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a b s t r a c t

Aqueous colloidal drug carrier dispersions based on nonpolar lipids are usually prepared by high energy
dispersion techniques, like high-pressure homogenization. Homogenization generates high shear forces
and may thus not be suitable for the processing of sensitive pharmaceutical ingredients, e.g., proteins.
This study investigated the general possibility to prepare lipid nanoparticle dispersions by direct and pre-
mix Shirasu Porous Glass (SPG) membrane emulsification as alternative low energy and low shear
method. The influence of different emulsifiers (polysorbate 20, sorbitan oleate, poloxamer 188, sodium
dodecyl sulfate, sucrose laurate), the type of lipid phase (medium chain triglycerides, soybean oil, trimyr-
istin, glyceryl behenate, lauroyl macrogolglycerides), the pore size of the SPG membrane (0.1, 0.2, 0.3, 0.5,
1.1 lm) and the emulsifying pressure on the particle size of the resulting dispersions was investigated.
The particle size was primarily controlled by the pore size of the membrane and the emulsifying pressure.
Very narrow particle size distributions with membrane pore size/mean particle size ratios of 1:0.4–1:8.2
and 1:0.4–1:2.1 were observed for the direct and the premix membrane emulsification method,
respectively. Due to the comparatively lower process pressures of at maximum 10 bar SPG membrane
emulsification is an interesting alternative method to high-pressure homogenization.

� 2013 Elsevier B.V. All rights reserved.
1. Introduction

Colloidal lipid dispersions such as nanoemulsions and solid li-
pid nanoparticles are under intensive investigation as carrier sys-
tems for poorly water soluble drugs, e.g., with regard to
parenteral and peroral administration [1]. These dispersions of col-
loidal particles with a core of nonpolar liquid or solid lipids are sta-
bilized with physiologically compatible emulsifiers. Usually, they
are prepared by droplet disruption techniques like high-pressure
homogenization or ultrasonication or by different precipitation
methods [2–4]. High shear forces during high-pressure homogeni-
zation may not be suitable for the processing of sensitive sub-
stances, e.g., proteins [5,6]. Ultrasonication may lead to heating
phenomena as well as to radical formation resulting, for example,
in oxidation of sensitive substances [7]. As an alternative, precipi-
tation methods use water miscible organic solvents or mixed
micellar systems to bring the matrix lipids into homogeneous solu-
tion from which they are precipitated into colloidal particles. How-
ever, solvent residues and the excess of micelle forming
solubilizers need to be removed from the dispersions to avoid
physicochemical instabilities and toxicological problems. As a
further drawback of the common preparation techniques, the par-
ticle size distributions obtained are often rather polydisperse [1].

In an approach to overcome problems associated with the high
energy input of the conventional droplet disruption processes,
membrane emulsification techniques have received growing inter-
est as alternative low energy input processes for the preparation of
drug carrier systems with very narrow particle size distributions.
Since the preparation of oil-in-water emulsions by the so called
‘‘direct membrane emulsification’’ process was reported around
1990 [8], SPG (Shirasu Porous Glass) membranes have been the
most commonly used membranes for this technique. These hydro-
philic membranes are manufactured by a phase separation process
of calcium aluminum borosilicate glass and subsequent acid leach-
ing [9,10]. To produce an O/W emulsion by direct membrane emul-
sification, the liquid lipid is forced through the pores of a
membrane into the continuous aqueous phase (Fig. 1), which is
recirculated by agitation with a stirrer or pump. Lipid droplets
grow at the pore openings of the membrane surface and are stabi-
lized by emulsifiers present in the continuous phase. When the
droplets reach a certain size they are detached from the membrane
[11]. While direct membrane emulsification is based on droplet
formation from a lipid bulk phase, membranes can also be used
for droplet disruption. In the ‘‘premix membrane emulsification’’
process developed by Suzuki et al. [12], a coarse pre-emulsion is
forced through the pores of a membrane yielding smaller droplets
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Fig. 1. Principle of direct (left) and premix (right) SPG membrane emulsification.
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(Fig. 1). To obtain more uniform particles the emulsified lipid dis-
persion can be repeatedly extruded through the membrane [13]. In
order to obtain solid lipid particles, the corresponding matrix lipids
are processed above their melting point and the resulting droplets
are subsequently cooled below the recrystallization temperature
for solidification [14].

A general advantage of all kinds of membrane emulsification
techniques is the possibility to prepare products with well defined
monodisperse particle size distributions, which is highly desirable
for pharmaceutical formulations. In order to prepare uniform par-
ticle size products, ‘‘the porous membrane must have a narrow
pore size distribution and be strong enough not to deform or com-
pact, even if pressure is applied’’ [8]. The resulting particle size of
aqueous lipid dispersions is controlled by the pore size of the
hydrophilic SPG membranes. Typical ratios of average pore size
to average particle size are in the range of 1:2–1:10 for the direct
process [11] and 1:0.7–1:4.4 for the premix process after one
membrane passage [15,16] depending on the amount of emulsifier
[15]. Disadvantages of the direct membrane emulsification tech-
nique are low flow rates through the membranes and hence low
productivity and long production times. Therefore, only formula-
tions with low disperse phase fraction are usually obtained [17].
Furthermore, the commonly used SPG membranes are rather
expensive, fragile and time-consuming to purify. The premix mem-
brane emulsification process uses slightly higher pressures for the
membrane passage. Hence, higher production rates are possible as
well as the preparation of formulations with higher disperse phase
fractions, but slightly broader particle size distributions are ob-
tained by the premix process than by the direct technique after
one membrane passage [13].

