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Abstract

The knee menisci are comprised of two orthogonal collagenous networks — circumferential and
radial — that combine to enable efficient load bearing by the tissue in adults. Here, we assessed
how the structural and functional characteristics of these networks developed over the course of
skeletal maturation and determined the role of these fiber networks in defect tolerance with tissue
injury. Imaging of the radial tie fiber (RTF) collagen structure in medial bovine menisci from fetal,
juvenile, and adult specimens showed increasing heterogeneity, anisotropy, thickness, and density
with skeletal development. Mechanical analysis showed that the tensile modulus in the radial
direction did not change with skeletal development, though the resilience (in the radial direction)
increased and the tolerance to defects in the circumferential direction decreased, in adult compared
to fetal tissues. This loss of defect tolerance correlated with increased order in the RTF network in
adult tissue. These data provide new insights into the role of the radial fiber network in meniscus
function, will lead to improved clinical decision-making in the presence of a tear, and may
improve engineering efforts to reproduce this critical load-bearing structure in the knee.
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INTRODUCTION

The menisci are semi-lunar shaped fibrocartilaginous wedges located between the femur and
the tibial plateau that enable efficient mechanical function of the knee joint!-3. Because of its
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unique wedge shape, a portion of the forces transmitted from the femur are re-directed
radially through the meniscus. To resist these loads, the meniscus has a well-developed
circumferential collagen fiber bundle network3-6, which results in a high tensile modulus
(ranging from 50-250 MPa) in the circumferential direction’. In addition to these
circumferential collagen bundles, the meniscus also contains a sub-population of collagen-
rich radial tie fibers (RTFs). This RTF network originates at the meniscus periphery and
extends arboreally throughout, interdigitating with and surrounding the circumferential fiber
network as discrete fibers and/or sheets-3:58.9 Comprised of types I, II, and VI collagen?,
RTFs have different properties and density®-810 based on location, and contribute to location
dependent radial tensile properties of the meniscus (which ranges from 5-70 MPa)>11,

RTFs are an integral part of the meniscus and are thought to bind circumferential fiber
bundles together and prevent their longitudinal splitting®12:13. This likely contributes to the
normal functioning of the tissue (holding collagen bundles together under compressive
loading) and may play a role in the context of injury as well. For instance, one recent study
reported that a partial-width radial tear had little effect on load transfer across the joint,
despite the severing of a substantial portion of the circumferential collagen bundles!4. This
suggests that menisci may have a built-in tolerance to interruption of circumferential fibers,
which might be mediated by the RTF network. Indeed, we recently showed, in a biomaterial
model, that the introduction of a disorganized fiber element in an otherwise aligned network
could restore strain transfer close to focal defects that interrupted the aligned fiber
network1. It is possible that the RTF network of the knee meniscus plays a similar role.

Despite the potentially important roles that the RTF network may play in the knee meniscus,
the origin and remodeling of this network has not been studied as a function of tissue
maturation. Moreover, the contribution of the RTF network to meniscus function in the
context of interruption of the circumferential fiber network has not been directly
investigated. We used bovine meniscus to address these questions. First, we used second
harmonic generation (SHG) imaging®16:17 to quantify RTF network density and spatial
attributes (size, organization) with respect to postnatal maturation stage and anatomic
location. Second, we measured circumferential and radial tensile properties of the meniscus,
as well as change in properties when circumferential collagen bundles were severed to assess
defect tolerance across maturational stages. Our findings show a dramatic structural
reorganization of the RTF network through post-natal maturation and identify functional
contributions of the RTF network that increase tolerance to local interruption of
circumferential fiber bundles. Together, these data provide new insights into the role of the
RTF network in meniscus function, will lead to improved clinical decision-making in the
presence of meniscus tears, and may improve engineering efforts to reproduce this critical
load-bearing structure in the knee.

