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Purpose. To investigate the structural development of the colloid phases generated during lipolysis of a

lipid-based formulation in an in vitro lipolysis model, which simulates digestion in the small intestine.

Materials and Methods. Small-Angle X-Ray scattering (SAXS) coupled with the in vitro lipolysis model

which accurately reproduces the solubilizing environment in the gastrointestinal tract and simulates

gastrointestinal lipid digestion through the use of bile and pancreatic extracts. The combined method

was used to follow the intermediate digestion products of a self nano emulsified drug delivery system

(SNEDDS) under fasted conditions. SNEDDS is developed to facilitate the uptake of poorly soluble

drugs.

Results. The data revealed that a lamellar phase forms immediately after initiation of lipolysis, whereas

a hexagonal phase is formed after 60 min. The change of the relative amounts of these phases clearly

demonstrates that lipolysis is a dynamic process. The formation of these phases is driven by the lipase

which continuously hydrolyzes triglycerides from the oil-cores of the nanoemulsion droplets into mono-

and diglycerides and fatty acids. We propose that this change of the over-all composition of the intestinal

fluid with increased fraction of hydrolyzed nanoemulsion induces a change in the composition and

effective critical packing parameter of the amphiphilic molecules, which determines the phase behavior

of the system. Control experiments (only the digestion medium) or the surfactant (Cremophor RH 40)

revealed the formation of a lamellar phase demonstrating that the hexagonal phase is due to the

hydrolysis of the SNEDDS formulation.

Conclusions. The current results demonstrate that SAXS measurements combined with the in vitro

dynamic lipolysis model may be used to elucidate the processes encountered during the digestion of

lipid-based formulations of poorly soluble drugs for oral drug delivery. Thus the combined methods may

act as an efficient screening tool.
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INTRODUCTION

Oral administration is the most popular route of admin-
istration for the majority of drugs. However, poorly soluble
drugs often have a low and variable oral bioavailability due

to inherent low solubility and slow dissolution rate in the
primarily aqueous contents of the gastrointestinal tract. In an
attempt to improve the solubility-limited bioavailability
associated with these compounds, the use of lipid-based
formulations, in which the compounds can be in solution
prior to oral administration, has attracted a lot of attention
(1). However, the overall performance of these formulations
is highly dependent on the intermediate phases produced
during lipid digestion and their morphologies (2,3).

Therefore an in vitro method has been developed
describing the behaviour of poorly soluble compounds under
conditions simulating the fluids in the gastrointestinal tract.
The method make it possible to explore the relation between
the in vitro findings and the in vivo performance of the
formulations (4). The in vitro dynamic lipid digestion model
can offer information regarding drug partitioning during
hydrolysis of triacylglycerides and help predicting which type
of lipid will increase concentration of solubilized drug in the
intestinal fluids (5–7). The model allows sampling at different
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time points offering the opportunity to follow the lipolytic
process as a function of time.

The physicochemical nature of the lipid material in the
GI tract was first described in the early 1960s (8,9). The liquid
crystalline phase produced during lipid digestion was first
confirmed by light microscopy (10,11). However, in vivo

lipolysis is a dynamic process. Multilamellar liquid-crystalline
phases are formed continuously at the surface of the oil
droplets and have a high ratio of lipolytic products to bile
salts (LP: BS ratio). They are transformed first to multi-
lamellar vesicles and secondly to unilamellar vesicles by
increasing incorporation of BS. By further incorporation of
BS, the LP: BS ratio decreases to unity or lower, whereby
unilamellar vesicles are transformed to mixed micelles (12).

The aim of the present study is to evaluate the use of
Small-Angle X-ray Scattering coupled with the in vitro digestion
model to elucidate the mechanisms occurring during digestion
of lipid-based formulations. For this purpose a self nano-
emulsifying drug delivery system is Bdigested^ in conditions
mimicking the fasted state in the gastrointestinal tract. Previ-
ously, SAXS has been used to investigate the effect of a
microbial lipase on the formation of lipid liquid crystalline
phases in a monoolein-water system (13,14). This study is to our
best knowledge the first application of the method to investigate
the dynamic process of digestion of pharmaceutical relevant
lipid-based formulations.