Most studies on direct SPG membrane emulsification report on
microparticulate lipid dispersions and only a few on colloidal ones
as yet. A major problem to be expected during the preparation of
nanoscaled systems is an increasing process pressure with decreas-
ing membrane pore size. Anyway, an at least 13 h stable flurbipro-
fen-loaded oil-in-water nanoemulsion based on methylene
chloride as lipid phase was described by Oh et al. [18]. First inves-
tigations on the preparation of solid lipid nanoparticles by direct
membrane emulsification were performed with ceramic [19–21]
and SPG membranes [22]. In these investigations Gelucire� 44/14
was used as matrix lipid which has self emulsifying properties
[23]. Thus, Gelucire� 44/14 may not undergo the classical droplet
formation processes of direct membrane emulsification and the
results obtained with this matrix material may not be transferable
to the use of nonpolar matrix lipids. The processing of more typical
lipid matrices like Compritol� 888 or Precirol� ATO 5 did not lead
to small colloidal particles, but particles in the upper submicron-
range with poor stability on storage were obtained [22,24]. The
preparation of nanoemulsions and solid lipid nanoparticles by
repeated premix membrane emulsification has been established
with polycarbonate membranes [14,25], but has hitherto appar-
ently not been approached with SPG membranes.
The present study investigated the possibility of preparing
pharmaceutical colloidal dispersions of nonpolar lipids such as
nanoemulsions and solid lipid nanoparticles by direct and premix
SPG membrane emulsification. The major focus was on the ques-
tion whether these methods can produce lipid dispersions in a par-
ticle size range that would allow their intravenous administration
(as this would render them applicable also for virtually all other
administration routes). The particle size limitations for intravenous
administration are very strict [1]; therefore, the study particularly
aimed at preparing dispersions with a mean particle size below
500 nm and a particle size distribution completely in the nanome-
ter range (colloidal colloidal dispersions/nanodispersions). The
influence of emulsifier, the type and concentration of matrix lipid
and the SPG membrane pore size on the particle size and particle
size distribution of the resulting dispersions was studied as well
as the incorporation of a lipophilic model drug.
2. Materials and methods

2.1. Materials

Medium chain triglycerides (MCT) (Miglyol� 812, Caesar und
Loretz, Hilden, Germany) and soybean oil (SBO) (Carl Roth,
Karlsruhe, Germany) were used as liquid lipids. For the solid lipid
particles trimyristin (TM) (Dynasan� 114, Condea Chemie, Witten,
Germany; melting point �56 �C) and glyceryl behenate (CATO)
(Compritol� ATO 888, Gattefossé, Saint Priest Cedex, France; melt-
ing point �70 �C) were used as core materials. Lauroyl macrogol-
glycerides (G44/14) (Gelucire� 44/14, Gattefossé, Saint Priest
Cedex, France; melting point �44 �C) were also used as matrix
material. Sodium dodecyl sulfate (SDS) (Texapon� L100, Henkel &
Cie, Düsseldorf, Germany), poloxamer 188 (Pol) (Lutrol� F68, BASF,
Ludwigshafen, Germany), sucrose laurate (SL) (Ryoto� sugar ester
L-1695, Mitsubishi-Kagaku Food Corporation, Tokyo, Japan), poly-
sorbate 20 (T20) (Tween� 20, ICI Specialty Chemicals, Essen,
Germany) and sorbitan oleate (S80) (Span™ 80, Carl Roth,
Karlsruhe, Germany) were used as emulsifiers, ubidecarenone
(Q10) (Fagron, Barsbüttel, Germany) as model drug and thiomersal
(Caesar und Loretz, Hilden, Germany) as preservative. Water was
prepared by double distillation. Acetone and isopropyl alcohol
(both from Carl Roth, Karlsruhe, Germany) were used as solvents
to purify the membranes. Nitrogen gas 5.0 was purchased from
Westfalen AG (Göttingen, Germany).
2.2. Methods

2.2.1. Experimental set-up
The experimental set-up used for the study is illustrated in

Fig. 2. The external pressure type micro kit (MCTech, Shihung-
City, Korea) was equipped with a custom-built, double-walled,
temperature controlled pressurized vessel of stainless steel. Thus,
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the matrix lipid or the predispersion could be tempered by an
attached thermostatic water bath (Haake D1, Thermo Haake,
Karlsruhe, Germany) if required. The cylindrical hydrophilic SPG
membranes (SPG Technology, Miyazaki-city, Japan) of different
pore size (0.1, 0.2, 0.3, 0.5, 1.1 lm) had a length of 20 mm and
an outer diameter of 10–11 mm. The thickness of the membrane
was in the range of 0.7–0.9 mm. The membranes were clamped
with O-rings and were screwed in the membrane module of stain-
less steel. For the direct membrane emulsification process, the
membrane module was placed in a beaker glass (nominal volume
100 ml) containing 80 ml of the emulsifier-containing aqueous
phase. The aqueous phase was stirred with 300 rpm by a
magnetic stir bar (stir bar-hub 4.5 � 2.7 cm, VWR international,
Lutterworth, UK) on a temperature controlled magnetic stirrer
(IKA� RCT basic, IKA�-Werke, Staufen, Germany). The stirrer
speed of 300 rpm did not lead to bubble or eddy formation but
ensured a sufficient mixing of the aqueous phase. Furthermore,
an agitator speed of 300 rpm has been described as optimal for
such emulsification processes [18]. The concentration of the
matrix lipid in the resulting dispersions was determined by
measuring the level in the pressurized vessel after preparation.
For the premix membrane emulsification setup, the membrane
module was placed in an empty beaker glass (nominal volume
of 10 ml) containing a small magnetic stir bar, which was run
with 300 rpm to stir the emulsified dispersion.

