
1233

JPP 2004, 56: 1233–1241

� 2004 The Authors

Received April 21, 2004

Accepted July 9, 2004

DOI 10.1211/0022357044427

ISSN 0022-3573

Supratek Pharma, Inc.,

215, Boulevard Bouchard,

Suite 1315, Dorval,

Quebec H9S 1A9, Canada

Valery Alakhov, Grzegorz

Pietrzynski, Kishore Patel

College of Pharmacy,

Department of Pharmaceutical

Sciences, University of Nebraska,

Medical Center, 986025 Nebraska

Medical Center, Omaha,

NE 68198-6025, USA

Alexander Kabanov

Department of Chemical

Engineering, Massachusetts

Institute of Technology,

Cambridge, MA 02139, USA

Lev Bromberg, T. Alan Hatton

Correspondence: Valery Alakhov,

Supratek Pharma, Inc.,

215, Boulevard Bouchard,

Suite 1315, Dorval,

Quebec H9S 1A9, Canada. E-mail:

valery.alakhov@supratek.com

Pluronic block copolymers and Pluronic poly(acrylic

acid) microgels in oral delivery of megestrol acetate

Valery Alakhov, Grzegorz Pietrzynski, Kishore Patel, Alexander Kabanov,

Lev Bromberg and T. Alan Hatton

Abstract

Several Pluronic-based formulations were studied in-vitro and in a rat model with respect to the

release and bioavailability of megestrol acetate (MA) after oral administration. It was demonstrated

that an aqueous, micellar formulation comprising a mixture of a hydrophobic (L61) and a hydrophilic

(F127) Pluronic copolymer, significantly enhanced the bioavailability of MA administered orally at

relatively low doses (1–7mgkg�1). Pluronic-based microgels (spherical gel particles of sub-millimetre

size) were introduced as MA vehicles. The microgels comprised a cross-linked network of poly(acrylic

acid) onto which the Pluronic chains were covalently attached. Microgels of Pluronic L92 and

poly(acrylic acid) fabricated into tablet dosage forms exhibited dramatically lowered MA initial

burst release. The MA release was pH-dependent owing to the pH sensitivity of the microgel

swelling, with the drug retained by the microgel at pH 1.8 and released slowly at pH 6.8. In the rat

model, a significant increase in MA bioavailability was observed when the microgel-formulated MA

was administered orally at a high dose of 10mgkg�1, owing to the enhanced retention of the

microgel. The study of the microgel passage through the gastrointestinal tract demonstrated the

microgel retention characteristic of a very high molecular weight polymer and the absence of any

systemic absorption of the polymer.

Introduction

Oral drug delivery is one of the most convenient routes of drug administration.
However, several major factors are known to prevent drugs from entering the blood-
stream after oral administration. These include poor aqueous solubility that limits the
potential of the drug interaction with the intestinal tissues, drug efflux mediated by ATP
binding cassette transporters such as P-glycoprotein (P-gp) and other protein pumps,
and drug degradation by metabolic enzymes in the intestinal and hepatic compartments
(Sood & Panchagnula 2001; Mahato et al 2003; Chan et al 2004). Numerous techno-
logies aimed at addressing selected problems in enhancing the oral drug availability have
been developed. The drug solubility can be enhanced by using nano-sized crystals and
particles (Kreuter 1996; Allemann et al 1998; Muller et al 2001; Merisko-Liversidge et al
2003; Sethia & Squillante 2003) and surfactant- and oil-based microemulsions
(Gershanik & Benita 2000). Drug metabolism can be reduced by pulsatile and delayed
release systems (Bussemer et al 2001; Verma et al 2002; Vasir et al 2003) and modulation
of drug efflux by using modulating agents or absorption enhancers (Kimura et al 2002;
Kruijtzer et al 2002, 2003). Although these approaches are effective in improving many
oral drug forms, a considerable number of valuable pharmaceuticals still need a broader
solution that would address the complex combination of factors involved in drug
transport from the gastrointestinal tract to the bloodstream. For example, combining
a sustained release system that allows control of the kinetics of drug absorption via
optimization of the drug residence time at the absorption site, with an absorption
enhancer that increases the drug absorption rate, would provide an efficient formulation
capable of enhancing the oral bioavailability of compounds, the intestinal absorption of
which is limited by a certain number of receptors expressed on the surface intestinal
barrier. One example of such compounds is megestrol acetate (MA), which is known to