MATERIALS AND METHODS

Materials

Pancreatin (porcine), bile extract (porcine) and sesame
oil were purchased from Sigma-Aldrich, USA. 4-bromoben-
zeneboronic acid (BBBA) was purchased from Lancaster,
Germany. Cremophor RH 40 was purchased from BASF,
Germany and Maisine 35-1 from Gattefossé, France respec-
tively. Phosphatidylcholine Epikuron 200 (purity, minimum
92%) was kindly donated from Degussa, Germany. The
water used was obtained from a Milli-Q-water purification
system, Millipore, MA, USA. All other chemicals were of
analytical grade.

Preparation of Formulation for the Self-Nano Emulsifying
Drug Delivery System (SNEDDS-formulation)

A previously developed self-nano emulsifying drug deliv-
ery system (SNEDDS) was used in this study (15). The
SNEDDS formulation basically consists of a mixture of oil,
surfactant and ethanol. When the formulation is dispersed in
an aqueous phase, nano-sized surfactant-covered oil-droplets
are spontaneously formed. The applied SNEDDS formulation
consisted of a total of 60% w/w oil which was a mixture of long
chain triglycerides (LCT): Sesame oil (30% w/w), containing
mono-, di- and triacylglycerides (primarily oleic an linoleic),
and Maisine 35-1 (30% w/w) mainly mono-, and diacylglycer-
ides (primarily containing oleic and linoleic fatty acids), the
surfactant Cremophor RH 40 (30% w/w) which is a poly-
ethoxylated hydrogenated castor oil with a high HLB (12–14)
and ethanol (10% w/w) which acts as a co-solvent.

Lipolysis Medium

In the current study a concentration of 5 mM of bile salts
and 1 mM of phosphatidylcholine EPIKURON 200 (phos-
pholipid fraction, min. 92% PC) (Degussa, Germany) was
used. This simulates the fasted conditions in the GI tract (16).
The phase equilibrium between Epikuron 200 and water has
been characterized previously (17). The composition of the
digestion buffer was 150 mM NaCl, 2 mM Trizma maleate
pH 6.5 and the final volume 300 ml. The Trizma-maleate con-
centration was chosen to be low (2 mM) to secure that ionized
fatty acids are able to change pH (18). A buffer with low ca-
pacity was chosen in order for the released fatty acids to be
able to reduce the pH, thereby triggering the addition of NaOH.
We chose pH 6.5 as a compromise between the optimum for
the pancreas lipase, which is between 6 and 10 (19) and the
measured small intestine pH, which is around 6.0–7.0 (20).

Preparation of Lipase Suspension

The lipase suspension was prepared in accordance with the
method described previously (5) to give an activity of 800 USP
units/ml. Briefly 16.6 g of pancreatin was weighted accurately,
suspended in 110 ml of Millipore water at 37-C and mixed
thoroughly. The suspension was centrifuged for 7 min at
4,000 rpm at 37-C and the pH of the supernatant was
adjusted to 6.5 using 1.00 M NaOH. One hundred milliliters
of the pH-adjusted supernatant was used for the study. In
order to minimize denaturation, the time spent on preparing the
suspension did not exceed 15 min. The lipase activity of
pancreatin was determined in accordance with United States
Pharmacopeia 26, 2003 (21).

In vitro Digestion Study

The experimental set-up of the in vitro lipolysis model is
presented in Fig. 1. A pH-stat titrate a controlled volume of
NaOH to maintain the initial pH. The number of OH- ions
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Fig. 1. Lipolysis set-up. It consists of a thermostated double wall

reaction vessel, the pH-stat with the auto burette for the addition of

NaOH, a peristaltic pump for the addition of CaCl2 and the computer

with the software for the titration experiments. The temperature is

monitored during the experiment with a thermocouple. The experiment

is performed under continuous agitation at 37-C.
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present in the volume of the titrant can be equated with the
fatty acid liberation caused by lipolysis.

