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Purpose. The objective of this study is to evaluate the effect of the
mucous layer on the transport of the drug-solubilizing bile salt/phospha-
tidylcholine (BS/PC) aggregates.

Methods. The self-diffusion coefficient of BS/PC aggregates in bovine
submaxillary mucin (BSM) was measured by Fourier-transform pulsed-
field gradient spin-echo (FT-PGSE) 'H NMR spectroscopy.

Results. In spite of the complexity of the mixture, the FT-PGSE tech-
nique allowed the unambiguous determination of the diffusivity of PC
and 'H?HO (HDO, natural abundance in D,0). With a series of BS/
PC total lipid concentrations ranging from 1 to 7 g/dl, a progressive
decrease in the effective diffusivity of HDO was observed with an
increase in the both the BSM and total lipid concentration. The effective
diffusivity of PC decreased with increasing lipid concentrations in the
presence of mucin, while in the controls it increased. After correcting
the effective diffusivity of PC for the obstruction effect of mucin, the
size of the BS/PC mixed micelle was assessed. It appears that PC
associates with BSM resulting in a decrease in the available PC for
micellization. This reduces the average size of the mixed micelle within
the mucous layer.

Conclusions. The aggregation state of BS/PC micelle is altered by the
presence of mucin which would have a direct impact on the transport
of dietary lipid and solubilized drug through the aqueous boundary
layer of the intestinal tract.
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INTRODUCTION

Mucus is a complex epithelial secretion which resides at
the mucosal surface of the gastrointestinal tract (1, 2). The
principal organic constituent of mucus is mucin, a secretory
glycoprotein also known as the mucous glycoprotein. Mucin
is responsible for the viscoelastic and gel forming properties
of mucus and is present in a soluble form in the luminal secre-
tions as well as in the tenacious gel adherent to epithelial
surfaces (1, 2).

Bile salt/phospholipid (BS/PC) aggregates are present as
concentrated, anionic colloids in the gallbladder (3). They are
excreted into the intestine to assist in the solubilization and trans-
port of dietary fat (4, 5). For this reason, these aggregates can
also enhance the absorption of poorly water soluble drugs (6-9).
The other aspect of absorption is the transport of BS/PC aggre-
gates through the aqueous boundary layer (10). These aggregates
must diffuse through the mucous blanket that separates the intes-
tinal surface from the well-mixed lumen. Often transport through
this layer is assumed to be equivalent to that through a stagnant
layer of water. However, this hydrated, negatively charged glyco-
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protein network may present a significant barrier through
obstruction and electrostatic effects, especially for colloidal par-
ticles. In addition, the aggregation behavior of bile salt/phospho-
lipid can be altered by lipid association with mucin (11-16). Thus,
for understanding the role of BS/PC micelles in the absorption
of drug, measures of the diffusion of BS/PC mixtures in the pres-
ence of mucus are needed.

To address the complicated problem of diffusion in the
mucous layer, Fourier-transform pulsed-field gradient spin-echo
(FI-PGSE) 'H NMR spectroscopy has been applied. Recently,
this technique has been applied to an investigation of the diffu-
sivity and release rate of drug from extended-release dosage
forms (17, 18). In principle, FT-PGSE 'H NMR can simultane-
ously provide the self-diffusion coefficients of all constituent
molecules of complex multicomponent systems (19). Moreover,
information about the distribution of the components between
aggregate and the bulk phase may be obtained in a few minutes
without isotopic labeling (19). The obstruction and excluded
volume effects on the diffusion of the lipid aggregates may
also be readily addressed.