Before the emulsification process was started, the SPG mem-
branes were wetted using the following protocol: The SPG mem-
branes were dipped into a container with water positioned in a
desiccator (£ 15 cm, VWR international, Lutterworth, UK). To re-
move the air inside all membrane pores, the membranes were trea-
ted with reduced pressure (3–15 mbar; vacuum exhauster V1200,
KVW-Technik, Neustadt, Germany) for 180 min in an ultrasonic
bath (Sonorex Digital DK 512 P, Bandelin electronic, Berlin, Ger-
many) operating with a frequency of 35 kHz and an ultrasonic peak
output of 820 W. Afterward, the membranes were clamped into
the membrane module and were flushed at 990 kPa successively
with 100 ml water and 50 ml emulsifier-containing aqueous phase.
After each emulsification process, the membranes were cleaned by
flushing the SPG membrane in the membrane module at 990 kPa
with 100 ml hot water (�80–90 �C), 50 ml acetone, 50 ml isopropyl
alcohol and 100 ml cold water.
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Fig. 2. Scheme of the experimental set-up for membrane emulsification and
environmental scanning electron micrograph of an SPG membrane (pore size
1.1 lm).
Formulations with liquid oils were processed at room tempera-
ture. Solid lipid particles were obtained by membrane emulsifica-
tion 10 �C above the melting point of the matrix lipid and
subsequent crystallization of the resulting emulsion droplets by
dipping the sample containers into an ice-water mixture for 2 h.
All samples were stored at room temperature.

2.2.2. Preparation of emulsions and solid lipid particles by direct SPG
membrane emulsification

Different combinations of emulsifier-containing aqueous
phases and matrix lipids were used in the experiments. The aque-
ous phases were prepared by dissolving the emulsifier (5% SDS, 5%
poloxamer 188, 15% sucrose laurate, 1 or 2% polysorbate 20) in
double distilled water containing 0.01% thiomersal as preservative
(all concentrations w/w). Comparatively high concentrations of the
stabilizing agents in the aqueous phases were chosen as derived
from the literature for SDS and polysorbate 20 [26–28] in order
to prevent a lack of emulsifier during the droplet formation pro-
cess. For the first basic studies using sucrose laurate a concentra-
tion of 15% was applied according to the premix membrane
emulsification studies in the literature [14]. The concentration of
poloxamer 188 was chosen closely following the concentration of
SDS. The matrix lipids were used as such, soybean oil additionally
with 0.5% (w/w) sorbitan oleate. To investigate the effect of drug
loading, additionally 5% (related to the matrix lipid) of the model
drug ubidecarenone was dissolved in molten trimyristin and was
further processed together with the matrix lipid. The compositions
under investigation by direct membrane emulsification are given
in Table 1.

For the preparation of lipid dispersions, the aqueous phase was
stirred continuously and the lipid phase (�10 ml) was placed in the
pressurized vessel. As the first process step of direct SPG mem-
brane emulsification, the required emulsifying pressure was deter-
mined for all membranes and formulations, respectively, by
successively increasing the pressure of the nitrogen gas. Steps of
5 kPa each of 10 min were chosen for membranes with pore sizes
of 0.2, 0.3, 0.5 and 1.1 lm and steps of 20 kPa each of 30 min were
chosen for those with a pore size of 0.1 lm. The critical emulsifying
pressure is reached when the lipid phase starts to pass the mem-
brane and lipid droplets are detached. The emulsifying pressure
for the following preparation step was set to 5 kPa (for the 0.2,
Table 1
Overview of the lipid dispersions under investigation by direct and premix SPG
membrane emulsification.

Stabilizer Lipid phase

MCT SBO SBO/S80 TM TM/Q10 G44/14 CATO

Direct membrane emulsificationa

SDS 5% 5% – 5% 5% – 5%
Pol 188 – – – – – – 5%
T20 2% – 1% – – 2% –
SL – – – 15% – – –

Premix membrane emulsificationb

SDS 7.5%1,2 – – 7.5% – – –
Pol 188 – – – 7.5%1,2 – – –
T20 – – – 7.5% – – –
SL – – – – – – –

Stabilizer: SDS = sodium dodecyl sulfate, Pol 188 = poloxamer 188, T20 = polysor-
bate 20, SL = sucrose laurate. Lipid phase: MCT = medium chain triglycerides, SBO (/
S80) = soybean oil (/sorbitan oleate), TM = trimyristin, TM/Q10 = trimyristin/ubide-
carenone, G44/14 = lauroyl macrogolglycerides, CATO = glyceryl behenate.
All concentrations are w/w.

a Concentrations given refer to the stabilizer concentration in the aqueous phase.
The concentration of the matrix lipid was 1–5%.

b Concentrations given refer to the stabilizer concentration in the aqueous phase.
The concentration of the matrix lipid was 10%. Dispersions with 5%1 and 2.5%2

matrix lipid were also prepared keeping the lipid-to-emulsifier ratio constant.
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0.3, 0.5 and 1.1 lm-membranes) or 20 kPa (for the 0.1 lm-mem-
brane) above the determined critical pressure according to Naka-
shima et al. [8]. The experiments were stopped when 1–5% lipid
phase had been emulsified into the aqueous phase, and thus, the
determination of particle size was possible.

