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Colloidal Structures in Media Simulating Intestinal Fed State Conditions
with and Without Lipolysis Products
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Purpose. To study the ultrastructure of biorelevant media and digestion products of self-nanoemulsifying
drug delivery system (SNEDDS) at high level BS/PL conditions.
Methods. Cryogenic transmission electron microscopy (Cryo-TEM) was employed to visualize the colloid
structures in the biorelevant media and lipolytic products generated during hydrolysis of a SNEDDS
formulation. Their electrical properties were investigated by measuring their ζ-potential values.
Results. In the biorelevant media, vesicles (either unilamellar or multilamellar) and bilayer fragments are
visualized. Occasionally, vesicles with an internal deformed structure are recognized, suggesting surface
tension or uneven lateral stress. Visualization studies of the intermediate colloidal phases produced
during digestion of a SNEDDS using the in vitro lipolysis model revealed the formation of similar
structures as previously reported. The ζ-potential of the media was negatively charged and decreased
from −23 to −35 mV with increasing surfactant/lipid load. Lower ζ-potential values (−16 mV) obtained
for the structures formed during the lipid hydrolysis of the SNEDDS were probably due to the presence
of calcium, which shields the surface, thereby reducing the charge.
Conclusions. The diversity of these vesicles in terms of size, lamellarity, and internal organization
advocate their important role during lipid digestion in the gastrointestinal milieu.

KEY WORDS: ζ-potential; biorelevant media; cryogenic transmission electron microscopy; in vitro
digestion lipolysis model; lipolytic products; micelles; multilamellar vesicles; self-nanoemulsifying drug
delivery systems; unilamellar.

INTRODUCTION

Small intestinal fluid contains various endogenous surfac-
tants, including bile salts (BS) and phospholipids (PL), which
form mixed micelles with high solubilizing capacity for many
poorly soluble drugs (1–6). Human intestinal BS concentra-
tions reported in the literature are dependent on many factors
(e.g. site and sampling time with regard to meals and
composition of the meal). In general, mean fasted state BS
concentrations typically range from 1.5 to 6 mM (7,8), while
mean postprandial concentrations typically range from 8 to
20 mM with values as high as 40 mM having been reported
(9–12). Phase distribution studies of in vivo aspirates sampled
from duodenum during digestion have previously demon-
strated that unilamellar vesicles coexist with micelles (13,14).

Biorelevant dissolution media, simulating the intestinal
fluids, containing BS and PL have been used for solubility
studies of poorly soluble drugs for oral administration.

Several studies have demonstrated a correlation between
drug lipophilicity and improved compound solubility in
biorelevant media relative to the corresponding intrinsic
water solubility (15–18). Addition of FA and MG, which are
formed during digestion of triglycerides, can simulate the fed
state.

During lipid digestion, the trafficking of a particular drug
substance between these various colloid phases will be
controlled by several factors, many of which are poorly
understood, but are thought to include the drug lipophilicity
and affinity for the various lipid phases (19,20). Recently, it
has been demonstrated that the intermediate phases pro-
duced during lipid digestion can play a significant role in the
drug solubilization and trafficking in the gastrointestinal tract,
thereby influencing the overall performance of the formula-
tion (19). Despite very encouraging results from solubilization
studies in the presence of lipolytic products, the mechanism of
action of these media is still not fully understood. In light of
this, characterization of such media can offer important
information on the role of intermediate phases of lipid
digestion and drug solubilization in the gastrointestinal tract.

For that purpose, a series of biorelevant media contain-
ing bile salt (BS, sodium taurocholate), phosphatidylcholine
(PL), with fatty acids (FA, oleic acid) and monoglycerides
(MG, monoolein) were developed. Constant ratios of BS to
PL (4:1) representing intestinal contents after digestion of a
formulation under high BS and PC conditions were employed
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and the pH was fixed at 6.5. The ratio between MG: FA was
1:2 which stoichiometrically corresponds to the amount of
MG and FA produced during the hydrolysis of triacylglycerols
(21).

