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Abstract: In water-in-oil-in-water (W;/0O/W,;) double emulsions several irreversible instability
phenomena lead to changes. Besides diffusive processes, coalescence of droplets is the main cause
of structural changes. In double emulsions, inner droplets can coalesce with each other (W1-W;
coalescence), inner droplets can be released via coalescence (W;-W; coalescence) and oil droplets
can coalesce with each other (O-O coalescence). Which of the coalescence pathways contributes
most to the failure of the double emulsion structure cannot be determined by common measurement
techniques. With monodisperse double emulsions produced with microfluidic techniques, each
coalescence path can be observed and quantified simultaneously. By comparing the occurrence
of all possible coalescence events, different hydrophilic surfactants in combination with PGPR are
evaluated and discussed with regard to their applicability in double emulsion formulations. When
variating the hydrophilic surfactant, the stability against all three coalescence mechanisms changes.
This shows that measuring only one of the coalescence mechanisms is not sufficient to describe the
stability of a double emulsion. While some surfactants are able to stabilize against all three possible
coalescence mechanisms, some display mainly one of the coalescence mechanisms or in some cases
all three mechanisms are observed simultaneously.

Keywords: multiple emulsion; microfluidics; O-O coalescence; W1-W, coalescence; W1-W;
coalescence

1. Introduction

Water-in-oil-in-water (W1/0O/W;) double emulsions are discussed for a variety of
applications. Typical examples are fat-reduced food [1,2], encapsulation of sensitive sub-
stances [3-5] and targeted release of active ingredients [6—8] or as an intermediate step for
the production of solid microcapsules [9]. Despite many efforts to find suitable formula-
tions for these products, still few to no double emulsion-based products are available on the
market. The lack of products is usually attributed to a lack of stability, although it is often
not specified which of the possible instability mechanisms are most problematic [10]. When
single emulsions are unstable, their droplet sizes change due to coalescence or diffusional
processes. In double emulsions, oil and water droplet sizes can change. Additionally, the
encapsulated phase can be released [11].

The coalescence of oil droplets (O-O) does not affect the encapsulation efficiency of the
double emulsion, but it affects the properties of the emulsions, such as viscosity and color.
When the oil droplets are not stable at all, the result can be phase separation between the
outer water phase and the inner emulsion [12]. Another instability is the premature release
of the inner water phase (W1) and of the encapsulated substances within [13]. This release
can either happen by the coalescence of inner droplets into the outer water phase (W;-W5)
or by diffusion of the encapsulated substance through the oil phase [14]. When release
happens via coalescence, the inner water and the encapsulated substance are released
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simultaneously. When the release mechanism is diffusive, the amount of inner water can
stay constant, while only the encapsulated substance is released or vice versa. Therefore,
the encapsulation efficiency (how much of the encapsulated substance is inside the oil
droplets) and the amount of inner water (disperse phase ratio W1:0) are different values,
which might develop differently over double emulsion storage [15]. Whether and how
fast diffusive transport of the encapsulated substance to the outer water phase happens is
linked to the solubility of the encapsulated substance in the oil phase and to the applied
surfactants [16]. A distinction between release of the internal phase by coalescence or
by diffusion is discussed by some authors [17-19]. However, many application studies
only describe the encapsulation efficiency and do not examine the underlying mechanism,
e.g., [20,21]. This is sufficient for the evaluation of a specific formulation but makes targeted
improvements on double emulsion formulations difficult.

To prevent diffusion of water molecules between the inner and outer water phase,
osmotic active substances are commonly added to the W, phase, balancing the capillary
pressure of the curved interfaces with the osmotic pressure [22]. This balancing, however,
leads to the requirement of constant droplet sizes for the inner water droplets over time.
Due to the third coalescence pathway, coalescence of two inner water droplets with each
other (W-Wj), the size of inner water droplets can increase. The resulting decrease in
capillary pressure will lead to water transport from the outer water phase into the inner
droplets. The osmotic swelling of the droplets may lead to osmotic swelling breakdown,
the spontaneous and complete loss of the double emulsion structure [23]. Summarizing,
only W;-W, coalescence does directly release the inner water phase, but the other two
coalescence mechanisms can also critically change the double emulsion properties and
must also be suppressed.

Preventing the three coalescence mechanisms is mostly approached by adding at
least two surfactants of different solubility [24]. A more hydrophilic surfactant stabilizes
the outer interface (O/W;) and a more lipophilic surfactant the inner interface (W;/0O).
Whether a surfactant is well suited for the stabilization of an interface depends on many
factors. The first mechanism to prevent coalescence is by preventing the approaching of
two droplets by electrostatic forces or steric forces between the surfactants adsorbed at the
interfaces. How strong these forces are and how far they can effectively work, depends,
apart from the structure of the surfactant, on the ionic strength of the fluid and its pH.
Additionally, the viscosity of the continuous fluid affects the coalescence stability. With
higher viscosity, the film drainage happens slower and coalescence can be prevented.
Finally, surfactants can stabilize thin films between two droplets. These semi-stable films
form and can eventually rupture due to capillary waves. The role of the surfactants in
preventing coalescence here is on the one hand by dampening the capillary waves by
adding viscoelasticity to the interface [25]. On the other hand, the surfactants may not
stabilize small holes in the film by supporting the hole curvature. This is described in
the oriented-wedge theory and is an explanation why some surfactants work for W/O
and some work for O/W emulsions [26]. The other reason for different surfactants for the
two emulsion types is that the steric and electrostatic forces differ in the oil side and in
the water side of an interface. Which of the stabilizing mechanisms is mainly responsible
for emulsion stability depends on the examined system. A mechanistic understanding of
coalescence is therefore complex, even for the case of single emulsions. For more detailed
mechanistic insights to coalescence processes, other articles are available [27-29].

The two surfactants added in double emulsions do not only adsorb at the interface they
are assigned for, but will distribute at both interfaces over time. The layer of the co-adsorbed
surfactants leads to the final stability of a formulation against coalescence [30]. Up to date,
it is not clear which surfactant combinations are particularly well or poorly suited for stable
double emulsions and why there are such significant differences. The literature reports
different findings on specific formulations, which will be shown as an example for SDS
and W;-W, coalescence. It is reported that double emulsions stabilized with PGPR and a
polymer can be triggered to W1-W, coalescence by the addition of SDS [17,31]. When SDSis
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added to the water phase without additional polymers, no W1—-W; coalescence is described
in the literature [18], at least at low SDS concentrations [32]. For oils other than triglycerides
and other lipophilic surfactants than PGPR, SDS is sometimes described as a suitable
surfactant [33] and sometimes as a surfactant that triggers W1—W, coalescence [34]. The
same, partly contradictory, results can be found for most commonly applied surfactants.
This can be explained by the complex interactions of the multiple ingredients used in
double emulsions. Changing one of the formulation parameters can influence the stability
significantly. Product development is therefore often based on trial-and-error approaches
for novel formulations [35] or step-by-step optimization of known formulations [36,37].
This is certainly partly due to the fact that a differentiation of the possible instability
mechanisms is difficult to implement from a technical point of view.