2.2.3. Preparation of nanoemulsions and solid lipid particles by premix
SPG membrane emulsification

Usually, the matrix lipids were used in a concentration of 10%
with an emulsifier concentration of 7.5% in analogy to previous
investigations [14]. The mass ratio of matrix lipid to stabilizing
agent was quite high (4:3 (w/w concentrations)) in order to pre-
vent a lack of emulsifier during the droplet disruption process.
Emulsions were prepared from medium chain triglycerides and
SDS, solid lipid nanoparticles from trimyristin and SDS, poloxamer
188 or polysorbate 20, respectively. An overview of the composi-
tions under investigation by premix membrane emulsification is
also given in Table 1. All samples were preserved with 0.01% (w/
w) thiomersal in the aqueous phase. 10 ml of the mixture of the
matrix lipid and the surfactant-containing aqueous medium was
predispersed with an Ultraturrax� IKA T18 (IKA�-Werke, Staufen,
Germany) at 16,000 rpm for 30 s (10 �C above the melting point
of matrix lipid when processing solid lipids). The resulting pre-
emulsion was forced once through the pores of the SPG membrane
with an emulsifying pressure of 900 kPa.

2.2.4. Particle size determination
In order to obtain an estimate of the particle size distribution the

samples were investigated in a laser diffractometer with PIDS (Polar-
ization Intensity Differential Scattering) technology (LS 13 320,
Beckman-Coulter, Krefeld, Germany). Three measurements of 90 s
each were performed and used to calculate the volume distributions
as well as the corresponding d10-, d50- and d90-values using the Mie
theory assuming a refractive index of 1.46 for the particles, 1.33 for
the aqueous dispersion medium and 0.01 for the imaginary part of
the refractive index.

Additionally, the quality of the dispersions was assessed at dif-
ferent magnifications in an optical microscope (Leica DMLM; Leica
Microsystem, Wetzlar, Germany) equipped with an Olympus DP12
digital microscope camera (Olympus America, Melville, New York,
USA).

2.2.5. Determination of viscosity
The dynamic viscosity of the lipid phases was determined with

the Bohlin Rheometer CV0 50 (Bohlin Instruments, Cirencester, UK)
equipped with a temperature-controlled cone and plate. The angle
of the rotating cone was 1� and the cone diameter was 40 mm.
Each sample was investigated for 120 s at its corresponding
process temperature (25 �C for the liquid lipids and 10 �C above
the melting point of the solid lipids) in triplicates after equilibra-
tion of 5 min at the required temperature. The shear stress was in-
creased from 0.8 Pa to 2000 Pa during the measurement and 120
points of measurements were taken for each run. The results of
the three measurements were used to calculate the mean value
with its standard derivation. All matrix lipids displayed Newtonian
flow.

2.2.6. Determination of interfacial tension
The interfacial tension of medium chain triglycerides and aque-

ous phases containing 1% (w/w) sucrose laurate, SDS or polox-
amer 188 was determined at 25 �C ± 1 �C using the K100
tensiometer (Krüss GmbH, Hamburg, Germany) equipped with a
Wilhelmy plate (19.9/0.2/10.0 mm, width/thickness/height) and a
sample container with a volume of 43.5 ml. Before each measure-
ment, the plate and glass container were cleaned by abundant rins-
ing with isopropanol and deionized water followed by heating in a
flame. 20 values were collected within a maximum time of 500 s
for one measurement. The interfacial tension is given as the mean
of three measurements with its standard deviation. The density of
the medium chain triglycerides (0.9408 g/cm3 ± 0.0001 g/cm3),
which was necessary for the interfacial tension calculation, was
determined in triplicates by means of a density meter DMA46
(Anton Paar K.G., Graz, Austria) at 25 �C ± 1 �C.

3. Results and discussion

3.1. Direct membrane emulsification

In a screening study with different matrix lipids and emulsifiers,
dispersions with well-defined and often very narrow size distribu-
tion could be prepared with all membranes under investigation
(Fig. 3, left). Particle size distributions completely in the submicron
range were, however, only obtained using the membrane with the
smallest pore size. Due to low flow rates of the disperse phase the
process times were quite long (e.g., 20–60 min for the emulsifica-
tion of about 1 ml lipid phase). Therefore, only 1–5% lipid phase
was emulsified into the aqueous phase as thus the determination
of particle size became possible. Long process times increase the
risk of membrane fouling as the lipid phase starts to spread over
the membrane surface leading to multimodal particle size
distributions.

