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1 | INTRODUCTION

Patrick Canadas? |

|1,3 I

Pascale Royer? | Daniéle Noé

Abstract

Articular cartilage (AC) is the thin tissue that covers the long bone ends in the joints
and that ensures the transmission of forces between adjacent bones while allowing
nearly frictionless movements between them. AC repair is a technologic and scientific
challenge that has been addressed with numerous approaches. A major deadlock is
the capacity to take in account its complex mechanical properties in repair strategies.
In this review, we first describe the major mechanical behaviors of AC for the non-
specialists. Then, we show how researchers have progressively identified specific
mechanical parameters using mathematical models. There are still gaps in our under-
standing of some of the observations concerning AC biomechanical properties, par-
ticularly the differences in extracellular matrix stiffness measured at the microscale
and at the millimetric scale. Nevertheless, for bioengineering applications, AC repair
strategies must take into account what are commonly considered the main mechani-
cal features of cartilage: its ability to withstand high stresses through three main
behaviors (elasticity, poroelasticity and swelling). Finally, we emphasize that future
studies need to investigate AC mechanical properties at different scales, particularly
the gradient of mechanical properties around cells and across the cartilage depth,
and the differences in mechanical properties at different scales. This multi-scale

approach could greatly enhance the success of AC restorative approaches.

KEYWORDS
articular cartilage, biomechanics, mechanical properties, multi-scale, tissue engineering, Young's
modulus

public health problem, particularly due to population aging. Osteoarthri-

tis (OA\) is the most prevalent rheumatic disease, and is associated with

Articular cartilage (AC) is the thin tissue that covers the long bone ends
in the joints and that ensures the transmission of forces between adja-
cent bones, while allowing nearly frictionless movements between

them.! Trauma- and disease-related AC injuries represent an increasing
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several risk factors, including age, obesity and biomechanical dysfunc-
tion.2”? OA is characterized by cartilage degradation and modifications
in its composition that affect its mechanical properties. Therefore,
understanding the biomechanical changes in OA cartilage is interesting
to identify the structural features and molecular signaling that charac-
terize healthy cartilage.

This is an open access article under the terms of the Creative Commons Attribution License, which permits use, distribution and reproduction in any medium,
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AC has limited healing and repair capacities.'® Besides pain man-
agement, several surgical techniques are used in the clinics, including
microfracture, mosaicplasty, and autologous chondrocytes implanta-
tion.** Some tissue engineering techniques based on different scaffold
types also have been tested in the clinics.*?"*¢ However, their bene-
fits are frequently not long-lasting and the biomechanical properties
of the repaired cartilage, often associated with a fibrocartilage pheno-
type, are generally different than those of the original cartilage.*>” A
major clinical and technological challenge in tissue engineering is the
capacity to mimic AC biomechanical properties in a sustainable man-
ner, without deformation of the substitute material over time. Indeed,
AC is continuously subjected to stress, but in physiological conditions,
it can deform without injury. Although it is difficult to measure AC
deformation directly in vivo, some data have been obtained using
imaging techniques or instrumented implants with pressure or force
sensors, particularly in hip and knee joints.'8-22 Mechanical stress in
human joints has been precisely measured, and the results have been
extrapolated to evaluate the physiological loads to the AC. For several
types of physical activities, the obtained experimental data are pro-
vided in terms of contact area, pressure and/or force, expressed as
body weight percentage (%BW). For example, for daily-life move-
ments, the contact force acting on the hip joint and the tibial plateau
measured with implantable sensors ranges between 107% BW and
346% BW.82021 Fyrthermore, it is important to note that this con-
tact force is not evenly distributed over the cartilage surface. Indeed,
the sensor surface is subject to a pressure that varies locally between
—0.13 MPa (the minus sign indicates an attractive or cohesive force)
to +7.14 MPa (the positive value reveals a compressive force) during
standing.zo Few studies evaluated AC deformation, and most of them
used magnetic resonance imaging (MRI). Depending on the joint
(tibiofemoral, ankle joint) or stress type (joint flexion, walking, weight-
bearing single-leg lunge), the peak deformation in the contact zone
varies between —7% and —30% of the initial thickness.1?22-2°

Better understanding AC mechanical behaviors and the quantifi-
cation of the related parameters are crucial issues for developing effi-
cient AC repair approaches that can withstand in vivo loads. This
engineered tissue must display sufficient strength and moderate stiff-
ness to resist mechanical loads and absorb part of the contact energy
between the related bones. On the other hand, the extracellular
matrix (ECM) around cells in the cartilage tissue must behave like a
very soft tissue to maintain the right biomechanical cell environment.
Many studies have evaluated AC biomechanical properties using dif-
ferent (i) tissue samples, (ii) mechanical models, (iii) experimental tech-
niques, and (iv) tests, thus leading to an important variability of the
resulting volumetric mechanical properties (i.e., the properties of the
overall volume of the tested sample). Most studies have focused on
the apparent Young's modulus that can be measured with a compres-
sion test and is widely used to evaluate AC quality. However, because
of the complexity of AC composition and structure at different scales,
this parameter does not give sufficient information. Other volumetric
mechanical properties, particularly those linked to time-dependent
and multi-scale behaviors have been little explored. The mechanical
properties of AC surface (i.e., AC tribology, the study of contact

mechanics of AC) have been studied for several decades (for review,
see References [26,27]). This research field requires specific theoreti-
cal and experimental tools and is out of the scope of the present
article.

The objective of this review is to give an update of what is known
about AC mechanical behaviors, and to highlight specific behaviors
and properties that have been observed in native AC but are still diffi-
cult to mimic in the current bioengineering approaches. This review
will focus on (1) the basic knowledge of AC mechanical behavior in
relation to its biochemical and structural composition at different
scales, (2) the parameters commonly used to estimate the mechanical
properties of healthy and OA AC, and (3) the tissue engineering chal-
lenges to mimic AC mechanical properties.

2 | BASIC KNOWLEDGE ON AC
MECHANICAL BEHAVIOR IN RELATION
WITH ITS BIOCHEMICAL COMPOSITION
21 | AC composition and structure

AC is a conjunctive tissue composed mainly of ECM (98% of the vol-
ume) and chondrocytes (2% of the volume), a terminally differentiated
cell type.r Chondrocytes are highly specialized cells that synthesize and
degrade the ECM. The ECM is mainly composed of water that repre-
sents 70%-80% of its weight. In AC, proteoglycans and type Il collagens
(COL Il) are the main ECM components, followed by type VI, IX and XI
collagens. Proteoglycans and collagens account for 5%-15% and
60%-70% of the dry weight of ECM, respectively. COL Il fibrils are bun-

28.29 \whereas type VI col-

dles of fibers fixed by type IX and XI collagens,
lagens are small sparse fibers that surround chondrocytes. Aggrecan,
which represents 90% of AC proteoglycans is composed of lateral
chains of sulfated glycosaminoglycans (GAG), namely chondroitin sul-
fates and keratan sulfates.>® Aggrecan is directly linked to hyaluronic
acid (HA) or via the link protein and fills the space between collagen
fibrils. The carboxyl and sulfate groups of carbohydrate chains bind cat-
ions and about 30% of the water in AC.21*2 Biglycan, decorin and fibro-
modulin are small PGs present in the ECM that play a role in
fibrillogenesis by interacting with COL Il fibers.>®-3° Biglycan and dec-
orin, which are also found close to chondrocytes, participate in their
anchoring in ECM by interacting directly with COL VI, and COL Il fibers
via matrilines 1 and 3.2¢ Perlecan is directly in contact with chondro-
cytes or via integrins and is associated with Col VI in the pericellular
matrix.>”~4° Several other molecules (e.g., anchorin Cll, CD44, integrins,
fibronectin, link, cartilage oligomeric matrix protein) allow connecting
chondrocytes to ECM,3536:40-42