The challenges with common measurement methods to describe the three coalescence
pathways is shortly summarized here and can be found in detail in other works [11].
The inner W droplets of a double emulsion are difficult to access by optical methods
(microscopy, DLS, SLS) because the outer O/W; interface hinders direct access and the
disperse phase content of the W droplets is often too high for measurements [11]. For the
outer droplet size, measurements can be conducted. However, for systematic studies on
the suitability of different surfactant combinations, one should start with equal droplet
sizes. This is very difficult to maintain since the surfactants influence the drop breakup
behavior [38]. Additionally, the release of inner water during the second emulsification
step can change the viscosity of the W1 /O phase, which will also affect the resulting oil
droplet size [39]. For systematic research on W1-W, coalescence, the dependency of the
choice of encapsulated substance on the encapsulation efficiency is also problematic [16,40].
Additionally, rather high release rates are reported during the second emulsification step,
which again adds a formulation—process correlation [41]. Thus, it is not clear whether
the formulation itself does not stabilize the droplets properly or if the choice of process
conditions was not compatible with this formulation.

Microfluidic emulsions offer the opportunity to quantify the occurrence of the three
coalescence pathways with one single approach. While emulsions produced with rotor-
stator systems or high-pressure homogenizers come in a wide distribution of droplet sizes,
microfluidic emulsions can be produced within 5% droplet size variation. Additionally,
the same droplet sizes can be produced, while the viscosity and interfacial tension change,
by adjusting the flow rates [42]. Starting with a monodisperse emulsion, the number of
coalescence events can be calculated by examining the change of droplet sizes [42,43]. It
has already been shown that microfluidic double emulsions allow for the observation of
W1-Wj coalescence [44] and W1-W> coalescence [45].

This research aims at introducing the method for tracking all three possible coalescence
mechanisms simultaneously with a reasonable experimental effort. The coalescence stability
of formulations with eight different hydrophilic surfactants in combination with PGPR as
the lipophilic surfactant is described. Each formulation was produced with identical droplet
sizes and the changes in structure were analyzed after 20 min, 80 min and one day. We
show that this measurement approach can identify the dominant coalescence mechanisms
which varies for different formulations. We suggest surfactant combinations that lead to
more stable double emulsion droplets at the chosen set of parameters. As next steps, many
additional parameters (e.g., pH, ionic strength, surfactant concentration, oil phase, droplet
sizes) can be examined on their influence on the three coalescence pathways. Additionally,
systematic testing of more surfactants can help gain a mechanistic understanding of how
the chemical structure of surfactants determines the stability of double emulsion. This work
acts as a first step in applying a measurement method for the simultaneous measurement
of the three possible coalescence mechanisms.
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2. Materials and Methods
2.1. Chemicals

The W1/0/W; double emulsions were stabilized on the microfluidic chip with 1 wt%
polyglycerol polyricinoleate (PGPR) in the o0il phase. As oil, middle chain triglycerides
(MCT) from IOI Oleo GmbH (Hamburg, Germany) at a viscosity of 25.4 mPa*s were used.
To set the viscosity of both the inner (1.0 mPa*s) and outer aqueous phase (5.0 mPa*s), 5 wt%
and 50 wt% of glycerol (purity 99.5%, SuboLab GmbH, Pfinztal-S6llingen, Germany) were
dissolved in water, respectively. To stabilize the oil droplets off-chip, different hydrophilic
surfactants were used. Sodium dodecylsulfate (SDS) and Tween 40 were purchased from
Carl Roth GmbH & Co. KG (Karlsruhe, Germany), Brij C10 and Brij 58 and CTAB were
provided by Merck (KGaA, Darmstadt, Germany). Lutensol TO8, Lutensol TO15 and
Pluronic PE 6800 (M, = 8000 g/mol) were kindly given by BASF SE (Ludwigshafen,
Germany). Lastly, two types of polyvinylalcohol, POVAL 28-99 (M,, = 145,000 g/mol)
and POVAL 26-88 (M, = 160,000 g/mol) (Kuraray Europe GmbH; Hattersheim am Main,
Germany) were tested, but the results are not shown due to very poor stability. The dosage
of the surfactants was kept constant at 1 wt%. This concentration is used as a starting point,
in future experiments an adjustment of the dosage in respect to the cmc might be tried.
Additional parameters (e.g., pH or ionic strength) were not examined in this work.

The surfactants were chosen to give examples of different functional groups and
to examine the class of alcohol ethoxylates in more detail. The molecular weight and
the chemical structure of the surfactants are given in Table 1. Additionally, a general
classification of the surfactants is made and HLB values are given. The values for the
ethoxylates were calculated after Davies [46]; since no is value available for the ammonium
group of CTAB, in this case, the experimental value is given [47]. The calculations are given
in Appendix A. The given HLB values vary in some cases from experimental values or
HLB values calculated with other methods. Depending on the way of determining HLB
values, the results differ. Although the surfactants show a wide range of HLB values, all of
them are, in general, suitable to stabilize O/W emulsions and are commonly applied for
this purpose.

Table 1. List of the examined hydrophilic surfactants. They are ordered in different classification
groups. Additionally, the chemistry of the lipophilic and the hydrophilic groups are given. The
number of ethoxylate groups is abbreviated with EO.

IS—IZEZ(:F:::K Classification Structure Lipophilic Group  Hydrophilic Group HLB
Brij 58 Nonionic Linear Cl6-alkane 20 x EO 6.0
Brij C10 Nonionic Linear Cl6-alkane 10 x EO 2.7
Lutensol TO15 Nonionic Linear C13-alkane 15 x EO 5.8
Lutensol TO8 Nonionic Linear C13-alkane 8 x EO 3.5
Tween 40 Nonionic Branched head Clé6-alkane 40 x EO 194
SDS Anionic Linear C12-alkane SO5;~ 40
CTAB Cationic Linear Cl6-alkane C3zHoN* 15.8
Pluronic Polymer Linear polyoxypropylene  polyoxyethylene -

2.2. Microfluidic Device

For the production of the double emulsion droplets, a glass capillary device with
two break-up points was deployed. The setup and its function are described in detail
by Leister et al. [45]. Figure la) shows a picture of the applied microfluidic device. In
Figure 1b), micrographs of the break-up points and the transportation capillary are shown,
and in Figure 1c), a schematic drawing of the device is given with colored phases for better
visualization. In the first module, the inner W1 /O emulsion is formed and then transported
to the second module. The capillary tips of the first and the second break-up are the two
ends of one capillary, therefore the emulsion from the first break-up is transported without
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any changes to the second break-up. In the second module, the W phase is added and the
double emulsion is formed.

First module Second module
a) .+ o

FY\_—> Outer water phase

oMa ""va’\‘ A
& 4 Ay \ )
'-4- {\'%S l~)a Z

Y

N
) Ol S

Figure 1. (a) Photography of the used combination of two microfluidic break up points. In the first
module the inner emulsion is produced, in the second module is the double emulsion. (b) Microscopic
images of the break-up points and the transport capillary between the devices. (¢) A schematic
drawing of the process. Reprinted from Leister et al. [45] with permission from Elsevier.

The capillary tips were made from 1.0/0.58 mm OD/ID capillaries (World Precision
Instruments, Friedberg, Germany) with a micropipette puller (P-1000, Sutter Instruments,
Novato, California). The orifice size was achieved by polishing the pulled capillaries to
the desired sizes. The tips were treated with silanes supplied by Gelest Inc. (Morrisville,
Pennsylvania): 2-[methoxy(polyethyleneoxy)6-9-propyl]tris(dimethylamino)silane was
used for hydrophobic treatment at the first break-up and n-octadecyltrimethoxysilane was
used for hydrophilic treatment for the second break-up. The positioning of the capillaries
in the chip and the tubing of the fluids to the chip were made with so called LEGO-devices,
as published by Bandulasena et al. [48].