3.1.1. Influence of emulsifying pressure and membrane pore size
The emulsifying pressure is the most sensitive process parame-

ter of direct SPG membrane emulsification. The minimum pressure
required to force the lipid phase through the membrane into the
aqueous phase (critical pressure pc) increases with decreasing
pore size. It can be estimated from the capillary pressure [8]
described by Laplace’s law, assuming that the pores are ideal
cylinders (Eq. (1)).

pc ¼ ð4 � cO=W � cos hÞ=dM ð1Þ

cO/W, h and dM represent the interfacial tension between lipid and
water phase, the lipid/membrane contact angle and the nominal
pore diameter of the SPG membrane, respectively. However, the
emulsifying pressure used in the process may be slightly higher
than the predicted critical pressure. According to Nakashima et al.
there is a range of optimal emulsifying pressure above the critical
pressure. Emulsifying pressures above this range can lead to the for-
mation of large particles and broad size distributions [8]. According
to Darcy’s law (Eq. (2)), the flux of the disperse phase through the
membrane (Jd) increases with the emulsifying pressure (pe) [29,30].

Jd ¼ ðpe � KÞ=ðg � lÞ ð2Þ

K, g and l represent the membrane permeability, the viscosity of
disperse phase and the membrane thickness, respectively. Thus,
an increasing emulsifying pressure results in a faster droplet forma-
tion and further in an increasing number of active pores [31]. The
resulting higher throughputs [32] should lead to shorter process
times.

In the present study, the critical pressure was determined in a
quite time-consuming process for each membrane and formula-
tion. As expected, it was mainly determined by the membrane pore
size. The emulsifying pressure (Fig. 3, right) was adjusted 5–20 kPa
above the respective critical pressure according to Nakashima et al.
[8]. To rule out any potential influence of membrane thickness on
the emulsifying process, membranes with similar thicknesses were
used for the present study. Smaller particle sizes were usually ob-
tained with decreasing membrane pore size (Fig. 3, left). In this
study, ratios of membrane pore size to mean particle size were
in a range from 1:2.8 to 1:8.2 and in agreement with those
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reported earlier for microparticulate lipid dispersions (typically
1:2–1:10 [11]). Uniform colloidal particles could only be obtained
with the smallest membrane pore size of 0.1 lm. Since the maxi-
mum pressure of the device was limited to 1000 kPa, membranes
with smaller pores could not be used due to higher expected emul-
sifying pressures.

The influence of the emulsifying pressure on the particle size
was investigated using a 0.3 lm-membrane which did not yield
colloidal dispersions under the commonly chosen preparation con-
ditions (emulsifying pressure slightly higher than the critical pres-
sure) (Fig. 3, left). Under such regular conditions, narrow particle
size distributions in the micrometer range with mean ratios of
membrane pore size:mean particle size of 1:2–1:10 are expected
for simple oil-in-water emulsions [11]. The mean particle sizes
(d50 �1.5 lm) of dispersions prepared with the 0.3 lm-membrane
under common preparation conditions in this study were in the ex-
pected range (Fig. 3, left). For SDS-stabilized trimyristin disper-
sions, a slight increase in emulsifying pressure led to the
formation of very small particles and broader size distributions
(Fig. 4). The particle sizes were even smaller than those observed
upon conventional processing with smaller membrane pore sizes
(0.1 lm). The incorporation of the model drug ubidecarenone did
not influence the required preparation conditions and the particle
size. However, at increased pressure a broader size distribution
was observed (Fig. 4).

In direct membrane emulsification, the variation of the emulsi-
fying pressure leads to alterations in the droplet formation pro-
cesses. Upon processing close to the critical pressure individual
droplets are formed at the opening of the pores at the membrane
surface and are detached when they reach a certain size [33,34].
The droplet formation process is very slow but the droplets –
which are larger than the membrane pores – are very uniform in
size. An increase in the emulsifying pressure increases the flux of
disperse phase and finally leads to a release of thin lipid jets at
the pore openings [34–37]. These lipid jets collapse to droplets of
different sizes resulting in broader size distributions. Small parti-
cles can be observed when small droplets of collapsing lipid jets
are covered by rapid stabilizing emulsifiers before coalescence oc-
curs yielding larger particles [38]. Furthermore, Vladisavljević et al.
postulated the formation of smaller droplets than the membrane
pore size at higher emulsifying pressures [38]. Capillary instabili-
ties are responsible for the breakup of oil threads within the mem-
brane pores wetted by the aqueous phase. Smaller particles are
observed in particular when using lipid phases with higher
viscosities [39]. Thus, the preparation of nanoparticles with sizes
smaller than the pores of the membrane is, in principle, possible
by direct SPG membrane emulsification.

In the majority of cases in this study, a slight increase in the
emulsifying pressure led to difficulties in controlling the process
conditions and resulted in larger particles and polydisperse size
distributions than when using common process conditions as also
commonly reported in the literature [26,28,40,41]. However, SDS-
stabilized glyceryl behenate particles (d50 = 80 nm, Fig. 5) and su-
crose laurate-stabilized trimyristin particles (d50 = 72 nm, Fig. 6)
prepared under common process conditions with a 0.2 lm- and
0.1 lm-membrane, respectively, were much smaller than expected
according to the usual pore to particle size ratio. Also here, the for-
mation of lipid jets might be the cause for the formation of very
small particles. The formation of lipid jets may occur in particular
with small membrane pore sizes which require in a rather high
critical pressure. As soon as this pressure is overcome the high
emulsifying pressure is likely to result in a high flow velocity of
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Fig. 5. Particle size distributions and emulsifying pressures of glyceryl behenate
(CATO) dispersions containing different emulsifiers observed upon direct SPG
membrane emulsification with a pore size of 0.2 lm.

