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Purpose. The permeability of rat intestinal mucin (RIM) to sodium
taurocholate/egg phosphatidylcholine (TC/PC)-mixed micelles has
been investigated.
Methods. The time dependence for the equilibration of TC/PC-mixed
lipid micelles with isolated RIM was determined. Thereafter the dis-
tribution of TC/PC-mixed lipid micelles was assessed at low and high
PC and intermicellar concentrations (IMC) and with different RIM
concentrations. The equilibrium distribution of PC and TC was de-
termined by analysis for phosphorus and by high-performance liquid
chromatography, respectively, as well as by nuclear magnetic reso-
nance spectroscopy. In addition, the diffusion coefficients of water,
PC, and TC were measured by pulsed field gradient nuclear magnetic
resonance spectroscopy. Two model solutes, phenylmethyltrimethyl-
silane (PTMS) and tetramethylsilyl-tetradeutero-proprionic acid
(TSP), were added to the high PC, low IMC samples, and the diffu-
sion coefficients were determined.
Results. The time to reach equilibrium was 2 days for a system with
a high intermicellar concentration of sodium taurocholate. At low PC
concentrations, RIM had slightly higher PC concentrations relative to
the control. In contrast, at high PC concentrations, RIM samples had
lower PC concentrations. The concentration of TC was largely inde-
pendent of mucin concentration. The water diffusivity was reduced
proportionately to the concentration of RIM, and analysis indicated
that about 150 g of water moved as a kinetic unit with each gram of
mucin. The diffusion coefficients of PC were also reduced with in-
creasing RIM concentration. The magnetization decay of TC did not
always follow a monoexponential decay, reflecting the simultaneous
diffusion and exchange among sites imparting different relaxation
behavior on the TC. Magnetization decay curves were simulated and
the diffusivity of TC in mucin was estimated. The diffusion coefficient
of TSP was 10 times larger than that of PTMS in the presence of
micelles and mucin.
Conclusions. RIM is highly hydrated, and dilute solutions have a
minor exclusive effect on the high concentration of PC/TC micelles.
At low concentrations of PC, there appears to be preferential asso-
ciation of the PC with the RIM. The permeability of mucin to solutes
in the presence of bile salt mixed micelles critically depends on the
degree of association of the solute with the micelle.

KEY WORDS: bile salt; phosphatidylcholine; intestinal mucin; dif-
fusion; sodium taurocholate.

INTRODUCTION

The interaction of bile salt with phospholipids has an
essential role in the absorption of fat from the gastrointestinal
tract (1–3). Moreover, this function of the bile salts/
phospholipids is largely understood within the context of the
phospholipid/bile salt/saline ternary phase diagram (3). Spe-
cifically, various types of aggregates are formed by composi-
tions in the aqueous rich corner of the phase diagram, includ-
ing vesicles, simple micelles, mixed micelles, and hexagonal
shaped rods (HI phase). These phases, as well as the transi-
tions between these phases, are important for the absorption
of fat (1,2).

The current paradigm for the bile-assisted absorption of
fat is as follows (1,2). Bile secreted by the gall bladder inter-
acts with emulsified ingested fat within the intestinal lumen.
Coincident with the action of enzymes that degrade triglyc-
erides and phospholipids, mixed micelles are formed from the
bile salts and the metabolic products of fatty acids,
2-monoglycerides, and lysophosphatidylcholine. These mixed
micelles are small and thereby sufficiently mobile to diffuse
from the turbulent bulk region of the lumen, through the
progressively quiescent mucous layer, and ultimately to the
epithelial surface. Reaching the surface, there is rapid ex-
change of the lipid between the micelle and epithelial surface.

For absorption of poorly water-solubile drugs, the vari-
ous phases of bile salt/phospholipid must be considered (4–9).
Micelles composed of only bile salt molecules, known typi-
cally as simple micelles, are small and have been shown to
diffuse rapidly within the mucin (10,11). Moreover, a number
of studies have also demonstrated that bile salt solubilized
solutes are readily absorbed (12–14). However, simple mi-
celles are poor solubilizers and therefore provide a rapid
transport mechanism of low capacity. In contrast, the combi-
nation of bile salts with phospholipids causes the formation of
mixed micelles that can be considerably larger than simple
micelles. In fact, the size of the mixed micelle is related to the
phospholipid/bile salt ratio within the micelle in a predictable
manner (3). Studies have shown that an increase in the solu-
bilization power is obtained with an increase in the ratio of
micellar phospholipid to bile salt (4–9). However, the increase
in size has the negative consequence of reducing the diffusiv-
ity of the micelle. Thus, the mixed micelle provides a slow
transport mechanism of high capacity (4,5). As such, in and of
themselves, neither simple micelles nor the mixed micelles
offer an efficient mechanism for transport.