have a low and poorly controllable bioavailability owing to
P-gp mediated efflux (Yang et al 1989; Fleming et al 1992;
Lum et al 1993; Wang et al 1994; Panasci et al 1996; Tansan
et al 1997; Eltabbakh et al 1999; Markman et al 2000). This
drug is a synthetic analogue of progesterone and is widely
used for the palliative treatment of advanced breast and
endometrial carcinomas (Martindale & Reynolds 1993).
Other indications include the treatment of ailments
associated with HIV infection (Von Roenn et al 1988;
Tchekmedyian et al 1991) and weight control in the elderly
(Raney et al 2000). While the dosing of MA can be up to
800mgper day, the oral bioavailability of this drug is low
and limited by its negligible aqueous solubility (Farinha
et al 2000) and P-gp mediated efflux (Yang et al 1989;
Fleming et al 1992; Lum et al 1993; Wang et al 1994;
Panasci et al 1996; Tansan et al 1997; Eltabbakh et al
1999; Markman et al 2000). The latter factor is likely to
be responsible for a high inter-patient variability in MA
absorption (Camaggi et al 1995).

We have previously reported that poly(ethylene oxide)
and poly(propylene oxide) block copolymers (trade name
Pluronic) are potent modulators of the P-gp (Alakhov
et al 1996; Venne et al 1996) and other ATP binding cas-
sette transporters, as well as metabolic detoxification
enzymes such as glutation-S-transferase (Batrakova et al
2003a). Furthermore, we have previously shown that
Pluronic copolymers can significantly enhance the trans-
cellular transport of various drugs across intestinal epi-
thelium by inducing a highly selective and transient
ATP depletion in this tissue (Batrakova et al 2003b).
Structure–activity relationship studies demonstrated that
Pluronic polymers with the molecular mass of the poly
(propylene oxide) block exceeding 50% of the total mole-
cular mass of the macromolecule are the most potent in
modulating the transporters activity (Kabanov et al 2003).
The Pluronic copolymers L92 and L61 (average composi-
tions EO3PO30EO3 and EO8PO52EO8, respectively) were
shown to be the most efficient in modulating P-gp
mediated drug efflux. The formulation containing mix-
tures of aqueous solutions of Pluronic F127 (average for-
mula EO99PO67EO99) and L61 has been previously tested
in cell-based models and animal models with several drugs
such as doxorubicin (Alakhov et al 1999), plasmid DNA
(Lemieux et al 2000) and others, including campthotecins,
taxanes and podophilotoxins. The composition compris-
ing a mixture of Pluronic F127 and L61 was found to be
optimal in terms of its solubility, toxicity pattern and P-gp
modulation activity, and is presently being evaluated in
several oncology clinical trials (Danson et al 2004). We
predicted that utilization of Pluronic copolymers would
enhance MA bioavailability through the above-mentioned
mechanisms.

