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Abstract

Regional variations in the composition and architecture of the extracellular matrix (ECM) and

pericellular matrix (PCM) of the knee meniscus play important roles in determining the local

mechanical environment of meniscus cells. In this study, atomic force microscopy was used to

spatially map the mechanical properties of matched ECM and perlecan-labeled PCM sites within

the outer, middle, and inner porcine medial meniscus, and to evaluate the properties of the

proximal surface of each region. The elastic modulus of the PCM was significantly higher in the

outer region (151.4±38.2 kPa) than the inner region (27.5±8.8 kPa), and ECM moduli were

consistently higher than region-matched PCM sites in both the outer (320.8±92.5 kPa) and inner

(66.1±31.4 kPa) regions. These differences were associated with a higher proportion of aligned

collagen fibers and lower glycosaminoglycan content in the outer region. Regional variations in

the elastic moduli and some viscoelastic properties were observed on the proximal surface of the

meniscus, with the inner region exhibiting the highest moduli overall. These results indicate that

matrix architecture and composition play an important role in the regional micromechanical

properties of the meniscus, suggesting that the local stress-strain environment of meniscal cells

may vary significantly among the different regions.
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Introduction

The knee meniscus is a fibrocartilaginous tissue that provides stability within the joint, while

also bearing and transmitting loads during normal locomotion. In response to joint loading,

its semi-circular wedge shape increases congruence between the convex femoral condyle

and relatively flat tibial plateau, resulting in an inhomogeneous stress-strain distribution
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within the tissue. Finite element models of the meniscus suggest that compressive forces

dominate in the thinnest part of the wedge shape (inner region), while the thicker, more

peripheral regions bear most of the circumferential tensile loads.1-4 This complex

mechanical environment is reflected in marked regional variations in cell morphology and

phenotype, matrix composition, and macroscale mechanical properties.5-8 The periphery of

the tissue, termed the outer region, contains predominantly collagen type I and fibroblast-

like cells, whereas the inner region shows similarities to hyaline cartilage, with rounded cells

and a relative abundance of sulfated glycosaminoglycans (GAGs) and collagen type II.6,9,10

Lineage tracing of collagen type II expressing cells during knee joint development has

shown that in the medial meniscus these cells populate only the inner region, indicating that

this tissue arises from at least two different cell populations.11 Thus, the development and

maintenance of these inhomogeneous properties appear to arise from differences in the

biological activities of subpopulations of meniscal cells and potentially their response to the

local mechanical environment.12

Meniscus cells are surrounded by a pericellular matrix (PCM), which together with the

enclosed cells has been termed the “fibrochondron,”13 analogous to the “chondrons”

identified in articular cartilage.14 Significant evidence suggests that the properties of this

region may influence how these cells perceive mechanical and biochemical signals.15 The

articular cartilage PCM, as defined by the presence of type VI collagen,16 displays a lower

elastic modulus than the surrounding extracellular matrix (ECM)17 and has a significant

influence on dynamic stress-strain and fluid flow environment of the chondrocytes.18

Similarly, finite element models of regional mechanics in the meniscus suggest that the

mechanical environment of meniscal cells is highly dependent on region-specific properties

of the tissue surrounding the cells.19 While the meniscus PCM also contains abundant

collagen type VI and perlecan,13,20 its mechanical properties have not been previously

reported. An improved understanding of the response of the meniscus to normal and

pathological loading may provide important insights into the development of new strategies

for regeneration or repair of the tissue. Of particular interest is an improved understanding of

the regional variations in meniscal mechanotransduction, given the limited ability of the

inner region for repair following injury,21 as well as the region-specific response of meniscal

cells to tensile22 or compressive23 mechanical stimuli.

The objective of this study was to compare the regional mechanical properties of meniscus

PCM and ECM using atomic force microscopy (AFM). We hypothesized that: 1) the PCM

in all regions of the meniscus has a lower modulus than its respective ECM, and 2) ECM

and PCM properties vary regionally in the meniscus. To further measure mechanical

inhomogeneity of the tissue, we examined ECM micromechanical properties of the proximal

meniscal surface in the inner, middle, and outer regions, hypothesizing that the meniscus

also exhibits regional variations in surface mechanical properties. As the local mechanical

environment of meniscus cells likely plays a major role in meniscus mechanotransduction,

the results from this study sought to provide key advances in micromechanical

characterization of these structures in meniscus tissue.
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Methods

Sample preparation

Medial menisci were harvested from skeletally mature female pigs immediately post mortem

(N=3). Porcine menisci were chosen for study as they have been used extensively as a model

for human menisci due to their similarity in structure and vasculature.24 Both regional

micromechanics of meniscus PCM and ECM and regional superficial layer micromechanics

were tested. To prepare samples for both purposes, the central portion of each medial

meniscus was dissected from the tissue, separated into inner, middle, and outer regions

(Figure 1a-c), and frozen in cryopreservation medium with liquid nitrogen. Additionally,

meniscus cross-sections were fixed and embedded in paraffin for histological analysis.