Cryogenic transmission electron microscopy (Cryo-
TEM) was used to investigate the structural characteristics
of the media. Previously, vitreous ice Cryo-TEM has proven
to be an excellent tool to provide insight on the mechanisms
of the interactions between vesicles and micelles (22,23). The
advantage of Cryo-TEM is the avoidance of any fixation of
the sample grid, which can create artifacts induced by
staining, and thus keeps the sample close to the original state
(24,25). During that process, a thin layer of the sample is
rapidly frozen by plunging it into liquid ethane at −180°C to
achieve a cooling rate fast enough to prevent rearrangement
of molecules into another form. Moreover, absence of any
staining eliminates the risk of extraction of lipid material
during the fixation of the sample.

The in vitro digestion of a self-nanoemulsifying drug
delivery system (SNEDDS) in the fed state was visualized by
Cryo-TEM. The dynamic lipolysis model, simulating the
environment of the gastrointestinal tract in high level BS
and PL conditions, was used for this purpose (26,27).

The intermediate phases generated during lipid digestion
have been previously studied by light microscopy (28,29) or
freeze fracture electron microscopy (30,31). These studies
focus on digestion of dietary lipids, and not on pharmaceu-
tical lipid based formulation. Recently, we have demonstrated
that Cryo-TEM coupled with the in vitro lipolysis model can
be a very useful tool for monitoring structural changes of
pharmaceutically relevant formulations (SNEDDS; 32).

The aim of the current study was to investigate the effect
of the composition of different biorelevant media containing
bile components and lipolytic degradation products on their
electrical properties and morphology and to compare with
colloid structures generated during in vitro digestion of a
SNEDDS at similar conditions at high level BS and PL
conditions.

MATERIALS AND METHODS

Materials

Oleic acid, sodium taurocholeate, cholesterol, sodium
chloride, sodium azide and trizmamaleate were purchased from
Sigma (St. Louis,MO). PL (S100 containing approximately 94%
PC) was kindly donated from Lipoid GmbH (Ludwigshafen,
Germany). Danisco (Denmark) generously donated glycerol
monoolate (Monoolein). Pancreatin (porcine), bile extract
(porcine), sesame oil and trizma maleate, were purchased from

Sigma-Aldrich (USA). 4-Bromobenzeneboronic acid (BBBA)
was purchased from Lancaster (Germany). Cremophor RH 40
was purchased from BASF (Germany) and maisine 35-1
(containing glyceryl monolinoleate) from Gattefossé (France)
respectively. The water used was obtained from a Milli-Q-water
purification systemmanufactured byMillipore (USA.) All other
chemicals were of analytical grade.

Preparation of Biorelevant Media

The composition of biorelevant media is presented at
Table I. Combinations of sodium taurocholate (bile salt, BS),
lecithin (phospholipid, PL), monoolein (monoglyceride, MG)
and oleic acid (fatty acid, FA) were prepared at different
ratios. The osmolarity of buffer solution was fixed at
270 mOsmol/Kg, included 100 mM trizma maleate at
pH 6.5, and contained either 65.1 mM or 59.5 sodium
chloride. To prevent microbial growth 3 mM of sodium azide
were added.

The biorelevant media were prepared by weighting the
exact amounts of the components. Buffer solution was added
to give the desired molar ratios and left for 24 h under stirring
at 37°C. Each medium was prepared in triplicate. The
notations used for the media were the Latin numbers from I
to IV. Medium I, containing only sodium taurocholate and
lecithin, served as a control.

Preparation of Self-Nanoemulsifying Drug Delivery System
(SNEDDS)

A previously developed SNEDDS formulation was used
in this study (33). The SNEDDS consisted of a mixture of
long chain triglycerides (sesame oil; 30% w/w), mono-, di-,
and triacylglycerides, maisine 35-1 (30% w/w), Cremophor
RH 40 (30% w/w), and ethanol (10% w/w) acting as a
co-solvent.

Lipolysis Model

An established in vitro lipolysis model was employed to
characterize the lipid-based formulation (27). In brief, the
experimental set-up consisted of a thermostated (37°C)
reaction vessel, a pH-stat (pH 6.5) with auto burette for the
addition of sodium hydroxide (NaOH), and a peristaltic
pump for the addition of 0.5 M Ca2+ solution with a
dispensing rate of 0.045 mmol/min.

The pH was set at 6.5 as a compromise between the
optimum for the pancreas lipase, which is between 6 and 10
(34) and the measured duodenal pH, which is around 5.0–5.5
during a test meal (35,36).

