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Abstract—The specialized pericellular matrix (PCM) sur-
rounding chondrocytes within articular cartilage is critical to
the tissue’s health and longevity. Growing evidence suggests
that PCM alterations are ubiquitous across all trajectories of
osteoarthritis, a crippling and prevalent joint disease. The
PCM geometry is of particular interest as it influences the
cellular mechanical environment. Observations of asymmet-
rical PCM thickness have been reported, but a quantified
characterization is lacking. To this end, a novel microscopy
protocol was developed and applied to acquire images of the
PCM surrounding live cells. Morphometric analysis indi-
cated a statistical bias towards thicker PCM on the inferior
cellular surface. The mechanical effects of this bias were
investigated with multiscale modelling, which revealed poten-
tially damaging, high tensile strains in the direction perpen-
dicular to the membrane and localized on the inferior
surface. These strains varied substantially between PCM
asymmetry cases. Simulations with a thicker inferior PCM,
representative of the observed geometry, resulted in strain
magnitudes approximately half of those calculated for a
symmetric geometry, and a third of those with a thin inferior
PCM. This strain attenuation suggests that synthesis of a
thicker inferior PCM may be a protective adaptation. PCM
asymmetry may thus be important in cartilage development,
pathology, and engineering.
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INTRODUCTION

Articular cartilage (AC) is an elegant natural solu-
tion to meet the harsh mechanical demands placed on
the diarthrodial joints of the musculoskeletal system.
Through an intricate solid-fluid material composition
and architecture it provides nearly frictionless lubri-
cation, improved load distribution, and exceptional
wear resistance.!’ Unfortunately, articular cartilage is
also one of the first tissues to undergo degeneration in
debilitating joint diseases such as osteoarthritis. Car-
tilage degeneration has been thought to be a result of
biochemical and/or biomechanical insult, but its initi-
ation and trajectory can vary, leading to the definition
of several disease subtypes.'>!” However, alterations
to the thin (2-4 um) pericellular matrix (PCM), a
specialized tissue region surrounding chondrocytes
(cartilage cells),'”> have been proposed as a unifying
pathological feature.?! Observations from trans-
genic>® and injury-induced*® osteoarthritic animal
models offer strong support to this hypothesis. Of
particular interest, recent experimental observations
found that PCM mechanics were altered before all
other major tissue components in the very early stages
of post-traumatic osteoarthritis (as early as 3 days post
injury).” As such, the development of therapeutic
interventions to maintain a healthy PCM may be an
ideal target to halt or slow cartilage degeneration near
its initiation.

Whereas the extracellular matrix (ECM) that com-
prises the majority of the cartilage volume is composed
mainly of collagen type II and the chondroiton-sulfate
proteoglycan, aggrecan,'' the PCM consists of type VI
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collagen and interspersed heparan-sulfate and leucine-
rich proteoglycans (such as biglycan, decorin, and
perlecan).®® The distinct structure and composition of
the PCM serve to regulate the mechanical and chemi-
cal microenvironment of the chondrocytes. Collec-
tively, the PCM and all cells it encapsulates are
referred to as a chondron. Mechanically, the PCM
attenuates high magnitude strains in the soft superficial
zone tissue and amplifies small magnitude strains in the
stiff tissue of the middle and deep zones’ such that the
cells experience deformation large enough for proper
mechanoregulation, but not so large as to exceed their
viable limits. Additionally, the unique proteoglycan
content of the PCM influences the osmotic environ-
ment of the cell,** which is known to be a strong reg-
ulator of chondrocyte physiology.'”*' Biochemically,
the heparan-sulfate side chains of the proteoglycans
help regulate growth factor secretion®'®* and the
integrin protein machinery that allow for cellular
attachment to the surrounding collagen matrix.*%>

Despite extensive studies on the biophysics and
biochemistry of the PCM, various aspects remain
unexplored. For example, microscopic studies of PCM
showed that the radial thickness is uneven around the
perimeter of chondrocytes residing in native carti-
lage.**%? Such observations may appear insignificant at
first sight, but gain intrigue with consideration that
newly formed PCM in tissue-engineered constructs
have highly uniform and symmetric thickness
(Fig. 1).13

Notably, the cells that produced this symmetric
PCM were not subjected to mechanical loading. The
hypothesis thus follows that the formation of an
asymmetric PCM may be directed by the cell in
response to mechanical stimuli translated from joint

loading; however, this has not been explored. As an
initial step, two major questions should be addressed
with regard to PCM asymmetry. Firstly, is the asym-
metry directionally dependent? Since the mechanics of
articular cartilage are both of the highest magnitude
and of the greatest variability in the superficial zone
near the cartilage surface, adaptation in PCM geome-
try in response to mechanics should be most pro-
nounced with respect to tissue depth. Secondly, if the
asymmetry is directed, what mechanical changes does
it instill? These mechanical effects of asymmetry,
should they exist, are expected to directly impact the
cell as it is the mediator of PCM formation. To explore
these questions, two study objectives were proposed:
(1) to develop and apply an imaging and segmentation
methodology for the identification and morphological
quantification of the PCM in articular cartilage con-
taining living cells, and (2) to explore the mechanical
effects of the quantified morphology through the
development and application of a modelling and sim-
ulation protocol.