An added complexity is the structural environment pre-
sented by the mucous layer in the intestine (11). This glyco-
protein-rich network has the potential of dramatically reduc-
ing the diffusivity of large aggregates. There is also the pos-
sibility of exclusion of the negatively charged micelle by this
negatively charged network. The exclusive effect will also de-
pend on the extent of hydration of mucin. These factors can
also adversely impact the transport of fat and poorly water-
soluble drugs to the epithelial surface. Although many studies
have been conducted that involve the transport of micelle-
solubilized drugs by in vivo, in situ, and in vitro approaches,
the many nuances of this problem have thwarted efforts at
presenting a detailed paradigm that accounts for the experi-
mental results.

In this study, the exclusion by/association to an intestinal
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mucin of bile salt/phospholipid mixed micelles, as well as the
diffusivity of aggregates and model compounds within the
network, were investigated. The ultimate goal was to provide
the foundation for the absorption of ingested fat and poorly
water-soluble drugs by the intestine. Our specific hypothesis
was that isolated rat intestinal mucin affects the distribution
and diffusivity, and hence the permeation, of bile salt/
phospholipid micelles. To address this question, a dialysis
technique was used. In this approach, the association/
exclusion of bile salt micelles, along with the diffusion coef-
ficient of the bile salt, water, phospholipid, and added solutes,
were measured (11).

THEORY

The observed diffusion coefficient of water in the pres-
ence of mucin is a result of a rapid exchange between free
water and that associated with mucin (15). The observed dif-
fusion coefficient, Dobs,w, is given as

Dobs,w = Dw,f~1 − Fb,t! + SjDb,jFb,j (1)

where Dw,f is the diffusion coefficient of free water in the
sample, and Fb is the summed weight fractions of all bound
water, Fb,j is the weight fraction of bound water at the jth site,
and Db,j is the diffusion coefficient of bound water at the jth

site. Because the diffusion coefficient of the bound water is
much less than that of the free and the free fraction is larger
than the bound fraction, the second term may be dropped.
The diffusion coefficient of unbound water in the presence of
obstacles may be related to the free aqueous diffusion coef-
ficient by introducing a correction factor that is given as a
function of the excluded volume, f(F) (16). The functional
relationship was taken to be 1.5 F. Thus, the expression may
be written as

Dobs,w = D°w,f ~1 − Fb,t!~1 − 1.5F! (2)

where the volume fraction is a function of the concentration,
ci in g/mL, and specific volume, vi in L/g, of each component
representing an obstacle and the bound water. That is,

F = cmvm + cgvg + cwvwFb,t (3)

The subscripts m, g, and w refer to the micelles, glycoprotein
mucin, and water, respectively. The grams of bound water/
gram of mucin or micelle, Ng or Nm, is defined in terms of the
fraction of bound water as

Fb,t = ~Ngcg + Nmcm!/cw (4)

The expressions for the fraction bound and volume fraction of
obstacles may be substituted into the expression for the ob-
served diffusion coefficient. The rather lengthy algebraic ex-
pression may be simplified by neglecting the terms dependent
on the product of cm and cg as being small and retaining only
those terms that depend on cg. The expression is

Dobs,w/D°w,f = 1 − @1.5vg + 1.5vwNg + ~Ng/cw!#cg

+ @~1.5 vwNg
2 + 1.5vgNg!/cw#cg

2 (5)

This indicates that a plot of the relative diffusion coefficient
as a function of the mucin concentration should decrease in a
nonlinear fashion with the fitted coefficients proportional to
the grams of bound water/gram of mucin.

EXPERIMENTAL

Materials

Sodium taurocholate and 11a-hydroxyprogesterone were
purchased from Sigma Chemical Co. (St. Louis, MO). Sodium
trimethylsilyl-tetradeutero-propionate (TSP) and phenyl-
methyltrimethylsilane (PTMS) were purchased from Aldrich
Chemical Co. (Milwaukee, WI). Egg phosphatidylcholine was
purchased from Avanti Polar Lipids (Alabaster, AL). Rat
intestinal mucin (RIM) was isolated from male Sprague–
Dawley rats (250–275 g) and characterized as previously de-
scribed (17). Water was deionized and then distilled. Metha-
nol used in the high-pressure liquid chromatography (HPLC)
was HPLC grade, and the cyclohexane was spectroscopic
grade. All other chemicals were reagent/analytical grade or
better.

