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Abstract

Motivated by the conceptual framework of multi-scale biomechanics, this narrative review
highlights recent major advances with a focus on gait and joint kinematics, then tissue-level
mechanics, cell mechanics and mechanotransduction, matrix mechanics, and finally the nanoscale
mechanics of matrix macromolecules. A literature review was conducted from January 2014 to
April 2015 using PubMed to identify major developments in mechanics related to osteoarthritis
(OA). Studies of knee adduction, flexion, rotation, and contact mechanics have extended our
understanding of medial compartment loading. In turn, advances in measurement methodologies
have shown how injuries to both the meniscus and ligaments, together, can alter joint kinematics.
At the tissue scale, novel findings have emerged regarding the mechanics of the meniscus as well
as cartilage superficial zone. Moving to the cell level, poroelastic and poroviscoelastic
mechanisms underlying chondrocyte deformation have been reported, along with the response to
osmotic stress. Further developments have emerged on the role of calcium signaling in
chondrocyte mechanobiology, including exciting findings on the function of mechanically
activated cation channels newly found to be expressed in chondrocytes. Finally, AFM-based nano-
rheology systems have enabled studies of thin murine tissues and brush layers of matrix molecules
over a wide range of loading rates including high rates corresponding to impact injury. With OA
acknowledged to be a disease of the joint as an organ, understanding mechanical behavior at each
length scale helps to elucidate the connections between cell biology, matrix biochemistry and
tissue structure/function that may play a role in the pathomechanics of OA.
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Introduction

Methods

During the past decade, the concept of multiscale modeling has come to the forefront of
many areas of engineering. Multiscale modeling in biomechanics focuses on describing the
complex mechanical behavior of organisms at multiple length and time scales (e.g., organ,
tissue, cells, molecules) and the resulting effects of mechanical forces on cell responsel2.
This conceptual framework has gained increasing traction in musculoskeletal systems: while
osteoarthritis (OA) is acknowledged to be a disease of the entire joint as an organ,
macroscale mechanical forces associated with joint kinematics and aspects of gait are
ultimately translated into nanoscale forces at the level of individual extracellular matrix
(ECM) and cytoskeletal macromolecules3. Mechanical failure at the molecular level can
eventually lead to joint-level pathology. At the cell-level microscale, both normal
physiologic and pathologic overload forces are known to regulate cellular responses in
essentially all musculoskeletal connective tissues. Thus, multiscale modeling approaches
now aid in the estimation of forces that occur at the cell level by combining data from joint
imaging and gait analyses with measurements of tissue biomechanical properties*°.
Motivated by this conceptual framework, this narrative review of the past year's research in
mechanics has been structured with an overview, first, of gait and joint kinematics, then
tissue-level mechanics, cell mechanics and mechanotransduction, matrix mechanics, and
advances in molecular mechanics of the ECM (schematized in Fig. 1).

PubMed was initially searched from approximately January 2014 through April 2015 with
search terms including (“mechanics” OR “biomechanics” OR “mechano” OR “load”) AND
(“osteoarthritis” OR “OA™), giving 176 results. Subtopic searches included cartilage
mechanics and osteoarthritis; mechanobiology and osteoarthritis; subject-specific
osteoarthritis; ACL (“osteoarthritis” or “OA”) biomechanics. Tables of contents from
relevant journals during this time period were also reviewed. All of the abstracts from the
articles in the search were reviewed, and 164 full texts were selected for consideration.