METHODS

Specimen Preparation

Fresh osteochondral blocks (5 mm x 5 mm) were
excised from the load-bearing surfaces of medial fe-
moral grooves harvested from skeletally mature New
Zealand white rabbits (10-12 month-old, Napima = 6)
approved for research use by the university ethics re-
view board. The extracellular matrix (ECM) and live
cells of the AC were fluorescently stained using 16 uM
5-(4,6-dichlorotriazinyl) aminofluorescein (5-DTAF,
Ex:492 nm, Em:516 nm, Thermo Fisher Scientific Inc,

FIGURE 1. Morphologies of in situ (a) and newly-grown (b) PCM, as indicated by the yellow double arrow, are distinctly different.
PCM was located by immunostaining of type VI collagen in both cases. In situ PCM has non-uniform thickness around a cell, but
newly-grown PCM surrounds a cell with a uniform distribution (adapted from Refs. 62 and 13 with permission).
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FIGURE 2. (a—Left) Raw image showing a live cell (green) separated from the ECM (grey) by a layer of PCM (black); (a—Middle)
division of PCM layer into ‘top’, ‘side’ and ‘bottom’ layers based on cell orientation relative to the articular surface; (a—Right)
Segmented image showing the top, side, and bottom layers of PCM, (b) PCM thickness of three selected chondrons indicating that
the ‘top’ PCM layer was thinner than the ‘bottom’ layer. The chondrons and cells are outlined in red and blue colours, respectively.

Only cells in the superficial zone were considered in this study.

MA, USA) and 3uM Calcein Red/Orange AM
(Ex:577 nm, Em:590 nm, Thermo Fisher Scientific Inc,
MA, USA), respectively, in a phosphate buffered sal-
ine solution for 1h. Following the staining, the speci-
mens were washed three times in a dye-free saline
solution to remove excess dye. The blocks were then
attached to a specimen holder using dental cement with
careful alignment of the articular surface to the hori-
zontal plane. Specimens were kept hydrated in a dye-
free saline for the subsequent imaging protocol.

Multi-photon imaging protocol

The ECM and live cells with the cartilage specimens
were simultaneously imaged using a two-photon exci-
tation (TPE) imaging technique. TPE imaging was
chosen as it minimizes photobleaching artifacts and
allows for greater light penetration depth.**®> The
osteochondral specimens were scanned under an up-
right multi-photon laser scanning microscope
(FVMPE-RS model, Olympus, Tokyo, Japan) equip-
ped with a wavelength-tunable (680-1300 nm), ultra-
short-pulsed (pulse width: <120fs; repetition rate: 80
MHz) laser (InSight DeepSee-Ol, Spectra-Physics, CA,

USA) and a 25x/1.05 NA glass-corrected water
immersion objective (XLPLN25XWMP2 model,
Olympus, Tokyo, Japan). The excitation laser wave-
length was set at 800 nm. The resulting TPE signals
emitted by the ECM and live cells were simultaneously
collected in the backward (epi-) direction and sepa-
rated by a dichroic beam splitter (FF570-Di01, Sem-
rock Inc., USA), before being band-pass filtered at
wavelengths of 516 nm (FF01 518/45, Semrock Inc.,
NY, USA) and 590 nm (FFO01 610/70, Semrock Inc.,
NY, USA), respectively. A series of planar images were
acquired in the horizontal plane (xy-plane; imaging
area: 127 x 127 um?, pixel size:0.16 um; bit-depth: 12;
dwell time: 2 us) along the objective axis at 1 um
intervals. Image stacks spanned from the surface of the
articular cartilage to a depth of 50 ym. The PCM layer
can be visualized as the unstained dark region in
images constructed by the merging of the acquired
ECM and cellular signals (Fig. 2a).

Image Processing, Segmentation, and Analysis

Only chondrons containing a single cell were se-
lected for characterization. The mid-section of the
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image stack containing a chondron was used for planar
image analysis. Custom Python software utilizing
Simple Insight Toolkit’' and Visualization Toolkit*®
were developed to complete the image processing,
segmentation, and analysis tasks. Segmentation of
both the cell and the ECM from selected chondron
regions within images from each channel, respectively,
was performed using Otsu’s thresholding method.*
However, prior to this segmentation, ECM and cellu-
lar channels were processed differently. A bilateral
filter™ was applied to the regions of interest in the
ECM images, followed by adaptive contrast equaliza-
tion,>! intensity inversion, and small exponentiation of
the pixel intensities to enhance contrast. The inversion
of the image resulted in the chondron being in the
foreground. For the cellular channel, smoothing with
curvature-based anisotropic diffusion® was sufficient.
Images were converted to 32-bit floating point preci-
sion prior to all processing steps. Isocontours were
extracted from the processed ECM and cellular chan-
nels at the determined threshold values using marching
squares. These represented the boundary of the chon-
dron and cells, respectively.

The determination of PCM thicknesses from the
chondron and cellular isocontours was achieved with a
two-step process. Firstly, the directions of thickness
measurements were defined as the surface normals on
the convex hull of the chondron. Ray-casting was then
used to determine the intersection points with the
chondron and cell contours along these directions. The
thicknesses were defined as the distance between each
of these intersection point pairs. Using this technique,
measurement artifacts due to rapid curvature changes,
concavities in the contours, or large differences in local
cell and chondron contour shapes were avoided. A
total of 355 chondrons from 6 animals were used. The
quantified PCM thickness measurements were then
stratified as either ‘top’, ‘side’, or ‘bottom’ with respect
to the AC surface (‘top’) (Fig. 2a). This grouping was
based on the angular direction, 6, of thickness mea-
surement vectors relative to the cartilage surface
(0 = 0) with bins defined in Table 1.