Methods

Sample Preparation

Samples containing phosphatidylcholine (PC) and so-
dium taurocholate (TC) were prepared by first lyophilizing
overnight under high vacuum an ethanol/cyclohexane solu-
tion of egg phosphatidylcholine (16). The dried PC was then
reconstituted with a concentrated sodium taurocholate solu-
tion prepared in saline with 0.1 % sodium azide.

Time Dependence

The time required for bile salt/phospholipid micelles to
equilibrate with RIM was determined with two different PC/
TC concentrations as follows. Two 0.1% RIM solutions were
prepared; one containing about twice the expected equilib-
rium concentrations of TC/PC and one not containing any
TC/PC. These solutions were placed in separate, washed
Spectra/Por dialysis membranes (12-mm flat width) with a
molecular weight cut off of 300,000 daltons (Spectrum labo-
ratories, Inc, Gardena, CA 90248-2904). The bags were tied
with surgical thread and then placed into a tissue culture flask
containing the outer solution of TC and PC without mucin. In
addition, an intermicellar concentration (IMC) of bile salt
was added to a dialysis membrane (Spectra/Por) with a
MWCO of 500 daltons and placed in the same tissue culture
flask. The flask was oscillated on a shaking water bath at
room temperature. Samples were taken from the mucin so-
lutions initially and periodically thereafter for 7 days. The
samples were assayed for phosphatidylcholine by a spectro-
photometric assay for elemental phosphorus (18), and thin-
layer chromatography was performed to check for the pres-
ence of lyso-phosphatidylcholine using a mobile phase of 65:
35:5 chloroform:methanol:water.

Equilibration Studies

Equilibrium dialysis studies were conducted as previ-
ously described (16). Briefly, an outer PC/TC solution was
placed into a large tissue culture flask along with an IMC
solution contained within a dialysis tube with a 500 MWCO.
Five tied dialysis tubes (300,000 MWCO), which contained
concentrations of PC and TC equivalent to the outer solution
as well as different mucin concentrations, were placed in the
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flask. The flask was shaken for 7 days, after which samples
were taken and assayed for elemental phosphorus spectro-
photometrically (18) and for TC by HPLC (10). Nuclear mag-
netic resonance (NMR) spectroscopy was used to measure
the diffusion coefficients and for quantifying PC and TC (10).

Quantitative NMR

The procedure for NMR has been described previously
(10). Briefly, samples were placed in NMR tubes with inserts
containing TSP in D2O. The measurements were made on a
Varian 500 MHz spectrometer with the temperature con-
trolled at 25 ± 0.2°C. Spectra were obtained using a single 90°
pulse preceded by a 10-s saturation delay to suppress the
water signal. The areas for the TC and PC resonances were
expressed as a ratio of the area determined for the internal
standard, TSP.

Diffusion Measurements

The Fourier-transform pulsed-field gradient spin-echo
1H NMR diffusion coefficients of water were measured using
a stimulated spin-echo pulse sequence. For the bile salt and
phospholipids, the same sequence was used, but it was pre-
ceded by a water suppression pulse. The resulting trans-
formed area under the peak was analyzed on line by the
following linearized equation (15):

Ln@A~t1 + t2!# = constant + $−~gGd!2D~D − d/3!% (6)

where Ln[A(t1 + t2)] is the natural logarithm peak area at the
time of the echo, t1 + t2, g is the gyromagnetic ratio, G is the
strength of magnetic field gradient, d is the field gradient
pulse length, D is the diffusion coefficient, and D is the dif-
fusion time which is equal to the time interval between the
first and second gradient pulses.

The diffusion experiments were performed at constant D
and d values, and a series of 10 or more G values were used
ranging from 10 to 65 G/cm. The gradient pulse length was 1
ms, and the diffusion time was 80 ms for water and TSP, 120
ms for the bile salt, and 480 ms for PC and PTMS. Absolute
values of the self-diffusion coefficients were obtained by cali-
brating the field gradient strength (10).

Water Diffusion Analysis

The diffusion coefficients in the presence of mucin were
expressed as a ratio with respect to the solution without mu-
cin and were plotted as a function of the weight percent of
mucin. The data were fit (Kaliedograph™) by a quadratic
function and the linear term was used with equation 5 to
estimate the grams of water bound/gram of mucin. The spe-
cific volume of anhydrous mucin was taken to be 0.74 ml/g
(16).

