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ABSTRACT
Purpose To investigate the physical processes involved in the
emulsification of self-emulsifying drug delivery systems
(SEDDSs) and the use of the Dynamic Gastric Model (DGM)
as a characterisation tool.
Methods SEDDSs based on soybean oil, Tween 80, Span 80
and ibuprofen were prepared and their equilibrium phase
diagrams established. The emulsification behaviour in a range
of media was studied using polarised light microscopy and
particle sizing. The behaviour of the SEDDSs in the DGM and
conventional testing equipment was assessed.
Results A range of liquid crystalline mesophases was ob-
served, enhanced in the presence of the drug. Polarised light
microscopy showed different emulsification processes in the
presence and absence of the drug, which was also manifest in
different droplet sizes. The droplet size distribution varied
between the DGM and the USP II dissolution apparatus.
Conclusions The model SEDDS displays complex liquid
crystalline behaviour which may be intimately involved in the
emulsification process, which in turn may alter particle size on
emulsification, although there remains a question as to the in
vivo significance of this effect. Furthermore, we demonstrate
that the DGM represents a very promising new method of
assessing the biological fate of SEDDSs.
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ABBREVIATIONS
AGJwp artificial gastric juice without pepsin
DGM dynamic gastric model
HCl hydrochloric acid
SEDDS self-emulsifying drug delivery systems

INTRODUCTION

Lipid-based drug delivery systems have attracted consider-
able interest as a means of enhancing the bioavailability of
drugs with poor water solubility (1,2). However, the
physico-chemical processes associated with emulsification,
the mechanism of absorption enhancement and the link
between the two are not well understood. These dosage
forms are classified into four categories: Types I, II, III (A
and B) and IV (3), depending on the ease of emulsification
and the product so formed. Of particular note are the self-
emulsifying drug delivery systems (SEDDS); these are
defined as an anhydrous mixture of drugs with oil,
surfactant and (possibly) cosurfactant, which spontaneously
form a fine emulsion or microemulsion upon contact with
fluids present within the gastrointestinal tract (1). Several
advantages of such systems have been described com-
pared to basic oil formulations, not least being more
consistent plasma profiles compared to the more erratic
responses seen from conventional lipid formulations (4). In
general, SEDDS are administered in hard or soft capsules,
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as they are generally of liquid, gel or soft waxy consistency,
although solid SEDDSs have also been investigated (5,6).

A wide range of SEDDS formulations have been studied
in the literature, using a variety of naturally occurring oils,
partially refined oils, triglycerides of defined composition,
semi-synthetic mixtures of triglycerides, co-solvents such as
ethanol, and surfactants of different chemical descriptions.
The initial selection of the excipient mixture is usually
based on the relative ability of the mixture to self-emulsify
or self-micro-emulsify, the droplet size of the resulting
emulsion or microemulsion, and the solubility of the drug
within the vehicles. It should be noted that very few studies
have investigated the effect of addition of the drug on the
emulsification properties of these systems (7–9). Similarly,
studies on the relationship between (micro-) emulsion
droplet dimensions and enhancement of the drug bioavail-
ability have produced ambiguous results. The work of some
authors has indicated that a reduction in droplet size is
followed by an increase in bioavailability of the drug, which
was interpreted in terms of an increase in the surface area
available for absorption (10–12). Cyclosporin A has been
used extensively as a clinically important model drug in
these studies. In situ perfusion studies in rats showed that a
reduction in the droplet size of olive-oil-based emulsions
resulted in an increased oral bioavailability (10). The
human oral bioavailability of cyclosporin A was shown to
be higher and more reproducible from a preformed
microemulsion formulation (Sandimmune Neoral® con-
taining polyoxyethylated castor oil and medium chain
mono- and di-glycerides) than from the (at the time)
marketed product, Sandimmune®, which produces a
coarse emulsion on ingestion (11). Further work (12)
examined a range of microemulsion formulations of cyclo-
sporin A and again suggested that the improved human
oral bioavailability compared to Sandimmune® was due to
the reduced particle size of the microemulsion formulation.
However, other authors found that droplets with similar
size produced markedly different bioavailability results,
indicating compositional dependence (13–15). For example,
the oral bioavailability in dogs of halofantrine from a range
of complex self-emulsifying and self-microemulsifying sys-
tems was found to be more dependent on their precise lipid
composition than their droplet sizes (13), with formulations
based on long-chain triglycerides appearing to give higher
bioavailabilities than those based on medium-chain trigly-
cerides. A subsequent study (14) examined this aspect in
more depth, again using halofantrine as the model drug.
For compositions of equivalent droplet size once emulsified,
formulations containing triglycerides esterified at the 1- and
3- positions with a medium-chain fatty acid and at the 2-
position with a long-chain fatty acid (MLM) showed a
greater oral bioavailability than those containing triglycer-
ides esterified at the 1- and 3- positions with a long-chain