Gait and Joint Kinematics

Knee loading during gait is a critical factor associated with the progression of OA®%-9,
Decreasing the external knee adduction moment (KAM) has been the focus of interventions
to reduce joint loading%-12. Recent studies suggest, however, that the external knee flexion
moment (KFM) also plays a significant role in medial compartment loading3-15, This past
year, Chehab et al.16 investigated both moments — KAM and KFM — in a 5-year prospective
study of 16 patients with medial knee OA, testing the hypothesis that knee cartilage changes
are associated with baseline KAM and KFM during early stance. As part of this study,
cartilage thickness and changes in medial-to-lateral thickness ratio (MLTR) were measured
using magnetic resonance imaging. Findings indicated that the medial compartment load is
best approximated by a combination of KAM and KFM, rather than KAM alone.
Specifically, the authors concluded that KAM is implicated more in femoral cartilage
changes (as measured by changes in MLTR) and in subjects with more severe OA, while
KFM has a greater influence on tibial cartilage thickness and subjects with less severe OA.
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These findings further indicated that interventions solely reducing KAM may be insufficient
and, in fact, reducing KAM at the expense of an increased KFM may be detrimental to
patient outcomes.

Interestingly, Adouni et al.1” used a musculoskeletal model of the lower extremity based on
kinematics at gait midstance and suggested that the partitioning of contact loads in the
tibiofemoral compartment is strongly influenced by knee adduction angle. Specifically, they
showed that a 1.5° drop in adduction angle reduced the medical contact force by 12% and
the medial/lateral load ratio by 80%, while a 50% decrease in the KAM decreased those
same measures by only 4% and 13%, respectively, thus emphasizing the role of joint
adduction rotation. Adouni et al.18 examined how OA-associated alterations in rotations and
moments at the lower extremity joints influenced muscle activation using a validated knee
finite element (FE) model. Their investigation revealed that muscle forces decreased at
nearly all stance periods of gait in severe OA patients compared to normal controls.
Increases in tissue strains observed in severe OA patients were partly associated with
kinematics of gait and partly due to deterioration of biomechanical properties of cartilages
and menisci.

The availability of new computational algorithms for complex 3-D joint contact mechanics
was recently summarized by Ateshian et al.1? In this regard, numerical FE methods have
relaxed the need for modeling assumptions such as small strain, linear behavior of tissues.
Such contact analysis approaches can also predict variations in strain within cartilage layers
based on multiphasic material representations. These methodologies could hopefully lead to
patient-specific analysis and treatment from readily obtainable medical imaging datal®. As
an example, Henak et al.20 used subject-specific FE modeling to evaluate the chondrolabral
contact mechanics of human hips with acetabular dysplasia (a major predisposition of hip
OA). Findings showed that the labrum plays a much larger role in dysplastic hips than in
normal hips. Specifically, the labrum in patients with dysplasia experiences loads 2.8-4
times greater than normal hips. The study strongly supported the conclusion that the labrum
should be preserved during surgery in patients with acetabular dysplasia.

Tissue Injuries Alter Joint Kinematics

Moore and Burris?! studied the spatial and location-dependent tribological and material
properties of the bovine stifle cartilage. Their results showed significant differences in
cartilage properties by region, which supports the notion that injuries (such as ACL or
meniscus tears) that alter joint loading patterns can lead to OA progression by loading of
underprepared cartilage. With an eye towards the effects of injured menisci on contact stress
patterns in the joint, Wang et al.22 measured regional contact stresses experienced by
articular cartilage and menisci in 12 human cadaveric knees subjected to multi-directional
loads mimicking gait. To accurately simulate gate, the investigators developed a normalized
cross-correlation algorithm applied to contact stresses on the tibial plateaus. Their results
demonstrated that the medial and lateral menisci carry loads at different points in the gait
cycle: the posterior aspect of the medial meniscus distributed load only during the early
phase of stance, while the posterior aspect of the lateral meniscus distributed load during
both the early and late phases of stance. In a complementary study of the function of the
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medial meniscus in force transmission and stability, Walker et al.23 studied 10 normal knees
subjected to compression alone, compression and anterior shear, or compression and
posterior shear. Depending on the type of load, they found that, on average, 58% of the load
was transmitted through the meniscus and the remaining 42% through the uncovered
cartilage. These insights concerning contact mechanics of uninjured knees prove very
helpful in identifying abnormalities that can exist in injured knees, with the hope of better
understanding the pathomechanics of post-traumatic osteoarthritis (PTOA).