In the present study, we explored the useful properties
of Pluronic copolymers, along with the capability of their
aqueous micellar solutions to solubilize hydrophobic
agents (Hurter et al 1995), for oral administration of
MA. In order to further enhance the potential of the
Pluronic-based formulations for oral delivery of MA, we
investigated the behaviour of the Pluronic copolymers
covalently cross-linked to a pH-dependent bioadhesive

component, poly(acrylic acid) (PAA). Pluronic-PAA
microgel particles have been recently introduced as a
new type of drug delivery vehicle (Bromberg et al 2002,
2003). The characteristic size of these particles is typically
1–10�m in the dry state and 50–200�m in the swollen
state. Structurally, the microgels consist of a lightly cross-
linked PAA network with dangling Pluronic chains, which
can assemble into aggregates within the gel microparticle.
The aggregates act analogously to the micelles in the
parent Pluronic nanodispersions and are capable of solu-
bilizing hydrophobic agents such as steroid hormones,
taxol and camptothecins (Bromberg et al 2003). In add-
ition to the solubilizing capacity, the microgels are
mucoadhesive, a property potentially useful in oral drug
delivery. Therefore, in the present work we set out to
evaluate oral bioavailability of both Pluronic solutions
and microgel-based formulations of MA.

Materials and Methods

Materials

Pluronic F127, L92 and L61 were obtained from BASF
Corp. (Mount Olive, NJ, USA) and used without further
treatment. Acrylic acid (99þ%), lauroyl peroxide (97%),
40,4-azobis-(4-cyanovaleric acid) (98þ%), dodecane
(99þ%), hexane, sodium dodecyl sulfate (SDS), MA and
ethylene glycol dimethacrylate (98%) were purchased
from Sigma-Aldrich Canada Ltd (Oakville, ON,
Canada) and used as received, except for the acrylic acid,
which was purified from the inhibitor (4-methoxyphenol)
by passing through a molecular sieve column.
Poly(vinylpyrrolidinone-co-1-hexadecene) (Ganex V-216)
(dispersion stabilizer) was a gift from ISP Technologies,
Inc. (Wayne, NJ, USA) and used as received. Methyl-
cellulose (Methocel A4M PREM) was kindly donated by
Dow Chemical Company (Midland, MI, USA). [2-14C]
Acrylic acid was synthesized from [2-14C]malonic acid
(Amersham Biosciences Corp, Piscataway, NJ, USA) as
described in detail by Riley et al (2001a). A total of 0.2 g
(�5.9MBq) of the 14C-labelled acrylic acid was syn-
thesized, mixed with 25mL of inhibitor-free acrylic acid
and the mixture stored at �8�C. All other chemicals, sol-
vents and gases were obtained from commercial sources
and were of the highest purity available.

Microgel synthesis

Microgels composed of PAA grafted with Pluronic L92
and cross-linked by ethylene glycol dimethacrylate were
synthesized by dispersion/emulsion polymerization as
described previously (Bromberg et al 2002). Briefly, acrylic
acid (40 g) was partially neutralized by addition of 5M

NaOH solution (0.5mL) under constant agitation and
nitrogen flow. Pluronic (24 g) was then allowed to dissolve
in the acrylic acid under constant agitation and nitrogen
flow. A multi-necked flask equipped with a mechanical
stirrer, thermometer, heating bath, and gas inlet/outlet
was filled with 250mL of 1% Ganex solution in dodecane
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and was deoxygenated for 1 h under constant agitation
and nitrogen flow. An initiator system comprising a solu-
tion of lauroyl peroxide (100mg) and 40,4-azobis-(4-cya-
novaleric acid) (100mg) in 5mL of acrylic acid was added
to the solution of Pluronic in partially neutralized acrylic
acid. Ethylene glycol dimethacrylate (1.1mL) was added
to the resulting solution and the latter was deoxygenated
for 1 h under constant agitation and nitrogen flow. The
reactor was heated to 70�C at a rate of 1�Cmin�1. To
complete the polymerization reaction, the reactor was
maintained at 70�C for 10 h and the contents were filtered
using Whatman filter paper 5 (Whatman International,
Ltd, Maidstone, KY, USA). The resulting polymeric par-
ticles were repeatedly washed with hexane and dried in
vacuum. Radioactively labelled microgels were synthe-
sized using the [2-14C]acrylic acid via the same procedure
scaled down 10-fold.

