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1. Introduction
Cromolyn sodium is an anti-inflammatory drug used in prophy-
lactic treatment of bronchial asthma and allergic rhinitis. Cromolyn
is currently administered as an intranasal solution, powder or
inhalation which is effective, but causes irritation at the dosing
site. Cromolyn is poorly absorbed from the gastrointestinal tract
(bioavailability < 1%) and it is a challenge to achieve therapeutically
significant levels following oral administration. It has been sug-
gested that due to its mast cell stabilizing effects, cromolyn might
be useful in coronary artery disease (Kaartenin et al., 1994). In lieu
of this, an oral dosage form that would deliver cromolyn in ther-
apeutically active amounts is highly desirable. Prodrugs for oral
administration of cromolyn have been synthesized in the past, but
have met with limited success (Mori et al., 1988; Yoshimi et al.,
1992). It has been suggested that increasing the lipophilic char-
acter of cromolyn could facilitate passive transport of the drug
and, thereby, improve its absorption across the barrier membranes
(Leone-Bay et al., 1996; Taylor et al., 1989). Liposomal encapsula-
tion can be used to enhance lipophilicity; however, oral delivery of
liposomes has met with limited success due to erratic and unpre-
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ns for improved oral delivery of cromolyn (BCS Class III compound)
(distearylphosphatidylcholine)–cholesterol-surfactant (Tween 80/sodium
oated on beads containing cromolyn sodium and the dosage forms were
tion and encapsulation efficiency. Delivery of cromolyn sodium from this
d across the Caco-2 and everted rat intestinal sac model. Spontaneous for-
n of beads was observed. Enhancement in cromolyn transport was higher
proliposomal formulations compared to surfactant-free lipid formulations
ost significant enhancement being with formulations with low surfactant
ellular damage to Caco-2 monolayers (e.g. significant decrease in the TEER)
ue accumulation of a marker molecule in the intestinal tissue model was
cement of transport via transcellular routes and not due to the modulation
uption. Results suggest that phospholipids-surfactant proliposomal beads
ved oral delivery of cromolyn.
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dictable absorption profiles (Dapergolas and Gregoriadis, 1976;
Fukunaga et al., 1991; Arien et al., 1993; Chaudhari et al., 1994). The
inability of liposomes to retain their integrity at the site of absorp-
tion is the major limiting factor for their successful utilization in oral
delivery of drugs. One way to circumvent this problem is to formu-
late proliposomes as they offer the opportunity to form liposomes

only at the site of delivery (Payne et al., 1986). A typical prolipos-
mal system consists of a mixture of phospholipids and the active
ingredient loaded onto a suitable carrier. Mixed micelles com-
posed of phosphatidylcholines and surfactant can spontaneously
form liposomes (vesicles) upon hydration with aqueous solution
(Schurtenberger et al., 1985) and hence hold potential as a pro-
liposomal system. Mixed micelles have been investigated as a
proliposomal drug delivery system for water insoluble drugs (Son
and Alkan, 1989; Supersaxo et al., 1991; Alkan-Onyuskel and Son,
1992; Sarbalouki et al., 2000). Despite their ability to enhance
intestinal uptake of poorly absorbed drugs (Muranishi et al., 1979),
the potential of lipid-based mixed micelles for delivery of small
molecular weight hydrophilic drugs with poor absorption has not
been investigated in detail.

This study intended to evaluate the utility of a proli-
posomal drug delivery system for cromolyn. We formulated
phospholipid–cholesterol-surfactant-coated non-pareil beads, and
evaluated their potential for proliposomal delivery. Non-pareil
beads are inert pellets of uniform diameter made with sugar and
starch. They are available in a range of sizes and can be used as
starter cores for coating or layering. They provide a delivery system

http://www.sciencedirect.com/science/journal/03785173
mailto:deepali.d.deshmuhk@gsk.com
dx.doi.org/10.1016/j.ijpharm.2008.02.026


urnal
D.D. Deshmukh et al. / International Jo

resulting in high content uniformity, consistent and controlled drug
release and good drug stability and hence were chosen as carriers
for this system. The multiparticulate system thus achieved can be
administered as capsules, sachets or tablets. Caco-2 cells were used
to quantify cromolyn permeability and assess the toxicity profile of
the formulations and the everted intestinal sac model was used
to gain insight into the delivery mechanism of cromolyn from this
novel dosage form.