Histology and immunohistochemistry

Paraffin embedded cross-sections of medial menisci were sectioned at 10 μm and stained

histologically for the presence of sulfated GAGs and collagen using Safranin-O/Fast Green.

Sections were also immunohistochemically labeled for the presence and distribution of

collagen types I (90395, Abcam), II (11-116B3, Developmental Studies Hybridoma Bank)

and VI (70R-CR009X, Fitzgerald), as well as perlecan (Clone A7L6, Santa Cruz

Biotechnology). For immunostaining, primary antibodies were incubated with the sections

for 1 hour, followed by a 30 minute incubation with an appropriate biotinylated secondary

antibody (ab97021, ab6844, ab6720, Abcam). Immunostaining was visualized using an AEC

substrate (Invitrogen), and all sections were counterstained with Harris’ hematoxylin for

nuclear identification.

Micromechanics of PCM and ECM

Each meniscus region (inner, middle, outer) was cryosectioned at 5 μm, washed gently with

PBS, and immunofluorescently labeled for perlecan, which has been shown previously to be

localized to pericellular regions in the meniscus.20 Elastic moduli were evaluated in labeled

sections using an AFM (MFP-3DBio, Asylum Research) integrated with a fluorescence

microscope (AxioObserver A1, Zeiss). AFM elastic mapping25 was performed using

spherically-tipped cantilevers (5 μm diameter; k = 7.5 N/m; (Novascan)) and a force trigger

of 200 nN (Figure 1b and d). PCM and ECM properties were evaluated as described

previously,26 with PCM sites identified by positive pericellular labeling for perlecan and

ECM sites identified by a lack of perlecan staining. In each meniscus region, 16-20 site-

matched ECM and PCM sites were tested. Force-indentation curves were analyzed using a

modified Hertz model to determine the elastic modulus of both ECM and PCM sites, as

previously reported.27 A Poisson’s ratio of 0.04 was used to describe both ECM and PCM

sites, based on previous cartilage micromechanics measurements.25,28 To evaluate PCM

properties, fluorescence images, height maps, and elastic moduli contour maps were aligned

and analyzed as previously described.26 All indentation data within labeled regions of the

PCM were averaged to generate an average modulus for each PCM site (Figure 3).
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AFM imaging

Cryosections of each region were also taken for AFM imaging. 5 μm sections were washed

gently with deionized water and allowed to dry. Images of ECM and PCM regions were

obtained on an AFM using a pyramidal tipped cantilever (k = 42 N/m). 4×4 μm regions were

imaged in tapping mode (0.2 Hz scan rate). For PCM imaging, the scan box was set at the

edge of the cell void, and for ECM imaging the scan box was set away from any cell voids.

ECM alignment quantification

AFM images of ECM sites within each meniscus region were quantified for alignment.

Three amplitude images from each region were processed to achieve a black and white

representation (Photoshop), and fast discrete curvelet transform analysis29 was then used to

detect edges in the images and the coefficient of alignment of the detected edges

(CurveAlign MATLAB toolbox, Developer: Carolyn Pehlke). Coefficients of alignment

were averaged within each region to give an overall description of extracellular matrix

organization.

Proximal surface micromechanics

The elastic and viscoelastic properties of the surface of the inner, middle, and outer regions

of the meniscus were tested using AFM techniques. Samples were prepared by dissecting

the proximal surface from each region of the tissue (Figure 1c and e). These samples were

then fixed to a glass slide, and hydrated with PBS. Elastic and viscoelastic tests were

performed on each meniscus region using a spherically-tipped cantilever (5 μm diameter; k

= 7.5 N/m; (Novascan)). For both elastic and viscoelastic tests, a trigger force of 200 nN and

approach velocity of 15 μm/s were used. Elastic curves were sampled at 7.5 kHz, and

viscoelastic curves were sampled at ~400 Hz for 60 seconds. Elastic curves (n=30) were

analyzed as described for PCM/ECM micromechanics, accounting for the larger tip

diameter. Viscoelastic curves (n=10) were analyzed as described in our previous work30 to

determine the equilibrium modulus (E∞), instantaneous modulus (E0), time constants (τσ
and τε), and viscosity (μ) of each sample.