MATERIALS AND METHODS

Materials

The experiments were conducted with sodium taurocholate
(NaTC)(Sigma Chemical Co., St. Louis, MO) after recrystalliza-
tion from ethanol/ethyl acetate (20). The recrystallized surfactant
was stored in Teflon-lined screw cap test tubes. Egg phosphati-
dylcholine (egg PC) was obtained from Avanti Polar Lipids (Ala-
baster, AL). Both moved as single spots on silica plates with a
mobile phase of 65:35:5 chloroform:methanol:water. Bovine
submaxillary mucin (BSM) was purchased from Sigma Chemical
Co. It contains approximately 5% bound sialic acid. Deuterium
oxide (99.9 atom %) used in diffusion measurements was pur-
chased from Cambridge Isotope Laboratories, Inc. (Andover,
MA) and was used as supplied. Great care was taken to exclude
moisture from the samples and to prevent contact with water in
order to minimize any proton NMR signal from the exchange
reaction with deuterium oxide. For example, the D,O solution
was saturated with argon, all the sample preparation procedures
were operated under argon whenever possible, and the prepared
solutions were also saturated with argon. All glassware was dried
in the oven overnight before use.

Sample Preparation

The samples were prepared by first lyophilizing egg PC
from an ethanol/cyclohexane solution. From the measured dry
weight, the appropriate weight of NaTC in 0.9% NaCl/D,0
solution was added to achieve 100 mM NaTC:100 mM egg
PC. The sample was purged with argon and equilibrated in
excess of 24 hours at room temperature. After equilibration,
the 100 mM NaTC:100 mM egg PC solution was further diluted
with 0.9% NaCl/D,0 to make 80 mM:80 mM, 60 mM:60 mM,
40 mM:40 mM, and 20 mM NaTC:20 mM egg PC solutions.
The solutions were purged with argon and equilibrated in excess
of 24 hours at room temperature. The stock solution and the
series of dilutions were then further diluted with 1% sodium
azide/0.9% NaCl/D,0 solutions which contained 0, 0.5, 1, 1.5,
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and 2% of mucin to make a series of 50 mM:50 mM, 40 mM:40
mM, 30 mM:30 mM, 20 mM:20 mM, and 10 mM NaTC:10
mM egg PC solutions with different mucin concentrations. The
solutions were purged with argon and equilibrated in excess of
24 hours at room temperature before the NMR experiments.

NMR Spectroscopy

The Fourier-transform pulsed-field gradient spin-echo
(PGSE) 'H NMR diffusion measurements were performed on
nonspinning samples in thin-wall 5-mm tubes on a Nicolet 300
spectrometer (Nicolet Magnetic Corporation, Madison, Wis-
cosin) equipped with a pulse field gradient NMR proton probe
(Doty Scientific, Inc., Columbia, SC). The sample temperature
was controlled at 37 = 0.2 °C by a versatile digital PID tempera-
ture controller (T-3000 Cryo Controller, Tri Research, Inc., St.
Paul, MN). The magnetic field gradient pulses were generated
by a home-built electronic apparatus. The standard spin echo
pulse sequence was used, and the transformed intensity was
analyzed by the following equation (19):

AQ27) = A(0) exp(—27/T,) exp{ —(yGd)XD(A — 8/3)} (1)

where A(27) is the peak intensity at time, 27, A(0) is the peak
intensity at time, 0, 7 is the time interval between 90° and 180°
pulses, T, is the spin-spin relaxation time, vy is the gyromagnetic
ratio, G is the strength of field gradient, 8 is the duration of
field gradient, D is the diffusion coefficient and A is the time
interval between the first and second gradient pulses. The diffu-
sion experiments were performed at constant T (11 ms), A (11
ms) and G value. A series of 10 8 values ranging from 0.2 to
2 ms were used. To obtain absolute values for self-diffusion
coefficients, the field gradient strength was calibrated from
measurements on reference H,0, D,O and SDS samples at 37
°C. The spectra were evaluated off-line utilizing nonlinear least-
squares fitting of peak heights using the MacNMR 5.0 with
NMRscript® software (Tecmag, Inc., Houston, TX) on a per-
sonal computer. The average and standard deviation were calcu-
lated from different proton groups in a particular molecule.