The fluid flow rates were set with three digital syringe pumps (Legato 100, KD
Scientific Inc, Holliston, Massachusetts) equipped with 25 mL and 50 mL high precision
glass syringes (Cetoni GmbH, Korbussen, Germany). The droplet formation process was
observed with monochrome cameras (DMK 33U) at each break-up point equipped with a
1x lens (TMN 1.0/50) using the software IC capture (V2.5), all from The Imaging Source
Europe GmbH (Bremen, Germany). The resulting droplet sizes of inner and outer droplets
were determined using “Droplet Morphometry and Velocimetry” software [49].

2.3. Droplet Production and Analysis

All droplets examined in this work were produced with identical capillary sizes, flow
rates and phases in the microfluidic chip and the break-up is shown in Figure 2. At the first
break up point, Wy droplets were produced by counterflow break-up at a 180 um capillary
tip. At the second break up point, the outer droplets were formed in a co-flow break-up
from a 320 um capillary tip into a 580 pm collection capillary. The collection capillary was
added from the original setup in Figure 1 to decrease the oil droplet size and thereby reduce
the number of encapsulated Wy droplets.

The flow rates were set to Q; = 0.5 mL/h and Q, = 3 mL/h at first break-up and
Q1+ Q2 =3.5mL/h and Q3 = 50 mL/h at the second break-up point. The inner phase was
5 wt% glycerol in water, the middle phase 1 wt% PGPR in MCT oil and the outer phase
consisted of 50 wt% glycerol in water without any surfactant. The process produced oil
droplets with a diameter of 376 um filled with 117 um water droplets, both with a variation
of diameters smaller than 5%. The number of encapsulated droplets varied between 2 and
8 droplets. In an ideal setup, the number of encapsulated droplets would have stayed
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constant. However, the inner emulsion droplets rearranged slightly during the transport
from first to second break-up point. Therefore, at the second break-up, the water droplets
did arrive more or less densely packed. The initial number of encapsulated droplets varied
as a consequence, which has to be taken into consideration when interpreting the results.

Figure 2. Production of W/O/W double emulsion droplets examined for coalescence in this work.
(a) First break-up point. (b) Second break-up point.

The hydrophilic surfactants needed to stabilize the oil droplets against coalescence
were not added on the chip, since they would alter the break-up by changing the interfacial
tension [45]. Instead, the droplets were collected in different surfactant solutions. Since
the oil droplets do not touch on the chip (see Figure 2b) it sufficed to add the hydrophilic
surfactant afterwards. Each surfactant was dissolved at 1 wt% in water and the surfactant
solutions were used to collect the double emulsion droplets. In the surfactant solution no
glycerol was added. For all formulations, 2 mL of double emulsion from the microfluidic
chip were collected in 18 mL of surfactant solution, resulting in 5 wt% glycerol in both Wy
and W phase during storage. The osmotic pressure between Wy and W, was therefore
balanced, and no diffusion of water is to be expected. The surfactant concentration in the
outer phase was correspondingly diluted to 0.9 wt% in the collection vial.

The postponed addition of the hydrophilic surfactant is potentially changing the
surfactant arrangement at the interfaces. While in common processes both surfactants
adsorb simultaneously, here the lipophilic surfactant is given some time (<30 s) to adsorb
at the O/W, interface before the hydrophilic surfactant is added. Since the adsorption
kinetics of PGPR are rather slow, even at high concentrations [50], it can be expected that
the two added surfactants still form a mixed interface.

The double emulsion droplets were analyzed by taking photos with a single-lens
reflex camera (EOS 700d, Canon, Tokyo, Japan) equipped with a macro-objective (Canon
EF 100 MM 1:2.8 USM, Canon, Tokyo, Japan). The double emulsion droplets rise to the
top of the water phase due to their lower density. When coming into contact with the
water—air surface, the oil droplets tend to build an oil film and the phases separate to a layer
of W1 /0 emulsion and the W, phase. To prevent this additional instability mechanism,
a measurement cell was developed. The droplets were put underneath a microscope
slide with cavities (Marienfeld, Lauda-Konigshofen, Germany), which was completely
submerged in the W; phase. The droplets were then viewed under the microscope slide
and pictures of the emulsion were taken from above. As soon as the droplets were in
contact with the microscope slide, neither coalescence nor wetting of the oil to the glass
slide were observed within one hour.

After defined storage times at room temperature, samples were placed under the
microscope slide with a pipette. From the images, a random area was chosen with at least
50 oil droplets which were all characterized. For the inner and outer droplets, the sizes
were measured and the number of inner droplets per oil droplets were counted. O-O
and W1-Wj coalescence were calculated from the change of droplet sizes and W1-W,
coalescence from the number of inner droplets in each oil droplet. To give an accurate
number of the coalescence events, the values were corrected for the other two coalescence
paths. For example, when two oil droplets coalesce, the number of encapsulated droplets
doubles, and must therefore be divided by two, for the correct calculation of W1-W;
coalescence events.
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2.4. Statistical Analysis

The measurements for the three coalescence mechanisms were repeated three times.
This means that each datapoint shown in this study consists of the diameters of at least
150 oil droplets and, correspondingly, of at least 700 inner water droplets. While the number
of analyzed droplets is small in comparison to data achieved with a method such as laser
scattering, the monodispersity of the initial emulsion reduces the necessity of the analysis
of thousands of droplets. From the increase in droplet size of this formerly monodisperse
emulsion, the number coalescence events was calculated [42]. ANOVA was performed on
the results at a level of 0.05 with Tukey test and Brown-Forsythe test for homogeneity of
variance using OriginPro 2018.

3. Results
3.1. Qualitative Examination of Double Emulsions Stabilized with Different Hydrophilic
Surfactants

In Figure 3, the photos of the double emulsion droplets used for the determination
of coalescence stability are shown. The top picture shows the double emulsion droplets
directly after break-up. Those droplets were collected under the microscope slide when
coming out of the tubing of the microfluidic chip. The images show only a small area of
the original pictures, which showed several hundred double emulsion droplets. Complete
pictures of the droplets stabilized with Brij C10 are shown exemplarily in the supporting
information (Figures S1-53). The clippings shown here are chosen for the purpose of giving
examples for the possible coalescence mechanisms. Statistically, the coalescence events

occurred less frequently than depicted here.
Lutensol TO8

Pluronic €
B

Reference before storage

Brij C10 Lutensol TO15

Tween 40

B
Lio.n B

Figure 3. Photos of double emulsion droplets less than 30 s after microfluidic break-up (top) and

after 20 min of storage in their respective surfactant solutions (second and third row). W; droplets
were stabilized with PGPR for all samples. Droplets stabilized with Brij 58, Lutensol TO15, Tween
40 and SDS show near to no change. Emulsions with Brij C10 and Pluronic show O-O coalescence,
with CTAB droplets show W1-Wj coalescence and with Lutensol TO8 release of inner droplets via
W1-W; coalescence occurs. The scale bar on the bottom right applies to all subfigures.
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The reference picture directly after droplet production shows that the water droplets
and the oil droplets are both nearly perfectly monodisperse. The number of inner droplets
varies between two and eight. Due to way the microfluidic device is built, the water
droplets are no longer homogeneously distributed in the oil phase when arriving at the
second break-up point. Therefore, the number of encapsulated droplets varies. For the
results, the average value of encapsulated droplets was used to determine the stability
against W1—W; coalescence. The initial number of encapsulated droplets was identified by
three methods. In the videos of break-up in the microfluidic channel, 4.80 water droplets
per oil droplet were counted on average. Calculating the number of encapsulated droplets
from volume flow ratio and droplet size ratio [45] gives a number of 4.74 inner droplets. In
the reference picture without storage, 4.66 droplets were encapsulated on average.

