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The aim of the paper is to propose a novel approach to modelling the macroscopic elec-
tromechanical behaviour of cartilage within the framework of linear response. The cartilage
is treated as multiphase material with four constituents: anions, cations, viscous fluid and
piezoelectric skeleton. The macroscopic equations were derived by using homogenization meth-
ods. Only stationary flow was studied. The elastic macroscopic moduli were determined by
assuming, after BRooM [60], the honeycomb microstructure of the cartilage. Mathematical
developments are preceded by a review of structure and properties of a cartilage.

1. INTRODUCTION

All cells and tissues of the organism are subjected to different stimuli, among
others to mechanical forces. These forces arise from various reasons, such as
blood circulation, inertial forces created during motion and gravity forces that
act ceaselessly in normal conditions. The last two kinds of the forces are the most
important for loading of the cartilage. It is easy to estimate that the pressure
exerted on the cartilage during the walk is of the order of several atmosphers,
and during the jump — of tens of atmospheres. The action of external force on
the cartilage is twofold: on the one side, the moderate forces ensure proper func-
tioning of the cartilage, on the other side, an overload degenerates the cartilage,
as examples of sportsmen and race horses show, cf. [1 - 7].

In the last decades biomedical research has led to elucidation of the role of
applied stresses on a physiological activity of the cartilage and its influence on
its pathology, cf. [8, 9].
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The aim of this contribution is to elaborate a general framework for modelling
passive flows of electrolytes through the cartilage, treated as porous dielectric
elastic media, and to provide a method of estimation of the properties of this
material. The electrolytes involved consist of two-ion species. Similar approach
can be applied to modelling the inervertebral disc.

The passive transport of electrolyte solution through a tissue is the process
by which the solution moves under the influence of the gradients of electrochem-
ical potentials. In such a process the electrolyte moves without expenditure of
cellular metabolic energy. The passive transport processes play an important
role in physiological functions of biological tissues, from cells to organs. The
electrolytes-like water solutions of acids, bases or salts are electrically neutral in
the bulk; they manifest, however, electric charge separation in the vicinity of con-
tact surfaces where a double layer arises as a result of lowering the symmetry of
the system. The appearance of charges leads to a series of elektrokinetic phenom-
ena, especially important for metabolism in living tissues. Biological tissue as a
whole is electroneutral under normal physiological conditions. Tissue is called to
be charged when its matrix is charged. Then, in order to ensure the electrical
neutrality, the interstitial fluid with dissolved electrolyte should be charged with
charges of opposite sign.

A number of models of passive transport of electrolyte in charged porous
biological tissues have been conceived. They are based on different variants of
the mixture theory.

Here we propose a new method of description of the phenomenon. We start
from more fundamental concepts, from elementary rules of motion of the compo-
nents. By using the method of two-scale asymptotic expansions, the macroscopic
phenomenological equations describing electrokinetics of such a (two + two) -
phase structure are derived and the formulae for the effective mechanical and
nonmechanical coefficients are given.

Porous materials, such as animal and human cartilage and bone, provide
important classes of natural porous media, cf. {10 — 18]. From the mechanical
point of view one considers deformable matrices.

The paper is organized as follows. Sections 1.1 — 1.2.6 are concerned with
a presentation of cartilage structure. Sections 2 and 3 are devoted to the study
of flow of electrolytes through a piezoelectric matrix. The piezoelectric effect is
introduced because the dry collagen fibers exhibit piezoelectric properties and we
may suppose that also the wet collagen network conserves this property in some,
even to a small extent. Thus the matrix is a deformable anisotropic dielectric
exhibiting piezoelectric properties. By using the method of two-scale asymptotic
expansions, equations of electrokinetics involving the piezoelectric effect have
been derived. In this part of considerations the present contribution is a contin-
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uation of our previous papers on homogenization of piezoelectric composites and
of flow of electrolytes through porous media, cf. {10, 12, 13, 15, 17, 19]. However,
now we assume that we deal with three fluxes comprising the water flux, and
fluxes of anions and cations which mutually interact. We also assume that the
deformable matrix reveals piezoelectric properties.

In Secs. 4 and 5 the mechanical properties of the cartilage are examined.
Particularly, a two-dimensional honeycomb model of the cartilage matrix is con-
sidered. The results obtained are compared with available experimental data.

Our considerations are confined to linear phenomena. The next step would
consist in an elaboration of a nonlinear model. Particularly, a nonlinear response
of the cartilage matrix combined with the homogenization is a challenging prob-
lem. Also, our results are restricted to the stationary flow. The study of non-
stationary case would be similar, though technically more involved. Then the
Darcy-Wiedemann law of filtration would be nonlocal in time, cf. [18 - 20].