PC Diffusion Analysis

The hydrodynamic radius of the micelle, Rh, was calcu-
lated by assuming that all of the PC resides within the micelle
and that Stokes–Einstein equation applies. That is,

Rh = kT/6phD (7)

where D is the diffusion coefficient of PC, and h is the vis-
cosity of saline at 25°C with a value of 0.01 poise.

TC Diffusion Analysis

The observed magnetization of TC is influenced by dif-
fusion as well as exchange between sites with different relax-
ation properties (10). To analyze the data, the TC was as-
sumed to follow a two-site model with sites A and B, which
are characterized by diffusion coefficients, Di, initial magne-
tization, Mo, and rate constants for exchange, ki. The analyti-
cal expression is given as (15):

M = SMo
2

+
a

bDexp@~−w + C!T# + SMo
2

−
a

bDexp@~−w − b!T#

(8)

where

a = c@MBo − MAo# + MAokA + MBokB

c = ~1/2!@kA − kB + DAq2 − DBq2#

b = ~1/2!@kA + kB + DAq2 + DBq2#
w = =~c + kAkB!

and q is equal to the product of the gyromagnetic ratio, field
gradient strength and field gradient pulse length and T is the
diffusion time. It is noted that k 4 kA/MBo 4 kB/MAo. The
ratio of MAo and MBo define the initial equilibrium distribu-
tion, Keq 4 MB/MA, and k is the first-order rate constant for
the exchange between the sites independent of the distribu-
tion.

Using the equation above, the change in magnetization
with the gradient parameter can be simulated. In this study,
the fraction of TC in site A, XA, was calculated by dividing
the measured IMC by the total TC concentration. The diffu-
sion coefficient of TC in site B, DB, was equated to the dif-
fusion coefficient of PC, which is taken to be equal to the
diffusion coefficient of the micelle (19). Knowledge of the
pulse sequence and calibration of the field gradient strength
with solutes of known diffusion coefficient allow determina-
tion of q and T. Thus, the three free parameters are k, Mo,
and DA, of these, the exchange rate and diffusion coefficient
of the monomeric TC are of interest.

From the simulation, the effective diffusivity of TC that
determines the permeability of the mucin may be calculated
independent of the exchange process as the weighted average
of the two sites, that is (16)

D = XADA + ~1 − XA!DB (9)

where XA is the mole fraction of TC at site A.

RESULTS

For the time dependence experiment, the initial concen-
trations of PC in the two tubes containing mucin were differ-
ent with one nearly twice the final equilibrium concentration
and the other with no PC. As can be seen in Figure 1 (filled
symbols), the concentrations of PC in the mucin solutions
approached each other rapidly with time, and after 2 days, no
statistically significant difference was observed among the
samples. At 188 h, the concentration PC in the outer solution
is also provided which was indistinguishable from the samples
containing mucin. Similar results are seen for TC, also given
in Figure 1 (open symbols).

The equilibrium dialysis experiments were planned as a
two factor (PC concentration and IMC), two level statistical
design for five different RIM concentrations ranging from
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0.02 to 0.1% and a control without mucin. In addition, an
experiment was conducted with a series of higher mucin con-
centrations. Because the samples were dialyzed, it was not
possible to obtain the same IMC and concentrations of PC.
The observed PC and TC concentrations for the control
samples are given in Table I. The low PC concentrations were
between 1.1 and 1.2 mM and the high PC concentrations were
near 12.5 mM. The IMC was 4 mM or below for one level and
near 5.25 for the higher level.

The PC concentration, based on the assay of total phos-
phorus and relative to the control, is shown in Figure 2. The
low PC studies had progressively more PC with increasing
RIM concentration. In contrast, the concentration of PC for
the high PC samples decreased with increasing RIM concen-
tration. Both of these effects were statistically significant at
P < 0.05. The TC concentration in mucin samples was not
appreciably different from the controls in any of the studies
(data not shown). The data of samples with the highest mucin
concentration of 0.1 % is shown in Table I for comparison

purposes. For the quantitation by NMR, the apparent con-
centrations of PC and TC fell with increasing concentration of
mucin (data not shown).

