Solute Fluxes in Fat Absorption

R. L. S. WILLIX

Abstract [] Diffusion rates of fatty acid (oleic and palmitic acids)
in bile salt solution and in polyoxyethylene-polyoxypropylene
copolymer solution depend on the amount of fatty acid solubilized
and also on any physical restrictions to flow. Micelles of the two
types of surfactant are significantly different in size. Assuming a
passive process for the uptake of fatty acid, diffusion rates correlate
with the observed uptake of fatty acid into everted intestinal sacs
of the rat.
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The surface-active property of the natural surfac-
tants, bile salts, in mediating lipolysis (1) and absorption
by the small intestine of hydrophobic material, other-
wise poorly soluble in an aqueous medium (2-4), is well
accepted.

Synthetic nonionic surfactants, such as polyoxy-
ethylene-polyoxypropylene copolymer,! also promote
absorption of free fatty acids by everted intestinal
sacs of the rat but less effectively than bile salts (5).
They exert an effect in vivo from which conclusions are
obscured due to the absence of a clear distinction be-
tween uptake from micellar solutions compared with
uptake from emulsions (6).

Phase separation by ultracentrifugation has estab-
lished that, for any one concentration of either sur-
factant and lipid composition, a fixed amount of fatty
acid partitions between the micellar and emulsion
phases (6); and for absorption in vitro, there is a clear
relationship between the amount of fatty acid (oleic
acid) solubilized and uptake into the everted intestinal
sac(5).

If it is generally agreed that lipid is absorbed almost
exclusively from the isotropic phase of intestinal
content, micellar solubilization could promote uptake
by increasing the chemical potential or effective con-
centration of lipid in the systems considered. An under-
standing of the mechanism, however, requires a knowl-
edge of the dynamic nature of the physicochemical
events in the absorptive process. Diffusion coefficients
in the aqueous phase and the interfacial resistances to
fatty acid movement between emulsion globules,
micelles, and the surrounding aqueous medium are the
kinetic quantities that provide the link between solubili-
zation and uptake in this luminal stage of fat absorption.

The method involves the measurement of the fatty
acid flux across a confined volume of solution, in
practice a solution that is limited to the interior of a
diaphragm and made less sensitive to gradients that
lead to bulk flow in free solution. In addition, the use
of diaphragms of different porosities provides data on
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solute fluxes when the movement of fatty acid in one or
more of its states of aggregation, monomers, micelles,
or emulsion globules is restricted.

The method has been applied to lipids in a qualitative
manner (7) and follows from studies (8, 9) on the effect
of solubilizing agents in increasing the driving force for
diffusion of water-insoluble dyes. The capacity of
Millipore filters, under conditions of free filtration, in
separating emulsion and micellar phases of lipid dis-
persed by bile salts has been previously demonstrated
(10). Using Millipore and sintered-glass diaphragms, the
present study provides quantitative data on the diffu-
sive movement of fatty acid, specifically oleic acid, in
lipid systems of bile salts and of polyoxyethylene-
polyoxypropylene copolymer.

The validity of a diffusion-limited model for the
luminal stage of fatty acid absorption implies the pres-
ence in the gut of a still layer near the absorptive cell.
While this is not proven, the glycocalyx coat could well
produce an unstirred layer of fluid of greater thickness
than at a clean cell surface; the presence of microvilli
with some of the characteristics of physical pores (11)
improves the analogy with the physicochemical model,
making the data on fatty acid movement in its different
states of aggregation perhaps directly applicable to the
biological situation.

An understanding of the luminal stage of the absorp-
tive process through the comparison of different sur-
factants may then provide insight into the much more
complicated in vivo problem where, as yet, few clearcut
physicochemical parameters have emerged.

EXPERIMENTAL

Materials—Sodium taurocholate (NaTC) moved as a single spot
on activated silica gel at room temperature with ethyl acetate-
methanol-glacial acetic acid (70:20:10). It was used as supplied.?

Sodium taurodeoxycholate (NaTDC) was synthesized from tau-
rine and deoxycholic acid by the method of Norman (12) as modified
by Hofmann (13). Bile salts were used in a 4:1 ratio with NaTC-
NaTDC in all experiments.

Polyoxyethylene-polyoxypropylene copolymer (nominal molec-
ular weight 8000) had a specific refractive index increment of 0.139
ml. g.” ! and was used as supplied.