Fig. 6. Particle size distributions and emulsifying pressures of sucrose laurate-
stabilized trimyristin particles observed upon the direct emulsification process with
different SPG membranes.
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the lipid through the membrane pore which does not allow the for-
mation of single droplets at the pore opening but will favor jet
formation.

Due to the high resistance of the membranes, which caused
high process pressures, the SPG membranes often ruptured in the
device, in particular the membranes with the small pore sizes
(0.1 and 0.2 lm). The differences in membrane stability may
be caused by the different required emulsifying pressures (10–
180 kPa and 200–800 kPa for 1.1–0.3 lm- and 0.2–0.1 lm-mem-
branes, respectively). Moreover, the extensive contact with organic
solvents during the purification process may render the
glass membranes more brittle and may promote ruptures during
the time-consuming preparation process at high emulsifying
pressures.
3.1.2. Influence of emulsifier
In this study, many experiments were performed with SDS as

this emulsifier has often been used for membrane emulsification
[10,11]. Since SDS is, however, not a good option for many pharma-
ceutical applications, the investigations were extended also to
surfactants that are more likely to be used, e.g. in parenteral
formulations.
The type and concentration of emulsifier affected the particle
size and size distribution. Fig. 5 exemplifies the results of emulsi-
fication through 0.2 lm-membranes for solid lipid particles con-
taining glyceryl behenate as matrix lipid. Based on the
preparation conditions described by D’oria for colloidal particles,
the dispersions containing 1.2% poloxamer 188 were processed at
400 kPa [22]. Additionally, the same formulation was processed
at 60 kPa after a critical pressure of 55 kPa had been determined.
A narrower size distribution was observed at the lower emulsifying
pressure, but the mean particle size remained unchanged at about
1 lm. A higher concentration (5%) of the emulsifier poloxamer 188
did not lead to the formation of smaller particles either. However,
remarkably small glyceryl behenate nanoparticles with narrow
size distribution were observed after replacement of the emulsifier
poloxamer 188 with 5% SDS although the critical pressure re-
mained unchanged at 55 kPa.

Sucrose laurate has previously been used very successfully for
the preparation of lipid nanoparticles by premix membrane emul-
sification [14] and was thus investigated for the preparation of so-
lid lipid particles by direct membrane emulsification in this study
(Fig. 6). As also observed for other emulsifiers in this study, the use
of membranes with 0.2 or 0.3 lm pore size did not yield sucrose
laurate-stabilized particles in the colloidal range. Only with the
0.1 lm-membrane sucrose laurate-stabilized trimyristin nanopar-
ticles were obtained.

Influences of the emulsifier on the size of droplets prepared by
direct membrane emulsification have been reported earlier
[27,28,37,38]. The droplet size of the disperse phase depended
mainly on the adsorption speed of emulsifier at the lipid–water
interface. Smaller droplets were observed in dispersions with
emulsifiers lowering the interfacial tension more quickly, like,
e.g. SDS compared to b-casein or 11S soya globulin [42], to dode-
cyl alcohol-10-glycol ether or spray-dried whey protein [28] or to
polysorbate 20 [27,28]. In the present study, also some correla-
tion of the particle size with the (equilibrium) interfacial tension
was observed: Preliminary investigations on the interfacial ten-
sion between medium chain triglycerides and selected aqueous
phases revealed the lowest value for a solution of sucrose laurate
(2.96 ± 0.16 mN/m) followed by SDS (3.69 ± 0.34 mN/m) and
poloxamer 188 (15.66 ± 0.16 mN/m). Accordingly, sucrose lau-
rate-stabilized trimyristin particles were smaller (d50 = 72 nm,
Fig. 6) than SDS-stabilized trimyristin particles (d50 = 360 nm,
Fig. 3, left) when prepared with a 0.1 lm-membrane (and an
emulsifying pressure of 800 kPa) and SDS-stabilized glyceryl beh-
enate particles were smaller (d50 = 80 nm, Fig. 5) than those stabi-
lized with poloxamer 188 (d50 = 950 nm, Fig. 5) when prepared
with a 0.2 lm-membrane (and an emulsifying pressure of
60 kPa). However, an influence of the interfacial tension on the
emulsifying pressure as predicted by Laplace’s law (Eq. (1)) could
not be observed.

The particle size is also influenced by the charge of the hydro-
philic group of the emulsifier, which determines the droplet
charge, due to electrostatic interactions with the negatively
charged SPG membrane surface [27,38]. Strong electrostatic repul-
sions can be observed between negatively charged droplets and
the hydrophilic SPG membrane resulting in a fast droplet detach-
ment [38]. Due to the absence of electrostatic repulsions un-
charged particles are less quickly detached from the membrane
and thus have a more time to grow at the membrane pore [27].
This may be a further reason why the glyceryl behenate particles
stabilized with the quickly adsorbing anionic emulsifier SDS were
smaller than the particles stabilized by the larger nonionic polymer
poloxamer 188.

