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ABSTRACT: Many food preparations, pharmaceuticals, and
cosmetics use water-in-oil (W/O) emulsions stabilized by
phospholipids. Moreover, recent technological developments
try to produce liposomes or lipid coated capsules from W/O
emulsions, but are faced with colloidal instabilities. To explore
these instability mechanisms, emulsification by sonication was
applied in three cycles, and the sample stability was studied for
3 h after each cycle. Clearly identifiable temporal structures of
instability provide evidence about the emulsion morphology: an
initial regime of about 10 min is shown to be governed by
coalescence after which Ostwald ripening dominates. Transport
via molecular diffusion in Ostwald ripening is commonly based on the mutual solubility of the two phases and is therefore
prohibited in emulsions composed of immiscible phases. However, in the case of water in oil emulsified by phospholipids, these
form water-loaded reverse micelles in oil, which enable Ostwald ripening despite the low solubility of water in oil, as is shown
for squalene. As is proved for the phospholipid dipalmitoylphosphatidylcholine (DPPC), concentrations below the critical
aggregation concentration (CAC) form monolayers at the interfaces and smaller droplet sizes. In contrast, phospholipid
concentrations above the CAC create complex multilayers at the interface with larger droplet sizes. The key factors for stable
W/O emulsions in classical or innovative applications are first, the minimization of the phospholipids’ capacity to form reversed
micelles, and second, the adaption of the initial phospholipid concentration to the water content to enable an optimized
coverage of phospholipids at the interfaces for the intended drop size.

■ INTRODUCTION

Water-in-oil (W/O) emulsions are regularly used in many food
preparations, pharmaceutics, and cosmetics. Commonly, these
dispersed systems are stabilized by increasing the viscosity of
the continuous phase and thus nearly immobilizing droplets.
Phospholipids (PLs) are widely used emulsifiers as they are
gained from natural, sustainable sources1 with approved
biocompatibility regarded as a substance that is “generally
recognized as safe” (GRAS) by the Food and Drug
Administration (FDA)2 due to their ubiquitous occurrence
in humans as in most organisms. PLs are commonly used as
emulsifiers for oil-in-water (O/W) emulsions but are faced
with unexplored instability problems in W/O emulsions. This
contradicts the expectations raised by their hydrophilic−
lipophilic balance (HLB) value, which for dipalmitoylphos-
phatidylcholine (DPPC) is around 5, which indicates their
suitability as an W/O emulsifier.3 Further arguments to explore
their use in W/O emulsification are the high solubility of

phospholipids in most oil phases and their molecular shape.
The molecular geometry is comparable to a cylinder or cone,
depending on the degree of saturation of the fatty acids and the
size of the hydrophilic group. It makes them more suitable for
W/O than for O/W emulsions when considering interfacial
curvaturesa contradiction that has not yet been solved
rigorously in the literature.4 W/O emulsions consisting of two
low-viscous phases emulsified by phospholipids are frequently
reported as unstable.1,5 However, more stable W/O emulsions
based on PL could trigger new applications in a wide range of
pharmaceutical and food-related products and lead to
innovations.
The stability of an emulsion is governed by the emulsifier at

the interface between continuous and dispersed phase, as well
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as the viscosity of the continuous phase and density difference
of the two immiscible phases.6 During emulsification, the
diffusion speed of the surfactant is crucial to the initial
coverage of the interface and therefore for the size distribution
and stability of the emulsion.7 PLs have a molecular weight of
700 to 800 g/mol and are therefore much slower in diffusion
than other common surfactants like, e.g., SDS with a molecular
weight of 288 g/mol. The duration and efficiency of the
dispersion process are decisive for the choice of surfactant and
vice versa. Mechanical dispersion methods differ significantly
in input energy density, depending on the physical principle
and residence time. High-shear mixers have a relatively low
energy input, while high pressure homogenization and
ultrasonication provide a higher energy input, which makes
them especially suitable for fast diffusing surfactants.8 During
ultrasonication the sample is continuously mixed in a batch or
pumped through a chamber,9,10 while for high pressure
homogenization the number of passages determines the
residence time in combination with the mass flow. The
optimal processing parameters for a homogenizer are in the
high pressure range above 1000 bar with very fast mass flows
and therefore short residence times ≪1 s,11,12 which even for
many passages does not lead to high residence times. For the
relatively slow PLs, a dispersion process with the ability to
form small droplets and long residence times is needed. Since
high pressure homogenization can produce very small droplets,
the method is not suitable for slow surfactants. High shear
mixers cannot produce the desired size distribution below 1
μm. Ultrasonication was therefore the method of choice,
allowing sufficiently long residence times and high shear forces
with short intervals of energy input.
The adsorption kinetics of a surfactant in a liquid−liquid

two phase system can be characterized with profile analysis
tensiometry (PAT).13−15 This time-dependent measurement
of the dynamic interfacial tension also reveals the critical
aggregation concentration (CAC) of a PL in an oil phase and
the minimal area per molecule of the surfactant at the interface.
DPPC-based water in squalene nanoemulsions are used here

as representative system for pharmaceutical emulsions.16

Squalene is used as adjuvant in vaccines for its enhancing
therapeutic effect and is becoming more important for
emulsion systems as well.17 Apart from the use of water/
squalene systems in pharmaceutics and cosmetics, W/O
emulsions are increasingly studied as precursors to produce
liposomes.18,19 W/O emulsions using PLs experience increas-
ing interest in digital microfluidics20 to mimic organismic
conditions.
Previous findings show that DPPC and POPC, which are

both regularly used as models for membrane PL, show very
divergent CAC and interfacial packing density, due to the
saturated and unsaturated groups, respectively, that interact
differently with organic solvents. The minimum interfacial
tensions in equilibrium are similar, suggesting that both could
be suited for the use in nanoemulsions, but the morphological
formation and differences in solubility can have an impact on
the instability mechanism. In numbers, the CAC for DPPC is
at 0.103 mM, while POPC has a 12-fold higher CAC of 1.256
mM, meaning the molecular solubility is higher. The packing
density of the lipids at the oil−water interface also differs with
44 Å2 per molecule for DPPC and 119 Å2 per molecule for
POPC with possible multilamellar structures occurring with
DPPC.21,22

The aim of this study is to unravel the instability
mechanisms of W/O emulsions with PL to find physical
explanations for the short lifetime of such systems. Based on
their understanding, innovative formulations can be developed,
which consider adequate material properties, suitable relative
quantities, and mechanical processing. This is necessary in
order to produce stable W/O emulsions of the desired size
with narrow droplet-size distributions suitable for topical or
parenteral use as needed in most applications.23