1.1. The structure of cartilage

From the medical point of view the tissue of cartilage (cf. Lat. cartilago,
Gr. xovdpos belongs to one of the simplest connective tissues. The level of
metabolism in it is low, it is known as a privileged tissue from immunological
point of view. It is easily preserved in tissue banks, the articular cartilage is
devoid of nerves and is generally avascular, although a few blood vessels may be
found in its deepest zones. The tissue consists of a relatively small number of cells
and an abundant extracellular matrix. The matrix contains a large amount of
water, a meshwork of collagen fibres and a non-fibrous “filler” substance. Together
these form a stiff gel (gristle). Nevertheless, the cartilage is very complicated as
an object of physical or chemical investigation.

The most widespread and most characteristic form of cartilage is described as
hyaline, because of its glassy translucent appearance (cf. Gr. véAos — transparent
stone, amber, glas). It is built from the intercellular substance and of the cellular
elements — chondrocytes which are found in spaces called lacunae.

The characteristics of cartilage, responsible for its function as a supporting
tissue, are given by its interstitial substance. This has a dense network of collagen
fibres, embedded in the form of a very firm gel, three-fourth of the weight of which
is water. This structure gives to cartilage the consistency and a considerable
tensile strength, and enables it to bear weight while retaining a certain degree
of elasticity. In adult individuals, except in certain locations, as in the sternal
portions of the ribs, cartilage disappears from the bony structure, leaving only a
thin layer at the joint surfaces. Here it provides a smooth surface, lubricated by
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the joint fluid (synovial fluid), which makes it possible for the bones to carry the
weight of the body, while moving easily against one another at the joints.

In addition to hyaline cartilage, two other varieties of cartilage are found in
mammals. Elastic cartilage is found in the external ear, in the larynx, while
fibrocartilage is found in the intervertebral disks, in the attachments of tendons
and in some other similar areas. In the healing of fractures, the provisional callus,
before its replacement by bone, is also formed of fibrocartilage.

Some of the information concerning the multilevel structure and physical
properties of articular cartilage are given in the following two tables.

Table 1. Multiscaled structure of articular cartilage, after [21]

scale m

nano- | 1071°—-107° | Nat*, Ca®*, SO;, COO~

ultra- 1078 —107° | collagen and proteoglycan, pores
micro- | 1077 —107* | cells and extracellular matrix
tissue- | 107* — 1072 | articular cartilage and bone

macro- { 0.05—0.15 | diarthroidal joints

Table 2. Cartilage composition, after [21].

tissue water collagen | proteoglycan
(wet wt) (wet wt)

articular cartilage | 60 — 85% | 15 — 22% 5—-7%

1.2. Physical and chemical properties

The gel-like portion of the interstitial substance of articular cartilage, the
chondromucoid, is characterized by a complex sugarlike substance containing
sulphur and known as chondroitin sulfate (which is responsible for its staining
properties), cf. [2, 22].

The extracellular component of cartillage consists primarily of collagen fibres
embedded in a gel of proteoglycans and water. Since cells occupy a small fraction
of the total volume of cartilage, the physicochemical properties of cartilage are
defined mainly by the properties of this gel. Whilst the collagen network is
responsible for the integrity of the tissue and its tensile strength, both fluid and
solute transport depend principally on the properties of the proteoglycans — water
gel. Because the proteoglycan molecule contains fixed negatively charged groups
(carboxylate and sulphate due to chondroitin and keratan sulphates), the gel
possesses properties of a polyelectrolyte solution.
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1.2.1. Collagen

Collagen accounts for about half of the dry weight (which is about one third
of the wet weight) of articular cartilage. This amount increases to almost whole
of the dry weight in the superficial layer.

Collagen fibers are embedded in the amorphous substance of the extracellular
matrix, consisting predominantly of proteoglycans. All components of the matrix
are produced by cartilaginous cells, i.e. chondrocytes.

At least 20 different types of collagen have now been identified. The major col-
lagen of cartilage is type II. The type II collagen is different from other interstitial
collagens. The most significant variation is the high level of glycosylation of the
hydroxylysine residues. Almost half of the hydroxylysine residues are bound to
galactose or galactosyloglucose. The biological role of this high carbohydrate con-
tent remains obscure. It is speculated that glycosylation facilitates the interaction
with proteoglycans and affects the steric alignment of the molecules, cf. [23].

Collagen fibres form a relatively coarse structure. The fibrils themselves are
30 — 80 nm (300 — 800A) in diameter and the gaps between them are of the
order 100 nm or more. At physiological pH the cartillage collagen behaves as if
it contained no unneutralized charged groups.

Collagen has a high degree of structural organization. The basic tropocolla-
gen structural unit is composed of three collagen polypeptide chains (a-chains)
coiled into left-handed helices which are further coiled about each other into
right-handed helices. These rod-like tropocollagen collagen molecules (aproxi-
mately 1.4 nm in diameter and 300 nm long) are polymerized into large collagen
fibrils. Without covalent intermolecular cross-links, collagen fibrils have drasti-
cally reduced mechanical strength. Both the coarseness of the fibres and their
electrical neutrality render collagen neutral from the physicochemical point of
view, and therefore of less interest than the proteoglycan constituent.

