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little knowledge on the initial, incipient ECM of articular cartilage and meniscus, two load-bearing coun-
terparts of the knee joint. This study elucidated distinctive traits of their developing ECMs by studying
the composition and biomechanics of these two tissues in mice from mid-gestation (embryonic day 15.5)

Keywords: to neo-natal (post-natal day 7) stages. We show that articular cartilage initiates with the formation of a
Embryonic development pericellular matrix (PCM)-like primitive matrix, followed by the separation into distinct PCM and terri-
Primitive matrix torial/interterritorial (T/IT)-ECM domains, and then, further expansion of the T/IT-ECM through maturity.
Nanomechanics In this process, the primitive matrix undergoes a rapid, exponential stiffening, with a daily modulus in-

Articular cartilage

Meni crease rate of 35.7% [31.9 39.6]% (mean [95% CI]). Meanwhile, the matrix becomes more heterogeneous in
eniscus

the spatial distribution of properties, with concurrent exponential increases in the standard deviation of
micromodulus and the slope correlating local micromodulus with the distance from cell surface. In com-
parison to articular cartilage, the primitive matrix of meniscus also exhibits exponential stiffening and an
increase in heterogeneity, albeit with a much slower daily stiffening rate of 19.8% [14.9 24.9]% and a de-
layed separation of PCM and T/IT-ECM. These contrasts underscore distinct development paths of hyaline
versus fibrocartilage. Collectively, these findings provide new insights into how knee joint tissues form
to better guide cell- and biomaterial-based repair of articular cartilage, meniscus and potentially other
load-bearing cartilaginous tissues.

Statement of significance

Successful regeneration of articular cartilage and meniscus is challenged by incomplete knowledge of
early events that drive the initial formation of the tissues’ extracellular matrix in vivo. This study shows
that articular cartilage initiates with a pericellular matrix (PCM)-like primitive matrix during embryonic
development. This primitive matrix then separates into distinct PCM and territorial/interterritorial do-
mains, undergoes an exponential daily stiffening of ~36% and an increase in micromechanical hetero-
geneity. At this early stage, the meniscus primitive matrix shows differential molecular traits and exhibits
a slower daily stiffening of ~20%, underscoring distinct matrix development between these two tissues.
Our findings thus establish a new blueprint to guide the design of regenerative strategies to recapitulate
the key developmental steps in vivo.
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1. Introduction

Regeneration of articular cartilage and meniscus is required to
treat joint injury and slow osteoarthritis (OA) development, the
most common musculoskeletal disease afflicting ~ 15% of the adult
population [1]. To date, however, regenerative products have not
yet been able to effectively restore the functions of healthy, native
tissues [2]. Articular cartilage and meniscus are two load-bearing
tissues that interact directly with one another and are essential for
knee joint function. Both tissues share a common cellular origin,
arising from Gdf5 (growth differentiation factor 5)-expressing pro-
genitors in the interzone [3], a region of flattened, condensed mes-
enchymal cells at the prospective joint site in early development
[4], and in sites flanking the interzone [5,6]. Despite this com-
mon origin, the extracellular matrices (ECMs) of these two tissues
have distinct composition, structure and biomechanical properties
in the adult. Articular cartilage ECM primarily consists of type II
collagen fibrils and aggrecan-hyaluronan (HA) aggregates [7], while
the meniscus ECM is dominated by circumferentially aligned type
I collagen fibers, with a lower amount of collagen II and proteo-
glycans that are concentrated in the inner region [8]. Although ef-
forts from the past several decades have yielded major advances
in promoting the cellular biosynthesis of these primary ECM con-
stituents in vitro in tissue engineered analogs, restoration of native
tissue structural integrity and biomechanical functions remains a
major challenge [2]. This is due, in part, to the fact that we do not
yet fully understand how these unique native ECMs are established
in vivo [9]. Understanding the initial events that drive ECM forma-
tion and development could provide a foundation to overcome this
challenge [10].

We define the initial ECM in incipient embryonic tissues as the
primitive matrix, which serves as the template that grows into
the hierarchically structured, mechanically functional ECM upon
maturation. This primitive matrix also establishes a microscale
niche through which external biomechanical stimuli are trans-
duced to resident cells, thereby mediating cell mechanosensitive
activities. This renders the primitive matrix a crucial mediator
of normal joint development, ensuring that the proper chemo-
mechanical stimuli reach the cell to guide proliferation and dif-
ferentiation. In articular chondrocytes, several mechanosensitive
pathways are known to regulate embryonic development, includ-
ing transforming growth factor-8 (TGF-8) [11], Wnt/B-catenin [3],
Ext1 [12], Hippo/Yapl [13], Bi-integrin [14] and ion channel-
mediated [15] signaling. Although meniscus development is less
studied, some key pathways, such as TGF-8 [16], bone morpho-
genetic protein (BMP) [17]| and Hedgehog [18] signaling, have been
shown to play major roles. For all joint tissues, the crucial role of
biomechanical signaling is highlighted by impaired chondrogene-
sis and joint formation when these factors are reduced or removed
during embryonic development in mouse, chicken and duck [19-
23]. At the same time, previous studies have measured tissue-level
biomechanical properties of fetal cartilage from various animals
[24-27] and human donors [28,29], as well as fetal bovine menis-
cus [30]. At the microscale, atomic force microscopy (AFM)-based
nanoindentation has been applied to quantify the micromodulus
of fetal murine cartilage [31,32] and bovine meniscus [33]. Despite
these efforts, a systematic understanding of the formation and de-
velopment of the primitive matrices in these two tissues during
this critical developmental phase has not been achieved.

To fill this knowledge gap, this study elucidated the time-
evolving changes in the primitive matrix of articular cartilage and
the meniscus during embryonic and early post-natal development.
Using the wild-type (WT) murine model, we studied the morphol-
ogy and sulfated glycosaminoglycan (sGAG) distribution of these
primitive matrices within a well-defined time window. In murine
knee joints, the initial deposition of structural ECM molecules
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takes place between embryonic day 14.5 (E14.5) and 15.5 (E15.5)
[34]. We evaluated joints over a 14-day time window from the
time of matrix initiation (E15.5) to post-natal day 7 (P7), during
which, newborn pups were delivered at embryonic day 21.5, i.e., PO
is equivalent to E21.5. In mature articular cartilage and meniscus,
there exists a crucial microdomain that is in immediate contact
with residing cells, termed the pericellular matrix (PCM) [35,36].
The PCM has a distinct composition and structure relative to the
territorial/interterritorial domains that make up the bulk of the
adult ECM (T/IT-ECM). Given its immediate contact with cells, the
PCM plays a pivotal role in regulating cell-matrix mechanotrans-
duction and disease initiation [37-39], and is the location where
the initial assembly of collagen fibrils and aggrecan-HA aggregates
occurs [40,41], with newly synthesized aggrecan molecules local-
ized to the PCM in mature cartilage [42,43]. Because development
of the PCM has not been studied, we assessed the formation of
PCM versus T/IT-ECM at this early stage by evaluating the protein
distribution and gene expression of collagen VI [44]| and perlecan
[45], the two biomarkers most commonly used for labeling the
PCM [35,36]. We then quantified the local micromodulus of the
primitive matrix within these domains by applying immunofluo-
rescence (IF)-guided AFM nanomechanical mapping [38] and clas-
sical AFM nanoindentation [46]. The former enabled us to separate
the properties of PCM versus T/IT-ECM, and to elucidate the time-
evolving nanoscale mechanical heterogeneity in these regions. The
latter enabled us to measure integrated mechanical properties of
different tissue compartments, including the PCM, T/IT-ECM and
regions corresponding to cell remnants. Additionally, to highlight
the distinctive features of the primitive matrix in articular carti-
lage, we also included epiphyseal cartilage in the analysis of matrix
composition and classical AFM nanoindentation. Epiphyseal carti-
lage is another hyaline cartilage tissue dominated by collagen II
and aggrecan. During joint development, however, unlike articu-
lar cartilage, epiphyseal cartilage remodels into subchondral bone,
rather than staying permanently as hyaline cartilage [47]. Collec-
tively, outcomes from this work highlight a rapid specialization
and stiffening of the primitive matrices in both articular cartilage
and the meniscus, and define the distinct characteristics of the ini-
tial matrix templates that give rise to hyaline cartilage and fibro-
cartilage.