Preparation of MA formulations

MA formulation with microgel
Microgel particles (500mg of dry powder) were suspended
in 20mL of anhydrous ethanol and were allowed to equil-
ibrate for 1 h. MA (100mg) was added to the suspension,
and the mixture was gently stirred at room temperature
overnight, forming a homogenous, opaque liquid. The
solvent was removed in a stream of dry nitrogen and
the process of drying was completed using a vacuum
(0.1 Torr) for 48 h. The powders resulting from passing
the formulation through a Mesh 40 sieve (‘Mesh’ Series;
Fisher Scientific, Nepean, ON, Canada) were character-
ized by a particle size less than 425�m.

MA formulation with Carbopol
The same procedure as described above was used to pre-
pare MA formulation with Carbopol 974P NF (Noveon,
Inc., Cleveland, OH, USA).

Tablet fabrication and dissolution

MA mixture with lactose
Lactose (494mg), MA (100mg) and magnesium stearate
(6mg) were mixed together in a 20-mL glass vial under
nitrogen, overnight on 180� variable-speed flask shaker at
20 revmin�1 (St John Associates Inc., Beltsville, MD,
USA).

Tablet fabrication
The above MA formulation with microgel was pressed
into 60-mg tablets of 2mm thickness and 7mm diameter,
using a hydraulic laboratory press (Catalogue No. 3850;
Mini-C, Carver, Inc., Wabash, IN, USA), applying a force
of 31 000N at ambient temperature for 1min. The same
procedure was applied for both the MA formulation with
Carbopol and the MA mixture with lactose. Friability of
the tablets was tested using the procedure described in the
USP monograph 1216 (USP 23, NF 18, The United States
Pharmacopeial Convention, Inc. 1994, p. 1981). Briefly,
20 tablets were weighed (W1) and rotated for 100 revolu-
tions in 4min in a Roche friabilator. The tablets were then

reweighed (W2) and the percentage friability (%F) was
calculated as %F¼ [(W1�W2/W1)]. Friability results
were in accordance with the pharmacopoeia limits
(F<1%).

Media for dissolution
Aqueous solutions containing 1% SDS were used in dis-
solution tests as described in the USP monograph of MA
(USP 23, NF 18, The United States Pharmacopeial
Convention, Inc. 1994, p. 994). The following two solu-
tions were prepared: (i) 1% SDS in 50mM sodium phos-
phate buffer, pH 6.8� 0.1; and (ii) 1% aqueous SDS, pH
1.8� 0.1.

Each tablet was placed in a 50-mL conical vial
(Ultident Scientific, St Laurent, PQ, Canada) containing
40mL of the dissolution medium pre-equilibrated at
37�C. The vial was incubated at 37�C and shaken at
20 revmin�1 using a 180� variable-speed flask shaker. A
liquid sample (1mL) collected at a specified time was
transferred into a 1.5-mL Eppendorf tube and centrifuged
at 10 000 g for 15min. The supernatant was then separated
and diluted with the respective dissolution medium to a
concentration of 3–50�gmL�1, and transferred to a 96-
well quartz plate (Hellma GmbH & Co KG, Müllheim,
Germany). The MA concentration in the samples was
determined by measuring the optical density (l¼ 292 nm)
using a SpecraMax Plus384 plate reader (Molecular
Devices, Sunnyvale, CA, USA) and comparing it with
the optical density of standard solutions of MA in the
same solvent. All dissolutions were performed three
times and the results represent the mean� s.d., n¼ 3.

Preparation of MA liquid dosage forms

Control
Appropriate amounts of MA were suspended in a 0.5wt%
aqueous solution of methylcellulose. The suspensions
were equilibrated at room temperature by vortexing for
20min. The final pH of the mixture was 6.6.

Pluronic formulations
Appropriate amounts of MA were suspended in an
aqueous solution containing a mixture of 2% F127 and
0.4% L61. The mixture was vortexed at room temperature
for 20min. The final pH of the mixture was 6.4.