TABLE 1. The grouping of thickness measurements were
defined by their angular direction, 0, relative to the cartilage
surface orientation (0 = 0).

Region Domain
Top Ig<
Bottom S < I
Side ;T” <0< 5%
§0<%
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Statistical Analysis

Statistical analyses were performed using SPSS
(version 25, SPSS Inc. IL, USA). The results were ex-
pressed as estimated marginal means (EMM) + 1
standard error. The mean value of PCM thickness was
analyzed for the effect of relative PCM location with
respect to cell (i.e., either top, side or bottom location
relative to the cell) using a generalized estimating
equation (GEE, under Genlin Mixed procedures in
SPSS) to take into account the correlated (measure-
ments within individual animals) nature of the obser-
vations and the unbalanced (unequal number of
analyzed cells for each animal) design of the study. All
statistical tests were performed for two-sided testing
with a type I error acceptance level, o« = 0.05. Multiple
comparisons were accounted for through sequential
Bonferroni adjusted p-values. As long as the data were
interval-type, no assumptions regarding normal dis-
tribution were necessary for the GEE statistical
method.

Modelling and Simulation

A multiscale modelling procedure was employed to
investigate the effects of PCM asymmetry. This con-
sisted of firstly, the definition and solution of a tissue
scale model. Multiple cellular scale models were then
generated with different geometries. The boundary
conditions of the cellular scale models were derived
from the solution of the tissue scale model through
linear interpolation, thus providing a coupling between
the tissue and cellular scales. This technique allowed
for investigation of cellular scale mechanics at multiple
locations in the tissue volume by simply rigidly trans-
lating the cellular scale geometries to different posi-
tions in the domain of the tissue scale model and
repeating the boundary condition interpolation. A
Python module was developed to automate this pro-
cedure.

The physics of the model at both scales were gov-
erned by the quasi-static balance of linear momentum
assuming zero body forces,

dive =0, (1)

where o is the Cauchy stress field. In articular cartilage,
both solid and fluid phases contribute to this stress
field, as described by the popular biphasic mixture
theory,

6 =6, — pi, (2)

where @, is effective or solid phase stress, p is the fluid
pressure, and i is the identity.”>*+*® Enforcing con-
servation of mass and linear momentum on the mix-
ture and fluid, respectively, leads to Darcy’s Law,



The Protective Function of Directed Asymmetry 43

w = —kgradp, (3)

where w is the fluid flux and k is the second-order
hydraulic permeability tensor, which may depend on
deformation. With the additional specification of
constitutive laws and boundary conditions, these
equations can be solved. All model solutions in this
study were obtained with the finite element method as
implemented in the open source software package,
FEBio.**

Constitutive Laws

All solid phase constitutive laws in this study adopt

a hyperelastic formulation. Here the stress-strain

relationship is defined as the derivative of a scalar-

valued strain energy function, (F(X), X), with respect

to the deformation gradient F(X). Thus, the first Piola-

Kirchhoff stress is given by,

4

P= 5 4)

Given that the strain energy function must also be

frame-indifferent, it is redefined as y(C(X), X) and it is

more convenient and common to instead consider the
second Piola-Kirchhoff stress,

oy
— 5
S 26C’ ®)
where,
C=F'F, (6)

is the right Cauchy-Green Deformation tensor, which
is frame-indifferent by construction. Isotropic strain-
energy functions can be expressed as tensor invariants
of C with,

11 =TrC (7)
2 L2
]2 _ (TVC) TrC (8)
2
I = det C 9)

defining the first, second, and third invariants,
respectively. Likewise, the Jacobian determinant,

J=detF = /I, (10)

which represents the ratio of the current volume to the
reference volume, is a common parameter. Finally, the
Cauchy stress follows from the complete push-forward
of the second Piola-Kirchhoff stress (Eq. 5),

1
=_FSFT. 11
o= (11)

Tissue Scale

A finite element model of confined compression of a
full-depth AC specimen was constructed to simulate
tissue-scale mechanics. Under confined compression
boundary conditions, strain and fluid flux are uniaxial,
so the lateral dimensions of the model are arbitrary;
therefore, a simple geometry of a thin pillar
25%x25%500 pwm in the x, y, and z directions, respec-
tively, was considered. The z direction was aligned
perpendicularly to the cartilage surface. All nodes on
lateral faces were assigned fixed displacement bound-
ary conditions for their normal components, the low-
ermost face nodes were fixed in x, y, and z
displacement, and the uppermost face nodes were
prescribed a vertical displacement of —25um (5%
nominal strain) and assigned zero fluid pressure con-
ditions, which corresponds to free-draining. The ver-
tical displacement boundary condition was linearly
ramped over a period of 5 seconds corresponding to a
constant strain rate of 17%

The solid phase constitutive law employed a com-
pressible Holmes-Mow model,*

V=50~ 1) (12)

0= Qu—2)(I—3)+ AL —3)— (A+2u)InJ
(13)

A2
=5
to describe the isotropic ground substance. Here the

Lamé parameters u and /. are related to Young’s
modulus, E, and Poisson’s ratio, v, by

(14)

E

ECET (D) (15)
E

HE Sy (16)

The collagen fibre contribution was modelled by a
continuous fibre orientation distribution function.* In
this model, the fibres solely contribute tensile stress
determined through integration of the orientation
density function in spherical coordinates weighting the
contribution of fibres in each direction,