2. Materials and methods

2.1. Materials

Cromolyn sodium, cholesterol, sodium cholate, polyoxyethyle-
nesorbitan monooleate (Tween 80), Lucifer Yellow Salt (LY), Hanks
Balanced Salts Solution (HANKS Buffer; HBSS) and Krebs–Hensleit
Buffer were purchased from Sigma Chemical Company (St. Louis,
MO). Distearylphosphatidylcholine (DSPC) was obtained from
Avanti Polar Lipids (Birmingham, AL). Organic solvents (HPLC-
grade) were purchased from Fisher Scientific (Fair Lawn, NJ).
The non-pareil beads (18/20 mesh) were obtained from Crompton
and Knowles Ingredient Technology Corporation (Mahawah, NJ).
Polyvinylpyrrolidone was a gift from ISP Technologies Inc. (Wayne,
NJ). Caco-2 cells were obtained from American Type Culture Col-
lection (Rockville, MD). Transwell® cell culture plates were from
Costar (Cambridge, MA).

2.2. Preparation of proliposomal beads

The proliposomal beads were prepared using the conventional
pan coating technique. Cromolyn, starch and talc were sieved
through a #100 mesh screen. Required quantities (Table 1) of each
ingredient were weighed and blended thoroughly in a V-blender.
Polyvinylpyrrolidone (PVP) was dissolved in isopropyl alcohol (IPA)

to give a 20% (w/v) solution. The coating pan was operated at
30–35 rpm. Non-pareil beads were placed in a pan and PVP solution
was sprayed (1.5 g/min) onto the beads using a spray gun (Camp-
bell Hausfeld, DH 7500). The powder blend was dusted so that the
drug mix formed layers on the beads. An air pressure of 25 lb/in.2

was maintained throughout the coating process. This layering tech-
nique was continued until the entire powder blend was loaded onto
the beads. The beads were dried overnight at room temperature
and then sieved to remove any aggregates. To determine the load-
ing efficiency a weighed amount of cromolyn-coated beads was
diluted with phosphate-buffered saline (PBS). The samples were
analyzed for cromolyn content using a reverse phase high pres-
sure liquid chromatography (RP-HPLC) method described later in
this section. The lipid and surfactant components were added to
the beads using coating technique. The lipid composition was held
constant for all the formulations. DSPC, cholesterol (in equimolar
proportions), and the surfactant (Tween 80/sodium cholate) were
weighed as required (Table 2) and were dissolved completely in a
methylene chloride and isopropyl alcohol mixture (1:1) to obtain
the desired lipid-to-surfactant ratios. The lipid solution was then
coated (1 g/min) onto the dry drug loaded beads (cromolyn: DSPC

Table 1
Composition of cromolyn-coated non-pareil beads

Ingredients Quantitya

Cromolyn sodium (g) 2.5
Starch (g) 1.5
Talc (g) 2.5
PVP (20% solution in IPA) (mL)b 30

a Quantities per 100 g of non-pareil beads (#18 mesh).
b PVP, polyvinylpyroolidone; IPA, isopropyl alcohol.
of Pharmaceutics 358 (2008) 128–136 129

Table 2
Composition of various proliposomal beads and test solutions

Composition Code

Beads
DSPC + cholesterol Lipid
DSPC + cholesterol, Tween 80; molar ratio 1:0.3 I
DSPC + cholesterol, Tween 80; molar ratio 1:0.6 II
DSPC + cholesterol, Tween 80; molar ratio 1.0:1.2 III
DSPC + cholesterol, NaC; molar ratio 1:0.3 IV
DSPC + cholesterol, NaC; molar ratio 1:0.6 V
DSPC + cholesterol, NaC; molar ratio 1:1.2 VI

Solutions in HBSS/Krebs–Hensleit Buffer
Cromolyn Control
Tween 80 (control for I, II, III) T-I/II/III
NaC (control for IV, V, VI) NaC-I/II/III

molar ratio of 1:1) using the spray gun. The beads were dried for
24 h at room temperature. The lipid-coated beads were diluted with
PBS and subjected to overnight extraction using a magnetic stirrer,
and cromolyn content was determined using the analytical method
described in Section 2.3.

