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The Size of the Unstirred Layer as a Function of the Solute

Diffusion Coefficient
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ABSTRACT By monitoring the concentration distribution of several solutes that are diffusing at the same time under given
mixing conditions, it was established that the unstirred layer (USL) has no clearly defined boundary. For the cases of solute
permeation and water movement across planar bilayer lipid membranes, respectively, experiments carried out with double-
barreled microelectrodes have shown that the thickness of the USL depends on which species is diffusing. Small molecules
with a larger diffusion coefficient encounter an apparently thicker USL than larger molecules with a smaller diffusion
coefficient. The ratio of the USL thicknesses of two different substances is equal to the third root of the ratio of the respective
diffusion coefficients. This experimental finding is in good agreement with theoretical predictions from the theory of

physicochemical hydrodynamics.

INTRODUCTION

Adjacent to a membrane there is usually a stagnant layer
that acts as an additional diffusion barrier so that rapidly
permeating substances could actually be rate-limited by
diffusion (Barry and Diamond, 1984). Osmotic volume flow
across membranes is also affected by unstirred layers
(USL), because the movement of the solvent will carry
dissolved solutes along with it (Schafer and Andreoli,
1987). That, in turn, may alter the osmotic gradient across
the membrane (Fettiplace and Haydon, 1980). Concentra-
tion gradients of the solute induced within the USL both in
the cases of solute permeation and osmosis play an essential
role in the transport process across biological membranes
(Lauger, 1976; Finkelstein, 1987). Their size and impor-
tance depend on the rate of dissipation through back diffu-
sion of the solute and on the various stirring effects that may
be present (Pedley, 1983).

For example, the importance of USLs has been demon-
strated in models of intestinal adaptation where nutrient
uptake is enhanced by alterations in the passive permeabil-
ity properties of the intestinal brush border membrane
(Thomson et al., 1996). In the vicinity of enterocytes the
USL causes a significant diffusive resistance to the uptake
of hydrophobic xenobiotics (polychlorinated biphenyls) dis-
solved in dietary fat (Dulfer et al., 1996). The USL adjacent
to the internal capillary wall is assumed to cause the blood-
flow dependency in adsorption (Chiou, 1996). Also, cho-
lesterol efflux from cell membranes is influenced by the
diffusion of cholesterol molecules through the extracellular
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unstirred water layer (Rothblat et al., 1992). Diffusion
through the unstirred layer, which may exist in Disse’s
space in isolated perfused livers (and probably under in vivo
conditions), limits the hepatic uptake rate of protein-bound
ligands (Schwab and Goresky, 1996; Ichikawa et al., 1992)
and of drugs with extremely high membrane permeabilities
(Miyauchi et al., 1993). The erythrocyte membrane perme-
ability to the rapidly penetrating compound ammonia is
rate-limited by diffusion through USLs at basic pH (Labo-
tka et al., 1995). Existence of the USL slows the uptake of
O, by red cells of man by a factor of at least 1.8-2.0
(Holland et al., 1985).

The uptake of rapidly permeating substances as well as
the regulation of secretion may be governed by stagnant
water layers. Increases in luminal flow rate, for example,
directly increase apical membrane H* secretion in the prox-
imal tubule, possibly by modification of a luminal USL
(Preisig, 1992). Hemodynamic flow modulates the effects
of adenine nucleotides on vascular endothelial cells by
changing the nucleotide concentration at the cell surface
(Shen et al., 1993).

