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INTRODUCTION

Understanding ion diffusion phenomena in biological tissues is
important for the study of signal transduction in tissue and cells.
However, knowledge on ion diffusion in biological tissues is limited in
literature [1-3]. In this paper, we report a new approach to
investigating ion diffusion in non-charged porous materials using an
electrical conductivity method. The objective of this study is to
understand the effect of ionic strength and porosity on ion diffusion in
hydrogels. Ion diffusivity is related to electrical conductivity and
tissue water content or porosity [4,5]. By measuring electrical
conductivity of various gel concentrations in different bathing
solutions, one can determine ion diffusivity as a function of gel
porosity and ionic strength. Our results show that this new method can
be used for determining ion diffusivity in gels and biological tissues.

MATERIALS AND METHODS
Specimen preparation

Agarose gel specimens (low-melting temperature SeaPlaque®
agarose, BioWhittaker Molecular Applications, Rockland, ME) were
used in this study. The agarose powder was dissolved in 0.05M KCI
or 0.1M KCl in concentrations ranging from 2% to 12%. The different
mixtures were heated using a water bath at 78 °C until the powder was
completely dissolved in the solution and no bubbles were present. The
solutions were poured into 3 mm glass molds and were allowed to gel
at room temperature (22 °C). Using a corneal trephine (d = 5 mm),
cylindrical specimens (n = 6) were punched out from the gels. The
volume fraction of water (¢p") of the specimens was calculated using
the following equation:
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where my,; is the mass of the agarose, pg is the density of agar, found
in the literature to be 1.4 g/mL [6], and V is the volume of the gel.

Conductivity measurement
A conductivity apparatus developed in our lab was used to

measure the resistance (R) values of the agarose gel specimens using
the four-wire method [7]. The conductivity values of the gels were
calculated using equation,
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where h and A are the height and cross-sectional areas of the
specimens respectively. The conductivity of the bathing solutions (y,)
at 22.5 °C was measured to be 6.3 mS/cm for the 0.05M KCI and
12.24 mS/cm for the 0.1M KCI. All conductivity measurements were
taken at room temperature (22 £1°C).

Theory
Potassium and chloride ion diffusion coefficients (D) are related

to the specific electrical conductivity (),1), ion concentrations (C*) and
volume fraction of water by the following equation [4,5]:
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where F, is the Faraday constant, R is the gas constant , and T is the
absolute temperature. In this case, the positive and negative ion
concentrations are the same since the agarose gels used in this study
are non-charged. The diffusion coefficients can also be assumed to be
the same [8]. Since C"'=C and D' = D, and taking into account the
conductivity of the bathing solution, the normalized ion diffusion
coefficient in gel (D/D,) can be obtained by the following equation:
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where D, the ion diffusion coefficient in solution and ¥, is the
electrical conductivity of the bathing solution. The ion diffusion
coefficient in gel is related to the volume fraction of gel (¢° ), the pore
size (&) of gel and radius of the ion (a), given by [9, 10]:
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and o is the parameter. The radii of the potassium and chloride ions
were calculated using the Stokes-Einstein equation. Since the radii of
the ions used in this experiment were close in magnitude (1.37x10"° m
for K" and 1.421x10™% m for CI'), the average value of 1.40x10™"" m
was used for a in Equation 6. Finally, the pore size of the gel (&) is the
square root of the Darcy permeability given by [11]:
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RESULTS

The normalized ion diffusivity in gel (D/Dy) is plotted versus
volume fraction of water (Fig. 1). The calculated ion diffusivity was
curve-fitted to the theoretical model proposed (Equations 5-7),
yielding a value for o of 5.22 + 0.21 (mean + SD) (R’=0.98). Also
included in the plot for comparison is the Mackie and Meares model
which describes the diffusion of electrolytes in a resin membrane and
is represented by the equation below [12]:
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DISCUSSION AND CONCLUSIONS

From the experimental results it can be inferred that varying the
concentration of the bathing solution does not influence ion diffusion
phenomena. However, the pore size of the gel, which decreases with
decreasing water content, plays a significant role in ion diffusion. The
theoretical model presented in this study and the model proposed by
Mackie and Meares [12] effectively predict the behavior of ion
diffusion in gels at high water concentration. Our results are similar to
the findings on ion diffusion in charged gels by Lanir and coworkers
[13]. Our method can be used for determining ion diffusivity in gels
and tissues.