Table I. Composition of Biorelevant Media

Biorelevant media Sodium taurocholeate (mM) Lecithin (mM) Monoolein (mM) Oleic acid (mM)

Ia 15 3.75
IIa 15 3.75 7.5 15
IIIb 15 3.75 10 20
IVb 20 5 10 20

a In media I and II the sodium chloride concentration was 65.1 mM
b In media III and IV the sodium chloride concentration was 59.5 mM
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The experiment was performed under continuous agita-
tion obtained by magnetic stirring (100 rpm) and the total
volume of the medium was 300 mL. The number of OH− ions
present in the volume of the titrant could be equated with the
fatty acid liberation caused by lipolysis.

A concentration of 20 mM of bile salts [BS] and 5 mM of
phosphatidylcholine [PL] was used to simulate the fed
conditions in the gastrointestinal tract (13). The initial compo-
sition of the lipolysis medium used in this study is shown in
Table II. The SNEDDS consisted of a mixture of long chain
triglycerides (LCT): sesame oil (30% w/w), triacylglycerides
(primarily oleic and linoleic acid), maisine 35-1 (30% w/w)
containing mainly mono- and diacylglycerides (primarily
containing oleic and linoleic fatty acids), Cremophor RH 40
(30%w/w), and ethanol (10% w/w) acting as a co-solvent. Three
grams of the respective formulation was added to the medium
and equilibrated before the lipolysis process was initiated by
adding the lipase solution. At specific time points (0, 2, 5 and
30 min), 10 mL samples were taken and the lipase activity was
inhibited immediately (4-bromobenzeneboronic acid solution).

The lipase solution was prepared in accordance with a
previously described method (27) 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 4000 rpm and 37°C while 1.00 M NaOH was used to
adjust the pH of the supernatant to 6.5. Then 100 mL of the
supernatant were added to the lipolysis medium. The time
spent on preparing the solution did not exceed 15 min in order
to minimize denaturation. The lipase activity of pancreatin was
determined in accordance with USP 26 2003 (37).

ζ-Potential Determinations of Biorelevant Media
and Lipolytic Products

The electrophoretic mobility of the colloidal structures
formed in the biorelevant media as well as during in vitro lipid
digestion was measured at 37°C with a Zetasizer (Malvern
Nanosizer ZS, Malvern Instruments, UK). The ζ-potential of the
dispersions was calculated by the instrument according to the
Helmholtz–Smoluchowski equation. ζ-potential determinations
were performed in triplicate from three different formulations.

Statistical Analysis

The results have been expressed as the mean±standard
deviation. Statistical comparisons were made using t test. The
probability value of less than 0.05 was considered to be
significant.

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 μL) was put on 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 −180°C and transferred to liquid nitrogen
(−196°C). The samples were characterized with a TEM micro-
scope (Philips CM120 BioTWIN Cryo) equipped with a post
column energy filter (GATAN GIF 100) using Oxford CT3500
cryoholder and its workstation. The acceleration voltage was
120 kV and the working temperature was −180°C. The images
were recorded with a CCD camera (Gatan 791) under low dose
conditions. The defocus was approximately 1 μm.

RESULTS AND DISCUSSION

Fed State Biorelevant Media

ζ-Potential of Structures in Fed State Biorelevant Media

The relation between the total concentration of anionic
species and the ζ-potential values are illustrated in Fig. 1. The
ζ-potential measurements reveal that all media possess a
negative surface charge. Overall, the changes to the ζ-
potential of the media are determined by the relative
contribution of each component separately. As previously
demonstrated, BS and FA possess a negative charge (38,39),
while PL head groups are zwitterionic with no net charge at
this pH range (40). On the other hand, monoolein is a neutral
lipid with a ζ-potential value of zero (41).

Medium IV (containing 20 mM BS and 20 mM FA)
possess the highest ζ-potential values in absolute numbers
(−35.03 mV) compared with media II and III media (both
containing 15 mM BS, but 15 and 20 mM FA respectively)
having ζ-potential values of −32.00 and −33.20 mV respec-
tively (Fig. 1). However, these values are not significantly
different (t test p>0.05). In contrast, medium I containing
only BS (15 mM) and PL had significantly lower zeta
potential values (−23.0 mV; t test p<0.01).