METHODS

Menisci collection and sample preparation — structural assays

Medial menisci (n=6/age) were harvested from fetal (mid-gestation, 2" and 3" trimester),
juvenile (14 days) and adult (skeletally mature, 20-30 months) cows of both sexes. Multiple
donors were used to verify that observed characteristics were consistent across the donor
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pool. Menisci were stored in 1x Phosphate Buffered Saline (Sigma-Aldrich, St. Louis, MO)
at —20 °C until subsequent sectioning and imaging. Prior to sectioning, fetal menisci were
bisected into anterior and posterior regions. Juvenile and adult menisci were divided into
four equal regions: anterior horn, anterior body (Body-A), posterior body (Body-P), and
posterior horn (Figure 1A). Each region was then embedded in Optimal Cutting Temperature
(OCT) media and cryosectioned into 10 um and 35 pm thick radial sections (n=10/region)
using a cryostat (model HM500, Microm International GmbH, Waldorf, Germany). Sections
were fixed in 4% paraformaldehyde overnight. For each cross section, three zones of interest
were examined at high magnification: the outer (O), middle (M), and inner (1) zones (Figure
1B). Slides were used for both histological and SHG analysis.

Histological staining and analysis

Cryosectioned 10 pm thickness radial meniscal sections were stained with 0.2% Safranin O
(Sigma-Aldrich, St. Louis, MO) and 0.02% Fast Green (Thermo Fisher Scientific, Waltham,
MA\) to visualize proteoglycans and fibrous tissue, respectively. Additionally, sections were
stained with Masson’s Trichrome stain (Polysciences Inc., Warrington, PA) to visualize
collagen (Figure 2). Sections were imaged on a digital slide scanner (Aperio, Leica
Biosystems, Wetzlar, Germany).

Second Harmonic Generation (SHG) imaging

Second Harmonic Generation (SHG) imaging was performed to visualize fibrillar collagen
in 35 um thick radial sections. Images (1272.8 x 1272.8 x 2.6 um), were captured at 10x
magnification with a multi-photon microscope at an excitation wavelength of 840 nm
(model: LSM 510 NLO/META, Carl Zeiss Microlmaging, Inc., Thornwood, NY;
Ti:Sapphire Chameleon Laser) to visualize radial tie fiber networks in unstained radial
sections (Figure 3). Maximum projections spanning 28.6 + 5.2 um of the tissue depth were
generated in each zone and region.

SHG image analysis — areal density

To determine areal density, maximum projections were filtered using a custom macro
employing the Integral Image Filter (I1F) prior to analysis (ImageJ / F1J1, open source).
Images underwent grayscale morphology dilation prior to binarization, despeckling, and
filling in to enhance contrast and reduce noise. The areal density of each image was defined
as the area fraction with positive SHG signal computed using the native FIJI Analyze
Particle toolbar, with no limits on pixel size or circularity. Data are reported as the mean
value and standard deviation and presented graphically as the mean value in each A-P region
and inner-outer zone (Figure 4A) and as scatter dot plots (mean + 95% confidence interval)
of the pooled anterior and posterior horns (Figure 4B).

SHG image analysis — network isotropy

RTF fiber anisotropy was assessed from SHG images using the native Directionality plugin,
with bounds at 0 and 180 degrees. Angular data were exported into MATLAB and the
circular standard deviation of each sample was calculated using the CircStat packagel8 as a
proxy for the measurement of circular spread, such that a value of 0 represents a highly
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aligned (anisotropic) data set while a value of infinity would indicate random orientations
(isotropy). Data are reported as the mean value and standard deviation and are presented
graphically as the mean value in each A-P region and inner-outer zone (Figure 4C) and as
scatter dot plots (mean + 95% confidence interval) of the pooled anterior and posterior horns
(Figure 4D).