2.3. HPLC analysis

Samples were analyzed for cromolyn content by RP-HPLC
using the method described by Leone-Bay et al. (1996) with
minor modifications with respect to the mobile phase. The HPLC
system comprised a Star 9010 solvent system equipped with
a Star 9095 variable wavelength UV–vis detector (Varian) con-
nected to a Dynamax MacIntegrator. The mobile phase consisted
of 0.067 M potassium phosphate buffer, acetonitrile, and tri-
ethanolamine (75:25:0.02) set at a flow-rate of 1.0 mL/min. The
chromatograms were eluted on a Phenomenex LUNA C-18(2)
(5 �m, 150 mm × 4.6 mm) column at a wavelength of 220 nm. For
the samples from the intestinal sac study (Section 2.7) LY was mea-
sured simultaneously with cromolyn.

2.4. Formation of vesicles in situ

2.4.1. Encapsulation efficiency
The encapsulation efficiency, defined as the percentage of

cromolyn encapsulated in the vesicles, was determined by the
protamine-induced aggregation method (Kulkarni et al., 1995).
Briefly, the beads were disintegrated in PBS and allowed to equi-
librate at room temperature to yield a lipid concentration of

approximately 10 mg/mL. To 250 �L of the preparation, an equal
quantity of protamine solution in PBS (50 mg/mL) was added and
vortexed for 2 min and the mixture was then incubated for 12 h at
room temperature. After incubation, the mixture was centrifuged at
12,000 rpm for 5 min. The supernatant was separated and the pellet
washed with 100 �L of PBS and centrifuged for 5 min. The quantity
of cromolyn sodium in the pellet and supernatant was determined
by RP-HPLC analysis.

2.4.2. Particle size analysis
Samples obtained after reconstitution of the beads were char-

acterized for their size distribution using a Nicomp Submicron
Particle Sizer (Model 370). The measurements were made (as vol-
ume diameter) at 23 ◦C and a viscosity of 1.333 cP. In addition, the
samples were subjected to transmission electron microscopy to
evaluate bilayer/vesicle formation.

2.5. In vitro dissolution study

In vitro dissolution studies were performed on the proliposomal
beads using the conventional USP II dissolution apparatus (SR-2,
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intact liposomes in transport studies with intestinal models
(Rowland and Woodley, 1981a,b,c). Serosal fluid samples collected
for each time-point in individual treatments were pooled and cen-
trifuged at 5000 × g for 10 min and then analyzed for cromolyn
content. Total cromolyn content and amount of non-encapsulated
cromolyn was determined for each treatment.

2.8. Statistical analysis

The data were analyzed to estimate significant differences
between the formulations using SAS for Windows by SAS Institute
Inc. (Cary, NC). All the comparisons were made using the Tukey’s
Studentized Range (HSD) with a minimal sample size of three for
each study (significance: *p < 0.05).
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Hanson Research, Northridge, CA) operated at a paddle speed of
50 rpm. 500 mg of the beads were added to the dissolution flask
containing 500 mL of PBS (pH 7.4) maintained at 37 ◦C ± 1 ◦C. 3 mL
samples were withdrawn at pre-determined intervals and replaced
with fresh buffer. The samples were filtered through a 0.45 �m filter
and analyzed by RP-HPLC.

2.6. Caco-2 cell study

2.6.1. Transport study
Caco-2 cells, 17 days old, seeded into a 12 well plate with

polyester treated 0.4 �m inserts with a surface area of 1 cm2

Transwell® inserts were used for transport studies. The beads were
suitably reconstituted and equilibrated using HBSS prior to yield
cromolyn concentration of 250 �g/mL. Standard surfactant solu-
tions at concentrations corresponding to the formulation were used
as controls (Table 2). 500 �L of the test suspension/solution was
added to the donor compartment and 1.5 mL of HBSS was added
to the receiver compartment. Samples (300 �L) were withdrawn at
fixed intervals and replenished with an equal amount of HBSS. The
samples were analyzed for cromolyn sodium content by RP-HPLC.
Flux (�g/min) from apical to basolateral side was determined by
regression analysis of the plots.