The bile salt, phospatidylcholine and buffer of the
lipolysis medium were mixed in a thermostatically controlled
vessel (37-C). Three g of the SNEDDS formulation was
added to the obtained 300 ml of the bile salt medium, giving a
final concentration of 1% w/v. The pH of the medium was
adjusted to 6.5 with 1.0 M NaOH. The lipolysis process was
initiated by adding the 100 ml lipase suspension. In the
dynamic lipolysis model the continuous addition of calcium
chloride solution serves to control accumulation of FA in the
medium by forming insoluble calcium FA soaps, which
precipitate thus removing FA from the system and prevent-
ing accumulation (22). Therefore a continuous addition of a
0.5 M Ca2+ solution was started at time zero with a
dispensing rate of 0.045 mM/min. Throughout the study pH
was kept constant at 6.5 by means of a pH-stat (Titrino 718
with burette from Methrohm, Switzerland). The software
used was Tinet, version 2.3 also from Methrohm.

At 0, 5 15, 30, 60 and 90 min, 20-ml samples were
withdrawn and the lipase was inhibited immediately with a 4-
bromobenzeneboronic acid (BBBA) Lancaster, Germany
solution as described previously (5). The time zero sample
was taken just after adjustment of the pH in the medium.

Lipolysis studies containing only the digestion medium
or Cremophor RH 40 in the same amount as present in the
SNEDDS formulation were performed as well, serving as
controls.

Small Angle X-ray Scattering Studies

The samples withdrawn at 0, 5 15, 30, 60 and 90 min
were transferred to quartz capillaries and SAXS measure-
ments were performed at 37-C on a Bruker Nanostar SAXS
instrument optimized for solution scattering (23). Approxi-
mately 0.3 ml of sample was used for each measurement. The
duration between the sample quenching and the SAXS
pattern acquisition was approximately 10 h. In order to
investigate the stability of the samples with respect to phase
separation and sedimentation, SAXS measurements on the
same samples were performed several times with waiting
periods in between. Data collected from the scattering
patterns were converted to intensity vs the scattering vector
q = (4 p/l ) sin (q), where l = 0.154 nm is the X-ray
wavelength and 2q is the angle between the incident and
scattered X-rays.

Cryo-TEM Studies

The samples for the Cryo-TEM studies were prepared in
a controlled environment vitrification system (CEVS). A
small amount of the sample (5 ml) was put on a carbon film
supported by a copper grid and blotted with filter paper to
obtain a thin liquid film on the grid. The grid was quenched
in liquid ethane at j180-C and transferred to liquid nitrogen
(j196-C). The oil droplets in Trizma pH 6.5 were visualized
with Cryogenic electron microscopy, carried out with a TEM
microscope (Philips CM120 BioTWIN Cryo) equipped with a
post column energy filter (GATAN GIF 100) using an
Oxford CT3500 cryoholder. The acceleration voltage was
120 kV and the working temperature, j180-C. The images

were recorded with a CCD camera (Gatan 791) under low
dose conditions. The defocus was approximately 1 mm.

RESULTS

Size Distribution of the Nanoemulsion Droplets Formed
by the SNEDDS Formulation

The Cryo-TEM analysis shows that spherical emulsion
droplets are formed upon dilution of the SNEDDS emulsion
in Trizma maleate buffer, pH 6.5 [1% w/v] (Fig. 2a). The
SNEDDS size distribution was determined by Image Anal-
ysis program (24) (Fig. 2b). The average diameter of the oil
droplets obtained this way was 33.7 T 8.4 nm. These values
were in good agreement with the average size of the oil-cores
of the droplets of D ¼ 37:8 nm as determined from the
SAXS data by the fitting of a structural model for polydis-
perse spherical oil-droplets surrounded by a lipid/surfactant
layer (25) (Fig. 2c). The SAXS analysis furthermore showed
that the surrounding lipid/surfactant layer has a thickness of
on average 2.5 nm and that the obtained droplet size
distribution has a standard deviation, s, of 6.7 nm,
corresponding to �=D ¼ 18% (Fig. 2d).

Lipolysis of SNEDDS Formulation

The consumption of NaOH during the study, reflecting
the progress of lipolysis, is depicted in Fig. 3. Generally when
triacylglycerides hydrolyze, one monoglyceride and two fatty
acids are formed, and the consumption of NaOH can be
directly related to the fatty acids formed during lipolysis. The
percentage of hydrolyzed triacylglycerides was calculated
from the consumption of NaOH or in other words the
number of OH- ions in the titrant.