Anterior cruciate ligament (ACL) tears are often accompanied by meniscus tears, though
many studies have examined isolated meniscus and isolated ACL injuries separately. To test
hypotheses relating such joint injuries to joint kinematics in vivo, investigators continue to
use state of the art dual (biplanar) fluoroscopic imaging in conjunction with MRI. Hosseini
et al.24 examined knee kinematics during stair climbing of 21 patients prior to undergoing
ACL reconstruction. Five patients had isolated ACL injuries, eight patients had combined
ACL and medial meniscus injuries, and eight patients had combined ACL and lateral
meniscus injuries. The authors concluded that combined ACL and meniscus injuries altered
the kinematics of the knee joint in a different way than that caused by ACL injury alone, and
that future research focus on interventions for patients with combined ACL and meniscus
injuries to protect the knee from abnormal kinematics that could lead to cartilage
degeneration. Carter et al.2° investigated in vivo tibiofemoral contact strain patterns during
quasi-static lunges and biomarkers in the synovial fluid of patients with isolated medial
meniscus tears. Using biplanar fluoroscopy, they found that cartilage strains increased at
maximum flexion angle in the injured knee as compared to the contralateral control.
Furthermore, matrix metalloproteinase (MMP) activity was correlated with cartilage strain at
maximum flexion angle. These findings suggested a possible mechanism by which injurious
strain, when combined with upregulated MMP activity, could progress to PTOA.

Animal models of combined meniscus and ligament injuries have also been pursued.
Fischenich et al.28 examined changes in meniscal mechanics and proteoglycan content after
combined ACL and meniscus injury in a 12-week rabbit model. In this study, the combined
injury resulted in significant decreases in meniscus elastic modulus and GAG coverage over
time. The authors noted that there were no similar ACL transection-alone studies that
measured the mechanical properties of the meniscus, but they hypothesized that the effects
of the combined injury likely amplify the development of OA. Thus, future research was
suggested on the effects of such combined joint tissue injuries.

Tissue Mechanics

This past year, particular attention focused on regional variations in the biomechanical
properties of various musculoskeletal tissues. For example, it is well known that the
equilibrium and dynamic compressive moduli of articular cartilage increases with depth
from the superficial zone (SZ) towards the deep zone of the tissue, in direct correlation with
the depth dependent composition and ultrastructure of the tissue's ECM. Given the
importance of SZ in articulation, lubrication and the initiation of OA-like pathologies,
particular attention has been paid to this region of cartilage?” regarding development and
function. Gannon et al.28 hypothesized that immature cartilage lacked a functional SZ and,
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therefore, removal of the SZ would cause a decrease in the dynamic modulus only in mature
cartilage. Using osteochondral cores from the medial and lateral ridges of the femoropatellar
grooves of different-aged porcine knees, they found that cartilage SZ dramatically adapted
with age, thereby playing a key role in determining the tissue's dynamic compressive
stiffness.