In Figure 3, examples for the different coalescence mechanisms can be seen. A detailed
comparison of the stability of the formulations will follow in Sections 3.3 and 3.4. The
sample with Brij 58, Lutensol TO15, Tween 40 and SDS showed no coalescence within the
first 20 min of storage time. It is noticeable that the oil droplets stabilized with SDS are
way less densely packed than the other droplets. This can either be explained by different
forces between the droplets, or, more likely, by the interaction of the droplet interfaces with
the glass slide. For some surfactants, the droplets seem to be attached to the glass surface
and do not move. For other surfactants, the droplets slid along the glass until they got into
contact. The samples without any hydrophilic surfactant and the droplets stabilized with
Pluronic also did not touch each other on the microscope slide. Whether the droplet got
in contact or not, no coalescence event was observed on the microscope slide, even if the
samples were left there for one hour.

On the pictures of the double emulsions stabilized with Brij C10 and Pluronic, coa-
lescence of oil droplets was observed. While for Brij C10 only one droplet is larger and is
the result of one coalescence event, the picture of the Pluronic stabilized emulsion shows
two enlarged droplets, one built by one coalescence event, the other by the coalescence of
three droplets. The sample stabilized with CTAB also looks rather stable, but on the top,
one larger inner water droplet can be seen, which reveals W1—W{ coalescence. Lastly, the
double emulsion droplets stabilized with Lutensol TO8 are emptier than the other samples,
showing the results of many W1-W; coalescence events.

The same trends increase for longer storage times. In Figure 54 in the supporting
information, the same arrangement of pictures as in Figure 3 is shown for a storage time of
one day. The breakdown of the double emulsion structure is progressed much more then,
but showed the same trends as already observed at 20 min. Additionally, the oil phase got
more turbid with longer storage time due to spontaneous emulsification of water in oil due
to PGPR [51,52].

3.2. Coalescence of Oil Droplets (O-O Coalescence)

In Figure 4, the number of O-O coalescence events is plotted for the different hy-
drophilic surfactants after three timespans of storage. From left to right, the surfactants are
grouped together for the nonionic surfactants (Brij, Lutensol and Tween 40) and the ionic
surfactants (SDS and CTAB), followed by the polymer (Pluronic). For the formulations
where not a single coalescence event was observed (e.g., Lutensol TO15), the value was set
to 0.1 as minimum value. The bar for Pluronic after one day was set to 100, since the oil
phase did separate completely in the collection vial, meaning that all oil droplets coalesced.

For six of the short chain hydrophilic surfactants, no significant O-O coalescence
events were found for one day of storage (ANOVA see Table 2 in Section 4). Only for Brij
C10 was oil droplet coalescence significantly higher. The other six short chain surfactants
were nearly completely stable against this coalescence mechanism. For Lutensol TO15 and
Tween 40, not a single coalescence event was detected within the measurement period.
The other surfactants showed some coalescence events. Since only 50 oil droplets were
measured for each determination, numbers below 2 are the result of only one coalescence
event observed. A high stability for oil droplets with PGPR and Tween 40 was already
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shown, even for Tween 40 concentrations below cmc [42]. Apart from this study, little data
is published on the coalescence of oil droplets in W/O/W double emulsions.
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Figure 4. Number of O-O coalescence events normalized to 100 droplets with 0.9 wt% of different
hydrophilic surfactants in Wy and 1 wt% of PGPR in O. Double emulsions with Brij C10 and Pluronic
show most oil droplet coalescence, the other samples are comparatively stable. With Tween 40 and
Lutensol TO15, the emulsions show not a single coalesced oil droplet for all storage times investigated.

For Brij C10 and Pluronic, significant coalescence of oil droplets was observed. With 4
to 7 coalescence events per 100 droplets with Brij C10 and between 7 and 10 with Pluronic,
clear trends are seen. While the Brij C10 emulsion was, after one day; still stable enough to
measure droplet sizes, Pluronic stabilized W1/0O/W, double emulsion droplets separated
completely in a W1 /O emulsion and W, phase. The reason for Brij C10 being more instable
than the other short chain surfactants can be found in its low HLB value of 2.7. It is the most
lipophilic alcohol ethoxylate examined and is therefore less suitable for the stabilization of
O/W emulsions.

The instability of the oil droplets with Pluronic as a polymer was also seen with two
additional polymers. Two types of the amphiphilic polyvinyl alcohol were additionally
tested. Both polyvinyl alcohols could not stabilize the oil droplets well enough for any
samples to be taken after 80 min and the results were therefore not included in this work.
All three polymers, however, are reported to be suitable for the production of double emul-
sions [11,53-55]. However, the stabilizing mechanism of the polymeric surfactants might
rely on a viscosity increase of the W, phase and the formation of a stabilizing network in the
continuous phase rather than on stabilizing O droplets in direct contact [12]. Additionally,
decreasing the concentration of around 5 wt%, as commonly found in application, to 1 wt%
in this study might have resulted in a weakened network and thus a decrease in oil droplet
stability. In future works, different surfactant concentrations should be tested additionally.
Nonetheless, it can be concluded that the interface stabilizing properties of the examined
polymers were inferior to those of the short chain surfactants.

3.3. Release of Water Droplets (W;—W, Coalescence)

Figure 5 shows the number of W1-W; coalescence events per 100 inner droplets for the
examined hydrophilic surfactants over time. The double emulsion droplets stabilized with
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Brij 58, Lutensol TO15, Tween 40 and SDS showed very good resistance against W1-W»
coalescence with only little release of the inner phase.
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Figure 5. Number of W{-W, coalescence events, calculated from the number of encapsulated water
droplets in each oil droplet. Droplets were stabilized with 0.9 wt% of hydrophilic surfactant in
W, and 1 wt% of PGPR in O. Most surfactant combinations show good resistance against W1-W,
coalescence, except Brij C10, Lutensol TO8 and CTAB. The last bar (marked with an asterisk) for
Pluronic could not be measured, since no oil droplets were left due to O-O coalescence.

With Brij C10 and CTAB as hydrophilic surfactant in the double emulsion, stability
against W1—W, coalescence is reduced. After 20 min and 80 min, the number of inner
droplets is already slightly decreased. After one day, formulations with those two surfac-
tants lost more than half of the encapsulated droplets. The formulation with Lutensol TO8
is very instable against W1—W, coalescence and shows nearly complete W release after
20 min. After 80 min, not a single encapsulated droplet was observed.

The inner droplets of the double emulsion stabilized with Pluronic were stable within
the first 80 min, however, the instability of the oil droplets did not allow for measurements
after one day, since no more oil droplets were left. It was observed that plenty of water
droplets still were present in the oil film, hinting at good W1-W, stability, but it was
impossible to calculate how many water droplets per oil droplet survived.

