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The physical characteristics of polymerized liposomes for potential
use as an oral drug delivery system were examined in vitro. The trap
efficiency in monomeric liposomes composed of 1,2-di (2,4-
octadecadienoyl) phosphatidylcholine was increased from 3% for
original muitilamellar vesicles to 35% for freeze-thaw treated lipo-
somes. Polymerized liposomes with azobis (isobutyronitrile) and
azobis (2-amidinopropane) hydrochloride as radical initiators
showed complete stability against solubilization by Triton X-100, a
detergent chosen to mimic bile salts. Release rates of “C-BSA and
14C_sucrose in media simulating the gastro-intestinal fluids was 50%
less than from regular liposomes composed of hydrogenated egg
phosphatidylcholine mixed with cholesterol (molar ratio 1:1), which
can be regarded as one of the most stable types of regular liposomes.
It was estimated that, when administered orally, polymerized lipo-
somes can reach the intestine while maintaining their vesicle struc-
ture and Keeping at least 75% of their original content.

KEY WORDS: oral drug delivery; polymerized liposomes; Peyer’s
patches; stability in G-I fluids.

INTRODUCTION

The oral route is the most convenient way to administer
drugs and vaccines. However, this route is not applied for
many substances which are unstable and poorly absorbed
through the gastro-intestinal (G-I) tract (1,2). In such cases,
the alternative route for administration is generally injection.
Many efforts have been devoted to achieve absorption en-
hancement of complex drugs such as peptides from the G-I
tract. Those include using peptidase inhibitors (3), surface
active agents (4), molecular modification to hydrophobic
prodrugs (5), and hybridization of a drug with a ligand that
can promote active transport through the intestine (6).

A variety of polymeric microparticles have previously
been explored as oral delivery systems for complex mole-
cules (e.g., peptides, vaccines) because of the ability of
these particles to be taken up by Peyer’s patches (PP). PP are
a part of gut associated lymphoid tissue and are naturally
responsible for the uptake of macromolecular antigens from
the intestinal lumen to the underlying lymphatic system for
the acquisition of mucosal immunity (7). Therefore, partic-
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ulate systems which protect drug molecules by entrapment
and are taken up by PP into the lymph circulation, may be a
promising concept.

A number of studies dealing with the intestinal uptake of
polymeric microparticles revealed that particles with more
hydrophobic surfaces and with a diameter smaller than 5~10
pm tend to be taken up better (8,9). It occurred to us from
such findings that liposomes, which consist of phospho-
“lipid”’, may therefore be a promising particulate system for
oral drug delivery to PP. Liposomes have several character-
istics which may render them desirable as such an oral drug
delivery vehicle including their ability to encapsulate hydro-
philic and hydrophobic substances separately and their small
size and corresponding narrow size distribution. In addition,
it is possible to prepare liposomes without the aqueous phase
being exposed to organic solvent (10) (aqueous solutes, es-
pecially peptides and proteins, often lose their activity when
exposed to organic solvents). However, most liposomes are
not stable to acids, bile salts or enzymes to which they are
exposed during gastrointestinal exposure (11,12) and there-
fore little attention has been given to conventional liposomes
as oral drug carriers.

Polymerized liposomes (13,14) were therefore consid-
ered as potential carriers for oral drug delivery. Polymerized
liposomes are different from regular liposomes in that the
phospholipid molecules comprising the bilayers are linked
together by covalent bonds. Polymerized liposomes thus re-
tain many of the liposome’s original features mentioned
above. Most studies of polymerized liposomes have dealt
with liposomes of very small size and a low capacity to in-
clude substances in their aqueous space (15,16). To our
knowledge, there have been no previous reports of polymer-
ized liposomes as an oral drug carrier. In this article, as the
first step to examine the potential applicability of polymer-
ized liposomes to oral drug delivery, the stability of poly-
merized liposomes in vitro was examined.