2n n
[ — _ f(n') <
¢ /0 /0 H(I, — 1)a,(n") sin pdepdo. (17)

Here, the direction n” is related to the Cartesian basis e;
by,
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n" = cos 0sin ¢e| + sin Osin ¢pe; + cos pes, (18)
and the invariant
I,=n".Cn" (19)

corresponds to the squared fibre stretch in the direction
n’; therefore, the Heaviside function H enforces the
tension-only behaviour.'* As I, depends on C, Eq. 17
must be integrated at each solution step. The stress
contribution in each direction, o/, follows from dif-
ferentiation of the strain energy function,

Yy’ 1) = Em) (L — D, (20)
where,
E(n") = \/0052 0'sin’ ¢ N sin” 0sin® ¢ N cos2¢ (21)
& & &

" cos?0sin’> ¢ sin’0sin’¢  cos’¢ 2
ﬂ(ﬂ)—\/ A (22)

The material parameters of this model are thus, &; and
p; along with a provided local basis e;. In this study,
the exponents f5; are all set to 2.0 making fibre stress
contribution linear with fibre stretch. ¢; are varied with

Surface
0.507

0.45

0.40+

0.35

0.304

0.254

Depth (mm)

0.20-

0.15

0.05

0.00-

depth to reflect the positional change in collagen ori-
entation and thus material anisotropy in cartilage.

The fluid phase behaviour followed Darcy’s law
(Eq. 3) with deformation-dependent permeability as
defined by Holmes and Mow.>> The permeability var-
ied with volume change,

Kk = %o (ﬂ) M -1) (23)
1—¢,

In this study, o« =2.0 and M = 0.0 for all cartilage
positions, reducing the permeability change with J to

k = xo (J - (p")z. (24)

Reference permeability, kg, and solid fraction, ¢, were
varied with depth. Each layer of elements in the z
direction were assigned unique material property val-
ues based on the position of the element centroids as a
fraction of the total AC depth. Univariate splines were
used to represent this variation (Fig. 3).

Solid phase parameters were fit to data from Refs.
47 and 59 using sequential quadratic programming**->’
at each spline point. Depth-wise permeabilities were
assumed as those determined in Maroudas er al.>®
Mesh convergence analysis was performed with a dis-
cretization with 2500 linecar hexahedrons yielding a
sufficiently converged solution (Supplementary A).

Sl Fibre Direction Modulus (MPa)

0.0 02 04 06 080.0 0.1

02 03 0.4 0.001 0.002 0.603 0.004 0.10 0.15 0.20 0.25 0.30
Poisson's Ratio

Permeability(mm?*/N-s) Solid Fraction

FIGURE 3. A model of confined compression was created to simulate tissue-scale mechanics. Material properties were assigned
such that the experimentally observed depth variation was represented. (Left to Right) the discretized model, probability density
functions defining the anisotropic contribution of collagen fibres in tension, Young’s modulus, Poisson’s ratio, hydraulic
permeability, and the solid fraction as functions of depth are shown, respectively.
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Cellular Scale

A simplified geometric model of a single cell sur-
rounded by PCM and ECM materials was used to
investigate the cellular scale mechanics. The cell, PCM,
and ECM geometries were modelled as super-ellip-
soids, defined by the implicit function,

1 1 1
_x’1_|__y?_|__zlz()’ (25)
a b c

where, a, b, and ¢ are the x-, y-, and z- semi-axes,
respectively. The exponents 1, y, and { € [2, o0] define
the ‘squareness’ of the super-ellipsoid in the x, y, and z
dimensions. At the lower bound of 2 the super-ellip-
soid reduces to the ellipsoid, while as the exponents
approach infinity the shape approaches a regular par-
allelepiped. The parameters for the cell, PCM, and
ECM are summarized in (Table 2).

To investigate the effect of PCM asymmetry, 3 cases
were considered: a ‘neutral’ case with the cell concen-
tric to the PCM, a ‘thin-bottom’ case where the cell
was vertically shifted —0.1957um so that the PCM
thickness on the superior side was 50% thicker than
the inferior side, and a ‘thin-top’ case with the cell
vertically shifted 0.1957um (Fig. 4). By simply shifting
the cell upwards and downwards, the PCM asymmetry

TABLE 2. Super-ellipsoidal parameter values defining
geometries of each cellular scale region.

can be modelled while keeping all other geometrical
aspects e.g. PCM and ECM volume constant. The
ECM, PCM, and cellular regions were discretized with
a continuous mesh of linear tetrahedrons that con-
formed to the regional interfaces. This strategy
assumed perfect adhesion between regions and did not
require additional specification of contact or tie con-
straints.