The collagen fibres in the intermediate zone are mostly randomly oriented
in relation to the vertical direction, cf. Figs. 4, 5 and 6. Under physiological
compressive load the fibres have become oriented at right angles to the direction
of loading, cf. [24].

The attempts to determine the mechanical properties of collagen molecule
were performed by several groups of researches, using the X-ray diffraction tech-
nique and Brillouin light scattering, beginning from COWAN et al. [25], until the
last experiments by SASAKI and ODAJIMA [26).

1.2.2. Water

Although all the water in cartilage is accessible to small solutes and parti-
cipates in the isotopic exchange, some of this water is associated with collagen
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fibrils. As far as the cartilage is concerned, it is not known however, what fraction
of water is present in the intrafibrillar form or whether this water is available to
the proteoglycan molecules.

From hydraulic permeability experiments, the pore size in articular cartilage
has been estimated to range from 2 to 6 nm. Such small pores provide an efective
barrier against transport of large molecules through the tissue. Thus frictional
interaction between interstitial water and the walls of the nano-sized pores of the
solid matrix occurs within the nano-scale range.

It is estimated that a small percentage of the water is contained in the in-
tracellular compartment, about 30% exists in the intrafibrillar compartment of
the collagen fibers (and a small fraction of this water — 20% is localized within
the helix itself), and the remainder exists in the solution domain of proteoglycan
molecules. That rest is more or less equally distributed between pores (every one
of which holds about 5 water molecules) and holes (every one of which holds about
50 water molecules). Thus most of the collagen water shows limited accessibility
to larger molecules but is freely available to small solutes.

1.2.3. Proteoglycans

The ground substance forms the “filler” matrix between the fibrous component
of the matrix; it contains a wide variety of chemical constituents, but is principally
composed of protein-polysaccharide complexes. The filler substance endows the
cartilage with its elasticity in compression and is made up of large molecules of
carbohydrates and protein, cf. Fig. 1.

The cartilage contains polysaccharide molecules which have a considerable
negative charge and a molecular weight up to 5 x 10%. These are termed acid
mucopolysaccharides or glycosaminoglycans; chondroitin sulphate (CS), keratan
sulphate (KS) and a small amount of hyaluronic acid are found in cartilage. In
cartilage, the SO4 and COOH groups on the CS and KS chains become ionized.
The distance between these charged groups is of the order of 1nm and is within the
Debye length. The total number of these charge groups is measured in terms of
“fixed charge density” (FCD). The value of the FCD in articular cartilage ranges
from 0.05 to 0.3 mEq/ml of tissue, where 1Eq=1 chemical equivalent. The FCD
in cartilage determines the total counter- ion (mainly Na™*) concentration within
the interstitium via the Donnan equilibrium, see Sec. 1.2.5.

Chondroitin sulphate and keratan sulphate chains are covalently bound as
side-chains to a central core of protein. These protein-polysaccharides (known as
proteoglycans) have a molecular weight of about 1— 4 x 10%. Some proteoglycan
molecules aggregate to form very large complexes.

Altough present in rather small quantity (10% of wet weight), the proteo-
glycans are just this constituent which is responsible for a number of important
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FiG. 1. A schematic representation of a series of metabolic events controlling the proteoglycans

in cartilage. The chondrocytes synthesize and secrete proteoglycan, link protein and hyaluro-

nan, which become incorporated into the matrix as functional aggregates. Enzymes released

by the cells break down these aggregates into fragments, which are released from the matrix

into the synovial fluid. The fragments are then taken up by the lymphatics and moved to the
circulating blood, after [22].

properties of cartilage. The flexible, hydrophilic nature of the glycosaminoglycan
chains and their high concentration of negatively charged fixed groups, lead to
a high swelling pressure whilst the fine macromolecular mesh ensures a low hy-
draulic permeability. These two characteristics allied to the high water content
of cartilage combine to make the tissue suitable as a load- bearing material with
a low coefficient of friction.

There is evidence that isolated glycosaminoglycans such as chondroitin and
dermatan sulphates do interact with collagen although hyaluronic and keratan
sulphate do not.

Because of the quantitative agreement between the total glycosaminoglycan
(GAG) content (determined by chemical analysis) and that corresponding to
the concentration of negatively charged fixed groups (as obtained by physical

methods), it was posible to adopt the latter parameter as a direct measure of the
GAG content.

1.2.4. Chondrocytes

Up to 10 percent of volume concentration in cartilage is occupied by the cells
called chondrocytes, cf. {3]. These are essential for the physiology of joint and
for the development, existence and renewal of the cartilage matrix. Mechanical
load is an important factor influencing the chondrocyte metabolism, cf. [27].
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