MATERIALS AND METHODS

Materials

The polymerizable phospholipid, 1,2-di (2,4-octa-
decadienoyl) phosphatidylcholine (DODPC) was purchased
from Nippon Oil & Fats Co. Ltd. A thin-layer chromatogra-
phy (Merck, Silica gel) developed in 65:35:5 chloroform/
methanol/water (v/v) resulted a single spot at Rf=0.3. Azo-
bis (isobutyronitrile) (AIBN) and azobis(2-amidinopro-
pane) hydrochloride (AAPD) purchased from Polyscience
(Warrington, PA) were used as polymerization initiators.
AIBN and AAPD are purified by duplicate recrystallization
in methanol and in water, respectively. The non-poly-
merizable phospholipid, hydrogenated egg phosphatidylcho-
line (Avanti polar lipids, Inc.; Alabaster AL), was used with-
out further purification to prepare regular liposomes to be
compared with polymerized liposomes.

14C.labeled sucrose and *C-labeled bovine serum albu-
min (BSA), as model compounds to be entrapped in lipo-
somes, and Triton X-100 were purchased from Sigma (St.
Louis, MO). Taurocholate Na (Sigma; St. Louis MO) and
phospholipase A, (Boehringer Mannheim; Indianapolis, IN)
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were used as received, for release studies. Other chemicals
were analytical grade.

Preparation of Monomeric Liposomes

The preparation procedure was based on Ohno et al.
(17) with some modifications. 200 mg of DODPC and 8.4 mg
of AIBN were dissolved in a mixture of 2 ml of chloroform
and 20 ml of diethyl ether. Solvents were evaporated at 30°C
in a rotated round flask connected to an aspirator. To the
dried thin film was added aqueous solution (2.5 ml) contain-
ing AAPD (13.9 mg) and *C-sucrose (0.1 pCi/ml) or '*C-
BSA (0.1 nCi/ml). The concentration of BSA in 0.1 nCi/ml
14C.BSA solution was as low as 3.3 pg/ml. In order to min-
imize adsorption of '*C-BSA on glass vessels during the
preparation process, 1 mg/ml of non-labeled BSA was added
to "*C-BSA solution. Both AIBN and AAPD are 20 molar %
to DODPC. The film was hydrated by gentle shaking under
nitrogen gas at 40°C. The multilamellar-vesicle suspension
thus prepared was treated by three cycles of freeze-thaw
treatment. Freezing and thawing were performed respec-
tively in liquid nitrogen and in a 40°C water bath. Probe
sonication (Vibra Cell-250; Sonics & Materials Inc.) of 20 W
was conducted at room temperature for 10 seconds to reduce
the size of liposomes below about 10 pm diameter. As ref-
erence samples in release studies, regular liposomes com-
posed of hydrogenated egg phosphatidylcholine and choles-
terol (molar ratio 1:1) were prepared in a similar manner to
DODPC liposomes, except that 1) 133 mg of hydrogenated
egg phosphatidylcholine and 67 mg of cholesterol were dis-
solved in 20 ml of chloroform, 2) neither AIBN nor AAPD
was added, 3) dried thin film was hydrated at 60°C, and 4)
thawing in F-T treatment was done at 60°C.

Characterization of Liposomes

The size distribution of DODPC liposomes was mea-
sured by Coulter Counter Model ZB (Coulter Electronics
Inc., Hialeah, FL) equipped with an aperture tube with a 50
pm hole. A channelizer was attached to the Coulter Counter
to process raw data to obtain size distribution profiles. To
measure the trap efficiency, liposomes were separated from
unentrapped model compound by repeated centrifugation at
8000rpm (Sorvall RC-5B, DuPont) and replacement of
buffer. To the centrifuged liposome pellet was added 1% Tri-
ton X-100 solution and sonication (40 W) was conducted at
room temperature for 1 min. to extract the model compound
from liposomes. Radioactivity was measured by liquid scin-
tillation counting (Tri-carb 4530; Packard Instruments,
Downers Grove, IL) after appropriate dilution. Freeze frac-
ture electron micrographs were obtained to evaluate the in-
side structure of liposomes. As a cryoprotectant, 30% glyc-
erol was used (18), and the fracturing and replication was
done using a Balzers type 301 freeze fracture apparatus.
Platinum replicas with carbon shadow were observed with a
transmission electron microscope (EM-301, Phillips).

