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ARTICLE INFO ABSTRACT

Hypothesis: The shelf life of multiphase systems, e.g. oil-in-water (O/W) emulsions, is severely limited by physical

Keywords: and/or chemical instabilities, which degrade their texture, macroscopic appearance, sensory and (for edible
Emulsion systems) nutritional quality. One prominent chemical instability is lipid oxidation, which is notoriously complex.
Droplets The complexity arises from the involvement of many physical structures present at several scales (1-10,000 nm),
Swollen micelles of which the smallest ones are often overlooked during characterization.

Surfactants

Experiments: We used cryogenic transmission electron microscopy (cryo-TEM) to characterize the coexisting
colloidal structures at the nanoscale (10-200 nm) in rapeseed oil-based model emulsions stabilized by different
concentrations of a nonionic surfactant. We assessed whether the oxidative and physical instabilities of the
smallest colloidal structures in such emulsions may be different from those of larger colloidal structures.
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Findings: By deploying cryo-TEM, we analyzed the size of very small oil droplets and of surfactant micelles, which
are typically overlooked by dynamic light scattering when larger structures are concomitantly present. Their size

and oil content were shown to be stable over incubation, but lipid oxidation products were overrepresented in
these very small droplets. These insights highlight the importance of the fraction of “tiny droplets” for the
oxidative stability of O/W emulsions.

1. Introduction

Oil-in-water (O/W) emulsions can be found in a plethora of indus-
trial products such as foods, paints, pharma and cosmetics [1,2]. These
emulsions typically consist of three distinct regions: the core of the oil
droplets, the oil-water interface and the continuous phase, of which the
latter often contains a substantial amount of non-adsorbed emulsifiers
[3,4]. Emulsions have a limited shelf life because of physical and/or
chemical instabilities [3]. A prominent phenomenon of chemical insta-
bility is lipid oxidation, which is a reaction between oxygen and a labile
lipid substrate such as polyunsaturated fatty acids (PUFAs) [5]. Lipid
oxidation leads to: a rancid flavor/odor; possible changes in appearance
(e.g., discoloring); or the loss of nutrients and bioactive ingredients
[3,5,6]. The main physical instabilities are: gravitational separation
(creaming, sedimentation); coalescence; Ostwald ripening; or floccula-
tion [7,8]. Physical instabilities often lead to a change in texture and/or
appearance. These oxidative and physical instabilities are complex and
therefore difficult to control because the aforementioned phenomena
occur at various time- and length scales [9]. Moreover, the physical
structure of emulsions affects the oxidative stability and vice versa [4,9].

Emulsions often consist of multiple colloidal structures covering a
broad range of sizes, from a few nanometers to tens of micrometers [9].
For instance, it is known that small (100-200 nm), and even very small
droplets (<100 nm), can be co-existing with larger ones [10].
Commonly, three typical systems differing in droplet size are distin-
guished (Fig. 1): (i) microemulsions, (ii) nanoemulsions, and (iii)
emulsions. We provide a definition for these typical systems in the next

lines. (i) In microemulsions or Winsor systems, surfactant micelles
(possibly including co-surfactants) contain small amounts of lipids in
their hydrophobic core. The curvature of these so-called swollen mi-
celles corresponds to a favorable arrangement of the surfactant mole-
cules, which thereby minimizes the free energy of the system [11].
Moreover, the large magnitude of the (configurational) entropy also
contributes to the minimization of the free energy [12]. This results in
isotropic and thermodynamically stable systems with droplets of typi-
cally 10-50 nm in diameter [13]. (ii) Nanoemulsions, generally defined
as emulsions having droplet sizes below 100 nm, are thermodynamically
unstable (i.e., at most, metastable), which makes them different from
microemulsions. A large external energy supply is required for their
formation [13]. (iii) Emulsions, which have droplet sizes above 100 nm,
are thermodynamically unstable, and also require an energy input
through an ad hoc homogenization procedure. The latter two can be
stabilized kinetically. In this paper, we will assess the presence of the
structures termed above and intentionally avoid referring to micro-
emulsions, as the term is generally associated to spontaneous emulsifi-
cation. This is why we will speak about micelles, very small droplets (i.
e., swollen micelles and droplets <100-200 nm) and large droplets,
which can all coexist in emulsions encountered in practical systems,
such as food matrices [10].