fatty acid and at the 2- position with a medium-chain fatty
acid (LML). The authors ascribed this to a difference in the
relative lymphatic and portal absorption of the two
different formulations. The extent of lipid digestion after
oral administration and the subsequent release of the drug,
either into a precipitated pellet phase or solubilised into a
colloidal structure, was suggested as an explanation for the
marked differences in oral bioavailability of danazol seen in
beagle dogs from self-microemulsifying systems composed of
long- or medium-chain triglycerides (15), even though both
formulations showed similar droplet sizes once emulsified and
similar dispersion behaviour. In a further study, no difference
in the oral bioavailability of probucol in mini-pigs was found
when comparing self-emulsifiable formulations of the same
composition based on sesame oil, Cremophor and Masine,
but with a difference in droplet size of 100-fold (16).

There is, therefore, a limited understanding of the link
between composition, emulsification behaviour and bio-
availability, and a simple, direct relationship may not exist
in all cases. Indeed, there is considerable evidence (e.g. 15)
to suggest that the digestion of the SEDDSs plays a leading
role in bioavailability enhancement, as is now well
established for conventional lipid delivery systems (17,18).
A recent study focused on the evaluation of the impact of
gastric digestion on the bioavailability of the model drug
cinnarizine from lipid-based formulations composed of
medium- and long-chain lipids (19). The results showed
that the bioavailability of the poorly water-soluble drug
administered orally to rats was higher than that of the same
formulation administered intraduodenally, suggesting a
pivotal role played by gastric processing. Furthermore, the
authors suggested that formulations containing medium-
chain lipids are influenced by such processing more than
formulations containing long-chain fatty acids, in turn
indicating a composition dependence of bioavailability with
respect to the digestibility of the oil phase.

In this investigation, we studied the link between the
physico-chemical aspects of the emulsification process and
the fate of those emulsions in the stomach using the
Dynamic Gastric Model (described in more detail below).
There is compelling evidence that the behaviour of
SEDDSs is highly species-dependent, this being ascribed
to the amount of fluid within the gastrointestinal tract
having an effect on the extent of self-emulsification (19,20).
In humans, gastric digestion of either coarse (>20 μm) or
fine (1 μm) emulsions has been shown to result in droplets
between 15 and 20 μm, irrespective of the initial size, as a
product of the enzymatic digestion and shear forces in the
stomach (21,22). It is therefore of considerable interest to
develop our understanding of how SEDDSs behave in the
human stomach, not least because it is necessary to establish
whether there is indeed any evidence for the emulsification
process per se having a significant influence on bioavailability.
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The aim of this study is to provide a link between the
formulation, the emulsification process and the fate of the
emulsion in the stomach using the Dynamic Gastric Model
(DGM). The DGM is an automated system which allows
both the composition and mechanical movement of the
stomach to be simulated, thereby providing a unique means
of mimicking the effects of the human stomach on dosage
forms without the need to resort to volunteer or patient
studies or (unreliable) animal studies. More specifically,
during the study, we examined the phase behaviour of a
model emulsion system (Span 80, Tween 80, soybean oil)
with and without inclusion of ibuprofen as a model drug.
We then examined the mechanism and process of emulsi-
fication using microscopy and particle size analysis. Finally,
we used the DGM to examine the effects of gastric
conditions on the emulsification process, including a
validation study to ascertain the reliability of the DGM as
a means of mimicking in vivo behaviour. In this manner, we
intended to derive a reliable impression of the emulsifica-
tion process within the stomach in relation to composition
and gastric conditions, thereby allowing insights into the
likely emulsification behaviour of these systems on inges-
tion.

This study is part of a larger investigation into the
behaviour of drug-loaded SEDDSs, including an examina-
tion of the location of the drug within the system during the
emulsification process (to be reported in a subsequent
paper); hence, a relatively simple model emulsifiable system
was required to expedite the analytical procedures and to
aid interpretation of the data obtained. Many self-
emulsifying formulations reported in the literature contain
a range of components additional to those in this study,
such as co-solvents (e.g. ethanol) to improve the solubility of
the drug in the formulation and partial glycerides to reflect
the products formed after digestion. The simple formulation
examined here is intended, therefore, to provide a baseline
from which the behaviour of more complicated formulations
can be extrapolated.

The three excipients used here (Span 80, Tween 80,
soybean oil) are easily available in pharmaceutical grades
and are commonly used in pharmaceutical formulations.
Ibuprofen (log P=3.6) was used as a model drug for three
reasons: 1) it is a BCS Class II drug, i.e. low solubility and
high permeability, and is therefore representative of a
class of drug that should benefit from formulation in a
SEDDS; 2) it is known to be weakly surfactant-like so may be
expected to affect the emulsification behaviour of the system;
3) its clinical dose is relatively high so when used at these
concentrations may represent something of a "worst case
scenario" for formulations of SEDDS. Ibuprofen easily
dissolves in the SEDDS formulations used here at 12%w/v
(the highest concentration tested), but was used throughout
the study at a concentration of 6%w/w to avoid issues of

saturation and precipitation. Although it wasn't the purpose
of this study to examine it in depth, initial experiments
indicated that there was some solubility enhancement of
ibuprofen in the final SEDDS formulation compared to the
three individual components.