Polymerization of Liposomes

The monomeric DODPC liposome suspension without
removal of unentrapped model compound was kept at 60°C
for S hours with nitrogen gas sealing. After completion of
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polymerization, the model compound free from liposomes
was removed by repeated centrifugation and replacement of
buffer. The resultant polymerized liposomes were suspended
in phosphate buffer. In a separate set of experiments to fol-
low polymerization progress, monomeric DODPC liposomes
were prepared in the same manner, but with pure water as
the aqueous phase and kept at 60°C. At appropriate inter-
vals, aliquots of the suspension were sampled and absor-
bance at 255 nm, which detects conjugated double bonds in
DODPC molecules, was measured spectrophotometrically
after appropriate dilution. The percentage of absorbance at
255 nm at each time point to the initial absorbance was re-
garded as polymerization progress %, neglecting a slight tur-
bidity. The stability of the polymerized liposomes was esti-
mated by the procedure of Ohno er al. (19). That is, the
intensity of laser light scattering was measured (Dynamic
light scattering apparatus BI-90; Brookheaven Instrument)
with the stepwise addition of Triton X-100 at room temper-
ature. The wavelength of the Argon-ion laser was 488 nm and
the scattering angle was 90°.

Release Studies

60 mg of Polymerized (DODPC) or regular (hydrogenat-
ed egg phosphatidylcholine + cholesterol) liposomes con-
taining '*C-sucrose or '*C-BSA of about 20 pCi were sus-
pended in 10 ml of release medium and shaken slowly (100
strokes/min.) at 37°C under sealing with nitrogen gas. Re-
lease studies were done in triplicate for each sample and for
each release medium. At appropriate intervals, the suspen-
sion was centrifuged to separate the supernatant. 1.5 ml of
the supernatant was mixed with 10 ml of scintillation fluor
(Aquasol 2; New England Nuclear) and radioactivity was
measured using liquid scintillation counting(Tri-carb 4530;
Packard Instruments, Downers Grove, IL). Fresh medium
was added to the liposome pellet and the release study was
continued after dispersion by vortexing.

The medium for the release study was designed to sim-
ulate gastrointestinal fluids. Because the gastric fluid has a
pH around 2, one set of release media contained 0.01N hy-
drochloric acid and was adjusted to be isotonic using sodium
chloride (model gastric medium). However, the composition
of the intestinal fluid and concentrations of its components
are not completely defined. Constituents of the intestinal
fluid which may influence the stability of liposomes are bile
salts and phospholipases. Sodium taurocholate has the high-
est capacity to solubilize lecithin among bile salts (20). Bile
salt concentration in the intestinal lumen is 10mmol/liter
(21), which corresponds to about 5 mg/ml. Phospholipase A,
(PLA,) concentration in pancreatic juice was measured as
1.5 to 16 U/ml (22). Calcium ion is needed to activate PLA,
and the concentration should be between 1 and 10 mM
(23,24). Consequently, a second set of release media in this
study simulating intestinal fluid was chosen: 10 mg/ml so-
dium taurocholate, 5 U/ml PLA,, and 3 mM calcium chloride
in pH 7.4 phosphate buffer isotonic saline (model intestinal
medium). When the model compound was '*C-BSA, a re-
lease study in the model gastric medium was not done, be-
cause of degradation of BSA. Preliminary experiments (data
not shown) showed that '*C-BSA did not adsorb on glass
vessels during release studies using the model intestinal me-
dium.
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RESULTS