Usually, diffusive restrictions arising from the presence
of stagnant water layers are estimated from the diffusion
coefficient and the USL thickness (8):

P> =D/ (1)

Thereby, the problem of determining the permeability of the
USL, P® is transformed into the task of evaluating 8.
Mostly, the latter is calculated from the time course for the
buildup or depletion of a solute adjacent to a membrane
barrier (Dainty and House, 1966; Burczynski et al., 1989;
Cotton and Reuss, 1989); & can also be determined from the
tracer flux if the latter has a membrane/water partition
coefficient to be so high that the flux is totally limited by the
USL permeability (Holz and Finkelstein, 1970).
Commonly, the thickness of the USL is assumed to be
independent from the diffusion coefficient of the solute
(Levitt et al., 1984; Pohl et al., 1993b; Antonenko et al.,
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1993, 1997; Xiang and Anderson, 1993; Strocchi et al.,
1996; Jensen et al., 1997). Once determined from experi-
ments with an indicator, 6 is used to assess diffusive re-
strictions of other compounds (Holz and Finkelstein, 1970;
Rosenberg and Finkelstein, 1978; Orbach and Finkelstein,
1980; Barry and Diamond, 1984; Xiang and Anderson,
1994; Burczynski et al., 1995). However, the validity of this
approach is questionable. The distance from the membrane
from where a particle migrates by diffusion depends on the
competition between diffusion and convection. The distance
is shortened due to vigorous stirring or, contrarily, length-
ened by an increase in the mobility of the solute.

Indeed, a detailed theoretical analysis of the interaction
between stirring and osmosis reveals that the size of the
USL depends on the diffusion coefficient of the solute
(Pedley, 1980). The same conclusion is drawn in the case of
transmembrane solute diffusion (Levich, 1962).

The goal of the present work is to find experimental
evidence for these theoretical predictions. Therefore, the
concentration distribution of ions in the immediate vicinity
of a black lipid membrane (BLM) is measured. With the
help of the microelectrode technique (Lucas et al., 1975)
adapted to concentration measurements near planar bilayer
membranes (Antonenko and Bulychev, 1991) the size of the
unstirred layer can be determined with great accuracy (Pohl
et al., 1993a; Pohl et al., 1997). Experimental evidence of
the functional dependency of & on the diffusion coefficient
is presented, which is in agreement with predictions from
physicochemical hydrodynamics.

THEORY

Transmembrane water flux leads to solute concentration
changes in the immediate membrane vicinity, i.e., water that
passes through the membrane dilutes the solution it enters
and concentrates the solution it leaves (Fettiplace and Hay-
don, 1980). The thickness & of the stagnant water layer
responsible for the polarization effect is defined in terms of
the concentration gradient at the membrane water interface
(Dainty and House, 1966):

|C,— G| oC

T Tl )
where x is the distance from the membrane and C, and C;
denote the solute concentrations in the bulk and at the
interface, respectively. Within the USL (=6 = x = §) the
solute concentration C is an exponential function of the
distance x to the membrane (Pohl et al., 1997):

—w  ax’
C(x) = Cexp D + 3D/ 3)

where D, v, and a are the diffusion coefficient, the linear
velocity of the osmotic volume flow, and the stirring pa-
rameter, respectively. Equation 3 is based on the model of
stagnant point flow (Schlichting and Gersten, 1997) where
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the stirring velocity u (1 = a x*) in the immediate mem-
brane vicinity is assumed to change gradually. In the most
simple one-dimensional form, the balance between convec-
tion and diffusion is

aC aC

Here the concentration distribution is considered to be in-
dependent of time. The convective flow arrives from the
direction (x axis) perpendicular to the infinite plane occu-
pied by the bilayer lipid membrane (Pedley, 1983). There it
divides into a viscous flow that must adhere to the interface
and a frictionless potential flow that slides along it (Schli-
chting and Gersten, 1997). Although the flow parallel to the
membrane affects the system by convecting away a part of
the solute, the steady-state concentration is a function of the
distance to the membrane only and does not depend on the
space coordinate parallel to the membrane (Pedley, 1983).
Although proper solutions of the equations for simultaneous
convection and diffusion have only been proved to be
possible for a few special geometries, experimental concen-
tration profiles in the vicinity of a planar bilayer are well
described by Eq. 3 (Pohl et al., 1997). It has been shown that
the agreement between theory and experiment is not satis-
factory when a discrete boundary between the stirred and
unstirred regions adjacent to the membrane (Dainty and
House, 1966) is postulated.