MATERIALS AND METHODS

Materials

Span 80 (Sigma, Poole, UK), Tween 80 (Sigma-Aldrich,
Gillingham, UK), soybean oil (Sigma, Poole, UK), egg L-
α-phosphatidylcholine (lecithin, grade 1, 99% purity) (Lipid
Products, South Nutfield, UK), porcine gastric mucosa
pepsin (activity 3,300 units/mg of protein calculated using
haemoglobin as substrate) (Sigma, Poole, UK) and a gastric
lipase analogue derived from Rhizopus orizae (Lipase F-
AP15) (Amano Enzyme Inc., Nagoya, Japan) were used as
received. Ibuprofen was a gift from BASF (Ludwigshafen,
Germany). Licaps® capsules were a gift from Capsugel
(division of Pfizer Inc., Bornem, Belgium). Other chemicals
and solvents used in this work were of analytical grade.
Three aqueous media were used as stated: water, 0.1 N
HCl and artificial gastric juice without pepsin (AGJwp),
which is composed of 2 g sodium chloride, 80 mL hydro-
chloric acid 1 N and water up to 1 L (23).

Construction of Pseudo-Ternary Phase Diagrams

The pseudo-ternary phase diagrams of the system Tween
80:Span 80 (1:1)/soybean oil/water, in the absence and
presence of model drug ibuprofen (6% w/w), were
constructed by carefully weighing each anhydrous component
mixture (total 1 g) into a glass vial. These mixtures were than
titrated at room temperature (25±1°C) by drop-wise addition
of MilliQ (18.2 mΩ) water. Equilibration of the system was
promoted using a magnetic stirrer set at low speed. After
equilibration (approximately 5 to 10 min), the appearance of
the system was observed visually and using microscopy (Leica
DM LS2 (Leica Microsystems GmbH, Wetzlar, Germany)),
and the formed phases were classified as follows: L2, when
addition of water produced a clear, transparent mixture; G,
when a viscous gel-like phase was formed, which did not show
birefringence under polarised light and no flow could be
observed on tilting the vial at 90°; LC, when an opaque fluid
system consisting of liquid crystalline mesophases were
observed (detected via birefringence); and E when a free
flowing o/w emulsion was formed. Based on these and visual
observations of emulsification in larger volumes of water, the
mixture chosen to represent self-emulsification for subsequent
studies had the following composition: 65% soybean oil,
17.5% Span 80 and 17.5% Tween 80 (w/w).
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Observation of Self-Emulsification Using Microscopy

The self-emulsification of the SEDDS was investigated
using a modification of the method proposed by Lim and
Miller (24). One end of a hollow borosilicate glass capillary
(VitroCom, Mt. Lks., N.J.), with dimensions of 0.6×6.0×
50 mm and wall thickness of 0.4 mm, was sealed with
parafilm M (Alcan Packaging, Neenah, WI); the capillary
was filled through the open side with an aqueous medium
and mounted on a microscope glass slide. The self-
emulsification mechanism was assessed at room tempera-
ture (25±1°C) by injecting between 0.2 and 0.5 μL of
SEDDS (n=3) with a Hamilton syringe (Bonaduz, Switzer-
land) and observing the behaviour of the injected droplet
using an optical microscope (as above) equipped with
magnification lenses (x4 and x20) and a video camera
(Panasonic WV CL310) interfaced to a computer through a
capture device (o100vc.dll Osprey Capture Card 1).
Polarised light was used in order to investigate the
formation of liquid crystalline mesophases during self-
emulsification. Images of the self-emulsification process in
the various media were also taken using a bright field and
polarising optics of an Olympus BX60 (Olympus, Japan)
light microscope (x4 and x10). Images were recorded using
a ProgRes Capture Pro 2.1 digital camera and software
(Jenoptik, Germany).

Droplet Size Measurement

The droplet size was measured on a Coulter LS-230 laser
light-scattering apparatus (Beckam, High Wycombe, UK),
equipped with polarisation intensity differential scattering
PIDS (0.04 to 2,000 μm) and a small volume modulus.
Detector offset and beam alignment were performed every
hour. The cell was rinsed twice and filled with degassed
MilliQ water prior to running the background calibration.
After calibration, an appropriate aliquot of the emulsion
was injected into the cell with the aid of a glass pipette to
obtain an obscuration of the PIDS between 45 and 55%.
The refractive indices of soybean oil and water were used
in order to calculate reliable droplet size values. The
droplet size is given in terms of D50, with the exception of
the coarse meal emulsion, for which the average mean
diameter was used in order to compare it with the in vivo
data (21,25).