DATA ANALYSIS

In the mucin solutions, there is a distribution of water
between free water molecules and water bound to mucin. There-
fore, the observed self-diffusion coefficient, Dy, can be
expressed with a simple two-site model (21):

Dy = D1 — f) + Dyfy 2

where Dy is the diffusivity of free water molecules in the pres-
ence of mucin, Dy, is the diffusivity of mucin-water complex,
and fj, is the fraction of water bound to mucin. The diffusivity
of free water in the presence of mucin is reduced due to the
obstruction effect. The obstruction effect originates from the
presence of impenetrable particles leading to an increase in the
path length of the diffusing species.

The factors that influence the obstruction effect of mucin
include the size and shape of the diffusing species, the mucin
radius, the volume fraction of mucin, and the mucin persistence
length. The obstruction contributions for nonflexible polymer
chains and spherical molecules can be described by a model
developed by Johansson et al. (22, 23):

Di/DP =e™™@ +__(x2e°‘El(2(x) 3)
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where Dy is the self-diffusion coefficient of the diffusing species
in the mucin solutions in the absence of strong attractive interac-
tions between the diffusing species and mucin, Dy’ is the self-
diffusion coefficient of the diffusing species at infinite dilution,
@, is the volume fraction of mucin, R, is the radius of the
diffusing species, r is the radius of mucin, and E, is the exponen-
tial integral.

Combining Eq. 2 with Eq. 3, the following expression
is obtained:

Dw = Df"[c"“ + (XZCQEI(Z(X)](I - fb) + Dbfb (6)

where Dy’ is the diffusivity of water at infinite dilution (3.04
X 103 cm?/s) (24). Since the diffusivity of mucin-water com-
plex is considerably lower than that of free water, it was assumed
to be negligible compared to D,,. In addition, f, and ®,, can
be expressed as

fb = Nh(Cmucin/ Cwaler) (7)
q)m = Cmucin(pmucin + thwater) (8)

where prucin and pyaer are the densities of mucin (1.42 ml/g)
(25) and water (1.0067 ml/g), respectively, and N, is defined
as the grams of water molecules associated with a gram of
mucin which move as a kinetic entity. Since the radius of a
water molecule is much smaller than that of mucin (100 A)
(25), a is approximately equal to ®@,,. Thus, from the obstruction
effect of mucin, the hydration and volume fraction of mucin
were calculated.

RESULTS AND DISCUSSION

!'H NMR Spectra

'H NMR spectra of bile salt (sodium taurocholate), bile salt/
phospholipid, mucin, and bile salt/phospholipid/mucin are given
in Figure 1. The inserts are the magnifications of the spectra.
The proton resonances of bile salt and phospholipid have been
assigned by Stark et al. (26). The proton peaks at 3.13 and 3.64
ppm are from the methylene groups of bile salt at position 25 and
26, respectively, and those at 0.91 and 1.21 ppm are from the
methyl groups of bile salt at position 18 and 21, respectively.
The proton peaks at 3.40, 3.81, 4.45 and 5.47 ppm are from the
N(CHj;);, CH,N, choline CH,O0P and glycerol CHO groups of
phospholipid, respectively. The proton spectrum of mucin has
alsobeen assigned by Gerken (27). Theresonances were assigned
as follows: 1.02 ppm, CH; of Val, Ile and Leu; 1.45 ppm, nongly-
cosylated Thry-CH;; 1.78 ppm, H3a of sialic acid; and 2.09 ppm,
N-acetyl methyl of the residual N-acetylgalactosamine residues.
The unresolved spectral region between 3 and 5 ppm was
assigned to the protons of amino acids and sialic acid.

It is obvious in Figure 1 that the proton peaks of mucin
did not interfere with those of BS and PC at the mucin concentra-
tions studied in this study. Therefore, the complicated problem
of diffusion of BS/PC aggregates in mucin can be readily
addressed by applying FI-PGSE 'H NMR spectroscopy.