Based on the model of stagnant point flow an equivalent
o value could be defined for an experiment in which the
outward advection of solute by osmotic flux is limited by
the inward advection of the stirring rather than by back
diffusion (Pedley, 1980):

B D 1/3 v 1/2
8—1.6<V) <a> , &)

where v is the kinematic viscosity and a another stirring
parameter that is related to a (Pohl et al., 1997):

0.6165(c*?/v'?) = a. (6)

According to Eq. 5, the size of the USL does not depend on
the velocity of the volume flow. This prediction is correct
only for vigorously stirred systems (Pohl et al., 1997); & is
expected to become increasingly large for rapidly diffusing
substances. An augmentation of the diffusion coefficient by
one order of magnitude should double 6.

In the case of rapid solute permeation across membranes,
concentration gradients are also generated within the USL.
The transmembrane movement of solutes can be regarded as
a heterogeneous reaction that involves several steps. The
first one is the transfer of the solute to the membrane
surface. In a second step the heterogeneous reaction itself
takes place. Examples are the binding of the solute to a
carrier (Winne, 1973), the proton uptake by protonophores
(McLaughlin and Dilger, 1980) or the dissociation of weak
acids and bases (Gutknecht and Tosteson, 1973), adsorption
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or desorption, etc. Finally, the reaction products are trans-
ferred from the reaction site. The overall rate of the heter-
ogeneous reaction, when governed by diffusion kinetics, is
determined by the rate of removal or introduction of reac-
tants (Levich, 1962). The solute particles are not only en-
trained by the moving liquid but they also diffuse along the
concentration gradient. The solution of Eq. 4 for the com-
bined processes of convection and diffusion acquire their
simplest form if the surface of a rotating disk serves as the
reaction site. It is assumed that the reaction rate is suffi-
ciently high for all particles approaching the surface to react
instantaneously. Another significant characteristic of the
diffusion boundary layer on a disk is the fact that its thick-
ness is not a function of the distance from the axis of
rotation, but is constant over the entire disk surface. Herein,
the mathematical treatment of convective diffusion is sim-
ilar to the one given above for stagnant point flow. Once the
boundary conditions are equal, Eq. 5 fits also the case of
solute permeation across membranes (Levich, 1962). Here
the angular velocity of the rotating disk serves as the stirring
parameter a.

According to the theoretical works of Levich and Pedley
the USL has no clearly defined boundary; & is a function not
only of the physical properties and the velocity of the
solution, but also of the diffusion coefficient. This predic-
tion is in sharp contrast with the common assumption of the
invariance of the USL thickness for a given regime of liquid
motion.

MATERIALS AND METHODS

Planar bilayer lipid membranes were formed by a conventional method
(Mueller et al., 1963). They were spread across a circular hole (1.1 mm in
diameter) in a diaphragm separating two aqueous phases of a PTFE
chamber. The membrane forming solution contained 20 mg diphytanoyl-
phosphatidyl-choline (DPhPC, Avanti Polar Lipids, Alabaster, AL) per ml
n-decane (Merck, Darmstadt, Germany). The aqueous salt solutions
(Merck, Darmstadt, Germany) were buffered with Tris (Fluka, Buchs,
Switzerland) or morpholinoethanesulfonic acid (Mes, Boehringer, Mann-
heim, Germany). They were agitated by magnetic stirrer bars.

An osmotic gradient was induced by urea (Laborchemie Apolda,
Apolda, Germany) added to one side of the membrane only. Urea was
chosen as the osmolute because it has a negligible effect on bulk viscosity.
With respect to Eqs. 5 and 6 it is therefore assumed that urea does not alter
8. Because its membrane permeability of 0.04 um/s (Finkelstein, 1976) is
much lower than the water permeability, urea may be treated as nonpen-
etrating solute that is completely reflected by the membrane (Holz and
Finkelstein, 1970; Rosenberg and Finkelstein, 1978). The transmembrane
urea flux is so small that a diminution of the effective osmotic gradient
between the bulk solutions (3 ml each) does not occur.