■ EXPERIMENTAL SECTION
Materials. Squalene (C30H50) with 98% purity, was used as

continuous phase for the emulsions, purchased from Sigma-Aldrich
(Taufkirchen, Germany). Water for injection was used for the
dispersed aqueous phase. Two different phospholipids were tested as
emulsifiers, dipalmitoylphosphatidylcholine (DPPC) with saturated
fatty acids (16:0, 16:0) and palmitoyloleoylphoshatidylcholine
(POPC) with one saturated and one unsaturated fatty acid (16:0,
18:1). The purity of both phospholipids was >99%, kindly donated by
Lipoid GmbH (Ludwigshafen, Germany). Emulsification was done
mechanically with an ultrasound sonotrode, UP 200S with 200W
maximum output, and an ultrasound frequency of 26 kHz from
Hielscher Ultrasonics GmbH (Teltow, Germany). Photon correlation
spectroscopy (PCS) measurements were performed using a Malvern
Instruments (Worcestershire, UK) Zetasizer ZS90 with a wavelength
of 633 nm at 90°: Profile analysis tensiometry was done using a PAT-
1 device from Sinterface Technologies (Berlin, Germany).

Methods. The kinetics of interfacial adsorption of PL is crucial for
the process parameters of emulsification and can be investigated by
using profile analysis tensiometry (PAT). It allows monitoring the
time scale of the adsorption and stabilization of a pendant drop and
determination of the critical aggregation concentration (CAC) of a
PL in the oil phase. These findings were transferred to the testing of
emulsions. In order to compensate the slow diffusion speed of the PL
in ultrasonic emulsification, a repetitive, stepwise dispersion process
was established, which allows the PL concentration on the pendant
drop surface to approach equilibrium. This scheme enables assess-
ment of the change in emulsion stability after each redispersion of the
same emulsion. Further, the growth rate of emulsion droplets and
change of drop size distributions in metastable emulsions are
systematically investigated via photon correlation spectroscopy
(PCS) to identify the mechanisms of instability over time.

The droplet size in an emulsion was monitored for 180 min
immediately after emulsification, after which the procedure was
repeated twice consecutively on the same sample. Initially DPPC was
dispersed in squalene with an ultrasonication bath, attaining a
concentration of 0.03 mg/mL = 0.0409 mmol/L or 0.3 mg/mL =
0.409 mmol/L, which will be referred to in the following as 0.04 mM
and 0.4 mM, respectively. In a first step, emulsions were produced
with 0.4 vol % water in the DPPC/squalene solution, premixing
continuously for 10 s followed by sonication for 10 min with a
sonication cycle of 0.5 s per second, both at an amplitude of 40% of
the maximum output. The temperature was controlled with a −15 °C
cooling rack, compensating for the heat input from sonication. In a
second step, the emulsions were diluted to a final concentration 0.08
vol % water with squalene containing DPPC, keeping lipid
concentration constant. The diluted emulsion was then sonicated
once more for 5 min. The total process of (i) premixing, (ii)
sonication for 10 min, (iii) dilution and (iv) sonication for 5 min is
summarized as first sonication in the following. Emulsions were then
measured with PCS for 180 min at 20 °C, recording size continuously.
For the subsequent measurements, a second sonication of 10 and 180
min measurement were applied followed by a third sonication of 10
min and a final measurement of 250 min. Premixing and dilution was
only applied for the first sonication, but not for the second and third,
keeping concentrations constant for all three PCS measurements.

Results of the PCS measurements are provided in terms of z-
average, polydispersity index (PDI), derived count rate (DCR) and
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intensity weighted size distributions. The z-average is calculated from
the autocorrelation function by means of a third degree polynomial, as
an intensity weighted monomodal mean size. The PDI is also gained
from the autocorrelation and indicates the distribution by quantifying
the divergence of the autocorrelation to a unimodal size signal. A high
value in PDI indicates an insufficient fit of the model, therefore it is
generally accepted that results above the threshold value of 0.7 cannot
be described with the unimodal model. The count rate is a
quantitative value for the light intensity on the photosensor and
given in kilo counts per second, while the derived count rate includes
signal attenuation during the measurement. Since Rayleigh scattering
is the governing physical principle, the intensity is changed by particle
size as well as sample concentration and cannot be attributed
exclusively to a single effect. All size distributions were also evaluated
by fitting the autocorrelation with a multiexponential function to
account for multimodal distributions.
Tensiometry was performed with a series of defined DPPC

concentrations in squalene over a time scale of 2000 s = 33 min, as
described in more detail in Hildebrandt et al.21,22 Images of the water
drop in oil were taken and dynamical interfacial tensions were
determined. Equilibrium interfacial tensions γe were acquired from a γ
versus 1/ t diagram with an extrapolation for t → ∞. The
determination of the critical aggregation concentration (CAC) was
acquired via the Gibbs adsorption isotherms, as described by Li et
al.15

■ THEORETICAL BACKGROUND

The radius dependent solubility S(r) of a substance dispersed
in spherical droplets is given in relation to the solubility at a flat
interface, i.e., sphere of infinite radius24 S(∞):

γ
= ∞ i

k
jjj

y
{
zzzS r S

V
rRT

( ) ( ) exp
2 m

(1)

with γ being the interfacial tension between both phases, Vm
the molar volume of the dispersed phase, R the gas constant
and T the absolute temperature. The ratio of solubilities is
referred to as the Ostwald equation. Lifshitz and Slyozo25
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with rc being the critical radius of a droplet neither growing nor
decreasing, and D the diffusion coefficient of the disperse
phase in the continuous phase. Ostwald ripening can be
inhibited by means of adding ingredients that create higher
osmotic pressure in the droplets, counteracting the migration
of molecules.26,27

For droplets growing owing to coalescence, there is no well-
accepted theoretical approach so far.1 Deminiere et al.28

assumed a growth mechanism based on the differential

= −N fAdtd (3)

where A = Nπd2 is the total area of contacts, N = 6V/(πd3) is
the number of droplets of a diameter d, formed by a fixed
volume V of the disperse phase, and f is the frequency of
coalescence. Deminiere et al.28 found the evolution of the
diameter based on the initial diameter to be

π= −
d d

ft
1 1

32
0

2
(4)