For the diffusion coefficients of water, the decays of mag-
netization plotted as a function of the field gradient squared
were well-fit (r2 $ 0.999) by a monoexponential function
(equation 6). The diffusion coefficients of water are expressed
as a ratio of the control and plotted as a function of RIM
concentration in Figure 3. The values measured in the
samples from all five equilibration experiments progressively
decreased as the RIM concentration increased from 0 to 0.1%
for the design study and also for the experiment ranging from
0 to 0.2%. Each data set was independently fit to equation 5,
from which the linear term was used to estimate the mass of
water bound to mucin. The linear term ranged from 3.2 to
4.0/wt%, and the mean ± standard error of the mean was 3.72
± 0.33/wt%. This corresponds to 148 g of water bound/gram
of mucin.

The PC decays of magnetization as a function of the field
gradient squared were well fit to the single exponential func-
tion. The calculated diffusion coefficients of PC are given as
a function of [RIM] in Figure 4. From the control samples, the
diffusion coefficient was used to estimate of the hydrody-
namic sizes of the micelle, which are given in Table I. The
hydrodynamic radii for the high IMC samples were similar.
At an IMC of 3.84 mM, the radius was 60 Å reflecting an
increase in the micelle size with decreasing IMC. With in-
creasing RIM concentration, there was a decrease in the ob-
served diffusion coefficient particularly with those samples
with large diffusivities (Fig. 4). The slopes were found to be
statistically different from zero (P < 0.05).

The TC diffusion coefficients measured in aliquots of the
IMC solution were between 4.57 and 4.96 × 10−6 cm2/s con-
sistent with the expected diffusivity of monomeric TC (Table
II). The decay curves of TC in the presence of PC and PC and
mucin were often linear and characteristic of a monoexpo-
nential decay, but at times were not. The diffusion coefficients
from a single exponential fit are given in Table II. The diffu-
sion coefficients all fell within a relatively narrow range. The
range was limited at the upper end by the monomeric TC
diffusivity of the IMC sample and on the lower end by the
diffusivity of PC.

The data were simulated by allowing the diffusivity of the
free TC, the total magnetization, and the exchange rate con-
stant to vary while using the experimentally determined dif-

Fig. 1. Time dependence experiment with (l,j) egg PC concentra-
tion and (L,□) TC concentration (mean ± standard deviation; n 4

3) given as a function of time for two samples containing 0.1% rat
intestinal mucin, one initially loaded with phosphatidylcholine/
sodium taurocholate and one without. The triangular symbols repre-
sents the assayed concentrations of (m) PC and (n) TC of the outer
dialyzing solution.

Table I. Concentrations of Phosphatidylcholine (PC) and Sodium Taurocholate (TC) after the Dialysis
Experiments

IMCb (mM)

PC (mM) TC (mM)

Control, Rh, ÅControl 0.1% RIM Control 0.1% RIM

4.01 ± 0.091 1.13 ± 0.096 1.35 ± 0.12a 6.71 ± 0.58 6.8 ± 1.4 18.5
5.25 ± 0.45 1.191 ± 0.021 1.349 ± 0.063a 7.80 ± 0.73 7.25 ± 0.38 20.6
3.84 ± 0.17 12.68 ± 0.46 12.20 ± 0.59a 11.50 ± 0.018 11.23 ± 0.12a 60.0
5.21 ± 0.39 12.11 ± 0.16 9.96 ± 0.50a 20.48 ± 0.39 19.38 ± 0.90a 26.8

a Values significantly different than control using paired t test with P 4 0.05.
b IMC refers to the intermicellar concentration. The control solution was dialyzed against the solution

containing 0.1 % RIM.
(mean ± SD, n 4 3).

Wiedmann, Herrington, Deye, and Kallick1492



fusivity of the bound TC and the TC free fraction. With the
results from the simulation, the effective diffusivities of TC
were calculated by equation (9) and are given in Table III.
These values are higher than the diffusivities calculated from
a monoexponential fit (Table II), reflecting the fact that the
exchange process introduces another pathway for the loss of
magnetization giving rise to an overestimation of the diffu-
sivity. Nevertheless, the correction is relatively small as can be
seen by comparing the values in Table II and Table III. The
weighted average values are sensitive to the free fraction as
shown by the lower diffusivities obtained with the samples
with a higher concentration of PC. The presence of mucin had
no apparent effect on these diffusivities (P 4 0.05).

In Figure 5, the diffusion coefficients of water, TC, PC,
TMS, and PTMS are given for the samples with an IMC of
3.84 mM. The addition of these silyl derivatives did not sig-
nificantly change the diffusion coefficients of water or PC.
The diffusion coefficient of TSP was 6 × 10−6 cm2/s and de-
creased with increasing mucin concentration (P < 0.0005).
The diffusivity of PTMS was about an order of magnitude
smaller at about 5 × 10−7 cm2/s and very close to the diffu-
sivity of PC. It also was significantly reduced with increasing
mucin concentrations (P < 0.05).