Studies with only the digestion medium and the surfac-
tant Cremophor RH 40 were performed as well serving as
controls. As can be seen from Fig. 3, Cremophor RH 40 is
not hydrolyzed, on the contrary, inhibits the lipolysis process
(the consumption of NaOH is reduced in the presence of the
surfactant, compared with the lipolysis only containing the
digestion medium). However at the end of the experiment
(after 90 min) the values are comparable.

The consumption of NaOH during the lipolysis of the
SNEDDS formulations differs significantly. This could be
attributed to the fact that the starting materials were from
different batches.

SAXS Analysis

The SAXS data recorded during the digestion process of
the SNEDDS formulation in fasted conditions are shown in
Fig. 4. Generally the relation between the Bragg distances for
a sample corresponds to the symmetries of liquid crystalline
phases formed. These distances follow the relation 1, ¾4, ¾9
for lamellar phases and the relation 1, ¾3, ¾4 for hexagonal
phases.

As it was expected, at the beginning of the reaction
(0 mins) the scattering intensity for both samples showed no
signs of liquid crystalline phases (Fig. 4a). After 5 min when
approximately 26% of the formulation (first experiment) had
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been hydrolyzed, a Bragg-like peak appeared at q = 1.3 nmj1

corresponding to a Bragg spacing d = 4.8 nm (Fig. 4b, black
line). After 5 min of hydrolysis in the second experiment only
18% of the formulation had been hydrolyzed, and no Bragg
peaks could be seen, indicating that the appearance of the
Bragg peaks are dependent on the degree of hydrolysis (Fig. 5b,
red line).

After, 15 min an additional, but much smaller peak,
became visible at q = 4.0 nmj1 corresponding to a Bragg
spacing of d = 1.6 nm. This scattering picture persisted up to
30 min (Fig. 4c and d, black line) corresponding to 60% of
hydrolysis of the formulation (first experiment). A similar
scattering picture appears for the second experiment as well,
when 35% of the lipid material was hydrolyzed, with the
appearance of a small peak visible at q = 1.3 nmj1

corresponding to a Bragg spacing d = 4.8 nm (Fig. 4c, red
line) followed by the appearance of three Bragg like peaks at
q = 1.3 nmj1 corresponding to a Bragg spacing d = 4.8 nm, at
q = 2.6 nmj1 corresponding to a Bragg spacing of d = 2.4 nm
and at q = 4.0 nmj1 corresponding to a Bragg spacing of d = 1.6
nm (Fig. 4d, red line).

After 60 min, when the hydrolysis had reached 86% for the
first experiment, an additional peak appeared at q = 1.9 nmj1

corresponding to a Bragg spacing of d = 3.3 nm (Fig. 4e, black
line). However in the second experiment only 40% of lipolysis
had been obtained after 60 min and therefore only the lamellar

phase was present (Fig. 4e, red line). This could be due to the
lower hydrolysis values obtained for the second one.

The intensity of the peak grew strongly (Fig. 4e and f,
black line) and at the end of the process (100% of hydrolysis),
a fourth peak became visible at q = 3.3 nmj1 corresponding to
Bragg spacings of d = 1.9 nm (Fig. 4f, black line) for the first
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experiment. For the second one the same peaks appear but
with weaker peak intensities probably due to the lower degree
of lipolysis. The samples were found stable since three
repeated SAXS measurements showed that phase separation
and sedimentation did not occur during the analysis (data not
shown).