Cryo-TEM Analysis of Biorelevant Media

The images presented in this study are a representative
selection of 152 images in total. Fig. 2 illustrates micelles, as
black “dots”, containing sodium taurocholeate and lecithin
representing intestinal contents of a formulation under high BS
and PL conditions (BS/PL 15:3.75). Previously, studies of
similar media (BS/PL 20:5) revealed mean diameters up to
7 nm as measured by photon correlation spectroscopy (19).
This is in broad agreement with the results obtained in the
current study. Representative Cryo-TEM images of medium II
are illustrated in Fig. 3. Unilamellar and bilamellar vesicles
with an internal deformed structure are recognized. Micelles
and bilayer fragments are also detected. The unilamellar and
bilamellar vesicles with a diameter up to 100 nm are depicted
in Fig. 3a–c. The diameter of the unilamellar vesicles is less
than 50 nm. This is in contrast with the bilamellar vesicles that
exceeded diameters up to 100 nm. A ruptured bilamellar
(indicated by the black arrow) and an open bilamellar vesicle

Table II. Composition of the Lipolysis Medium

Substance Initial concentration

BS 20 mM
PL 5 mM
Pancreatic lipase 800 USP units/ml
Trizma-maleate 2 mM
Na+ 150 mM
Ca2+ 0.045 mmol/min
Total volume 300 mL
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are depicted in Fig. 3c (indicated by the yellow arrow). The
observed opening in the vesicle might be related to the
presence of the bile salts in the medium. Bile salts can create
pores in lipid membranes (42). Release studies of small solutes
(e.g. carboxyflouroscein) are consistent with the theory that
transient and rapid-releasing membrane holes form after bile
salt addition (43,44). Such openings in the membranes,
visualized by Cryo-TEM, were previously observed when
phosphatidylcholine vesicles were incubated with bile salts
(24). The formation of open vesicles was attributed to the
creation of such pores on the bilayers. The presence of open
vesicles supports the hypothesis for lipid fragments since they
can be considered lipid aggregates originating from lamellar
structures. Indeed, bilayer fragments are occasionally spotted
(Fig. 3a–c; (indicated by white arrows).

When the colloid structures exceeded in diameter the
value of 100 nm, vesicles containing internal deformed
structures were observed (Fig. 3d,e). Moreover, undulations
and ripples are present on the bilayers in the inner part of the
vesicles (indicated by black arrows). The uneven morphology
of these bilayers advocates that the formation of such
structures is a dynamic process. The long bilayer fragment,
located closely to a vesicle (Fig. 3d, indicated by white arrow),

implies that a process is in progress. Generally, open vesicles
and the breakdown of vesicles into bilayer fragments indicate
the first step towards the transition from vesicles to micelles
(45). Interestingly, in one instance a multi-compartment
vesicle was observed (Fig. 3e, indicated by white arrow).

In all cases the vesicles appear non-aggregated. This can
be explained from their high ζ-potential values (Fig. 1),
suggesting repulsive interactions among them. Thus, vesicle
stability can be increased by the addition of charged molecules
that cause repulsion forces, thereby preventing vesicle fusion.

Medium III only differs from medium II by containing a
1.3 times higher concentration of FA and MG. As a
consequence, there are no major differences between the
structures in medium II and medium III. The formation of
vesicles containing deformed internal structures are dominat-
ing structural features in medium II as well (Fig. 4a, indicated
by black arrow). A disrupted vesicle membrane is also visible
(Fig. 4a, indicated by white arrow).

Elongated vesicles are depicted as well (Fig. 4b,c,
indicated by yellow arrows). Previously, it has been shown
that vesicles containing anionic lipids such as Dioleylphos-
phatidylethanolamine (DOPE) and Dioleylphosphatidylcho-
line (DOPC) can form non-spherical geometries attributed to
the negative charge of PE (46). The fact that these vesicles
are negatively charged could support the hypothesis for the
formation of such structures. A multivesicular structure with
rippled bilayers is depicted at Fig. 4c (indicated by black
arrow). Finally, unilamellar vesicles measuring less than
100 nm were present at low numbers (Fig. 4d).

Fig. 5 depicts the Cryo-TEM images of colloidal struc-
tures present in medium IV. Medium IV contains a higher
level of BS and PL compared with the other media, but at the
same molar ratio. The level of FA and MG corresponds to the
level in medium III.