SHG image analysis — fiber thickness distribution

RTF fiber thickness was calculated from SHG images using the FIJI plugin BoneJ9, which
fits spheres to each location in an image that exhibits positive signal (Figure 5A). In addition
to the mean and maximum thickness of the fit spheres, a custom F1JI macro was used to
determine the distribution of fiber thickness in each image, using a 10 pm minimum and 300
pum maximum threshold for fit sphere diameters. Distributions were exported into R and both
quartile and cumulative density frequency graphs were generated for all groups. Data are
presented graphically as the mean value in each A-P region and inner-outer zone (Figure
5B), cumulative density frequency plots with error bars (mean + 95% confidence interval)
and as quartiles (mean + 95% confidence interval) (Figure 5C,D).

Menisci collection and sample preparation — functional assays

Medial menisci (n=8-14/age) were harvested from fetal (mid-gestation, 2" and 3"
trimester), juvenile (14 days) and adult (skeletally mature, 20-30 months) cows of both
sexes. Multiple donors were used to verify that observed characteristics were consistent
across donors. Menisci were cut at the junction of the anterior and posterior horns and body
to produced three segments (Figure 1C). Segments were stored in 1x Phosphate Buffered
Saline at —20 °C until subsequent sectioning and testing. The horn regions were
cryosectioned to 350 pm thick radial sections spanning the entirety of the meniscal cross
section, yielding one or two samples per region with identifiable tibial and femoral sides
(Figure 6A). The body region was embedded in OCT media and cryosectioned to 350 um
thick circumferential sections from the middle third of the tissue of the tissue, yielding two
to four sections. Sections had a uniform thickness with visible circumferential fibers (Figure
7A). In both directions, a thickness of 350 um was chosen so as to obtain more than one
section per donor and to improve sample gripping within clamps. Each of these multiple
sections was treated as a separate sample given that inter-meniscus variability is similar to
intra-meniscus variability29. All samples were stored in 1x Phosphate Buffered Saline for
24-48 hours at 4 °C prior to testing. Immediately prior to testing, sections were further
trimmed to a dogbone shape?l. All samples were measured using a custom, laser based
measurement device to determine cross sectional area prior to testing22.

Mechanical testing of radial samples

At least one sample from each donor (n=16-20/age) was tested in the radial direction.
Tensile testing was carried out on an electromechanical testing system (Instron 5848,
Instron, Canton, MA) outfitted with a PBS bath to ensure tissue hydration. Samples were
mounted into serrated grips, preloaded to 0.25 N, and underwent 10 cycles of
preconditioning (0.5%—-2%) followed by a ten minute rest. Samples were then ramped to
failure in tension at a rate of 0.1%/s. The transition point and linear modulus were calculated
via a smooth exponential-linear function fitted to the stress-strain curve23-2> to define the toe
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and linear moduli of the specimens (Figure 6B, 7B). The yield point was defined as the
divergence of the stress-strain curve from a linear fit (r < 0.97). Resilience was calculated as
the integral of the stress-strain function until the yield point. Toughness was calculated as the
integral of the stress-strain function until material failure. Data are reported as the mean
value with 95% confidence intervals (Figure 6C-E).

Mechanical testing of circumferential samples

Tensile testing was carried out in the body in the circumferential direction with the same
parameters as above, though the initial preload was 0.5 N. Toe and linear modulus, as well
as transition, yield, and maximum strains were calculated as above. Data are reported as the
mean value with 95% confidence intervals (Figure 7C-E). To evaluate loss of functional
properties in the presence of a radial meniscal tear, at least one sample from each donor
(n=16-20/age) was tested intact, while at least one other sample received a 50% radial notch
defect?6 (Figure 8). The notch defect was created on the meniscus’ anatomical inner side in
the sample. Toe and linear moduli, as well as transition and yield strains, were calculated as
above, using the original cross-sectional area of the sample (that is, disregarding the notch
defect). Intact and defect linear moduli are presented as mean + 95% confidence interval.
Change in properties due to the defect was calculated relative to the average mechanical
properties of each age (change = [defect specimen — intact mean for specimen’s age] / intact
mean for specimen’s age), given that inter-meniscus variability is similar to intra-meniscus
variability for sections such as these20. Immediately following testing, a subset (n = 4, fetal;
n =7, juvenile; n = 7, adult), pooled for correlative analysis) of notch defected samples were
embedded in OCT, cryosectioned to 35 pm thickness in the radial plane (within 3 mm of the
defect) and SHG image analysis was used to quantify the local RTF network.