ACKNOWLEDGEMENT
This project was supported by a grant from the NIH (AR46860).

REFERENCES

1. Urban, J. P., Holm, S., Maroudas, A., and Nachemson, A., 1977,
“Nutrition of the Intervertebral disk. An In Vivo Study of Solute
Transport,” Clin. Orthop., 129, pp. 101-114.

2. Maroudas, A., 1968, “Physicochemical properties of cartilage in
the light of ion exchange theory,” Biophys. J., Vol. 8, 5, pp. 575-
595.

3. Maroudas, A., Weinberg, P. D., Parker, K. H., and Winlove, C.
P., 1988, “The distributions and diffusivities of small ions in

chondroitin sulfate, hyaluronate and some proteoglycan
solutions,” Biophys Chem, 32, pp. 257-270.

4. Helfferich, F., 1962, lon Exchange, McGraw Hill, New York.

5. Gu, W. Y., Lai, W. M., and Mow, V. C., 1998, “A Mixture
Theory for Charged-Hydrated Soft Tissues Containing Multi-
electrolytes: Passive Transport and Swelling Behaviors,” J.
Biomech. Eng., 120, pp. 169-180.

6. Johnson, E. M., Berk, D. A., Jain, R. K, and Deen, W. M., (1995),
“Diffusion and partitioning of proteins in charged agarose gels,”
Biophys. J., 68, pp. 1561-1568.

7. Gu, W. Y., and Justiz, M.A., 2002, “Apparatus for Measuring the
Swelling Dependent Electrical Conductivity of Charged Hydrated
Soft Tissues,” J. Biomech. Eng., 124, pp. 790-793.

8. Koneshan, S., Rasaiah, J. C., Lynden-Bell, R. M., and Lee S. H.,
1998, “Solvent Structure, Dynamics, and Ion Mobility in
Aqueous Solution at 25°C,” J. Phys. Chem., 102, pp. 4193-4204.

9. Park, H., Johnson, C. S., and Gabriel, D. A., 1990, “Probe
Diffusion in Polyacrylamide Gels as Observed by Means of
Holographic Relaxation Methods:  Search for a Universal
Equation,” Macromolecules, 23, pp. 1548-1553.

10. Vega, A. L., Yao, H., Justiz, M. A,, and Gu, W. Y., 2002,
“Variation of Electrical Conductivity with Water Content in
Agarose Gel,” Adv. Bioeng., BED53 #32507, ASME, New York.

11. Yao, H., and Gu, W. Y., 2002, “New Insight into Deformation-
dependent Hydraulic Permeability of Hydrogels and Cartilage,”
Adv. Bioeng., BED53 #32520, ASME, New York.

12. Mackie, J. S., and Meares, P., 1955, “The Diffusion of
Electrolytes in a Cation-Exchange Resin Membrane. I.
Theoretical,” Proc. Roy. Soc. Lon., 232, pp. 498-509.

13. Lanir, Y., Seybold, J., Schneiderman, R., and Huyghe, J. M.,
1998, “Partition and Difussion of Sodium and Chloride Ions in
Soft Charged Foam: The Effect of External Salt Concentration
and Mechanical Deformation,” Tissue Eng., 4, pp. 36-378.

1.0
B Experimental results in 0.05M KCI (n=6) ’
O Experimental results in 0.1M KCI (n=6) 4

© 0.84 Proposed theoretical model
Q — ~ = Mackie and Meares model (1955)
a ,
2 .7
S 0.6 -
(2] P
=] -
E -
S 0.4 .-
© -7
Q -
N Prae
S PPt
E 024 --
o
4

00 T T T

T T T T T T T T T T T T
0.60 065 070 0.75 0.80 0.85 090 095 1.00
Water content (")

Figure 1. Experimental results with proposed theoretical
model («=5.22 * 0.21 (mean * SD), R2=0.98) and comparison
with Mackie and Meares model.
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