Formulations with microgel
Appropriate amounts of solid formulation were sus-
pended in deionized water. The mixture was vortexed at
room temperature for 20min. The final pH of the mixture
was 3.3.

Animal studies

All animal studies were conducted according to the
Guidelines for Care and Use of Experimental Animals
(US Department of Agriculture, February 15, 1991).
Female Sprague–Dawley rats (225–250g) were obtained
from Charles River Canada Inc. (St Constant, PQ,
Canada) and were kept three per cage with air filter cover
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in a controlled environment (12-h light–dark cycle, lights on
at 0600h; temperature 22� 1�C). The animals had free
access to Purina mouse chow (Pro Lab PMH 4018,
Trademark of Agway, Syracuse, NY, USA) and water.
The animals were randomly divided into groups of three.
The MA formulations were administered orally by gavage.
The dosing volume was 5mLkg�1. After administration,
blood samples were collected at 0.5, 1, 3, 6, 10 and 24h. The
animals were anaesthetized by inhalation of isoflurane
(Bimeta-MTC, Animal Health Inc., Cambridge, ON,
Canada). The blood samples (approx. 450�L) were col-
lected from the jugular vein into heparinized tubes and
immediately placed on ice. The plasma was separated
from the blood cells by centrifugation at 2000 g for
5–10min at 4�C. The plasma samples were frozen imme-
diately on dry ice and stored at �80�C until assayed.

In microgel passage studies, adult pathogen-free male
Harlan Sprague–Dawley rats (280–320 g) were acclimated
to the environmentally controlled quarters (25� 1�C and
12-h light–dark cycle) for 5–6 days before the experiments.
The animals had free access to the laboratory rodent diet
and water until 18 h before being used in experiments, at
which time food but not water was withdrawn. An appro-
priate sample of 14C-labelled microgel suspension equil-
ibrated at room temperature for 48 h under gentle
agitation (3%w/w in water; pH 4.3; 0.25 g total) was
administered by gavage to the middle of the oesophagus
(Riley et al 2001b). The animals were kept in metabolism
cages and were allowed free access to water until they were
killed (n¼ 3) at pre-determined times (0.25, 1, 4, 6 h) by
cervical dislocation after isofluorane anaesthesia. The
entire gastrointestinal tract was rapidly removed and sec-
tioned to determine the distribution of the labelled micro-
gel. Samples of liver, kidneys, blood and urine were also
collected.

For scintillation counting, the ex-vivo tissue samples
were dissolved in Soluene-350 solubilization liquid. The
resulting liquid samples were diluted 25-fold by a Hionic-
Fluor scintillation fluid and the radioactivity was meas-
ured using a Tri-Carb 2100TR liquid scintillation analy-
ser. All equipment and solvents used in the scintillation
studies were obtained from Perkin Elmer, Inc. (Boston,
MA, USA). Background counts were obtained for each
tissue section and allowances for the background noise
were made. Typically, the background noise was below
5% of the count in the tissue samples. The microgel frac-
tion in the tissue was calculated as a sample count relative
to the total count in all samples taken at a given time after
administration (Riley et al 2001b). All measurements were
taken in triplicate.

High-performance liquid chromatography

analysis of MA in plasma

The MA concentration in plasma samples was measured
using a reverse phase high-performance liquid chromato-
graphy procedure with UV detection based on that
described by Gaver et al (1985) and Camaggi et al (1995).
Briefly a 50:50 (v/v) hexane/ethyl acetate mixture (500�L)