2. Methods
2.1. Histology and immunofluorescence imaging

Knee joints were harvested from wild-type (WT) C57BL/6] mice
(Jackson Laboratory) at 15.5 and 17.5 days after fertilization (E15.5
and E17.5, from pregnant dams), at birth (PO) and at post-natal
day 7 (P7). To ensure consistency, only pups delivered at embry-
onic day 21.5 (E21.5) were included for post-natal time points PO
and P7 studies. Animal sex was not delineated at these early de-
velopmental time points. All animal work was approved by the In-
stitutional Animal Care and Use Committee (IACUC) at Drexel Uni-
versity. Whole joints were fixed in 4% paraformaldehyde, embed-
ded in paraffin, and sectioned into serial 5 pum-thick sagittal sec-
tions (n = 4 animals/time point). Histology and immunofluores-
cence (IF) imaging was performed on these sections to analyze the
composition and morphology of articular cartilage, epiphyseal car-
tilage and the meniscus. To assess cellularity and sGAG distribu-
tion, Hematoxylin and Eosin (H&E) and Safranin-O/Fast Green his-
tology staining were applied. To assess the distributions of carti-
lage PCM biomarkers, sections were incubated with the primary
antibodies in 1% bovine serum albumin (BSA), 1 x PBS for collagen
VI (70R-CRO09X, Fitzgerald, 1:100 dilution, with specificity authen-
ticated in [48]) and perlecan (A7L6-MA1-06821, Invitrogen, 1:100)
overnight in 4°C, following the established procedure [38]. Sections
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were then incubated with corresponding secondary antibodies for
collagen VI (A11008, Invitrogen, 1:200) and perlecan (112-156-003,
Jackson ImmunoResearch, 1:200), respectively, for 1 hour at room
temperature and finally counterstained with DAPI Fluoromount-G
(0100-20, SouthernBiotech). For all the staining, internal negative
controls were prepared following the same procedures but with-
out the incubation of primary antibodies. For histology, brightfield
images were taken using a Leica DM4000 B microscope (Leica Mi-
crosystems). For IF imaging, fluorescence images were taken using
a Leica DMI-6000B microscope with a 488 nm and a 555 nm fluo-
rescent lamp at 50% power and 300 ms exposure time in a 16-bit,
1,392 x 1,040 imaging array format.

The IF images of collagen VI were analyzed to quantify the area
proportions of cell, PCM and T/IT-ECM domains in articular carti-
lage, using the Trainable Weka Segmentation algorithm in Image]
[49], as a surrogate for their volume proportions in 3D. In brief,
the areas corresponding to cell, PCM and T/IT-ECM within each
region of interest (ROI) were defined by the distribution of colla-
gen VI [38] to train the machine learning algorithm to classify en-
tire image regions of articular cartilage (> 3-5 images each animal,
n = 4/time point). Following the classification, images were further
processed to remove the background noise using the thresholding
function and converted to binary format. The area proportion for
each domain within each ROI was then calculated using the an-
alyze particles function. To detail articular cartilage matrix devel-
opment from inception to maturity, we performed our analysis on
collagen VI IF images from this study and those from our previous
analysis at post-natal ages P3, P14 and P90 [50].

2.2. RNAscope fluorescent in situ hybridization

To assess the spatial gene expression patterns of collagen VI,
perlecan and aggrecan, RNAscope fluorescent in situ hybridiza-
tion was performed to visualize the spatiotemporal expressions of
Col6al, Hspg2 and Acan genes, following the established procedure
[51]. In brief, RNAscope was carried out using RNAscope Multiplex
Fluorescent v2 (Advanced Cell Diagnostics, or ACD) to visualize the
expressions of collagen VI o1 chain (Col6al, 443261, ACD), per-
lecan (Hspg2, 493051-C2, ACD) and aggrecan (Acan, 439101, ACD)
in murine knee joints at the ages of E15.5, E17.5, PO and P7
(n = 4/time point). Knee paraffin sections were pre-treated with a
custom reagent (300040, ACD) and hybridized with each probe for
2 hours at 40°C in a custom oven. Signal was amplified with pre-
amplifier and multiple amplifier as per manufacturer’s protocols.
Negative control probes (320871, ACD) were used to ensure sig-
nal specificity. Sections were counterstained with Hoechst 33342
(H21492, Invitrogen) and sealed with ProLong Gold Antifade Mount
(36930, Invitrogen).

2.3. Immunofluorescence (IF)-guided AFM nanomechanical mapping

To quantify the biomechanics of developing primitive matrix,
we applied IF-guided AFM nanomechanical mapping on unfixed
sagittal cryo-sections of the knee joint, following our established
procedure [38]. Freshly dissected knee joints were harvested from
WT mice, embedded in optimal cutting temperature (OCT) media,
and cryo-sectioned into 8 pum-thick, unfixed sagittal sections via
the Kawamoto’s film-assisted method [52]. The sections were flu-
orescently labeled for collagen VI, following the established proce-
dure [38]. In brief, the sections were washed with 1 x PBS to re-
move OCT, blocked with 10% goat serum for 20 min at room tem-
perature, and then, incubated with collagen VI primary antibody
(70R-CRO09X, Fitzgerald, 1:100 dilution) for 20 min, washed twice
with 1 x PBS for 5 min each, and finally, incubated with the sec-
ondary antibody (A11008, Invitrogen, 1:200) for 20 min in dark-
ness. This labeling procedure has been validated not to alter the
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micromechanical properties of the samples [38,53]. Immediately
following the labeling, sections were tested using the Total Inter-
nal Reflection Fluorescence (TIRF)-AFM (MFP-3D, Asylum Research)
in 1 x PBS with protease inhibitors (Pierce 88266, ThermoFisher).
We performed the AFM nanomechanical mapping on sections from
E17.5, PO and P7 joints (n = 5/time point). We did not include sam-
ples from E15.5 for this test, because the weak fluorescent signal of
collagen VI at this earlier time point prevented us from discerning
the matrix versus cells.

On each section, within each region corresponding to articular
cartilage and outer zone of the meniscus, we identified three to
five 20 x 20 pm? regions of interest (ROIs) with well-defined, col-
lagen VI-positive PCM terrains. The nanomechanical mapping was
performed in a 40 x 40 grid (1,600 indentations) within each ROI
using polystyrene microspherical tips (R ~ 2.25 pm, nominal k ~
0.6 N/m, HQ:NSC36/tipless/Cr-Au, cantilever C, NanoAndMore) up
to a maximum indentation depth of dmax ~ 100 nm at 10 pm/s
z-piezo displacement rate (corresponding to ~ 0.01 sec loading
time). On each section, each ROI was at least 40 pm apart to avoid
overlapping, and the maximum indentation depth was within the
limit of small indentation regime, dmax < 0.2H (thickness of the
cryo-section) [54], and Hertzian contact framework, dmax < 0.2R
[55]. The effective indentation modulus, E;,q, was calculated by fit-
ting the entire loading portion of the indentation force-depth (F-D)
curve to the finite thickness-corrected Hertz Model [56], assum-
ing the Poisson’s ratio, v = 0.1 for cartilage [57] and O for the
meniscus [58]. The choice of Poisson’s ratios here was based on
values reported for bovine cartilage [57] and meniscus [58], and
may not accurately represent the values for developing murine tis-
sues. However, according to the Hertz model, we expect the values
of Poisson’s ratio to have minimal impact on the quantitative mod-
ulus outcomes. For example, varying v from 0 to 0.1 only yielded
~ 1% difference in E; 4, and was not expected to influence major
conclusions of this study. Next, using the corresponding IF images
of collagen VI, we separated the E;,q of PCM and T/IT-ECM using
a custom MATLAB (Mathworks) program when applicable, and ex-
cluded values corresponding to cell remnants (e.g., cellular debris
consisting of cytoplasmic organelles and nucleus damaged during
sectioning) [38].