However, this solution produces imaginary numbers of the
diameter for large time scales as it assumes that the frequency f
of collisions leading to coalescence is independent of the drop
size. Other considerations argue that the time evolution of size
growth induced by coalescence is based on Brownian motion
for nanoparticles and therefore scales with r to the power of
3.29,30 For the merging of droplets the close proximity of
droplets is required. Therefore, both the absolute concen-
tration and the mobility of droplets is of importance.
Coalescence is mostly imminent after initial flocculation or
creaming and is complex due to its dependence on
hydrodynamic and mechanical forces in combination with
the behavior of all molecules present at the interface.31

Ostwald ripening and coalescence are very hard to distinguish
as both involve a growth in droplet size that can lead to
heterogeneous distributions over long time periods in case of
pure coalescence, while Ostwald ripening tends toward a
homogeneous size.32,33

Figure 1. Adsorption kinetics of DPPC in squalene when exposed to a newly formed interface with water, measured by PAT tensiometry as
described by Hildebrandt et al.21 The interfacial tension γ decreases over time, as DPPC molecules adsorb at the interface for concentrations of ●
0.5 mM,▲ 0.05 mM, and▼ 0.01 mM. The left-hand side shows an biexponential plot to document the nonequilibrium state, while the right-hand
side allows to extrapolate the equilibrium in the limit of t(∞), enabled by plotting γ versus t−1/2.
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■ RESULTS
Kinetics of Phospholipid Adsorption. During the

formation of an emulsion, the newly formed interface needs
to be covered by the emulsifying surfactant as soon as the
dispersed phase is divided into smaller droplets. To consider
the influence and speed of the phospholipid (PL) diffusion on
emulsion stability, changes in surface tension during drop
formation were measured. Profile analysis tensiometry (PAT)
was conducted to measure a three phase system with water in
oil, containing a series of defined concentrations of DPPC.
Figure 1 shows the change of interfacial tension γ = γ(t) of a
pendant water droplet in squalene with concentrations of 0.01,
0.05, and 0.5 mM DPPC in the bulk phase, respectively.
Adsorption kinetics was studied over 2000 s; only for the
highest concentration of DPPC pendant drops were unstable
due to the low interfacial tension and detached from the
capillary tip after 100−400 s. Figure 1 shows the characteristic
time scales of adsorption kinetics which is governed by
diffusion.14,21 The interfacial tension at equilibrium γe can be
assessed by extrapolating γ→∞ tlim ( )t in a t−1/2 versus γ(t)
plot.14 To estimate the nonequilibrium state of DPPC
adsorption at the squalene/water interface during the
emulsification treatment of 10 min, the ratio γ(10 min)/γe
was assessed.
The evolution of interfacial tension within the first 10 min

after formation of a new interface refers to two characteristic
time scales:

(a) The empirical experience that sonication over 10 min is
an optimum for the minimization of droplet size: shorter
sonication periods provide larger drops; longer periods
do not minimize better, but reduce the derived count
rates.

(b) The physicochemical time scale for the transition from
regime A to regime B, which is a specific property of
DPPC as emulsifier as can be seen by comparing the
data for POPC in the Supporting Information.

A quantitative assessment of the data presented in Figure 1
is shown in Table 1, which shows that the interfacial tensions

in nonequilibrium at t = 10 min deviate from their respective
equilibria. The relative deviation from equilibrium correlates
with increasing concentration. At concentrations strongly
below CAC, as is the case for c = 0.01 mM, the transient
interfacial tension γ(10 min) is about 14% higher than
equilibrium. At a concentration of c = 0.05 mM, which is about
half of the CAC = 0.103 mM, the interfacial tension γ(10 min)
is 22% higher than at equilibrium, while at c = 0.5 mM, i.e.,
about 5-fold above CAC, the transient γ(10 min) is as much as
70% higher than equilibrium. Even though the concentration
gradient becomes larger, it takes longer for these concen-
trations to converge γ toward the respective equilibrium γe. We
interpret this fact to be the result of the increasing surface

pressure of the phospholipids covering the interface. This
surface pressure is opposed to the diffusive transport of
phospholipids to the interface and their adsorption. The
interfacial tensions in equilibrium γe can be extrapolated from
the limit of infinite time in a plot of −t 1/2 as justified by
Hildebrandt et al.,21 where three independent measurements
were averaged as described in the methods section.
In correspondence with the adsorption characteristics of

DPPC at squalene/water interfaces, it was decided to test the
stability of water in squalene emulsions stabilized with DPPC
in three repetitive steps of mechanical emulsification applied to
the identical sample. This treatment was chosen to allow the
slowly diffusing phospholipid to adsorb at the interface.
Control experiments in the absence of DPPC did not yield
sufficient signal strength, due to the rapid phase separation.
Pretests had shown that the sonication periods longer than 10
min did not improve the emulsion characteristics, therefore
two further repetitions of a sonication treatment of 10 min
were performed, and the sample was monitored in between for
180 min to study its stability or destabilization, as described in
the Materials and Methods section.

Repeated Sonication of an Identical Sample and
Monitoring of Destabilization. The emulsion’s evolution in
terms of droplet size, PDI, and derived count rate was analyzed
for 180 min as shown in Figure 2. The first sonication of the
sample is represented by black squares, the second treatment is
shown in open circles, and the third treatment in open
triangles. Figure 2 contains six diagrams in two columns and
three rows: the left-hand column, diagrams a, c, and e,
represent data achieved for the DPPC concentration of 0.04
mM, while the right-hand column, diagrams b, d, and f, show
the results for 0.4 mM. The first of the three rows, Figure 2a,b,
shows the evolution of the z-averaged sizes, the second row,
Figure 2c,d, the respective evolution of the PDI, and the third
row, Figure 2e,f, the evolution of the derived count rate
(DCR). The most obvious effect in the evolution of size and
count rate is that two regimes exist in time: a first phase (A) of
approximately 10 min with a higher growth rate in size, fitted
with a power-law regression shown as straight line in the
double-logarithmic plots. This first phase is followed by a
second phase (B) with a smaller growth rate of size, i.e.,
smaller exponent of the power law regression. In contrast, the
magnitude of the power-law exponent of the derived count
rate’s regression is smaller in the first phase and enlarged in the
second phase, i.e., the negative slope is shallower in the first
phase and becomes steeper in the second. As can be seen in
Figure 2e, the power law regression of the third sonication
sample remains constant until about 250 min, but then drops
with a higher decrease rate. This pronounced drop in derived
count rate takes place at a very low derived count rate (≤100
kcps). To start with, the first two phases in time will be
considered, which are termed regime A and regime B in the
following. To estimate their precise transition threshold, the
intersections of linear regressions of the z-averaged sizes in
regimes A and B are determined and summarized in Table 2.
Table 2 shows the respective extrapolated initial z-averaged
sizes d̅ (at t = 1), i.e., about 1 min after completion of
ultrasound treatment, and the slope m of a linear regression in
double logarithmic plotting according to the equation:

̅ = · + ̅ ̅ = ̅ ·d t m t d d t d tlog ( ) log( ) log (1) or ( ) (1) m

(5)

Table 1. DPPC Concentrations in Squalene Used for
Tensiometry for Which the Adsorption Kinetics and Non-
Equilibrium Is Quantified by the Ratio of Interfacial
Tension γ(10 min) to the Equilibrium Tension γe

c [mM] γ(10 min) γe γ(10 min)/γe

0.01 22.7 19.9 1.14
0.05 11.7 9.59 1.22
0.5 8.5 4.98 1.71
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which, in transferred to a linear plot, is identical to a power law
regression with the exponent m.
Together with the root-mean-square error

∑= ̅ − ̅
=n

d t d tRMS Error
1

( ( ) ( ))
i

n

i i
1

exp
2

(6)

related to the power law regression. d̅exp(ti) is the measured z-
averaged size at time ti.

As can be seen graphically in Figure 2a,b, the distinction
between regimes A and B in size evolution is only possible for
the first sonication at c = 0.04 mM, while distinction is possible
for all sonications at c = 0.4 mM. This distinction is reflected in
Table 2 by the fact that the growth rates m are higher in regime
A than in regime by regime B. The intersections of the power-
law regressions of the size evolution of clearly distinguishable
regimes A and B are in the range of 6.3 to 10.8 min, which
confirms the visual observation of the transition taking place at

Figure 2. Evolution of emulsion stability after repeated sonication of an identical sample. The first, second, and third sonication is indicated by
black squares, open circles, and open triangles, respectively. The two columns show DPPC concentrations of 0.04 mM and 0.4 mM, while the three
rows depict the evolution of the z-averaged size, polydispersity index (PDI), and derived count rate (DCR), respectively. Destabilization of
emulsions occurs in two regimes, termed A and B, distinguishable by a change of growth rate of size and decrease rate of DCR.

Table 2. Power-Law Regressions of the Size Evolution D̅(t) of W/O Nanoemulsions in Squalene/DPPC According to Eq 5 for
the Data Shown in Figure 2

extrapolated initial size
d̅(1) [nm] growth rate m

Ä
Ç
ÅÅÅÅÅÅ

É
Ö
ÑÑÑÑÑÑlog nm

min
in eq 2

RMS error [nm] according to
eq 3

conc. [mM] sonication A B A B A B intersect A B [min]

0.04 first 151 242 0.60 0.34 5.64 12.05 6.25
second 240 156 (0.21) 0.38 9.82 7.23 n.a.
third 188 117 (0.16) 0.32 5.76 5.16 n.a.

0.4 first 42 443 1.24 0.25 19.86 17.21 10.8
second 124 360 0.76 0.29 5.63 13.56 9.69
third 63 379 1.22 0.27 30.43 13.98 6.52
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around 10 min. Intersections of the second and third
sonication for c = 0.04 mM are not considered, as they do
not show a clear change in growth and cannot be distinguished
between the two regimes.
The nature of the two regimes and their transition will be

explored by analyzing the growth rates m in dependence on c.
In many former studies of nanoemulsion destabilization,
Ostwald ripening was regarded as the main mechanism of
droplet growth.34 For Ostwald ripening, the averaged drop size
grows according to d̅(t) ∼ t1/3 (see eq 2). By contrast, for
systems destabilized by coalescence, there is no commonly
accepted theoretical approach to predict the increase in
averaged drop size. Following the concept of Deminiere et
al. 1999 (see eq 4), we could not find a satisfying linear
relationship between time and 1/d2. It has to be taken into
account that the emulsifying DPPC monolayer is in a very
transient state in regime A (cf. Figure 1) since an increasing
interfacial elasticity ∂Π/∂ ln A (with Π = γ(0) − γ(t) being the
film pressure) stabilizes against coalescence.24 Due to the
nonequilibrium conditions in regime A, we followed an
empirical approach to interpret its size evolution. The growth
rates mA in regime A shown in Table 2 were 0.6 ≤ mA ≤ 1.24
for the first sonication at c = 0.04 mM and for all three
sonications at c = 0.4 mM. Considering the mentioned settings,

these results in regime A can be interpreted as a droplet
destabilization mainly governed by coalescence. However,
Ostwald ripening as well as a stabilization mechanism to be
discussed below also influence the overall growth rate mA,
which therefore is a mixture of all mechanisms involved. The
growth rates mA for the second and third sonication of c = 0.04
mM are clearly smaller than 0.33, indicating the influence of a
stabilizing effect that will be discussed in the next section.
In regime B, the growth rate mB is between 0.32 and 0.38 for

c = 0.04 mM, showing an almost exclusive influence of Ostwald
ripening which scales with a theoretical growth rate mOstwald =
0.33. For c = 0.4 mM, mB is between 0.25 and 0.29, indicating
hindered Ostwald ripening.
Comparing size evolution of the first, second, and third

sonications graphically in Figure 2a,b, it becomes obvious that
measured initial sizes d̅exp(1 min) are around 150 nm for c =
0.04 mM and around 100 nm for c = 0.4 mM with little
differences between repetitions of sonications. Thus, repeated
sonication does not change the initial averaged size which only
depends on c. The influence of emulsifier concentration is
obvious from Figure 1 since the interfacial tension is strongly
decreased by the increase of c, leading to decreased resistance
against the formation of new interfaces during sonication.