The effect of the physical structure of emulsions on their oxidative
stability has received great interest in literature, but is yet far from being
understood [3,4,14,15]. For example, small colloidal structures have
been postulated to play a decisive role in the lipid oxidation pathways by
transferring reactive molecules from one droplet to another [16-19],
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Fig. 1. Schematics of structures that can be present in surfactant-stabilized emulsions, differing in sizes, that can be distinguished by their terminology and the

equipment with which they can be detected.
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although a recent study from our group has shown that this only occurs
for low molar mass and relatively hydrophilic lipid oxidation products
[20]. Another example relates to the effect of droplet size on lipid
oxidation. It has been suggested that small droplets oxidize faster than
large ones due to their larger specific surface area, where lipids can react
with pro-oxidants present in the continuous phase, such as metal ions.
These metal-catalyzed initiation reactions result in radical formation
(Reactions 1-3) [21], even when only trace amounts of metal ions are
present [14,22-24]. Initiation reactions can also occur without catalysts,
which is especially expected at higher temperatures (Reaction 4). In
turn, the favored initiation will result in higher concentrations of radi-
cals, which will cause rapid propagation of lipid oxidation (Reactions 5
& 6) [4]. In practice, contradicting conclusions have been reported on
the effect of droplet size on lipid oxidation [4]. Some results in literature
indeed show that small droplets oxidize faster [25-35], whereas others
indicate that larger droplets oxidize faster [32,34-41], or that droplet
size does not influence lipid oxidation [24,30,31,33,34,40,42-44].
There are even studies that found a faster oxidation of small droplets
when using soybean oil, whereas the opposite effect was found when
using fish oil [32]. The exact cause of these seemingly contradicting
findings is not yet known. To the best of our knowledge, there are only
two studies in which the effect of droplet size on lipid oxidation was
studied in one single polydisperse emulsion [25,33], which is advanta-
geous because the continuous phase has the same composition for both
size classes. In both studies, lipid oxidation was shown to proceed faster
in the small droplets, although the differences were small, and for
certain systems no difference was found [33].

LOOH + Fe** -LOO" +H" + Fe?" (Reaction 1)
LOOH + Fe*' -LO + OH™ + Fe** (Reaction 2)
LH + Fe*'>L +H"' + Fe’" (Reaction 3)

LH —L + H" (Reaction4)

LO /LOO + LH-LOH/LOOH + L' (Reaction 5)

L + 0,—»LOO0O (Reaction 6)

An important first step to get to an improved understanding of the
interrelated physical and oxidative instabilities at play is to characterize
the colloidal structures present over the relevant size span. To date, such
characterization is generally conducted by static light scattering (SLS) or
dynamic light scattering (DLS). Light scattered by an emulsion scales
with the droplet volume squared. Therefore, these techniques are not
equipped well to detect very small structures (<100-200 nm) when they
coexist with larger droplets, since the latter largely diminish the
contribution of small ones to the measured signal, which scales with the
diameter to the power of 6 [10,45]. The deployment of other charac-
terization techniques, such as electron microscopy, is therefore needed.
Among electron microscopy techniques, cryogenic transmission electron
microscopy (cryo-TEM) can be used to gain insights into sub-micrometer
structures in liquid emulsions with nanometer resolution, as samples can
be cryogenically fixed and preserved using plunge vitrification [46].

In the present study, we characterized the fraction of very small
droplets (typically <200 nm) in rapeseed oil-based model emulsions
stabilized by a nonionic surfactant with a versatile range of character-
ization techniques: dynamic light scattering (DLS), cryogenic trans-
mission electron microscopy (cryo-TEM), and oil content determination
in the relevant fractions. We explored the oxidative and physical sta-
bility of this fraction of very small droplets co-present in emulsions and
of the emulsions as a whole.
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2. Materials and methods
2.1. Materials