Dominating structures are unilamellar vesicles with
diameter less than 40 nm in most cases (Fig. 5a,b). In
comparison to medium II, less bilayer fragments were
noticed. Bi-lamellar or tri-lamellar vesicles were observed
as well (Fig. 5b). Multi-compartment vesicles (Fig. 5d,
indicated by black arrow) with bilayer fragments or vesicles
(Fig. 5d, indicated by white arrow) or cluster of vesicles

Medium I B Medium IA 

Fig. 2. Cryo-TEM micrographs of biorelevant media. All micrographs are taken from medium I (BS/PL,
15:3.75). Micelles depicted are as black dots are present. Scale bar represents 100 nm.
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Fig. 1. ζ-potential values as a function of lipid material. All measure-
ments performed at 37°C. These are the mean values±SD of three
different experiments.
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Fig. 3. Cryo-TEM micrographs of biorelevant media. All micrographs are taken from medium II (BS/PL/
MG/FA, 15:3.75:7.5:15). Unilamellar (indicated by black arrow) and bilamellar or tri-lamellar vesicles are
depicted at a–c. A ruptured bilamellar vesicle is present in c (indicated by black arrow) close to an open
bilamellar vesicle (indicated by yellow arrow). Bilayer fragments are occasionally present (a–c) (indicated by
white arrows). Vesicles contained internal deformed structures were observed (d, e) (indicated by black
arrows). Undulations and ripples are present on the bilayers in the inner part of the vesicles. A multi-
compartment vesicle was observed (e) (indicated by white arrow). The micelles are present as small dots.
Scale bar represents 100 nm.
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(Fig. 5e, indicated by black arrow) were present. In some cases
vesicles are elongated (Fig. 5d). Due to their high absolute ζ-
potential values no aggregation was noticed among the vesicles
in the same manner as in medium II and III.

The structures observed in the current study are in broad
agreement with previous reports where model lipid systems
containing monoglycerides, oleic acid and sodium taurodeo-
xycholic acid were visualized by freeze fracture electron
microscopy (17). In samples with high concentrations of
lipolytic products, unilamellar and multilamellar vesicles were
visualized. Additionally, fatty acids have demonstrated their
ability to form unilamellar vesicles upon dispersion in aqueous
solutions (47). Consequently, the following question arises:
What are the main components in these colloidal phases? It can
be assumed that monoglycerides, fatty acids and phosphatidyl-
choline are present in these structures. These colloidal phases
closely resemble phospholipid liposomes in their structure and
morphological properties. Furthermore, it should be empha-
sized that there is the possibility that vesicles exceeding

diameters of 1 μm could be formed, but these cannot be
visualized due to limitations of the Cryo-TEM method.

Fed State In Vitro Lipolysis

Lipolysis Rate of SNEDDS Formulation

The lipolysis rate of the SNEDDS formulation is depicted
in Fig. 6. The consumption of NaOH reflects the progress of
lipolysis. The values presented have been corrected by
subtracting the amount of NaOH consumed when the experi-
ment was carried out without any formulation present. After
30 min almost 42% of the lipid formulation was hydrolyzed.

Zeta Potential During In Vitro Lipolysis

The ζ-potential of the intermediate lipolysis products
was studied over time (Fig. 7). Five minutes after
initiation of lipolysis, the ζ-potential decreased sharply

Medium IIIC 

Medium III

A B Medium III

Medium III

Fig. 4. Cryo-TEM micrographs of biorelevant media. All micrographs are taken from medium III (BS/PL/
MG/FA, 15:3.75:10:20). Vesicles containing internal deformed structures with undulations and ripples
present on the bilayers in the inner part of the vesicles are depicted (a, indicated by black arrow). A
disrupted vesicle membrane is visible (a, indicated by white arrow). Elongated or microtubules are depicted
as well (b, c, indicated by yellow arrows). A multivesicular structure with rippled bilayers is depicted at c
(indicated by black arrow). Unilamellar vesicles less than 100 nm were present at low numbers (d). Scale bar
represents 100 nm.
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from−13 to −16 mV. This low level was maintained for the
remaining 30 min of lipolysis. These changes advocate
interactions between the micelles and the surface of the
hydrolyzing SNEDDS droplets (e.g. production of fatty acids).