Figure 3. Evolution of the droplet size distributions in the W/O emulsion. The rows indicate the three sonications (1st, 2nd, and 3rd) applied on
the same sample. The left column describes the development for a DPPC concentration c = 0.04 mM, while the right shows c = 0.4 mM. All
distributions are recorded at discrete time points t during regime A (0−10 min), at t ∼ 1 min (black line), t ∼ 5 min (red dashed), and t ∼ 10 min
(blue dash-dot). Panel e of the 3rd sonication at 0.04 mM DPPC shows the most diminutive shift of the size distribution.
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Although repeated sonication does not decrease the initial
averaged sizes, size evolution is clearly stabilized for the second
and third sonication for c = 0.04 mM. While d̅(100 min) > 1
μm after the first sonication with mB ≈ 0.34, the maximum d̅ is
about 500 nm after the third sonication within an observation
time of about 500 min and shrinking size, i.e. mB ≤ 0 after t >
100 min.
For c = 0.4 mM the size evolution is very different from that

at c = 0.04 mM. Overall, repeated sonication does not have a
high influence on size evolution: In regime A repeated
sonication even leads to slightly increased sizes, while in
regime B the measured sizes are slightly smaller.
This means that repeated sonication clearly stabilizes the

size evolution of nanoemulsions at concentrations c < CAC
while it does not have a clearly visible effect on the size
evolution for nanoemulsions at c > CAC.
The evolution of the derived count rate (DCR) is in close

correspondence to that of size: For c = 0.04 mM a kink is
visible at the transitions between the two regimes with a
stronger decrease rate in regime B than in regime A. The
decrease in count rate is partially reversible in the sense that
the identical sample has exactly the same count rate after the
second sonication in regime A, while it is decreased by about

18% in regime B at 180 min. However, after the third
sonication the DCR is decreases by about 38% in regime A and
about 78% in regime B.
The time evolution of the DCR shows a much smaller

decrease in time for c = 0.4 mM compared to 0.04 mM as can
be seen from Figure 2f,e, respectively. In regime A, the
decrease is minor after the first and second sonication (the
DCR falls by about 10% within 10 min), while after the third
sonication the DCR even increases by about 34% within 10
min. In regime B, the decrease rate is slightly higher, but the
differences between the three sonications are much smaller:
compared to the first sonication, the DCR decreases after the
second sonication with equal decrease rate, but around 17%
smaller magnitudes at 180 min. Even the longer-term decrease
is much smaller for c = 0.4 mM compared to 0.04 mM. the
final measured DCR magnitudes are around 300 kcps for the
former, but only around 15 kcps for the latter.
The polydispersity of the two concentrations presented in

Figure 2c,d shows a very diverse picture. After the first
sonication, the PDI is initially at about 0.2 for c = 0.04 mM and
rises to 1.0 after 180 min with a larger scatter of data in time,
while the PDI is 1.0 for c = 0.4 mM at all times measured.

Figure 4. Evolution of the droplet size distributions in the W/O emulsion. The rows indicate the three sonications (1st, 2nd, and 3rd) applied on
the same sample. The left column describes the development for a DPPC concentration c = 0.04 mM, while the right shows c = 0.4 mM. All
distributions are recorded at discrete time points in regime B (15−90 min),), at t ∼ 15 min (black line); t ∼ 40 min (red dashed); t ∼ 70 min (blue
dash-dot); and t ∼ 90 min (green dot).

Langmuir Article

DOI: 10.1021/acs.langmuir.7b02852
Langmuir 2018, 34, 572−584

578

http://dx.doi.org/10.1021/acs.langmuir.7b02852


After the second sonication, the PDI is around 0.2 up to 30
min for c = 0.04 mM, but then starts to rise up to 1.0. For c =
0.4 mM the rise in PDI starts earlier and for t ≥ 100 min the
PDI is constantly 1.0.
However, the third sonication has a strong influence on the

PDI at both concentrations. For c = 0.04 mM the PDI is on
average 0.2 up to 300 min, but then rises to a PDI ≤ 1.0 for t ≤
500 min. For c = 0.4 mM, the evolution of PDI is to a certain
extent opposite: Initial PDI magnitude scatters over a large
range, i.e., 0.1 < PDI < 1.0, while for t > 100 min the scatter is
reduced to 0.1 < PDI < 0.6 and for t > 300 min it is even more
reduced to 0.05 < PDI < 0.2.
In summary, the evolution of PDI shows that repeated

sonications have a very positive effect in reducing the
polydispersity both for DPPC concentrations below and
above CAC. For c < CAC the reduction in polydispersity is
visible after each sonication, while for c > CAC it is only visible
for the third sonication.
As indicated by the evolution of the PDI, the droplet size

distributions changed with time and with repeated sonication
in a sample. Figure 3 shows the change in droplet size
distribution in regime A, i.e., within a time frame of 1−10 min.
Figure 3a depicts the first sonication with c = 0.04 mM and
shows a narrow distribution at the start (∼1 min), with d̅ = 180
nm and a half-maximum peak width w50 = 79 nm, which then
develops to a larger size and wider distribution, up to d̅(10
min) = 524 nm in size with a width of w50 = 246 nm.
Obviously, the magnitude of mean size and PDI presented so
far cannot sufficiently exhibit possible multimodal or very
broad distributions. For this purpose, intensity-weighted size
distributions from multiexponential fits were also evaluated in
the following.
By contrast, the change in size and size distribution is not as

strong during the second sonication (Figure 3c); the emulsion
initially exhibits a slightly bigger size with d̅ = 255 nm and a
width of w50 = 118 nm, going up to a size of d̅ = 414 nm and a
width of w50= 192 nm at ∼10 min. The third sonication follows
the same pattern, showing only a slight increase in size and
distribution, shown in Figure 3e. Here, the initial size of d̅ =
211 nm increases only slightly, while the distribution width
merely varies from w50 = 150 to 140 and 160 nm at ∼1, ∼5,
and ∼10 min, respectively. Figure 3b,d,f for the first, second,
and third sonication at c = 0.4 mM show a different pattern
compared to the lower concentration c = 0.04 mM. Figure 3b
also reveals a trend to larger sizes and distributions for the first
sonication, with an initial size below d̅ = 100 nm going up to
700 nm at ∼10 min and a widening of the distribution from
w50 = 20 to 285 nm during the same interval. The second and
third sonication, Figure 3d,f, show a growth in size and
distribution width, increasing from a similar starting size at d̅ =
200 nm to 700 and 900 nm with w50 = 400 nm at ∼10 min.
Thus, the evolution on repeated sonication is completely
opposite for c = 0.04 mM compared to c = 0.4 mM. For the
former, both the size and width increase is diminished with
every additional sonication.
Figure 4 describes the change in droplet size distributions

for regime B, i.e., for time points above 10 min. Like Figure 3,
two different concentrations with c = 0.04 mM and 0.4 mM are
shown in two columns, while the rows display the three
repetitive sonications of the same sample. In order to present
the evolution of the distributions four discrete time points
were chosen as representations for the regime at ∼15 min, ∼40
min, ∼70 min, and ∼90 min. Figure 4a shows the first