Hosseini et al.2 used a previously validated fibril-reinforced cartilage swelling model
accounting for the depth-dependence of collagen structure and composition to simulate data
from channel-indentation tests that highlighted the role of SZ in cartilage load distribution.
They found that the tangential fibers of the SZ served to transfer compressive loads from
directly loaded regions to adjacent regions of the tissue. Thus, SZ tissue is able to recruit a
larger area of deep zone cartilage to carry compressive loads. This finding is particularly
relevant to explain, in part, why fibrillation of the SZ can accelerate cartilage degradation.
Removal of SZ during arthroscopic debridement should therefore be approached with
caution due to biomechanical consequences on surrounding cartilage. To further explore the
role of SZ collagen fibrils on the compressive properties of cartilage, Grenier et al.30 used
collagenase to degrade collagen (with associated removal of proteoglycans) at the surface of
cartilage explants to yield an early-stage OA-like phenotype. Surface fibrillation and
accompanying proteoglycan removal increased the apparent hydraulic permeability and
decreased both the instantaneous and equilibrium confined compression moduli of cartilage
SZ and middle zone. In a related sets of experiments, Griffin et al.31 examined the effects of
collagenase and trypsin treatments on microscale changes in the shear modulus of cartilage
plugs. Confocal reflectance micrographs revealed increasing collagen degradation caused by
collagenase, but not by trypsin, but both treatments caused GAG loss, decreases in the
dynamic (viscoelastic) shear modulus, and increased energy dissipation confined to the
upper 400 pm of SZ tissue, as assessed by confocal strain mapping. These findings are
consistent with previous reports32:33 that loss of aggrecan-GAGs causes a decrease in the
shear modulus of cartilage, even when the collagen network is undisturbed. The authors
noted the importance of measuring cartilage properties at a local microscale level, given the
inhomogeneous nature of the tissue. In a complementary study, Mansfield et al.34 used
multiphoton microscopy to visualize microscale strains in cartilage SZ, and second
harmonic generation to visualize the collagen fibril network. They observed heterogeneous
microscale deformations, with shearing between different regions of collagen under tensile
strain, corrugations in the articular surface, and a nonuniform distribution of strain in the
axial direction. Further exploring depth-dependent collagen orientation on cartilage shear
behavior, Silverberg et al.3° used confocal elastography, polarized light microscopy and
Fourier-transform infrared imaging to relate tissue shear properties to collagen fiber
orientation and concentration. They reported a strong correlation between the magnitude of
the complex shear modulus and collagen concentration, and proposed that the collagen
network in cartilage is near a percolation threshold: very small changes in collagen density
correlated with large changes in shear modulus.

Others investigators have worked to model OA-related processes computationally36-38. This
is a challenging process, since loading events occur on the time scale of milliseconds-to-
minutes while cartilage degradation takes place over years (hence, the need for multi-scale
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modeling). Woodhouse et al.38, for example, modeled mechanically induced degeneration of
cartilage using a two-component poroelastic model with a flow restricting boundary
condition which accounts for tissues, e.g., the meniscus, which can provide resistance to
fluid flow at the superficial surface, unlike a traditional free-flow condition. They modeled
short-term consolidation including depth-dependent properties associated with the depth-
dependent increase in aggrecan concentration. In parallel with experimental studies, several
poroelastic modeling approaches have focused on cyclic loading, incorporating aggrecan
concentration-dependent hydraulic permeability3? and fibril-reinforced anisotropy3’+40, with
applications to normal and OA-like degeneration. Taken together, these modeling studies
demonstrate the importance of understanding cartilage consolidation and intra-tissue
pressure distributions that occur during cyclic joint loading, with relevance to walking, other
joint movements, and the types of cyclic motions may exacerbate degradation of OA
cartilage.

The biomechanics of meniscus has received great attention this past year: a recent special
issue of the Journal of Biomechanics was devoted to the Biomechanics and Mechanobiology
of the Meniscus. Of particular interest, Wheatley et al.*1 examined the stress relaxation
properties of menisci 12 weeks after traumatic knee injury in a rabbit PTOA model using
macroscopic displacement-controlled indentation. They used a transversely isotropic, hyper-
poro-viscoelastic constitutive formulation incorporated into a FE model to fit their data.
Injury caused a decrease in tissue stiffness, an increase in the rate of relaxation, but no
change in the total extent of relaxation. Interestingly, this study was the first to examine
differences in relaxation rate between healthy and injured rabbit menisci, incorporating both
poro- and viscoelastic properties of the meniscus.