The ECM was assigned the same material model
and properties as the tissue scale model through
nearest-neighbor interpolation.”> The material prop-
erties of the PCM were likewise interpolated from the
ECM, but with scaling factors (E=0.1x, v=1.0x,
B =1.0x, k= 1.25%)."%% Due to the PCM possessing
much greater solid phase porosity than the ECM, the
M and o parameters of the Holmes-Mow fluid phase
model were assumed to be zero, reducing the beha-
viour to strain-independent permeability. The cellular
membrane was modelled with multiphasic shell ele-
ments*® with thicknesses of 10 nm.? For the cellular
membrane, an isotropic, compressible neo-Hookean,®

lng(ll—s)—uanJr%(an)z, (26)

where Lamé parameters, A and p, are related to
Young’s modulus, E = lkPa, and Poisson’s ratio,
v=0.0, by Egs. 15 and 16 constitutive model, de-
scribed the solid phase. The fluid phase was modelled
with a constant, strain-independent permeability

a(m)  b(um)  c(um) 1 y { (k=7 x 1071022%) "The low membrane modulus was

Cell 6.0 3.0 20 23 23 23 ass%gned as a means to §imulate the presence of ruffles,
PCM 6.976 3.976 29175 23 23 23 which bestow a considerable slack length to the
ECM 15.03 8.566 6.286 2.3 2.3 2.3 membrane resulting in little solid phase contribu-
tion.'®3® Conversely, the membrane permeability was

assumed to be much lower than the surrounding

Thin-Bottom Neutral Thin-Top
1.54:1

Cell HPCM [ ECM

1:1.54

FIGURE 4. Three geometric cases were considered at the cellular scale: (left) the cell vertically translated by 0.1957um from the
PCM centroid resulting in the ‘thin-bottom’ PCM, (middle) the cell concentric to the PCM for a ‘neutral’ symmetry case, and (right)
the cell vertically translated by —0.1957um from the PCM centroid comprising the ‘thin-top’ PCM geometry. The ratio between top
and bottom PCM thicknesses are shown below each geometry label. A zoomed region is shown on the right to display mesh

refinement level and quality.
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2.5
2.0 1
154
1.0 1

0.5 -

0.0 - —

Thickness (pm)

Top Side Bottom

FIGURE 5. Thickness of ‘top’, ‘side’ and ‘bottom’ layers of PCM relative to a cell. The ‘top’ PCM layer was 35 - 50 % thinner than
the ‘side’ and ‘bottom’ layers. « indicates significant differences in thickness when compared with the ‘top’ layer; while 1 denotes
significant differences in thickness when compared with the ‘side’ layer. Notches indicate the 95% confidence interval in estimated

median by bootstrap method with 1000 iterations.

regions as indicated by osmotic swelling experiments.'
Finally, the cell was modelled as isotropic, compress-
ible neo-Hookean (E = 1kPa, v = 0.0) with a constant
permeability (k =1 x 1073 mN—"? .

Displacement and fluid pressure boundary condi-
tions were assigned to all surface nodes of the cellular
scale model by linearly interpolating the results of the
tissue scale model to the cellular scale nodes using the
finite element shape functions. This was done at four
tissue depths: 10, 20, 30, and 40 wmn below the AC
surface for each of the three asymmetry cases. Mesh
convergence analysis was performed (Supplementary
A) with a discretization resolution of 148,066 linear
tetrahedrons for the combined ECM, PCM, and cel-
lular volume and 4,846 linear triangles for the mem-
brane determined as sufficient.

RESULTS

Imaging and PCM Segmentation and Morphometrics

A distinct PCM region was identified for all cells
analyzed with the novel imaging and segmentation
method. When stratified into ‘top’, ‘bottom’, and ‘side’
zones (Fig. 2) significant differences were observed in
thickness. The ‘bottom’ region exhibited the thickest
PCM, which differed from both the ‘side’ (=~ 14%,
p<0.001) and ‘top’ (= 54%, p<0.001) zones. The
‘side’ zone was also significantly thicker (=~ 35%,
2<0.001) than the ‘top’ zone (Fig. 5).
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Tissue Scale Simulation

The tissue scale simulation of confined compression
to 5% nominal strain over 5 seconds resulted in sub-
stantial compaction of the superficial zone relative to
deeper tissue (Fig. 6a).

This followed largely from the much softer solid
phase properties present in the superficial zone. Since
the sole free-draining boundary was the AC surface,
fluid fluxes were also the highest in the superficial zone
(Fig. 6b).

Cellular Scale Simulations

The cellular scale simulations returned to distinct
solutions with regard to membrane deformation. At
early times dominated by fluid motion, maximum
Green-Lagrange (GL) tensile strains (equivalently the
first principal GL strains) on the bottom side of the cell
were nearly perpendicular to the cell membrane
(Fig. 7a), but oriented tangentially elsewhere. At later
times, these eigenvectors were all tangential to the
membrane surface (Fig. 7b).

The PCM geometry had a strong influence on the
perpendicularly-oriented early stage membrane strains.
The ‘thin-top’ case, which was representative of the
quantified PCM thickness, exhibited a marked reduc-
tion of approximately 50% in these perpendicularly-
oriented maximum GL tensile strains versus the ‘neu-
tral’ case. Conversely, the opposite of the observed
geometry represented by the ‘thin-bottom’ models,
showed an approximate increase of 50% versus neu-
tral. These respective membrane attenuation and
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(a) The high variability of material properties with depth resulted in large strains concentrated in the superficial zone of

the modelled tissue. While the applied nominal strain was only 5% of the total depth, axial compressive Green-Lagrange strains of
0.17 at early deformation stages (0.3 seconds) and 0.41 at the end of the deformation ramp occurred. The minimum Green-
Lagrange axial strain (maximum compressive strain) developed non-linearly over the loading interval. At early times, strain
magnitudes were low but strain rates were high. Conversely at later times, strains were high but strain rates were lower. (b)
Similarly, the fluid fluxes were highest in the superficial zone as this was the only free-draining surface in the simulations.

amplification factors of PCM asymmetry were similar
at all simulated depths (top 40um).