Compared to the low concentration of emulsified lipid phase,
the emulsifiers were applied in quite high concentrations. This
was done to prevent a lack of surfactant during the droplet
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formation process in direct membrane emulsification. Since for
pharmaceutical applications, especially with regard to parenteral
administration, delivery systems with low concentration of surfac-
tant are desirable, studies to reduce the emulsifier concentrations
are in the focus of further investigations.
3.1.3. Influence of the type of matrix lipid
Usually, nonpolar lipids were used as matrix materials in this

study. However, also the more polar substances lauroyl macrogol-
glycerides (Gelucire� 44/14) and glyceryl behenate (Compritol�

ATO 888) have been reported to form particles in the upper colloi-
dal range (lauroyl macrogolglycerides) [19–22] or in the lowest mi-
cron range (glyceryl behenate) upon direct membrane
emulsification [22,24]. Thus, some experiments were also per-
formed with these lipids. Lauroyl macrogolglycerides in combina-
tion with 2% polysorbate 20 yielded dispersions of very small
particles (d50 = 70 nm) upon direct emulsification with a mem-
brane of 1.1 lm pore size at an emulsifying pressure of 10 kPa.
Since this lipid matrix is classified as self-emulsifying by the man-
ufacturer and in the literature [23], this property was investigated
by simply adding the molten matrix lipid at 55 �C to a polysorbate
20 (2%) containing aqueous phase on a magnetic stirrer at 300 rpm.
After cooling to 5 �C, the particle sizes were in the same range
(d50 = 70 nm) as after membrane emulsification. For the prepara-
tion of lauroyl macrogolglyceride nanoparticles, a technical disper-
sion process was thus not required due to the self emulsifying
properties of the lipid. Thus, it has to be assumed, that the colloidal
particles observed after membrane emulsification of lauroyl
macrogolglycerides (Gelucire� 44/14) [19–22] do not result from
the classical membrane emulsification process according to
Nakashima et al. [8].

With the exception of glyceryl behenate, all other lipids yielded
dispersions of similar particle sizes (d50 around 1 lm) as exempli-
fied in Fig. 7 for SDS-containing formulations using a membrane
with a pore size of 0.2 lm. Using glyceryl behenate some peculiar-
ities have to be taken into consideration: The lipid consists of a
mixture of approximately 15% mono-, 50% di- and 35% triglycer-
ides of behenic acid (C22) and is more polar than the other lipids
used in this study which may result in special effects at the droplet
interface. Furthermore, due to its high melting point (�70 �C)
and low supercooling tendency (crystallization temperature in
dispersion �65–60 �C) glyceryl behenate bears the risk of lipid
Fig. 7. Particle size distributions and emulsifying pressures of SDS (5%)-stabilized
lipid particles observed upon direct emulsification with a 0.2 lm SPG membrane in
comparison to the viscosity of the respective matrix lipid of the dispersions
obtained at the corresponding process temperature.
crystallization during emulsification. Thus, the lipid was excluded
from further studies.

To investigate if the differences in emulsifying pressures in di-
rect membrane emulsification (Fig. 3, right) might be related to
the viscosity of the matrix lipids, the viscosities were determined
at the respective process temperature (Fig. 7). The considerably
higher viscosity of soybean oil (53.1 ± 0.77 mPa s, 25 �C) than that
of medium chain triglycerides (18.4 ± 0.88 mPa s, 25 �C) and tri-
myristin (19.8 ± 0.05 mPa s, 65 �C) corresponded to a higher re-
quired emulsifying pressure for soybean oil (400 kPa) compared
to those for the other two matrix lipids (200 kPa and 175 kPa for
medium chain triglycerides and trimyristin, respectively) (Fig. 7).
The lowest viscosity was observed for glyceryl behenate
(3.20 ± 0.03 mPas, 80 �C), which required the lowest emulsifying
pressure (60 kPa) and yielded very small particle sizes. Presum-
ably, the very low viscosity of this matrix lipid supports the forma-
tion of liquid lipid jets discussed in Section 3.1.1. However, the
influence of the matrix lipid viscosity on the particle size could
not be clarified in this study.

Systematic studies on the effect of disperse phase viscosity in
the direct membrane emulsification process have shown increas-
ing particle sizes with decreasing matrix lipid viscosity [26,27].
More viscous lipid phases may decrease the supply rate during
droplet formation resulting in smaller particles [27] due to easier
droplet detachment from the membrane pore [43]. All studies
postulated a high viscosity of the disperse phase to facilitate the
preparation of monodisperse particle size distributions.

3.2. Premix membrane emulsification

As the formation of small colloidal particles with narrow size
distribution was not frequently observed when using the direct
emulsification procedure, premix membrane emulsification with
SPG membranes was tested as alternative. Generally, the premix
process worked much better for the preparation of nanoemulsions
and solid lipid nanoparticles than direct membrane emulsification.
It allowed manufacturing particles in the lower nanometer range
with very narrow size distribution in relatively short time (10 ml
of premix were emulsified within at maximum 8–30 min.) and at
comparatively high concentrations of matrix lipid (Fig. 8). Disper-
sions containing 10% lipid were extruded without any problems
in most cases. Very remarkably, a single premix emulsification step
with nanoporous SPG membranes led to smaller particles and nar-
rower size distributions than 11 or 21 membrane passages through
common tracked etched polycarbonate membranes [14]. Obvi-
ously, there is a strong influence of the membrane morphology
on the resulting particle size distribution. Furthermore, in spite
of the comparatively high pressure applied membrane ruptures
were less frequently observed than upon direct emulsification.