2.4. Classical AFM nanoindentation

To test if tissue stiffening takes place at a larger length scale in-
tegrating the primitive matrix and cells, and if the stiffening starts
as soon as the inception of primitive matrices at E15.5, classical
AFM nanoindentation was applied to the same OCT-embedded, 8
pm-thick sagittal cryo-sections at all four ages from E15.5 to P7
(n = 5 animals/group), following the established procedure [59,60].
On each section, AFM nanoindentation was performed in 1 x PBS
with protease inhibitors using polystyrene microspherical tips (R
~ 12.45 pum, nominal k ~ 0.6 N/m, HQ:NSC36/tipless/Cr-Au, can-
tilever C, NanoAndMore) and a Dimension Icon AFM (Bruker Nano).
For each sample, within each region corresponding to articular car-
tilage, epiphyseal cartilage and meniscus, at least 15 different in-
dentation locations were randomly chosen and tested up to a max-
imum indentation depth of dmax ~ 1 wm at 10 um/s rate (corre-
sponding to ~ 0.1 sec loading time). Inclusion of epiphyseal car-
tilage here allowed us to assess differences in the initial develop-
ment of articular versus epiphyseal cartilage. Similar to the case of
IF-AFM nanomechanical mapping, the maximum indentation depth
was also within the limit of small indentation regime, e.g., dmax
< 0.2H (thickness of the cryo-section) [54] and Hertzian contact
framework, e.g., dmax < 0.2R [55]. Thus, the effective indentation
modulus, Ej,4, was calculated from the finite thickness-corrected
Hertz model [56], assuming v = 0.1 for articular and epiphyseal
cartilage [57], and O for the meniscus [58].
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2.5. Analysis of age-dependent evolvement in matrix micromodulus
and spatial heterogeneity

In classical AFM nanoindentation, the use of a larger micro-
spherical indenter, R ~ 12.45 pm, with a & 1 pm maximum inden-
tation depth resulted in a tip-sample contact radius of ~ 4.9 pum,
suggesting that the modulus outcomes represent integrated inden-
tation responses of both the matrix and cell remnants. We there-
fore denote the indentation modulus measured from this modal-
ity as Erjssue (in Pa). In contrast, in IF-AFM nanomechanical map-
ping, a smaller microspherical indenter, R ~ 2.25 pm, was used
to apply ~ 100 nm maximum indentation depth, resulting in ~
0.7 pm contact radius. For nanoindentation with spherical inden-
ters, the stress fields are largely constrained to the region directly
underneath the tip-sample contact area within the Hertzian con-
tact framework [61,62]. The use of the smaller indenter (R ~ 2.25
um) thus yielded a spatial resolution at the sub-pm level, much
smaller than the size of a cell ( 10-30 pm in diameter [63]) or
thickness of the PCM (& 2-4 um in thickness [37,64,65]). There-
fore, we separated the micromodulus of the primitive matrix from
those corresponding to cell remnants, and denoted the modulus
values as Epjaix (in Pa). In addition, when distinct PCM and T/IT-
ECM compartments could be identified at later ages, guided by the
IF-labeling of collagen VI again, we separated the values of the two
domains, Epcy and Epjrgem, respectively, for further analysis of mi-
cromechanical heterogeneity (Table 1).

To elucidate the age-dependent stiffening of the primitive ma-
trix, the average modulus was calculated from each animal and tis-
sue type at each age. For IF-guided AFM nanomechanical mapping,
average modulus was calculated combined for the entire primitive
matrix, and separately for PCM versus T/IT-ECM. For classical AFM
nanoindentation, the average modulus was calculated for the en-
tire tissue. For each tissue, simple least-squares linear regression
was applied to the logarithmic transform of averaged E;,q (in Pa),
log10(Ejnq), with respect to age (in days, t = 0 at E15.5, and t = 6
at PO) for the primitive matrix modulus, Ejjix, and the PCM-
only modulus, Epcy (for articular cartilage), measured from IF-AFM
nanomechanical mapping, as well as the integrated tissue modulus,
Ertissue» measured from classical AFM nanoindentation. For articular

Table 1
Glossary of quantitative experimental parameters and outcomes.

Parameters Unit Definition

t day animal age, t = 0 at E15.5, and t = 6 at PO

(equivalent to E21.5)

Erissue Pa micromodulus of the tissue (integrating regions of
both matrix and cell remnants), as measured by
classical AFM nanoindentation (indenter tip R ~

12.45 num)

EMatrix Pa micromodulus of the primitive matrix (including both
PCM and T/IT-ECM), as measured by IF-AFM

nanomechanical mapping (indenter tip R ~ 2.25 pm)

Epcm Pa micromodulus of the pericellular matrix (PCM), as
measured by IF-AFM nanomechanical mapping

(indenter tip R ~ 2.25 pm)

micromodulus of the territorial/interterritorial matrix
(T/IT-ECM), as measured by IF-AFM nanomechanical
mapping (indenter tip R ~ 2.25 um)

Erjirecm Pa

Sg Pa absolute standard deviation, of Eyj,ix Within each

region of interest

SER coefficient of variation, or relative standard deviation,
of Eparix Within each region of interest

pm Euclidean distance of matrix to cell surface within
each region of interest

dMatrix—to—Cell
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cartilage, to detail the evolvement of Epj,ix and Epcy from incep-
tion to maturity, we integrated results from this study with our
previous analysis of murine articular cartilage at post-natal ages
P3, P14 and P90 using the same procedures [50].

To assess the age-dependent evolvement of matrix spatial het-
erogeneity, we measured the absolute and relative variability of
Ematrix» @S Well as its correlation with the corresponding Euclidean
distance to cell surface. For each modulus map, the standard de-
viation, sg, was directly calculated from the modulus values cor-
responding to the matriX, Epaix, and the coefficient of variation,
or relative standard deviation, sgg, was calculated as the ratio of
standard deviation over the average of Eyj,yix- Least-squares linear
regression was applied to estimate the slope Bs between logo(sk)
versus age, t in days (Table 2), as a measure of the longitudinal
changes in matrix heterogeneity.

In addition, for each location, the matrix-to-cell Euclidean dis-
tance, dyarix-to-cell» Values were calculated as the closest distance
of each matrix location to cell surface via the bwdist function in
MATLAB (MathWorks). For matrix locations near the edge of each
ROI, there could be an over-estimation of dyjaerix-to-cen Since the
cells closer to the location may not be included in the map. To
minimize such systematic bias, for each ROI, we further identified
a region defined by lines connecting the center of individual cell
domains in the map, and only matrix locations within the region
were included in the analysis. For each map, least-squares linear
regression was applied to estimate the slope, by, between Epjarix
and dpjatrix-to-cell» @S @ measure of matrix heterogeneity. Next, the
average of by was calculated for each animal measured on articu-
lar cartilage and meniscus at each age. Least-squares linear regres-
sion was then applied to estimate the slope, 84, between logo(b4)
versus age, t, in days (Table 2), as the second measure of the lon-
gitudinal changes in matrix heterogeneity.