Preparation of the SEDDS Dispersions

Dispersions of SEDDS placebo (soybean oil 65%, Span 80
17.5% and Tween 80 17.5%) and drug-loaded (ibuprofen
6%) formulations were prepared for droplet size analysis by
means of a) a volumetric flask method (n=3), b) USP
dissolution apparatus II (n=4), and c) the Dynamic Gastric

Model (n=4). Three aqueous media (water, 0.1 N HCl,
AGJwp) were investigated with methods a and b.

Volumetric Flask Method

Fifty μL of SEDDS were dispersed in 10 mL aqueous
medium at room temperature (c. 25°C). The self-
emulsification was aided by gently inverting the flask 20
times prior to measuring the droplet size of the resulting
emulsion.

USP Dissolution Apparatus II

Empty Licaps® capsules were filled with ~500 mg of
SEDDS the day prior the experiment. A USP Dissolution
apparatus II (Diss 8000, Copley Scientific, Nottingham,
UK) equipped with a temperature controller unit (FH 16-D
Copley Scientific, Nottingham, UK) was filled with 250 mL
of aqueous medium in order to simulate the physiological
amount of fluids in the stomach (between 250 and 300 mL
(26)). The paddle speed was set at 60 rpm, and temperature
was 37°C. Each capsule contained ten glass beads of 2 mm
in diameter, to avoid floating of the capsule. Samples
(approximately 30 mL) were collected after 25 min and
stored under ice pending droplet size analysis.

Dynamic Gastric Model

The Dynamic Gastric Model (DGM) is the first dynamic in
vitro model of the human stomach which is able to replicate
its digestive functions of transforming the bolus into chyme.
It has been developed at the Institute of Food Research
(Norwich, UK) after intensive studies of the digestive
process in healthy human volunteers using Echo-Planar
Nuclear Magnetic Resonance Imaging and ileostomy
patients (27–35). The DGM (Fig. 1) is composed of a main
body and antrum. In the former, the dynamic addition of
gastric juices occurs, while the latter is comprised of a
piston and a barrel, the movements of which mimic the
mechanical process of food breakdown and mixing. A valve
allows the reflux of materials between the main body and
antrum and also delivers the chyme into the "duodenum."
In analogy to the human stomach, the "ingested" material is
subjected to acid, enzymatic and mechanical processing.
The gastric secretions present the same composition of the
in vivo secretions, and the enzymatic digestion is accom-
plished by gastric lipase and pepsin. The addition of acid is
regulated through a feed back mechanism, and the pH is
monitored throughout by a pH meter; hence, a dynamic
addition of acid with time can be achieved, which depends
on the buffering capacity of the sample. The enzyme
addition depends on the type and amount of material that
need to be digested, as is the case in vivo. In addition, the

SEDDS: Microscopy and DGM Studies 1543



operator can set the rate of addition; thus, it follows the in
vivo rate and is determined depending on the physico-
chemical characteristics (e.g. calorific content, viscosity,
density, etc.) of the meal. The delivery of the chyme follows
a temporal release, in analogy to the release of chyme from
the pylorus to the duodenum; hence, the samples collected
with time will differ in composition and order of processing.
The DGM not only replicates the physiological addition of
gastric secretion as observed in vivo, but it is also able to
reproduce, in the top section representing the main body of
the stomach, gentle pulsatile contractions, and in the lower
part, representing the antrum, the strong breaking forces
(36) observed in vivo (34).

The DGM was primed with 20 mL of acid solution
(0.01 N HCl solution containing salts) to simulate the acid
residual in the fasted state. To compare more directly with
the dissolution bath and volumetric flask methods, the
DGM was run in the "fasted" state, i.e. 250 mL of water
representing a standard glass of water taken with oral
medication was added to the DGM with no "foodstuffs." A
sample capsule (prepared as for the dissolution apparatus
experiment but without the additions of the glass beads) was
then added at the start of the experiment. Acid and
enzymatic secretions were automatically added following a
designed recipe through a feed back mechanism controlled
by a computer. At predefined time intervals, samples were
collected for droplet size analysis. A total of eight fractions
were collected over even time periods over 25 min; the last
two fractions (F8 and F9) were pooled together, as the latter
comprised a very small volume. The enzymatic secretions
were added according to the calorific content of the

SEDDS, and the acid secretions were added through a
feedback mechanism to reach a resting pH of 1.8 at the end
of digestion. The DGM temperature was set to 37°C for
the experiment.