Freeze-Thaw Treatment and Trap Efficiency

Multi-lamellar-vesicles (MLV) of DODPC prepared by
the hydration of the dried lipid film showed as low as a 3.0 +
0.6% trap efficiency for both *C-sucrose and "*C-BSA. The
trap efficiency is the ratio of aqueous solute entrapped in the
liposomes divided by the total amount of the solute used. In
this case, the radioactivity measured from liposome after
removal of the model compound free from liposomes was 1.6
(£0.3) x 10* dpm, while the total radioactivity used in each
preparation of liposomes was 0.25 nCi, which corresponds
to 5.5 X 10° dpm. However, three cycles of freeze-thaw
(F-T) treatment increased the trap efficiency up to 31 + 4%
for both *C-sucrose and '*C-BSA, when the phospholipid
concentration in the aqueous suspension was 80 mg/ml. This
result was obtained from the fact that the radioactivity de-
rived from liposomes was 1.7 (£0.2) x 10°. Since the trap
efficiency depends on the lipid concentration, the entrapped
volume of the aqueous phase in unit moles of the lipid was
calculated, assuming that the concentration of the model
compound in the intra-liposome aqueous phase and in the
inter-liposome aqueous phase was the same after F-T treat-
ment (25). The trap volume reached 3.1 liter/mole. This is in
the same order of magnitude as reported by Mayer et al.,
that is 5.27 liter/mole when the lipid concentration was
100mg/ml (25).

To evaluate the trap ratio increase, freeze-fracture elec-
tron micrographs of the liposomes before and after F-T treat-
ment were observed. Figure 1(a),(b) are examples showing a
dramatic structural change inside the liposomes. That is, the
original MLV (Fig. 1(a)) has many concentric lamellae and,
as a result, a small volume of the intra-liposome aqueous
space. However, F-T treatment changed the inside structure
of liposomes, as shown in Figure 1(b), where small lipo-
somes are included in a large one and there are large aqueous
spaces between them. Morphologies inside of MLVs and F-T
treated liposomes that were observed in other freeze-
fracture electron micrographs (not shown) were similar to
the typical examples in Figure 1(a) and Figure 1(b), respec-
tively.

In addition, the size distribution before and after F-T
treatment was measured (Fig. 2). The height of each bar
shown as ‘‘total volume of liposomes’” on the ordinate of
Figure 2 represents the sum of apparent volume of all the
liposomes that belong to each size range shown on the ab-
scissa, included in 1 ml of the liposome suspension. The
apparent volume of a liposome means a volume that includes
bilayers of the liposome and intra-liposome aqueous spaces.
The total apparent volume of liposomes in the range from 1
to 9 wm increased by the F-T treatment. The increase in the
sum of all the volumes from 1 to 9 pm was 3.0 times.

Polymerization of DODPC liposomes was done without
removal of unentrapped model compounds. Trap efficiency
after polymerization was similar to that of pre-polymeriza-
tion.

Polymerization Progress

DODPC liposomes that were prepared with pure water
as the aqueous phase instead of the model compound solu-
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Fig. 1. Inside structure of liposomes before (a) and after (b) freeze-
thaw treatment observed with freeze fracture electron microscope.

tions were used to follow polymerization progress, because
of the UV absorbance of the model compound. Polymeriza-
tion progress was followed by measuring spectrophotometric
absorbance at 255 nm. The percentage decrease of absor-
bance at each time point from the initial absorbance was
designated as polymerization progress %. Polymerizations
using AIBN or AAPD individually or together were per-
formed at 60°C. With only AIBN as an initiator, some con-
ditions allowed good polymerization progress. For example,
when pure chloroform was used to dissolve lipid, which
would be dried via a rotary evaporator to form the thin film,
polymerization progress % terminated between 0 and 50%,
unreproducibly. Mixing of diethyl ether with chloroform
gave better results. Nevertheless, even using the mixture of
diethyl ether and chloroform, polymerization was not initi-
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Fig. 2. Size distribution of liposomes before and after freeze-thaw
(F&T) treatment. (Ordinate represents the total of external volume
of liposomes that belong to each size range shown in abcissa, in 1
mL of the liposome suspension) M, before F&T; 4, after F&T.

ated when the solvents were completely removed by high
vacuum drying. The profiles of polymerization progress %
are shown in Figure 3. The profile with AIBN as the initiator
was obtained when the mixture of diethyl ether and chloro-
form was used to dissolve the lipid and AIBN, and the evap-
oration of the solvents were performed via a rotary evapo-
rator connected to an aspirator but not via high vacuum. The
polymerization progress % with AAPD terminated 45 * 5%
reproducibly under all conditions, regardless of the lipid sol-
vent or the evaporation process of the solvent. The polymer-
ization progress % terminated around 50% using either
AIBN or AAPD, and reached almost 100% with both. From
Figure 3, about 5 hours is enough to complete the polymer-
ization with radical initiators at 60°C.