Glycerol 1-monooleate (monoolein) was shown by TLC to con-
tain small amounts (~5%,) of diglyceride and free fatty acid. By
GLC the fatty acid composition was Ciz: 1, Cie:t 5, Cis1 85, Cis2 5.

Oleic acid and palmitic acid were ~98¢7 pure by GLC. Radio-
chemical purity of oleic acid-1-*C was certified® as 95-98 %, pure
Cisa of which 79 was elaidic acid; 979 of the material was free
fatty acid by TLC. Palmitic acid-9,10-*H was certified 967 pure;
94 97 of the activity was in the fatty acid band.

Sodium dihydrogen phosphate and monohydrogen disodium
phosphate were used as supplied. *

Methods—Two types of diaphragm cells are described. One uses
a sintered-glass disk of ~30-x average pore diameter, 4.9 cm.?
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Table I-—Cell Constants

Diaphragm Cell Constant 8 (cm.~%)|’
Sintered glass (SG), 30 u 0.25 +0.02
Millipore (MP), 1.2 u 9.54 + 1.
Millipore, 0.010 » 4.37 £ 0.06

in area and 2 mm. thick, in the Stokes modification (14) of the
Northrop-Anson (15) diffusion cell, in which stirring is effected by
two polyethylene-encased® metal bars mounted one on each side close
to, but not in contact with, the diaphragm. The cell was filled by
suction and the lower chamber was closed with a tightly fitting
ground-glass stopper. A film of silicone grease was placed on the
external joint, and the entire lower chamber port was enclosed in a
small polyethylene bag. The cell was immersed vertically in the
thermostat and held in a rigid clamp to minimize vibration.

When steady-state conditions prevailed in the diaphragm, the
solution in the upper chamber was removed and replaced with the
solution of interest, either a nonradioactive solution of lower con-
centration if a chemical concentration gradient was to be main-
tained across the diaphragm or a nonradioactive solution of the
same lipid concentration if the system was to be at chemical (but not
isotopic) equilibrium. The upper chamber was closed with a ground-
glass stopper with a perforation to the atmosphere, and the run was
commenced by activating the stirrer with rotating magnets. At the
end of the diffusion period, the entire solution (24.2 ml.) from each
chamber was removed for analysis. Radioactivity measurements
were made on triplicate samples (refractive index measurements
also were made if surfactant diffusion in concentration gradient
experiments were being followed).

The other diaphragm cell utilized Millipore cellulose acetate
filters (25 mm. in diameter, 0.15 mm. thick) of different porosities,
mounted vertically to expose 2.90 cm.? to the solutions in each
chamber (initially always 20 ml. in volume) and stirred by centrally
located metal bars encased in Perspex and driven by rotating mag-
nets mounted on the cell support platform. Solutions in both cham-
bers were always of the same composition and concentration in lipid,
i.e., at chemical but not isotopic equilibrium.

At timed intervals over the period of one experiment, 0.5-ml.
samples (usually six in all) were removed from each chamber for
radioactivity analysis, but the liquid level at the end of the diffusion
period never fell below the top of the diaphragm. Before use the
cell was tested for leaks with an impermeable barrier.

Cells were calibrated using KCl as the standard diffusing solute.
Chloride ion in stock solutions and in each chamber at the experi-
ment end was determined by AgCl turbidity in 509 ethanol-water
(after dilution to reduce Cl~ concentration to a convenient level)
according to the method of Luce e7 al. (16). The calibration curve at
350 my, was linear up to 14 meg./ml. CL

Where surfactant diffusion rates were monitored, differential
refractometry (in 10-cm. cells) with a Hilger-Rayleigh interferom-
eter was used. The instrument was calibrated with sucrose solu-
tions of known refractive index to give drum readings with respect to
the refractive index: Al/An = 4.81 X 107%. However, since the solute
concentration term in the diffusion equation (discussed later) is
independent of the unit of measurement, drum readings were later
taken directly as measures of concentration. When such diffusion
rates were followed in the presence of lipid, lipid concentrations
were such that the refractive index measurement of An/Ac = 0.140ml.
g.7! polyoxyethylene-polyoxypropylene copolymer compared with
0.139 ml. g.—! polyoxyethylene—polyoxypropylene copolymer in
the absence of lipid. From this it was concluded that, at these lipid
concentrations, lipid contributed little to the refractive index and that
refractive index changes were due mainly to the movement of sur-
factant.