2.6.2. Measurement of transepithelial resistance (TEER)
The integrity of the cell monolayers at different times was moni-

tored by measuring the transepithelial electrical resistance (� cm2)
(TEER) using a voltmeter (EVOM®, World Precision Instruments,
Sarasota, FL). For TEER measurements, the cell monolayers were
removed from the incubator and the TEER was measured in a lam-
inar flow hood. The TEER of the Caco-2 cell monolayers in the
presence of HBSS was found to be in the range of 440 ± 64 (� cm2)
and was used as a control value for all the studies.

2.7. Everted intestinal sacs study

2.7.1. Preparation of the test solutions
Test solutions were prepared similar to those for the Caco-2 cell

study (Table 2), except HBSS was substituted with Krebs–Hensleit
Buffer (pH 7.4) and Lucifer Yellow (LY; molecular weight 457.3), a
probe for intestinal viability and intercellular transport (Mineo et
al., 2002), was added to all the test solutions. Formulation I and IV
(showed maximum cromolyn transport in Caco-2 cells) and formu-

lations III and VI (showed least enhancement of cromolyn transport
in Caco-2 cells) were chosen for this study.

2.7.2. Preparation of the intestinal sacs and uptake studies
Everted intestinal sac experiments were performed according

to the method described by Ravis and Feldman (1978). The animal
work carried out during the course of research has been approved
by the Auburn University Animal Care and Use Committee. Healthy
male Sprague–Dawley (Harlan, Indianapolis, IN) rats (225–250 g)
were fasted overnight. On the day of the experiment, a rat was
anaesthetized with isoflurane in a glass chamber in a vented hood.
After the rat showed no response to pain, a midline abdominal
incision was made and the entire length of intestine was quickly
removed. The first 15 cm segment distal to the pylorus was dis-
carded. The excised intestine was flushed with ice-cold normal
saline to remove any intestinal contents. The intestinal segment
was everted on a thin glass rod. The everted intestine was gently
stretched by a 2 g weight and cut into four segments (10 cm long).
Each of the sacs was mounted individually in a perfusion appara-
tus consisting of a 100 mL glass tube (35 mm diameter) fitted with
a conical rubber stopper. The rubber stopper housed one port for
of Pharmaceutics 358 (2008) 128–136

removal and addition of the serosal fluid. Another port on the stop-
per maintained a continuous supply of 5% CO2 and 95% O2 during
the entire length of the experiment. The perfusion apparatus was
filled with 60 mL of the test solution, which served as the mucosal
fluid (outer compartment) for the experiment. All the test solutions
were prepared in Krebs–Hensleit Buffer (final pH 7.4). Experiments
were performed at 37 ± 0.5 ◦C in a water bath.

After introduction of the intestinal sacs into the perfusion cham-
ber, 2 mL of Krebs–Hensleit Buffer (pre-saturated with 5% CO2 and
95% O2) were introduced into the intestine generating a serosal
fluid. All the fluid from the serosal compartment was drawn into
a syringe with thin rubber tubing at 10 min intervals for a 40 min
period. Fresh buffer was added to the inner chamber after every
sampling. The final volume of the sample was adjusted to 4 mL
with fresh Krebs–Hensleit Buffer and all the samples were stored in
marked and stoppered centrifugation tubes until the time of analy-
sis. The viability of the intestinal membrane during the course of the
experiments was monitored by measuring the transport of Lucifer
Yellow. Cromolyn, and the LY content in the samples was measured
simultaneously by RP-HPLC.

2.7.3. Measurement of cromolyn and LY in the serosal fluid
500 �L of the serosal fluid collected at each time point was

used for determination of cromolyn and LY content. All samples
were analyzed by RP-HPLC using the method described before.
The amount of cromolyn and LY transported from the mucosal to
the serosal side was calculated and plotted against time. The flux
(�g/min) was determined by regression analysis of the plots.