DISCUSSION

In this study, the interaction of bile salt/phospholipid
mixed micelles with an intestinal mucin, as well as the diffu-
sivity of these lipid aggregates within the glycoprotein net-
work, was investigated. Our specific hypothesis was that iso-
lated rat intestinal mucin affects the distribution and diffusiv-
ity of bile salt/phospholipid micelles. This study provides the
individual contributions of the diffusivity and distribution co-
efficient to the permeability of the mucous layer to TC/PC
aggregates.

The choice of the micellar system was guided by the
earlier work that involved measurement of the lipid concen-
trations within the intestine (1,2). In these studies, there is a

distinction between the fed and fasted state as the concentra-
tion of bile salts and phospholipids are different (5). This led
to the use of two levels of PC in the dialysis experiments.
However, rather than performing the studies with the most
physiologically relevant, complex mixture of bile salts, sodium
taurocholate was the sole bile salt used in conjunction with
egg phosphatidylcholine. The rationale is that the TC/PC/
saline phase diagram is known and thereby micelles of known
size and concentration could be prepared for a specific total
bile salt/PC ratio and given IMC (3). That is,

Rh 4 g/2s([PC]tot/([TC]tot − IMC)

where g and s are constants, and the subscript, tot, indicates
the total concentration in solution. Finally, this micellar sys-
tem is also insensitive to pH changes over a large range.

Rat intestinal mucin was chosen as the model system and
was isolated with standard procedures. The composition and
properties are in excellent agreement with the literature (17).
RIM is characterized by a high carbohydrate-to-protein ratio
and is particularly rich in the negatively charged carbohy-
drate, sialic acid. The material as isolated was an inhomoge-
neous gel with discrete particles indicative of large aggregated
or entangled molecules representative of intact intestinal mu-
cin. It is noteworthy that this isolated mucin is distinct from
samples prepared from commercially available pig gastric mu-
cin and bovine submaxillary mucin that yield homogeneous
solutions (10). Finally, time dependence studies were per-
formed to ensure that equilibrium was attained. Although a
relatively short time for equilibration was observed, longer
times have been noted with systems that are more concen-
trated as well as those systems with large micellar aggregates
(4,5).

For the most part, mucin had a minor effect on the dis-
tribution on PC and TC as determined by the phosphorus
assay and by HPLC. In the absence of association of the lipid,
mucin should decrease the concentration of other solutes in

Fig. 2. Egg phosphatidylcholine concentration in samples with mucin
relative to the control determined by phosphorus assay for intermi-
cellar concentration values of (l) 4.01, (j) 5.25, (m) 3.84, and (d)
5.21 mM. Error bars omitted for purposes of clarity.

Fig. 3. Water diffusion coefficient relative to the control given as a
function of rat intestinal mucin concentration for samples dialyzed
against solutions with an intermicellar concentration of (l) 4.01, (j)
5.25, (m) 3.84, and (d) 5.21 mM and (*) the high rat intestinal mucin
concentration experiment. The error bars from the fitting error from
the linear regression of the transformed data are omitted for clarity
but are less than 5%.
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proportion to the excluded volume effect (20). With the maxi-
mum concentration of RIM used in these studies of 0.2%, the
effect was slight but statistically significant and only observed
in samples with the higher concentration of PC. With the
samples containing a lower concentration of PC, there was a
statistically significant preferential association of PC with mu-
cin. The effect was modest, but noteworthy in that it compli-
cates the analysis of the excluded volume effect. Nevertheless,
extrapolation to physiological concentrations of 1–5 % indi-
cates that a significant reduction in the concentration of PC
would occur at high PC concentrations due to an excluded
volume effect.

The water diffusion coefficients were significantly re-
duced in the presence of mucin. This is consistent with the
expectation of a negatively charged, hydrated glycoprotein
(11). Winne and Verheyen (21) found that the diffusion of
tritium was reduced by about 50% by native rat intestinal
mucin. This is comparable to the reduction observed with a

0.15% purified mucin in this study. A similar NMR diffusion
study of water with bovine cervical mucin failed to find any
significant reduction in the diffusion coefficient of water (22).
Analysis of the data in terms of association of water with
mucin suggests that as much as 150 g of water/g of mucin
move at the same kinetic rate. The reported degree of hydra-
tion of mucin varies with respect to the type of mucin. Earlier
work in our laboratory with bovine submaxillary mucin
showed that at 0.25%, there were 30 g of water bound/gram of
mucin (11). This decreased to 13 g/g at 1%. Because the pro-
tein and carbohydrate compositions are similar among these
mucins, these results may indicate that the nature of the as-
sociation is distinct leading to differences in the binding of
water. Alternatively, because water is bound to these mucin,
there may be differences in the relaxation behavior, specifi-
cally a much shorter traverse relaxation time. Under this con-
dition, there may be simultaneous diffusion and exchange
that may complicate the interpretation of the diffusion coef-
ficient.