Nanomechanical atomic force microscopy (AFM)-based indentation has also been applied to
characterize properties of the meniscus. Kwok et al.42 used 5 um diameter spherical AFM
probe tips and estimated the Young's modulus of the outer, middle and inner regions of
normal, aged and degenerated human menisci using force-displacement indentation curves.
Their results showed distinct regional nanomechanical profiles underlying age-dependent
tissue degeneration and OA. Li et al.*3 reported the first use of AFM-based nanoindentation
to characterize the properties of murine menisci. Using 10 um diameter spherical AFM
probe tips and 6- to 24-week old male C57BL/6 mice, they observed a linear (non-Hertzian)
force-depth behavior attributed to the tensile resistance of the collagen fibril bundles of the
meniscus surface. In addition, the effective stiffness was dependent upon the rate of
indentation, likely due to poroviscoelastic behavior. The ability to perform such tests on
exceedingly small murine samples may open the door to studies associated with murine
developmental biology and OA models.

Cell Mechanics

During the past decade, experimental measurements of equilibrium and time-varying moduli
of single cells have utilized several techniques including micropipette aspiration and AFM-
based nanoindentation. Time-dependent stress relaxation data have been modeled in terms
of flow independent viscoelasticity** and, more recently, poroelastic models emphasizing
the importance of intracellular fluid-solid frictional interactions*®. This past year, the strain
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rate dependence of the stress relaxation behavior of primary chondrocytes*6 and the
frequency dependence of the dynamic oscillatory stiffness of individual bone marrow
stromal cells*’ have both been attributed to intracellular poroelastic and/or poroviscoelastic
mechanisms. These recent results present interesting hypotheses relating deformations of
fluid-filled intracellular cytoskeletal network to deformation of the fluid-filled ECM in
tissues that can sustain high strain under dynamic joint loading conditions. The pericellular
matrix surrounding chondrocytes provides a distinct biomechanical and biochemical link
between the cell and the ECM. Wilusz et al.*8 have nicely reviewed current progress on the
measurement of PCM mechanical properties to further increase our understanding of PCM
function.

Cellular structures such as primary cilia can serve as mechanotransducers of signals that lead
to changes in the mechanical properties of the tissue's extracellular matrix. It was previously
reported that transgenic mice whose chondrocytes lacked primary cilia experienced an
upregulation of OA markers and developed OA-like cartilage?®; however, an analysis of the
cartilage's mechanical properties had not been performed. Irianto et al.%0 reanalyzed the data
from microindentation of tibial plateau cartilage of transgenic and wild type control mice4®
(~180 um diameter impermeable plane ended indenter) and found a decrease in both the
instantaneous and equilibrium moduli of cartilage in transgenic animals, especially in deep
zone tissue, suggesting the potential importance of primary cilia to development. At the
same time, cartilage tissue lesions can change the microenvironment of cells and thereby
induce catabolic signaling®!. Moo et al.>1 applied displacement controlled compression
stress relaxation tests to bovine osteochondral cores and measured cell deformation using
dual-photon microscopy. Combining FE modeling with experimental data, they found that
chondrocytes near lesions (cut surfaces) deformed less axially than cells in intact ECM in
equilibrium. However, cells near lesions experienced large tensile strains in the principal
height direction which, taken together, were hypothesized to elicit catabolic responses near
the lesion. In a related study, Guo et al.>2 used a hyperelastic biphasic model to predict
changes in cell microenvironment within cartilage disks subjected to unconfined
compression. They found changes dependent on both depth and radial location:
chondrocytes in the mid-radial location had increased volume during the early stage of
loading.

Changes in cell volume have also been hypothesized to play a significant role in
glycosaminoglycan (GAG) synthesis®3:>4. Gao et al.5® proposed a model to describe this
volume-dependent GAG synthesis, and their study showed the possibility of identifying the
effects of both osmotic and mechanical loading conditions for isolated cells as well as cells
within a matrix. Chondrocytes are known to increase their water content in response to
hypo-osmotic conditions®6. Cell volume then decreases by extrusion of water and solutes,
and this adaptive mechanism is called regulatory volume decrease (RVD). It has been
reported that hypo-osmotic challenge results in significant decreases in chondrocyte
stiffness®’. Wang et al.>8 presented novel findings that hypo-osmotic challenge causes
changes in the cells' mechanical properties only when RVD is activated, and that RVD is
only activated by sudden hypo-osmotic challenge. A gradual decrease in osmolality, as is the
case with the development of OA (i.e., loss of GAG), is unlikely to activate these
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mechanisms and subsequent mechanical changes. Thus, these findings have direct
implications to interpreting chondrocyte response to hypo-osmatic conditions as they may
relate to OA.