Under conditions of zero net volume flow, a net ion flux was induced
with a 10-fold ion gradient in the presence of A23187 or nigericin (both
Calbiochem, La Jolla, CA). DMSO-stock solutions of the nonelectrogenic
ionophores were given to the cis aqueous compartment. In both cases, a
nonelectrogenic cation/proton exchange (Antonenko and Yaguzhinsky,
1988; Pohl et al., 1990) induced concentration gradients of both cations and
protons in the USLs. Here, the proton flux through the membrane is equal
to the total flux of hydrogen ions (j), hydroxyl ions (joy), and the
proton-bound buffer molecules (jg) through the unstirred layers (Borisova
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et al., 1974):

o ) ) AH AOH b+ ApH
j:]H+]OH+‘]B:DH?+DOH 5 + D, 5

O]

where Dy, Doy, and Dy are aqueous diffusion coefficients of H*, OH ™,
and buffer, respectively; b is the buffer capacity of aqueous solutions.
Under our conditions (b = 0.6 mM, 6 < pH < 7) Eq. 7 is simplified to

) b+ ApH
J :Db S s (8)
b

where 8, is the individual USL thickness of the buffer. Therefore, a pH
profile measured with the microelectrode reflects the diffusion of buffer
molecules toward the membrane rather than the diffusion of protons.

In the immediate vicinity of the membrane concentration profiles of two
different ions were monitored simultaneously. Therefore, a double-barreled
microelectrode and a reference electrode were placed at the frans side
(unless otherwise stated) of the BLM. The ion sensitivity was achieved by
filling both glass barrels with ionophore cocktails (Fluka, Buchs, Switzer-
land) according to the procedure described by Ammann (1986). Their tips
had a diameter of ~1-2 um. Electrodes with a 90% rise time below 0.6 s
were selected. Artifacts due to a very slow electrode movement are
therefore unlikely. Nevertheless, possible effects of time resolution or
distortion of the USL were tested by making measurements while moving
the microelectrode toward and away from the bilayer. Since no hysteresis
was found, it can be assumed that an electrode of appropriate time reso-
lution was driven without any effect on the USL.

The experimental arrangement was similar to the one described previ-
ously (Antonenko et al., 1993; Pohl et al., 1993a). Voltage sampling was
performed with two electrometers (Model 617, Keithley Instruments Inc.,
Cleveland, OH) connected via an IEEE-interface to a personal computer.
The double-barreled microelectrode was moved perpendicular to the sur-
face of the BLM by a hydraulic microdrive manipulator (Narishige, Tokyo,
Japan). The touching of the membrane was indicated by a steep potential
change (Antonenko and Bulychev, 1991). From the known velocity of the
electrode motion (2 wm s~ '), the position of the microsensor relative to the
membrane was determined at any instant of the experiment. The accuracy
of the distance measurements was estimated to be £8 um.

For the diffusion of weak acids, it has been shown that the pH distri-
bution within the USL can be described by an uniexponential function
(Pohl et al., 1993a). The same empirical relationship was found for the
concentration of an impermeable solute under conditions of a transmem-
brane volume flow (Pohl et al., 1997):

C(x) = (Cy — Cy)exp(—x/8) + C,. 9)

In contrast to the theoretical Eq. 3 that is valid only in the interval —& <
x < 8, Eq. 9 works properly for any x (—o < x < ). It is worth noting
that not only the signs of x and & are different for both sides of the
membrane, but the value of C; also. Rather than simply differentiate the
concentration profile as required by Eq. 2, the thickness of the USL was
determined using Eq. 9. Therefore, the parametric equation was fitted to the
experimental data set. For the minimization of the least-square residuals the
program SigmaPlot (Jandel Corporation, San Rafael, CA) was used. This
approach ensures that the standard deviation is kept small and the noise
caused by the high impedance of the microelectrode is averaged.

