of ECM to histological analyses

The respective nanomechanical profiles were correlated with the histopathological findings
in normal, aged, and degenerated OA human meniscal tissue. The correlation of local AFM
measurements with matching Safranin-O stained sections corroborated that the ECM regions
with strong staining intensity exhibit stiffer values. This pattern was more pronounced in
OA samples, as the strong Safranin-O staining in the outer regions was associated with
broader and stiffer values (~300 to 350 kPa) compared to the middle and inner regions
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(Figure 4). Figure 5 summarizes the characteristic nanomechanical profile of normal, normal
aged, and OA human menisci.

Discussion

Meniscal degeneration due to aging and OA remains poorly understood. In accordance with
conventional knowledge (mostly from experimental animal models), studies of macroscopic
and histopathological changes of the menisci demonstrate a strong association between age-
related meniscal degeneration and OA.16: 17. 26-28 Thjs js supported by clinical findings of a
high incidence of OA in middle to advanced ages that occurs concomitantly with meniscal
lesions.2%-31 Studies on animal tissues provide for a convenient assessment of anatomical,
biochemical, and biomechanical properties of the menisci,16: 17: 23, 32-35 yt are biased due
to interspecies variations raised by significant differences in size, shape, matrix architecture
and biochemical content.36

This study is the first to document age-related biomechanical changes in native human
menisci during tissue degeneration and OA development. An experimental profile of human
meniscal tissue samples from individuals of various ages and degenerated/diseased
conditions were examined to characterize age-related changes. Histological analyses of the
samples collectively showed a clear representation of aged-related changes, as evidenced by
a marked increase in Safranin-O staining with age. We used AFM-based elasticity mapping
of tissue samples to characterize regional nanomechanical properties in normal, aged, and
degenerated OA menisci. Overall, these results showed a similar trend in regional
nanomechanical properties in healthy young menisci compared to properties previously
reported on porcine menisci, although human tissue proved to be less stiff than porcine.23
Like porcine menisci, the outer region of human menisci is stiffer due to its characteristic
collagen fiber | fibrous content, while the inner region is more compliant in line with its rich
proteoglycan content. This regional definition of nanomechanical properties is important to
the overall health and function of the meniscus, as the results show that the regional
properties become less defined with aging and disease (Figure 5). Indeed, regional
differences in nanomechanical properties of OA samples proved to be statistically
insignificant (P > 0.05). Loss of mechanical integrity is likely to compromise the
biomechanical function of the tissue, disrupting the region-defined anisotropic
biomechanical response of the tissue for efficient load bearing and transmission. These
findings suggest that changes in regional nanomechanical properties in the ECM may
emerge from earlier biochemical changes that occur during aging and take part in the
initiation and progression of OA.

The most striking finding in this study is that normal, aged, and osteoarthritic human
meniscal tissue exhibited qualitatively unique nanomechanical profiles. Young, healthy
tissues exhibited a unimodal distribution in elastic moduli with each region displaying
distinctly sharp peaks: outer (130 to 150 kPa), middle (130 — 150 kPa), and inner (70 — 90
kPa). Normal aged tissue also exhibited similar unimodal peaks but with a wider distribution
(often bimodal) biased towards stiffer values. In general, the bimodal distributions
encompassed a narrow first peak and broader second peak, suggesting regions of increased
stiffness associated with degeneration. This bimodality was more obvious in some samples
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compared to others reflective of the severity of degeneration. Within the nanomechanical
profiles, age-related changes associated with matrix degeneration were recognized by two
features: (i) increased nanomechanical heterogeneity in line with increased Safranin-O
staining and (ii) development of matrix stiffening with wider distributions.

Additionally, nanomechanical evaluations of degenerated OA samples were each
individually unique in regional properties and distribution profiles. These results
demonstrated incremental heterogeneity in nanomechanical properties with aging and OA
development. Indeed, OA manifests as a heterogeneous disease with varying clinical
features and biochemical characteristics among patients.37: 38

In general, with increasing age there is stiffening of tissue, which is likely to increase the
compressive stiffness of the overall tissue. Eventually, this leads to compromised tensile
strength leading to biomechanical failure. Matrix stiffening is most likely due to age-related
molecular changes in the ECM, such as abnormal deposition and cross-linking of ECM
molecules.3%-41 These changes are known to alter matrix mechanics which can lead to
abnormal cell behavior.#2-46 Meniscal cells are highly responsive to mechanical stimuli
during joint loading.47-%0 It is possible these changes in the ECM may cause or exacerbate
OA-associated phenotypic changes in cells. However, the precise relationship between
matrix mechanics and OA development remains to be established.

In summary, we have characterized regional nanomechanical properties of human meniscal
tissue, especially ECM changes that occur during aging and OA. Further studies should
investigate the correlation between biomechanical properties and biochemical characteristics
that reflect meniscal tissue degeneration and OA. Understanding these age-related
degenerative changes will provide insight for the development of effective therapeutic
strategies to prevent and treat OA.
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Figure 1.
AFM schematics for force mapping of human meniscal tissue. (A) Central portion of medial

meniscus was sectioned in the sagittal direction (red). The sagittal tissue portion was cut by
a cryostat microtome at a thickness of 10 pm. The regions were defined by the purple line as
the outer one-third, middle, and inner one-third of the tissue. (B) AFM cantilever tip with a
glass microsphere attached (5 pm in diameter) was used to probe the tissue sample surface
of the ECM. (C) Representative force maps (scan size of 20 um x 20 pm) of outer, middle,
and inner regions were generated from which the elastic moduli was extracted and plotted in
histogram distributions.
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Nanomechanical properties of ECM of healthy normal human meniscal tissue with OA
grade 0-1. (A) Histological overview of the samples shows minimal Safranin-O staining (in
purple) indicating young, normal meniscal tissue. Scale bar = 1 mm. (B) Corresponding
stiffness distributions with a multi-peak Gaussian curve fit (in red and green) reveals sharp
distinct peaks within each region, representing regional differences across the tissue: outer
and middle (peak values from 130 to 150 kPa) and inner region (peak values from 70 to 90

kPa).
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Figure 3.

Nanomechanical properties of ECM of aged human meniscal tissue with OA grade 1-2. (A)
Histological analyses of normal aging samples shows slight to moderate Safranin-O staining
(in purple) typical of normal tissue degeneration due to aging. Scale bar = 1 mm. (B)
Stiffness distribution with multi-peak Gaussian fit curves (in red) revealed both unimodal
and bimodal (in green) distributions with regional variations but with a broader distribution
that shifts towards stiffer values with increasing age.
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Nanomechanical properties of ECM of degenerated human meniscal tissue removed from
patients with severe OA undergoing total knee arthroplasty. (A) Histopathology of all three
OA samples show a more intense Safranin-O staining (in purple) associated with severe
matrix degenerative changes in the ECM. Scale bar = 1 mm. (B) Corresponding elastic
moduli distributions with multi-peak Gaussian curve fits (in red) demonstrate a significant

increase in stiffness with broadened bimodal distributions (in green) and increased
nanomechanical heterogeneity across regions (from outer to inner, left to right).
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Nanomechanical profiles for normal, aged, and degenerated OA human menisci revealed
unique qualitative representation of aging and degenerated/diseased conditions. Healthy
normal meniscal tissue present narrow distinct peaks of the three regions while normal aged
and degenerated OA samples display a broadened bimodal distribution indicative of
increased mechanical heterogeneity across all regions.
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