FT-PGSE 'H NMR Spectra

A stacked plot of FT-PGSE 'H NMR spectra on the BS/
PC/mucin system as a function of the magnetic field gradient
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Fig. 1. 'H NMR spectra of (A) bile salt (sodium taurocholate), (B) sodium taurocholate/egg phospholipid, (C)
mucin, and (D) bile salt/phospholipid/mucin. The inserts show the magnifications of the spectra.

duration is shown in Figure 2. The HDO peak (at 4.76 ppm)
decays much faster than the BS, PC, and BS/PC mixed peaks
due to the faster self-diffusion of water as compared with BS
and PC. The decays of BS, PC and BS/PC mixed peaks are
observed at longer field gradient duration. The average diffusion
coefficients of phospholipid were calculated from the echo
signals of the protons on the N(CH3);, CH;N, choline CH,OP
and CHO groups.

It is obvious that FT-PGSE 'H NMR can simultaneously
provide the self-diffusion coefficients of all constituent mole-
cules of complex multicomponent systems in a few minutes
without isotopic labeling (Figure 1 and 2). Moreover, informa-
tion about the distribution of the components between aggregate
and the bulk phase may be obtained (19). Finally, the obstruction
and excluded volume effects on the diffusion of the lipid aggre-
gates may be readily addressed.
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Fig. 2. A stacked plot of FT-PGSE 'H NMR spectra on BS/PC/mucin system is shown as a function of
the magnetic field gradient duration. The diffusivity of HDO is determined by the decay of the peak
intensity at 4.76 ppm. The average diffusivity of PC is calculated from the decays of peak intensities at
3.40 (N(CHs));, 3.81 (CH,N), 4.45 (choline CH,P) and 5.47 (glycerol CHO) ppm.

Diffusion of Water in Mucin

The diffusivities of water in mucin solutions (0.25, 0.5,
0.75, and 1% w/w) and in the absence of lipid are given in
Table 1. It decreased with the mucin concentration. Therefore,
mucin has a significant obstruction effect on the diffusion of
water molecules.

Different theoretical approaches have been pursued in
order to gain a fundamental understanding of the events
occuring in the polymer systems. In this study, the theory by
Johansson ef al. (22, 23) was used to account for the obstruction
effect of mucin. It was derived using the so-called cylindrical
cell model. This model consists of an infinite cylindrical cell,
containing solvent and polymer. The polymer is represented as
arod centered in the cell and is composed of rather stiff chains.
Since mucins are elongated rod-shaped molecules whose central
core is a linear polypeptide (100 to 250 kDa) called apomucin,

Table I. The Diffusivity of Water (cm*/s), Water of Hydration
(g Bound Water/g Mucin), Volume Fraction of Mucin, and Fraction
of Bound Water as a Function of Mucin Concentration (w/v)

Mucin  Diffusivity =~ Water of  Volume fraction  Fraction of
conc. of water hydration of mucin bound water
0%  3.04 x 107 — — —
0.25% 2.64 X 1073 30 0.078 0.074
0.50% 2.55 X 1073 18 0.10 0.093
0.75% 2.45 X 1073 15 0.12 0.11
1.00% 237 X 1073 13 0.15 0.13

“Data is taken from reference 24.

the use of the theory is reasonable. In addition, the theory was
developed for the diffusion of spherical solutes in a network
which applies to the water molecule.

From the diffusivity of water in the mucin solutions, the
water of hydration, volume fraction of mucin, and fraction of
bound water were obtained (Table I). The fraction of bound
water increased with mucin concentration from 7.4% to 13%.
The water of hydration of mucin was much higher than that
found for other proteins. It suggests that mucin is much more
hydrated. This may be due to the large water-holding capacity
of mucin-bound carbohydrates and the high charge density from
sialic acid residues. In addition, the water of hydration decreased
with increasing mucin concentration. This may be explained
by understanding the polymerization and gelation of mucin
(28). Mucin molecules in solution can cross-link to form aggre-
gates via hydrogen bonds, electrostatic and hydrophobic interac-
tions, and Van der Waals forces. Increasing the number of cross-
links leads to the formation of a gel. The gelation of mucin
arises from its entanglement properties. High molecular weight
polymer solutions are considered dilute if the individual chains
do not overlap. The overlap concentration of mucin is very
low because of its high molecular weight. Mucin solutions at
concentrations of 24 mg/ml (0.2%-0.4%) are already in the
semi-dilute regime where polymer chains are overlapped. At
the higher mucin concentrations typically found in vivo (>20
mg/ml), the extensively entangled monomers will behave like
a transient gel. Such close contact between neighboring mole-
cules greatly increases the formation of noncovalent interactions
that stabilize the entangled network and provides the rheological
characteristics of a weak, reversible gel. Since the mucin con-
centrations (0.25%-1%) in the present work are in the range
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where the polymer chains are overlapped, the extent of overlap-
ping increases over mucin concentrations of 0.25% to 1%.
Therefore, less water is accessible to the hydrophilic glycosyl-
ated regions of mucin molecules.