DISCUSSION

Asymmetric PCM thickness has been previously
observed,**¢1:%? but its angular variation around the
cells and potential mechanical significance were never
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(a) Thin-Bottom

Neutral

Thin-TOp I 0.48

I 0.00

I 0.29

1st Principal Strain

I 0.00

FIGURE 7. The spatial variation of the first principal Green-Lagrange strain of the cellular membrane exhibited two distinct forms
over the loading period. The results for simulations at the 10um depth are shown here with strain magnitude visualized as color
contour plots on the deformed cellular membrane geometry clipped at the mid-plane in the y-direction such that half of the total
membrane is seen. Strain magnitude and direction are also also visualized with line glyphs in blue. (a) At early times (0.3s)
dominated by fluid motion, high tensile strains developed that were directed perpendicular to the membrane surface on the bottom
side of the cell. These were reduced by the presence of thicker PCM on the bottom and likewise, increased when the bottom PCM
was thinner. (b) At later times when fluid motion was less dominant, tensile strains were oriented tangentially to the cellular

membrane.

questioned. Through the use of a novel non-cytotoxic
fluorescent staining preparation, multi-photon micro-
scopy, and multi-scale modelling approach this
knowledge gap was investigated. Accordingly, the
hypothesis that PCM asymmetry was the result of
adaptation to mechanical stimuli was addressed. Two
criteria for this hypothesis were proposed: 1) that the
quantified PCM asymmetry would not be random, but
rather directed, and 2) that this directed asymmetry
would have non-negligible effects on cellular mechan-
ics. Both of these criteria were satisfied. The PCM
asymmetry was strongly directed toward a greater
thickness inferior to the cell, approximately 50%
thicker than on the superior side. Likewise, this
asymmetry majorly attenuated the magnitude of a
previously unobserved but potentially dangerous state
of cellular deformation that occurred rapidly after the
onset of tissue deformation. This cellular deformation
was characterized by high magnitude tensile strains
oriented nearly perpendicularly to the cellular mem-
brane and localized to the bottom side of the cell
(Fig. 7a). In contrast, the typical cellular membrane
deformation occurring at most time points features
tangentially-oriented tensile strains that tend to uni-
formity (Fig. 7b).

The use of the recently developed multiphasic shell
element®® to model the cellular membrane was critical
for the discovery of these early-stage (occurring several
hundreds of milliseconds after load onset), perpendic-
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ularly-oriented strains. The extremely low hydraulic
permeability of the cellular membrane' (=7 orders of
magnitude less than that of the surrounding matrix)
was the principal driver of this transient mechanical
behaviour. Since fluid motion was impeded across the
membrane, it was diverted around the cells such that
fluid flux was high above the cell and low below
(proportionally fluid pressure was low above and high
below) that led to a nearly rigid vertical translation of
the cell within the PCM layer (animated video and
description in Supplementary B). This cellular trans-
lation, in turn, resulted in the development of high
tensile strains in the PCM underneath the cell, and
likewise perpendicular tensile strains in the cellular
membrane (Fig. 8).

Notably, active regulation of membrane perme-
ability, for example, through gating mechanisms of the
aquaporin molecular family®** could not be repre-
sented in these simulations but, given the large mis-
match in permeability between the membrane and the
PCM and the rapid dynamics of the system, similar
behaviour would be expected even if variable perme-
ability were considered. The magnitude of this flow-
induced cellular translation monotonically decreased
with tissue depth. Similarly, the translation occurred at
earlier times at shallower depths. These two observa-
tions were consistent with poroelastic theory, i.e., fluid
fluxes were both higher in magnitude and developed
earlier at shallower depths (spatially closer to the
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Thin-Bottom Neutral

0.00

Maximum Tensile Strain 0.14

FIGURE 8. The perpendicular tensile membrane strains observed during early deformation (Fig. 7), resulted from a nearly rigid
translation of the cell (in yellow) caused by fluid motion. The extremely low permeability of the cellular membrane prevented fluid
passage across the cell. The fluid flux was thus directed around the cell, as shown in the overlaid vector plots, resulting in an
effective drag. The underlying fringe plots of the maximum tensile Green-Lagrange strain in the ECM and PCM show the
development of tensile strain below the cell as a result of this drag. The structural stiffness of the PCM region is determined by its
thickness. A thinner PCM material has a higher structural stiffness and vice versa. For the ‘thin-top’ case, cellular translation was
slightly attenuated by the stiffer top PCM region, while the resultant tensile strain from a given cellular displacement in the thicker
lower PCM was reduced. The opposite effect occurs for the ‘thin-bottom’ case.

0.45
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0.30 —Thin-Top
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FIGURE 9. An early stage peak in 1st principal Green-Lagrange membrane strain was observed in time series plots for all
geometries and at all depths. PCM geometry had a strong influence on this value. The ‘thin-top’ case attenuated the strain, while
the ‘thin-bottom’ case amplified it. The magnitude of this strain peak monotonically decreased with depth. At the end to the
simulated time interval, when fluid motion was less dominant, all PCM geometries exhibited similar strain magnitudes. This was
also consistent with depth. All simulated depths 10, 20, 30, and 40um correspond to the superficial zone of articular cartilage in
rabbit.
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draining articular surface). This unique flow-induced
membrane strain persisted for a few hundred millisec-
onds in all simulations, after which the membrane
strains became tangentially-oriented with the magni-
tudes insensitive to the modelled PCM geometry
(Fig. 9).