Statistical Analysis

PCM and ECM force mapping data was analyzed using a two-way ANOVA (matrix type,

meniscus region), and a Fisher’s LSD post-hoc test was used for individual comparisons, if

warranted (α = 0.05). Proximal superficial layer mechanical properties were analyzed using

a one-way ANOVA (meniscus region), with a Fisher’s post-hoc test (α = 0.05).

Results

Histology and immunohistochemistry

Porcine medial menisci displayed regional differences in labeling for sulfated GAGs,

collagen type I, and collagen type II (Figure 2). Sulfated GAGs and collagen type II were

most abundant in the inner PCM and ECM areas of the meniscus. Collagen type I was most

abundant in the outer and middle regions, and was less abundant in the inner ECM and

PCM. Collagen type VI and perlecan were found throughout the meniscus, though perlecan
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appeared confined to the PCM whereas collagen type VI resided in the ECM and PCM. A

thin, 8-10 μm acellular surface layer of matrix was also observed.

Micromechanical properties of the PCM and ECM

The PCM modulus in the outer region of the meniscus was significantly higher than both the

middle and inner PCM moduli (Figure 4). Additionally, the inner region of the meniscus

showed the lowest overall modulus when considering both ECM and PCM data, with the

middle and outer regions showing the next highest and highest overall moduli, respectively.

The PCM in all regions displayed a lower modulus than the local ECM. Individual

comparisons showed that in the outer region, the PCM (151.4±38.2 kPa) modulus was

52.8% lower than that of the ECM (320.8±92.5 kPa). Similarly, the PCM in the inner region

displayed a 58.4% lower modulus than the ECM (27.5±8.8 kPa and 66.1±31.4 kPa,

respectively). The greatest difference in PCM and ECM modulus was found in the middle

region, where the PCM showed a 78.2% lower modulus than the ECM (54.9±27.3 kPa and

252.1±83.3 kPa, respectively).

AFM imaging and alignment quantification

Representative AFM images for outer, middle, and inner ECM and PCM regions are shown

in Figure 5. ECM sites in the outer and middle regions displayed thick collagen fibrils

whereas similar sites in the inner region showed less distinct collagen fibrils. PCM sites in

the inner and middle regions also displayed a smoother appearance with less prominent

collagen fibrils while the outer PCM sites displayed more distinct collagen fibrils.

Quantification of ECM alignment showed the highest coefficient of alignment in the outer

region (0.77±0.06), while the inner region (0.51±0.15) displayed a statistically lower

coefficient of alignment (Figure 6). The middle region coefficient of alignment (0.60±0.18)

was not statistically different from the other regions.

Proximal surface micromechanics

The surface of the meniscus displayed regionally varying elastic and viscoelastic properties.

A statistically higher elastic modulus (Figure 7a) was found in the inner region of the

meniscus (59.82±14.96 kPa) compared with the outer region (35.8±6.57 kPa). The middle

region displayed an intermediate modulus (41.72±1.15 kPa). Viscoelastic properties τε and

μ showed a similar regional variation, but E∞, E0, and τσ did not vary regionally (Figure 7b-

f).

Discussion

This study examined regional micromechanical properties of the knee meniscus in both the

extracellular environment and in the region immediately surrounding the resident cells (i.e.,

the PCM). Our results support the hypotheses that both ECM and PCM elastic moduli vary

significantly with region in the meniscus, and that the meniscus PCM modulus is

consistently lower than the ECM modulus. AFM indentation of the superficial layer of the

meniscus also revealed regional variations in both elastic and viscoelastic mechanical

properties on the tissue surface. These differences in micromechanical properties of the

ECM and PCM suggest that the cellular mechanical environment may be highly dependent
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on the location within the tissue, potentially influencing the local response of meniscal cells

to joint loading.

The lower modulus of PCM relative to ECM values (Figure 4) is consistent with trends

reported for articular cartilage,25 and supports previous work demonstrating that

macroscopic meniscus strains are altered in the cell microenvironment.31,32 Moreover, as

finite element modeling of meniscus loading predicts varying outer and inner meniscus cell

strains,19,32,33 the observed regional variations in PCM mechanics suggests that this

structure may differentially influence the biophysical environment perceived by cells in

different regions of the tissue. For example, in articular cartilage, the PCM appears to reduce

cell-level strains in superficial regions characterized by high ECM strain,34 while amplifying

local strains in deeper zones.35 The macroscale depth-dependent strain distribution in the

meniscus differs significantly from that in articular cartilage, with the highest strain

observed deeper in the meniscus.34 These findings suggest that in addition to the regional

variations observed in PCM mechanics, depth-dependent variations will be an important

variable to consider in future work. Therefore, further research on the relationship between

cell, PCM, and ECM deformation in the meniscus may reveal additional insights on the

PCM’s role in modulating the environment of meniscal cells.

