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Abstract. An important step toward understanding signal transduction mechanisms modulating cellular activities is the accu-
rate predictions of the mechanical and electro-chemical environment of the cells in well-defined experimental configurations.
Although electro-kinetic phenomena in cartilage are well known, few studies have focused on the electric fieldinsidethe tis-
sue. In this paper, we present some of our recent calculations of the electric fieldinsidea layer of cartilage (with and without
cells) in an open circuit one-dimensional (1D) stress relaxation experiment. The electric field inside the tissue derives from the
streaming effects (streaming potential) and the diffusion effect (diffusion potential). Our results show that, for realistic cartilage
material parameters, due to deformation-induced inhomogeneity of the fixed charge density, the two potentials compete against
each other. For softer tissue, the diffusion potential may dominate over the streaming potential and vice versa for stiffer tissue.
These results demonstrate that for proper interpretation of the mechano-electrochemical signal transduction mechanisms, one
must not ignore the diffusion potential.

1. Introduction

The biologic activities of the chondrocyte population are regulated by genetic, and other biologic
and biochemical factors, as well as environmental factors. It has often been noted that physical envi-
ronmental factors, such as stress, flow, electric field, etc. are as strong as biologic factors in regulating
cellular activities [10,21]. In recent years, there has been much research on the effects of mechanical
and/or hydrostatic/osmotic pressure loading on cartilage explant metabolism (see [21] and [11] and the
references therein). Such studies have been specifically aimed at elucidating possible “mechano-signal”
transduction mechanism(s) that might govern the chondrocytes’ biosynthetic activities in maintaining
and organizing the extracellular matrix (ECM) comprising the tissue (see the reviews by Comper [3],
and Mow and Ratcliffe [22]). Although the electrical events in cartilage have been observed by many
researchers for more than three decades [1,2,5–8,13,17–20], few studies however have focused on the
details of the electrical potentialwithin the ECM where the chondrocytes reside. The development of
more elaborate constitutive models of cartilage in recent years has enabled us to calculate the various
mechanical and electrical signals that the chondrocytes might seein situ [16]. In this paper, we present
some of the results that we have obtained for the electric field in and around a cell inside a tissue un-
der a 1D stress relaxation experimental configuration. The contribution of diffusion potential to the total
potential field, ignored by most cartilage researcher, is also assessed.
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2. Streaming potential and diffusion potential in the absence of electric current

Using the triphasic theory [15], one can derive the following equation for the electric current density
in cartilage (see also [9] and [12])

Ie = −go∇P − RT

Fc

[ ∑
α=+,−

gα∇
(
ln

(
γαc

α))]
− χo∇ψ, (1)

whereP is the pressure (hydraulic and osmotic),c+ andc− are cation and anion concentrations (per
unit tissue water volume),γα are activity coefficients,Fc is Faraday constant,ψ is electric potential,
R is universal gas constant,T is absolute temperature,go, gα andχo are material parameters which are
functions of the ion concentrations and the frictional coefficients. Equation (1) states that the electric
current density at any point is the vector sum of three kinds of currents: the convection current (the first
term on the right-hand side of Eq. (1)), the diffusion current (the second term) and the conduction current
(the last term). The driving force for the convection current is the mechano-chemical force∇P , generated
by the gradient of the pressures. The driving force for the diffusion current is the electro-chemical force
∇(γαc

α), generated by the gradient of the concentration cα for the ionic species; and the driving force for
the conduction current is the electric force∇ψ, generated by the gradient of the electric potentialψ. The
fluid flow, driven by the pressure gradient, convects the cations and anions (of unequal concentration),
resulting in aconvection current. The diffusion of cations and anions at different speeds or at different
directions, driven by the gradient of concentrations, results in adiffusion current, and the movements of
ions under a non-zero gradient of electric potentialψ give rise to aconduction current. When external
circuits are not provided for the tissue to sustain a net flow of ions and electrons, the tissue is in a state
of zero current. This condition is the most commonly used experimental configuration in the study of
charged biological tissues for the determination of their electrical behaviors. For such cases, at every
point in the tissue, the sum of the three currents must vanish. In this currentless experimental condition,
there is no externally applied electric potential, the potential is entirelyinducedby the convection current
and the diffusion current. This induced potential generates a conduction current to oppose the convection
current and the diffusion current so as to achieve the zero current condition. The potential induced by
convection in the presence of a pressure gradient is thestreaming potential. The potential induced by the
diffusion in the presence concentration gradient is thediffusion potential.

3. Confined compression stress relaxation experiment in and around a cell

The length scale for cells differs from that for the tissue by more than two orders of magnitude (∼1 mm
for the tissue and∼10µm for the cell), therefore, it is necessary to use a two-scale finite-element model
to analyze the events surrounding a cell. In the following, we first present our parametric study of the
macro-scale problem so as to gain understanding on the relative importance of streaming and diffusion
potential in this problem. The parameter that has an important effect on the diffusion potential is the
intrinsic aggregate modulusHa of the ECM.

3.1. Macroscale problem (ECM in the absence of cells)

A schematic diagram for a 1D ramped displacement stress relaxation experiment is shown in Fig. 1.
The layer of tissue is confined within a rigid-cylindrical container. The side-wall and bottom are insulated
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Fig. 1. (a) Schematic of an open-circuit, 1D ramped-displacement, stress-relaxation experiment. The bathing NaCl solution con-
centrationc∗ is kept fixed during the experiment, and the motion of the loading piston is prescribed in (b). The surface-to-surface
compressive strain is 10%,t0 = 200 s andh = 1 mm.