2.6. Statistical analysis

To test the age-dependence of area percentages of cell, PCM
and T/IT-ECM, following the confirmation of data normality via
Shapiro-Wilk test [66] and heteroscedasticity via Bartlett’s test
[67], Welch’s ANOVA [68] was applied, followed by the Games-
Howell multiple comparison [69]. The linear mixed model was ap-
plied to test the significance of Etissye, Ematrix» SE» SEr» and by using
the R package Ime4 (version1.1-29) [70]. In these tests, age, tis-
sue type and matrix region (PCM versus T/IT-ECM) were treated as
fixed effect factors when appropriate, and individual animal was
treated as a random effect factor, with interaction terms between
age and tissue type. Likelihood ratio test was applied to deter-
mine the choice of two covariance structures, unstructured ver-
sus compound symmetry. To account for the exponential increase
in modulus and its variance with age, logarithmic transformation
was applied to Erjssyes Ematrixe S and bgy. For log-linear regres-
sion outcomes, following the confirmation of data heteroscedas-
ticity via Bartlett’s test, Welch’s ANOVA [68]| was applied to com-
pare o and B from classical AFM nanoindentation amongst the
three tissue types, followed by Games-Howell multiple compar-
ison [69]. Unpaired two-sample student’s t-test was applied to
compare «f, Bg, Bs and By from IF-AFM nanomechanical map-
ping between articular cartilage and the meniscus, and to com-
pare o and B between the two AFM modalities for each tis-
sue, followed by Holm-Bonferroni multiple contrast correction [71].
One-way ANOVA was applied to compare amongst the daily in-
creasing rates B, Bs and B, for articular cartilage, followed by
Tukey-Kramer multiple comparison and Welch’'s ANOVA was ap-
plied for the meniscus, followed by Games-Howell multiple com-
parison [69]. In all the tests, the significance level was set at
o = 0.05.



JID: ACTBIO

B. Kwok, P. Chandrasekaran, C. Wang et al.

Table 2
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Glossary of linear and log-linear regression analysis parameters.

Parameters Unit Definition

1) Exponential increase of modulus, Eyayix OF Etissue, With animal age:
log1o(E) = logio(ae) + logio(Be) - t, or E = atp - B *

aE Pa

B -

initial value of modulus at t = 0
base of the exponential increase of modulus with age

2) Exponential increase of matrix modulus standard deviation, sg, with animal age:

logio(se) = logio(s) + logio(Bs) - t, or sp = as -

Bst

O
Bs -

Pa initial value of modulus standard deviation, s at t = 0
base of the exponential increase of sg with age

3) Dependence of Eyarix 0N Ayatrix-to-cell
EMatrix =0aq + bd . dMatrix-to-Cell

aq Pa
bq Pa-um-!

intercept of the extrapolated modulus at dyaerix-to-cenn = 0
slope of the modulus increase with distance to cell surface, dyagrix-to-cell

4) Exponential increase of the slope, by, with animal age:
logio(bg) = logio(@g) + logio(Ba) - t, or by = g - Ba *

oy Pa-um-!

Ba -

initial value of the slope, by, at t = 0
base of the exponential increase of by with age

3. Results

3.1. Separation of the PCM and T/IT-ECM in the primitive matrix of
articular cartilage

From E15.5 to P7, the knee joint increased in size, organiza-
tion and matrix deposition (Fig. 1a). The increased staining of
SGAGs (red) illustrated the deposition of aggrecan, the major pro-
teoglycan in cartilage [7]. Analyzing the spatial distributions of
PCM biomarkers at E15.5, we noted only weak signal for colla-
gen VI and no signal for perlecan in articular cartilage (Fig. 1b).
At E17.5, both molecules became ubiquitously distributed through-
out the intercellular spacing. This ubiquitous presence of colla-
gen VI was consistent with literature on its distribution pattern in
murine humeral head articular cartilage at E12.5 [72], as well as
knee cartilage of newborn gray short-tailed opossum at P1 [73].
At PO, these two molecules were localized within ring-like mi-
crodomains surrounding each chondrocyte, illustrating a clear sep-
aration of PCM and T/IT-ECM at this time point. At P7, the PCM
domains were further separated with the expansion of T/IT-ECM
(Figs. 1b, 2a). Analyzing the longitudinal changes in the area pro-
portions of PCM, T/IT-ECM and cells, we found a gradual decrease
in the area percentage occupied by cells, from 84.4 + 7.3% at E15.5
(mean £ 95% CI, n = 4) to 27.9 + 6.8% at P7, and to 20.0 &+ 1.5%
at P90 (Fig. 2b). Over the same time window, the area of PCM first
increased from 15.6 + 7.3% at E15.5 to 38.5 + 1.6% at P7, but then
decreased to 28.5 + 1.5% at P14 and 21.1 + 1.1% at P90. This de-
crease was concurrent with a progressive increase in the area of
T/IT-ECM from PO (9.7 &+ 3.1%) to P90 (58.9 + 1.3%). Collectively,
these data showed that articular cartilage initiated with a PCM-
like primitive matrix characterized by the ubiquitous presence of
collagen VI and perlecan (Figs. 1b, 2a). This was followed by the
separation of distinct PCM and T/IT-ECM domains, and then, ex-
pansion of the T/IT-ECM until such point that it represented the
bulk of the matrix at maturity.

3.2. Distinct composition of the primitive matrices in cartilage versus
meniscus

Next, we highlighted differences in the primitive matrix com-
positions of hyaline cartilage versus fibrocartilage by analyzing the
distributions of collagen VI and perlecan in articular cartilage, epi-
physeal cartilage and the meniscus. We found that, as soon as they

were individually distinguishable, the primitive matrices of these
three units already showed distinct molecular signatures. At E17.5,
in contrast to the strong presence of both collagen VI and perlecan
in articular cartilage, the meniscus matrix showed much weaker
staining for perlecan (Figs. 1b, 2c). Meanwhile, the epiphyseal car-
tilage matrix had no staining for collagen VI (Figs. 1b, 2a), sim-
ilar to the localization pattern of collagen VI in the prospective
joint sites of the embryonic humerus [72]. At PO, for both artic-
ular and epiphyseal cartilage, separation of PCM and T/IT-ECM was
clearly evident by the localization of perlecan and/or collagen VL. In
contrast, for the meniscus, collagen VI continued to be distributed
throughout the matrix at PO, and only started to show localization
into pericellular domains at P7 (Fig. 2c). Thus, the delineation be-
tween PCM and T/IT-ECM domains in the meniscus was delayed
relative to that of articular and epiphyseal cartilage.

3.3. Differential gene expression profiles of matrix molecules in
cartilage versus meniscus

We then validated the protein distributions of collagen VI and
perlecan by assessing their spatial gene expression patterns via
RNAscope fluorescent in situ hybridization. From E15.5 to P7,
Col6al was highly expressed in articular cartilage and meniscus
cells, but absent in the hypertrophic chondrocytes of epiphyseal
cartilage (Fig. 3a). The perlecan gene, Hspg2, had low expression
in the joint at E15.5, but was upregulated in both articular and
epiphyseal cartilage starting at E17.5 (Fig. 3b). These patterns con-
firmed the differential protein distributions amongst these tissues
(Figs. 1b, 2a, 2c). We also assessed the expression of the major pro-
teoglycan, aggrecan, and found high Acan expression in all three
tissues (Fig. 3c), illustrating active cell biosynthesis activities. At
this stage, Acan expression was lower in articular cartilage relative
to epiphyseal cartilage, consistent with the contrast in the staining
intensity of sGAGs (Fig. 1a). We also noticed some differences in
the gene expression versus protein staining distributions. For ex-
ample, the expression of Col6al in articular cartilage was high at
E15.5, but reduced at later ages (Fig. 3a). However, there was high
level of collagen VI protein staining throughout all tested ages. This
may indicate that collagen VI production possibly takes place at
an early development phase, which then, undergoes slow turnover
following its biosynthesis. Also, we found active expressions of
Hspg2 and Acan genes in meniscus cells, but the level of protein
staining was low (Figs. 1, 2¢). One possible explanation is that the
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Fig. 1. Joint morphology and distribution of pericellular matrix (PCM) molecules in the developing murine knees at embryonic day 15.5 and 17.5 (E15.5 and E17.5), and
at post-natal day 0 and 7 (PO and P7). a) Representative Hematoxylin and Eosin (H&E) and Safranin-O/Fast Green (Saf-O/Fast Green) histology images show increased
size, organization, as well as the deposition of sulfated glycosaminoglycans (sGAGs) during development. b) Immunofluorescence (IF) images of PCM biomarkers show that
collagen VI (green) is present in articular cartilage (AC) and the meniscus (M), but not in epiphyseal cartilage (EC), while perlecan (red) is present in articular and epiphyseal
cartilage, but not in the meniscus (n = 4, blue: DAPI). Internal positive control is shown in the right panel inset: positive staining of perlecan in the zeugopod at E15.5.

transcriptional gene expression may not have translated to protein
biosynthesis in meniscus cells yet. Nevertheless, the spatial varia-
tions of these key matrix genes highlighted differential cell biosyn-
thesis activities amongst these three tissues, which contribute to
the distinct composition of their primitive matrices.