No clear link between the chemical structure of the hydrophilic surfactant and the
stability against W1—W, coalescence was found. Lutensol TO8 and Brij C10 both have
a relatively short hydrophilic chain and therefore a low HLB value. They showed more
W;1-W; coalescence than the corresponding surfactant Lutensol TO15 and Brij 58. In
single droplet experiments, no such trend was found for the alcohol ethoxylates, they
showed similar W1—-W, coalescence stability with different chain lengths [56]. CTAB has
a significantly higher HLB value than the alcohol ethoxylates and shows, nonetheless,
W;-W,; coalescence. Therefore, the tendency to W;-W; coalescence cannot be reduced to
the HLB value alone.

3.4. Coalescence of Water Droplets (W;—Wy Coalescence)

In Figure 6, W1—W; coalescence is depicted. All W; droplets were stabilized with
PGPR from the beginning. The hydrophilic surfactant was later added to the W; phase. In
general, it is considered that the hydrophilic surfactants cannot directly adsorb at the W1 /O
interface and change the stability of Wy droplets. However, hydrophilic surfactants are
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reported to diffuse through the oil phase to the W; /O interface over time and destabilize
it [26]. Again, the value for no coalescence event is set to 0.1 for illustration. Lutensol TO15
samples showed nearly no W1—W; coalescence at all. Additionally, SDS did not interfere
significantly in W1-W; droplet stability within the first day of storage. For the samples
stabilized with Brij 58, Tween 40 and Pluronic, some of the inner droplets coalesced. Brij C10
and CTAB samples were the most instable for this coalescence mechanism. For Lutensol
TO8, no inner droplets of increased size were observed, for the reason that all inner droplets
were released rapidly. It is interesting that the same surfactants that triggered W1-W;
coalescence also showed W1-W; coalescence (Brij C10 and CTAB). It can be expected that
for double emulsions stabilized with Lutensol TO8, W1-W; coalescence also occurs and is
just not observed here due to the fast release. Therefore, the hypothesis can be postulated
that the stability against coalescence of two water phases in double emulsions is similar
whether it concerns W1-W coalescence or W1-W5 coalescence.
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Figure 6. Number of W1—-W{ coalescence events normalized to 100 droplets for 0.9 wt% of different
hydrophilic surfactants in W, and 1 wt% of PGPR in O. Apart from the Lutensol TO15 types, all
double emulsions had coalesced inner droplets. The bars marked with an asterisk could not be
measured due to major instabilities because of O-O and W;-W, coalescence.

Dependent on the chemical compatibility of the surfactant and the oil phase, transport
of hydrophilic surfactant molecules can be slowed down or completely prevented. For
longer transport distances (1 cm) through oil, it was found in an earlier study [54] that
Brij C10 and Brij 58 arrive at the inner interface within seconds, while CTAB and SDS
needed more than 24 h to come to the inner interface. In the microfluidic Wy /O/W, double
emulsion droplets used for these experiments, the oil layer between the W1 /0O and O/W,
interphase is only some micrometers thick. For CTAB and Brij C10 (ionic or nonionic
surfactant), increased coalescence of inner droplets was already observed after 20 min. The
stability trends found for the four mentioned surfactants differ slightly from the results of
our earlier study on W1-W; coalescence in single emulsion droplets [26], which may be
explained by a different PGPR concentration (0.1 wt% vs. 1 wt%) being applied. This again
points to the need for a detailed study on different surfactant concentrations in future work.

4. Discussion

Table 2 summarizes and compares the stability of each formulation against all three
coalescence mechanisms. To guide the eye, good stability values are marked in green,
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medium stability in yellow and poor stability is shown in red. Additionally, letters are
given for groups of significant difference with ANOVA at a level of 0.05. The significance
groups apply within each column.

Table 2. Evaluation of the stability against each possible coalescence paths for the combination of
PGPR (1 wt%) with different hydrophilic surfactants (1 wt%). The values and groups of significant
difference (p > 0.05) are given for the double emulsion droplets after one day of storage. The color
scheme is given to guide the eye for good (green), intermediate (yellow) and poor (red) stability
against coalescence, as observed in the experiments. Grey values could not be measured due to
complete phase separation.

Stabilized with 0O-0 Coalescence W1-W; Coalescence =~ W1-W, Coalescence
PGPR and per 100 Droplets per 100 Droplets per 100 Droplets
Brij 58 072 542 302

Brij C10 54°

Lutensol TO15 002 034 95¢
Lutensol TO8 0.62 0.04

Tween 40 002 732 83¢

SDS 0.02 284 6.2 3¢

CTAB 1.92b
Pluronic

For any application, the coalescence mechanism the formulation stabilized poorest
against is the critical one. Going over Table 2, Pluronic can be ruled out due to poor O-O
coalescence stability. Brij C10 and CTAB are disadvantageous due to increased W;-W;
coalescence and some W1-W, coalescence. Double emulsions stabilized with Lutensol TO8
collapse due to W1-W, coalescence. For the applied concentrations, and in combination
with MCT oil and 1 wt% PGPR as lipophilic surfactant, SDS and Brij 58 can be suggested
for stable formulations. Tween 40 and Lutensol TO15 can also be considered when slow
release rates and small changes in W droplet size (and the consequent osmotic swelling)
can be tolerated. For all surfactants, the time scales in which instabilities occur will vary
strongly, dependent on the droplet sizes, while the general trend remains the same [42].
Therefore, the rather short stability of all formulations against all coalescence mechanisms
is much more pronounced than is expected in industrially relevant double emulsions with
much smaller droplet sizes.

For all coalescence mechanisms, examples of good, medium and poor stability were
found in this work. However, mechanistic explanations of which properties of the hy-
drophilic surfactant lead to which (in-)stability, cannot be given. There are surfactants that
show similar stabilization properties (e.g., Brij 58 ~ SDS or Brij C10 ~ CTAB or Luten-
sol TO15 ~ Tween 40), but the hydrophilic surfactants have no similarities in chemical
structure. The first two pairs are an ionic and a nonionic surfactant, the last pair is of
two nonionic surfactants, but one is branched, the other linear. In contrast, the four lin-
ear alcohol ethoxylates only differ in chain length and nonetheless the stabilization of
droplets differs hugely. A general trend that was observed is that a low HLB value for
the hydrophilic surfactant leads to less stability against all three coalescence mechanisms.
Nonetheless, we cannot suggest any surfactant attribute for the use in double emulsions in
general. For such statement, a larger number of hydrophilic surfactants must be examined.

The instability of the tested polymers is contradictory to the findings in the litera-
ture [12,57]. An explanation is that the stabilizing mechanism of polymers differs from the
mechanisms of interfacial active short chain surfactants. While the shorter components
only build a layer at the interface, polymers do additionally stabilize droplets by enhancing
the viscosity of the continuous phase. The reduction of surfactant concentration in respect
to the limited interfacial area in the experiments might have a destabilizing effect on the
double emulsions stabilized with polymers.

As mentioned before, a next step could lie in a detailed study of the influence of the
surfactants’ concentration on the three coalescence pathways. Concentration changes could
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be used to counteract the instabilities observed. An assumption would be that the reduction
of hydrophilic surfactant concentration might increase W1-W; and W;-W, stability, while
decreasing the stability of the oil droplets [31]. Additional explanations can be found
by breaking down the coalescence process into its substeps [27]. In this work, only the
resulting stabilities were measured and compared. The stability of two different surfactants
might, however, be the result of different stabilization processes. The dominating forces
in film thinning and film rupture are completely different, e.g., for ionic and non-ionic
surfactants. While some interface compositions show mostly the kinetics of film drainage,
other surfactant films add a film rupture time [58]. With the method applied here, this
cannot be differentiated.