Mechanotransduction

Calcium signaling has been a focus of several chondrocyte mechanotransduction studies this
past year. Lee et al.>9 reported a number of exciting findings related to the Piezol and
Piezo2 cation-permeable mechanically activated ion channels which had been identified
previously in several cell types®0:61, First, they found robust expression of both Piezo1/2 in
primary porcine chondrocytes. In addition, they observed that co-expression of Piezo1/2
could sustain mechanically induced Ca2* influx. Then, using tipless AFM cantilevers, high
compressive strains applied to chondrocytes evoked Ca2* transients that could be inhibited
by GsMTx4, a piezo-blocking peptide from tarantula venom, and by Piezol- or Piezo2-
specific sSiRNA. Pre-incubating porcine cartilage explants with GsMTx4 also inhibited cell
death around a biopsy wound induced by injurious cutting into the cartilage. Based on these
results, Lee et al. hypothesized that this approach could attenuate piezo-mediated cartilage
mechanotransduction caused by injurious strains, leading to a potential therapeutic target for
PTOAS,

Madden et al.%2 suggested that calcium signaling is different in intact cartilage compared to
isolated chondrocytes. They dynamically loaded rabbit femoral condyle and patellar bone-
cartilage samples that were incubated in calcium-sensitive dyes and imaged continuously
under 10-40% compression in situ. Calcium signaling played a larger role in dynamic, as
opposed to static, loading of intact cartilage, particularly above a threshold tissue strain of
10%. Hdud et al.53 examined the contribution of ERK1/2 and p38 MAPK signaling to the
regulation of two osmolyte channels (transient receptor potential vanilloid 4 (TRPV4) and
large conductance Ca2* activated K+ channel (BKcy)) in response to osmotic pressure
changes, motivated by the known changes in osmotic stress caused by mechanical loading.
Their results showed that the TRPV4 channel contributes to early stages of hypo-osmotic
stress and the BK ¢, channel responds to elevated intracellular calcium, as regulated in part
by activation of ERK and p38. In a complementary study, Zhou et al.54 compared the effects
of treadmill exercise loading on normal rats versus rats that were orally administered with
monosodium iodoacetate (MIA) to induce OA-like cartilage changes. Using
immunohistochemical analyses, they found that treadmill loading decreased protein
expression of TRPV5 cation-selective channels in chondrocytes isolated from normal
cartilage, channels that mediate CaZ* transmembrane transport. A similar trend was found in
chondrocytes from MIA-OA cartilage. We note, however, that this latter finding resulted
from orally administered MIA rather than the commonly used, less toxic approach via intra-
articular (i.a.) injection; repeating with i.a. injection would thus be informative.

While the majority of studies on mechanotransduction summarized here highlight the effects
of compressive or osmotic stress, complex 3-D loading of cartilage in vivo results in
significant tensile strains as well. Bell et al.55 devised new techniques based on nonlinear
microscopy combined with tensile loading to detect the strain distribution in strips of adult
equine metacarpophalangeal cartilage at the scale of individual cells. They found that
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anisotropies in the collagen network at the cellular scale gave rise to significant variations in
the distribution of strain. A systematic review of the effects of cyclic strain on chondrocyte
metabolism was recently published by Bleuel et al ¢ accounting for the range of values of
strain and frequency used in various studies. They reported that short term (2hr), low
frequency (0.17 Hz), low strain amplitude (<3%) elicited little or no cellular response, while
moderate (3—10%) strain amplitudes at frequencies up to 0.5Hz for 2-to-12hr typically
resulted in anabolic responses. However, above a threshold strain of 10% at 0.5Hz, for 12hr
of loading, catabolic events predominated. Interestingly, for compression, Li et al.57
previously found that moderate dynamic compression of cartilage explants inhibited the pro-
catabolic response of cartilage to compressive mechanical injury in the presence of TNF-a
and IL-6, but dynamic strains above a threshold (in this study, 30% strain amplitude)
accentuated cartilage degradation in the same inflammatory environment. Thus, cyclic
tensile and compressive deformations both appear to be palliative at low amplitude, but
degradative above a strain amplitude threshold.