3.4. Rapid stiffening of the articular cartilage primitive matrix

Applying IF-guided AFM nanomechanical mapping, we detected
a rapid stiffening of the articular cartilage primitive matrix. The
micromodulus, Eppayix, ac, increased from 8.44 + 1.60 kPa at E17.5
(mean £ 95% CI, n = 5) to 38.8 + 14.2 kPa at PO (4.6 + 0.5-fold,
mean + 95% CI) and 251 + 49 kPa at P7 (29.8 + 2.7-fold, Fig. 4a,b).
Integrating these results with the micromodulus of articular carti-

lage matrix measured at P3, P14 and P90 in our previous study
using the same method [50], we found a log-linear dependence of
Enpatrix, ac 0N animal age, from E17.5 to P7,

logio (EMatrix, AC) =3.71+0.133¢,

where Epjaerix ac 1S in Pa, t is animal age in days (t = 0 at E15.5, the
time when the incipient matrix starts to form [34], and t = 6 at
PO, which is equivalent to E21.5), R = 0.966, p < 0.0001 (Fig. 5a).
This translated to a general exponential stiffening of the primitive
matrix with animal age,

Ematrix, ac = 5.08 x 1.357" (kPa),

with 95% CI of [3.99 6.46] kPa for the initial value at t = 0, ag, and
[1.319 1.396] for the base, S (Table 2). In other words, the matrix
modulus increased by 35.7% [31.9 39.6]% on a daily basis, (B — 1),
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Fig. 2. Separation of PCM and T/IT-ECM domains in the developing primitive matrices of articular cartilage and meniscus. a) High-resolution IF images of PCM biomarkers,
collagen VI (green) and perlecan (red; blue: DAPI), at embryonic day 17.5 (E17.5) and post-natal day 0 and 7 (PO and P7) for articular cartilage (AC: articular cartilage, EC:
epiphyseal cartilage, n = 4/age). Separation of PCM and T/IT-ECM is visualized from IF images of collagen VI and perlecan at PO and P7. Dashed lines denote the surface of
tibia cartilage. b) Quantification of the area percentage occupied by cell, PCM and T/IT-ECM regions in articular cartilage illustrates gradual changes of the three domains
during embryonic and post-natal development (mean + 95% CI, n = 4). Top panel: representative collagen VI IF image at PO and schematic illustrations that demonstrate
the definition of areas corresponding to cell, PCM and T/IT-ECM. Each data point represents the value from one animal, different letters indicate significant age-associated
differences (p < 0.05). Data from P3, P14 and P90 are adapted from Ref. [50] with permission. c) High-resolution IF images of collagen VI and perlecan at E17.5, PO and P7
for the meniscus (M, n = 4/age). Separation of PCM and T/IT-ECM is visualized from IF images of collagen VI at P7. Dashed lines denote the surface of the meniscus.

from E17.5 to P7. This exponential dependence, however, was not
applicable to P14 and P90 (Fig. 5a), suggesting that such rapid stiff-
ening was specific to early stages of cartilage development.

We then confirmed that this exponential stiffening of the prim-
itive matrix started as soon as E15.5, and took place at the length
scale representing integrated responses of the matrix and cell rem-
nants as a whole. Applying classical AFM nanoindentation with
an indenter tip of R ~ 1245 um and a contact radius of ~
4.9 pm, we also found an exponential dependence of modulus,
Etissue, ac» With age, where logo(Erissue, ac) = 3.60 + 0.113t, or
Erissue, ac = 3.71 x 1.298" (kPa), representing a daily stiffening rate
of 29.8% [27.5 32.1]% (Fig. 6a,b). This stiffening rate was lower
than that measured by IF-AFM nanomechanical mapping with the
smaller indenter tip (R ~ 2.25 nm, Fig. 6¢, p < 0.05), which may be
attributed to the fact that the confounding effects due to the softer

regions of cell remnants were not separated by the larger indenter
tip [38].

3.5. Distinct stiffening patterns in the primitive matrix of articular
cartilage versus meniscus

The stiffening of the meniscus primitive matrix also followed
a similar exponential dependence, albeit at a lower rate. From IF-
AFM nanomechanical mapping, the modulus of meniscus matrix
increased from 12.6 + 3.9 kPa at E17.5 to 92 + 50 kPa at P7
(Fig. 4a,b). This 7.4 + 1.0-fold stiffening was substantially lower
than that of cartilage matrix (29.8 + 2.7-fold). The age-dependence
of the matrix micromodulus can be described by the equation,

Ematrix, M = 7.92 x 1.198" (kPa),
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Fig. 3. Spatial distribution of the matrix gene expressions in developing knee joints assessed by RNAscope fluorescent in situ hybridization. a) Col6al (collagen VI, green),
b) Hspg2 (perlecan, red) and c) Acan (aggrecan, yellow; blue: Hoechst 33342). Images are taken at embryonic day 15.5 and 17.5 (E15.5 and E17.5) and post-natal day 0 and
7 (PO and P7) (AC: articular cartilage, EC: epiphyseal cartilage, M: meniscus, n = 4/age). Col6al is mainly expressed in articular cartilage and the meniscus while Hspg2 and

Acan are expressed throughout all three tissues.

equating to a relative daily stiffening rate of 19.8% [14.9 24.9]%
(Fig. 5b). This rate was significantly lower than that of the articular
cartilage matrix. Similarly, classical AFM nanoindentation with the
larger indenter (R ~ 12.45 pm) yielded Erjsgye v = 4.54 x 1.187°
(kPa) from E15.5 to P7 with a relative stiffening rate of 18.7%
[17.5 20.0]%, which was also lower than that of articular car-
tilage (29.8% [27.5 32.1]%) measured via the same modality
(Fig. 6¢).

We also found that epiphyseal cartilage followed a similar stiff-
ening pattern as articular cartilage when tested under the larger
indenter tip. From E15.5 to P7, epiphyseal cartilage exhibited a 22.0
+ 0.4-fold increase from 4.67 + 0.17 kPa at E15.5 to 103.0 + 4.9
kPa at P7, yielding Erjsgue gc = 4-53 x 1.280 (kPa) (Fig. 6a,b). The
relative daily stiffening rate was 28.0% [25.7 30.3]%, similar to that
of articular cartilage and higher than that of the meniscus (Fig. 6¢).
Comparing these three tissues, their moduli all started at a similar
range ~ 5 kPa at E15.5 (Fig. 6a), yielding a similar modulus base,
o, estimated from the log-linear fit (Fig. 6¢). As a result of the
differential stiffening rates, however, articular and epiphyseal car-
tilage became significantly stiffer than the meniscus by PO and P7
(Figs. 4b, 5a). Thus, the early development of the primitive matri-
ces in all three tissues was characterized by an exponential stiffen-
ing trend, but the stiffening rate was much higher in hyaline carti-

lage (articular and epiphyseal cartilage) than in fibrocartilage (the
meniscus).