Stability of Polymerized Liposomes

The principal driving force to maintain the bilayer and
vesicle structure of liposomes is the hydrophobic interaction
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Fig. 3. Polymerization profiles of DODPC, that form liposome bi-
layers. radical initiator; O : AIBN, A : AAPD, W : both.
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and Van der Waals force between each phospholipid mole-
cule. Therefore, strong surface active agents including bile
salts in the intestine could possibly break liposomes by ex-
traction and solubilization of phospholipids. Because the
purpose of preparing polymerized iiposomes instead of reg-
ular ones is to get higher stability in the G-I tract, the sta-
bility of polymerized liposomes against surface active agents
was examined. Evaluation was performed by measuring the
intensity of laser light scattering from the liposome suspen-
sion with stepwise addition of Triton X-100. As shown in
Figure 4, addition of Triton X-100 to the pre-polymerized
liposome suspension gave a sudden decrease in intensity,
suggesting complete solubilization. In contrast, polymerized
liposomes, especially those prepared with both initiators,
showed little change in intensity by the addition of Triton.
These results suggest the high stability of polymerized lipo-
somes against breakage which may be induced by surface
active agents in the G-I tract, such as bile salts.

Release Studies

Release studies were done under conditions simulating
the G-I environment. The release profiles of the model com-
pounds, '*C-labeled sucrose or '*C-labeled BSA, from poly-
merized liposomes and from regular liposomes, as refer-
ences, are shown in Figures 5 and 6. Regular liposomes are
prepared from hydrogenated egg phosphatidylcholine and
cholesterol (molar ratio 1:1). Because of the degradation of
BSA, a release study of "*C-BSA in the model gastric me-
dium was not done. The release patterns of *C-sucrose from
both polymerized and regular liposomes were usual, i.e., fast
in the initial stage and gradually slower. The released per-
centage from polymerized liposomes was less than half of
the percentage from regular ones. Polymerized liposomes
released 25% and 7% of their contents in the model intestinal
medium and in the model gastric medium, respectively, in 2
days, while regular liposomes released 70% and 40% in the
former and latter medium, respectively, in the same period.
In the case of '*C-BSA release, polymerized liposomes
showed an irregular pattern, i.e., initial burst up to 25% in 1
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Fig. 4. Stability of polymerized liposomes against Triton X-100. O,
before polymerization; @, polymerized by AIBN; B, polymerized
by both AIBN and AAPD.
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Fig. 5. Release profiles of '*C-sucrose from polymerized* or regu-
lar** liposomes. (* by both initiators, ** hydrogenated egg PC +
cholesterol) B, polymerized liposomes in bile medium; A, polymer-
ized liposomes in pH2 medium; O, regular liposomes in bile me-
dium; A, regular liposomes in pH2 medium.

day and subsequent very slow release in the model intestinal
medium. Even with the initial burst, the release from poly-
merized liposomes was slower than from regular ones
(Fig. 6).

DISCUSSION

In preparing DODPC monomeric liposomes, the trap
efficiency increased by F-T treatment. The inside structure
of liposomes before treatment was very dense consisting of
many concentric lamellae with narrow interstices (Fig. 1(a))
and the size distribution was broad from less than 1 um to
around 10 pm (Fig. 2). F-T treatment not only converted the
structure of each liposome to a loose one containing large
intra-liposome aqueous spaces (Fig. 1(b)), but also increased
the total apparent volume of liposomes with diameters from

100

percent released

time [day]

Fig. 6. Release profiles of "*C-BSA from polymerized* or regular**
liposomes in bile medium. (* by both initiators, ** hydrogenated egg
PC + cholesterol) 8 : polymerized liposomes, {J : regular liposomes.
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1to 9 um as shown in Fig. 2. Therefore, the increase of both
intra-liposome aqueous volume in each liposome and the
total apparent volume of all the liposomes contributed to
increase the total trap efficiency. It is possible that there
exists liposomes smaller than 1 um diameter, the detection
limit in size distribution measurements (Fig. 1). However,
the contribution of such small liposomes to the total appar-
ent volume and the trap efficiency would be very small,
because volume is proportional to the third power of diam-
eter.