For radiochemical assay, fatty acids were extracted with a 3:1
v/v quantity of a 1:1:1 v/v/v mixture of ethanol-heptane-diethyl
ether. Two further extractions with the upper phase of ethanol-wa-
ter—heptane-diethyl ether ensured that > 997 of the fatty acid was
in the organic extract, the solvent was driven off under dry N., and
the residue was counted in a liquid scintillation counter®after dissolu-
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Figure 1—Semilogarithmic plots of *C and 3H isotopic concentra-
tion function (C.q. — C)/(C.q. — Co) versus time for 4:4:2 mM mono-
olein—oleic acid-'*C—palmitic acid-3H equilibrating through 10-mu
MP. Key: mM 4:1 sodium taurocholate—sodium taurodeoxycholate:
®,25 A 50 %75;0,100;andm, 15.0.

tion in toluene containing 2,5-diphenyloxazole (4 g./1.) and 1,4-bis-
2-(5-phenyloxazolyl)benzene (0.05 g./1.) as scintillation solutes.
Count times were such as to achieve 1% standard deviation. Correc-
tions for quenching were made by the channels ratio method.

Solutions taken to be nonradioactive at the start of a diffusion
period were tested for adventitious amounts of radioactivity.

Emulsions and micellar solutions of lipid were prepared by 5-min.
ultrasonic irradiation (40 w. at 20 kc.) at constant anode current on
a Branson sonifier.

Solubilization was determined by separation of emulsion and
micellar phases by ultracentrifugation at 107 g min. (~36°), at the
end of which the lower aqueous micellar phase was sampled and
analyzed for radioactivity.

All solutions were 0.15 M NaH,P0O,/0.07 M Na,HPO, in phos-
phate buffer at pH 6.4 = 0.1, and all experiments were performed at
374 1°.

RESULTS AND DISCUSSION

Diffusion Equation—The usual application of Fick’s law of dif-
fusion as applied to diaphragms (17) is followed:

A Ve + VQ] P
331 Vr g

Ceq. — C =

log C———-*—eq. - Cu = — DT

(Eq. 1)

where A is the total area of the diaphragm pores exposed at right
angles to the direction of flow, / the thickness of the diaphragm (and
associated unstirred layers of solution), ¥p and Vg the volumes of
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Figure 2—Fatty acid equilibration rate D1 as a function of the
reciprocal of the bile salt concentration, 4:4:2 mM monoolein-oleic
acid-palmitic acid, through 10-mu MP.

each compartment P and Q, C... the concentration or specific
activity of the diffusing solute at equilibrium, Cj initially, and C at
time 7. D is the average value of the diffusion coefficient for the con-
centration range of the experiment and is expressed as Dy to allow
for all states of aggregation of fatty acid.

The expression in square brackets is the cell constant 8 and is
determined with KCI, given that Dk = 2.45 X 1075 cm.2? sec.~!in
0.5 M solution at 37° (Table I). Three measurements with separate
Millipore (MP) filters of each stated pore size were made for 8,
whereas § for the sintered-glass (SG) disk was obtained from nine
separate determinations over the period of use (several months) to
detect significant erosion. The 8% variability in 8 for the SG disk is
higher than can be achieved with such diaphragms, but was con-
sidered satisfactory for the experiments described here. With SG
diaphragms, diffusion coefficients were calculated from one experi-
mental point. Since kinetic curves were not obtained, the results were
more liable to error than in the MP procedure. This was partly offset
by the duplication of experiments with the SG diaphragms.

Tortuosity and blocked capillaries in MP filters are serious limita-
tions if such structural characteristics are a feature of many pores in
the one filter and are not even approximately reproduced from filter
to filter. However, the range in 8 for any one porosity suggested no
gross irregularities.

Preliminary experiments established a rate of stirring above which
the results were insensitive to stirring rate, ie., the “still” layers
associated with the diaphragm were at their minimum thickness. In
this respect, one limitation of the method is whether the dimensions
of the unstirred layer are comparable for KCl and lipid solutes.
When considered against the overall thickness of the diaphragm, the
effect is likely to be small.

With MP filters, semilogarithmic plots of the concentration
term-time give acceptable straight lines (Fig. 1). Correlation co-
efficients were never less than —0.95. The gradients Drf, obtained
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by regression analysis, were within 8 % for both oleic acid and pal-
mitic acid loss from one compartment and gain in the other compart-
ment in any one experiment. Such parallelism in the rates of loss and
gain suggest steady-state conditions in the diaphragm and the
reasonable balance of activity-limited retention by the diaphragm.