Validation of the DGM. In order to ascertain that the droplet
size obtained with the DGM can be reasonably considered
to correspond to the in vivo situation, a test meal analogous
to that previously used in human subjects (21,25) was used.
The objective was to compare the particle size of the chyme
produced by the DGM with the in vivo data. The meal
consisted of 400 mL of a coarse emulsion containing 70 g
commercial extra-virgin olive oil, one whole egg, one egg
white, 70 g sucrose with an aqueous phase of 0.15 mM
solution of NaCl. The total volume of the emulsion
prepared was 400 mL and the final pH 7.5. Emulsification
of the meal was accomplished using a food processor (Ultra-
Turrax T25; Janke & Kunkel IKA® Labortechnik;
Germany), and the mixture was warmed in a water bath
(25°C) prior to the experiment. The DGM was fed with
20 mL acid solution, and then the meal was added in
totality. The droplet size of the fractions collected from
the DGM at 0, 20, 55, 90, 120, 160 and 190 min were
measured in triplicate using the method previously
described using the refraction index of olive oil to
calculate the droplet size. The study was run in triplicate.

Statistical Analysis

SigmaPlot (version 11.0, build 11.0.0.75, Systat Software,
Inc.) was used to analyse the results from the sizing studies.
The data were compared for statistical significance by one-
way analysis of variance (ANOVA) followed by pairwise
comparisons adjusted for multiplicity by the Tukey method.
A level of significance of p<0.05 was used. All results are
expressed as means±their standard deviations (± s.d.).

RESULTS

Derivation of Pseudo-Ternary Phase Diagrams

Pseudo-ternary phase diagrams were constructed in order
to examine the behaviour of the SEDDS components upon
dilution with water. Several phases were formed during
titration with water of the anhydrous placebo mixtures of
Span 80, Tween 80 and soybean oil; the various phases
were classified according to their macroscopic and, where
appropriate, microscopic appearance (Fig. 2a). Addition of
small amounts of water produced a visually clear system
(L2), which may consist of reverse micelles or weakly
aggregating systems or may otherwise be a w/o micro-

Fig. 1 Schematic diagram of the Dynamic Gastric Model showing the
main components forming the main body and the antrum.
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emulsion depending on the amount of water solubilised
(37). The samples appeared isotropic when observed under
polarised light.

Interestingly, the predominance of L2 was found to
decrease with increasing concentration of the oil, as the
solubilisation capacity of the water within the system is
dependent on the amount of surfactant (38). As titration
proceeded, the transparency of the system was lost, and an
opaque and more viscous phase was observed. This area,
defined as LC, was characterized by the presence of liquid
crystalline mesophases dispersed within, as the samples
showed birefringence when observed under polarised light.

The LC predominance increased as the surfactant content
was decreased. At increasing additions of water, a very
viscous and gel-like phase (G) was formed; this phase
appeared only when the oil concentration was lower than
37% and the surfactant concentration was between 25%
and 75%. A milky o/w emulsion (E) was observed when
higher amounts of water were added. The magenta circles
in Fig. 2 represent those compositions for which a fluid
system appeared to be formed within the gel area.

When 6% w/w ibuprofen was incorporated into the
system, the corresponding phase diagram showed differ-
ences compared to the placebo (Fig. 2b). In particular, the
most marked effect observed was the increase in area of the
L2 phase, while the LC and G phases appeared to be
slightly more prevalent than those observed in the absence
of the drug; the E phase was significantly reduced in area.
Also, a gel-liquid intermediate phase, indicated by the
orange circles, was observed. The observation that the drug
alters the phases formed during addition of water is an
indication that the ibuprofen is actively participating and
influencing the structuring of the system; in particular, the
drug appears to be increasing the predominance of the L2
and LC phases. This may be a reflection of the surface-
active nature of the drug, as suggested by previous studies
(39,40). This implied influence on the formation of liquid
crystalline mesophases may in turn reflect an influence on
the ease of self-emulsification of the system, as studied in
more depth below.

Microscopic Examination of the Self-Emulsifying
Process

The mechanism of self-emulsification was studied via direct
observation of the SEDDS/water interface, with a partic-
ular view to studying the effects of the model drug and the
composition of the aqueous media used (water, 0.1 N HCl
or AGJwp). After injection of the SEDDS placebo (65%
soybean oil, 35% surfactant) into any of the aqueous media
in the capillaries, fine droplets were observed to form from
and around a main oil droplet, the appearance of the latter
being characterised by transparency at the beginning of the
experiment, although after all emulsification activity ceased,
the droplet surface become opaque. Initially, the diameter
of the droplet increased with time, but this process was
counterbalanced by the ejection of material; hence, at the
end of the process, the overall size of the droplet was
reduced with respect to the initial size.