was added to each of 100�L of the plasma samples. The
resulting mixtures were shaken by vortex for 5min, cen-
trifuged at 8000 g for 5min, and the organic layer (400�L)
was separated and dried in vacuum. The residue was
reconstituted with 250�L of acetonitrile–water (1:1, v/v).
The samples (100�L each) were analysed using a Waters
reverse phase high-performance liquid chromatography
system, comprising a Model 1525 binary pump, a Model
2487UV/vis absorbance detector, and a Model 2700 sam-
ple manager. Samples were injected into a C18 Luna
column (250� 4.6mm, 5�m; Phenomenex, Inc., CA,
USA) and were analysed using isocratic conditions
(0.1% trifluoroacetic acid in water to 0.1% trifluoroacetic
acid in acetonitrile, 40:60 v/v, flow rate 1mLmin�1). The
column eluent was monitored at 288 nm. Calibration and
quality control samples were prepared by spiking 100�L
of rat plasma with 10�L MA solution in acetonitrile/
water mixture (1:1, v/v) to give final drug concentrations
over the range of 0–5000 ngmL�1.

Pharmacokinetics

The area under the curve (AUC) of plasma concentration
of MA versus time was calculated for each data set by the
trapezoidal method from the point of dosing (t¼ 0) until
the last quantified point (t¼ 24 h). Each data point of the
MA plasma concentration was obtained as an average of
the readings in samples from three animals, and the errors
represent the s.e.m. The mean peak plasma concentration
(Cmax) was calculated as an average of the actual highest
plasma concentration found in samples.

Statistical analysis

All experiments were performed in triplicate. Our earlier
experience with oral drug bioavailability studies using rats
demonstrated that improvement of the power of study by
increasing the number of animals from three to six was
very limited (data not presented). All statistical analyses
were done using SPSS version 12.0 software (SPSS Inc.,
Chicago, IL, USA). In all analyses P<0.05 indicated
significance.

Statistical analysis of the effect of the Pluronic formu-
lation versus the control formulation of MA (dose
1mgkg�1), and the effect of the microgel formulation
versus the control formulation of MA (dose 10mgkg�1),
on plasma concentration of MA at 0.5, 1, 3, 6, 10 and 24 h
was performed using analysis of variance for repeated
measures, and one-way analysis of variance at each time
point. Statistical analysis of the effect of the Pluronic
formulation versus the control formulation of MA at
doses 1, 3, 5, 7 and 10mgkg�1 on AUC was performed
using two-way analysis of variance with treatment and
dose as factors. Student’s t-test was applied to compare
AUC for control and Pluronic formulations of MA for
each dose, and to compare Cmax and AUC of MA for
control and microgel formulations of MA. Statistical ana-
lysis of the effect of pH on the release of MA from micro-
gel, and the effect of pH on the release of MA from
Carbopol formulations at 1, 2, 3, 4, 5, 6, 7 and 8 h was
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performed using Student’s t-test for each time point. The
differences of microgel fractions determined at all speci-
fied parts of the gastrointestinal tract and in different
organs were compared using one-way analysis of variance
separately for each passage time point (0.5, 1, 4 and 6 h).

Results and Discussion

Effect of Pluronic block copolymers on oral

bioavailability of MA

Based on previously described results of P-gp modulation
by Pluronics (Kabanov et al 2003), in the present study,
we used the combination of Pluronic L61 and Pluronic
F127. In the following set of experiments we evaluated
plasma pharmacokinetics of MA administered by oral
gavage to rats at the doses of 1, 3, 5, 7 and 10mgkg�1.
The drug was administered in either non-formulated form
as a suspension in 0.5% methylcellulose (control experi-
ments), or formulated as a suspension with the composi-
tion containing 2% w/v Pluronic F127 and 0.4% w/v
Pluronic L61. The results of these experiments are shown
in Figure 1. The Pluronic formulation produced statisti-
cally significant 1.5- to 2-fold increases in AUC with the
drug doses ranging from 1 to 7mgkg�1 compared with the
non-formulated drug. This enhanced effect became negli-
gible at a dose of 10mgkg�1. In both the control experi-
ments where animals were dosed with the non-formulated
MA as well as in the group that received the Pluronic-
based formulation, the dependence of AUC on the drug
dose reached a plateau at the MA dose of 10mg kg�1,
indicating that the presence of Pluronic did not provide
any increase in the drug oral bioavailability at the highest
dose tested. The results of these experiments demonstrate
the absorption enhancement via the utilization of the
Pluronic block copolymers in oral administration of MA
when it is used in small to medium doses. The dose-
dependent metabolic effects of MA are known (Canetta
et al 1983; Von Roenn et al 1994; Engelson et al 1999) and
in some cases the extended administration of high doses is
desirable. The high doses of MA (up to 10mgkg�1) used
for weight loss related indications (Tchekmedyian et al
1992) require further improvement of the formulation in
order to bypass the plateau of the MA intestinal absorp-
tion at high doses. The latter is related to the transport
mechanism with saturation kinetics (carrier transport).
We hypothesized that by prolonging the residence time
of MA we could enhance its bioavailability after oral
administration. To this end, the Pluronic-based microgels
were developed.