Statistical methods

RTF structural properties (fiber area fraction and circular standard deviation) were compared
across regions, zones, and maturational states using 3-way and 2-way ANOVAS where
applicable, with Tukey’s HSD post-hoc tests (R, open source). Properties were additionally
compared across developmental states by pooling all data from anterior and posterior horns
using 1-way ANOVA with Tukey’s HSD post-hoc tests or Kruskal-Wallis test with Dunn’s
post hoc testing for non-normal data sets (Graphpad Prism) since anterior and posterior
horns were assessed at each age. Quartiles were used as proxy measurements for thickness
distributions and compared across regions, zones, and maturational states using 3-way and
2-way ANOVAs where applicable, with Tukey’s HSD post-hoc tests (R, open source).
Functional properties in radial and circumferential testing directions were compared across
maturational states using 1-way ANOVAs with Tukey’s HSD post-hoc tests (Graphpad
Prism). Paired t-tests were performed to assess differences between toe and linear moduli in
each maturational state. Unpaired t-tests were performed to assess differences between
circumferential intact and defected samples for a given maturational state. Spearman’s
correlations (Figure 9) were performed to determine if a correlation exists between RTF
structural attributes (structure) and a change in mechanical properties (function).
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RESULTS

Structural attributes of the maturing RTF network

We first investigated the structural features of the meniscus as a function of maturation. As
expected, menisci increased in size as a function of age (Figure 2, top row). Safranin O
staining showed increased proteoglycan content from the inner to the outer zone with
increasing age (Figure 2, bottom row).

SHG imaging of radial sections showed marked qualitative differences in radial fiber area,
thickness, and orientation across regions (anterior — posterior), zones (inner — outer) and
maturation (Figure 3). Specifically, RTF area ranged from 8.4% (Juvenile, Body-A, inner) to
42.9% (Adult, Posterior, outer), with both donor age and region being significant factors
(p=0.0034 and p<0.0001). Within a given maturational stage, both fetal and juvenile menisci
showed no differences as a function of A—P region (Anterior Horn, Body-A, Body-P,
Posterior Horn regions; p=0.14 and p=0.14 respectively) or within inner—outer zone (inner,
middle, outer zones; p=0.33 and p=0.37 respectively). Conversely, adult menisci showed
significant differences in RTF fiber area by A-P region (p<0.0001), though not with respect
to inner-outer zone (p=0.71). In adult menisci, the body regions showed lower RTF area than
the anterior or posterior horns, with the Body-A region being lower than the anterior and
posterior (p<0.001) horns, and Body-P region less than the posterior (p=0.019) horn (Figure
4A). When analyzing horns specifically, adult menisci (27.5+£3.9%) had significantly greater
RTF area vs. fetal (22.4+1.6%) and juvenile (22.1+2.0%) menisci (p<0.001). Fetal and
juvenile menisci had RTF area similar to one another regardless of location (p=0.97, Figure
4B).