As explained, the peaks appeared in pairs, first the peaks
at peaks at 1.3 and 4.0 nmj1 and then the peaks at peaks at
1.9 and 3.3 nmj1. Our data are in agreement with the formation

of an initial lamellar phase, (peaks at 1.3 and 4.0 nmj1)
followed by the formation of a hexagonal phase (peaks at
1.9 and 3.3 nmj1) during the digestion process. A lamellar
phase gives the characteristic ratio 1:2:3:4:... in peak position.
We only observe the first and third order peaks at the first
experiment of the SNEDDS formulation. This is probably due
to extinction of the second order peak due to form factor
oscillations of the lamellar structure (26,27). The hexagonal
phase gives the characteristic peak position pattern as 1: ¾3
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corresponding to (h, k) = (1, 0), (1, 1). Furthermore the gradual
change of the SAXS data and Bragg peak intensities with time
show that the amount of each phase is changing with time, and
thus that the lipolysis of lipid-based formulations is a dynamic
process. Indeed, the lamellar phase is dominating up to 60% of
hydrolysis of the formulation, however, as the lipolysis
proceeds a hexagonal phase appears co-existing with the
lamellar phase up to 80% of hydrolysis, and at the end, when
the lipolysis has been completed, the hexagonal phase becomes
the dominating phase in the system.

In order to elucidate how the formation of the interme-
diate colloidal phases can be affected by the presence of the

digestion medium (alone) and Cremophor RH 40 were
digested and their SAXS spectra were recorded under the
same conditions as the SNEDDS formulation.

The SAXS data recorded for the control (digestion
medium) and the Cremophor RH 40 are illustrated in Fig. 5.
The scattering intensity for the control exhibited no signs of
liquid crystalline phases up to 15 min. After 15 min, a Bragg-
like peak appeared at q = 1.3 nmj1 corresponding to a Bragg
spacing d = 4.8 nm (Fig. 5c, black line). This scattering picture
persisted up to 90 min (Fig. 5d, e and f, black line). However
with one peak reflection it is not possible to assign any
structures.

0 1 2 3 4 5
1E-3

0.01

0.1

1 a0 minutes

  Control (digestion medium)
  Cremophor RH 40

In
te

ns
ity

 [1
/c

m
]

Scattering vector [1/nm]

0 1 2 3 4 5

1E-3

0.01

0.1
2.4 nm

1.6 nm

4.8 nm
5 minutes b

Control (digestion medium)
Cremophor RH 40

In
te

ns
ity

 [1
/c

m
]

Scattering vector [1/nm]

0 1 2 3 4 5
1E-3

0.01

0.1

4.8 nm

c15 minutes

  Control (digestion medium)
  Cremophor RH 40

In
te

ns
ity

 [1
/c

m
]

Scattering vector [1/nm]

0 1 2 3 4 5
1E-3

0.01

0.1

1

2.4 nm
1.6 nm

4.8 nm

d30 minutes

Control (digestion medium)
 Cremophor RH 40

In
te

ns
ity

 [1
/c

m
]

Scattering vector [1/nm]

0 1 2 3 4 5
1E-3

0.01

0.1

4.8 nm

e60 minutes

 Control (digestion medium)
Cremophor RH 40

In
te

ns
ity

 [1
/c

m
]

Scattering vector [1/nm]

0 1 2 3 4 5

1E-3

0.01

0.1

4.8 nm f90 minutes

Control (digestion medium)
Cremophor RH 40

In
te

ns
ity

 [1
/c

m
]

Scattering vector [1/nm]

Fig. 5. SAXS spectra recorded for the control (only the medium) and the Cremophor RH 40 during digestion at 0, 5, 15, 30, 60 and 90 min. The

intensity is plotted versus the wave vector. For the peaks q = 2p/d, where d is the spacing between the lattice planes. The sequence of phase
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In the case of Cremophor RH 40, as it was expected, at
the beginning of the reaction (0 min) the scattering intensity
exhibited no signs of liquid crystalline phases (Fig. 5a). After
5 min of lipolysis, three Bragg-like peaks appeared at q = 1.3
nmj1 corresponding to a Bragg spacing d = 4.8 nm, at q = 2.6
nmj1 corresponding to a Bragg peak at d = 2.4 nm and at
q = 4.0 nmj1 corresponding to a Bragg spacing of d = 1.6 nm
giving evidence to the formation of a lamellar phase (1:2:3...),
(peaks at 1.3, 2.6 and 4.0 nmj1) during the digestion process
(Fig. 5b, red line). This phase persisted up to 90 min (Fig.c, d,
e and f, red line)

Since the intensities of the peaks corresponding to this
phase are practically constant, at least for the studied time
points, we can also conclude that it persists. Furthermore
60% of hydrolysis of the formulation could be considered as
the Bceiling^ for the formation of lamellar phases based on
the peak intensities since beyond the 60% hydrolysis point
and up to the end of the process only small changes are
observed (Fig. 5). However, this phenomenon is rather
system specific since the hydrolysis rate is highly depending
on the components of the formulation.