RESULTS

Under conditions of a transmembrane volume flux, concen-
tration profiles of calcium ions were monitored simulta-
neously with the distribution of sodium or potassium ions in
the immediate membrane vicinity. Representative concen-
tration profiles are shown in Figs. 1 and 2. In the example
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FIGURE 1 Representative calcium and potassium concentration profiles

at the frans side of a planar membrane were monitored simultaneously by
using a double-barreled microelectrode. Due to the addition of 0.8 M urea
at the cis side a transmembrane volume flux was induced. The bulk
solution contained 10 mM Tris, 10 mM Mes, 10 mM KCI, and 10 mM
CaCl,. From the exponential concentration profiles the thicknesses of the
K" and Ca®>* USLs were derived by a curve-fitting procedure (cf. Mate-
rials and Methods, Eq. 9). They are, respectively, equal to 153 and 116 wm.

given in Fig. 1, the values for & derived from an exponential
fit (Eq. 9) were equal to 153 wm and 116 wm for K™ and
Ca’*, respectively. The USL thicknesses corresponding to
Na® and Ca®" (130 um and 105 um, respectively) are
different, too (Fig. 2). The differences in the USL thick-
nesses of simultaneous diffusing solutes are significant,
because in subsequent series of experiments (10 runs each),
o varied by <10%. Moreover, the use of a double-barreled
microelectrode ensured that the concentration distributions
of two different ions were measured under absolutely the
same conditions. Experimental errors, for example, intro-
duced by changes of the stirring conditions or a drift in
temperature are excluded.

The experimental results are in excellent agreement with
the theoretical prediction (Eq. 5). The quotient of the two
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FIGURE 2 Representative calcium and sodium concentration profiles at
the cis side of a BLM. By using a double-barreled microelectrode they
were recorded simultaneously. Due to the addition of 0.3 M choline
chloride at the cis side a transmembrane volume flux was induced. The
bulk solution contained 10 mM Tris, 10 mM Mes, 10 mM NaCl, and 0.1
mM CaCl,. The Na™ and Ca?* USL thicknesses were, respectively, 130
and 105 um.
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simultaneously measured & values is related to the corre-
sponding diffusion coefficients (Dy = 1.96- 10> cm?s ™',
Dny = 133-10%cm? s, Do, = 7.8 10 cm? s7'):

8l 3 1
5= \/E (10)

For both cases of simultaneously measured calcium/sodium
and calcium/potassium profiles Eq. 10 was satisfied (com-
pare Fig. 5).

In a subsequent set of experiments concentration profiles
were measured in the absence of an osmotic gradient. Solute
transport along a calcium or potassium concentration gra-
dient occurred after the incorporation of A23187 or nigeri-
cin into the BLM. The validity of Eq. 10 was verified for the
simultaneous diffusion of calcium and Mes or Tris. The
buffer diffusion coefficients (Dyyee = 4.9 + 107° cm® s,
Dpys = 6.6 - 107° ecm? s™') are taken from a previous
publication (Antonenko et al., 1993). Representative cation
concentration and pH profiles are shown in Fig. 3. As
predicted by theory, there is no significant difference in the
USL thickness of Ca?" (135 wm) and Tris (139 wm). Also,
the values simultaneously measured for Ca®* (148 wm) and
Mes (130 wm) differ only slightly (Fig. 3). Convincing
evidence in favor of individual unstirred layer dimensions
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FIGURE 3 Representative cation concentration and pH profiles induced
by A23187 (final concentration 5 uM) added at the cis side of the
membrane. The double-barreled microelectrode was placed at the trans
side of the membrane. The aqueous solutions contained 0.1 (0.1) M choline
chloride and 2.0 (0.2) mM CaCl, at the cis (trans) side of the BLM. Top:
At both sides of the membrane the solutions were buffered with 1 mM Tris.
There is no significant difference in the USL thickness of Ca®" (135 wm)
and pH (139 wm). Bottom: At both sides of the membrane the solutions
were buffered with 1 mM Mes. The & values found for Ca®" (148 wm) and
pH (130 wm) differ only slightly.
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was obtained in experiments where A23187 was substituted
for nigericin. Because the diffusion of K™ ions proceeds
much faster than the diffusion of Mes, their USLs (108 and
67 wm, respectively) are very different in size (Fig. 4). In
this experiment, the bulk solution at both sides of the
membrane was stirred more vigorously. Therefore, the USL
thicknesses are smaller than in Figs. 1-3.