Along with a change in fiber areal density, the organization of RTFs changed with post-natal
maturation. Specifically, the RTF circular standard deviation (CSD) ranged from 1.01
(juvenile, Body-P, middle zone) to 0.39 (adult, anterior horn, outer zone) with age, inner-
outer zone, and A-P region being significant factors (p=0.02, p=0.004, and p<0.0001,
respectively). Within donor ages, fetal menisci showed no differences across A-P regions
(p=0.93) or inner-outer zone (p=0.88). Juvenile menisci showed differences in CSD by A-P
region (p=0.032) but not with respect to inner-outer zone (p=0.09). Adult tissues showed
significant differences in CSD by A-P region (p<0.0001) and with respect to inner-outer
zones (p=0.008). In adult tissues, the Body-A region had a higher CSD than all other regions
(anterior horn: p<0.0001, posterior body: p=0.023 and posterior horn: p<0.001).
Additionally, the outer zone in adult tissues had a decreased CSD (indicating more
organization) compared to inner and middle zones (p=0.037 and p=0.001, respectively,
Figure 4C). When analyzing horns specifically, fetal meniscal horns (0.76+.030) were
significantly different from both juvenile (0.68+0.06) and adult (0.65+0.04; p=0.005,
p<0.0001) whereas the CSD of adult and juvenile meniscal horns were similar to one
another (p=0.33, Figure 4D).

In addition to changes in density and organization, thickness of RTF elements also changed
with age. Fetal and juvenile menisci showed no differences in RTF thickness with respect to
A-P region or inner-outer zones across all quartiles (p>0.31 and p>0.21, respectively) and
therefore, all A-P regions and inner-outer zones were pooled for further analysis. Adult
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menisci, however, did show significant differences in RTF thickness with respect to both A-
P regions (p=0.004) and inner-outer zones (p=0.003). Specifically, the outer zone in adult
tissues had a thicker average fiber size compared to the inner zone (p=0.005), and the Body-
A region showed thinner fiber thickness compared to both the anterior and posterior horns in
adults (p<0.19, Figure 5B). Adult tissues were split into two groups — adult-horn (anterior
and posterior horns) and adult-body (Body-A and Body-P segments for further analysis of
thickness distributions. Fetal and juvenile menisci had similar thickness distributions to one
another (p>0.27 at each quartile, Figure 5C,D). Adult-body sections were not different than
fetal and juvenile tissues at any quartile level (p >0.27), whereas adult-horn sections had
greater RTF thickness than fetal or juvenile sections in quartile 2 (p<0.01), and greater RTF
thickness than fetal, juvenile, or adult-body sections in quartiles 3 and 4 (p<0.0001, Figure
5C,D).

Functional attributes of the maturing RTF network

Functional properties were similarly assessed across age groups using uniaxial tensile tests.
In the radial direction, the majority of juvenile and fetal samples did not show a distinct toe
region and so only the linear modulus is reported for these groups. Conversely, adult tissues
showed an increase in the linear modulus compared to toe modulus (p=0.0007). There were,
however, no differences in the linear moduli (p=0.26) across ages (Figure 6C). Despite no
change in linear region moduli, yield strain was greater in adult specimens compared to fetal
and juvenile specimens (p<0.0001). However, there was no difference in maximum strain
across groups (p=0.12, Figure 6D). Covarying with yield strain, resilience increased with
maturation stage (p=0.0012).Toughness was not different between groups (p = 0.50, Figure
6E).

Tests in the circumferential direction showed increases in both the toe (p=0.021) and linear
(p=0.0002) moduli with age. The toe modulus of fetal specimens was not significantly
different from juvenile specimens but was lower than adult specimens (p=0.016). There was
no significant difference between juvenile and adult toe modulus (p=0.55). The linear
modulus of fetal samples was significantly lower than both juvenile (p=0.015) and adult
(p=0.0002) samples, with no differences found between adult and juvenile samples (p=0.40,
Figure 7C). Transition and yield strains were not significantly different across groups
(p=0.071 and p=0.15, respectively). Notably, fetal tissues had a slightly higher maximum
strain compared to juvenile (p=0.027) and adult (p=0.029) tissues (Figure 7D). Covarying
with linear modulus, resilience increased with maturation stage (p<0.05). Toughness did not
change with maturation (p = 0.93, Figure 7E).