Bile Salts—Effect of Solubilization—Figure 1 shows fatty acid,
equilibration rates across a 0.010-u MP where, in each experiment
both chambers P and Q have the same lipid composition (4 mM
oleic acid, 2 mM palmitic acid, and 4 mM monoolein), with one
chamber containing 1*C- and 3H-labeled fatty acids; bile salt con-
centrations alter from experiment to experiment. The effect of
surfactant concentration on equilibration rate (Dr8) is shown in
Fig. 2.

Fatty acid solubilization in this system (Fig. 3a) suggests a
CMC in the region 2.0-2.5 mM bile salts with total solubilization
above 10.0 mM. When the gradient D8 is expressed as a function of
the reciprocal of the bile salt concentration (Fig. 2), no change in
Dzp is apparent until the bile salt concentration reaches ~7.0 mM.
This may be a result of pore blockage by fine globules, so appreci-
able transport rates are achieved only when there is near total
solubilization. On the other hand, the solubilization curve reveals
that only 309 of the fatty acid is solubilized at this bile salt concen-
tration and that an increase in the solubilizing power, apparent from
the change in the gradient of the solubilization curve, occurs in this
region. A significant change in the flux is then to be expected near
this surfactant concentration.

Furthermore, although all the lipid was solubilized near 10 mM
bile salts, the diffusion function continued to increase with increas-
ing surfactant concentration. At 10 mM bile salts and the stated
lipid concentration, about 40 molecules of lipid are associated with
each micelle on the basis of an even distribution of solubilizates and
an aggregation number of ~40 for the bile salt micelle (discussed
later). Given the tendency of lipid to swell micelles (18, 19), increas-
ing the concentration of surfactant with the same overall lipid con-
centration would suggest the formation of more, and smaller,
micelles. An increase in the rate of equilibration D78 with increasing
surfactant concentration is then understandable on the basis of
micelle size. The reciprocal concentration plot is made to allow
extrapolation to such high bile salt concentrations (1/C = 0), i.e., so
large a number of micelles that on the average the amount of lipid
per micelle (at this fixed total lipid concentration) scarcely alters the
dimension of the micelle. The extrapolated Dr so determined is 1.7
X 10~%cm.?sec,” L.

Effect of Pore Size—The diffusion coefficient of oleic acid solu-
bilized in bile salts and equilibrating through the SG diaphragm is
3.9 X 107 cm.? sec.~! (Table IT). The difference between this figure
and 1.7 X 107 cm.? sec.”1is probably due to the factor ~3 between
micellar diameter (~30 A) and average pore size not being adequate
for the process to approach that of diffusion in free solution, i.e.,
with no geometrical limitations on movement. This fits with the
observation that for the same lipid mixture in 10 mM bile salts
equilibrating through a 1.2-u MP, Dy is 4.4 X 10-% cm.? sec.”!
(Table IT).

The 20% lower Dr when there is a chemical concentration dif-
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Figure 3—(a) Fatty acid solubilization in bile salt solution. Total lipid concentrations: oleic acid mM: O, 1.0, and @, 4.0, palmitic acid mM: A,
2.0; and monoolein mM.: upper curve, 1.0, and lower curve, 4.0. (b) Fatty acid solubilization in Dpolyoxyethylene—polyoxypropylene copolymer
(PPC) solution. Total lipid concentrations: oleic acid mM, @, 4.0, palmitic acid mM, A, 2.0, and monoolein mM, 4.0.
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Table II—Diffusion Coeflicients Dr in Bile Salt Solutions

~———Chamber P———

Bile Chamber @ _
Salt, Bile Salt, ~—Dy X 10° (cm.? sec.”})——
mM Lipid, mM¢« mM Lipid, mM Diaphragm Bile Salts Oleic Acid
10.0 — 5.0 — 30-u SG 5.28
10.0 1.0 0A, 1.0 MO 5.0 — 30-u SG 5.43 3.25
4.75 3.40
4.63 3.10
5.0+0.4 3.2+ 0.2
10.0 1.004,1.0 MO 10.0 1.0 0A, 1.0 MO 30-u SG 32?’
3.4 0.5
10.0 4.0 0A, 4.0 MO 10.0 4.00A,4.0 MO 1.2-x MP 4.4 4 0.5
2.0 1.0 0A, 1.0 MO 2.0 — 30-u SG 0.59
2.0 1.00A,1.0 MO 2.0 1.0 00A, 1.0 MO 30-u SG Oég
0.
0.37 + 0.04
2.0 4.00A,4.0 MO 2.0 4.00A,4.0 MO 0.010-px MP 0.25 4+ 0.04
(2.0 PA) (2.0 PA)

2 MO = monoolein, OA = oleic acid, and PA = palmitic acid.

ference (rather than just an isotopic concentration gradient) is out-
side the error limits for the experiments described.