All experiments are summarized in Fig. 5. With respect to
different experimental conditions (first of all changes of the
stirring velocity), the quotient of simultaneously measured 6
is shown instead of the absolute values. For both cases of
volume flow and solute transport across membranes, the
USL thickness is shown to be a function of the diffusion
coefficient.

DISCUSSION

Our experiments have shown that under given experimental
conditions, there is a USL thickness corresponding to each
molecule diffusing in the solution. The dependence of the
USL thickness on the diffusion coefficient is not taken into
account by the standard physiological model of the USL. It
defines, on the contrary, one unstirred water layer, where
the movement of all substances takes place solely by diffu-
sion. A priori, the standard model does not allow computa-
tion of the thickness of this layer.

Although inadequacies of the conventional USL model
have been known since the approximation was introduced,
it has been continued to be extensively used. Theoretical
predictions based on the theory of viscous boundary layers
(Schlichting and Gersten, 1997) are widely ignored, because
proper solutions of the equations for simultaneous convec-
tion and diffusion have only been proved to be possible for
a few special geometries (Levich, 1962; Pedley, 1980).
Oversimplifying our experimental system, we have made
use of models developed for stagnant point flow and the
rotating disk. Despite discrepancies between the geometries
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= 105} 6.05
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FIGURE 4 Simultaneously measured K* concentration and pH profiles.
The aqueous solutions contained 1 (1) mM Mes, 0.1 (0.1) M choline
chloride, and 1 (10) mM KCl at the trans (cis) side of the BLM. Nigericin
was added to the cis side in a final concentration of 16 uM. The USLs
found for K* and pH (108 and 67 um, respectively) are very different in
size.
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FIGURE 5 All experiments carried out under the conditions of Figs. 1—4
are summarized to show the dependence of the USL thickness on the
diffusion coefficient. With respect to different experimental conditions
(stirring velocity), the quotient of simultaneously measured & is shown
instead of the absolute values.

in the theoretical and experimental systems that should lead
to deviations in the expected distribution of the stirring
velocity, the hydrodynamic approach fits well with the
experimental results (Eq. 10 and Fig. 5).

USLs act as additional resistance (R = &/D) to solute
permeation in series with the membrane resistance. To
determine the true diffusional permeability of the mem-
brane, the contribution of the USL to the observed perme-
ability has to be considered (compare Eq. 1). Therefore, it is
necessary to measure the individual & for every solute.
Commonly, however, the USL thickness is determined only
for one solute that serves as a reference. For example, the
permeability of planar membranes observed for water and
different nonelectrolytes were corrected for USL effects
with 6 measured for butanol (Holz and Finkelstein, 1970;
Rosenberg and Finkelstein, 1978; Orbach and Finkelstein,
1980). In these cases, the diffusion coefficients of all solutes
were very close. Consequently, the differences in USL
thicknesses calculated according to Eq. 10 are rather small
(<20%). Because the USL correction was usually <10%,
the error introduced was negligible. Only for the accurate
determination of the water permeability, the USL correction
was crucial because the resistance of the USL and the
membrane to the water flux were comparable. In this case,
the USL thickness for water was overestimated (8y,p; =
0.75 Spuano)- Nevertheless, the error introduced is well in
the range of accuracy usually indicated for tracer measure-
ments across planar bilayers (Walter et al., 1982).