Interestingly, the PCM elastic modulus was found to vary with meniscus region (Figure 4), a

characteristic distinguishing meniscus PCM from hyaline articular cartilage PCM. In

articular cartilage, PCM modulus does not vary with tissue zone,15,26 although significant

differences exist in ECM26,36-39 and cellular30 mechanical properties with depth from the

tissue surface. In the current study, the lowest meniscus PCM modulus was found in the

inner region and the highest in the outer region, which parallels the measured ECM moduli

trends and previously reported mechanical properties of meniscus cells.40 The

biomechanical function, if any, of these regional variations in PCM properties in the

meniscus needs further investigation, but may be associated with large inhomogeneities in

the stress-strain environment of the meniscus, which experiences significant tensile and

compressive stresses in different regions.1-4

The observed regional differences in ECM and PCM mechanical properties (Figure 4) are

likely related to the varying composition and organization of matrix molecules throughout

the meniscus.6,7,41 In the outer region, collagen is the predominant ECM component and is

highly aligned in the circumferential direction. However, in the inner region where collagen

alignment less prominent, a higher concentration of sulfated GAGs contributes significantly

to ECM composition and mechanics.42 At the microscale, collagen may also show a higher

apparent stiffness than proteoglycan.43 Differences in matrix organization were detected via

analysis of AFM images in the different regions (Figure 6), and may explain why the outer

region ECM was found to have a much higher modulus than the inner region. As the

mechanical characterization of ECM and PCM moduli was performed in the circumferential

direction, the highly organized collagen in the outer region may be stiffer in this direction

than the less organized collagen of the inner region. The inner region’s lower modulus is

also consistent with prior AFM-based studies of the micromechanical properties of hyaline

cartilage which, along the direction of collagen orientation, the GAG-rich middle and deep

zones display a lower modulus compared with the less GAG-rich environment of the
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superficial zone.36 Thus, at the microscale it appears that cartilaginous tissues that display a

high elastic modulus do so either because of highly organized collagen, lack of hydrophilic

molecules such as GAGs, or a combination of the two.

Another important micromechanical aspect to consider is the proximo-distal variation in

meniscus collagen architecture, as collagen organization is known to help the meniscus

distribute mechanical forces.3 While collagen orientation is predominantly circumferential, a

thin network of collagen fibers characterizes the tissue’s surface.44 The mechanical

properties of this surface may impact force transmission through the tissue depth and may

also influence nutrient exchange profiles between the synovial fluid and the different regions

of the tissue during loading. Following this anisotropy in matrix organization, anisotropic

mechanical properties were apparent between the circumferential and axial testing directions

in the present study. In particular, a marked decrease in modulus was observed between the

ECM values and the surface mechanical properties in the outer and middle regions (Figures

4 and 7), which may reflect the different testing directions (parallel vs. perpendicular to

collagen fiber orientation) combined with differences in collagen fiber diameter. While the

surface of the meniscus is covered by a 10 μm thick layer of randomly oriented collagen

fibers of around 35 nm in diameter, the deeper core of the tissue contains highly

circumferentially-aligned collagen fiber bundles of greater than 20 μm.45 Therefore, the

difference in collagen architecture on the surface of the meniscus compared with its cross-

section may give rise to different compressive properties. These results suggest that

meniscus mechanical anisotropy not only exists at the macroscale,46 but also at the

microscale. However, it is important to note that the circumferential measurements

necessarily were made on cut surfaces, while the goal of the AFM measurements in the

normal direction was to measure the properties of the intact surface of the meniscus.

Additionally, trends in meniscus surface elastic modulus and some viscoelastic properties

were opposite that observed in the ECM/PCM testing, with the inner region displaying the

highest, and the outer region displaying the lowest mechanical properties. As the collagen

orientation on the meniscus surface is known to be random in all regions, this variation in

properties could reflect that mechanics in this layer may also be dominated by factors such

as GAG abundance.