Since many meniscus injuries sever the circumferential fiber network, we assessed the
tolerance of the tissue to such defects. Quite interestingly, we found that both fetal and
juvenile intact and notch defected samples tested in the circumferential direction had similar
linear moduli (p=0.75 and p=0.91, respectively) despite the half-width defect (Figure 8B,C).
In contrast, when the same defect was applied to adult samples, a 30% decrease in effective
modulus was observed compared to intact specimens (p=0.0038, Figure 8D).
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Correlation between RTF Structural Characteristics and Tolerance to Circumferential

Defects

To investigate the contribution of the RTF network to meniscus function in the context of
interruption of the circumferential fiber network, RTF structural features (areal density, fiber
thickness, and circular standard deviation (CSD, a measure of alignment) were measured in
the same specimens used to measure the change in functional properties with a half-width
notch defect. A correlation analysis was performed between the RTF structural features and
the change in functional properties (Figure 9A). This analysis yielded several expected
strong correlations in co-varying functional metrics (i.e., yield strain and resilience had a
very high correlation, r = 0.94, p < 0.0001) while also identifying new correlations between
structural and functional metrics (Figure 9A, boxed region). The strongest of these
correlations were between the change in linear modulus and the RTF CSD (r=0.43, p=0.048,
Figure 9B) and between change in toe modulus and RTF mean fiber thickness (r=0.49,
p=0.041, Figure 9C). No other structure-function pairs showed significant correlations.

DISCUSSION

While it is well appreciated that distinct fiber networks (circumferential and radial) exist
within the meniscus, the manner in which these elements change with maturation, and their
functional implications, are not well studied. Here, we showed a dramatic structural
reorganization of the meniscus radial tie fiber (RTF) network during post-natal tissue
maturation. We further identified functional changes in the direction-dependent tissue
properties over this same time course and identified characteristics of the RTF network that
correlate with tolerance to local interruption of circumferential fiber bundles.

Structural analysis of the maturing meniscus identified features of the RTF network that
change over time. While multiple studies have provided a qualitative description of the RTF
network, little quantitative information exists. Quantification is essential to relate structural
features to the function. To accomplish this, we used two-photon imaging and objective
image processing methods to quantify the amount of RTFs present (areal density), the
organization of this network (CSD), and the thickness of fibers within the network, over
three age ranges. Our findings support the concept that meniscus undergoes specialization
during post-natal maturation. In particular, fetal tissues were relatively homogeneous,
containing a thin and isotropic RTF network throughout the tissue expanse. Conversely, in
adult menisci, we noted marked heterogeneity in the RTF network. In adults, areal density
and RTF fiber thickness increased, especially in the horns, and these fibers were more
organized than in the body of the adult meniscus and in juvenile and fetal samples. These
data support the specialization of the meniscal horns with maturation, potentially due to the
higher loading that is seen in this region?’. Interestingly, juvenile tissues showed similarities
to fetal menisci only in radial fiber density and not in fiber isotropy. This suggests that
network re-orientation may be initiated earlier than increases in fiber density.

Along with these structural changes during meniscus maturation, we also found marked
functional changes in the meniscus, particularly in the radial direction. Notably, mechanical
testing of radial specimens showed no change in linear region modulus but a substantial
increase in both yield strain and resilience with maturation. These changes suggest that the

J Orthop Res. Author manuscript; available in PMC 2021 December 01.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Bansal et al.

Page 9

developing RTF network may be contributing to the tissue’s ability to store and/or dissipate
energy over larger extents of deformation. Conversely, circumferential testing showed an
increase in both toe and linear modulus during post-natal maturation, absent any changes in
yield strain. As a result, resilience in the circumferential direction also increased, though this
was largely driven by changes in the modulus and not by the extent to which the tissue could
be deformed. Note that since we used sections that did not span the full meniscus thickness,
these values may be lower than would be seen for a whole meniscus, especially in the adult
where fiber bundle structure is well developed. While the organization of the circumferential
network does become more anisotropic with development28, previous studies have shown
that this network still appears very well organized in fetal tissues and is defined early in
meniscus development2® and our findings indicate that this network is only strengthened
(greater modulus) over postnatal time in that configuration. This pattern of maturation is
consistent with other collagenous tissues30. On the other hand, the meniscus radial tie fiber
network shows marked changes in both structural and functional characteristics, particularly
in the horn, as the tissue adapts to enable adult load bearing use.