Along with a reduction in the diffusion coefficients of
water, there also was a reduction in the micelle diffusivities in
the presence of mucin. As shown in Figure 4, the diffusion
coefficients are seen to decrease by over 50% as the mucin

Table II. TC Diffusion Coefficients Listed by the IMC of the Sample
and Concentration of Mucin as Obtained from Linear Regression of

Transformed Data

Observed TC diffusion coefficients (cm2/s)

[RIM], wt % 4.01a 5.25 3.84 5.21

IMC 4.71E-06 4.85E-06 4.96E-06 4.57E-06
PC/TC control 3.63E-06 3.56E-06 1.83E-06 1.94E-06
0.02 3.71E-06 3.45E-06 2.16E-06b 1.92E-06
0.04 3.88E-06 3.48E-06 1.94E-06b 2.52E-06
0.06 3.19E-06 NDc 1.99E-06 2.52E-06
0.08 3.57E-06 5.88E-06 1.85E-06 2.73E-06
0.1 3.31E-06 6.27E-06 1.70E-06 2.69E-06

a IMC of solution.
b Decay curves non-monoexponential.
c Not determined.

Table III. TC Diffusion Coefficients Listed by the IMC of the
Sample and Concentration of Mucin as Obtained from Calculating
the Weighted Average Diffusion Coefficient of the Free and Bound

TC as Obtained from Simulated Data

Simulated TC diffusion coefficients (cm2/s)

[RIM], wt % 4.01a 5.25 3.84 5.21

PC/TC control 4.74E-06 4.25E-06 2.58E-06 2.56E-06
0.02 4.55E-06 4.22E-06 2.97E-06 2.36E-06
0.04 3.88E-06 4.23E-06 3.06E-06 3.17E-06
0.06 3.58E-06 NDb 2.88E-06 2.88E-06
0.08 4.2E-06 5.85E-06 2.69E-06 3.05E-06
0.1 3.64E-06 5.9E-06 2.61E-06 2.95E-06

a IMC of solution.
b Not determined.

Fig. 4. Diffusion coefficients of egg phosphatidylcholine given as a
function of rat intestinal mucin concentration for samples dialyzed
against solutions with an intermicellar concentration of (l) 4.01, j)
5.25, (m) 3.84, and (d) 5.21 mM and (*) the high RIM experiment.
The error bars from the fitting error from the linear regression of the
transformed data are omitted for clarity but are less than 5%.

Fig. 5. Diffusion coefficients of (D) water, (X) taurocholate, (*) phos-
phatidylcholine, (j) sodium trimethylsilyl-tetradeutero-propionate,
and (l) phenylmethyltrimethylsilane given as a function of rat in-
testinal mucin concentration for samples dialyzed against solutions
with an intermicellar concentration.
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concentration is increased from 0 to 0.2%. Although there is
some scatter, the values tend to decrease in proportional to
mucin concentration. This decrease in the diffusion coeffi-
cients with an increase in mucin concentration is not signifi-
cantly greater than that observed with water. Theoretically,
larger micelles should have a greater reduction in their diffu-
sivity relative to water due to the excluded volume effect,
which is a function of solute size (20). In the present experi-
ment, the exclusive effect of the worm-like coils of mucin on
the elongated rod shaped micelles must be considered. Be-
cause the experimental results indicate a relatively minor ef-
fect, it appears that the relatively large openings expected of
the mucin glycoprotein network readily allow the diffusion of
the micelles resulting in a small excluded volume effect (15).

The diffusivity of TC is complicated by changes in the
relaxation behavior. As previously reported (10), the quanti-
tation of TC fails with larger aggregates as a result of the short
transverse relaxation time of these solutes. Although the con-
tributions to this relaxation time are numerous in these sys-
tems, they are dependent on the rate and/or amplitude of the
motions of the protons being examined. For these samples, it
would appear that a reduction in the rotational motion is
responsible for the significant decrease in the transverse re-
laxation time.