Above-threshold impact injury is also known to cause apoptotic cell death within intact
cartilage. Jang et al.58 found that mechanically induced cell death required integrin
activation and signaling. They concluded that inhibition of focal adhesions could ameliorate
cell death by disrupting mechanisms associated with transmission of extracellular strains to
the intracellular cytoskeleton. Waterset al.5% examined the effect of cartilage impact injury
on the release of biomarkers, with particular attention to strain and strain rate. They found
that cell viability, tissue thickness, and GAG and PGE, release after impact were primarily
peak strain dependent, while a prolonged release of PGE, was dependent upon the strain
rate.

Extracellular Matrix and Molecular Mechanics

While mouse models continue to reveal critically important biological disease mechanisms,
correlative studies of murine tissue biomechanics have been hampered by the difficulty of
measuring the properties of such small, thin tissues. However, progress was made this past
year in adapting AFM-based nanoindentation methods to characterize the broad-spectrum
dynamic as well as quasi-equilibrium biomechanical properties of murine knee
tissues#3.70.71 In one study, Batista et al.”® used nanoindentation to quantify the
biomechanical properties of femoral condyle cartilage in mice with deletion of
chondroadherin (CHAD), a small leucine rich protein in the ECM. Deletion of CHAD
previously revealed no observable OA-like phenotype’2. However, nanoindentation revealed
a ~70-80% reduction in the effective indentation modulus of CHAD-/- superficial zone
cartilage compared to wild type (WT) controls at ages 11 weeks, 4 months and 1 year. The
presence of significant rate dependence of the indentation stiffness in both WT and CHAD—-/
- knee cartilage suggested the importance of both fluid flow induced poroelasticity and
intrinsic viscoelasticity in murine cartilage biomechanical properties. While CHAD is not a
load-bearing ECM macromolecule, these results were consistent with the long-standing
hypothesis of Dick Heinegard and his group that CHAD (and other “minor” ECM
components) can play major roles in the assembly and function of cartilage ECM. While an
OA-phenotype had not yet been explicitly identified in these animals, these results suggest
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that AFM-based nanoindentation is a very sensitive tool that can show the earliest changes
in cartilage mechanical properties that may be a precursor to progression of OA.

Nia et al.”! adapted a recently developed AFM-based nano-rheology system to probe the
dynamic nanomechanical properties of murine cartilage over the wide frequency range of
1Hz to 10kHz relevant to running, jumping and high impact loading rates’3. Using a fibril-
reinforced poroelastic model, they found that fluid—solid interactions were more sensitive
indicators of loss of mechanical function, caused by chondroitinase-ABC-induced GAG
depletion, compared to the quasi-equilibrium Young's modulus more commonly assessed
via force-displacement AFM-based nanoindentation tests. The fluid-flow-dependent
hydraulic permeability increased by ~16-fold and the high frequency modulus was
substantially reduced by GAG depletion, while the equilibrium Young's modulus was only
slightly (but not significantly) decreased. This measurement methodology could prove
useful for future studies utilizing genetically engineered and OA-related murine models.