Ultracentrifugation has been used to determine presence of
3. Results

3.1. Formation and characterization of liposomes

The encapsulation efficiency, expressed as percent of the ini-
tial amount, for various formulations was calculated (Table 3). The

Table 3
Particle size and encapsulation efficiency of various proliposomal bead formulations

Formulation Particle size (nm) Encapsulation (%)

Lipid 1070 (179.6) 65.2 (2.4)
I 460 (78) 45.1 (0.6)
II 22.8 (2.9), 3015 (507) 15.4 (3.2)
III a b

IV 574 (93) 29.4 (6.8)
V 24.5 (2.9), 2154 (360) 9.6 (4.2)
VI a 15.1 (4.9)

Values expressed as mean (S.D.); n = 3 for particle size and n = 4 for encapsulation
(%).

a Highly polydisperse samples.
b Amount below limit of quantification of the HPLC assay system.
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encapsulation of cromolyn was highest in the absence of surfac-
tants and decreased with increasing amounts of surfactants. Higher
encapsulation with Tween 80 in comparison to sodium cholate
indicates that the extent of encapsulation is dependent on both
the type and amount of the surfactant employed. Table 3 shows
the particle size distribution of the samples obtained upon recon-
stitution of the beads. Uniform size distribution was observed at
lower surfactant concentrations, whereas the particles were non-
homogenous at higher concentrations of surfactants.

TEM micrographs of the formulations with varied surfactant
content are shown in Fig. 1. Vesicle formation could be seen upon

dilution of the proliposomal beads. Fig. 1c shows a bi-modal size
distribution in formulations II and V. Formation of intermingled
mesh-like vesicles explains the polydispersity in formulations con-
taining a higher surfactant concentration (Fig. 1d).

3.2. In vitro dissolution studies

Fig. 2A and B shows the dissolution profile of cromolyn from the
proliposomal bead formulations. The rate of release of cromolyn
from the beads was slower and biphasic in the lipid formula-
tion. Cromolyn release from formulation I also exhibited a biphasic
release, a pattern characteristic to liposomes (Kulkarni et al., 1997),
with almost 60% of release within 90 min and complete drug release
by the end of 2 h. In formulations II and III, the entire amount of cro-
molyn was released within the first 20 min. Unlike the formulations
with Tween 80, cromolyn release was rapid in formulations IV, V, VI.

3.3. Caco-2 cell studies

Fig. 3A and B shows cromolyn transport from various formu-
lations in Caco-2 cell model. It is clear from the enhancement in

Fig. 1. Transmission electron micrographs of vesicles derived from cromolyn formu
of Pharmaceutics 358 (2008) 128–136 131

cromolyn transport (Fig. 3) followed a linear trend. Increased trans-
port without a lag time was in line with the dissolution of the
formulations and was as expected. Transport of cromolyn from the
phospholipids-surfactant formulations varied with the type and
amount of surfactant. Table 4 compares the flux of cromolyn from
formulations with the values obtained with surfactant solutions
and the phospholipid–cholesterol formulation. Formulations I and
IV caused 7- and 4-fold increase in the flux respectively. The sur-
factant solutions affected flux at higher concentrations; the extent
of increase was, however, lower compared to the formulation I and
I.
In order to gain insight into the mechanism of permeation
enhancement from formulations and evaluate their toxicity profile,
TEER, a qualitative measure of paracellular permeability (Meaney
and O’Driscoll, 2000), was monitored throughout the transport
experiments. TEER profiles of the Caco-2 cell monolayers in the
presence of test solutions have been presented in Fig. 4A and B. Sur-
factant solutions affected the TEER in a concentration-dependent
manner whereas TEER remained unchanged with lipid-based for-
mulations. Higher flux observed with formulations I and IV without
a significant change in the TEER suggest that higher permeation was
not due to modulation of the tight junctions and or a compromised
membrane, but possibly due to transcellular pathways.

3.4. Everted intestinal sac studies

Fig. 5A and B show cromolyn transport from various formula-
tions in the intestinal sac model. Based on the cumulative amount
of cromolyn transported over time, flux (�g/min), a parameter
independent of the surface area, was calculated as a measure of per-
meation enhancement. Among the lipid-based formulations, the
order of enhancement was I > IV > lipid > VI > control (Table 4). In

lations in PBS buffer (pH 7.4). Bar equals 0.5 �m. (a) I, (b) IV, (c) V, and (d) VI.
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Table 4
A comparison of cromolyn transport (expressed as flux) in Caco-2 cells and intestinal sacs