5. Conclusions

The introduced analysis technique on the instabilities of double emulsion can show
that different double emulsion formulations change over time by different coalescence
pathways. Each of the three possible coalescence mechanisms was observed as the dom-
inant instability mechanism in at least one formulation. Some surfactant combinations
were completely stable in the examined time, some formulations showed all three co-
alescence pathways simultaneously. With the eight examined hydrophilic surfactants,
the main coalescence path could not be linked to any detail in the chemical structure of
the surfactants.

Separating the three coalescence mechanisms from each other by quantifying them
with one measurement technique helps in adding a better understanding of double emul-
sion instabilities. The knowledge about the main failure mechanism can help in optimizing
a given formulation by adjusting the surfactant concentrations or phase viscosities to slow
down the specific mechanism. Finally, this study can suggest SDS and Brij 58 in combi-
nation with MCT oil and PGPR to stabilize double emulsion droplets against all three
coalescence mechanisms for at least 24 h.

Supplementary Materials: The following supporting information can be downloaded at: https:
/ /www.mdpi.com/article/10.3390/pr11010234/s1, Figure S1: Double emulsion stabilized with Brij
C10 after 20 min storage time; Figure S2: Double emulsion stabilized with Brij C10 after 80 min
storage time; Figure S3: Double emulsion stabilized with Brij C10 after one day storage time; Figure
S4: Photos of double emulsion droplets directly after microfluidic break-up and after one day of
storage in their respective surfactant solutions. Brij 58, Lutensol TO15, Tween 40 and SDS show stable
droplets. Emulsions with Lutensol TO8 are completely empty and with Brij C10 and CTAB a lot of
release of inner droplets is seen. With Pluronic stabilized oil, droplets did separate completely and
the sample was taken after redispersing the oil layer.
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Appendix A
Calculation of HLB values after Davies [46]:
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Brij 58: 16 % (—0.475) +20%0.33 +7 = 6.0
Brij C10: 16 (—0.475) +10%0.33 +7 = 2.7
Lutensol TO15: 13 % (—0.475) +15%0.33 +7 = 5.8
Lutensol TOS: 13 % (—0.475) +8%0.33+7 = 3.5
Tween 40: 16 * (—0.475) +40%0.33 + 6.8+ 7 =194
SDS: 12 % (—0.475) + 38.7 + 7 = 40
References
1.  Lobato-Calleros, C.; Rodriguez, E.; Sandoval-Castilla, O.; Vernon-Carter, E.J.; Alvarez-Ramirez, J. Reduced-fat white fresh

10.

11.

12.
13.

14.

15.

16.

17.

18.
19.

20.

21.

22.

23.

24.

25.

cheese-like products obtained from W1/0/W2 multiple emulsions: Viscoelastic and high-resolution image analyses. Food Res.
Int. 2006, 39, 678-685. [CrossRef]

CINDIO, B.; Cacae, D. Formulation and rheological characterization of reduced-calorie food emulsions. Int. ]. Food Sci. Technol.
1995, 30, 505-514. [CrossRef]

Frank, K.; Kohler, K.; Schuchmann, H.P. Formulation of Labile Hydrophilic Ingredients in Multiple Emulsions: Influence of the
Formulation’s Composition on the Emulsion’s Stability and on the Stability of Entrapped Bioactives. J. Dispers. Sci. Technol. 2011,
32,1753-1758. [CrossRef]

Comunian, T.A.; Ravanfar, R.; Alcaine, S.D.; Abbaspourrad, A. Water-in-oil-in-water emulsion obtained by glass microfluidic
device for protection and heat-triggered release of natural pigments. Food Res. Int. 2018, 106, 945-951. [CrossRef] [PubMed]

El Kadri, H.; Lalou, S.; Mantzouridou, F.; Gkatzionis, K. Utilisation of water-in-oil-water (W1/0O/W2) double emulsion in a
set-type yogurt model for the delivery of probiotic Lactobacillus paracasei. Food Res. Int. 2018, 107, 325-336. [CrossRef]

Garti, N.; Bisperink, C. Double emulsions: Progress and applications. Curr. Opin. Colloid Interface Sci. 1998, 3, 657—-667. [CrossRef]
McClements, D.J.; Decker, E.A.; Park, Y.; Weiss, J. Structural design principles for delivery of bioactive components in nutraceuti-
cals and functional foods. Crit. Rev. Food Sci. Nutr. 2009, 49, 577-606. [CrossRef]

Saffarionpour, S.; Diosady, L.L. Multiple Emulsions for Enhanced Delivery of Vitamins and Iron Micronutrients and Their
Application for Food Fortification. Food Bioprocess Technol. 2021, 14, 587-625. [CrossRef]

Datta, S.S.; Abbaspourrad, A.; Amstad, E.; Fan, J.; Kim, S.-H.; Romanowsky, M.; Shum, H.C.; Sun, B.; Utada, A.S,;
Windbergs, M.; et al. 25th anniversary article: Double emulsion templated solid microcapsules: Mechanics and controlled release.
Adv. Mater. 2014, 26, 2205-2218. [CrossRef]

Bai, L.; Huan, S.; Rojas, O.].; McClements, D.J. Recent Innovations in Emulsion Science and Technology for Food Applications. J.
Agric. Food Chem. 2021, 69, 8944-8963. [CrossRef]

Leister, N.; Karbstein, H.P. Evaluating the Stability of Double Emulsions—A Review of the Measurement Techniques for the
Systematic Investigation of Instability Mechanisms. Colloids Interfaces 2020, 4, 8. [CrossRef]

Dickinson, E. Double Emulsions Stabilized by Food Biopolymers. Food Biophys. 2011, 6, 1-11. [CrossRef]

Muschiolik, G.; Dickinson, E. Double Emulsions Relevant to Food Systems: Preparation, Stability, and Applications. Compr. Rev.
Food Sci. Food Saf. 2017, 16, 532-555. [CrossRef]

Sapei, L.; Naqvi, M.A ; Rousseau, D. Stability and release properties of double emulsions for food applications. Food Hydrocoll.
2012, 27, 316-323. [CrossRef]

Nollet, M.; Mercé, M.; Laurichesse, E.; Pezon, A.; Soubabere, O.; Besse, S.; Schmitt, V. Water fluxes and encapsulation efficiency
in double emulsions: Impact of emulsification and osmotic pressure unbalance. Soft Matter 2016, 12, 3412-3424. [CrossRef]
[PubMed]

Sela, Y.; Magdassi, S.; Garti, N. Release of markers from the inner water phase of W / O / W emulsions stabilized by silicone
based polymeric surfactants. J. Control. Release 1995, 33, 1-12. [CrossRef]

Nollet, M.; Laurichesse, E.; Besse, S.; Soubabére, O.; Schmitt, V. Determination of Formulation Conditions Allowing Double
Emulsions Stabilized by PGPR and Sodium Caseinate to Be Used as Capsules. Langmuir 2018, 34, 2823-2833. [CrossRef]

Pays, K. Double emulsions: How does release occur? J. Control. Release 2002, 79, 193-205. [CrossRef]

Pays, K.; Giermanska-Kahn, J.; Pouligny, B.; Bibette, J.; Leal-Calderon, F. Coalescence in Surfactant-Stabilized Double Emulsions.
Langmuir 2001, 17, 7758-7769. [CrossRef]