One approach to separate the effects of diffusion from
the relaxation is to consider that the TC molecule resides at
different sites and define an exchange rate constant for the
movement of the TC molecule between each class of sites
(15). In general, for a diffusion measurement made on a mol-
ecule undergoing exchange, the magnetization decay of the
solute is a function of the relaxation time and diffusion coef-
ficient at each site as well as the exchange rate constants
between the sites (15). An analytical solution for the magne-
tization decay has been obtained in the case of exchange be-
tween two sites, which was shown to be a biexponential func-
tion (15). In the case of an exchange rate much faster than the
diffusion rate, a single exponential function is obtained and
the slope of the magnetization decay is related to the
weighted average diffusion coefficient of the two sites.

The decay of the magnetization of TC was simulated with
Equation 8. The preferred method would have been to fit the
decay of the magnetization to Equation 8 and obtain param-
eters with the appropriate confidence intervals. However, the
magnetization was obtained as a function of the gradient
strength. Because the gradient strength appears both in the
exponential and preexponential factor, fitting the data was
not possible. Alternatively, the data could have been col-
lected as a function of diffusion time rather gradient strength.
However, with this process, differences in the spin-lattice re-
laxation would cause a problem in the interpretation in the
magnetization decay. Thus, data were collected by increment-
ing the gradient strength and the subsequent matching of the
simulations to the observed experimental data. By comparing
the data with the simulated diffusion coefficients of TC, it is
very clear that the correction is relatively small despite the
less than optimal method of analysis.

The magnetization decay of phosphatidylcholine was dis-
tinct from taurocholate for a number of reasons. First, the
protons used in the diffusion analysis are located on rapidly
rotating methyls on the head group quaternary amine. Sec-
ond, most if not all of the PC is restricted to the micelles as the
aqueous solubility is vanishingly small. Thus, the decay of the

magnetization of PC was described by a monoexponential
function.

The addition of the model compounds complements the
results obtained with TC. TSP is a water-soluble compound
that exists almost exclusively in the free state. In contrast,
PTMS is a hydrophobic compound that resides almost exclu-
sively in the micelle (19). These represent the extremes,
whereas TC is the intermediate case of being distributed be-
tween the micelle and free in solution. Although TSP and
PTMS are expected to have similar diffusion coefficients in
solution, the diffusivities ranged from that of the micelle to
values characteristic a small molecule in aqueous solution.
Thus, it is clear that the observed diffusivity is essentially
determined by the degree of association with the bile salt/
phospholipid micelle. This provides confirmation for the ob-
served correlation between the permeability of mucin and
drug hydrophobicity (23,24).

Moreover, in the present study, the contributions to the
distribution and diffusion are clearly delineated. In the case of
taurocholate, the monomer concentration is on the order of 4
to 5 mM. With the addition of PC, the concentration of TC
rises to about 7 mM to over 20 mM depending on the con-
centration of PC. Thus, if mucin contains lipids, hydrophobic
solutes will be preferentially taken into the layer. The pres-
ence of lipids also affects the diffusion coefficient of TC. Mo-
nomeric TC has a diffusion coefficient of about 5 × 10−6 cm2/s,
but in the presence of micelles and mucin, it was reduced to
a low value of 2.56 × 10−6 cm2/s. The expected permeability
may be deduced from the product of the diffusion coefficient
and distribution coefficient. In all cases, there would be an
increase in the permeability of mucin to TC in the presence of
phospholipids, since the increase in the distribution coeffi-
cient is more than sufficient to offset the decline in the effec-
tive diffusivity. Therefore, the presence of lipids and their
aggregation state becomes of paramount importance in de-
termining the permeability of mucin.

In summary, rat intestinal mucin was shown to be highly
hydrated, and a quantitative value of the extent of hydration
was obtained. There were also some important implications
of this study for the intestinal absorption of fat and poorly
water-soluble drugs. Evidence of binding of phospholipids
when present at low concentrations has been obtained,
whereas exclusion dominates at high phospholipid concentra-
tion. This indicates that mucin acts to modulate the concen-
tration of lipid that is seen by the epithelial cell surface. With
hydrophobic drugs, the effective diffusivity of solutes through
the mucin layer will depend on the presence of bile salt mi-
celles. In contrast, the diffusion coefficient of hydrophilic
compounds will not be appreciably affected by mucin or the
presence of bile salt micelles. Finally, in determining the per-
meability of the mucous layer, consideration must be given to
the distribution when the concentration of lipid in the mucin
is distinct from that in the lumen.
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