Formulation Caco-2 cells Intestinal sacs

Flux × 10−4 (�L/min) Enhancement ratio Flux (�L/min) Enhancement ratio

HBSS (control) 7.8 (1.05) 1 – –
Krebs–Hensleit Buffer (control) NA – 0.173 (0.067) 1
Lipid 17.9* (2.6) 2.3 0.268* (0.017) 1.5
I 57.6* (2.4) 7.4 0.607* (0.019) 3.5
T-I 10.8 (2.3) 1.4 0.254* (0.029) 1.5
II 17.4 (5.3) 2.2 Not tested –
T-II 21.8* (6.2) 2.8 Not tested –
III 16.7 (6.3) 2.1 0.167 (0.094) 1
T-III 21.9* (6.5) 2.8 Not tested –
IV 31.4* (7.1) 4 0.421* (0.013) 2.4
NaC-I 17.3* (0.9) 2.2 0.291* (0.176) 1.7
V 19.7* (4.4) 2.5 Not tested –
NaC-II 17.4* (3.5) 2.2 Not tested –
VI 15.6 (0.5) 2 0.224 (0.123) 1.3
NaC-III 19.2* (2.3) 2.5 Not tested –

* p < 0.05.
Values are expressed as mean (S.D.); n = 4.

Fig. 2. Dissolution profile of cromolyn from Tween 80 (A) and Sodium cholate (B)
proliposomal formulations.

Fig. 3. Cromolyn transport from Tween 80 (A) and sodium cholate (B) formulations
across Caco-2 cells.
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Fig. 4. TEER (% of control) in Caco-2 cells with Tween 80 (A) and sodium cholate (B)
formulations.

agreement with the observations in the Caco-2 cell model, formu-
lation III did not have a significant affect on cromolyn transport.
Measurement of LY accumulation showed no significant increase
in transport in the presence of formulations (lipid, I and IV, Fig. 6),
the LY accumulation, however, was greater with Tween 80, NaC and
formulations III and IV.

Analysis of the serosal samples following ultracentrifugation
indicated that cromolyn existed predominantly in the free form
thereby making the amount of liposome-encapsulated cromolyn
in the serosal fluid, insignificant (Table 5).

4. Discussion

The main objective of this study was to determine the feasibility
of using proliposomal beads for improved oral delivery of cro-

Table 5
Centrifugation of serosal contents from the everted intestinal sacs indicated absence
of intact liposomes

Test solution Cromolyn (�g) Change (%)

Before centrifugation After centrifugation

Control 7.1 (0.8) 7.4 (0.5) 4.2
Lipid 9.2 (0.9) 9.1 (0.7) 1.1
I 18.9 (0.1) 19.2 (0.2) 1.6
III 5.4 (1.7) 6.0 (1.6) 1.1
IV 12.7 (0.9) 11.6 (1.3) 8.7
VI 8.0 (1.9) 7.2 (0.3) 10.0

Fig. 5. Cromolyn transport from Tween 80 (A) and sodium cholate (B) formulations
in intestinal sacs.

Fig. 6. Effect of test solutions on cromolyn and LY accumulation in intestinal sacs.
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molyn. The encapsulation efficiency of the formulation and effects
on cromolyn permeability was therefore studied. We formulated
and evaluated non-pareil beads coated with lipid and two types of
surfactant at varying molar ratios. Distearoylphosphatidylcholine
(DSPC), a phospholipid with a high phase transition temperature
and better stability in the GI environment compared to other phos-
pholipids, especially in the presence of bile salts (Rowland and
Woodley, 1980), was chosen as the lipid component for formula-
tion. Tween 80 and sodium cholate were chosen as the surfactants
for this study, whereas cholesterol was added to the lipid phase
due to its ability to enhance encapsulation of hydrophilic drugs and
improve stability of the vesicles (Betageri, 1993). Extent of enhance-
ment of cromolyn transport from these formulations was measured
in Caco-2 cells and everted rat intestinal sacs models.