This adaptation of the meniscus RTF structural and functional characteristics to support
adult load bearing may come at a cost, however. Strikingly, we found that, in response to a
notch defect, the apparent modulus of fetal and juvenile tissues did not change, while adult
tissues showed a clear reduction. This means that immature samples (which possess a thin
and isotropic RTF network) distribute load through the ECM, and these loads can be
rerouted around a tear, such that the circumferential bundles are re-engaged with no loss in
overall function. Conversely, the increased modulus in the radial direction of adult tissues,
which arose from the focusing of RTFs into bigger, less distributed, more organized fibers,
resulted in a tissue that was less able to re-engage disconnected circumferential bundles, and
so had a lower tolerance to defect. This is in keeping with studies showing that branched
networks can help avoid crack propagation by creating compliant regions near crack tips3Z.
Another possibility is that the material may toughen as the isotropic network reorganizes
local to a notch defect32. This is in keeping with, recent work from our group showing that
isotropic collagen gel networks rapidly reconstituted strain around a notch defect, while the
less isotropic inter-fascicular network of tendon was less able to do s028:33, In tendon, a mid-
sized (<60%) notch defect decreased the tissue properties by 23%, 34 potentially due to
intrafasicular shear loading of fibrils3°. In the developing meniscus, diffuse radial fibers may
work as a fiber recruitment mechanisms to control shearing of circumferential bundles3®,
which is a potential mechanism of failure in circumferential tension’:11 Correlations
developed from individual samples examined for both local structure and defect tolerance
supported that the isotropy of this RTF network is the strongest predictor of the change in
linear modulus with a defect. This is also consistent with previous biomaterial models,
where dispersed non-aligned elements within aligned materials were protective of overall
mechanical function®.

Overall, this study provides new data and insight into the postnatal structural development
and maturation of the meniscus radial tie fiber network and its impact on the functional
characteristics of the tissue. Importantly, we noted that the maturation that occurs within the
RTF network makes the tissue stronger, but also more susceptible to loss of function with
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interruption of circumferential fibers. These data may be used to inform future surgical
interventions and tissue engineering strategies for functional meniscus restoration.
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Structural Assays
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Figure 1 -

(A) Hlustration of meniscal regions for structural analysis superimposed on a healthy
juvenile bovine meniscus with dashed lines indicating location of scalpel cut and shaded
regions indicating areas of sectioning for histological and second harmonic generation
analysis. (B) Outer (O) middle (M) and inner (1) zones in the sectioning and imaging plane.
(C) Hlustration of meniscal regions for functional assays superimposed on a juvenile bovine
meniscus. (D) Schematic of circumferential body sections and radial horn sections used for
testing (grey denotes gauge region, black lines indicate dogbone shape). Scale bar =1 cm
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Figure 2 —.

Histological staining of fetal, juvenile, and adult bovine medial menisci. Top row: Masson's

Trichrome (red: cytoplasm, blue: collagen) staining of posterior horn sections, Scale bar = 2

mm. Bottom row: Safranin O/Fast Green (red: proteoglycans, green: fibrous tissues) staining
of anterior horn sections in specific zones (outer-inner), Scale bar = 500 um.
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Figure 3 —.