For bile salt concentrations below the CMC, that is, lipid exists
mainly in the emulsion phase, the kinetic constant is effectively the
same when a 0.010-u MP rather than a 30-y SG diaphragm is inter-
posed between the equilibrating systems; this figure is an order of
magnitude lower than when the lipid is totally solubilized.

Polyoxyethylene-Polyoxypropylene Copolymer—Effect of Pore
Size—When each chamber contains lipid of composition 4:4:2 mM
in monoolein-oleic acid-palmitic acid and 2 mM polyoxyethylene-
polyoxypropylene copolymer, equilibration rates over the MP poros-
ity range from 0.010 to 1.2 u are as shown in Fig. 4. The CMC for this
nonionic surfactant is near 0.10 mM, based on solubilization data in
Fig. 3b, and 2.0 mM polyoxyethylene-polyoxypropylene copolymer
ensures better than 95 % solubilization of fatty acid in the lipid sys-
tem used. Hence, the interpretation is not complicated by the pres-
ence of an emulsion phase. Nevertheless, the equilibration rate is
roughly constant over the MP porosity range from 0.010 to 0.200 u
and increases with larger pore sizes, even when variation in the cell
constant § is allowed for (lower curve of Fig. 4).

In the lower porosity range, Dr is 3.2 X 1077 cm.? sec.”! and
increases to 9.7 X 1077 cm.? sec.”! for the 1.20-u MP; from this
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Figure 4—Fatry acid eguilibration rate ]—)—Tﬁ, upper curve, Dr,
lower curve, versus reciprocal of average pore dimension (MP):
4:4:2 mM monoolein-oleic acid-palmitic acid in 2.0 mM poly-
oxyethylene—polyoxypropylene copolymer.
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rate/reciprocal pore dimension display, ~3 u is the MP dimension at
which the diffusion coefficient of fatty acid in the 2.0 mM poly-
oxyethylene—polyoxypropylene copolymer system approaches that
obtained with the SG diaphragm corresponding to free diffusion
(Table III). Due to the steep nature of the plot in this region, this can
only be an estimate; but the point emphasized is that although the
fatty acid is solubilized, the flux is much reduced below 0.200 .

Effect of Solubilization—A detailed study of the effect of solubil-
ization on equilibration rate was not carried out in the polyoxy-
ethylene—polyoxypropylene copolymer system, since preliminary
experiments suggested that similar effects to the bile salt system were
being observed; that is, when micelles are freely transported and
emulsion globules restricted in their movement, increased solubiliza-
tion due to an increasing concentration of surfactant, at a fixed lipid
composition, results in an increased flux. The difference is that these
effects are observable in the 1-u pore range compared with 100
times lower for the bile salt micelle.

This behavior is expected from the data in Fig. 5, which sum-
marizes the throughput of fatty acid in ultrafiltration experiments,
under a differential pressure of 60 cm. Hg. While only approximate
at best, ultrafiltration does show that with increasing polyoxy-
ethylene—polyoxypropylene copolymer concentration the proportion

100 ".,.( ____________________ %- MICELLAR
( 2mM PLURONIC Fé8

% FATTY ACID IN FILTRATE

1 1 ]
0 1.0 3.0 5.0
PORE DIAMETER,

Figure 5—Ratio of fatty acid, filtratefunfiltered dispersion as a
Sfunction of average pore dimension (MP): 4:4:2 mM monoolein—
oleic acid—palmitic acid in polyoxyethylene—polyoxypropylene copoly-
mer. Key: oleic acid mM, @, 4.0, palmitic acid mM, X, 2.0, y
Sfiltration of emulsion—micellar dispersion; and - - -, filtration of
micellar solution obtained by ultracentrifugation of 2 mM polyoxy-
ethylene—polyoxypropylene copolymer-lipid dispersion.