AC is a heterogeneous tissue with a specific organization in three
zones® (Figure 1A). In the superficial zone, chondrocytes are flattened
and parallel to the articular surface. COL Il fibrils are thin (diameter of
20 nm), parallel to the articular surface and are mainly oriented in the
direction of articular rotation (split line). In the middle transitional
zone, chondrocytes are spherical and at low density. COL Il fibrils are

thicker, separated in two sub-groups: primary fibrils that cross the
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Structural organization of articular cartilage. (A) Zonal distribution from the surface to the subchondral bone. In the three first

zones, proteoglycan concentration increases with the depth (darker purple). Primary collagen Il fibrils have an arcade-like structure (biggest fibrils),
whereas secondary collagen Il fibrils are parallel to the articular surface in the superficial zone and more randomly oriented in other zones (smaller
fibrils). Chondrocytes are more numerous in the superficial zone and are organized in columns in the deep zone. The calcified zone is composed
of sodium hyaluronate, nanohydroxyapatite and type X collagen produced by few hypertrophic chondrocytes. (B) Regional distribution of the
extracellular matrix around a chondrocyte. Chondrocytes are linked to the extracellular matrix by many molecules found in the pericellular matrix
(anchorin CIl, CD44, Integrins, fibronectin, perlecan, matrilin, biglycan, and decorin). In the territorial matrix, the size of collagen Il fibrils, mediated
by collagen IX and collagen XI fibers and proteoglycans like biglycan and decorin, and the number of connections between collagen fibrils and
proteoglycans by cartilage oligomeric matrix proteins (COMP) and matrilins, increase until the interterritorial zone. Aggrecans are linked to

hyaluronic acids, directly or via link proteins, and to collagen Il fibrils

tissue and have an arcade-like structure, and secondary thinner fibrils
that are obliquely and randomly oriented.***° It can be noted that
few type X collagen fibers are present in colocalization with the colla-
gen fibril arcades.* In the deep zone, chondrocytes are organized in
columns and elongated perpendicularly to the articular surface. COL Il
fibrils are thicker (diameter of 70-120 nm) but fewer in number, and
oriented perpendicularly to the articular surface. All zones contain
proteoglycans with a diameter of only few nanometers, and their con-

h.4” A fourth deeper zone, called calci-

centration increases with dept
fied zone, is composed of sodium hyaluronate, nanohydroxyapatite
and type X collagen produced by few hypertrophic chondrocytes.
Type X collagen fibers are organized in hexagonal lattice-like
structure.*84?

AC can also be divided in three radial regions from the chondro-
cytes (Figure 1B). The pericellular matrix is the first region that sur-
rounds the chondrocytes. Its thickness is between 2 and 5 um and

increases from the AC surface to the deepest zone.>° The pericellular

matrix contains many proteins and type VI collagen fibers that are
mainly oriented in the direction of COL Il fibrils.>* Then, the territorial
matrix forms an irregular fibrillar coat around one or more chondro-
cytes.** It contains thin COL Il fibrils, and is richer in proteoglycans.>?
The interterritorial matrix is the largest region and contains highly
organized and large COL Il fibrils and many proteoglycans. As shown
in Figure 1B, many proteins create links between chondrocytes, COL
Il fibrils and proteoglycans through the different regions.

AC is a highly organized conjunctive tissue at three important
scales: the fibril scale (nanometric), the cell scale, and the tissue
scale.>® The heterogeneous distribution of its components, the spe-
cific fibril orientation in the different zones, the presence of free
water in the dense structure of the ECM, and the organization around
chondrocytes create complex mechanical behaviors. Different AC bio-
mechanical behaviors are associated with AC vertical (from the sur-
face to the subchondral bone) and radial structures (around the

chondrocyte) that can be referred as behaviors at the millimeter scale
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FIGURE 2 The elastic properties of a material are characterized through its stress-strain curve (A) and are different according to the
directions of space (B). (A) Stress-strain curves describe both the linear (plain curve) and non-linear (dotted curve) elastic behavior of materials.
Articular cartilage displays a linear elastic behavior with a non-linear toe-region (dashed curve). The Young's modulus (E) of the material is given
by the stress to strain ratio. It can be determined for different strain levels (Eqy and E1g). (B) In the superficial zone of articular cartilage, collagen
Il fibrils are preferentially oriented in the split line direction, and this causes anisotropy by increasing the Young's modulus measured in tension in
the split line direction (E;) compared with the other two directions (E, and E3)

and microscale, respectively. The biomechanical properties of AC are
dependent of its ultrastructural organization, which is associated to
the biochemical composition and cell-cell and ECM-cell interac-
tions.>* Any small alteration in these properties will drastically alter
tissue biomechanics.>® This is notably the case in pathological situa-
tions such as OA where over-expression of type X collagen, metallo-
proteinases and degradation of MEC components will affect the

structure of the tissue.>®

2.2 | Mechanical behaviors

AC is a mechanosensitive tissue that can absorb and distribute physio-
logical loads for many years without failure. To do so, AC exhibits spe-
cific mechanical behaviors to withstand the weight of external loads.
Importantly, AC mechanical properties vary in function of the location
(heterogeneity), direction (anisotropy), and scale (multi-scale). As it is
difficult to perform in vivo measurements, most mechanical tests to
evaluate AC mechanical behavior are carried out in vitro using AC
biopsies. To easily understand AC biomechanics, we divided AC
behaviors in two categories that allow highlighting specific mechanical

features: time-independent and time-dependent behaviors.

221 | Time-independent behaviors

Elastic behavior describes the ability to follow a unique relationship
between applied force and tissue deformation, regardless of how the
tissue is mechanically loaded. Thus, if elastic, a tissue withstands
reversible deformation by returning to its initial shape after the
mechanical load is removed. AC if not damaged, returns to its initial

state after load removal (spring back). AC reversible deformation is

explained by the nature of the interconnections of COL Il and proteo-
glycans, and water that flows out and in the tissue during deformation
and spring back. However, the relationship between the applied force
on an AC sample and its deformation during the loading phase is not
the same as during the unloading phase, which is common for soft tis-
sues.”” Thus, AC cannot be considered to have elastic behavior.
Nevertheless, the concept of pseudo-elasticity proposed by Fung
allows the identification of distinct apparent pseudo-elastic behaviors
depending on the loading conditions. Most of the studies estimating
the elastic behavior of AC use the concept of pseudo-elasticity in an
implicit manner: rather than pure elastic parameters, they report
apparent ones. Pseudo-elasticity has been the first AC behavior
assessed using compression, shear, traction, and indentation tests. Of
importance, for a given stress (e.g., a load), the strain differs depending
on the sample rigidity (i.e., stiffness): the higher the apparent stiffness
of AC, the lower its deformation (Figure 2A).%®

AC compressible behavior contributes to its pseudo-elastic
behavior and is due to volume changes during loading. AC includes a
solid phase (the ECM) and a fluid phase that are both considered
incompressible because their respective volume is assumed not to
change during the overall deformation. AC volume change during
compression is caused by the loss of fluid. Therefore, in most situa-
tions, to explain its elastic behavior, AC must be assimilated to a com-
pressible tissue to take in account the loss of fluid.

AC is naturally pre-stressed without any mechanical action
(including gravity and muscle forces) because of the osmotic pressure
in the tissue. Indeed, a mechanical equilibrium is maintained by the
major ECM components.>’ Briefly, the negative charges of proteogly-
cans retain cations, making the tissue hypertonic, and water enters
the tissue and creates an osmotic pressure. Moreover, repulsive
forces caused by these negative charges tend to separate molecules,

leading to tissue swelling. In response to this swelling behavior,
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FIGURE 3 Stress-strain curves describe the damping behavior of articular cartilage. (A) During a creep test, the stress level is reached with a

loading rate (i.e., a loading speed) and then maintained. An instantaneous strain level (*) is obtained during loading and then it creeps during the
transition phase until it reaches the equilibrium state (#). Higher loading rate (dashed lines) result in lower instantaneous strain levels and longer
transition phases to reach the equilibrium. (B) During a relaxation test, the strain level is reached with a loading rate and then is maintained. The
instantaneous stress level (*) is obtained during loading, and then it relaxes during the transition phase until it reaches the equilibrium state (#).
Higher loading rates (dashed lines) result in higher instantaneous stress levels and longer transition phases to reach the equilibrium. (C) During
dynamic loading of the articular cartilage, several load and release cycles are performed. This leads to loops of stress-strain curves. The area in
these loops represents the energy dissipated and/or stored by the sample during the loading. Several cycles are required to reach the load-release

equilibrium

COL Il fibrils and their cross-linked copolymers are stretched, and due
to their stiffness, they limit the tissue expansion. This balance
between repulsive and tensile forces enhances the stiffness of AC
that is thus pre-stressed. Finally, this force balance changes when an

external load is applied, leading to a new mechanical equilibrium.

2.2.2 | Time-dependent behaviors

AC displays a reversible elastic behavior between two equilibrium
states of deformation. A time, called transitional phase, is necessary to
reach each equilibrium state. During the transitional phase, strain or
stress values change, indicating that AC behaviors are time
dependent.