AFM-based technologies have now enabled studies of the molecular nanomechanics of
ECM macromolecules. Nia et al.”* measured the magnitude and phase of the complex
compressive modulus of an aggrecan-only monolayer (with G1-domains end-grafted onto a
gold-coated chip) at the same aggrecan density as that in normal articular cartilage. Using an
applied displacement amplitude of only ~2nm over the 1Hz to 10kHz frequency range, the
results yielded the low-frequency-limit equilibrium stiffness, an increase in stiffness with
increasing loading frequency (Fig. 2), and a peak in the phase angle that was used to
compute the nanoscale hydraulic permeability of the aggrecan assembly via FE modeling.
The results confirmed that aggrecan solid-fluid interactions are the dominant mechanism
underlying cartilage's poroelastic behavior even at the nanometer displacement scale, and
the hydraulic permeability of aggrecan layers at the molecular level closely matches the
permeability of intact cartilage at the macroscale. Thus, while aggrecan GAG-GAG
electrostatic interactions are known to be a critical determinant of cartilage's equilibrium
modulus, the self-stiffening behavior of cartilage at higher loading rates derives mainly from
the ability of densely packed GAGs to resist fluid flow at the nanoscale’, leading to the
known pressurization of the tissue at the macroscale and now equally demonstrated at the
nanoscale (Fig. 2).

In summary, this past year has brought forward dramatic advances in the relation between
initiation/progression of OA and the mechanical behavior of joints and their constituent
tissues, cells and ECM molecules. Discoveries regarding the effects of mechanical loading
on cellular responses have provided new insights into the catabolic and anabolic pathways
that link mechanics to tissue degradation, remodeling and repair. And importantly, new
engineering technologies to assess and interpret measurements at scales from whole joint
kinematics all the way down to molecular mechanics have greatly enhanced our
understanding of the linkages between joint function and the molecular cell biology and
matrix biochemistry of joint tissues in health and disease.
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Fig 1.

Er%phasis on OA-related mechanics has included the effects of traumatic joint injuries, such
as rupture of the ACL (a,b), which leads to altered joint contact mechanics (c), initiation of
degeneration of cartilage matrix (d) and accompanying changes to other joint hard and soft
tissues, altered biomechanical properties of cells (e) and extracellular/pericellular matrices
(f), and changes in specialized load bearing matrix molecules that can be quantified at the
nanoscale (g). Images adapted from: (a,b) http://www.quincymedgroup.com/adam/dochtml/
surgery; (c) Kindly provided by Dr. Guoan Li, Massachusetts General Hospital; (d) Johnson,
DL, et al., Am. J. Sports Med. 26:409-414, 1998; (e) Ng, L, et al., J Biomechanics,
40:1011-1023, 2007; (f) Han, L, et al., Annu Rev Mater Res, 41:133-168, 2011; (g) Lee, H-
Y, et al., Osteoarthritis Cartilage, 18:1477-1486, 2010.
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Fig 2.
Adapted from Nia, HT, et al., ACS Nano, 9:2614-2625, 2015 (ref. #72). Molecular
mechanisms associated with the loading rate dependence of aggrecan, manifested in the
dynamic mechanical stiffening of a dense aggrecan layer with increasing loading rate. (a)
Aggrecan molecular mechanics during quasi-static loading is dominated by electrostatic and
steric interactions between GAG chains that resist compression; (b) During dynamic
loading, fluid-solid interactions (associated with viscous drag within GAG-GAG spaces and
concomitant fluid pressurization) dominate molecular mechanics; (c) Magnitude (£ 95%
confidence interval) of the dynamic complex modulus versus frequency for a dense
aggrecan brush layer (~45 mg/mL, end-grafted onto a gold-coated silicon chip (insert)
immersed in 0.1M NaCl) subjected to displacement amplitudes of only 2 nm over the 1 Hz
to 10 kHz frequency range via an AFM-based high bandwidth rheology system. Solid blue
line: fluid pressurization within the aggrecan layer due to solid-fluid viscous interactions
(estimated using a fibril reinforced poroelastic model) results in self-stiffening, i.e., an
increase in dynamic modulus with increasing loading frequency. The nanoscale hydraulic
permeability computed for this dense aggrecan network is similar to the macroscale
permeability of the intact parent cartilage tissue (from which the aggrecan was extracted)
having the same aggrecan density.
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