Table 111 Diffusion Coefficients Dy in Polyoxyethylene-Polyoxypropylene Copolymer (PPC) Solutions

Chamber P- —Chamber Q- _
PPC, ) PPC, ——Dr X 10% (cm.? sec.”1))——
mM Lipid, mM mM Lipid, mM Diaphragm PPC Oleic Acid
2.0(16 mg./ml.) — 0.1 — 30-u SG 2.68
2.0 1.0 0A, 1.0 MO 1.0 — 30-u SG 1.83 2.20
1.89 2.05
2.63 2.01
2.49 1.13
2.2+0.4 1.8 0.4
2.0 1.00 OA, 1.0 MO 2.0 1.00A,1.0 MO 30-u SG 2.0
2.0 4.00A,4.0 MO 2.0 4.0 0A, 4.0 MO 0.010-x MP 0.32 £ 0.04
2.0 4.00A,4.0 MO 2.0 4.00A,4.0 MO 1.20-u MP 0.97 +0.11
of fatty acid in the filtrate increases appreciably only with filters CONCLUSIONS

above 0.100-u pore size. Moreover, while the bulk of fatty acid in
polyoxyethylene—polyoxypropylene copolymer micellar solution is
transmissible through 0.300-uz pores (Fig. 5), pore sizes in excess
of 5.0 u are necessary to recover all the fatty acid from a filtered
polyoxyethylene—-polyoxypropylene copolymer stabilized emulsion.

By contrast, a 0.010-u MP under the same hydrostatic pressure re-
tains no fatty acid from an emulsion stabilized with 2.0 mM bile
salts.

The diffusion data in the polyoxyethylene—polyoxypropylene
copolymer system are summarized in Table I11.

Comparison of Micelles of the Two Surfactants—At 37°, pH 6.4,
Nat = 0.15 M, and in the absence of lipid, the micellar molecular
weights (MMWs) of 4:1 NaTC-NaTDC is 2.0 X 104 (i.e., aggrega-
tion number 40) and 5 X 10° for polyoxyethylene~polyoxypropyl-
ene copolymer from a light-scattering study made in conjunction
with the present investigation. The former value is in fair agreement
with 1.2-2.3 X 10*(depending on the sodium-ion concentration) for
the taurodeoxycholate micelle at 25° (20). MMWs of the magnitude
found for polyoxyethylene-polyoxypropylene copolymer are not
unusual for nonionic surfactants (21).

From the Stokes relation, the diffusion coefficient D is inversely
proportional to the radius. If the diffusing entities are roughly
spherical and their densities about the same, D is inversely propor-

tional to 3/ MMW. Also, if the two media have about the same
viscosity,

DBS  3/5 % 10¢
Y S T (Fa-2

Above the CMC the apparent diffusion coefficient Dy is the weighted
mean of the coefficient for monomolecular and micellar species
(22, 23):

ETCT = Dmnno. Cmonn. + Dmic.Cmic. = LIXI + L2X2 (Eq- 3)

where C’s are the concentrations (see Appendix).

If solubilization does not greatly alter the CMC, i.e., the CMC of
each surfactant in the absence of lipid solubilizate is close to that in
the presence of lipid, then from the observed values of the CMC by
the solubilization method and the measured diffusion coefficients of
monomeric and micellar surfactant:

DBS 49 X 10°¢
pree = 1o x 10~ 30 (Ea. 4
in fair agreement with the expected ratio.

Because of the necessarily lower concentrations of surfactants
and the interferometric method of estimation, Dmono. has low accu-
racy. However, the monomeric contribution to the total flux is rela-
tively small, and relatively large errors in the detemination of the
diffusion coefficient of monomer result in relatively small changes in
Dm'\c.

Correspondingly, using 6 X 1078 ¢cm.? sec.”! for the diffusion
coefficient of monomeric oleic acid (24) and 4 X 10~% M for its
solubility (6), the diffusion coefficients of the lipid-containing (1.0
mM solutions) bile salt and polyoxyethylene—polyoxypropylene
copolymer micelles are 3.9 X 10~¢ cm.2sec.”! and 1.8 X 107¢ cm,?
sec.”1, respectively, based on the movement of radioactively labelled
fatty acid.

An increase in the driving force for diffusion of lipid with an in-
crease in solubilization is clearly apparent and, provided that events
in the luminal stage determine the kinetics of absorption of fatty
acid, this would account for the improved fatty acid uptake ob-
served in everted sacs from micellar systems compared with emui-
sions (5).