In premix membrane emulsification, droplet disruption occurs
within the membrane pores. In a visualization of droplet break-
up mechanisms localized shear forces led to snap-off effects and
interfacial tension effects (Rayleigh and Laplace instabilities) as
well as steric hindrance between droplets seemed to be responsi-
ble for the droplet disruption processes [44]. Smaller particles than
the membrane pore size can be achieved upon premix membrane
emulsification at higher shear stresses resulting in a more inten-
sive droplet disruption due to collisions between the droplets
and the membrane pore wall [13]. Presumably as a result of their
much higher thickness (700–900 lm) and tortuous pore structure
the SPG membranes led to more intensive colloidal droplet disrup-
tion than the thinner membranes, like e.g., the polycarbonate
membranes (10 lm) used in previous studies [14,45]. In a model
setup, droplet break-up in coarse dispersions was more effective
in devices with branchings and junctions than in those with
straight channels [44]. However, for an effective droplet break-up



Fig. 8. Particle size distributions observed after one membrane passage in a
formulation screening by premix SPG membrane emulsification with different
membrane pore sizes. The predispersions used in the premix emulsification setup
usually contained 10% matrix lipid (�5% matrix lipid, ��2.5% matrix lipid).

Fig. 9. Particle size distributions of SDS-stabilized colloidal emulsions containing
different concentrations of matrix lipid (MCT) observed upon premix membrane
emulsification with different membranes at an emulsifying pressure of 900 kPa
(�MCT 10% � SDS 7.5% was not processable with a 0.1 lm SPG membrane).
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the process pressure might have to be increased with increasing
membrane thickness to compensate for the increasing flow resis-
tance of the membrane thus maintaining a sufficient flow rate [44].

3.2.1. Influence of process parameters
As discussed for direct membrane emulsification, the flux

through the membrane increases with the emulsifying pressure
(Eq. (2)). A comparatively high pressure (close to the limit of the
device) of 900 kPa was chosen in order to achieve short process
times and thus preventing creaming of the predispersion in the
pressurized vessel. In addition, the high flux results in a more effec-
tive droplet disruption due to higher shear stress on the dispersion
inside the pores [39].

With decreasing membrane pore size smaller particle sizes
were obtained (Fig. 8) but the effect of pore size was much less
pronounced than in direct membrane emulsification (Fig. 3, left).
After one membrane passage, the ratios of membrane pore size
to mean particle size were in a range from 1:0.4 to 1:2.1 in good
agreement with literature data for microparticulate lipid disper-
sions (1:0.7–1:4.4 [15,16]). Membrane pore sizes up to 0.3 lm
could be employed for the preparation of monodisperse colloidal
dispersions.

3.2.2. Influence of emulsion composition
As the viscosity of the formulations increased with the concen-

tration of lipid phase some predispersions with 10 and 5% matrix
lipid were not processable under the conditions applied (emulsify-
ing pressure 900 kPa) because they did not pass the 0.1 lm-mem-
brane (Figs. 8 and 9). An increase in the concentration of matrix
lipid had, however, only minor effects on the resulting particle size
distributions (Fig. 9). A tendency toward slightly smaller particles
was observed for the formulations with a higher matrix lipid con-
centration. These results are in agreement with those obtained for
differently stabilized (poloxamer 188, sucrose laurate) trimyristin
solid lipid nanoparticles prepared by repeated premix membrane
emulsification using polycarbonate membranes [14]: With
increasing matrix lipid concentrations increasing emulsifying pres-
sures were observed as well as a tendency toward narrower parti-
cle size distributions, but the mean particle size remained
unchanged. According to Darcy’s law (Eq. (1)), increasing viscosi-
ties require increasing emulsifying pressures to provide the flow
through the pores of the membrane due to an increasing flow resis-
tance of the liquid. The viscosity of the predispersion is also
affected by the type and concentration of emulsifier. In premix
membrane emulsification, the formed aqueous ‘‘lubrication layer’’
in the membrane pores become thicker with increasing viscosity
of the continuous phase [39]. As a consequence, the droplets of dis-
perse phase passing the membrane pore become thinner and elon-
gated during their passage through the membrane resulting in a
break-up to smaller droplets. Furthermore, an earlier droplet
break-up inside the membrane pores was observed [38]. Vladi-
savljević et al. also observed decreasing particle sizes with increas-
ing continuous phase viscosity upon repeated premix membrane
emulsification [46].
4. Conclusions

Colloidal lipid particles of pharmaceutically relevant matrix lip-
ids with narrow size distributions can be obtained by SPG mem-
brane emulsification techniques when optimized formulations
and preparation parameters are used. Direct emulsification under
conventional conditions did, however, only lead to colloidal disper-
sions when membranes with 0.1 lm pore size were used and the
resulting particles were still rather large. Moreover, direct mem-
brane emulsification suffered the drawback of long process times.
Generally, premix emulsification worked much better for the prep-
aration of nanoemulsions and solid lipid nanoparticles with parti-
cles in the lower nanometer range than the direct preparation
technique. Remarkably narrow particle size distributions with a
mean particle size around 100–200 nm were obtained with the
premix membrane emulsification process even after only one
membrane passage. In this regard, the very short preparation time
and thus the short stress to the dispersion represent a major
benefit.

Due to the lower energy input and lower process pressures
(max. 10 bar), SPG membrane emulsification is an interesting alter-
native method to high-pressure homogenization for the produc-
tion of these types of drug carriers as well as for special
products, which require a high quality with regard to narrow size
distributions. However, the direct process does not seem to be a
good option for standard processing of nanoparticles due to long
preparation times and low yield.
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