AC creep and relaxation behaviors are traditionally called viscous
behavior. The creep behavior (Figure 3A) corresponds to the strain
changes during the application of a constant stress. This behavior cor-
responds to the slow adaptation of the shape of the sample submitted
to a constant force. The relaxation behavior (Figure 3B) corresponds
to the stress changes during the application of a constant strain. This
behavior corresponds to the slow adaptation of the reaction force at
the contact point, while the imposed displacement remains constant.
Two origins of viscous behaviors have been described in the litera-

ture.®® The flow-dependent viscous behavior or poroelastic behavior

is due to AC porous structure and involves the flow of a viscous fluid
out of the solid phase pores. This flow is not instantaneous, thus
inducing resistive forces that increase the tissue total reaction force.
The flow-independent viscous behavior or viscoelastic behavior
comes from the ECM viscosity due to the presence of COL Il fibrils
and proteoglycans that slide relative to each other and create
frictions,®? thus increasing the tissue reaction force. Therefore, during
the transitional phase of creep or relaxation, part of the energy
required to deform the tissue is lost through the viscous behaviors of
the solid and fluid phases, and the sample deformation increases
(creep) or the force it delivers decreases (relaxation) (Figure 3A,B).

AC hysteretic behavior is characterized by the difference
between the load and unload phases of the stress-strain curve that
describes a loop (Figure 3C). This characterizes an energy loss or stor-
age during the load and release cycle. It is used to well characterize
the capacity of AC to dissipate mechanical energy and/or to store
mechanical energy. Basically, AC can be considered as a mechanical
energy transmitter which consumes (i.e., either dissipates or stores) a
non-negligible part of the mechanical energy that it transmits from
one bone to another. Hysteresis is partly the result of AC time-
dependent behaviors and might also be associated with micro-
structural or molecular rearrangements. The transient phase of
hysteresis loops during which their shape and amplitude change can

be observed also during the repetition of loading cycles until they
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reach an equilibrium (i.e., their shape and amplitude do not change
any longer). During the transitional phase, stress and the area in the
center of the hysteresis loop decrease. In other words, the energy loss
and the tissue stiffness decrease until an equilibrium is reached.®? This
may be due to a reorganization of COL Il fibrils until they reach an
optimal position in response to the stimulus, revealing micro-
structural rearrangements.

Time-dependent behaviors are also velocity-dependent (i.e., loading
rate-dependent). Typically, as the loading rate increases, AC apparent
stiffness increases (Figure 3AB).%® These changes are related to the
fluid capacity to flow out and to the solid phase viscosity. This leads to
different apparent behaviors of AC depending on the loading rate.6+¢>
At very small loading rate values (<<10~* strain/s), the velocity allows
the optimal solid matrix reorganization without energy dissipation. Thus,
the temporal behaviors of the fluid and solid phases are negligible and
cannot be measured as a supplementary reaction force. In this case, the
behavior of a compressible solid phase without the fluid phase, there-
fore time-independent, could be considered as representative. Con-
versely, at very high loading rates (>1 strain/s), there is not enough time
to drain the fluid out of the solid phase and to reorganize the COL I
fibrils optimally,* thus leading to a time-independent behavior and the
absence of hysteresis.®® In this case, AC has an apparent incompressible
solid behavior. Finally, at loading rates closer to the physiological range,
the tissue exhibits a poroviscoelastic and a hysteretic behavior. The
stress of the dynamic response increases in a non-linear manner with
the loading rate (Figure 3B).5>%* Moreover, the area of the hysteresis
loop decreases with the loading rate, showing that energy dissipation is
frequency-dependent.®

In general, the equilibrium elastic modulus is determined using
very low loading rates (<<10~* strain/s), whereas the dynamic elastic
modulus is calculated at higher loading rates. Importantly, this loading
rate-dependency implies that the mechanical properties of AC sam-
ples, calculated using the same technique and test, could be compared
only if they concern equilibrium or dynamic data obtained at a similar

loading rate.

223 |
behaviors

Non-linear, heterogeneous, and anisotropic

AC non-linear behavior is related to changes of mechanical behaviors
observed with increasing loading amplitudes and rates. Stress
(or strain) hardening defines an increase in AC stiffness with the
increasing load.®”*® This means that for the same strain increment,
the stress increment will be greater at high strain values than at low
strain values (Figure 2A, dotted curve). A gradual recruitment of COL
Il fibrils, which also have a non-linear behavior, and changes in their
orientation increase the tension rigidity.%>”® Moreover, the structural
or geometrical non-linearity is due to the crosslinked polymer recruit-
ment during stretching. In some cases, after the total recruitment of
the fiber network, the stiffness does not change, thus exhibiting a lin-
ear behavior at high strain level. In this case, the stress-strain curve

displays a toe-region with a non-linear behavior followed by a linear

behavior with increasing strain (Figure 2A, dashed curve).”! Finally,
ECM reorganization during compression changes the fluid phase flow
leading to a non-linear change of time-dependent behaviors.>”2

The anisotropic behavior of native AC is related to the different
orientation of type Il and type VI collagen fibers in the three zones.
This implies that the mechanical properties should be direction depen-
dent. For example, in the superficial zone, COL Il fibrils are organized
parallel to the AC surface and make the tissue stiffer in the split line
direction (Figure 2B).

AC heterogeneous behavior is related to variations of its mechan-
ical properties in function of the composition and of the COL Il fibril
and proteoglycan gradients in the different regions (Figure 1A).

To summarize, AC complex composition and structure lead to
time-independent and time-dependent behaviors. These behaviors
have been experimentally observed and vary in the tissue according
to its depth and distance from chondrocytes, to the direction of the
main deformation, and to the deformation state. Specific techniques
are used, mainly indentation techniques (see Section 4), to capture
these behaviors at the nano, micro and tissue scales. In the next sec-
tion, we describe some AC differences at different scales and loca-

tions within the tissue using specific parameters.

3 | MECHANICAL PROPERTIES

3.1 | How AC mechanical behaviors are modeled

The different AC behaviors described in the previous section can be
studied and quantified using an experimental technique to drive the
mechanical test and a mathematical model. Indeed, besides data-
driven computational mechanic approaches based on a huge number

of experiments,”>7#

modeling of deformable bodies is widely used to
predict the mechanical response of a sample submitted to a specific
load. The simplest model is a spring in which the force is proportional
to the distance from its equilibrium length. In this case, the model is
represented by the equation that links the force to the displacement.
In a more general way, modeling predicts physical parameters from
other physical parameters. A model uses assumptions that lead to an
incomplete description of the experimental observations. In the spring
model, the parameter that quantifies the proportionality between
the two physical quantities (the spring constant) is the model para-
meter that fully defines the relationship between force and displace-
ment. If the force increases non-linearly with the displacement
(no proportionality), the linear spring model is not suitable to describe
this behavior. Thus, AC complex behaviors cannot be described by a
simple model. Simple models, with relevant assumptions, can still be
used, but caution is needed. Several experimental techniques have
been developed to drive load and measure the sample response, and
they can be chosen in function of the mechanical properties to be
investigated (Table 1).

AC mechanical properties have been widely investigated (i) to
obtain basic knowledge and to understand cartilage biomechanics,

(i) to describe the consequences of cartilage development and

519017 SUOLUWIOD) BAITERID) 3|0l ke aU Aq peueA0B a2 SOPILE YO ‘95N JO'S3INI 10} ARIGIT UIIUO /B|IA UO (SUOIPUOD-PUE-SLLLBILLOY" S| AR2.q 16U 1|UO//'Schi) SUOIPUOD PUE SIS | 84} 39S *[£202/T0/E0] U0 AX2iq118UIIUO AB|1M 90UBIH BUBIO0D Ad 8172 WA I/Z00T OT/10p/LICO" B 1M AZRc]1jBu 1 |uo//Sdy Wo1) Papeojumo ‘0 ‘S967Z5ST



PETITJEAN ET AL.