Another factor that emerges from this study is the necessity for
unrestricted movement of micelles if their maximum contribution to
the diffusive flux is to be achieved. With bile salt micelles, the trans-
port function approaches the diffusion coefficient in free solution for
pore sizes somewhat in excess of 10 my; whereas with polyoxyethyl-
ene—polyoxypropylene copolymer micelles, dimensions greater than
200 my are necessary for unhampered micellar movement.

The significance of these findings to fat absorption in vivo is not
clearcut, but a reasonable expectation is that incomplete mixing in
the gut preserves a layer of fluid near the absorptive cell in which
diffusion-controlled processes dominate. Physical restrictions on the
movement of micelles due to the microvilli and the associated
glycocalyx coat are possible, but further experiments are required to
assess their importance.

However, even neglecting the possible existence of a greater
macroscopic barrier to the movement of the polyoxyethylene—
polyoxypropylene copolymer micelle, the factor of 2 between the
diffusion coefficients of the lipid-containing bile salt micelle com-
pared with the lipid-containing polyoxyethylene-polyoxypropylene
copolymer micelle would largely account for the difference of ab-
sorption rates in everted intestinal sacs observed for the two types of
micellar systems.

APPENDIX

The usual application of irreversible thermodynamics is followed.
The flux of fatty acid (e.g., oleic acid) in the systems described may
be written

Jr=h+Lr+J: (Eq. AD)
where the subscripts 1, 2, and 3 refer to the contributions of mono-
mers, micelles, and emulsion globules (“monomer” including all
associated forms of fatty acid that exist outside the micelles and
emulsions).

Flows and forces are related by
(Eq. A2)

Ji= 3 LaXy wherei=1,2,3...n
k

and L is the coefficient that expresses the effect of the force X on
the flow J.. This set of » equations includes all possible interactions
between flows and forces in the system.

In the absence of driving forces such as temperature and pressure
gradients, the driving forces are equatable to chemical potential
gradients or concentration gradients if the usual equivalence be-
tween thermodynamic activity and concentration, at low solute con-
centrations, is assumed.

Since the flux of surfactant can also be described as the sum of
monomer Jr and micellar Jir fluxes, the fatty acid flux can be wholly
described by

Ji = LiXh + LepXe + LisXs + LuX1 + LiuXua  (Eq. A3)
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Joo= Lo Xo + Ln X1 + Lg Xy + Lap Xy + Lo X
Jy = LsXs + LaXy + LapXs + LaX: + LiuXu

(Eq. Ad)
(Eq. A5)

The first term in each equation is, as expected, an expression of Fick’s
diffusion law, J; = L;X; = — D(dc;)/(dx). For example, in Eq. A3
the flux of monomer J; is related to the concentration of monomer
Xi through the diffusion coefficient L;, the second term takes into
account “coupling” between monomer fatty acid and micellar fatty
acid, and the third term takes into account coupling between mono-
mer oleic acid and emulsified oleic acid. The last two terms in Eq. A3
allow for association between monomer oleic acid and monomer and
micellar surfactant, respectively, and so on for J, and J;. These equa-
tions attempt to account for all associations between fatty acid and
surfactant in their different aggregated forms (with the proviso that
the presence of monoolein alters the description little).

From the reciprocal relation postulate of Onsager, L1y = Ly, L3
= Lu, etc. The near similarity of Dr in an emulsified system when
the movement of emulsion globules is, or is not, restricted by the
diaphragm, e.g., 0.010-u MP compared with SG, suggests that the
flux of emulsion is small, i.e., J; ~0. Correspondingly and consider-
ing the relatively small interface of the emulsion, that is, molecules
aggregated in the emulsion must interact less with fatty acid in free
solution compared with the extent of interaction if the same amount
of material was all dispersed in solution, coupling between emulsion
and monomeric and emulsion and micellar fatty acid may be ne-
glected. Then

Jo= LiXy + LpXe + LuXi + LinXn (Eq. A6)

and

b= LXo + LuX + LaX; + LuXu  (Eq. A7)
are the only quantities of importance.

Coupling between surfactant and fatty acid movement should be
apparent in the comparison of two systems, one where there is a net
concentration gradient of surfactant and the other where chemical
concentrations are the same in both chambers, but a difference
exists only in the concentration of isotopic label. The identity
(within the limits stated) of Dr for oleic acid in polyoxyethylene—
polyoxypropylene copolymer diffusing in sintered glass under the
two conditions described suggests that

Ly ~Ln~Ly~Ljy=0 (Eq. A8)
Considering the weights of monomers and micelles of bile salts
compared with polyoxyethylene—polyoxypropylene copolymer, one
may be led to expect that if interaction between the flows of fatty
acid and surfactant were significant, a lesser effect would be ob-
served with bile salts than with the nonionic surfactant. The reverse
is the case, which is the justification for the application of Eq. A8to
the bile salt system.