Rapeseed oil was kindly provided by Unilever (Wageningen,
Netherlands) and stripped with alumina powder (MP EcoChromet
ALUMINA N, Activity: Super I, Biomedicals) to remove impurities and
endogenous antioxidants, in particular tocopherols [47]. Deuterated
chloroform and dimethylsulfoxide (CDCl3 and DMSO-ds) were pur-
chased from Euriso-top (Saint-Aubin, France). n-Hexane and 2-propanol
were obtained from Actu-All Chemicals (Oss, the Netherlands). Poly-
sorbate 20 (Tween 20) and ethylenediamine tetraacetic acid calcium
disodium salt (EDTA) were purchased from Sigma (Sigma-Aldrich,
Zwijndrecht, the Netherlands). Ultrapure water (18.2 MQ) was used for
all experiments and prepared using a Milli-Q system (Millipore Corpo-
ration, Billerica, MA, USA). Assay reagent and standard for tri-
acylglycerols (Triglycerides liquicolor mono kit) for a colorimetric
quantification method were purchased from HUMAN (HUMAN Gesell-
schaft fiir Biochemica und Diagnostica mbH, Wiesbaden, Germany). The
assay reagent content was: 50 mmol/L PIPES buffer (pH 7.5), 5 mmol/L
4-chlorophenol, 0.25 mmol/L 4-aminoantipyrine, 4.5 mmol/L magne-
sium ions, 2 mmol/L ATP, 1.3 U/mL lipases, 0.5 U/mL peroxidase, 0.4
U/mL glycerol kinase and 1.5 U/mL glycerol-3-phosphate oxidase.

2.2. Emulsion preparation

Either 0.5 or 2.0 wt% of Tween 20 were added to 10 mM sodium
phosphate buffer (pH = 7.0) and stirred for 30 min. For the samples that
were used for cryo-TEM analysis and DLS, ultrapure water was used
instead of phosphate buffer because the buffer resulted in lower contrast
between Tween micelles and the background, and hence impeded
interpretation of cryo-TEM images. Stripped rapeseed oil (10 wt%) was
added to the continuous phase to form a coarse emulsion by high-speed
stirring at 11,000 rpm for 1 min with a rotor-stator homogenizer (Ultra-
turrax IKA T18 basic, Germany). To produce a somewhat finer emulsion,
this coarse emulsion was passed two times through a lab scale colloid
mill with gap width of 0.32 mm (IKA Magic Lab, Staufen, Germany),
operated for 2 min at 26,000 rpm, and cooled with water at 4 °C. To
produce an emulsion with even smaller average droplet size, the coarse
emulsion was passed three times through a high-pressure homogenizer
(M—110Y Microfluidizer, Microfluidics, Massachusetts, USA) equipped
with a F12Y interaction chamber, which was operated at 600 bars and
cooled with ice. For one of the colloid mill-made emulsions, EDTA (75
mg/kg continuous phase) was added after emulsification. These emul-
sions were either incubated, as described below (colloid mill-made
emulsions), or used directly for further measurements (all emulsions).

2.3. Incubation and sample taking

The 0.5- wt% Tween 20-based emulsion in buffer made with the
colloid mill was incubated as follows: ten milliliters of emulsion were
placed into 20-mL headspace vials and incubated at 25 °C while rotating
horizontally at 2 rpm in the dark. At selected time points, the content of
two headspace vials was pooled into a 50-mL centrifuge tube. Next, 1.5
mL was taken for measurements on the whole emulsion, whereas the rest
of the emulsion was centrifuged at 28,000 x g and 20 °C for 30 min (in
duplicate). The phase containing very small droplets (<200 nm)
remained as a subnatant phase below a creamed layer. This subnatant
was collected by making a hole at the bottom of the tube. 1.5 mL were
taken that were used directly for the physical characterization mea-
surements. For the extractions and lipid oxidation measurements, the
samples were first stored under inert gas at —80 °C for 48 h to 20 days.
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2.4. Measurements
2.4.1. Size measurements

2.4.1.1. Static light scattering. The oil droplet size (diameter) and size
distribution in the emulsions was assessed by static light scattering (SLS)
(Malvern Mastersizer 3000, Malvern Instruments Ltd., Malvern, Wor-
cestershire, UK), using a refractive index of 1.47 for the dispersed phase
and 1.33 for the dispersant (water); and an absorption index of 0.01.