3.6. Rapid increase in the spatial heterogeneity of developing
primitive matrix

Concurrent with the rapid stiffening, we also detected an in-
crease in spatial heterogeneity of the primitive matrix. First, we
separated the micromodulus of PCM and T/IT-ECM when these two
domains became distinct in articular cartilage at PO and P7, and in
the meniscus at P7. For all three groups, the T/IT-ECM showed sig-
nificantly higher modulus than the PCM (Fig. 7a). Since the car-
tilage primitive matrix initiates as a PCM-like template (Fig. 2),
we also tested the log-linear dependence of PCM-only micromod-
ulus with age. We confirmed a similar exponential stiffening trend,
Epcm, ac = 5.05 x 1.325¢ (kPa, R? = 0.972, p < 0.0001), or a 32.5%
[29.4 35.6]% relative daily stiffening rate. Thus, early development
of the primitive matrix is characterized by not only the separation
of PCM and T/IT-ECM, but also the rapid stiffening of both the im-
mediate cell niche and the matrix bulk as a whole. In addition to
the separation of PCM and T/IT-ECM, we also observed a gradual
increase in the heterogeneity of matrix modulus in both articular
cartilage and the meniscus, as marked by an exponential increase
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Fig. 4. Rapid stiffening of the primitive matrix in developing articular cartilage and meniscus, as assessed by IF-guided AFM nanomechanical mapping using a microspherical
indenter tip (R & 2.25 pm). a) Top panel: Schematic illustration of IF-guided AFM on the cryo-section of embryonic day 17.5 (E17.5) murine cartilage, with immunolabelling of
collagen VI present throughout the intercellular spacing. Bottom panel: Representative 20 x 20 pm? maps of indentation modulus, Ejq, of the primitive matrix for articular
cartilage and the meniscus at E17.5 and post-natal day 0 and 7 (PO and P7). Domains corresponding to the PCM and T/IT-ECM are separated when applicable, and moduli
corresponding to cell remnants are removed (white voids). b) Violin plots of the micromodulus of the primitive matrix, Eyauix, Of articular cartilage (AC) and the meniscus
(M) at E17.5, PO and P7 (> 1,200 positions tested for each tissue on each animal, from n = 5 at each age, *: p < 0.05 between articular cartilage and the meniscus). Each
data point represents the average micromodulus from one animal. Data points with the same color indicate values measured from the same animal at each age.
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Data from P3, P14 and P90 in panel a) are adapted from Ref. [50] with permission.

in the standard deviation of matrix micromodulus, sg, measured
from each map (Fig. 7b). Similar to the trend observed in Epgrix,
the values of s¢ followed a log-linear dependence with animal age
t (p < 0.0001, Table 2),

se, ac = 1.45 x 1.402° (kPa), R* =0.942,

s m = 0.96 x 1.314'(kPa), R* = 0.766.

The standard deviation increased by 40.2% [33.3 47.5]% daily for
articular cartilage, and by a similar daily rate of 31.4% [20.1 43.8]%
for the meniscus (p = 0.188 between the two tissues). Furthermore,
we calculated the coefficient of variation, or the relative standard
deviation, by normalizing sg with the respective average modulus
of each map, and still observed an increasing trend of sgz with age
for both tissues (Fig. 7c). This suggested that matrix development
was associated with increased complexity and heterogeneity even
after the respective baseline (average modulus) at each age was
taken into account.

Following collagen VI IF-guided partitioning, we estimated the
Euclidean distance between each matrix location to its closest cell
surface, dyatrix-to-cell» Within each ROI (Fig. 8a), and applied simple
linear regression to Epjaerix Versus dyatrix-to-cenn (Table 2),

EMatrix =04 + bd . dMatrix—to—CelL

This regression yielded significant slopes, by (p < 0.001), with R?
between 0.20-0.60 (Fig. 8b). Thus, linear regression was able to ex-
plain ~ 20-60% of the total variation in modulus with p-values
< 0.001, suggesting that distance to cell surface alone accounts
for a substantial proportion of the micromechanical heterogeneity
(Fig. 8b).

The slope b, also increased rapidly with age from E17.5 to P7
(Fig. 8c). We found that the log-linear relationship also held for by
versus animal age (p < 0.0001), where simple linear regression of
log1o(by) versus animal age t (Table 2) yielded,

bg, ac = 0.950 x 1.372‘(kPa/um), R* =0.918,

2

bg, m = 0.910 x 1.241° (kPa/uum), R* =0.790.

This indicated that the local slope of modulus versus matrix-to-
cell distance, by, increased by 37.2% [30.0 45.2]% daily for articular
cartilage, and 24.1% [16.1 32.7]% daily for the meniscus (p = 0.020
between the two tissues). These rates were comparable to the daily
stiffening rate, (B¢ — 1), and daily increase rate of standard devia-
tion, (Bs — 1), for each tissue (Fig. 8d). Thus, during early develop-
ment, the primitive matrix exhibited exponential increases in not

10

only the modulus, but also the spatial heterogeneity as denoted
by sg and b,. Similar to the contrasts in the daily stiffening rate,
(B — 1), the rate of heterogeneity increase, (8; — 1), was faster
in articular cartilage than in the meniscus (Fig. 8d).

4. Discussion
4.1. Development of the articular cartilage primitive matrix

This study identifies several distinctive traits of the primitive
matrix in developing articular cartilage (Fig. 9). First, articular car-
tilage initiates with a PCM-like primitive matrix immediately sur-
rounding cells and forming the bulk of intercellular spacing (E15.5
and E17.5). This step is followed by a separation into distinct PCM
and T/IT-ECM domains at PO, and then, further expansion of the
T/IT-ECM until maturity (P90) (Fig. 9a). Second, immediately fol-
lowing the first appearance of matrix at E15.5, the primitive ma-
trix undergoes exponential stiffening, resulting in a nearly 30-fold
increase in modulus over a 14-day period (Fig. 9b). This rapid stiff-
ening is specific to the early matrix development, as the exponen-
tial growth model does not predict further increases in modulus at
later post-natal ages (Fig. 5a). Third, this stiffening is accompanied
by a concurrent increase in local heterogeneity of micromechanics,
marked by exponential increases in sg (Fig. 7b) and b, (Fig. 8c), as
well as an increase in sgg (Fig. 7c), underscoring the rapid growth
in structural and mechanical complexity in the developing primi-
tive matrix.

This rapid matrix development can be attributed to several
molecular events. In [F-AFM nanomechanical mapping, the tip-
sample contact radius, ~ 0.7 pm, is much greater than the size
of an individual collagen fibril (= 30-80 nm in diameter [50,60])
or chondroitin sulfate (CS)-GAG chains on aggrecan (~ 30-40 nm
in length [74]), we expect the modulus outcomes to represent
the integrated responses of these matrix constituents, instead of
the properties of individual collagen fibrils or sGAG chains. Dur-
ing development, the formation of cartilage matrix involves con-
tinuous deposition and assembly of collagen II fibrils and aggre-
can. Increased collagen fibril assembly and lysyl oxidase (LOX)-
mediated cross-linking are known to stiffen the fibrillar matrix, as
has been shown in embryonic tendon [75]. Besides collagens, the
increased deposition and packing of aggrecan molecules could be
another major determinant of these mechanical changes. In ma-
ture cartilage, the electrical double layer (EDL) repulsion arising
from the fixed negative charges on CS-GAGs contributes to ~ 50-
65% of the compressive modulus [76,77]. Within the matrix, the
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Fig. 6. Rapid stiffening of developing articular cartilage, epiphyseal cartilage and the meniscus, as assessed by classical AFM nanoindentation using a microspherical indenter
tip (R ~ 12.45 pm). a) Box-and-whisker plot of the micromodulus, Erise, Of articular cartilage (AC), epiphyseal cartilage (EC) and the meniscus (M) at embryonic day 15.5
and 17.5 (E15.5 and E17.5) and post-natal day 0 and 7 (PO and P7) (> 75 locations from n = 5 animals for each age). Each data point represents the average value measured
from one animal, different letters indicate significant differences amongst different tissues (p < 0.05). Data points with the same color indicate values measured from the
same animal at each age. b) Semi-logarithmic plots of the micromodulus, Erise, Versus animal age t (in days, t = 0 at E15.5) show exponential increases of Erisse With age
from E15.5 to P7 for all three tissues. The least-squares linear regression fit of logo(Erissue) Versus t is shown as mean + 95% Cl. Each data point represents the average
value from one animal (mean + 95% CI). Right panel inset: Schematic illustration of classical AFM nanoindentation using the microspherical indenter tip. ¢) Comparisons
of the modulus base, ap (in kPa), and relative daily stiffening rate, (8 — 1), derived from the log-linear regression, E = oy - B¢ ! (in kPa), between the primitive matrices
of articular cartilage and meniscus measured by IF-AFM nanomechanical mapping (R ~ 2.25 pm), amongst the three tissues measured by classical AFM nanoindentation, as
well as between the two different modalities measured on the same tissue. Different letters indicate significant differences between AFM modalities for the same tissue (p
< 0.05) and *: p < 0.05 indicates significant differences amongst different tissues from the same AFM test.