Controlled release of MA from Pluronic-based

microgels

Having demonstrated the enhanced bioavailability with
the liquid dosage forms of Pluronic copolymers, we pro-
ceeded to evaluate MA release from the Pluronic-based
microgel formulations. Tablet dosage forms were tested
in-vitro, and the MA release from the equilibrium-swollen

microgels as well as their passage through the gastro-
intestinal tract were evaluated in a rat model.

In-vitro release
The swelling of the Pluronic-PAA microgel particles in
aqueous media is profoundly pH-dependent, with both
the rate of swelling and the extent of the equilibrium
swelling increasing with the pH, especially above the pKa

of the carboxyls, which was found to be 6.27 for the L92-
PAA microgels (Bromberg et al 2003). This pH sensitivity
of the microgels loaded with drugs can be exploited in oral
drug delivery since at low pH, such as in the stomach,
these hydrogels remain collapsed, while the drastic pH
change in the upper small intestine leads to dramatic
swelling and thus the drug can be released. We tested the
in-vitro release from the microgel-based tablets at pH 1.8
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in plasma after oral administration of control and Pluronic formula-

tions in a rat model. The control formulation comprised a MA suspen-

sion in a 0.5wt% aqueous solution of methylcellulose; the Pluronic
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and pH 6.8, which modelled conditions in the stomach
and intestine, respectively (Figure 2).

The MA release from the tablets was dramatically
lowered in the presence of either Carbopol 974 or micro-
gel. Whereas the pH did not really affect the release rate in
the control formulations, the drug was essentially retained
by Carbopol or the microgel at pH 1.8, and it was slowly
released at pH 6.8, the conditions within the intestine.
Relative to Carbopol 974, the microgel seemed to provide
greater retention of the drug at acidic pH. This correlates
well with the hydrophobic nature of the L92-PAA-
ethylene glycol dimethacrylate microgels, containing
about 36% of the water-insoluble poly(propylene oxide)
per dry weight. The microgels require higher electrostatic
repulsive energy for swelling and tablet disintegration as
compared with Carbopol with its pKa of 4.96. The micro-
gels are more tightly cross-linked by the hydrophobic
associations than Carbopol and hence have better drug
retention at acidic pH.

Oral bioavailability of MA using microgel-based
formulations
The microgel formulations of MA and the control formu-
lation (MA suspension in 0.5% methylcellulose) were

administered orally by gavage to rats at a dose of
10mg kg�1. Figure 3 shows the MA plasma concentration
versus time in rats dosed with the control and formulated
samples. The Cmax of MA in plasma determined for the
rats dosed with the microgel formulation and for the
control were 723� 66 ngmL�1 and 496� 36 ngmL�1,
respectively (P¼ 0.04), and the AUC values were
9261� 1451 ng hmL�1 and 4953� 402 ng hmL�1, respec-
tively (P¼ 0.06). The time to achieve Cmax was 10 h for the
group treated with the microgel formulation and only 3 h
for the control group.