Diffusion of Water in Lipid and Mucin

The diffusivities of water in the BS/PC solutions with 0,
0.25, 0.5, 0.75, and 1% mucin are shown in Figure 3. The
total lipid concentration accounts for both the bile salt and
phospholipid. A progressive decrease in the effective diffusivity
of HDO was observed with an increase in the both the mucin
and total lipid concentration.

Diffusion of BS/PC Aggregates

The main focus of this paper was to determine the effect
of mucin on the diffusivity of BS/PC micelle. Before the results
are discussed, it is necessary to describe the nature of the BS/
PC association. There are two premises (29). The first is that
the equivalent hydrodynamic radius measured in the mixed
micellar solution is uniquely determined by the bile salt to
phospholipid ratio within the micelles. The larger the BS/PC
ratio, the smaller the micellar size is. Second, the intermicellar
concentration (IMC) is also dependent on the equivalent hydro-
dynamic radius and temperature but attains the same value
regardless of the concentration of the mixed micelles. Therefore,
if there is binding of lipid to mucin, the aggregation state of
the micelles would be altered which, in turn, might affect the
solute-carrying capacity of the micelles. It has been demon-
strated by several investigators that there is an association of
lipids with rat small-intestinal mucus, dog and rat gastric mucus,
purulent sputum, and bovine gallbladder mucin (11-16). How-
ever, the consequences of binding of lipid to mucin on the size
and capacity of BS/PC mixed micelles have not been
considered.

In Buffer

The BS/PC solutions in the absence of mucin served as
controls. The observed diffusivities of PC in the BS/PC solu-
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Fig. 3. Effective diffusivity of water (HDQ) as a function of total lipid
concentration. [J, control (0% mucin); A, 0.25% mucin; O, 0.5%
mucin; ¢, 0.75% mucin; A, 1% mucin.
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tions are shown in Figure 4. They increased with increasing
lipid concentrations. The solid curve was drawn by eye. The
BS/PC aggregates have been proposed to be disk-like or rod-
like. However, for the purpose of comparison, the diffusivities
of PC were converted to hydrodynamic radii assuming the
micelles are spherical. The hydrodynamic radii were then calcu-
lated to be 206, 104, 93, 86, 83 A for the total lipid concentration
of 1.28, 2.56, 3.80, 5.15, and 6.42 g/dl, respectively.

It is clear that micelles grow when the system is diluted
with normal saline. This can be understood by a closer examina-
tion of the physical picture of micelle formation. If a solution
of a mixed micelles is diluted with a solvent containing no bile
salts, it must reestablish the IMC. To do this, bile salt molecules
must leave the mixed micelles, thereby increasing the ratio of
phospholipid to bile salt in the mixed micelles which in turn,
necessitates an increase in mixed micellar size.

In Mucin

The observed diffusivities of PC in the BS/PC solutions
with 0.25, 0.5, 0.75, and 1% mucin are also shown in Figure
4. The change in the effective diffusivity of PC with increasing
lipid concentrations showed a different pattern in the presence
of mucin. The observed diffusivity of PC in the solutions of
total lipid concentration of 1.28 and 2.56 g/dl increased with
increasing mucin concentration, whereas the observed diffusiv-
ity of PC in the solutions of total lipid concentration of 5.15
and 6.42 g/dl decreased with increasing mucin concentration.
The observed diffusivity of PC in the solution of total lipid
concentration of 3.80 g/dl remained constant with increasing
mucin concentration.