Debye length, «~1, which characterizes the exponential decay dis-
tance of EDL repulsion effect, is ~ 1 nm [78]. This is on the same
order of magnitude as the CS-GAG packing distance along aggre-
can core protein (~ 2-3 nm) [74]. As a result, the electrical poten-
tial is highly heterogeneous within the tissue. The EDL repulsion
thus increases exponentially with CS-GAG packing density, as pre-
dicted by the unit cell model [79] or charged rod model [80] that
accounts for the nanoscale heterogeneity [78]. Therefore, increased
deposition and packing of aggrecan (Fig. 9c, schematics inspired by
[40,50,81,82]) can result in exponentially increased EDL repulsion,

1

which may contribute to the observed exponential stiffening. This
hypothesis is supported by the similar stiffening trend observed in
aggrecan-rich epiphyseal cartilage, and the slower stiffening rate in
the meniscus that has less aggrecan content (Fig. 6¢).

4.2. Implications for cartilage developmental biology

This study establishes the primitive matrix and its rapid matu-
ration as a key step in cartilage formation (Fig. 9c). In the canonical
framework of synovial joint development, the major steps are con-
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Fig. 7. Increased spatial heterogeneity of the primitive matrix micromechanics in developing articular cartilage and meniscus. a) Violin plots of the micromodulus of PCM
and T/IT-ECM measured on articular cartilage (AC), at post-natal days 0 and 7 (PO and P7) and the meniscus (M) at P7 show higher modulus of the T/IT-ECM domain in
all three cases (*: p < 0.05 between PCM and T/IT-ECM, > 600 positions tested for each region on each animal, n = 5 animals at each age). b) and c) Violin plots of the
b) absolute standard deviation, sg (semi-log plot), and c) coefficient of variation, or relative standard deviation, sgz, measured on articular cartilage and the meniscus from
embryonic day 17.5 (E17.5) to P7 (> 5 ROIs for each tissue from each animal, n = 5 animals at each age). Different letters indicate significant age-associated differences for
the same tissue (p < 0.05) and *: p < 0.05 indicates significant differences between the two tissues at each age. Panels a) - c): Each data point represents the average value
measured from one animal. Data points with the same color indicate values measured from the same animal at each age.

sidered to include mesenchymal condensation, interzone specifica-
tion, cavitation, morphogenesis, and finally, the growth and matu-
ration of joint tissues [4]. Here, we show that the rapid special-
ization of the primitive matrix starts immediately following the
first instance of matrix formation at E15.5, and is hallmarked by
a nearly 30-fold stiffening in 14 days, separation of clearly defined
PCM and T/IT-ECM domains, and a rapid increase in matrix hetero-
geneity (Fig. 9b). These activities mark the initial steps that give
rise to the hierarchically structured, mechanically functional ma-
ture ECM, and take place simultaneously with the well-known pro-
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cesses during morphogenesis, such as cell proliferation, differenti-
ation, swelling, and tissue volume expansion [83]. Clearly, the de-
position and assembly of the matrix occurs much faster than the
expansion of tissue volume, resulting in an increased packing of
matrix molecules, and thus, rapid stiffening of the matrix.

One open question in developmental biology is how articular
cartilage retains its permanent status throughout life, rather than
being remodeled into bone [84]. Our results show that, in addition
to the known differences in their cellular origins and initial gene
expression profiles [85], articular cartilage and epiphyseal cartilage
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Fig. 8. Increased dependence of the matrix micromodulus with respect to the Euclidean distance to cell surface, dyrix-to-cenr» in the primitive matrices of articular cartilage
(AC) and the meniscus (M). a) Representative 20 x 20 pm? maps of the cell-to-matrix Euclidean distance estimated based on the IF-labeled collagen VI images and corre-

sponding modulus map of articular cartilage at E17.5. b) Representative least-squares linear regression analysis of Epjauix Versus dyatrix-to-cell» EMatrix = dd + ba -

dMatrix-to-Ce]l.

for articular cartilage and the meniscus at embryonic day 17.5 (E17.5) and post-natal day 7 (P7). c) Semi-logarithmic violin plots of the slope of Eyjaix Versus dyatrix-to-cells
bg, estimated from all regions of interest (ROIs) measured on the primitive matrix of articular cartilage and the meniscus at E17.5, PO and P7 (> 5 ROIs for each tissue from
each animal, n = 5 animals at each age). Each data point represents the average by measured from one animal (*: p < 0.05). Data points with the same color indicate values
measured from the same animal at each age. d) Comparison of the three daily increase rates calculated from the exponential fits: the relative daily stiffening rate, denoted
as (Beg — 1), the daily increase rate of sg, denoted as (B8s; — 1), and the daily increase rate of by, denoted as (B4 — 1), measured on articular cartilage and the meniscus
(mean + 95% CI). The same letter indicates lack of significant differences amongst the three ratios for each tissue (p > 0.05) and *: p < 0.05 indicates significant differences

between articular cartilage and the meniscus for each parameter.

have also developed distinct traits in their initial primitive matri-
ces, as illustrated by their differential expression and deposition of
aggrecan and sGAGs (Figs. 1a, 2a and 3c). Despite its lower sGAG
content, articular cartilage has a similar modulus as epiphyseal car-
tilage in all tested ages (Fig. 6a). This is possibly due to differences
in their matrix composition and organization, which have compen-
sated for the lower sGAG content in articular cartilage, rather than
the residing hypertrophic chondrocytes in epiphyseal cartilage that
may have led to a higher cellular volume proportion, i.e., a lower
volume proportion of the matrix. Indeed, we did not find signif-
icant differences in the areas occupied by the matrices between
the two tissues (e.g., 35 + 12% and 30 + 9% of matrix area propor-
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tions in articular and epiphyseal cartilage at PO, respectively, n = 4,
p = 0.322).

Besides collagen Il and aggrecan, cartilage matrix consists of
many other collagens, proteoglycans and glycoproteins (Fig. 9c)
[81]. In this regard, minor matrix molecules, such as collagen VI
(Figs. 1b, 2a) and tenascin [86], are more concentrated in artic-
ular cartilage, supporting that the matrix templates of articular
versus epiphyseal cartilage are different upon their inception, al-
though both being considered as hyaline cartilage. Our findings
thus provide the foundation to further elucidate the mechanisms
by which the primitive matrices regulate the permanent versus
transient status of hyaline cartilage. To this end, future studies are
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versus t (Fig. 5a). ¢) Schematic illustration of the working hypothesis on the key steps and molecular events contributing to the development of articular cartilage primitive
matrix. Immediately following progenitor cell condensation, articular cartilage initiates with a PCM-like primitive matrix during embryonic development. This is followed by
the separation of PCM and T/IT-ECM, and further expansion of the T/IT-ECM domain up to maturity. In this process, the increased deposition, assembly and packing of ECM
molecules, including collagen II fibrils and aggrecan, contribute to the rapid, exponential stiffening of the developing primitive matrix from E15.5 to P7. The schematics are

inspired by Ref. [40,50,81,82].

required to discern the composition and distributions of other ma-
trix molecules between these two units in a more systematic fash-
ion, as well as to uncover the individual and coordinated roles of
regulatory matrix molecules.