In the case of the placebo SEDDS injected into water,
0.1 N HCl or AGJwp, material was ejected from the surface
of the droplet through a mechanism which we propose
corresponds to the erosion process previously suggested by
Wakerly and co-authors (41); this is illustrated in Fig. 3 for
the AGJwp system. This proposed mechanism consists of
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Fig. 2 (A) Phase diagram of the system Span 80: Tween 80 (1:1)/
soybean oil/water. L2 indicates a w/o microemulsion, LC indicates an area
in which liquid crystals can be observed, G is a gel-like viscous phase and E
a o/w emulsion. The area in magenta represents an intermediate liquid-
like phase. (B) Phase diagram of the system Span 80:Tween 80 (1:1)/
soybean oil/water containing the model drug ibuprofen (6% w/w). The
orange area represents a fluid-like gel phase. All units are weight fractions.
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penetration of water into the droplet surface, inducing the
formation of a w/o microemulsion. As the water diffusing
into the system increases, liquid crystalline mesophases are
formed, while further penetration of water disrupts the
surface and induces ejection of smaller droplets. Our data
would suggest that this mechanism is applicable but that a
mass of material, rather than individual droplets, is ejected.
When the injected droplet was observed under polarised
light, the formation of birefringent structures was clearly
observed at the w/o interface at a location corresponding
to the ejection point. The display of birefringence can be
related to the formation of liquid crystalline mesophases
which are intimately associated with the ejection of material
from the droplet surface. This observation is shown in
Fig. 4, in which the formation of birefringent structures
precedes the ejection of material from the droplet. The

texture of the liquid crystals formed during the self-
emulsification process was identified as lamellar phase, as
their appearance was characteristic of this type of meso-
phase (42) (Fig. 5). We therefore propose that the system
forms lamellar liquid crystalline mesophases on contact with
aqueous media and that a mass of such material is ejected
during the emulsification process. It is logical to suggest that
these masses form the subsequent individual droplets,
although it was not possible to ascertain this for certain
using the approach described here. Changing the aqueous
media did not produce any modification of the behaviour
observed in water, except that more material was ejected
when the placebo SEDDS was injected into either 0.1 N
HCl or AGJwp with a more vigorous ejection process.

Injection of the formulation containing 6% w/w of
ibuprofen into water did not show any significant difference

150 µm
a b c 

Fig. 3 Photomicrographs of the SEDDS placebo in contact with AGJwp observed using polarised light microscopy (Leica DM LS2; x4 magnification).
Images show the interface during ejection, as indicated by the arrows (images a-c taken over 8 s). Bar=150 μm.

Fig. 4 Photomicrographs showing
the erosion process for the
SEDDS placebo formulation,
involving ejection of material from
the droplet surface on contact
with water as a function of time
(LeicaDM LS2; x20 magnification,
polarized light). Images show the
interface immediately prior to and
during ejection, showing evidence
for the presence of birefringent
liquid crystalline mesophases at
the site of subsequent ejection,
as indicated by the arrows.
Bar=150 μm.
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compared to the placebo in terms of ejection of the material
from the droplet surface and liquid crystals formation.
However, a different mechanism was observed when the
formulation was injected in 0.1 N HCl or AGJwp (illustrated
for 0.1 N HCl in Fig. 6). Once the oil was injected, a
dramatic change in shape in the "main" droplet was
observed; the droplet assumed a cylindrical shape which
formed a neck that eventually broke down to form smaller
droplets (in the case of AGJwp, the cylinder did not always
break down into smaller droplets). The formation of
lamellar liquid crystalline mesophases was retained. Over-
all, therefore, the mechanism of droplet formation appears
to be markedly different in the presence of the drug, at least
for two of the dispersion media used. It is reasonable to
suggest that this is in turn linked to the observed changes in
the phase diagrams.

Validation of the DGM

In order to validate the novel use of the DGM as a means
of modelling particle size effects following emulsification
within the human stomach, we compared the outputs from
the DGM with literature values for a model meal that had
previously been studied in vivo (21,25). In the in vivo study,
the meal was administered through a nasogastric tube, from
which 100 to 200 mL were aspirated at 1 h interval for 3 h;
20 mL were retained for analysis and the remaining were
readministered into the stomach. In the in vitro experiment
conducted here, the samples were collected from the DGM
ejection valve at regular time intervals.

Figure 7a shows the variation in mean droplet size of the
meal in vivo (21,25) and in vitro. The droplet size obtained
from the DGM appears to be of the same order of
magnitude as that obtained in vivo but was numerically
lower, though there was no statistical difference for the
samples at times 0, 55 and 60, 180 and 190 min (p>0.05),
with the exception of the measurement at 120 min. We
suggest that the differences such as were observed may be a
function of the differences in sampling between the two
methods.

It is likely that there is a degree of stratification of
particle sizes in the stomach, with larger droplets being
physically located at the top of the bolus and therefore
more likely to be extracted during sampling. Due to the
unavoidable shearing inherent in such a sampling process,
the emulsion droplets may have undergone some particle
size reduction during this process. The DGM has been
designed to mimic the forces and fluid flow within the

250 µm
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Fig. 6 Photomicrographs showing injection of a droplet of the ibuprofen-loaded SEDDS formulation into 0.1 NHCl under polarized light (Olympus BX60). The
pictures show that self-emulsification occurs through a process whereby the droplet entirety becomes distorted and breaks down into individual droplets.
Formation of lamellar liquid crystals is also observed. Images were taken over a period of 300 s. Bar=250 μm.