DISCUSSION

The fact that the formation of lamellar phases during
lipid digestion is a very quick process has also been shown
previously by light microscopy studies, in which the lamellar
structures formed already 1.5 min after the initiation of the
reaction (10). In contrast, the development of the hexagonal
phase is a rather slow procedure. Consequently the following
question arises: What are the mechanism and the origin of
these two phases?

The proposed mechanism for the lipolysis of e.g. oil
droplets in the intestine describes the accumulation of
different kinds of polar lipids on the surface of the oil droplet
as a result of the hydrolysis via the interfacial action of
pancreatic lipase. This lipid material (mainly monoglycerides
and fatty acids) produces multilamellar liquid crystalline
phases on the surface of the droplets which, due to the
interaction with the surface active bile salt, are gradually
Bdetached^ from the surface and produce multilamellar
vesicles which undergo a transformation initially to first
unilamellar vesicles and later to mixed micelles upon the
bile salt interaction (12,28). Upon their formation on the
surface of the oil droplets there are two ways for the lipid
material to be removed from the surface: Either via the
formation of calcium soaps or by being solubilized in mixed
bile salt micelles. These multilamellar phases have been
visualized with freeze fracture electron microscopy as rough
surfaces with variable distance between the lamellae (12).
However the exact structure of these phases has not been
fully clarified and it was not clear whether or not these
multilamellar phases possessed a cubic structure (12). Previ-
ously, a possible transitory hexagonal phase was also
observed during lipolysis of an emulsion with pancreatic
lipase in the absence of bile salts (29).

In the current study the situation is slightly different as
the initial oil droplets are rather small (R$40 nm) as
compared to those encountered in the above description.
However, we confirm the appearance of a succession of liquid
crystalline phases (lamellar phase followed by a hexagonal

phase). Furthermore, the evolution of these phases appears
to be directly related to the amount of the lipolytic products
generated on the surface of the droplets. Before the lipolysis
starts the samples do not contain any visible liquid crystal-
linity, but during the lipolysis process, first a lamellar and
then a hexagonal phase appears. Thus we propose that a
mechanism similar to the above described can account for the
structural changes that take place in the SNEDDS system
during its digestion.

The observed order of appearance of these two phases is
in good agreement with that observed in typical phospholipid
systems (30) where lamellar bilayer structures form at low
concentrations of phospholipid in water, whereas at relatively
higher phospholipid concentrations (or higher temperatures),
the dehydration of the polar headgroups may induce the
formation of an inverse hexagonal phase, sometimes by
intermediate of an inverse cubic phase. The formation of
these phases may generally be explained in terms of the
molecular shape and the critical packing parameter, v/Alc, of
the amphiphilic molecules, where v is the partial specific
molecular volume of the amphiphilic molecule, A, its area
per headgroup at the hydrophobic–hydrophilic interface and
lc, the hydrocarbon chain length (31,32). For amphiphilic
molecules with a critical packing parameter close to unity, a
lamellar structure is favored. This is typically the case for
highly hydrated phospholipids. Whereas critical packing
parameters larger than unity favors the formation of inverted
structures.

The formation of mono- and diglycerides and fatty acids
by pancreatic lipase on the oil surface changes the overall
composition of the amphiphilic layer and thereby change the
average critical packing parameter of the amphiphilic mole-
cules. In the beginning of the experiment, the amphiphilic
phase is composed by a mixture of cremophor RH 40,
phosphatidylcholine and bile salt. However, with the forma-
tion of the monoglycerides and fatty acids with their
relatively small polar headgroups and long hydrocarbon
chains (C18-chains) the amphiphilic phase is changed in a
more apolar direction and towards an, on average, increasing
critical packing parameter. This explains the formation of
first the lamellar structure and later the hexagonal structure,
which is then, most likely, an inverted hexagonal (30–32).