sonication with c = 0.04 mM with a size growing from d̅ = 814
to 1186 nm, while the distribution width stays almost constant
with w50 = 182 to 217 nm and no fluctuation. The second
sonication also shows a rise in size from d̅ = 493 to 896 nm,
though with smaller absolute numbers and interestingly a
decrease in width from w50 = 271 nm going to 182 nm. This
trend cannot be found in the third sonication, which again
shows smaller sizes that grow over time, up to d̅ = 458 nm, but
an increase in width from w50 = 108 nm to167 nm. In
comparison, the measurements with a concentration of c = 0.4
mM are more steady in size growth for all three sonications
and a slight increase of size d̅ from the first sonication to the
second and third, but do not show a clear trend in distribution
width. The width is varying between w50 = 197 to 246 nm for
the first sonication, with similar values from w50 = 187 to 232
nm for the second sonication and slightly raised width w50 =
236 to 325 nm for the third sonication.
Overall, there is no clear trend for widening or sharpening of

the distribution during regime B for c = 0.4 mM. In
comparison to the evolution of the PDI as shown in Figure
2, Figure 4 shows that the monomodal peak distribution is not
changed significantly by repeated sonications, while the total
scatter of particle sizes (also comprising large particles not
considered in the monomodal peak model) summarized by the
PDI in fact decreases with repeated sonications.
The evolution of the distributions shown in Figures 3 and 4

are summarized by their respective values of w50(t) in Figure 5.
The most obvious fact visible in Figure 5 is the sudden

decrease of the half width w50 in the transition from regime A
to regime B. This phenomenon will be interpreted in the
following discussion section. Additional experiments with
POPC were conducted and are presented in the Supporting
Information.

■ DISCUSSION
All results presented in the previous section are summarized in
a comprehensive morphological model, which interprets the
effects by the formation of different structures and their
interactions. Figure 6 shows models specified for the four
states: the two regimes A and B and two phospholipid
concentrations c < CAC and c > CAC, respectively.
The fact that the size growth rates m are higher in regime A

for both c < CAC (only for first sonication) and c > CAC (all
sonications) compared to all growth rates in regime B is

Figure 5. Evolution of the distribution width at half-maximum
intensity w50(t). The first, second and third sonication is indicated by
black squares, open circles, and open triangles, respectively. The left-
hand side represents the concentration c = 0.04 mM DPPC, while the
right-hand side shows c = 0.4 mM.
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interpreted to result from low initial interfacial densities of the
emulsifying phospholipids. These low initial interfacial
densities allow coalescence of drops colliding by Brownian
motion in regime A, see detail ① in Figure 6. Droplet growth
by coalescence leads to a compression of the interfacial
densities due to the fusion of both monolayers (detail ③): For
c < CAC the size increase within regime A is about 3-fold (only
first sonication), while for c > CAC it is about 4−7-fold. The
interfacial area per volume is compressed accordingly between
3-fold and 7-fold. As a result, coalescence is impeded
increasingly due to the increasing surface pressure of the
compressed lipid layer, which hinders further compression.
Thus, the transition from regime A to B is interpreted to be the
result of the suppression of coalescence by the advanced
interfacial density of phospholipids and their steric repellence.
As mentioned, for c < CAC an increased size growth rate m in
regime A compared to regime B can only be found for the first
sonication, while for the second and third sonication m is even
slightly lower in regime A than in B (see Table 2).
This fact is interpreted as follows: the conformation of the

drops in regime B at c < CAC allows the lipid layer to remain
at the interface when the emulsion is sonicated for the second
and third time. We assume that the conformation of the
phospholipid for c < CAC in regime B is a monolayer state
which can be retained during the second and third sonication
when the sample is transformed back into regime A. In
contrast, for c > CAC in regime B, we assume that the high
lipid density leads to the association of reverse micelles35 (④)
and lipid aggregates at the phase boundary. The formation of
lipid aggregates and their size is studied by Hildebrandt et al.21

Upon the second and third sonication, the monolayers with
associated reverse micelles are transformed into solid lipid
aggregates which do not hinder coalescence once the sample is
brought back into regime A. Accordingly, the size growth for c
> CAC takes place for second and the third sonication in the
same way as for the first sonication. In summary, it can be

concluded that regime A is dominated by coalescence while
regime B is dominated by Ostwald ripening (detail ②) as it was
already discussed in the results section with respect to the
exponents corresponding to the growth rates of the double
logarithmic plots.
The morphological model visualized in Figure 6 is consistent

not only for the evolution of the z-averaged size d̅exp(t), but
also with that of the polydispersity index PDI(t), the derived
count rate DCR(t), and the evolution of the distribution half
width w50(t). To start with, the morphological model in Figure
6 is compared with the derived count rate DCR(t) shown in
Figure 2. The two most prominent effects for the evolution of
DCR(t) as shown in Figure 2e,f are (i) the power law
regressions appearing as linear slopes of the decrease rates in
the double logarithmic plots in Figure 2, and (ii) the kink at
the transition from regime A to B. These power law regressions
are the result of the fact that the rate dependence of particles
disappearing due to coalescence and Ostwald ripening always
refers to the instantaneous number of existing particles, not on
the initial number of particles, since the latter would form a
linear regression in a linear plot. For c < CAC, the slopes of the
DCR in regime A are all equal for the three sonications, while
the size growth rates differ between the first sonication on the
one hand and the second and third sonication on the other
hand. Therefore, it is concluded that the evolution of the DCR
in regime A does not depend on the size evolution. Instead,
there is evidence that the decrease in DCR in regime A merely
reflects the gradual diffusion of water from the smallest drops
(with highest internal pressure) and adsorb to the hydrophilic
moieties of DPPC molecules, which are self-organized as
reversed micelles. The reverse micelles are regarded as the
necessary vehicle of Ostwald ripening for the transfer of water
molecules to other bulk water droplets. The formation of
reverse micelles from phospholipids in a variety of organic
phases was proved by recent publications36,37 − their molar
ratio of water to phospholipids w0 is shown to be in the range

Figure 6. Interpretation of droplet growth by coalescence ① and Ostwald ripening ② in the two regimes A and B (columns) for 2 concentrations,
below and above CAC (rows). The formation of pure DPPC monolayers ③ at the squalene/water interface and dispersed reverse micelles ④ is
concluded to occur for c = 0.04 mM (below CAC) while for c = 0.4 mM (above CAC) the reverse micelles have been shown to attach to the
monolayer35 and also form bigger lipid aggregates21⑤.
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w0 = 1−16 and their hydrodynamic diameter dh is shown to
depend on w0 (dh = 32.6 Å + 2.8 Å × w0).