Rgpresentative thresholded images of radial fibers in fetal, juvenile, adult body, and adult
horn tissues across inner, middle, and outer zones. Images in each column are from the same
section and adult images are from the same tissue, though different regions. The left side of
each image corresponds with the outermost meniscus region shown, while the right side of
each image correspond with the innermost region of the meniscus. Scale bar = 200 pm.
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(Ag) Graphical representations of the percent areal density of radial fibers. Data shown for
fetal, juvenile, and adult tissues in each region and zone of interest. Significance denoted
within each developmental age group for differences with respect to anterior—posterior
region and inner—outer zone. (B) Scatter dot plots indicating areal density of radial fiber
network (averaged for all zones and regions for each biological sample; anterior and
posterior horns only) in fetal, juvenile, and adult tissues. (C) Graphical representations of the
circular standard deviation (larger numbers correspond to increased isotropy). Data shown
for fetal, juvenile, and adult tissues in each region and zone of interest. Significance denoted
within developmental age groups for differences with respect to anterior—posterior region
and inner—outer zone. (D) Scatter dot plots indicating circular standard deviation of radial
fiber network (averaged for all zones and regions for each biological sample; anterior and
posterior horns only) in fetal, juvenile, and adult tissues. (mean + 95% confidence interval,*
= p<0.05, ** = p<0.01, *** = p<0.001, **** = p<0.0001, n=6/group*region*zone).
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Figure 5 —.

(A?) Representative images of thickness mapping in fetal, juvenile, adult body, and adult horn
tissues across inner, middle, and outer zones, with thicker elements shown in white and
yellow and thinner elements shown in purple. The left side of each image corresponds with
the outermost meniscus region shown, while the right side of each image correspond with
the innermost region of the meniscus. (B) Graphical representations of the mean fiber
thickness of radial fibers. Data shown for fetal, juvenile, and adult tissues in each region and
zone of interest. Significance denoted within each developmental age group for differences
with respect to anterior—posterior region and inner—outer zone. (C) Quantified cumulative
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frequency density plots of pooled fiber thickness in fetal, juvenile, adult body, and adult horn
tissues. Plots shown with standard error bars (lighter hue). (D) Quartile measurements of
fiber thickness in fetal, juvenile, adult horn, and adult body pooled regions. Error bars shown
if large enough to be visible. (mean £+ 95% confidence interval, * = p<0.01, n=6/
group*region*zone). Scale bar = 200 um.
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(A) Schematic of radial sections from which specimens were cut for testing and example
image of radially oriented tensile testing sample. (B) Average stress-strain curves for Fetal,
Juvenile, and Adult specimens. (C) Toe and Linear moduli for fetal, juvenile, and adult
tissues when radially tested. (D) Transition, yield, and maximum strains for fetal, juvenile,
and adult tissues when radially tested. (E) Resilience and toughness for fetal, juvenile, and
adult tissues when radially tested. All data presented as mean and 95% confidence interval.
(mean + 95% confidence interval,* = p<0.05, ** = p<0.01, **** = p<0.0001, n=16-20/age)
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Figure 7 —.

(A) Schematic of circumferential sections from which specimens were cut for testing and
example image of circumferentially oriented tensile testing sample. (B) Average stress-strain
curves for Fetal, Juvenile, and Adult specimens. (C) Toe and Linear moduli for fetal,
juvenile, and adult tissues when radially tested. (D) Transition, yield, and maximum strains
for fetal, juvenile, and adult tissues when radially tested. (E) Resilience and toughness for
fetal, juvenile, and adult tissues when radially tested. All data presented as mean and 95%
confidence interval. (mean * 95% confidence interval,* = p<0.05, *** = p<0.0001, n=16-20/

age)
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(A) Representative circumferentially oriented tensile test of a notch defect specimen (A,
scale bar = 4 mm) and average stress-strain curves for each developmental state (B-C) in
intact and notch-defect conditions (mean = SEM) and corresponding linear moduli in intact
and defect conditions (mean + 95% confidence interval, ** = p<0.01, n=16-20/age). Stress
and moduli were calculated using original cross-sectional area.
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