Klojdov4, I.; Kumherova, M.; Veseld, K.; Horackova, S.; Ber¢ikova, M.; Stétina, J. The influence of heat and mechanical stress on
encapsulation efficiency and droplet size of w/o/w multiple emulsions. Eur. Food Res. Technol. 2022, 248, 2303-2309. [CrossRef]
Matos, M.; Timgren, A.; Sj66, M.; Dejmek, P.; Rayner, M. Preparation and encapsulation properties of double Pickering emulsions
stabilized by quinoa starch granules. Colloids Surf. A Physicochem. Eng. Asp. 2013, 423, 147-153. [CrossRef]

Jiao, J.; Rhodes, D.G.; Burgess, D.J. Multiple Emulsion Stability: Pressure Balance and Interfacial Film Strength. J. Colloid Interface
Sci. 2002, 250, 444-450. [CrossRef] [PubMed]

Khadem, B.; Khellaf, M.; Sheibat-Othman, N. Investigating swelling-breakdown in double emulsions. Colloids Surf. A Physicochem.
Eng. Asp. 2020, 585, 124181. [CrossRef]

McClements, D.J.; Jafari, S.M. Improving emulsion formation, stability and performance using mixed emulsifiers: A review. Adv.
Colloid Interface Sci. 2018, 251, 55-79. [CrossRef] [PubMed]

Bournival, G.; Ata, S.; Karakashev, S.I.; Jameson, G.J. An investigation of bubble coalescence and post-rupture oscillation in
non-ionic surfactant solutions using high-speed cinematography. J. Colloid Interface Sci. 2014, 414, 50-58. [CrossRef] [PubMed]


http://doi.org/10.1016/j.foodres.2006.01.006
http://doi.org/10.1111/j.1365-2621.1995.tb01397.x
http://doi.org/10.1080/01932691.2011.616147
http://doi.org/10.1016/j.foodres.2018.02.008
http://www.ncbi.nlm.nih.gov/pubmed/29580008
http://doi.org/10.1016/j.foodres.2018.02.049
http://doi.org/10.1016/S1359-0294(98)80096-4
http://doi.org/10.1080/10408390902841529
http://doi.org/10.1007/s11947-021-02586-2
http://doi.org/10.1002/adma.201305119
http://doi.org/10.1021/acs.jafc.1c01877
http://doi.org/10.3390/colloids4010008
http://doi.org/10.1007/s11483-010-9188-6
http://doi.org/10.1111/1541-4337.12261
http://doi.org/10.1016/j.foodhyd.2011.10.008
http://doi.org/10.1039/C5SM03089G
http://www.ncbi.nlm.nih.gov/pubmed/26936127
http://doi.org/10.1016/0168-3659(94)00029-T
http://doi.org/10.1021/acs.langmuir.7b04085
http://doi.org/10.1016/S0168-3659(01)00535-1
http://doi.org/10.1021/la010735x
http://doi.org/10.1007/s00217-022-04046-3
http://doi.org/10.1016/j.colsurfa.2013.01.060
http://doi.org/10.1006/jcis.2002.8365
http://www.ncbi.nlm.nih.gov/pubmed/16290683
http://doi.org/10.1016/j.colsurfa.2019.124181
http://doi.org/10.1016/j.cis.2017.12.001
http://www.ncbi.nlm.nih.gov/pubmed/29248154
http://doi.org/10.1016/j.jcis.2013.09.050
http://www.ncbi.nlm.nih.gov/pubmed/24231084

Processes 2023, 11, 234 15 of 16

26.

27.

28.

29.

30.

31.

32.

33.
34.

35.

36.

37.

38.

39.

40.

41.

42.

43.

44.

45.

46.

47.

48.

49.

50.

51.
52.

53.

Kabalnov, A.; Wennerstrom, H. Macroemulsion Stability: The Oriented Wedge Theory Revisited. Langmuir 1996, 12, 276-292.
[CrossRef]

Kamp, J.; Villwock, J.; Kraume, M. Drop coalescence in technical liquid /liquid applications: A review on experimental techniques
and modeling approaches. Rev. Chem. Eng. 2017, 33, 1-47. [CrossRef]

Alahverdjieva, V.S.; Khristov, K.; Exerowa, D.; Miller, R. Correlation between adsorption isotherms, thin liquid films and foam
properties of protein/surfactant mixtures: Lysozyme/C10DMPO and lysozyme/SDS. Colloids Surf. A Physicochem. Eng. Asp.
2008, 323, 132-138. [CrossRef]

Bergeron, V.; Jimenez-Laguna, A.L; Radke, C.J. Hole formation and sheeting in the drainage of thin liquid films. Langmuir 1992, 8,
3027-3032. [CrossRef]

Lamba, H.; Sathish, K.; Sabikhi, L. Double Emulsions: Emerging Delivery System for Plant Bioactives. Food Bioprocess Technol.
2015, 8, 709-728. [CrossRef]

Kanouni, M.; Rosano, H.L.; Naouli, N. Preparation of a stable double emulsion (W1/0O/W2): Role of the interfacial films on the
stability of the system. Adv. Colloid Interface Sci. 2002, 99, 229-254. [CrossRef] [PubMed]

Ficheux, M.-EF,; Bonakdar, L.; Leal-Calderon, F.; Bibette, J]. Some Stability Criteria for Double Emulsions. Langmuir 1998, 14,
2702-2706. [CrossRef]

Wang, J.; Hahn, S.; Amstad, E.; Vogel, N. Tailored Double Emulsions Made Simple. Adv. Mater. 2022, 34, €2107338. [CrossRef]
Sander, J.S.; Isa, L.; Riths, P.A_; Fischer, P; Studart, A.R. Stabilization mechanism of double emulsions made by microfluidics. Soft
Matter 2012, 8, 11471. [CrossRef]

Oppermann, A.K.L.; Noppers, ] MLE.; Stieger, M.; Scholten, E. Effect of outer water phase composition on oil droplet size and
yield of (wl/0/w?2) double emulsions. Food Res. Int. 2018, 107, 148-157. [CrossRef] [PubMed]

Faghmous, N.; Bouzid, D.; Boumaza, M.; Touati, A.; Boyron, O. Optimization of chitosan-coated W/O/W multiple emulsion
stabilized with Span 80 and Tween 80 using Box—-Behnken design. . Dispers. Sci. Technol. 2020, 42, 1566-1578. [CrossRef]

Felix, M.; Guerrero, A.; Carrera-Sanchez, C. Optimization of Multiple W1/0/W2 Emulsions Processing for Suitable Stability and
Encapsulation Efficiency. Foods 2022, 11, 1367. [CrossRef]

Karbstein, H.; Schubert, H. Developments in the continuous mechanical production of oil-in-water macro-emulsions. Chem. Eng.
Process. Process Intensif. 1995, 34, 205-211. [CrossRef]

Schuch, A.; Deiters, P.; Henne, J.; Kohler, K.; Schuchmann, H.P. Production of W/O/W (water-in-oil-in-water) multiple emulsions:
Droplet breakup and release of water. J. Colloid Interface Sci. 2013, 402, 157-164. [CrossRef]

Hai, M.; Magdassi, S. Investigation on the release of fluorescent markers from w/o/w emulsions by fluorescence-activated cell
sorter. J. Control. Release 2004, 96, 393-402. [CrossRef]

Schuch, A.; Tonay, A.N.; Kohler, K.; Schuchmann, H.P. Influence of the second emulsification step during production of W/O/W
multiple emulsions: Comparison of different methods to determine encapsulation efficiency in W/O/W emulsions. Can. J. Chem.
Eng. 2014, 92, 203-209. [CrossRef]