The experiments carried out to characterize the physical prop-
erties of the formulations showed that the beads formulated
in this study were able to produce vesicles in situ. The forma-
tion of liposomes as described by calculation of encapsulation
efficiency and particle size analysis depended largely on the lipid-
to-surfactant ratio. Formulations with lowest surfactant content
showed maximum encapsulation (formulations I and IV) and the
most enhancement in cromolyn transport. However, at the same
ratio, encapsulation was higher with Tween 80 (formulation I)
compared to sodium cholate (formulation IV). An increase in encap-
sulation of estradiol in dipalmitoylphosphotidylcholine liposomes
with decreasing Tween 80, Span 80 and sodium cholate concentra-
tion has been reported in the past (El Maghraby et al., 2000). Higher
encapsulation with Tween 80 formulations as compared to sodium
cholate formulations was also consistent with this work. Increased
encapsulation with Tween 80 could be due to the beneficial effect of
Tween 80 on the size and stability of liposomes, which has been well
documented in literature (Kronberg et al., 1990; Zou et al., 1996).
The mechanism of formation of vesicles from mixed micelles begins
by dilution of mixed micelles followed by progressive depletion of
surfactant until vesicles only contain lipid molecules (Olivion et al.,
2000). The absence of micelle to vesicle transition due to insuffi-
cient removal of surfactant could be a possible cause for negligible
encapsulation in formulations with higher surfactant content. The
presence of mesh like mixed vesicular structures and micelles as
seen from TEM and particle size distribution measurements further
corroborate the non-existence of lipid vesicles at higher concentra-
tions of the surfactant. An alternative cause for lower encapsulation
at high surfactant concentrations, especially sodium cholate, could
be partial solubilization of liposomes leading to co-existence of

mixed micelles and vesicles as reported in the literature (Almog et
al., 1986). The rate of release of cromolyn as seen from the dissolu-
tion profiles varied with the extent of encapsulation. In agreement
with published literature (Kokkona et al., 2000), cromolyn release
from formulations with high encapsulation efficiency was pro-
longed. Liposomes are known to extend the release of their contents
over an extended period of time. However, we observed instanta-
neous release of cromolyn from formulations with high surfactant
concentrations. Low encapsulation could be the reason for this
rapid release; however, marginally extended release (2 h) from
formulations with higher encapsulation was not expected. Experi-
mental methods employed to determine release of encapsulated
material from conventional liposomes entail incubation of lipo-
somes with small amounts of buffer (Kokkona et al., 2000) or use of
dialysis membranes (Kulkarni et al., 1997; Dipali et al., 1996). In an
attempt to mimic realistic conditions, release of cromolyn from the
formulations was studied by the dissolution method recommended
for conventional solid dosage forms. The rate and extent of release
of the encapsulated material from liposomes increases with agi-
tation (Vemuri and Rhodes, 1995), which could be the reason for
rapid release of cromolyn from encapsulated material.
of Pharmaceutics 358 (2008) 128–136

In vitro transport studies in models revealed that formulation
with high encapsulation efficiency showed increased cromolyn
permeability. In contrast to formulations I and IV, the increase in
cromolyn transport with formulations II, III, V and VI was marginal
(Table 3) indicating that surfactant concentration is critical to
permeation enhancement. El Maghraby and co-workers (2000)
have reported the importance of optimum surfactant concentration
for maximum delivery of estradiol from lipid vesicles, observa-
tions from the present study further highlight the importance of
surfactant concentration for improved delivery from lipid-based
formulations.

Inclusion of phospholipid with surfactant resulted in protective
action on the cell monolayers (as evidenced by constant TEER),
which has been reported in the past (Velardi et al., 1991). Trans-
port studies in in vitro models did exhibit an increase in cromolyn
transport with lipid formulation, but the extent of permeability
was lower than formulations with surfactants (I and IV). Werner
and co-workers (1996) did not observe any improvement in trans-
port of CRC 220, a hydrophilic peptidomimetic thrombin inhibitor,
with phosphatidylcholine:bile salt or cholesterol:bile salt mixed
micelles. Surfactants in the presence of lipids are known to act as
edge activators making the liposome structure highly deformable
(Planas et al., 1992; Cevc et al., 1993). The high deformability of
these vesicles enhances drug delivery across barriers (Cevc et al.,
1995). DSPC is known to form relatively stable and rigid liposomes
due to its high phase transition temperature (Kulkarni et al., 1995).
Formulation of cromolyn with DSPC and cholesterol results in more
“rigid” liposomes, whereas addition of a surfactant makes the lipo-
somes more “flexible”. This “flexibility” or “deformability” could
have rendered formulation I and IV conducive to cellular uptake as
opposed to liposomes without surfactant.