Fig. 5 Image of the texture formed by the SEDDS placebo formulation in
water under polarised light (Olympus BX60). The textures formed are
typical of the lamellar phase, in which Maltese crosses are easily identified.
Bar=100 μm.
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stomach; therefore, the particle size stratification in the
DGM should be equivalent to that in the stomach. Samples
for analysis are taken with very low shear directly from the
DGM exit valve, analogous to the pyloric sphincter, to
mimic the in vivo transfer of material from the stomach to
the duodenum, rather than from the bulk of the stomach
contents, as was the case with the in vivo studies described
here. Hence, particle size stratification will have resulted in
smaller droplets being released through the DGM exit valve
(pyloric sphincter) until the last sampling timepoint whereby
the larger droplets floating on the surface of the stomach
contents will have exited the DGM. Overall, therefore, a
slightly smaller droplet size would be expected to be
measured for the DGM, especially at the earlier timepoints,
which indeed was the case, although as indicated above,
this was not statistically significant.

The corrleation between the mean droplet size obtained
from the in vitro DGM studies and in vivo studies is seen in
7b. The observation that the particle size following
digestion in the DGM is similar to that of the human

stomach indicates that this in vitro system provides a
reasonable representation of gastric processing, which it is
therefore reasonable to utilise to monitor the fate of
SEDDS in the stomach.

A Comparison of the DGM and USP Methods

The droplet sizes of the placebo and drug-loaded SEDDS
were found to be dependent on the method of preparation
and also on the aqueous media used for the dispersion, as
shown in Fig. 8a. When the droplets of the placebo SEDDS
were prepared using the volumetric flask method, the size
observed between the two acidic aqueous media was
similar, while the droplet size in water was significantly
higher (p=0.031 for HCl and p=0.045 for AGJwp). For the
drug-loaded sample, the droplets showed again to have a
smaller size in the acidic media (p=0.004 for HCl and
p=0.004 for AGJwp). However, addition of ibuprofen
resulted in droplets which were significantly lower in size
than the corresponding placebo droplets, when dispersed
in either water (p<0.001), HCl (p=0.014) and AGJwp
(p=0.038).

In the case of the placebo droplets prepared using the USP
dissolution apparatus II, similar sizes were obtained in all three
media (p=0.933). When the drug-loaded formulation was
analysed, a reduction in size was observed for the samples
dispersed in both acidic media (p=1.000 for water, and p<
0.001 for HCl and AGJwp) when compared to the placebo.
Thus far, therefore, the most marked effect is that inclusion of
the drug has resulted in a decrease of particle size for both
methods. Perhaps surprisingly, examination of Fig. 8a also
indicates that the absolute values of median particle size are
greater for the USP dissolution apparatus method despite the
more prolonged mechanical agitation induced by this
approach compared to the volumetric method. This may
indicate that it is the vigour of agitation rather than the time
involved that is the critical factor in determining size.

The more extensive range of sampling times utilised for
the DGM study allows the investigation of the droplet size
of the SEDDS at different extents of gastric processing, thus
allowing imitation of the range of conditions in which they
would be delivered into the small intestine (Fig. 8b). It is
interesting to note that the particle size did not appear to
vary greatly until the last collection times (fractions F8
and F9), whereby a significant increase in size was
observed (p<0.001). The drug-loaded formulation pro-
duced droplets of similar magnitude to the earlier
samples, with the exception of samples F2 and F3, which
were significantly smaller (p=0.032 and p=0.036, re-
spectively). The increase in size for the F8 and F9 was
again observed, albeit less marked than for the placebo.

There are therefore three key observations from this
data set. First, the drug-loaded and placebo emulsions
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Fig. 7 (A) Variation of the droplet size (expressed as mean) of a test
emulsion with time during gastric processing in vivo (21,25) and in vitro
(DGM). (B) One-to-one correlations between the droplet size of a meal
emulsion in vitro and in vivo.
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showed broadly similar size distributions in the DGM,
indicating that any changes in mechanism or emulsification
tendency between the two systems have been superseded by
other factors, the most logical suggestion being the
mechanical agitation associated with the DGM. Second,
surprisingly, the DGM results are closer to the volumetric
flask results than they are to the USP dissolution apparatus
approach, showing a much lower size for both types of
emulsion. This further supports the suggestion that the
vigour of mechanical agitation is highly important in
determining size, despite these systems being theoretically
self-emulsifying and hence requiring little or no agitation.
The final observation is that the emulsion appears to be
stable within the (model) stomach, with little change in size
seen up until the final samples. It is feasible that this
represents either poorly emulsified material with initially

larger droplet size that floated on the stomach surface or
instability and coalescence of the droplets. Nevertheless, the
key observation is that the emulsion is predicted to be
presented to the intestine in a remarkable uniform size for
the majority of the digestion process.

DISCUSSION

The study has addressed three issues associated with the
behaviour of SEEDSs: the mechanism of emulsification, the
particle size of the resulting emulsion as assessed by a range of
methods and the effect of the incorporation of a model drug on
the emulsification process. In addition, we describe the use of a
novel in vitro method to assess the behaviour of the emulsions
in the stomach.