Leister, N.; Yan, C.; Karbstein, H.P. Oil Droplet Coalescence in W/O/W Double Emulsions Examined in Models from Micrometer-
to Millimeter-Sized Droplets. Colloids Interfaces 2022, 6, 12. [CrossRef]

Krebs, T.; Schroén, K.; Boom, R. Coalescence dynamics of surfactant-stabilized emulsions studied with microfluidics. Soft Matter
2012, 8, 10650. [CrossRef]

Villa, C.H.; Lawson, L.B.; Li, Y.; Papadopoulos, K.D. Internal Coalescence as a Mechanism of Instability in Water-in-Oil-in-Water
Double-Emulsion Globules. Langmuir 2003, 19, 244-249. [CrossRef]

Leister, N.; Vladisavljevi¢, G.T.; Karbstein, H.P. Novel glass capillary microfluidic devices for the flexible and simple production
of multi-cored double emulsions. |. Colloid Interface Sci. 2021, 611, 451-461. [CrossRef]

Davies, J.T. A quantitative kinetic theory of emulsion type. I. Physical chemistry of the emulsifying agent. In Proceedings of the 2nd
International Congress Surface Activity (1957); Butterworths: London, UK, 1957; pp. 426-438.

Miraglia, D.B.; Rodriguez, J.L.; Minardi, R.M.; Schulz, P.C. Critical Micelle Concentration and HLB of the Sodium Oleate—
Hexadecyltrimethylammonium Bromide Mixed System. J. Surfact. Deterg. 2011, 14, 401-408. [CrossRef]

Bandulasena, M.V.; Vladisavljevi¢, G.T.; Benyahia, B. Versatile reconfigurable glass capillary microfluidic devices with
Lego®inspired blocks for drop generation and micromixing. J. Colloid Interface Sci. 2019, 542, 23-32. [CrossRef]

Basu, A.S. Droplet morphometry and velocimetry (DMV): A video processing software for time-resolved, label-free tracking of
droplet parameters. Lab Chip 2013, 13, 1892-1901. [CrossRef]

Chevalier, R.C.; Gomes, A.; Cunha, R.L. Tailoring W/O emulsions for application as inner phase of W/O/W emulsions:
Modulation of the aqueous phase composition. J. Food Eng. 2021, 297, 110482. [CrossRef]

Solans, C.; Morales, D.; Homs, M. Spontaneous emulsification. Curr. Opin. Colloid Interface Sci. 2016, 22, 88-93. [CrossRef]
Bahtz, ].; Gunes, D.Z.; Syrbe, A.; Mosca, N.; Fischer, P.; Windhab, E.J. Quantification of Spontaneous W/O Emulsification and its
Impact on the Swelling Kinetics of Multiple W/O/W Emulsions. Langmuir 2016, 32, 5787-5795. [CrossRef] [PubMed]
Neumann, S.M.; van der Schaaf, U.S.; Karbstein, H.P. Investigations on the relationship between interfacial and single droplet
experiments to describe instability mechanisms in double emulsions. Colloids Surf. A Physicochem. Eng. Asp. 2018, 553, 464—471.
[CrossRef]


http://doi.org/10.1021/la950359e
http://doi.org/10.1515/revce-2015-0071
http://doi.org/10.1016/j.colsurfa.2007.09.026
http://doi.org/10.1021/la00048a029
http://doi.org/10.1007/s11947-014-1468-6
http://doi.org/10.1016/S0001-8686(02)00079-9
http://www.ncbi.nlm.nih.gov/pubmed/12509116
http://doi.org/10.1021/la971271z
http://doi.org/10.1002/adma.202107338
http://doi.org/10.1039/c2sm26700d
http://doi.org/10.1016/j.foodres.2018.02.021
http://www.ncbi.nlm.nih.gov/pubmed/29580472
http://doi.org/10.1080/01932691.2020.1774387
http://doi.org/10.3390/foods11091367
http://doi.org/10.1016/0255-2701(94)04005-2
http://doi.org/10.1016/j.jcis.2013.03.066
http://doi.org/10.1016/j.jconrel.2004.02.014
http://doi.org/10.1002/cjce.21834
http://doi.org/10.3390/colloids6010012
http://doi.org/10.1039/c2sm26122g
http://doi.org/10.1021/la026324d
http://doi.org/10.1016/j.jcis.2021.12.094
http://doi.org/10.1007/s11743-010-1239-y
http://doi.org/10.1016/j.jcis.2019.01.119
http://doi.org/10.1039/c3lc50074h
http://doi.org/10.1016/j.jfoodeng.2021.110482
http://doi.org/10.1016/j.cocis.2016.03.002
http://doi.org/10.1021/acs.langmuir.6b00425
http://www.ncbi.nlm.nih.gov/pubmed/27195479
http://doi.org/10.1016/j.colsurfa.2018.05.087

Processes 2023, 11, 234 16 of 16

54.

55.

56.

57.

58.

Neumann, S.M.; Wittstock, N.; van der Schaaf, U.S.; Karbstein, H.P. Interactions in water in oil in water double emulsions:
Systematical investigations on the interfacial properties and emulsion structure of the outer oil in water emulsion. Colloids Surf. A
Physicochem. Eng. Asp. 2018, 537, 524-531. [CrossRef]

Leister, N.; Pfaff, D.; Karbstein, H.P. Coalescence of Inner Water Droplets in Double Emulsions Due to Surfactant Transport
through Oil. Chem. Ing. Tech. 2021, 94, 365-373. [CrossRef]

Leister, N.; Karbstein, H.P. Influence of Hydrophilic Surfactants on the W1-W2 Coalescence in Double Emulsion Systems
Investigated by Single Droplet Experiments. Colloids Interfaces 2021, 5, 21. [CrossRef]

Akhtar, M.; Dickinson, E. Water-in-oil-in-water multiple emulsions stabilized by polymeric and natural emulsifiers. Food Colloids
Fundam. Formul. 2001, 258, 133.

Politova, N.I.; Tcholakova, S.; Tsibranska, S.; Denkov, N.D.; Muelheims, K. Coalescence stability of water-in-oil drops: Effects of
drop size and surfactant concentration. Colloids Surf. A Physicochem. Eng. Asp. 2017, 531, 32-39. [CrossRef]

Disclaimer/Publisher’s Note: The statements, opinions and data contained in all publications are solely those of the individual
author(s) and contributor(s) and not of MDPI and/or the editor(s). MDPI and/or the editor(s) disclaim responsibility for any injury to
people or property resulting from any ideas, methods, instructions or products referred to in the content.


http://doi.org/10.1016/j.colsurfa.2017.10.070
http://doi.org/10.1002/cite.202100141
http://doi.org/10.3390/colloids5020021
http://doi.org/10.1016/j.colsurfa.2017.07.085

	Introduction 
	Materials and Methods 
	Chemicals 
	Microfluidic Device 
	Droplet Production and Analysis 
	Statistical Analysis 

	Results 
	Qualitative Examination of Double Emulsions Stabilized with Different Hydrophilic Surfactants 
	Coalescence of Oil Droplets (O–O Coalescence) 
	Release of Water Droplets (W1–W2 Coalescence) 
	Coalescence of Water Droplets (W1–W1 Coalescence) 

	Discussion 
	Conclusions 
	Appendix A
	References