2.4.1.2. Dynamic light scattering. The size of the colloidal structures
present in the emulsions’ subnatant phase (section 2.3) was assessed by
dynamic light scattering (DLS) (Zetasizer Nano ZS, Malvern Instruments
Ltd., Malvern, Worcestershire, UK), using a refractive index of 1.47 for
the dispersed phase and 1.33 for the dispersant (water) and an absorp-
tion index of 0.01.

2.4.1.3. Cryogenic transmission electron microscopy. The morphology
and size of the colloidal structures present in the emulsions’ subnatant
phase (section 2.3) were measured by cryogenic transmission electron
microscopy (cryo-TEM). For cryo-TEM sample preparation, TEM grids
with a graphene oxide (GOx) support layer were used during plunge
vitrification. This enabled the preparation of mechanically stable TEM
samples with a reduced vitrified water layer thickness which minimizes
effects of the embedding medium during imaging and enhances the
achievable contrast and resolution for nanometer sized structures [48].
First, the TEM grids were glow-discharged to make the surface of the
carbon TEM support film hydrophilic, and 20 pL of GOx aqueous
dispersion were deposited on the top of the TEM grid and dried out.
Samples for cryo-TEM were then prepared by applying 3 pL of the
emulsion subnatant or of Tween 20 aqueous solution (0.5 wt%) on the
200 mesh Cu grid with a R2/2 Quantifoil® carbon support film
(Quantifoil MicroTools GmbH) covered with graphene oxide (GOx). An
automated vitrification robot (Thermo Fisher Scientific Vitrobot™ Mark
IV) was used to blot and plunge the samples into liquid ethane. Cryo-
TEM imaging was conducted on the TU/e CryoTitan (Thermo Fisher
Scientific), which was operated at 300 kV and is equipped with a Field-
Emission Gun, a post column Gatan Energy Filter (GIF, model 2002) and
a post-GIF 2kx2k Gatan CCD camera (model 794). Cryo-TEM images
were acquired at an electron dose rate of 10 e~ A~2 s~ with an exposure
time of 2 s at a nominal magnification of 24,000x. An in-house Matlab
script was used for measuring the diameter of small droplets from the
TEM images (see Figure S1). For the colloid mill-made emulsion, the
total number of small oil droplets analyzed for the histogram was 888
(from 14 cryo-TEM images). For the 0.5 wt% and 2.0 wt% emulsion
prepared with the Microfluidizer, 316 and 448 droplets (from 12 and 7
cryo-images) were taken for the analysis, respectively.

2.4.2. Oil content determination

The oil content in the subnatant of the centrifuged emulsion samples
was quantified using a colorimetric assay for triacylglycerols (Tri-
glycerides Liquicolor Mono kit, HUMAN). In brief, the samples were
diluted to a range of 0.4-4 g/L, and about 20 pL of sample were weighed
into a 2-mL microtube. Next, 1 mL of assay reagent was added, and the
samples were subsequently incubated in a heating block at 800 rpm for
20 min at 20 °C. The absorbance was measured at a wavelength of 500
nm, and the concentration was calculated using a calibration curve
(0.4-4 g triglycerides/L).

2.4.3. Lipid extraction

Oil extraction was performed by adding 8 mL hexane-isopropanol
(3:1 v/v) to ~ 1.5 mL emulsion and vortexing thoroughly [49]. The
mixture was centrifuged at 4,000 x g for 20 min and the upper layer,
containing the hexane and extracted oil, was carefully separated from
the bottom layer. Hexane was evaporated under a stream of nitrogen at
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25 °C until constant weight. The remaining oil was stored under inert gas
at —80 °C for 48 h to 20 d, before further measurements were performed,
which was based on previous research [50].