These results demonstrate a significant increase in
bioavailability of the drug. Importantly, the time to
reach Cmax for the microgel-formulated MA was 3-fold
longer than that of the non-formulated drug and Pluronic
formulation, suggesting that microgel carrier indeed
increased the drug residence time at the absorption site,
probably owing to the enhanced retention of the microgel.
In order to verify the latter hypothesis, we studied the
passage of microgels through the gastrointestinal tract.

Passage of microgels through the gastrointestinal tract
Encouraged by the drug release results from microgel
formulations, we proceeded to the in-vivo study of the
microgel passage through the rat intestine. The study
was designed to monitor the microgel gastrointestinal dis-
tribution profile at times ranging from 15min to 6 h after
administration. The pH of 4.3 of the administered micro-
gel suspension was chosen because it allowed for a suffi-
ciently flowable formulation and modelled a successful
study of PAA transit through the gastrointestinal tract in
rats (Riley et al 2001b). The results of the passage study
are shown in Figure 4. Even at 15min after administra-
tion, no significant presence of the microgel was observed
in the oesophagus, with the most significant microgel
fraction retained in the stomach.

The progress of the microgel transit can be seen by
comparing the microgel distributions over time (Figure 4).
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tablets, and pH 1.8 compared with pH 6.8 for microgel tablets).
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Figure 3 Kinetics of megestrol acetate (MA) concentration in

plasma after oral administration of the control and microgel formu-

lations in a rat model. The dose of MA was 10mgkg�1 by gavage.

The formulation comprised a 1wt% aqueous suspension of the MA-

loaded microgels. *P<0.05, control versus microgel formulation.
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At 1h, significant fractions of the microgel were observed in
the stomach as well as in the lower parts of the small intes-
tine, whereas after 4 h, the largest fraction of the microgel
appeared in the large intestine. After 6 h, all of the microgel
fractions were concentrated in the lower gastrointestinal
tract. A similar transit profile has been observed with
ultra-high molecular weight PAA fractions (MW>3
MDa) in a rat model (Riley et al 2001b). Faeces, randomly
collected after 6 h, contained 12–16% of the microgel rela-
tive to the total in the gastrointestinal tract measured at 6 h.
Importantly, no significant fractions of the labelled micro-
gels were found in liver, kidney or blood samples, which
proves the absence of any systemic absorption.

Conclusions

We studied the effect of several Pluronic-based formula-
tions on the release and bioavailability of MA in-vitro and
in a rat model. The Pluronic copolymers possess surfactant
properties and self-assemble intomicelles in aqueous media.
The micelles solubilize hydrophobic drugs such as MA. It
was demonstrated that an aqueous formulation comprising
a mixture of hydrophobic (L61) and hydrophilic (F127)
Pluronic copolymers significantly enhanced bioavailability
of orally administered MA at doses up to 7mgkg�1. The
enhancement effect plateaued at a MA dose of 10mgkg�1.
In the present study, we used novel Pluronic-based micro-
gels as drug vehicles in oral administration. The microgels
(spherical gel particles of sub-millimetre size) comprise a

cross-linked network of PAA onto which the Pluronic
chains are covalently attached. The feasibility of microgels
based on hydrophobic Pluronic L92 and PAA in tablet
preparations was demonstrated. The tablets exhibited dra-
matically lower MA initial burst release compared with the
control (lactose-based dosage form). Moreover, the MA
release was pH-dependent, with the drug retained by the
microgel at pH 1.8 and released slowly at pH 6.8. The
microgel particles provided a superior drug retention cap-
ability at acidic pH when compared with Carbopol 974. In
the rat model, a significant increase of MA bioavailability
was observed when themicrogel-formulatedMAwas admin-
istered orally, as a result of the enhanced retention of the
microgel. The study of the microgel passage through the
gastrointestinal tract proved both the microgel retention
characteristic of a very high molecular weight polymer and
the absence of any systemic absorption of the polymer.
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