There appear to be two mechanisms by which emulsi-
fication takes place. The first involves the budding off or
erosion of material from the surface of larger droplets, this
involving the presence of lamellar liquid crystalline phases
whose presence was confirmed by the establishment of
pseudo-ternary phase diagrams. The second involves
distortion and breakup of the larger particles. While some
differences were observed depending on the aqueous
medium used, the key factor influencing mechanism
appeared to be the presence of the drug ibuprofen, which
was also shown to influence the compositional dependence
of the liquid crystalline phases for the phase diagram
studies. It is suggested that the surface activity of the drug
may well be of relevance to these observations, but overall,
the study has clearly shown that the drug must be
considered as a contributing factor to the emulsification
properties of the SEDDS (although a corollary to this is
outlined below).

Many different SEDDS formulations have been studied
in the literature, although the exact phase behaviour of
most of them has not been determined. It is reasonable to
suspect that the phase behaviour of multi-component
systems will be even more complicated than that of the
relatively simple system studied here, with differing extents
of the LC, L2 and G phases being observed. Particularly for
systems which have a small amount of water added during
the formulation stage (i.e. before oral ingestion), the phase
behaviour is likely to be considerably different to that
observed here for an anhydrous system. Given that the
emulsification appears to be via a liquid crystalline
intermediate stage, the relative extent of the LC phase
would seem to be crucial. The observation here that the
presence of the drug altered the phase behaviour of the
system and resulted in a decreased droplet size on in vitro
assessment is significant and suggests that the effect of
incorporation of the drug into such a formulation should be
investigated more routinely.
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Fig. 8 (A) Droplet size (D50) of SEDDS containing 0 and 6% of
ibuprofen dispersed in water, HCl 0.1 N and AGJwp using the dissolution
apparatus II and the volumetric flask methods. (B) Droplet size (D50) of
SEDDS containing 0 and 6% of ibuprofen for the eight fractions obtained
during simulation of gastric digestion using the DGM. Bars represent the
standard deviation.
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Particle size was assessed using a range of approaches
ranging from microscopic, in which individual droplet sizes
were assessed, to more conventional methods such as the
volumetric flask and USP dissolution methods. In all cases,
a trend of decreasing size with drug addition was noted,
again suggesting the influence of the drug on the emulsi-
fication process. However, of particular significance is the
introduction of the DGM as a novel means of modelling the
action of the human stomach on the SEDDS emulsifica-
tion. We present a validation study which supports the
biorelevance of this model to the in vivo situation. For the
SEDDS under study here, the DGM indicated that the
particle size is lower than that predicted by the USP
dissolution apparatus, while the effect of the drug was much
smaller than the other in vitro methods would seem to
suggest. We propose that the vigour of the mechanical
movement of the stomach supersedes the formulation
effects, leading to a small, uniform size distribution
irrespective of the presence of the drug.

We have therefore attempted to provide a link between
the physical chemistry of the emulsification process of
SEDDSs and the emulsification behaviour in vivo. The study
suggests that while the precise SEDDS formulation,
including the presence or absence of drug, may significantly
alter the emulsification process in vitro, the likely situation in
vivo is that the mechanical agitation of the stomach may
result in considerable and largely uniform particle size
reduction irrespective of the formulation. This is in
agreement with the previously observed effects of digestion
and shearing in the stomach on pre-formed coarse
emulsions, as discussed earlier (21,22). Clearly, caution is
required in extrapolating this principle to other SEDDS
formulations and drugs, but, nevertheless, the data clearly
suggest that the interplay between the fundamental process
of emulsification and the behaviour in vivo may be less than
is sometimes assumed. Furthermore, the study opens up a
means of assessment whereby issues such as the presence of
food and changes in the degree of agitation as may be
found, for example, in elderly patients may be modelled.

CONCLUSIONS

The investigation has explored the linkage between the
formulation of a model SEDDS system with and without
inclusion of the drug ibuprofen, the tendency to from
lamellar liquid crystals, the emulsification mechanism and
the droplet size profile, assessed using a range of methods
including the Dynamic Gastric Model (DGM). The data
indicate that the presence of the drug results in a lowering
of the droplet size and an alteration of the emulsification
mechanism, which may in turn be associated with changes
to the tendency to form liquid crystals, as assessed using

pseudo-ternary phase diagrams. However, the DGM
studies indicated that the SEDDS generated fine droplets
which remained stable within the gastric environment for
up to two hours, irrespective of the presence of the drug. It
is concluded that while the drug may alter the emulsifica-
tion process and mechanism, in a biological environment
such effects may be superseded by the mechanical move-
ment of the stomach, at least for the system under study
here. The investigation has also presented the DGM as a
novel and potentially highly useful novel means of assessing
emulsification in a biorelevant manner.
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