After F-T treatment, polymerization of DODPC lipo-
somes was done without removal of unentrapped model
compound. The trap efficiency was not changed by polymer-
ization. This suggests that the inside morphology of lipo-
somes was unchanged during polymerization, and supports
that the distribution of model compounds between intra- and
inter-liposome aqueous phase was already equilibrated by
F-T treatment.

Certain conditions are needed to achieve good polymer-
ization when AIBN was used as the radical initiator as dis-
cussed in RESULTS. When pure chloroform was used and/
or mixed solvents of chloroform with diethyl ether were
completely removed, and polymerization progress % termi-
nated between 0 and 50% unreproducibly, white spots were
discerned on the dried lipid film before addition of the aque-
ous phase. Therefore, it was believed that AIBN recrystal-
lized out of the lipid film to form the spots during the solvent
evaporation process, and that the recrystallized AIBN was
not available to initiate polymerization. On the other hand,
Takeoka er al. (26) prepared small unilamellar vesicles
(SUV) of DODPC by a similar procedure, except that they
used pure chloroform to dissolve DODPC and AIBN, and
they conducted intense sonication (60 W for 20 min) to make
very small liposomes (ca. 30nm diameter). Afterward, poly-
merization of DODPC initiated by AIBN progressed to
around 50% polymerization progress %. Therefore, it can be
estimated that the intense sonication accelerated the recrys-
tallized AIBN to dissolve in the aqueous phase, and to par-
tition into the lipid layer. The re-partitioned AIBN was avail-
able to initiate polymerization. Consequently, the solvents,
the evaporation rate, and the degree of dryness should be
carefully determined to prevent recrystallizing of AIBN in
the preparation process without intense sonication.

It was already known with SUV (17) that the conjugated
double bond at the position 1 chain of each DODPC mole-
cule is located deep in the hydrophobic region of the bilayer
and only AIBN can initiate polymerization of this double
bond. On the other hand, the conjugated double bond at the
position 2 chain is located close to the aqueous phase and
only AAPD, which dissolves in the aqueous phase, can ini-
tiate polymerization of this double bond. It is shown in this
study that polymerization progress % terminated around
50% when one of the radical initiators was used (Fig. 3).
These results suggest that AIBN or AAPD can initiate po-
lymerization of one of the conjugated double bonds at the
position 1 chain and at the position 2 chain of DODPC in the
large liposomes as well as in SUV. These results are reason-
able because of the lower curvature of the bilayers and
closer packing of the phospholipid molecules in the large
liposomes.

When microparticles are administered orally, they will
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first reach the stomach where the environment is strongly
acidic. In several hours (27), they transfer into the intestine
where bile salts and enzymes including phospholipases are
secreted in the neutral pH fluid. Transit time in the intestine
is up to 24 hours (27). Therefore, polymerized liposomes
have to be stable under physiologic conditions for up to 24
hours. However, in this preliminary study to examine the
applicability of polymerized liposomes to oral drug delivery,
stability of polymerized liposomes and of regular liposomes
were compared. In future studies, the stability and other
surface characteristics of polymerized liposomes, that may
influence uptake efficiency and process after the uptake,
should be examined. From such considerations, stability was
evaluated in 1% Triton, which may be more surface-active
than many physiological agents, and release profiles were
observed for periods longer than 24 hours.