Y sk WILEY-L7

TABLE 1 Non-exhaustive list of techniques used to mechanically characterize articular cartilage
Scheme of the technique
Technique Before After Stress  Strain Elastic parameter Poisson ratio
A Unconfined compression |L' oy g & = L_OL £x =%’ Young's modulus E = :—: v =%jx
Lo e
lo
; . _AL . _ _ =&
B Traction o Al o,=5 & 7?? Young's modulus E J;TV v==2
Ex = T
Lo |I Al °
C  Confined compression JF oy = &y :f_OL Aggregate modulus Ha = ’}VV v=0
d q . dul 3F(1-42)
D  Indentation R ¢F Young's modulus E:W
. ‘Ea
E  Shear JF al Ey oy =5 ey=4 Shear modulus G=2*
“HK .
Al
2
F Micro/nano indentation R JF Young's modulus E:%Z;/Q
= pa gt |
G Micropipette aspiration c=AP Young's modulus E=%,q =‘% ""y ‘ins
e Jbla =2 AP ¢(n) from the punch model of | X
i Theret et al. (1988)7°
L

Note: At the millimetric scale, the articular cartilage mechanical properties can be determined by applying a force (F) that leads to a stress (o), when
knowing the sample surface (S) and strains (&) during different mechanical tests. The Young's modulus (E) and Poisson's ratio (v) can be calculated using
unconfined compression (A) and tension (B) tests. The aggregate modulus (Ha) is determined using confined compression (C). An indentation test (D) can be
used to determine a local Young's modulus. The equation indicated for the evaluation of E with the indentation test is valid for spherical tips with a radius
R and an indentation depth 6. The shear modulus (G) is calculated using shear tests (E). At the microscale, the Young's modulus of the extracellular matrix
can be calculated using micro or nanoindentation tests (F) and an equation adapted for spherical tips. Micropipette aspiration (G) is a technique used to
determine the Young's modulus of chondrocytes and chondrons with the punch model, when knowing the difference in the applied pressure, the
micropipette inner (A) and outer (B) radius, and the length of the sample that enters the micropipette (L).

pathologies, (iii) to investigate how to mimic this tissue, especially in
the field of cartilage engineering.

3.2 | Pseudo-elastic properties
3.2.1 | Parameters required for the characterization
of AC pseudo-elastic behavior

Generally, cylindrical AC biopsies are used for measuring compression
and shear stress responsive forces. In most studies, AC is considered a
purely elastic material (neither poroelastic nor viscoelastic). The tran-
sient (time-dependent) responses of AC samples to mechanical loads
is not considered. This assumption helps to simplify the models and
experimental setups used to estimate AC elastic properties. In solid
mechanics, the elasticity of a material can be described by two param-
eters: the elastic modulus and the Poisson's ratio that quantify the

material stiffness and compressibility, respectively. Different elastic

moduli, not interchangeable, can be defined depending on the tech-
nigue used and thus the test configuration: Young's modulus, aggrega-
tion modulus or shear modulus.

The Young's modulus is the most commonly used elastic modulus.
It can be measured using the simplest mechanical test (i.e., the com-
pression test, also called unconfined compression test) where samples
are compressed between two planar surfaces (Table 1A). A displace-
ment or a force is applied on the sample, and the force (F) delivered
by the sample or the length difference (AL) is measured. If the sample
surface (S) where the compression is applied and its initial thickness
(Lo) are known, the axial stress (o,) and axial strain (e,) can be deduced.
The Young's modulus (E) is given by the o, to ¢, ratio. The Young's
modulus values increase proportionally with the sample stiffness. The
Young's modulus of AC can also be calculated in tension using the
traction test. Traction is generally applied in the lateral direction
because it results from AC deformation during in vivo loading
(Table 1B). The Young's modulus can also be measured using an
indentation test at the millimetric scale (Table 1D).””%”” Due to the
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high increase in contact area during the indentation test, a specific
equation, depending on the tip shape, is needed. For spherical
indenters, the equation is given in Table 1D.

The Poisson's ratio characterizes the sample compressibility (v) and
is obtained by relating the opposite of the lateral strain (—e,) to the axial
strain (¢,), measured using a compression or a traction test. For example,
the lateral strain (e,, Table 1A) is calculated by measuring the difference
of the sample lateral size (Al, the diameter for a disk) before and after
compression. A compressible sample (when v = 0) does not display lat-
eral expansion during axial compression, but its volume changes. The
volume of an incompressible sample (when v = 0.5) does not change
under compression, and the extension in lateral directions offsets the
axial compression. Conversely, auxetic tissues (when v < 0) exhibits a
lateral shrinkage during axial compression.

The AC aggregate modulus characterizes the matrix stiffness,
especially in confined compression. Upon confined compression,
water and proteoglycans are the major components that contribute to
the mechanical strength (Table 1C). The sample is compressed in a
cylindrical chamber by a rigid porous disk with an adjusted diameter
to prevent lateral expansion. The aggregate modulus can be deter-
mined by relating the axial strain (¢,) to the axial stress (o,) and the
Poisson's ratio is equal to zero.

AC shear modulus is evaluated with shear tests (Table 1E). The
AC sample is placed between two planar surfaces. A low axial strain is
applied to ensure the contact between the sample and both surfaces,
and then the upper surface is laterally displaced. The stress (o)
applied is deduced from the force (F) and the surface of application
(S). Then, the strain is calculated as the ratio between the displace-
ment of the upper surface (Al) and the initial sample thickness (Lo).
The shear modulus is determined as the ratio between stress and
strain, like for the Young's modulus.

In addition to the Poisson's ratio, only one of these three parame-
ters (Young's modulus, aggregate modulus, shear modulus) is needed
to completely characterize the elasticity of a material for small defor-
mations when it is considered isotropic. These three parameters differ
in the direction of the solicitation (axial or lateral) or in the boundary
conditions (confined or unconfined) of the system.

322 |
human AC

Pseudo-elastic properties of native

Many studies described the elastic properties of OA and healthy
human AC at the millimetric scale (i.e., the tissue scale) (see Table 2
for selected studies). At equilibrium, the elastic modulus of healthy AC
ranges from 250 kPa to 3 MPa in compression and from 7 to 13 MPa
in traction. AC is considered as a soft tissue compared with bone
where the Young's modulus is 17 GPa for femur, for example 8>%¢ |t
has to be noted that the Young's modulus values obtained in com-
pression, where proteoglycans and water are the main contributors,
are smaller than those obtained in tension, where the response is
related to COL Il fibrils which are stiffer. Besides differences among

mechanical tests, the Young's modulus value diversity can be

explained also by the joint under study and the low to high weight-
bearing area.”” As proteoglycans resist to the compressive load and
collagen fibrils resist to AC lateral expansion and swelling, the com-
pressive modulus is higher in high weight-bearing areas while the ten-
sile modulus is higher in low weight-bearing areas.””®” Moreover, it
should be kept in mind that the pre-strain state before the mechanical
test influences the equilibrium stiffness due to AC non-linear elasticity
in the toe-region (see non-linear behavior, Section 3.2.3). The Pois-
son's ratio of healthy AC generally ranges from 0.14 to 0.18, indicat-
ing a compressible behavior. In OA, all AC elastic properties decrease
due to proteoglycans loss, water content increase, and collagen
fibrillation.>”

3.2.3 | Variation in AC pseudo-elastic properties in
function of the depth, direction, and deformation state

The elastic moduli determined using AC biopsies and one simple
mechanical test are global measurements that do not fully represent
AC complex mechanical behavior. Some studies indicate that more
specific methods and complex models are needed to precisely under-
stand and characterize AC elastic nature.

The first observation is AC non-linear elastic behavior: stiffness
increases with the load amplitude when compressed, stretched or
sheared (Figure 2A, dotted line). A J-shaped stress-strain curve is
often observed and this indicates that the elastic behavior non-
linearity is more pronounced at small strain values, within the toe-
region (Figure 2A, dashed line).>”28%88 As the elastic modulus is the
stress-strain curve slope, the elastic modulus determined at a low
strain value is much lower than at a higher strain value (Ego; and Eqp9
in Figure 2A, Table 2). Several hyperelastic models can be used to
properly describe such non-linear behavior.8%7°

The elastic moduli also vary in function of the directions and
zones at the millimetric scale. During unconfined compression of AC
disks, the amplitude of radial strains depends on their direction com-
pared with that of the split line. At the AC biopsy surface, the initial
circular shape becomes elliptic with less strain in the split line direc-
tion.2”8 Unconfined and confined compression tests of AC biopsies
that include the middle and deep zones (Figure 1) give higher Young's
modulus and aggregate modulus values, respectively, in the tangential
direction than in the perpendicular direction to the AC surface’?
(Table 2). Collagen fibrils, which resist to tension only, increase the
Young's modulus of AC when compression is applied perpendicularly
to their direction. Indentation tests showed that the Young's modulus
and aggregate modulus values increase with depth. A progressive
increase of the aggregate modulus value, from 20 + 3 kPa (superficial
layer) to 6.44 + 1.02 MPa (calcified zone) was observed using a spher-
ical tip of 500 um diameter in the lateral direction of the AC slice.”® A
similar increase of the Young's modulus and aggregate modulus in
function of the zone was also observed using unconfined and con-
fined compression tests in the axial direction.*”*” Moreover, com-
pressibility is lower in the middle zone (v ~ 0.4), where the COL Il

fibril network is slacker, compared with the superficial and deep zones
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(Continued)

TABLE 2

Elastic moduli

Poro or visco-elastic parameters

Reference

Site of

Organ state

u (kPass) 7 (s)

K (m*/Ns)

H._eq (kPa)

\%

Eq (kPa) Eayn (kPa)

characterization

(normal/OA)

Sample

Technique

6440 + 1020

Calcified zone

Posterior femoral

condyle

Buckley®®

400-1000 (G*)

0-500 pum from AC

Tibial plateau

Shear

1000-4000 (G*)

surface
>500 um from AC

surface

Society For
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Biomaterial

Henak®*

100-6000 (G*)

Talus and femoral

condyle

Note: The Young's modulus (E) and aggregate modulus (H,) are determined at the articular cartilage equilibrium (Eeq and H,_q), When the tissue had the time to creep or relax, or during the load or immediately

after its application (Eqyyn), when the tissue shows an apparent modulus linked to its elasticity and viscous behaviors. The shear dynamic modulus (G*) is measured during cyclic loading. Compressibility is

characterized by the Poisson's ratio (v). When time-dependent behaviors are taken into account, the permeability (k), viscosity (1) and relaxation time (z) are evaluated.