Furthermore, calcium ions are also expected to shield
the surface of the oil droplets with positively charged ions
rendering the ζ-potential of the droplets less negative. The
ζ-potential values during in vitro lipolysis of the SNEDDS

A B

C D

E

Medium IV Medium IV 

Medium IV Medium IV 

Medium IV 

Fig. 5. Cryo-TEM micrographs of biorelevant media. All micrographs are taken from medium IV (BS/PL/
MG/FA, 20:5:10:20). Unilamellar, bilamellar or tri-lamellar vesicles are present (a–c). Big multi-
compartment vesicles were present containing large bilayer fragments (d, indicated by black arrow),
vesicles (d, indicated by white arrow), or even a cluster of vesicles with undulations and ripples within a
large bilayer (e, indicated by black arrow). Scale bar represents 100 nm.
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formulation at high level BS/PL conditions follow the same
profile as at low level BS/PL conditions (32) but the measure-
ments in absolute values are higher for the first one.

Moreover, the ζ-potential values of the biorelevant media
are significantly higher compared with the values obtained
from the lipolysis studies. This is probably due to the addition
of calcium ions during lipolysis. Calcium significantly reduces
the overall charge of the lipid digestion products.

Cryo-TEM Studies

Visualization of Structures Generated During In Vitro
Lipolysis of Snedds at Fed State Conditions

The results presented here are the outcome of two
experiments of 70 images in total.

At the beginning of the lipolysis (0 min) spherical emulsion
droplets are formed upon dispersion of the SNEDDS precursor
in the lipolysis medium (Fig. 8a, indicated by black arrows)
exceeding diameters up to 100 nm. Micelles are present as well
and can be seen as small dots. After 2 min (or 5% of hydrolysis)
multilamellar vesicles (vesicles containing internal deformed
structures and oil droplets)were observed (Fig. 8b–d).

Undulations and ripples are present on the bilayers in
the inner part of the vesicles in the same manner as observed
for the biorelevant media. Previously, similar types of
structures have been reported when cubosomes (binary
system of monoolein MO-H2O) were incubated with a
microbial lipase (Thermomyces lanuginose; 48).

Irregular vesicles with inner structures were formed in the
presence of lipase. Moreover, milk lipid membrane vesicles
(containing among the other components monoglycerides and
fatty acids) show the same morphology as the vesicles visualized
in the current study (49). When 15% of the lipid material is
hydrolysed (5 min) oil droplets (indicated by black arrow) and
lipid bilayer (indicated by white arrow) are visualized (Fig. 8e).

The large multivesicullar structures shown in Fig. 8b,c
are replaced by multilamellar vesicles (Fig. 8f), non-organized
material, unilamellar vesicles (Fig. 8g) and bending lipid
bilayers (Fig. 8h).

Micelles are present during the whole process. Their
morphology has similarities with other micellar systems that
have been identified and reported previously (50). As
documented earlier (32), after 30 min (40% of hydrolysis)
only micelles and material originated from the pancreatic
lipase could be detected (Fig. 8j). It should be emphasized
that striking changes occur at the beginning of the reaction
(up to 5 min). These results are in agreement with our
previous study (32) visualizing the same SNEDDS formula-
tion at fasted state BS/PL levels. In that study structural
changes were recorded in the same time frame (5 min).

Hydrolysis of phospholipid in vesicles to free fatty acids
and lysophospholipids by phospholipase A2 (PLA2) was
visualized by Cryo-TEM. The study revealed the formation
of perforated vesicles. Over time, these perforated vesicles
converted into bilayer fragments, micelles and open vesicles
in a similar manner as in the present study (51).
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Fig. 6. Percentage of initial triacylglycerol hydrolyzed at different
time points as determined from the number of OH− ions present in
the titrant. The values presented in the graph are corrected by
subtracting the amount of NaOH consumed when the experiment was
carried out only with medium (without formulation) n=2.
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Fig. 7. ζ-potential values as a function of time during lipid digestion
for the SNEDDS formulation. All measurements performed at 37°C.
These are the mean values±SD of three different experiments.