36 We conclude that
DPPC reverse micelles are involved in Ostwald ripening, since
water is practically insoluble in pure squalene. For c = 0.04 mM
the molar ratio of water: DPPC is about 1100:1. This means
that DPPC reverse micelles form a reservoir which can be filled
with adsorbed water. Water bound to the DPPC reversed
micelles no longer contributes to the DCR because of the small
size of dh ≤ 5 nm so that the decrease of the DCR reflects the
diffusive transfer of water from the bulk state to the reverse
micelles. Would this water fraction have already reached other
water droplets and contributed to their size growth, it would
again add to the DCR and would not lead to a loss of signal, as
it is the case. This interpretation of the “loss” of water to
reverse micelles and ultimately to the cuvette walls and bottom
is supported by the fact that after the second sonication the
initial DCR is identical to the initial DCR after the first
sonication. Thus, the decrease in the number of water droplets
as indicated by the decreasing DCR is proved to be reversible.
A phenomenon to be interpreted is the steeper slope in the

decrease of the DCR in regime B compared to regime A. This
is interpreted as being caused by the consequences of Ostwald
ripening which leads to the shrinking of droplets and at the
same time causes a condensation of the emulsifying
monolayers to their maximum. Further shrinking leads to a
partial dissolution of DPPC from monolayer state, which then
form reverse micelles dispersed in squalene, thus increasing the
reservoir to which water can adsorb. This effect is further
intensified for t > 200 min when the decrease rate of the DCR
becomes even steeper. The latter is interpreted by an
increasing number of drops that disappear completely, as is
indicated by a decrease of the z-averaged size. Accordingly, the
disappearance of droplets produces the dissolution of a higher
amount of initial DPPC monolayers being transformed into
reverse micelles as a reservoir that binds water and leads to a
stronger decrease of the DCR.
Another property of the evolution of the DCR(t) to be

interpreted is the difference in the decrease rates comparing c <
CAC with c > CAC. Obviously, the DCR decreases much
faster for c < CAC, both in regime A and in regime B. These
differences between both concentrations in each regime are
categorized as two independent facts and will be interpreted
based on the morphological model shown in Figure 6. In
regime A, the difference in decrease rate of the DCR is
interpreted to be caused by much faster monolayer formation
(cf. Figure 1), and, as a consequence, the association of the
reverse micelles to the dense droplet monolayers as described
by Campana et al. 2012.35 Reverse micelles associated with
droplets contribute to the light scattering signal intensity as
they enlarge the droplet size while freely dispersed reverse
micelles do not since they are too small compared to the drop
population. In regime B, the different effect on the DCR of the
two concentrations is interpreted to be caused by a thicker
lipid layer around the droplets (detail ⑤), which reduces
diffusion through the interface. Additionally, the diffusion of
water to the reverse micelles associated with the lipid layer also
contributes to the lower decrease rate of the DCR.
Looking at the evolution of the PDI(t) it can be seen that in

general the PDI increases in time and decreases with increasing
number of sonications for the same time point t. These
findings are consistent with the fact that an increasing duration
of sonication produces more homogeneous distributions, while
both coalescence and Ostwald ripening globally produce more

inhomogeneous droplet size distributions. A more detailed
description of the effect of the instability mechanisms on the
size distribution will be discussed for the interpretation of the
evolution of w50(t). For the PDI(t), only the third sonication
for c > CAC is focused since it is remarkable that the PDI
remains low even for larger times, i.e., t > 100 min. The
analogue sample for c < CAC shows the opposite for t > 100
min. The difference between the two samples is that for c <
CAC the z-averaged size is always <500 nm, shrinking in
average size with a steep decrease rate in the DCR and a DCR
< 150 kcps. By contrast, for c > CAC the size is well above
1000 nm and the DCR is between 500 and 300 kcps. This
means that for c < CAC, the droplets almost complete
disappear by diffusion of water molecules to reverse micelles
and ultimately the cuvette walls. By contrast, for c > CAC
Ostwald ripening eliminates the fraction of small droplets with
the remaining droplets showing a smaller polydispersity.
The evolution of the size distribution half width w50(t) is

also in good agreement with the morphological model shown
in Figure 6. The three most prominent properties shown for
w50(t) in Figure 5 are (i) the steep increase in w50 during
regime A with increases up to 1430% within 10 min.; (ii) the
sudden and steep decrease of w50 around the transition from
regime A to regime B with reductions of w50 of maximally 42%
within 5 min.; (iii) the almost constant magnitude of w50(t)
throughout regime B. A comparison of these attributes of
w50(t) to the morphological model leads to the conclusion that
during droplet growth dominated by coalescence in regime A
w50(t) increases strongly, followed by a sharp decrease in w50
upon termination of coalescence due to stabilization by dense
DPPC monolayers.38 In regime B w50(t) is almost constant and
grows only very slowly. All these conclusions can be justified
by the factual properties of the two instability mechanisms:
coalescence is a nonselective instability mechanism, particles of
all sizes coalesce randomly by collision. It therefore leads to a
strong increase of polydispersity since collisions create larger
droplets, but small droplets prevail as long as they do not
coalesce. In contrast, Ostwald-ripening is a selective instability
mechanism since smaller particles disappear in high number
with little size increase of the biggest particles. This explains
the dramatic decrease in w50 upon the transition from regime A
to regime B. The first w50 data in regime B are in the most
extreme cases only 58% of the last w50 data in regime A. On
average, the first w50 data in regime B drop to 78% of the last
w50 data in regime A. In the long run, a sample developing
under the exclusive influence of Ostwald ripening keeps its
w50(t) practically constant, which means that the relative half
maximal distribution width w50(t)/d̅(t) decreases. In the size
evolutions shown here, Ostwald ripening does not seem to be
the exclusive instability mechanism. But still, a decrease of the
relative width w50(t)/d̅(t) occurs for 75% of all measured data
in regime B while it only occurs for 17% of all measured data in
regime A. In addition, an absolute decrease (w50(ti) − w50(ti−1)
< 0) occurs in 47% of all recorded data in regime B. These
numbers provide evidence that Ostwald ripening is the
dominating, but not exclusive process of size evolution in
regime B.
The calculated Ostwald ripening rates can be compared to

literature results to verify the plausibility. Taylor exemplarily
calculated the solubilities of alkanes in a continuous water
phase by the application of LSW theory.39 Figure 7 shows the
Ostwald ripening rate in dependence of the molar volume of
the dispersed phase, supplemented with values from
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Suriyarak40 and Taylor39 for the ripening rates of different
alkanes in O/W emulsions with Tween and SDS as emulsifiers,
respectively. Figure 7 shows that the measured values for W/O
nanoemulsions emulsified by phospholipids are in the typical
range for Ostwald ripening, considering that absolute numbers
are much larger due to the smaller molar volume of water
which accounts for much faster diffusive motion. An additional
effect regarding the comparison of W/O nanoemulsions with
O/W emulsion is the higher viscosity which was taken into
account by applying a viscosity correction displayed in Figure 7
using different symbols. The remaining deviations of the
Ostwald ripening rates from the literature and between
different authors can be explained by the use of different
surfactants and bulk fluids.
An analysis of the different effects on the Ostwald ripening

rates for DPPC at 0.04 mM leads to the following results:

(a) The Ostwald ripening rate strongly decreases with
increasing number of sonication cycle with the third
sonication causing a reduction by a factor of 27.7
compared to the first cycle.