4.3. Implications for cartilage tissue engineering

In tissue engineering, one guiding principle is to recapitulate
the key steps of native tissue development to form functional tis-
sue replacements [10]. To this end, scaffold-less condensed mes-
enchymal cell bodies (CMBs) have been used to mimic the mes-
enchymal condensation step in vivo. This approach successfully
generated engineered cartilage products with an elastic modulus
~ 850 kPa over 5 weeks of culture in vitro [87], which indicates
an average ~ 16% daily stiffening assuming an initial modulus of
~ 5 kPa. Here, we show that the stiffening of native matrix in
vivo can be even faster, with a daily modulus increase of ~ 36%.
This suggests that a better understanding and recapitulation of
this native in vivo process could be further leveraged to acceler-
ate the building of native tissue-like products. In addition, decel-
lularized ECM (dECM) is a popular class of biomaterials for carti-
lage repair, thanks to its capability of providing a physiological-like
microenvironment [88]. The dECMs derived from younger tissues
or cells often show advantageous regenerative outcomes. How-
ever, aberrant ectopic calcification has been reported for dECMs
derived from fetal cartilage [89]. Our results suggest that separat-
ing the dECM of articular and epiphyseal cartilage could potentially
better retain the permanent status of cartilage and reduce unin-
tended calcification. In this regard, one limitation of the murine
model is that murine cartilage lacks the depth-dependent struc-
tural heterogeneity observed in human cartilage due to its small
thickness (=~ 50 pm-thick in adult mice [90]). Building on find-
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ings from this study, our ongoing work investigating the embry-
onic development of larger animals will provide direct insights for
the regenerative products to recapitulate the structural complexity
of human articular cartilage. Lastly, chondrocytes and chondropro-
genitors are highly mechanosensitive, and often require a soft mi-
croenvironment to maintain their chondrogenic phenotype in vitro
[91]. In vivo, however, chondrocytes retain their normal homeosta-
sis within this rapidly stiffening microenvironment (Figs. 4, 5). Fu-
ture work will thus seek to uncover the cell-matrix interactions in
this critical development phase, which could guide the design of
engineering strategies to better maintain the chondrogenic pheno-
type while improving the biomechanical functions of regenerative
products.

4.4. Development of the meniscus primitive matrix

This study also identifies several distinct features of the primi-
tive matrices in the meniscus versus articular cartilage. First, the
slower stiffening of the meniscus matrix could be attributed to
differences in their matrix composition and structure, including
higher collagen I, lower collagen II and proteoglycan content, as
well as different collagen fiber organizations in the meniscus [8].
Such contrast supports our hypothesis that sGAGs and their EDL
repulsion are a major factor in the rapid stiffening observed in ar-
ticular cartilage. It is worth noting that embryonic meniscus ex-
presses higher levels of LOX than articular cartilage [92]. It thus
appears that the assembly and pressurization of sGAGs outweigh
the effect of LOX-mediated collagen cross-linking in developing
primitive matrices. Second, the separation of meniscus PCM and
T/IT-ECM takes place at a later time point, e.g., P7 (Fig. 2c), sug-
gesting delayed matrix specialization relative to articular cartilage.
Despite sharing similar origins of interzone progenitors as articular
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cartilage, meniscus cells show distinct gene expression signatures
compared to articular chondrocytes as early as the embryonic stage
[93]. Such differences in cell fate and gene expressions corroborate
the observed distinctions in the biosynthesis and assembly of their
primitive matrices. Third, although perlecan is present in the PCM
of mature meniscus [94], the primitive matrix of meniscus shows
low concentration of perlecan in comparison to that of both artic-
ular and epiphyseal cartilage. In cartilage, perlecan is required for
Sox9-mediated chondrogenic differentiation during embryonic de-
velopment [95], and also serves as a chondrocyte mechanotrans-
ducer to regulate fibroblast growth factor-2 (FGF-2)-dependent ac-
tivation of extracellular regulated kinase (ERK) signaling in chon-
drocytes [96]. The absence of perlecan in developing meniscus thus
further supports distinct signaling pathways and cell-matrix inter-
actions in hyaline cartilage versus fibrocartilage. Thus, at its incep-
tion, the initial matrix of the meniscus is already different from
that of articular cartilage, even before the onset of extensive post-
natal physiological joint loading. Given the paucity of knowledge
on the molecular activities that regulate the meniscus matrix de-
velopment, future work is needed to uncover the molecular roles
of each matrix constituent, such as collagen VI, perlecan and oth-
ers, in the formation and maturation of the meniscus matrix.
There are several limitations with regard to the development
of the meniscus matrix. First, although separation of the PCM and
T/IT-ECM does eventually take place in the meniscus (Fig. 2), we
are not able to establish the roadmap of meniscus matrix devel-
opment similar to that of articular cartilage (Fig. 9). This is due
to the scarcity of literature on meniscus matrix development. Even
though the appearance of PCM in the meniscus is well known [36],
the structure-mechanics principles and mechanobiological func-
tions of the meniscus PCM have not been studied even in mature
tissue. Also, given that the separation of PCM and T/IT-ECM takes
place during post-natal growth, it is unclear whether the PCM is an
anabolic manifestation of cellular responses to physiological com-
pressive loading, or, similar to the case of cartilage, is the initial
matrix template pre-specified before the onset of joint loading.
Second, we have not delineated the regional heterogeneity of the
meniscus primitive matrix. Meniscus cells establish distinct zonal-
dependent gene signatures even at the embryonic stage [93]. Ma-
ture meniscus matrix is characterized by a highly anisotropic col-
lagen I-dominated fibrous outer zone and a more hyaline-like in-
ner zone with higher collagen II and proteoglycan content [8], as
well as the presence of proteoglycan-rich microdomains through-
out the tissue [97]. In this study, we focus on the outer zone in or-
der to highlight the differences between the primitive matrices of
hyaline cartilage versus fibrocartilage, but have not elucidated the
zonal variations or structural anisotropy within the meniscus. Also,
similar to the case of articular cartilage, murine meniscus lacks
the structural heterogeneity and zonal variations observed in hu-
man and larger animals [98]. To address these limitations, build-
ing on this work, our ongoing studies aim to query the longitu-
dinal changes in the meniscus PCM and T/IT-ECM biomechanics,
mechanosensitive signaling of residing cells, as well as the zonal
heterogeneity and anisotropy from embryonic to mature ages in
both murine and larger animal models. This will help establish the
basis for guiding the regeneration of the meniscus and possibly
other fibrocartilage tissues with similar structural complexity.

5. Conclusions

This study highlights the rapid development of the primitive
matrix as a crucial step in the establishment of native articular
cartilage and meniscus. Immediately after joint cavitation, articu-
lar cartilage initiates with a PCM-like primitive matrix occupying
the intercellular space. During embryonic and neo-natal develop-
ment, the primitive matrix undergoes exponential stiffening, with
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a ~ 36% daily increase in modulus and a concurrent exponen-
tial increase in local heterogeneity, as well as a rapid specializa-
tion into distinct PCM and T/IT-ECM domains. Also, at this early
stage, articular cartilage develops molecular traits that are distinct
from the epiphyseal cartilage, indicating that its status as perma-
nent cartilage is already pre-determined at the inception of the
primitive matrix. We also observe the exponential matrix stiffening
and rapid specialization in the meniscus, albeit at a lower rate of
~ 20%, underscoring distinct matrix development routes for hya-
line cartilage versus fibrocartilage. Collectively, these results es-
tablish a foundation for understanding the development of native
articular cartilage and meniscus ECMs. This enables further stud-
ies to investigate how the residing cells maintain their phenotype
and metabolic activities within this rapidly stiffening matrix dur-
ing embryonic and neo-natal growth, and to query the roles of in-
dividual matrix and cellular constituents in mediating the dynamic
cell-matrix cross-talk. Such knowledge will guide the design of re-
generative strategies to recapitulate the key developmental steps in
vivo, thus effectively restoring the function of these native tissues.
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