).4” Conversely, mechanical charac-

(v<0.1 and v =~ 0.15, respectively
terization in tension of AC strips or biopsies from the superficial to
the deep zone showed a decrease in stiffness because COL Il fibrils
are not parallel to the articular surface with depth and resist less to

tensile constraints.8%7!

3.24 | Variation in pseudo-elastic properties at
different scales

At the microscale level (the cell scale), AC anisotropy and heterogene-
ity can be investigated at different depths and in different zones
around the cells. AFM allows instrumented indentation at the micro-
scale using a borosilicate microsphere of 5 um in diameter (Table 1F).
These indentation tests can determine the Young's modulus in differ-
ent zones at different distance from the cells. The use of a micro-
metric spherical tip ensures that the mechanical characterization gives
information on the mechanical rigidity at the cell scale. In different
animal AC biopsies, this method revealed that the ECM superficial
and deep zones are stiffer in the direction of COL Il fibrils, whereas
the middle zone exhibits subtle anisotropy.*®>*?2 The surface is sub-
jected to more stress in the split line direction, while the deep zone is
subjected to axial compression. Special attention must be paid to the
indentation rate used for microscopic indentation tests. Indeed, when
the indentation rate is high, stiffness increases with AC depth. Con-
versely, when the indentation rate is low, stiffness decreases.>%¢2
When the indentation rate is high, fluid does not have the time to
flow, and the fluid pressure is the main reaction to compression
forces. When the indentation rate is low, the fluid movements do not
influence much the compression reaction force and ECM stiffness is
measured.” A decrease in the elastic modulus of the ECM with depth
was observed and is related to the stiffness of COL Il and proteogly-
cans fibrils (Eco. = 384 + 50 kPa, Epg = 22.3 + 1.5 kPa) and their
depth-dependent concentration.”® Of note, the elastic moduli of the
ECM (away from the cells) estimated at the micrometric and the milli-
metric scale are different (1-500 kPa vs. 300 kPa-10 MPa) (Tables 2,
3). Structural studies with high resolution imaging techniques and rel-
evant numerical or theoretical models are needed to explain these
differences.””?®

Microscale measurements can be used to evaluate the stress per-
ceived by chondrocytes (Table 3). AFM showed that the pericellular
matrix, which surrounds chondrocytes (Section 3.1), is softer than the
interterritorial matrix.”> Moreover, in the pericellular matrix, a positive
gradient of the elastic modulus from the chondrocytes has been asso-
ciated with a positive gradient of fluorescently labeled type VI colla-
gen fibers and a negative gradient of perlecan.®® The stiffness is
higher in the territorial matrix thanks to the assembly of COL Il fibrils,
and reaches its maximum in the interterritorial matrix where COL Il
fibrils are highly organized.?”?? This stiffness gradient could play a role
in protecting chondrocytes against huge strain or stress, but also in
initiating mechanotransduction signals. AFM has been also used to
measure the cell stiffness and revealed that the Young's modulus of

chondrocytes and mesenchymal stromal cells is 2 or 3 orders of
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TABLE 3 Mechanical properties of human articular cartilage, chondrons, and chondrocytes at the microscopic scale

Poro-elastic
X Elastic moduli parameters
Organ state  Site of
Technique Organ (normal/OA) characterization Cell E.q (kPa) Eayn (kPa)  k (m*/Ns) Reference
Indentation Femoral Cell Spherical 0.45 +0.42 Darling”*
(AFM) head chondrocytes
Cell Spherical MSC 0.52 + 0.60
Cell Spherical 1.0+1.6
chondrocytes
Cell Spread MSC 23+21
Femoral Normal ECM 306 + 133 Darling®®
condyle
PCM 104 + 51
Femoral Normal ECM 491 £ 112 Wilusz®
condyle  Normal PCM 137 £ 22
OA ECM 270 £ 76
OA PCM 96 + 16
Micropipette  Femoral Normal PCM; Superficial layer Chondrocytes and 68.9 + 18.9 Alexopoulos?
aspiration head chondrons
OA PCM; Superficial layer 39.1+19.6
Normal PCM; Deep layer 62.0 + 30.5
OA PCM; Deep layer 43.9 £23.0
Femoral Normal PCM Chondrocytes and 38.7 + 16.2 419 +3.78 Alexopoulos®
head chondrons x 107Y
OA PCM 235+ 129 10.2 £ 9.38
x 107Y
Knee and Cell Chondrocytesin  0.24 +0.11 42 x 107 Trickey”®
hips suspension in
alginate
Knees, Normal Cell Chondrocytes in 0.65 + 0.63 Jones®
hips, OA suspension in 0.67 + 0.86
ankles, alginate
and
elbows

Note: The Young's modulus (E) is determined at the equilibrium (E.g), when the sample had the time to creep or relax, or during the load, or immediately
after its application (Eqyn), when the sample shows the apparent modulus linked to its elasticity and viscous behaviors. Compressibility is characterized by
the Poisson's ratio (v). When time-dependent behaviors are taken into account, permeability (k) is evaluated.

magnitude lower than that of the pericellular matrix when cells were
spread or spherical, respectively.”*?> Of note, similar values for the
mechanical properties of chondrocytes, mesenchymal stromal cells,
and pericellular matrix were obtained (Table 3) with the micropipette
aspiration technique that is widely used to evaluate the cell mechani-
cal properties (Table 1G). The Young's modulus is decreased in OA

pericellular matrix, but not in OA chondrocytes.?3¢

3.2.5 | Elasticity limit and failure

Analysis of knee arthroscopies demonstrated that overloading during
day living activity or sport participation induces AC lesions, such as
localized, osteochondral and chondral lesions, diffuse OA or osteo-

chondritis dissecans.'® In case of extreme strain, COL Il fibrils snap

and the disrupted network threatens the tissue integrity. Extreme AC
behavior has been studied by applying high stress in compression or
traction.”*191:192 ypon fiber disruption, the force delivered by AC for
a given displacement decreases, hysteresis increases due to higher
energy loss, and residual deformations remain after loading.'°? The
failure strain can be called “yield point” (i.e., elasticity limit) because
part of the reversible tissue deformation disappears and the initial tis-
sue shape cannot be recovered. For example, a failure strain of
113.8% + 25.1% in tension and 30% + 7% in compression has been
measured in bovine AC samples using an indenter of 7 mm in diame-
ter.10%102 AC lesions reduce the tissue mechanical properties and pro-
mote chronic diseases. Finally, some efforts have been made to
predict the impact-induced AC fissuring, but the mechanisms of AC
fracture remain difficult to understand.841°%-1%¢ A cartilage injury

may be the result of an impact that exceeded the tissue failure strain
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FIGURE 4 Constitutive models of
viscoelasticity. Viscoelastic models are
composed of purely elastic springs

kz kn (to consider the material elasticity) and

purely viscous dampers (to consider the
energy dissipation). Springs are
characterized by their stiffness (k), and
dampers by their viscosity (n)

Maxwell Kelvin-Voigt  Zener
model model model

or of an impact that has not altered the tissue structure but has led to
chondrocyte death followed by progressive degradation.