While the general succession of the observed liquid
crystalline morphologies can be rationalized in terms of the
critical packing parameter theory, the detailed molecular
composition of the different phases is more difficult to assess
in the complex system studied. It is well documented in the
literature that monoglycerides and fatty acids will generate
liquid crystalline phases upon their dispersion in aqueous
media (33,34). Thus, we expect that the observed phases
contain significant amounts of the lipolysis products. Previous
studies have shown that phosphatidylcholine molecules are
able to partition in the interface of a triglyceride emulsion
and the aqueous phase (35). Since the lipolysis medium
contains phosphatidylcholine its hydrolysis product lyso-
phosphatidylcholine may also be present in the liquid
crystalline phases along with non-hydrolyzed phosphatidyl-
choline.

The values obtained in the current study for the lamellar
phases give a Bragg spacing of 4.8 nm. Freeze fracture
electron microscopy studies of an olive oil emulsion using
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similar conditions of pure lipase/colipase with 4 mM cholate/
taurocholate and 30 min of incubation in a similar manner
revealed that the lamellae thickness was 5.7 T 0.82 nm (12).
This value is comparable to the lamellae thickness that we
observe, though slightly higher, which may be explained by
the relatively higher contents of the more extended mono-
unsaturated oleic acid in olive oil as compared to the more
linoleic acid rich sesame oil/maisine 35-1 oil composition
used in the present study. In both cases the lamellae
thickness is in good agreement with predictions based on
the chain-length of the C18-chains of the fatty acids that have
a maximal extension of approximately 24 Å (36). This leads
to a bilayer thickness close to 5 nm in dry/water-poor phases.
Larger lamellar repeat distances can be obtained if an
aqueous layer can be stabilized between the bilayer films.

In a model system containing mixtures of bile salts,
cholesterol and mixed intestinal lipids [myristic acid, mono-
myristoylglycerol, dimyristoylphosphatidylcholine, 5:1:1] with
a total lipid amount of 8% w/v after equilibration for 7 days
at room temperature two lamellar reflections with Bragg
spacings of 8.2 and 4.1 nm were recorded with SAXS (37).
However these studies were performed after equilibrium
which is not the case in the current study and the total lipid
amount used was rather high compared with the more
physiological levels where other studies have been conducted
(1%) (38). High amounts of lipids in such model mixtures
induce the formation of multilamellar vesicles as has been
shown previously (38).

Additional SAXS studies of fatty acids with potassium
soaps (1:1) after equilibrium at 20-C revealed the formation
of lamellar and hexagonal liquid crystals depending on the
level of hydration (39). In the case of potassium hydrogen
dioleate soap at 40% of water 3 orders of hexagonal
reflections, in a ratio 1:¾3: ¾4, were observed with a first
peak of 5.47 nm. Between 50 and 80% of water hexagonal
and lamellar phases co-exist and finally at 90% of water, two
lamellar reflections were observed (39). Again in good
agreement with theory (31,32) and in accordance with the
general findings in phospholipid systems (30).

The fact that calcium is also present in our system could
eventually lead to the formation of calcium soaps. However
in contrast with other approaches where the calcium chloride
is pre-added at the beginning of the reaction (10,12), we
have, in the current study, added the calcium chloride
constantly during the hydrolysis of the formulation. In this
manner the calcium soap formation may be a slower process
since at the beginning of the reaction only small amounts of
calcium are present in the system.

The second phase observed after 60 min corresponding
to more than 90% of hydrolysis of the nanoemulsion gives
evidence of a hexagonal phase with a lattice distance of 3.3 nm.
Generally monoglycerides can induce the formation of
hexagonal phases (33,34). In a system formed by monoolein
and oleic acid buffered to pH 6.5, an increase of the oleic
acid/monoolein ratio, keeping the total lipid constant to 1% w/v,
resulted in a transfer from cubic to a reversed hexagonal phase
(40). However an unknown viscous isotropic phase was
recognized between the hexagonal and an L2 phase. At this
area the ratio between MG: FA was approximately 1:2 which is
close to the amount of the lipolytic produced theoretically
during the hydrolysis of triacylglycerols. In the same study, a