Fig. 2. Electric potential distributioninsidethe tissue at various times forHa = 0.3 MPa. The potential increases in the direction
toward the bottom indicating that it is dominated by the diffusion potential. Initial FCDcF

0 = 0.2 mEq/ml; diffusivities of Na+

and Cl− are 0.5 × 10−9 and 0.8 × 10−9 m2/s, respectively, porosityφw
0 = 0.8, friction coefficient between water and solid

matrixK = 7× 1014 N s/m4.

against flow of water and ions. Compressing the tissue from its top is a rigid porous-permeable loading
platen. The ramped-displacement imposed on this loading platen is given in Fig. 1(b). The tissue is
initially equilibrated in a NaCl solution of concentrationc∗ = 0.15 M NaCl. Prior to the application
of the ramped displacementU (t), the tissue is in equilibrium where the anions distribution is given by
the Donnan equilibirium distribution lawc+(z, 0)c−(z, 0) = γ2

±c
∗2 [19,22]. Withvα (α = s, + and−)

denoting the velocity of solid, cation and anion, respectively, the currentless condition (open circuit) is
expressed asc+(v+−vs) = c−(v−−vs). The solution of this problem is obtained using the finite element
formulation of Sun et al. [23].

Figure 2 shows the electric potential distribution∆ψz−B [= ψ(z, t) − ψ(0,t)] at various times, for
a tissue with aggregate modulusHa = 0.3 MPa. It is seen here that∆ψz−B is negative for all times,
that isψ(0,t) � ψ(z, t) so that the electric potential increases from porous platen toward the bottom of
the specimen, indicating that the diffusion potential dominates over the streaming potential. This large
diffusion potential effect is due to the compaction of the charged solid matrix (see Fig. 3), caused by the
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Fig. 3. Strain distributioninsidethe tissue at various times. The strain is caused by frictional drag force of permeation between
water and solid matrix. The strain increases monotonically in the upward (flow) direction, so does the FCD (not shown).

Fig. 4. Electric potential distributioninsidethe tissue at timet = 200 s (i.e., at the end of the compression-ramp phase) for four
values of aggregate modulus. For more rigid tissue (Ha > 0.65 MPa), the streaming potential effect dominates whereas for
softer tissues (Ha < 0.65 MPa), the diffusion potential effect dominates.

drag forces, exerted by the fluid on the solid matrix, during the ramped-phase of the experiment [14]. For
tissues with larger compressive stiffness, the opposite may be true, i.e., the streaming potential dominates
with more positive potential near the loading platen. The electric potential for four values of aggregate
modulusHa are shown in Fig. 4. The results show that the electric fields inside the tissue reverse its
polarity at approximatelyHa = 0.65 MPa.

3.2. Microscale problem – electric field in and around a cell

Once the macro-scale model is solved, its solid displacement, water and ion chemical/electrochemical
potentials are then used to define the boundary conditions at the interface of the micro-scale cell–matrix
model. In the following we discuss the results of our calculation using this two-scale approach. The
chondrocyte is assumed to be spherical with a radius= 5 µm. Due to the sparse population of chon-
drocytes in articular cartilage (10% in volume in mature tissue [24]), only one chondrocyte is assumed
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Fig. 5. The schematic representations of the two-scale triphasic finite element model for tissue and cell. The right figure is the
micro-scale model.

Fig. 6. The contour plots of the electric field in and around a cell at the ramp peak: (a) Cell near the tissue surface. (b) Cell at the
middle zone depth. The electrical potential shown is relative to the center of the cell. (c) Properties of ECM and chondrocyte
are listed in the table, whereλ andµ are Lame constants for the solid phase.

to be embedded inside the micro-scale tissue domain (Fig. 5). That is, we assume that the interactions
between and among chondrocytes are negligible. The cell is also modeled as a triphasic medium but
with different material parameters from those of the ECM, as represented in the literature [11]. Further,
it is assumed that the cell adheres to the ECM. The cell–matrix domain is chosen to be 5 times of the
cell radius. The external bathing solution was chosen to be 0.15 M NaCl solution. The calculated results
show that the electric field depends on the location of the cell in the tissue as well as time. For example,
at the peak of the ramped displacement, the electrical potential difference between the territorial matrix
and the center of the cell is−2.2 mV for a cell near the surface versus−4.2 mV for a cell at 1/2 depth
from the surface. It should be noted that the cell near the surface was compressed more than the cell at
mid-depth so that the difference in FCD between the cell and ECM is less for the cell near the surface.
For a complete picture of the electric field surrounding a cell, we show in Fig. 6 a contour plot of the
electric field (relative to the center of the cell) in and around a cell in the surface zone.
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4. Conclusions

The triphasic theory is used to provide a complete description of the electric field in and around a cell
inside a layer of tissue in 1D confined compression stress relaxation experiment. In the theory, both the
streaming potential and the diffusion potential effects are included. We found that for cartilage ECM,
these two potentials may be of the same order of magnitudes, and competeagainsteach other under
realistic loading conditions. Thus, for proper interpretation of the signal transduction data, one must not
ignore the diffusion potential in the theory.
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