The directed PCM asymmetry strongly affected the
magnitude of the perpendicularly-oriented membrane
strains during the initial onset of deformation. Models
of a ‘thin-bottom’ PCM (the opposite of the geometry
quantified from the experimental observations)
resulted in perpendicular membrane strains approxi-
mately 3 times higher than the ‘thin-top’ PCM (the
observed geometry) at all depths. Models with equal
top and bottom PCM thicknesses (‘neutral’ PCM),
which is the typical representative PCM geometry used
in numerical models of chondrocyte mechan-

Thin-Bottom

SIBOLE et al.

ics,?%?2%37 resulted in perpendicular membrane

strains that lie between 1.5 and 2 times that of the
‘thin-top” PCM. A concern arose that the imaging
procedure employed in this study exhibited a bias to-
wards a thinner PCM thickness measurement than past
studies that reported PCM thickness of approximately
3um. This concern was addressed by generating models
of the three geometric cases with the PCM thickness
proportionally increased to an average value of 3um.
The mechanical effect of PCM asymmetry was further
enhanced in simulations with these scaled geometries;
such that the perpendicular membrane strains found in
the ‘thin-bottom’ PCM increased to 5 times those of
the ‘thin-top” PCM (Fig. 10).

Interestingly, the overall PCM thickness has been
observed to increase with osteoarthritis progres-
sion.*>" The increased effect of PCM asymmetry in

Neutral

1.25

1st Principal Strain

1st Principal Strain

1.2
—— Thin-Bottom

— Neutral
—— Thin-Top

15 2
Time (s)

25 3 35 4 45 5

FIGURE 10. Simulations with the PCM thickness scaled to 3um, while maintaining the same asymmetry ratios, exhibited similar
behaviour in the 1st principal Green-Lagrange strain of the cell membrane. The 1st principal strains are shown at the time points
when they were maximal for each symmetry case represented with both line glyphs in blue and contour plots of strain magnitude
on the the cellular membrane geometry clipped at its midsection. These cellular scale models were located at 13um from the tissue
top surface; the shallowest depth simulated for the scaled case. The attenuation effects on tensile strains perpendicular to the
membrane of a thicker PCM beneath the cell were even more pronounced for this scaled geometry. The ‘thin-bottom’ case
exhibited nearly 4x higher strains than the ‘thin-top’ case. The lower-right panel shows the highest value for the 1st principal
Green-Lagrange strain at all time points of the simulation. There was a temporal shift in the early time peaks between asymmetry
cases with the maximum occurring for the ‘thin-bottom’ case at 0.8, the ‘neutral’ case at 0.6, and the ‘thin-top’ case at 0.5 seconds,

respectively.
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the scaled models may thus have important implica-
tions for cellular mechanics in diseased tissue; partic-
ularly, if the asymmetry ratios remain similar.
Regardless, both the results of the simulations with
original and scaled geometries indicate that synthesis
of thicker PCM beneath the cell may be a mechanical
adaptation to reduce the perpendicular membrane
strains. The question thus follows, how may the
development of such a strain state be undesirable or
dangerous to chondrocyte integrity?

It is known that the chondrocyte membrane can
withstand high tangentially-oriented membrane strains
through unfolding of its ruffled structures.'®*® How-
ever, it may not have such exceptional resilience when
exposed to the localized perpendicularly-oriented
strains revealed in these simulations. Indeed, such
strains may have profound effects on cellular attach-
ment to the surrounding environment through, for
instance, focal adhesions (FAs). Formation of FAs is
mediated by transmembrane proteins called integrins
that connect the cellular cytoskeleton and the PCM.
FAs provide one avenue for cells to effectively sense
and respond to their local mechanical environment and
are critical to normal homeostasis.*®>® However, FAs
are among the weaker components in the cell attach-
ment machinery as shown by experiments with cells
exposed to fluid-induced shear stress.'® Some parallels
may also be drawn from measurements using atomic
force microscopy to pull the membrane perpendicu-
larly with nanotube membrane tethers, which showed a
strong rate dependence.’> In that study, membrane
nanotubes remained attached for much greater pulling
lengths when the pulling rate was low. This behaviour
was hypothesized to result from viscous effects pre-
venting the membrane from unfolding quickly enough
during the high rate pulls causing high forces at the
tethers leading to earlier detachment. Analogously,
high strain rates during the development of the per-
pendicular membrane strains in the current study may
also prevent access to the membrane unfolding and
high forces at the FAs, possibly leading to detachment.
Other cell-matrix interactions, such as calcium acti-
vated adhesions (cadherins) mediated by the CD44
antigen, may also be interrupted by the perpendicular
membrane strain. Loss of these cell-matrix interactions
often negatively impact the metabolism of the carti-
lage.”” The presented simulation results suggest that an
increased PCM thickness underneath the cell reduces
both the perpendicular membrane strain magnitude
and its rate, analogous to the pulling length and pull-
ing rate of the nano-tether experiments, respectively. In
addition to the interruption to cell-matrix interactions,
the localized high magnitude tension may lead to
membrane rupture; however, this statement would
need further investigation especially for the case of

cells in situ. The continuum mechanics modelling em-
ployed here, while providing hints to the underlying
phenomena, lacks the scope and resolution to explore
the localized mechanics of focal adhesion. In the fu-
ture, molecular dynamics experimentation and mod-
elling aimed at protein-lipid bilayer physics may be
warranted to further illuminate the mechanics at the
nano-scale of FAs.”’