The present results indicate that microscale compressive properties in the meniscus using

AFM are generally consistent with macroscale measures, which have reported an axial

aggregate modulus ranging from 100-150 kPa under creep indentation,47 to around 400 kPa

in confined compression.48 In the context of previous studies using microscale or nanoscale

mechanical testing modes, our findings, similar to those in articular cartilage suggest that the

testing configuration may significantly influence the measured properties.38 For example,

studies of the axial compressive properties of the 150-200 μm thick superficial layer of the

meniscus using a 300 μm diameter probe have reported a steady-state modulus of around

1.67 MPa in the middle region.49 In contrast, the equilibrium modulus of the proximal

meniscus surface measured in the present study by AFM was one to two orders of

magnitude lower than this value. This discrepancy may be due to the differences in applied

strain to the tissue, as the present results reflect an indentation into the meniscal surface of

around 1-2 μm and previous studies indent or compress the tissue by at least 8 μm. Thus, the

present results likely reflect testing of only the randomly-oriented, 10 μm thick layer of
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collagen enveloping the meniscus (Figure 2). This part of the tissue exhibits similar structure

to the lamina splendens of articular cartilage, a thin surface layer containing a fine fibrillar

network.50 Previous findings, however, may reflect the contribution of underlying layers of

more organized or larger diameter collagenous components. Therefore, this broad range of

meniscus compressive properties at different size scales is likely a reflection of the

hierarchical structure of the ECM. While a function for these variations in mechanical

properties at different scales has yet to be determined, they are likely to influence the local

deformation profile of the meniscus under loading, and presumably, the mechanical

environment of cells within the tissue.19

The findings of this study provide quantitative measures of micromechanical properties of

the meniscus ECM and PCM. This information is critical for developing multiscale

mathematical models of cell-matrix interactions at the microscale,51 providing further

insight into tissue’s response to physiologic or pathological loading conditions. An

improved understanding of the relationship between mechanical factors at the joint level

with those at the cellular level will hopefully lead to new strategies for preventing meniscus

degeneration or injury, as well as the development of new repair or regenerative approaches.
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Figure 1. Meniscus testing overview
The central portion of each medial meniscus (A) was analyzed. Cross-sections (B) or the

proximal superficial surface (C) of the outer, middle and inner regions were dissected.

Cross-sections from (B) were cryosectioned, labeled for perlecan, and AFM force maps of

PCM and ECM regions were determined (D). Following dissection, the proximal surface in

each region was also mechanically tested (E).
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Figure 2. Regional variations in meniscus matrix molecules
Collagen types I and II show characteristic abundance in the outer and inner regions of the

tissue, respectively. Sulfated GAG content was also most abundant in the inner region of the

tissue, and a thin, 8-10 μm superficial layer was observed. Collagen type VI was found

throughout the tissue as well as localized around meniscus cells in each region. Perlecan was

less abundant, but found localized around meniscus cells. Scale bar: 20 mm; cell views:

20×20 μm; surface view: 40×40 μm, 10μm scale.
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Figure 3. Integration of AFM force maps and PCM fluorescent labeling
20 × 20 μm force maps of pericellular sites within each meniscus region (top row) were

integrated with fluorescent perlecan staining (middle row) to define PCM boundaries. The

resulting PCM force maps were analyzed to yield an average elastic modulus (bottom row).
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Figure 4. Regional variation of meniscus ECM and PCM elastic moduli
Elastic moduli of PCM regions was found to vary regionally in the tissue, with outer PCM

sites showing a higher moduli than inner PCM sites. ECM sites were found to have

consistently higher moduli than PCM sites, regardless of region. 1-way ANOVA, Fisher’s

post-hoc, α=0.05. Data presented as mean ± SD. Groups not connected by the same letter

are statistically significant.
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Figure 5. Regional AFM imaging of meniscus ECM and PCM sites
Outer and middle ECM sites and outer PCM sites showed more prominent collagen

organization than inner ECM and inner and middle PCM sites. Images are of a 4×4 μm area,

and cell voids are indicated by a dashed line.
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Figure 6. Quantification of alignment in AFM images
Amplitude images of ECM sites within each region were binarized (a, top row), and then

analyzed with fast discrete curvelet transforms (a, second row). The resulting angles of

orientation of the detected edges were recorded (a, third row). The distribution of these

orientation angles were then described using a coefficient of alignment (b). 1-way ANOVA,

Fisher’s post-hoc, α=0.05. Data presented as mean ± SD. Groups not connected by the same

letter are statistically significant.
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Figure 7. Elastic and viscoelastic properties of the superficial layer of the proximal surface of the
meniscus
The superficial layer of the inner region displayed a statistically higher elastic modulus than

the outer region superficial layer. This relationship was conserved for the viscosity (μ), and

was similar for the viscoelastic time constant (τε). A similar trend was observed for τσ, but

no trend or statistical difference in E0 or E∞ was detected. 1-way ANOVA, Fisher’s post-

hoc, α=0.05. Data presented as mean ± SD. Groups not connected by the same letter are

statistically significant.
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