(b) When the viscosity difference of the continuous phase
(squalene in our case, water in case of the cited data
from literature) is to be compensated, a correction factor
of 12.0 has to be applied.

For 0.4 mM DPPC the Ostwald ripening rate does not
depend on the number of sonication cycles with the rate after
the third sonication being only decreased by a factor of 1.3
compared to the rate after the first cycle. Thus, the
morphological structure of the emulsifier around the water
droplets does not change much for DPPC concentrations
above CAC with increasing number of sonication cycles. By
contrast, for c < CAC the tightness of the emulsifying layer
increases strongly with every sonication cycle.
In the case of the shown literature, Tween and SDS are

water-soluble emulsifiers which might be able to enhance the
solubility of the alkanes and alkenes in water for the O/W

emulsions, while in the case of W/O emulsions with squalene
the emulsifier DPPC is more soluble in the oil and also
strongly supports the diffusion of water in the continuous
phase via reverse micelles as discussed for Figure 6. In an
earlier publication Taylor discusses the impact of emulsifier
concentration on the ripening rate, stating that below CAC the
ripening rate is linear with the concentration, while above CAC
no change is imminent.41 The data published was conducted
for O/W emulsions of alkanes, mostly with SDS as emulsifier.
This is also in line with the presented model that accounts not
only for the concentration, but the intermolecular arrangement
of the emulsifier in terms of micelles and solubility.
Hoffmann et al. interpret small angle neutron scattering data

on the exchange in nanoemulsions and conclude that only
Ostwald ripening is the main mechanism for exchange.42 They
attribute the main factor for diffusion to the solubility of the
dispersed alkene in water, hardly influenced by the choice of a
specific surfactant. The observation of reduced Ostwald
ripening with longer alkenes is in line with Kabalnov32 and
confirms theoretical expectations. The study does not vary the
ratio of surfactant to dispersed phase fraction, like the
presented study here, nor does it provide information on the
kinetics of the surfactant. Hoffmann et al. also conclude that
the coverage of the interface by an emulsifier will have an effect
on diffusing molecules, as is suggested by our findings. The
influence of the type and concentration of surfactant on
Ostwald ripening is clearly shown by Weiss43 and a connection
is made between the surfactants’ molecular state in depend-
ence of the organic phase. The role of micelles during the
transport is suggested, but not explored in more detail.
Multilayer formation of DPPC was also investigated to stabilize
other OW emulsion, with the conclusion to further investigate
the role of micelles and liposomes in these emulsions44,45

■ CONCLUSION
It is well-known that W/O emulsions with phospholipids are
very difficult to stabilize and show strong instabilities at higher
rates of dispersed phase unless stabilized with other additives
or thickeners,46−48 but are stable for minutes to hours for
dilute dispersed phases. The results shown here allow several
conclusions concerning the governing principles of instability
and novel practical applications of phospholipids for the
stabilization of W/O emulsions. When a phospholipid is
dissolved in the organic phase prior to emulsification its
solubility and conformation in the organic phase strongly
influences the structures to be formed. Due to the slow
adsorption kinetics of phospholipids to cover the interfaces,
three repetitions of a sonication treatment for mechanical
dispersion of water in the organic phase were performed.
These repetitive treatments disclosed a number of properties in
the evolution of the averaged size, polydispersity, derived
count rate, and size distribution half width of the sample.
Evidence is provided that for the emulsifier DPPC an initial
period of approximately 10 min the emulsion is strongly
dominated by coalescence, followed by an abrupt decrease of
the distribution width characterizing the persistent dominance
of Ostwald ripening. This second period with the hydration of
reverse micelles of phospholipids by diffusing water decides
about the long-term properties of the emulsion.
For recent applications of W/O emulsions stabilized by

phospholipids in the field of digital microfluidics or to produce
liposomes from nanoemulsions, minimized sizes might be
desirable. These can be achieved only for concentrations c <

Figure 7. Ostwald ripening rates of different alkanes in water
emulsions from Suriyarak et al.40 (●) and Taylor39 (■) compared to
the Ostwald ripening rates for water in squalene emulsions for a
concentration of 0.04 mM DPPC, for the 1st (blue diamond), 2nd
(red), and 3rd (green) sonication. The calculated ripening rates are
corrected (blue triangle, red, and green for the 1st, 2nd, and 3rd
sonication, respectively) for the different viscosities of the continuous
phases. All empty symbols represent the concentration of 0.4 mM
DPPC accordingly. To improve the distinction of the different data
points for water, some symbols are displayed at shifted Vm, but belong
to water, indicated by the vertical dashed line.
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CAC with repeated sonication leading to an intermediate
stabilization of the emulsion droplets <500 nm after the third
sonication cycle. These droplets are covered by monomolec-
ular phospholipid layers and exhibit low polydispersity.
However, the properties of reverse micelles of phospholipids
in adsorbing water rapidly decrease the number of dispersed
droplets which can go down to complete dissolution after a few
hours. If droplet sizes >1 μm are acceptable for the purpose of
the application, c > CAC is more promising for the
achievement of W/O emulsions with longer stability character-
istics. For such W/O emulsions, which are stabilized by dense
monolayers,49,50 associated reverse micelles and lipid aggre-
gates, repeated mechanical treatment by, e.g., sonication proves
to be beneficial to reduce the polydispersity and shows much
slower diffusion from the water droplets to the reverse micelles
compared to W/O emulsion with lower phospholipid
concentrations.
DPPC is proved to be a much more suitable candidate for

the emulsification of nanoemulsions than POPC. DPPC allows
one to examine the periods of destabilization and interaction
with the continuous organic phase much better, also leading to
a consistent interpretation on the instability mechanism. The
results gained for POPC are in line with the morphological
hypothesis for DPPC, thus contributing toward the under-
standing of nanoemulsion stability.
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