Additional evidence for asymmetrical PCM adap-
tation in cartilage may have been overlooked in past
studies. For example, the transmission electron
micrograph in Fig. 2 of Moo e al.*® (Supplementary
D), shows a clear bias towards membrane ruffle for-
mation on the inferior side of the cell. While a single
micrograph is anecdotal, an extended analysis for
ruffle asymmetry in the full dataset of this work would
be of great interest. Intuitively, such membrane
asymmetry may be a co-adaptation along with PCM
thickness asymmetry to the perpendicular membrane
strains herein discussed.

The utilized sample preparation and imaging pro-
tocol offers several advantages over past methods.
Previous investigations of PCM geometry were limited
to immunochemical staining approaches that required
tissue fixation, which invariably leads to total cell
death and alteration of the tissue mechanical proper-
ties.**#¢1%2 Here, the dual-labeling technique using low
concentration 5-DTAF aminoflourescein and calcein
red/orange AM for the ECM and cells, respectively,
allowed for probing of live tissue with minimal changes
to bulk mechanical properties.> Although DTAF
binds non-specifically to many types of collagen,®® the
difference in local concentration of total collagen in the
ECM vs the PCM allowed for the detection of the
PCM layer as a region with low fluorescence intensity
(Fig. 2, see also Supplementary C for more details).
Nevertheless, the average measured thickness of the
PCM (1-2 um) were consistently less than those
observed with immunostaining (2—4 um). This is due to
the diffuse, radial variation of collagen content away
from cells, and the hard boundary determined for the
PCM region through application of a consistent seg-
mentation protocol (see Methods). As the main
objective of this study was to morphometrically
quantify PCM asymmetry, this systematic underesti-
mation of PCM thickness, was of less concern because
the ratios in thickness were expected to remain similar.
Alternatively, this imaging protocol could be used to
quantify the variation in collagen content transitioning
radially from the cell to the ECM through considera-
tion of the level-set variation of image intensity.

There are limitations to this study that need to be
considered for proper interpretation of the presented
results. The quantification of PCM asymmetry was
limited to superficial zone cells and a single species.
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The method, however, can be easily applied to cells of
other zones and in different species. An investigation
into the PCM asymmetry for cells in other zones is a
critical next step. Under the assumption that the cel-
lular motion induced by high fluid drag near the AC
surface generates perpendicular membrane strains and
leads to an asymmetry adaptation, it should follow
that cells farther from the surface will exhibit less
asymmetry bias. Should such a trend with AC depth be
observed, it would further support the proposed
adaptation hypothesis. The confined compression
boundary conditions assigned for the tissue scale sim-
ulations are not representative of physiological loading
of cartilage. The confined compression condition will
result in higher fluid fluxes at the top surface and
higher fluid pressurization of deeper zones than the
opposite extreme of unconfined compression. The
physiological loading of cartilage lies somewhere
between these two extremes. Similarly, the magnitude
and rate of the compression in the tissue scale simu-
lations (5% at %) was lower than physiological.
Investigating the hypotheses reported here for more
physiological tissue scale mechanics is certainly war-
ranted. Likewise, at the cellular scale, idealized geom-
etry representative of PCM asymmetry on average was
considered. This allowed for systematic investigation
of the asymmetry effects, but may not reflect the be-
haviour of realistic cellular and PCM geometry.

The assignment of PCM material properties as
scaled values of the corresponding local ECM
parameters was a modelling design choice. It has been
well established through measurement with atomic
force microscopy that the PCM is mechanically softer
than the local ECM,'?>%% and that this relative differ-
ence in elastic modulus has strain modulation effects
on the cell.” However, the proportionality of the PCM
properties to the surrounding ECM may have strong
influence on such mechanical modulation. While the
intent of this study was to assess the geometric con-
sequences of the PCM, additional investigation of
assumed scaling factors of the PCM to the ECM would
also be of value.

Characterization in pathological tissue and quan-
tification of local mechanics using non-destructive
photobleaching of a grid to aid deformable image
registration at different stages of progression would
also be of interest. Likewise, once better understood,
the addition of a PCM asymmetry metric in histolog-
ical analysis and grading may be of merit. The defor-
mation behaviour of the PCM may also be evaluated
using a optico-mechanical testing system and deform-
able image registration.®® In the realm of tissue engi-
neering, encouraging appropriate PCM asymmetry
may be a currently unexplored but useful strategy for
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producing a yet-to-be-realized functional AC substi-
tute.

CONCLUSION

While additional investigation of PCM asymmetry
beyond this initial work is certainly warranted, the
current findings hold substantial weight. The asym-
metry in PCM thickness between top and bottom
regions was of considerable magnitude (54%), estab-
lished from a large sample (355 chondrons), and of
high statistical confidence (p <0.001). The membrane
mechanics calculated with the modelling and simula-
tion protocol were likewise persuasive, with the strain
magnitudes approximately halved in the models with
observation-based asymmetrical geometry versus those
with a symmetrical PCM. This strong geometric effect
along with the discussed biophysics-based dangers to
lipid membrane integrity and FA attachments further
reinforce the potential for PCM asymmetry having a
cellular protective role. In light of these experimental
and simulated observations, it is concluded that PCM
asymmetry may very likely play a critical role in
chondrocyte and tissue health and merit further
investigation and scrutiny.
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