It is generally assumed that small, hydrophilic drug molecules
are transported across the intestinal membranes mainly via the
paracellular pathway (Artursson et al., 2001). Transport of cro-
molyn across Caco-2 cells has not been studied in detail before.
However, its high water solubility and relatively small molecu-
lar weight (512.3) makes it a suitable candidate for paracellular
transport. The entry of molecules through this route is primarily
restricted by tight junctions and, hence, loosening of these junc-
tions offers a pathway to enhance paracellular transport (Hochman
and Artursson, 1994). Bile salts and synthetic surfactants are known
to enhance uptake of paracellularly transported drugs (Werner et
al., 1996; Aungst, 1993) and hence surfactant-related change in
cromolyn permeation was expected. In the Caco-2 cells, higher sur-

factant concentrations led to an increase in cromolyn permeation;
however, it was accompanied by a significant drop in TEER values
(Fig. 4A and B). In contrast formulations I and IV were able to sig-
nificantly enhance cromolyn transport without affecting the TEER.
This suggests that the increased permeability from the formula-
tions was not a result of membrane damage or modulation of the
tight junctions.

The intestinal sac model, both LY and cromolyn showed
increased serosal accumulation in the presence of pure surfactant
whereas lipid and formulations I and IV exclusively improved cro-
molyn uptake (Fig. 6). Being a paracellularly transported molecule,
enhancement of LY transport would involve manipulation of inter-
cellular tight junctions or transport via a damaged membrane. The
absence of improvement in LY uptake by I, IV or the lipid treatments
suggests that these formulations do not affect the tight junctions or
the membrane integrity. On the other hand a higher enhancement
ratio of LY was observed with III, VI. Enhanced transport of LY with-
out a change in cromolyn transport was seen with formulations
III, VI and surfactant solutions. Surfactant solutions are known to
improve uptake of certain compounds due to increase in paracellu-
lar transport, which explains increased LY transport with surfactant
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solutions, III, and IV (formulations with low encapsulation of cro-
molyn, higher concentration of surfactants). This indicates that a
transport of a marker molecule like LY could be enhanced via para-
cellular modulation, however, that approach was not effective to
enhance cromolyn uptake. The enhancement in cromolyn transport
is truly a “formulation-effect”. Being a paracellularly transported
molecule, enhancement of LY transport would involve manipu-
lation of intercellular tight junctions or transport via a damaged
membrane. The absence of improvement in LY uptake by I, IV or
the lipid treatments suggests that these formulations do not affect
the tight junctions or the membrane integrity.

Analysis of the serosal fluid samples from the intestinal sac study
showed that cromolyn was transported to the serosal side in the
non-encapsulated form and no evidence of transport of intact lipo-
somes was observed. Upon dilution, formulations I and IV formed
vesicles with diameters ranging from 400 to 600 nm. The apparent
radius of the junctional pore in the Caco-2 cell model being in the
range from 8 to 12 nm (Adson et al., 1994; Meaney and O’Driscoll,
2000), making the transport of intact liposomes a formidable chal-
lenge. Observations from the in vitro models evaluated in this study
indicate that enhanced cromolyn transport with formulations I and
IV, was due to uptake via an intact cell membrane and not due to
transfer of intact liposomes.

In the present study, we have been able to demonstrate sys-
tematically, the usefulness of proliposomes to enhance delivery of
cromolyn across Caco-2 cell monolayers and the intestinal mem-
brane. We have demonstrated that vesicles can be formed in situ
upon hydration of the beads formulated in this study. Addition of
surfactant rendered the vesicles more flexible, the extent of cro-
molyn encapsulation and permeation was dependent on the type
of surfactant and the lipid-to-surfactant ratio. The enhanced trans-
port appears to be due to uptake of liposomes through an intact
cell membrane; however, further studies are required to identify
the exact mechanism. The free-flowing beads formulated in this
study could be used for modified release (by functional coating)
or conveniently administered as enteric-coated capsules for site-
specific delivery. Enhanced cromolyn transepithelial flux observed
in this study (4–7-fold) warrants further investigation in humans.
An understanding of the clinical relevance of the in vitro data will
be very valuable in understanding the commercial viability of the
proliposomal bead dosage form. Formulation design of proliposo-
mal beads with other phospholipids and usefulness of this dosage
form for delivery of other drug substances is being evaluated in our
laboratory.
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