mixture of oleic acid/monoolein was dispersed in 10 mM
NaTDC at pH 6.5 with 50 mM Tris-Maleate and 150 mM NaCl
gave a picture similar to an L2 phase by X-ray diffraction. At a
ternary phase diagram of oleic/sodium oleate/water at 38-C,
sodium oleate form several different phases (crystalline-
lamellar liquid crystalline-hexagonal liquid crystalline-micellar
liquid) as the water content increases (41). Phase diagrams of
monoglycerides/sodium taurocholate/water were characterized
after equilibrium at 25-C with DLS and NMR (42). A
hexagonal phase was identified between an isotropic micellar
and liquid crystalline phases however the X-ray analysis could
not give unequivocal evidence of this phase.

While the existence of the lamellar phases during lipid
digestion is well documented in the literature either with
studies using the in vitro digestion model (12,29) or by
characterization of lipolytic products (37,38,40,42), evidence
of hexagonal phase, has been rather alluded than recognized
at least using the in vitro lipid digestion model. A possible
transitory hexagonal phase was reported during lipid diges-
tion of a trioleylglycerol emulsion with pancreatic lipase in
the absence of bile salts at pH 8 visualized by freeze fracture
electron microscopy (29). This is the first report demonstrat-
ing that hexagonal phases can be formed during lipid
digestion in a dynamic environment.

The current results provide a strong indication that the
appearance of the hexagonal phase is related with the
hydrolysis of the SNEDDS which is a consequence of the
composition of the formulation. Additionally our data
demonstrated that despite the general sequence of the
formation (lamellar phase, hexagonal phase) of the interme-
diate products the time of appearance of these phases is not
identical for the same type of experiments indicating that this
is highly dependent on the amount of the hydrolyzed
material.

Furthermore the role of the surfactant to the formation
of intermediate colloid phases was investigated. When
comparing the SAXS spectra of the digestion medium and
the Cremophor RH 40 it can be assumed that in both cases a
lamellar phase is formed (Fig. 5). However what is the reason
that only the first peak appears in the digestion medium
(control) making difficult to assign any structures compared
with the clear picture of a lamellar phase formed in the
presence of Cremophor RH 40? Looking at the consumption
profiles (Fig. 3) for the control and the surfactant it can be
concluded that Cremophor RH 40 is not hydrolyzed and
most important inhibits the rate of the hydrolysis at least at
the beginning of the process.

Moreover based on the composition of these two media
(control and surfactant) the main contributor for the
formation of a lamellar phase is phosphatidylcholine. In the
digestion medium only phosphatidylcholine can be hydro-
lyzed to lyso-phosphatidylcholine. Thus Cremophor RH 40
reduces the rate of hydrolysis, or in other words, inhibits the
hydrolysis of phosphatidylcholine to lyso-phosphatidylcho-
line, allowing the formation of a lamellar phase in a more
pronounced way compared with the digestion medium alone.
This can be reflected with the appearances of three Bragg-
like peaks in the system containing the surfactant,
corresponding to a lamellar structure.

Several parameters like the level of the bile salts in the
medium, the size (e.g. oil) or the composition (medium chain
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triglycerides, surfactants) of the formulation, the different
amount of calcium chloride or pancreatic lipase might have
an impact to the formation of the intermediate lipolytic
products; these are questions to be answered.

However the current study lays out the framework for
future work since the lipid digestion of pharmaceutical in-
terest formulations is studied in a dynamic, non-equilibrated
environment mimicking the in vivo conditions.

CONCLUSIONS

In view of the previous findings it has been demonstrated
that small-angle X-ray scattering analysis applied on the
dynamic lipolysis model provides important information for
the generated phases and their molecular architecture and
might improve the understanding of the mechanism behind in

vivo degradation of lipid-based formulations. Furthermore this
is a new approach for studying the intermediate lipolytic
products of lipid digestion offering important information, on
the nano-scale phenomena taking place on the surface of the
oil droplets, giving structural evidence of phases that other
techniques are not able to offer because of their susceptibility
to artifacts or resolution limitations. Identification and charac-
terization of the intermediate lipolytic products formatted
during lipid digestion could offer new insights for designing
and optimizing new oral lipid-based formulations and possi-
bilities for predicting their in vivo behavior.
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