The functional dependence of the USL thickness on the
diffusion coefficient given in Eq. 10 was also predicted
when the reaction surface was assumed to be a smooth plate
with a fluid flowing around it (Levich, 1962). This assump-
tion is often met in physiology, i.e., in models of intestinal
absorption or blood flow. For example, measurements of the
absorption rates of solutes with different diffusion coeffi-
cients in intestinal loops revealed that a unique USL thick-
ness for all substances does not exist (Levitt et al., 1988).
The small molecule (D = 2.7+ 10> cm? s~ 1), CO, encoun-
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tered an apparently thicker USL than the larger warfarin
(D =72-10"%cm? s "). In this case, Eq. 10 predicts that
Oco 1s 1.34 times O, prin- Coincidentally, the measured
quotient O¢o/Oyarrurin Varied between 1.25 and 1.46 for
intestinal loops with different radii (Levitt et al., 1988).

Measurements of the effective thickness of the mucosal
USL in Necturus gallbladder epithelium provide another
example (Cotton and Reuss, 1989). From the time course of
the accumulation or depletion of tetramethylammonium and
tetrabutylammonium at the membrane surface, a USL thick-
ness of 50 and 42 wm, respectively, was calculated assum-
ing an instantaneous change of the bulk concentration after
addition of the substances. Again, with a value of 1.2 the
ratio of the USL thickness of both substances is accurately
predicted from the knowledge of the diffusion coefficients
(13910 % and 7.6 - 10" ¢ ecm? s~ ).

Calculations of diffusion-limited kinetics for the reac-
tions in collision coupling and receptor cross-linking have
shown that diffusion is not an effective mixing mechanism;
zones in which the concentration of particular molecules
(e.g., enzymes, receptors) becomes depleted or enriched
may form (Shea et al., 1997). Again, smaller values for D
were found to correspond to a more homogeneous distribu-
tion and decreased spatial effects. Because the diffusion of
proteins is much slower than the diffusion of electrolytes,
their USL thicknesses are very different from each other.
According to Eq. 10 K™ encounters a two or threefold larger
unstirred layer than, respectively, insulin (D = 1.5 - 10~°
cm? s~ ') or human hemoglobin (D = 6.8 - 1077 cm? s ).

Measuring the USL thickness for one solute, it should be
possible to predict the corresponding & of any other solute
from Eq. 10. The heterogeneity and very complex geometry
of biological systems, however, may confound the analysis
given above. It is possible that 1) solutes with different
diffusion coefficients are equally separated from the absorp-
tive surface and that 2) different 6 values are measured for
solutes having close diffusion coefficients. Studies of glu-
cose absorption in dog small intestine provide an example
for case 1. For low perfusion rates, a USL thickness of 57
um was calculated. Because the intervillous space is only
~50 um wide (Levitt et al., 1990), more rapidly diffusing
substances cannot encounter larger USLs. Similarly, highly
invaginated membranes of neurons or the transverse tubular
system of muscle provide unstirred regions of relatively
large surface area and small volume (Barry, 1984). Case 2
is related to time course measurements, used to assess the
USL thickness (Dainty and House, 1966; Dietschy et al.,
1971). The time for one-half of induced concentration or
potential difference change to occur is affected by mem-
brane permeability, fluid absorption, and less than instanta-
neous bulk phase concentration change. Variation in these
parameters unassociated with the USL can be misconstrued
as alterations in & (Lucas et al., 1992).

Obviously, the thickness of the USL depends on which
species is diffusing. Experimental evidence for the simulta-
neous existence of several USL thicknesses has been ob-
tained. In agreement with physicochemical hydrodynamics
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the size of the USL is found to be a function not only of the
stirring conditions but also of the diffusion coefficient.
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