3.3 | What can be learnt from more complex
fiber-reinforced osmo-poroviscoelastic models of AC

AC purely elastic properties cannot describe AC capacity to dampen
loads by dissipating mechanical energy. Only parameters that can
influence AC time-dependent behaviors can be used to properly esti-
mate this feature. AC viscoelastic, poroelastic or poroviscoelastic fea-
tures can be characterized by considering flow-independent and/or
flow-dependent behaviors. Some fiber-reinforced osmo-poroelastic
models have been developed to understand, characterize and repro-

duce the complex mechanical behaviors of AC.”°

3.3.1 | Viscoelastic characterization

Four basic viscoelastic models, based on combinations of elastic and
viscous models, have been described (Figure 4).197 Currently, the
Zener and generalized Maxwell models are the most commonly used
to describe the viscoelastic behavior of AC, pericellular matrix and
chondrocytes.”?#?61%8 The Zener model describes creep or stress
relaxation and recovery compared with simpler models, such as the
Maxwell and Kelvin-Voigt models.?® The generalized Maxwell model
takes into account several time constants due to several viscous ele-
ments. Other rheological models of viscoelastic materials that com-
bine two or more of the four basic models have been described.*®”

By fitting experimental data from a creep or relaxation test to a
numerical model, the sample viscosity, dynamic and equilibrium elastic
modulus, and Poisson's ratio can be determined. Viscosity values of
218.7 and 36.0 MPa were measured in human normal and OA AC,
respectively, using an indentation test.” In vivo measures at the organ
scale, using MR images of the femoral cartilage thickness in healthy
knee, show creep times under body weight of approximately 60 s.2*
The creep and relaxation times are typically 16.7 and 9.0 s for normal
and OA AC biopsies, respectively. These parameters depend on the
strain due to the non-linear AC behavior. At the cell scale, chondro-
cytes and pericellular matrix are frequently characterized using a vis-
coelasticity model.?47419810% The different values of creep and

relaxation times reveal the multi-scale nature of AC.

Generalized Maxwell
model

AC viscoelasticity can also be assessed using cyclic loading. The
dynamic modulus (E*) is a complex modulus composed of a storage
modulus (E'), the elastic part, and a loss modulus (E"), the viscous part.
Cyclic loading at several frequencies showed an increase in these two
moduli following logarithmic curves.*>*** Upon unconfined compres-
sion of human biopsies at 1 and 88 Hz, the storage moduli were 31.9
and 43.3 MPa and the loss moduli were 5.3 and 8.5 MPa, respec-
tively.!** This shows that the dynamic modulus values measured in
single loading, creep or relaxation tests or by cyclic loading should be
considered with caution because they can be influenced by the load-
ing rate. For AC, the order of magnitude of dynamic elastic moduli do
not change with frequency; however, the equilibrium elastic modulus
seem more suitable for study comparison.

Importantly, these viscoelastic models remain limited because
they do not explicitly take into account the fluid flow that largely con-
tributes to the cartilage relaxation and creep behaviors.®8 Moreover,
methods to characterize the fluid capacity to flow within pores should

allow improving the knowledge on mechanotransduction pathways.

3.3.2 | Poroelastic characterization
Poroelastic models are biphasic models in the AC field that take into
account both the fluid and the solid phase. Their major interest is that
they can take in account and characterize the time-dependent effects
associated with the fluid flow in pores at the cell scale, particularly in
creep and relaxation tests. The solid phase, which corresponds to the
network of collagen fibrils, proteoglycans and water, can be consid-
ered as an elastic material.*”*>86*112 The fluid phase is mostly consid-
ered as an incompressible viscous fluid. By fitting the experimental
data from a creep or stress relaxation test to the numerical model, the
sample hydraulic conductivity, the dynamic and equilibrium elastic
moduli, and the Poisson's ratio can be determined. The hydraulic con-
ductivity describes the fluid capacity to flow within the tissue and is
influenced by the intrinsic permeability and the fluid viscosity and
density. Most of the time, the intrinsic permeability is the estimated
parameter and its value varies in function of the pore size and volume
fraction of the solid phase.

Due to its composition and structure, AC permeability is hetero-
geneous, anisotropic and low (between 107% and 107 m*/Ns)
(Table 2). Moreover, permeability is lower in the superficial and deep

zones than in the middle zone.'*® In the superficial zone, a packing
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network of thin COL Il fibrils offers more resistance to the flow.1** In

the middle zone, permeability increases due to the larger and less
organized COL Il fibrils and a similar concentration of proteoglycans.
As proteoglycans are responsible for water retention and the porosity
decrease, cartilage permeability decreases from the middle to the
deep zone with the increase of proteoglycan concentration.*** More-
over, permeability is anisotropic because the fluid flow is affected by
the COL Il fibril orientation.**? In addition, during AC compression,
permeability decreases in a non-linear manner due to the change in
fibril orientation and the pore size decrease.>’? In the pericellular
matrix, a permeability gradient is created by the distribution of COL
VI fibers. Indeed, pore size is larger next to chondrocytes than in the
territorial and interterritorial matrix regions.’** The nutrient and
waste exchanges around chondrocytes are facilitated by this organiza-
tion. In OA, the proteoglycan loss and COL Il fiber fibrillation increase
the pore size and therefore permeability.” This facilitates the fluid
flow during load and decreases the dynamic elastic modulus.

To take into account both the flow-independent and flow-
dependent damping behaviors of AC, the solid phase can be repre-
sented as a viscoelastic material.>88%115 At the macroscopic scale, the
poroviscoelastic model well reproduces the axial and lateral responses
to an unconfined compression test because both flow-independent
and flow-dependent behaviors are involved in the tissue response to
loads.® Indeed, the first part of a creep test is mainly governed by the
flow-independent mechanism, whereas the second part is mainly gov-
erned by the flow-dependent mechanism.®® However, at the micro-
scopic scale, only the flow-dependent mechanism seems to influence
creep tests. At this scale, the fluid flow seems to contribute mainly to
the energy dissipation compared with the few molecular rearrange-
ments of the solid phase. Thus, a poroelastic model could be enough

to describe AC time-dependent behavior.6411¢:117

3.3.3 | Fiber-reinforced osmo-poroelastic models
The first poroviscoelastic models could not reproduce the cartilage
anisotropic elastic behavior and its capacity to swell that both contrib-
ute to its complex mechanical response.

Fiber-reinforced poroelastic models, which consider a fluid phase
and a porous solid phase (proteoglycans and the linked water)
enriched in fibers, better describe AC behavior under unconfined
compression and nanoindentation than those without fibers.648
Fiber-reinforced poroelastic model have been essential to identify the
role of COL Il fibers and proteoglycans and the effect of their deple-
tion on the tissue biomechanical behavior.}*%*2° This approach well
reproduces the behavior of normal AC biopsies or after collagen or
proteoglycans depletion during a relaxation test in unconfined com-
pression.'?° Loss of proteoglycans results in a greater decrease of the
tissue equilibrium elastic modulus (—63% + 27%) than of the dynamic
(instantaneous state) elastic modulus (—17% + 11%). Loss of collagen
leads to a decrease of both dynamic and equilibrium elastic modulus
(—68% = 76% and —49% + 12%). Simulations showed that the
affected collagen network increases the pore size and facilitates the

Y sk WILEY_L_%

water flow. The links between proteoglycans and collagen fibers are
destroyed and the pore size is increased. Collagen loss also leads to a
loss of proteoglycans that decreases the equilibrium elastic modulus.
Moreover, COL Il fibers have a role in the equilibrium state by sup-
porting the radial tension caused by axial compression. Finally, it
seems that the proteoglycan content mainly influences the equilibrium
state, whereas the collagen content mainly influences the transient
state by changing the permeability.