Fig. 8. Cryo-TEM micrographs of in vitro lipid digestion of SNEDDS
formulation at fed state. a Cryo-TEM micrographs of oil droplets and
micelles at time point 0. Shows oil droplets (OD) of different sizes
(black arrows) in the lipolysis medium (fed state) containing pancreatic
lipase 800 USP together with micelles. Scale bar represents 100 nm. b–d
Cryo-TEM micrographs of lipolytic products 2 min after the addition of
the lipase. b Shows multilamellar vesicles. Undulations and ripples are
present on the bilayers in the inner part of the vesicles. The inner
bilayers appear perforations (indicated by black arrows). Open vesicles
(indicated by white arrow) and lipid monolayers can be observed
(indicated by yellow arrows). Aggregated material [protein] (asterisk)
originating from the lipase. b Vesicles contained internal deformed
structures. c Oil droplets (indicated by black arrow) and micelles
depicted are as black dots are present Scale bar represents 100 nm. e–i
Cryo-TEM micrographs of lipolytic products 5 min after the addition of
the lipase. Oil droplets (indicated by black arrow) and lipid bilayer
(indicated by white arrow) are visualized (e). Multilamellar vesicles and
lipid monolayers are present (f). Bilamellar vesicle close to non-
organised lipid material (g). Lipid bilayers aligned parallel to each other
(h). Micelles are present as black dots (indicated by black arrow) (g).
Large bilayer fragment and micelles (i). Scale bar represents 100 nm. j.
Cryo-TEM micrographs of lipolytic products 30 min after the addition
of the lipase. Ladder shape structures (indicated by black arrow) and
aggregated material. These structures were quite long (several μm) and
had a width of approximately 100 nm. Scale bar represents 500 nm.

b
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It is believed that the mechanism of lipolysis includes the
accumulation of different kinds of polar lipids on the surface
of the oil droplet as a result of the hydrolysis by pancreatic
lipase (52). This lipid material (mainly monoglycerides and
fatty acids) will facilitate the formation of multilamellar liquid
crystalline phases on the surface droplet which are gradually
“detached” from the surface and produce either multi or
unilamellar vesicles and finally upon further interaction with
bile salts, to mixed micelles (17,31).

The sequence of events presented in the current study is in
line with the previous studies (17,31) and our recent study
where a SNEDDS formulation was digested at low levels of PL
and BS (32).

Summary of the Cryo-TEM Studies

To summarize, the following observations have been
made regarding the colloidal structures of biorelevant media:

2 minutes 

2 minutes C 

* B
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D

5 minutes

A0 minutes
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369Colloidal Structures in Media Simulating Intestinal Fed State



when only BS and PL are present in a ratio of 4:1, only micelles
are visualized, even at 15 mM BS. Upon addition of lipolysis
products (monoolein and oleic acid) vesicles (either unilamellar
or multilamellar), bilayer fragments are formed in addition to
the preexisting micelles. Furthermore, in some cases, vesicles
with a deformed internal structure are recognized, suggesting
surface tension or uneven lateral stress of these particles. Most

probably these are intermediate structural features that have not
yet reached in equilibrium. This could be partly supported from
the fact the smaller colloid structures, up to 100 nm, are mostly
well-defined unilamellar and bilamellar vesicles. On the con-
trary, undulations and rippled bilayers are more common in
bigger vesicles or clusters (up to 400 nm in size). These rough
and irregular surfaces imply that the vesiculation is a dynamic

5 minutes H 

5 minutes F 5 minutes G 

5 minutes I 

30 minutes J

Fig. 8. (continued).
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process which process is not yet completed. Generally, sharp
edges and open vesicles indicate low values of bending elasticity
and rather soft bilayers (45).

The impact of vesicles and micelles in colloidal mixtures
containing BS, PL and medium and long-chain monoglyceri-
des and fatty acids which represent typical intestinal contents
after digestion on the solubilization of poorly soluble drugs
has been previously shown (19).

For instance, lipid based formulations that form vesicular
structures have increased solubilization capacity for drugs
with high LogP values. On the contrary, formulations that
lead to the formation of micelles could be advantageous for
drugs with low LogP values (19).

The images obtained from in vitro digestion of the
SNEDDS formulation at fed state are in broad agreement
with the vesicular structures visualized from media I, II and
III. However, the micelles formed during the in vitro lipolysis
of the nanoemulsion are very clearly visualized compared
with micelles in the biorelevant media that are rather small
and less easily recognized. This could also be due to the fact
that sodium taurocholate is used for the biorelevant media—
while crude bile extract is used for the lipolysis.