The argument is somewhat complicated in a system with a solute
concentration gradient by the movement of solvent (i.e., water) in
the opposite direction to the flow of solute, which may reduce the
observed (i.e., mutual) solute diffusion coefficient from the iso-
topic (~differential or thermodynamically ideal) value. However,
this solvent flow effect is likely to be small when the chemical po-
tential differences are as small as in the systems described here. The
magnitude of solute concentrations in the present work also justifies
comparisons between 1 mM and 4 mM lipid systems. Then,

Jr = LiXi + LoXe + Li(X: + Xo) (Eq. A9)
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from the mentioned equivalence of L2 and Ly. Li» is likely to be
small. But since the extent of this coupling between monomer and
micellar fatty acid is uncertain, Eq. A9 is best written

Jr = (L 4+ L)Xy + (Ly + L) Xe = Ly’ X; + Ly’ X, (Eq. A10)
The measured diffusion coefficients L,’ and L.’ equal L; and L,,
respectively, if Ly» is negligibly small.

REFERENCES

(1) G. Benzonana and P. Desnuelle, Biochim. Biophys. Acta,
105, 121(1965).

(2) A. F. Hofmann and B. Borgstrom, Fed. Proc., 21, 43(1962).

(3) J. M. Johnston and B. Borgstrom, Biochim. Biophys. Acta,
84,412(1964).

(4) W.J. Simmonds, Amer. J. Clin. Nutr., 22, 266(1969).

(5) N. E. Hoffman, Biochim. Biophys. Acta, 196, 193(1970).

(6) W. J. Simmonds, T. G. Redgrave, and R. L. S. Willix, J.
Clin. Invest., 47, 1015(1968).

(7) C.W. Carr,J. Colloid Sci., 20, 923(1965).

(8) R. B. Dean and J. R. Vinograd, J. Phys. Chem., 46, 1091
(1942).

(9) K. J. Mysels, in “Pesticidal Formulations Research,” J. W.
Valkenburgh, Ed., Advances in Chemistry Series 86, American
Chemical Society, 1969, chap. 4.

(10) B. Borgstrom, J. Lipid Res., 8, 598(1967).

(11) A. M. Ugolev, “Physiology and Pathology of Membrane
Digestion,” Plenum, New York, N. Y., 1968,

(12) A. Norman, Arkiv Keri, 8, 331(1955).

(13) A. F. Hofmann, Acta Chem. Scand., 17, 173(1963).

(14) R.H. Stokes, J. Amer. Chem. Soc., 72, 763(1950).

(15) J. H. Northrop and M. L. Anson, J. Gen. Physiol., 12, 543
(1929).

(16) E. N. Luce, E. C. Denice, and F. E. Akerlund, Ind. Eng.
Chem., 15, 365(1943).

(17) R. H. Stokes, “Electrolyte Solutions,” Butterworth’s,
London, England, 1955.

(18) E. B. Feldman and B. Borgstrom, Lipids, 1, 430(1966).

(19) F. P. Woodford, J. Lipid Res., 106, 539(1969).

(20) J. P. Kratohvil and H. T. DelliColli, Can. J. Biochem., 46,
946(1968).

(21) R. R. Balmbra, J. S. Clunie, J. M. Corkill, and J. F. Good-
man, Trans. Faraday Soc., 60, 979(1964).

(22) D. G. Kolp, R. G. Laughlin, F. P. Krause, and R, E. Zim-
merer, J. Phys. Chem., 67, 51(1963).

(23) W. L. Courchene, J. Phys. Chem., 68, 1870(1964).

(24) L. G. Longworth, J. Amer. Chem. Soc., 75, 5705(1953).

ACKNOWLEDGMENTS AND ADDRESSES

Received March 4, 1970, from the Department of Physiology,
University of Western Australia, Nedlands, Western Australia.

Accepted for publication May 11, 1970.

This work was supported by the Australian Research Grants
Committee.

The author is indebted to Professor W. J. Simmonds for many
helpful discussions and to Professor J. P. Quirk for use of the inter-
ferometer and light-scattering photometer.

Present address: Department of Chemistry, Western Australian In-
stitute of Technology, Hayman Road, South Bentley 6102, Australia.