COL Il fibril distribution, orientation, and mechanical properties are
taken into account in fibril-reinforced poroelastic models. Conversely,
the proteoglycan chemo-mechanical properties, which are important
for the equilibrium elastic modulus, are implicitly considered as part of
the single solid phase. However, AC swelling behavior (Section 3.2.1) is
considered as the main phenomenon to explain AC elasticity at the
equilibrium state.*?* Thus, so-called triphasic models, which are poroe-
lastic models with an additional ionic phase, consider advantageously
AC swelling.*?%'?2 The used parameters are the salt concentration of
the bathing solutions and proteoglycan fixed-charge density (FCD)
because they influence the rate of osmotic pressure changes with dila-
tation.}?112% The FCD is a molar concentration associated with a num-
ber of charges. In AC, FCD increases with depth and decreases with
age in accordance with the proteoglycan concentration changes.**® In
human AC, MRI measurements were used to indirectly quantify FCD
(0.18 + 0.08 mEq/ml).22* Strain was inversely correlated with the FCD
and this finding experimentally confirmed the link between AC elastic
moduli and the ability of FCD to induce osmotic pressure. A modeling
study used FCD values ranging from 0 to 0.25 mEg/ml for the pericel-
lular matrix and from 0.005 to 0.2 mEq/ml for chondrocytes.*?®

By using a fibril-reinforced osmo-poroelastic model, Wilson's
group??? could well represent AC behavior because the fit of different
mechanical tests (unconfined and confined compression, and indenta-
tion) was validated. This model included (i) an incompressible linear
elastic solid phase reinforced by a non-linear viscoelastic model for
primary and secondary COL I fibrils, (ii) an incompressible fluid phase,
and (jii) an ionic phase where the swelling pressure depends on the
osmotic pressure and molecular extension. The tissue heterogeneity
and anisotropy were described by adjusting the fibril density and ori-
entation and the fluid fraction. AC non-linear response was described
by the non-linear behavior of fibrils and FCD value that depends on
the tissue deformation state. Thus, several parameters could be calcu-
lated: the Young's modulus and Poisson's ratio of the solid matrix, the
elastic modulus and viscosity of fibers, the amounts of primary and
secondary fibrils, the permeability and other material constants. This
shows that models to accurately describe AC mechanical behavior can
be created. These models help to decipher the role of each cartilage
component, but at higher computational costs. However, the non-
fibrillar matrix used in this model was incomplete in terms of depth-
dependent stiffness, viscoelasticity and anisotropy, which was
recently overcomed by Moo and colleagues.t¥¥2 Moo and colleagues'
study suggest that rather than the intrinsic quality of the collagen
fibers (which remained constant), early stages of OA disorganize colla-
gen fibrous network. To be valuable, these complex models need to

be initialized by setting several non-trivial parameters, such as the
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FIGURE 5 Decomposition of the constitutive laws acting in AC and link to micro-structural components. These constitutive laws describe the

different behaviors that are mostly taken in account to model AC behavior in literature. o2 is thus a simple summation of the solid phase stress
tensor osgligphase the fluid phase stress tensor oridpnhase together with the ionnic phase stress tensor 6ionnicphases- € and C are measures of the
deformation state of the sample (respectively the deformation tensor in linear elasticity and the right Cauchy-Green deformation tensor in hyper-
elasticity). In addition to these constitutive laws, equilibrium equations, together with boundary equations and mass balance equations must be

taken in account to fully describe a model of AC

fixed charge density, the fluid fraction and the fibril orientation. More-
over, huge datasets that take into account different mechanical loads
are required for the validation of these models. In their review, Klika
et al. describe such complex models to precisely reproduce AC behav-

jor by taking into account its composition and structure.?%

4 | RECOMMENDATIONS FOR THE
BIOMECHANICAL CHARACTERIZATION
OF CARTILAGE TISSUES

To summarize, increasingly sophisticated models have been devel-
oped to represent AC mechanical behavior as accurately as possible

while respecting its composition and structure. The reviews of?%12¢

and the recent works dealing with modeling AC and its characteriza-
82,127

tion outline that the stress acting within the media can be
decomposed in an additive manner in three intuitive terms, one by
phase (solid, fluid and ionic phases), as illustrated in Figure 5. For
visco-poro-hyperelastic models reinforced with fibers the stress
within the solid phase can itself be decomposed in three other main
terms, one dealing with extra-fibrillar matrix, the second with the
hyper-elasticity of fibers, and the last one with the viscosity of
fibers.

For comparative studies or preliminary analyses, some hypothe-
ses can be made to simplify the experimental design and data analysis,
and one can use apparent moduli which refer to the so-called pseudo-
elasticity concept. For instance, AC can be considered homogeneous,

isotropic, and with linear pseudo-elasticity after the toe region (>10%
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of strain). In case of using the pseudo-elasticity concept, particular
attention should be paid to testing parameters, as apparent moduli
will be affected by a change of most of the testing parameters, like
strain rate, size of the specimen, saline bath concentration and tem-
perature among others. As the proteoglycan content influences more
the equilibrium elastic modulus than the dynamic elastic modulus,*?°
both moduli could be evaluated using a purely elastic model and a
creep or relaxation test, and proteoglycan production could be
assessed in a non-destructive manner throughout the experiment.
These first results could be completed by a destructive quantitative
analysis of protein content at the study end to confirm the previous
results. Measuring permeability in engineered cartilage constructs,
which will be the focus of studies in the next years, is only possible
using creep or stress relaxation tests, adequately completed by poroe-
lastic or eventually poroviscoelastic models, to take in account the
fluid flow. However, the models that best represent AC mechanical
behavior, regardless of the chosen mechanical tests, are fiber-
reinforced poroviscoelastic models, anisotropic poroviscoelastic
models, or with an additional ionic phase to take in account swelling
properties. Indeed, for the global analysis of the tissue, AC anisotropy,
non-linear elasticity, non-linear permeability, non-homogeneous distri-
bution of components and elasticity variations in function of the tis-
sue depth must be taken into account.®*28 Ultimately, multi-scale
models, taking in account both depth variations and regional variation
around cells would continue to increase our understanding of AC
mechano-biological and bio-mechanical behavior.”® However, this
increases considerably the computation time and makes the model
validation more difficult. Indeed, it is necessary to use or design
adapted mechanical tests and in sufficient number to determine all

the model parameters and their validity.

5 | CHALLENGESIN ACTISSUE
ENGINEERING

Native AC has been described as a poroviscohyperelastic material
characterized by component and structure gradients that are related
to complex mechanical behaviors. The aim of AC engineering
approaches is to generate functional AC to replace the injured tissues.
However, engineered AC does not possess all the characteristics of
native AC, and the current challenge is to provide sufficient bio-
inspired media to copy the mechanical behaviors of native AC at its

different scales and localizations.

5.1 | Mechanical parameters investigated in
engineered tissues with and without scaffolds

The studies on the mechanical properties of tissue-engineered tissues,
with or without cells, were selected when the biocompatibility of bio-
materials with human chondrocytes or human mesenchymal stem
cells was demonstrated (Table 4). Some studies on scaffold-free engi-

neered tissues also were included.
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Unconfined compression is the most used technique to evaluate
the mechanical properties of a new engineered tissue. Confined com-
pression, tension, shear or indentation tests are less frequently used,
as already discussed in the review by Patel et al.}*” The dynamic and
equilibrium elastic moduli of scaffold, hydrogel or scaffold-free engi-
neered tissues are often under 250 kPa, indicating poor elastic moduli
at the millimetric scale. After several weeks of culture during which
cells secrete ECM components and remodel the construct, the equilib-
rium and dynamic elastic moduli increase or decrease, but they remain
low compared with those of natural AC.130:131:133.138.140,142.143,145 |
this context, Lammi and colleagues discussed the challenges of cell
colonization and the organization of the ECM in the constructs.**®
High cell concentration considerably increases the elastic moduli of
hydrogels in compression.*%1%% Some scaffolds that are more struc-
tured than hydrogels display better elastic moduli.®®”*4* Increasing
the concentration of which component from 10% to 20% or creating
interpenetrating polymer networks might improve the elastic moduli
of hydrogels.???1%° Moreover, the addition of COMP protein,
involved in the ECM organization of the native AC, to a scaffold with
rabbit BM-MSCs resulted in increased mechanical properties after
implantation in vivo.?>° Interestingly, higher mechanical properties in
tension and compression tests were obtained with scaffold-free engi-
neered cartilage constructs.®?:141:14¢ Nevertheless, the high elastic
modulus variability of scaffold-free constructs is influenced by cell cul-
ture conditions, cell type (BM-MSC, AT-MSC, chondrocytes) and cell
origin. 1397141146151 gome scaffold-free constructs, consisting of
human chondroprogenitor cells in hypoxic condition, display a good
equilibrium elastic modulus compared with native AC and this is asso-
ciated with increased proteoglycan and collagen production for
28 days.*! However, their dynamic elastic modulus remains low com-
pared with native AC. This can be explained by their lower collagen
content than in native AC and the lack of collagen organization. Thus,
the capacity of this new tissue to dampen forces will be limited.

To date, the primary objective of tissue engineering has been to
provide cells with a biocompatible environment and to ensure suffi-
cient apparent mechanical properties. Thus, most of the tested and
described mechanical properties of engineered tissues only concern
apparent moduli (Young's modulus or aggregate modulus) and do not
take into account the features required for the proper tissue develop-
ment and maintenance. Particular attention must now be paid to the
elastic moduli at the tissue scale (heterogeneity, anisotropy, non-line-
arity) and also at the cell scale (lower elasticity moduli) as well as to

other mechanical properties, such as permeability.