The diversity of these vesicles in terms of their size,
lamellarity and internal organization could play an important
role for solubilization process of poorly soluble drugs (19).
Multivesicular structures might have higher loading efficiency
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Fig. 9. Morphological evolution of a SNEDDS formulation during lipid digestion in high level and low level
of BS/PL ratios. This scheme does not give on the size of the intermediate phases produced during the
digestion of the formulation.
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they consist of high numbers of bilayers and lower aqueous
volumes.

The impact of vesicle surface charge on drug solubiliza-
tion is equally important for charge-bearing molecules. The
electrical properties of the intermediate colloidal phases can
influence their behavior in the biological milieu and their
interaction with the gastrointestinal tract. Our data revealed
that these intermediate colloidal phases possess a negative
surface charge. This might be of importance especially for
positively charged drug compounds since the association of
the drug and vesicles can be increased due to their
electrostatic attractions, eventually leading to higher solubi-
lization capacity. However, it should be emphasized that these
values can change during lipid digestion. The presence of
calcium shields their surface with positive ions reducing in
absolute values the overall ζ-potential, as observed in the
case of lipid digestion of a SNEDDS formulation.

In a recent study, we visualized the lipolysis of the same
SNEDDS formulation at low level BS/PL concentrations (32).
Fig. 9 presents a general scheme of the structures formed
during lipid digestion of a SNEDDS formulation during high
level (current state) and low level BS/PL ratios (32).
Comparing the two studies, the following conclusions can be
extracted: (1) multivesicullar structures are dominating struc-
tures at high level BS/PL conditions, whereas unilamellar
vesicles and bilamellar vesicles are dominating at low level
BS/PL conditions (32). This could possibly be explained from
the higher amount of PC present at high level BS/PL
conditions. This favors the formation of multilamellar struc-
tures. (2) In both cases, micelles are present during the entire
process. This is despite the difficulty in determining the exact
size of these micelles. (3) Higher absolute ζ-potential
measurements obtained high level BS/PL conditions. This
can be attributed to higher levels of bile salts; since bile salts
possess a negative charge in mixtures with PC (38) at pH 6.5.
And (4) a lower % of hydrolysis was obtained in high level
BS/PL conditions (40%) compared to low level BS/PL
conditions (50%).

Previously, it has been shown that the presence of PC in
bile salt micelles inhibited the activity of pancreatic lipase by
partition of PC molecules between the emulsion interface and
the aqueous phase (53). Hence, the higher hydrolysis values
at low level BS/PL conditions could be due to smaller amount
of PC in the medium (28). The current results are in line with
previous studies where high BS/PL (20:5 mM) contained a
larger proportion of vesicular structures resulting in higher
solubilization capacity for poorly soluble drugs (19).

The fact that the intermediate colloidal phases are
negatively charged implies possible interactions with drugs
that can be ionized (preferably positively charged).

CONCLUSIONS

Summarizing the findings of the current study we may
conclude the following: (1) The biorelevant media form compli-
cated structures comprising vesicles (either unilamellar or multi-
lamellar), bilayer fragments, micelles or even vesicles with an
internal deformed structures. (2) The structures visualized during
lipid digestion of the nanoemulsion at high level BS/PL
conditions are in good agreement with the biorelevant media
containing comparable levels of lipid hydrolysis products.

More studies are needed in order to understand the
lipolysis of lipid based drug delivery systems and the impact
of different excipients. Furthermore, model compounds with
different physicochemical properties (e.g. LogD) need to be
included in the studies in order to determine the impact of
these media to the solubility of drugs in order to fully
elucidate the mechanism of action of the biorelevant media
and the lipolytic products.

The results obtained from the lipid digestion of the
SNEDDS formulation combined with the studies for the
biorelevant media suggest that Cryo-TEM studies can offer
important information to lipid digestion process of lipid based
drug delivery systems. Finally the electrical properties of the
lipolytic products combined with the physicochemical proper-
ties (e.g. pKa) of the active compounds loaded to formulation
might offer information for possible association of the drugs
with these media. The knowledge of composition and
characteristics of human intestinal fluids are expanding,
therefore there is a precious need for more studies, including
physicochemical characterization, of media simulating the
human intestinal fluids (54,55). Obviously, a sound knowledge
of the mechanism of action of these intermediate colloidal
phases is necessary in order to develop and optimize new lipid
based drug delivery systems.
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