Polymerized liposomes show complete stability against
solubilization even in nearly 1% Triton (Fig. 4). The results
suggest that orally administered polymerized liposomes
would potentially maintain their particulate structure in the
G-I tract. The in vitro release rates from polymerized lipo-
somes were slower than from regular liposomes composed of
egg hydrogenated phosphatidylcholine and cholesterol(1:1
molar ratio) (Figs. 5 and 6). Both polymerized and regular
liposomes were prepared under non-isotonic conditions and
the in vitro release studies were performed under isotonic
conditions. Although these conditions may accelerate re-
lease, it is obvious that the release rate from polymerized
liposomes was relatively slower than that from regular ones.
The regular liposomes of this composition can be regarded as
one of the most stable types of monomeric liposomes be-
cause of the high phase transition temperature (approx.
45°C) of the phospholipid (28) and high cholesterol content
(29). Therefore, the release rates of *C-BSA or *C-sucrose
from polymerized liposomes are slower than any type of
regular liposomes. The release percentage from polymerized
liposomes in the simulated G-I fluid was at most 25% in the
first 24 hours (Figs. 5 and 6). Considering the usual transit
time of substances in the G-I tract, the release rate is slow
enough to keep at least 75% of the original content in poly-
merized liposomes until they are transferred to the PP re-
gion. In addition, slow release characteristics from polymer-
ized liposomes were observed not only for large molecules
such as BSA, but for small ones such as sucrose.

The characteristics of polymerized liposomes as shown
above suggest the potential applicability for oral drug deliv-
ery. Future studies will examine the toxicity of polymerized
liposomes, uptake by Peyer’s patches, cellular processing of
polymerized liposomes in vivo and the characteristics of po-
lymerized liposomes that maximize uptake by Peyer’s
patches.

ACKNOWLEDGMENTS

The authors thank Mr. Tyrell Rivers and Ms. Keisha
Steel for their technical assistance. Mr. James Swafford is
acknowledged for his operation of freeze-fracture electron
microscope. This study was supported by Lederle-Praxis Bi-
ologics, Inc. and NIH grant GM26698.

581

REFERENCES

1. VH.L. Lee, Peptide and protein drug delivery: opportunities
and challenges. Pharm. Int. 7, 208-12 (1986).

2. P.J. Sinko, G.D. Leesman, and G.L. Amidon, Mass balance
approaches for estimating the intestinal absorption and metab-
olism of peptides and analogues: theoretical development and
applications. Pharm. Res. 10, 271-5 (1993).

3. M. Morishita, I. Morishita, K. Takayama, Y. Machida, and T.
Nagai, Site-dependent effect of aprotinin, sodium caprate, Na,
EDTA and sodium glycocholate on intestinal absorption of in-
sulin. Biol. Pharm. Bull. 16, 68-72 (1993).

4. T. Tokumura, Y. Tsushima, Y. Machida, M. Kayano, and T.
Nagai, Evaluation of bioavailability upon oral administration of
phytonadione preparations in beagle dogs. Biol. Pharm. Bull.
16, 319-21 (1993).

5. L.P. Balant, E. Doelker, and P. Buri, Prodrugs for the improve-
ment of drug absorption via different routes of administration.
Eur. J. Drug Metab. Pharmacokinet. 15, 143-53 (1990).

6. M.S. Levin, Cellular retinol-binding proteins are determinants
of retinol uptake and metabolism in stably transfected Caco-2
cells. J. Biol. Chem. 268, 8267-76 (1993).

7. S.B. Hanauer, and S.C. Kraft, Immunology in the intestine. In
J.E. Berk (ed.), Gastroenterology, W.B. Saunders Company,
Philadeiphia, 1985, pp.161i-7.

8. J.P. Ebel, A method for quantifying particle absorption from the
small intestine of the mouse. Pharm. Res. 7, 848-51 (1990).

9. J.H. Eldridge, C.J. Hammond, J.A. Meulbroek, J.K. Staas,
R.M. Gilley, and T.R. Tice, Controlled vaccine release in the
gut-associated lymphoid tissues.l Orally administered biode-
gradable microspheres target the Peyer’s patches. J. Control.
Res. 11, 205-14 (1990).

10. H. Talsma, and D.J.A. Crommelin, Liposomes as drug delivery
systems. Pharm. Technol. 16, 96-106 (1992).

11. R. Coleman, S. Igbal, P.P. Godfrey, and D. Billington, Mem-
branes and bile formation. Composition of several mammalian
biles and their membrane-damaging properties. Biochem. J.
178, 201-8 (1979).