Theoretically, if there is no binding of lipid to mucin, the
decrease in the diffusivity of PC due to the obstruction effect
of mucin can be predicted from Eq. 3 with the size of micelle
in buffer and the volume fraction of mucin (Table I). Thus, the
dashed curves in Figure 4 were calculated relative to the solid
curve by applying the obstruction factor. It is apparent that
experimentally observed diffusivities of PC were not consistent
with the theoretically predicted diffusivities of PC in the pres-
ence of mucin (Figure 4). This demonstrates that mucin not
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Fig. 4. Observed diffusivities of phospholipid in the BS/PC solutions.
[, control (0% mucin); A, 0.25% mucin; O, 0.5% mucin; ¢, 0.75%
mucin; A, 1% mucin. The solid curve is drawn by eye based on the
control data. The predicted diffusivities of PC in the presence of mucin
(assuming no binding of lipids to mucin) is calculated relative to the
solid curve by Eq. 3. — - -, 0.25% mucin; ------ , 1% mucin.
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Fig. 5. Observed diffusivities of phospholipid (PC) corrected for the
obstruction effect of mucin as a function of total lipid concentration.
g, control (0% mucin); A, 0.25% mucin; O, 0.5% mucin; ¢, 0.75%
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only obstructs the diffusion of the micelles but also affects their
aggregation state. However, the theory of Johansson et al. was
developed for the diffusion of spherical solutes in a network
which was not the case of BS/PC aggregates. A more sophisti-
cated theory needs to be applied to understand the diffusion of
bile salt/phospholipid micelles through mucin.

Correcting the experimentally observed diffusivity for the
obstruction effect of mucin (Eq. 3) leads to the results in Figure
5. The diffusivity of PC increased with increasing mucin con-
centration. In other words, the size of micelle decreased with
increasing mucin concentration (Table II). It is therefore evident
that phospholipid molecules bind to mucin. As mentioned
above, the IMC decreases with increasing micellar size and the
micellar size decreases with increasing BS/PC ratio. As the
phospholipid leaves the mixed micelle, both the BS/PC ratio
and the intermicellar concentration increase (29). The IMCs
are 4, 4.25, 4.5, 5, 6, and 8 mM for the micellar size of 80,
70, 60, 50, 40, and 30 A at 40 °C, respectively (29). The IMC
stays at 4 mM when the micellar size is larger than 80 A (29).
From the size change in the presence of mucin (Table II), only
a small amount of bile salt was dissociated from the micelles.
Therefore, the bile salt to phospholipid ratio within the micelle
increases and thus the size of the micelle decreases.

In summary, it has been demonstrated that the aggregation
state of BS/PC mixed micelles is altered by the presence of
mucin. This would have a direct impact on the transport of
dietary lipids and solubilized drugs through the aqueous bound-
ary layer of the intestinal tract.

Table II. The Effect of Mucin on the Hydrodynamic Radius (;\) of
BS/PC Aggregates

Total lipid concentration (g/dl)

Mucin conc. 1.28 2.56 3.80 5.15 6.42
0% 206 104 93 86 83
0.25% 54 76 76 77 72
0.50% 44 69 72 76 70
0.75% 35 61 67 75 69
1.00% 28 53 64 73 68

Li, Zimmerman, and Wiedmann
CONCLUSIONS

This study has been carried out to investigate the effect
of mucin on the diffusivity of BS/PC aggregates. A progressive
decrease in the effective diffusivity of HDO was observed with
an increase in the both the BSM and total lipid concentration.
The effective diffusivity of PC decreased with increasing lipid
concentrations in the presence of mucin, while in the controls
it increased. After correcting the effective diffusivity of PC for
the obstruction effect of mucin, the size of the BS/PC mixed
micelle was assessed. It appears that PC associates with BSM
resulting in a decrease in the available PC for micellization.
This reduces the average size of the mixed micelle within the
mucous layer. Thus, the aggregation state is altered by the
presence of mucin which has implications for the transport of
dietary lipid and solubilized drug through the aqueous boundary
layer of the intestinal tract.
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