5.2 | Remaining challenges in reproducing AC
mechanical behaviors

As already highlighted by Patel et al., a consistent and reproducible
way to characterize the time-dependent and time-independent
behaviors of new AC constructs should be standardized to allow the
comparison of their mechanical parameters.**” We suggest that com-

plementary parameters also should be investigated.
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(Continued)

TABLE 4

Poro or visco-elastic parameters

Failure

Elastic moduli

Failure

Day of

Reference

E" (kPa) 71/2(sec)  k(m*/Ns)

stress (kPa)

H._eq (kPa)
21 (at D28)

Eeq (kPa) Eayn (kPa) E' (kPa) E* (kPa)

measure
D7 and

Cell

Sample

Technique

0.0055 x 10712 Cheng!*®

hACh

porcin ECM scaffold

D28

Tanaka#*

3000-

PLLA scaffolds (pore

Indentation

28,000

size variations)

Concaro*#

9.6

D14
D28
hMSC D14 and

hACh

Chitosan hydrogel

Shear

14.6

Ando#¢

1320 + 250

5000 (at D21)

Scaffold free

Traction

(at D21)
292 + 113

D21
D28

Murphy*4°

660 + 251

hACh

Scaffold free

Note: These studies concerned engineered cartilage tissues with a scaffold, hydrogel, or without exogenous matrix and different human cell types (hACh: articular chondrocytes, hAChP: articular

chondroprogenitors, hMSC: mesenchymal stem cells, hASC: adipose-derived mesenchymal stem cells). The tissues were mechanically characterized immediately or after several days of culture (D). The Young's

modulus (E) and aggregate modulus (H,) are determined at the articular cartilage equilibrium (Eeq and H, _eq), when the tissue had the time to creep or relax, during the loading, or immediately after its application

(Eqyn) When the tissue shows the apparent modulus linked to its elasticity and viscous behaviors. During cyclic loading, the dynamic modulus (E*, G*) or the storage modulus (E') and the loss modulus (E") can be

measured. Compressibility is characterized by the Poisson's ratio (v). When time-dependent behaviors are taken in account, the permeability (k) and a relaxation half-life time (z*/?) are evaluated.
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First, even if it seems obvious, very few studies analyzed the fail-
ure stress or failure strain that must be estimated to minimize the risk
of failure during in vivo solicitations. Overall, very few groups man-
aged to develop a biomaterial that can sustain in vivo loads with
proper elastic modulus.*374%%%* An approximate failure strain of
30% in traction was found for scaffold-free constructs, %146 which is
too small compared to what observed in bovine AC.1°* However, one
of these studies showed that the tensile strength increases over
time.14¢

Second, to our knowledge, only one group has studied the perme-
ability of engineered AC tissue. Specifically, Cheng et al. showed that
the permeability of their biomaterial remained 10 orders of magnitude
higher than that of AC.24?142 The lack of proper permeability in cur-
rent constructs, even after cell seeding, seems to be a drawback that
has not been taken into account in most of the biomaterials devel-
oped for AC replacement. The high permeability of engineered con-
structs for AC replacement alters the construct damping properties
and the interstitial fluid flow. Changes in damping properties and in
fluid flow affect the capacity of cartilage constructs to withstand high
loading speeds and to optimize the cell phenotype, respectively.1>%153

Third, the gradients of AC composition and structure play an
important role in AC capacity to sustain different loads and in its
homeostasis. This leads to AC heterogeneity and anisotropy that are
rarely reproduced in tissue engineering. The increase in elastic moduli
and the anisotropy changes with depth allow the AC to resist the
compressions, tensions and shears that occur at its surface. An
increase in elastic modulus has been achieved with at least two layers
of hydrogel or a continuous gradient of composition, cross-linking,
porosity, or cell density to induce the secretion of different ECM com-
ponents; however, these tissues remain too soft and isotropic.t>4-1%¢
Similar gradients have been introduced in scaffolds that remain more
rigid.?>” Anisotropy can be added by using fiber-reinforced hydrogels,
by varying the pore structure, or by using additive manufacturing and
by printing specific geometries.?*®71C As noted earlier, the mechani-
cal behavior of engineered tissues has not been sufficiently tested at
the tissue scale, using compression and shear tests for example, to
determine their capacity to withstand different loads in joints and in
different directions, where anisotropy is needed.

One of the major issues in AC tissue engineering is the supply of a
biomaterial with sufficient mechanical properties for the implantation
of the new tissue, while ensuring the cell differentiation and/or main-
tenance of the chondrocyte phenotype.'®! Indeed, the stiffness of the
matrix on which cells are seeded influences their phenotype; however,
the stiffness required at the AC tissue level is too important to pro-
mote the chondrocyte phenotype.'¢?1¢% Currently, hydrogels display
mechanical properties adapted for cells, with sometimes gradients of
mechanical properties that allow obtaining the different chondrocyte
phenotypes found in AC.*4¢* However, these hydrogels are too
weak to sustain in vivo mechanical loads. On the other hand, stiffer
scaffolds with mechanical properties adapted to in vivo loads promotes
a hypertrophic phenotype because the matrix around the cells is too
stiff (Table 4). It should be noted, however, that the tissue should not
be too rigid either, as it would be difficult to position, would not be
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mechanically stable and could cause damage to the resting cartilage
and subchondral bone.®®> Two AC characteristics could be considered
in future tissue engineering approaches: the gradient of mechanical
properties from the pericellular to the interterritorial region, and AC
composition and structure that generate mechanical properties
10 times lower at the cell scale than at the tissue scale, all zones and
regions combined. Additive manufacturing techniques, such as electro-
spinning and 3D bioprinting, are interesting because they can build
structures that closely mimic AC.1%%1¢” Better cell colonization and
ECM organization were guided with a scaffold generated by additive
manufacturing.*®® A combination of a strong structure and a softer
hydrogel in which cells are embedded also could be a solution.¢°
However, it will not be possible to validate these techniques and mimic
these two characteristics without a more complete mechanical charac-
terization of AC at the tissue and cell level.

In conclusion, additive manufacturing techniques are promising
approaches for creating engineered cartilage with better properties. Gradi-
ents or layers with different composition or/and organization of biomate-
rials are needed to create new tissues with gradients of mechanical
properties as found in the native tissue and to take into account the differ-
ences at the tissue and cell scale. Such approaches might help to overcome
biomechanical issues concerning the balance between mechanical proper-
ties tailored to the tissue function and to the cell environment. However,
the mechanical characterization of these tissues needs to be improved.
Multi-creep or multi-relaxation tests in at least two configurations (for
instance, compression and shear) are needed to evaluate the dynamic and
equilibrium elastic moduli and the tissue permeability. Anisotropy can be
assessed by analyzing the tissue mechanical properties in different direc-
tions. A simple test to non-reversible mechanical deformation can be used
to determine the mechanical limit of the tissue. Finally, AFM allows evaluat-
ing the cell mechanical environment. Of note, this comprehensive analysis
should be performed at several time points to monitor the engineered tis-
sue development because cells can positively or negatively influence the

tissue mechanical properties by remodeling their environment.

6 | CONCLUSION

The complex biomechanical behavior of AC is characterized by its
non-linear elasticity, viscosity, permeability, compressibility, heteroge-
neity, and anisotropy. Several theoretical and numerical models have
been developed to reproduce and study its mechanical behaviors. A
key issue for AC mechanical characterization is the combination of an
experimental setup to drive and measure mechanical solicitation with
a model to specify the needed assumptions.

AC damping nature, related to its poroviscoelastic behavior, has
focused much attention and several studies have outlined the impor-
tance of dissipation for AC engineering, both in vitro and
in vivo.1%?17° Indeed, by finely tuning the damping and poroelastic
properties of engineered tissues, mechanical stimulations should opti-
mize the distribution of nutrients to cells throughout the tissue.

Another key feature of AC is the multi-scale nature of its mechan-

ical behaviors. Due to its specific fibrous microstructure and spatial

gradient around cells, AC exhibits low stiffness at the cell scale and
relatively high stiffness at the tissue scale. This feature must be thor-
oughly investigated using multi-scale modeling and must be taken into
account when developing new biomaterials.

The production of engineered cartilage tissue for transplantation
requires many adjustments concerning cells, biomaterials, biological and
biomechanical factors.2”* Reproducing AC mechanical behavior is one of
them. This is a huge task. Numerical modeling can help to describe the
mechanical behavior and quantify the mechanical parameters of native
AC and also to model the mechanical behavior of engineered tissues and

adjust their composition or micro-structural geometry.”?
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