12. M. Nagata, T. Yotsuyanagi, and K. Ikeda, A two-step model of
disintegration kinetics of liposomes in bile salts. Chem. Pharm.
Bull. 36, 1508-13 (1988).

13. S.L. Regen, B. Czech, and A. Singh, Polymerized vesicles. J.
Am. Chem. Soc. 102, 6638-40 (1980).

14. H.H. Hub, B. Hupfer, H. Koch, and H. Ringsdorf, Polymeriz-
able phospholipid analogues - New stable biomembrane and cell
models. Angew. Chem. Int. Ed. Engl. 19, 938-40 (1980).

15. S. Andrzej, J. Stefely, and S.L. Regen, Polymerized liposomes
formed under extremely mild conditions. J. Am. Chem. Soc.
108, 7789-91 (1986).

16. E. Tsuchida, H. Nishide, M. Yuasa, E. Hasegawa, K. Eshima,
and Y. Matsushita, Polymerized liposome/lipid Heme as an ox-
ygen transporter under physiological conditions. Macromol. 22,
2103-7 (1989).

17. H. Ohno, Y. Ogata, and E. Tsuchida, Polymerization of lipo-
somes composed of diene-containing lipids by UV and radical
initiators: Evidence for the different chemical environment of
diene groups on 1- and 2-acyl chains. Macromol. 20, 929-33
(1987).

18. W.J. Vail, D. Papahadjopoulos, and M.A. Moscarello, Interac-
tion of a hydrophobic protein with liposomes: Evidence for par-
ticles seen in freeze fracture as being proteins. Biochim. Bio-
phys. Acta 345, 463-7 (1974).

19. H. Ohno, Y. Ogata, and E. Tsuchida, Gamma-ray polymeriza-
tion of phospholipids having diene or triene groups as lipo-
somes. J. Polym. Sci. Part A, Polym. Chem. Ed. 24, 2959-69
(1986).

20. M.C. Carey, and D.M. Small, The physical chemistry of cho-
lesterol solubility in bile. J. Clin. Invest. 61, 998-1026 (1978).

21. Q. Xu, and E.A. Shaffer, The influence of bile saits on small
intestinal mitility in the guinea pig in vitro. Gastroenterology
103, 29-35 (1992).

22. V. Kozumpiik, F. Staffa, and G.E. Hoffmann, Purification of
pancreatic phopholipase A, from human duodenal juice. Bio-
chim. Biophys. Acta 1002, 395-7 (1989).



582

23. C. Figarella, F. Clemente, and O. Guy, A zymogen of phospho-
lipase A, in human pancreatic juice. Biochim. Biophys. Acta
227, 213-7 (1971).

24. A. Maikela, B. Sternby, T. Kuusi, P. Puolakkainen, and T.
Schroder, Phospholipase A2 activity and concentration in sev-
eral body fluids in patients with acute pancreatitis. Scand. J.
Gastroenterol. 25, 944-50 (1990).

25. L.D. Mayer, M.J. Hope, P.R. Cullis, and A.S. Janoff, Solute
distributions and trapping efficiencies observed in freeze-
thawed multilamellar vesicles. Biochim. Biophys. Acta 817,
193-6 (1985).

26. S. Takeoka, H. Ohno, H. Iwai, and E. Tsuchida, Liposome

27.

28.

29.

Okada, Cohen, and Langer

formation of selectively-polymerized diene-containing phospho-
lipids and their postpolymerization. J. Polym. Sci. Part A
Polym. Chem. Ed. 28, 717-30 (1990).

J.T. Fell, and G.A. Digenis, Imaging and behaviour of solid
dosage forms in vivo. Int. J. Pharm. 22, 1-15 (1984).

T. Yotsuyanagi, H. Hashimoto, M. Iwata, and K. Ikeda, Effect
of cholesterol on liposome stability to ultrasonic disintegration
and sodium cholate solubilization. Chem. Pharm. Bull. 35,
1228-33 (1987).

B.P. Gaber, and J.P. Sheridan, Kinetic and thermodynamic stud-
ies of the fusion of small unilameliar phospholipid vesicles. Bio-
chim. Biophys. Acta 685, 87-93 (1982).