2.4.4. Lipid oxidation measurement by TH NMR

Hydroperoxides, aldehydes (primary and secondary oxidation
products) and triacylglycerols (reference for total oil amount) were
quantified using 'H NMR with an Advance III 600 MHz spectrometer
equipped with a 5 mm cryo-probe at 295 K, following the method
described by Merkx et al. (2018) [51]. In brief, for the whole emulsion
samples, 450 pL 5:1 CDCl3/DMSO-dg¢ were added to ~ 150 uL extracted
oil (as described in 2.4.3) and transferred to 5-mm NMR tubes (Bruker,
Billerica, Massachusetts, USA). For the subnatant samples, 580 uL 5:1
CDCl3/DMSO-dg were added to ~ 20 L extracted oil (as described in
2.4.3). From the recorded single pulse experiment, the glycerol back-
bone peaks at 5 4.4 pm were used for the quantification of the amount of
triacylglycerols. From the band selective pulse, the region between §
13.0 and 8.0 ppm was selectively excited, for the quantification of the
lipid oxidation products, following Merkx et al. (2018) [51]. The hy-
droperoxide signals resonate between § 11.3 and 10.6 ppm and the al-
dehydes between § 9.8 and 9.4 ppm. The calculations, including a factor
that accounts for intensity loss during the selective pulse, are described
in Merkx et al. (2018) [51]. The data was processed with Bruker TopSpin
4.0.6 software.

2.5. Estimation of non-adsorbed surfactant concentration

The amount of excess Tween 20 present in the continuous phase was
calculated by the following procedure: first the number of droplets (N, in
number per kg oil), with a certain droplet radius (r, in m), were
calculated:

4

1
/= nr’
Poit’ 3

= @
where p, is the density of rapeseed oil (920 kg/ms). The amount of
adsorbed surfactant (S,q, in g per kg oil) follows from:

NarnrT

S =000

(2

where I (in mg/rnz) is the theoretical mass of adsorbed surfactant
per unit of oil-water interface. Since different values for I" are reported
in literature, two different values for I" were used: 1.5 mg/m2 [52], and
2.3 rng/m2 [53]. Finally, the excess concentration of Tween 20 in the
continuous phase (Cexcess, /L) can be calculated by:

3

where Cyqded is the concentration of surfactant in the continuous
phase (in g/L), Ro; the mass ratio of oil to continuous phase (10 / 90 =
0.111) and pcont the density of the continuous (aqueous) phase (which is
assumed to be 1.0 kg/L here). The amount of adsorbed surfactant was
calculated for both the DLS and SLS results (section 2.4.1), and for each
size class, which was weighed by the volume-based presence of that size
class. The surface loads obtained from the DLS and SLS results were
summed up after weighing them based on the oil content of the sub-
natant sample (section 2.4.2); we assume that the oil content of the
whole emulsion (SLS result) was one minus that of the subnatant. The
average of two measurements (DLS, SLS and oil content) was used for
calculating the surface area, using two independently prepared emul-
sions per condition.

Cexcess = Cadded — Saa™ Roit “’pc(m[

2.6. Experimental design

For each measurement, at least two emulsions were prepared inde-
pendently. Additionally, per data point, two independently incubated
samples from the same emulsion were analyzed for the measurements as
described in section 2.4. Statistical analysis of variance (F-test and T-
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test) (Microsoft Office Excel 2016) was carried out on experimental lipid
oxidation values between different samples. Differences at p < 0.05 were
considered significant.

3. Results and discussion
3.1. Characterization of Tween 20-stabilized emulsions

The droplet size (diameter) distributions (SLS) of 0.5 wt% Tween 20-
based emulsion prepared with a lab-scale colloid mill and that of 0.5 or
2.0 wt% Tween 20-based emulsions prepared with a high-pressure ho-
mogenizer (Microfluidizer) are shown in Fig. 2a. As expected, the
Microfluidizer produced smaller droplets compared to the colloid mill
because of the larger shear rates involved [7,54,55]. For the emulsions
prepared with the Microfluidizer, the 2.0 wt% Tween 20-based emulsion
had a slightly smaller average droplet size than the 0.5 wt% Tween 20-
based emulsion. This can be explained by a faster stabilization of small
droplets upon homogenization when adding a larger amount of surfac-
tant, therewith preventing immediate re-coalescence of newly made
droplets.

When measuring the droplet size distributions of these whole
emulsions by static light scattering (SLS), the diameters of the smallest
droplets that could be detected (i.e., at the onset of the peak) were ~100
nm for the Microfluidizer-made emulsions and ~300 nm for the colloid
mill-made emulsion (Fig. 2a). After centrifugation (28,000 x g, 30 min)
to remove the largest droplets (creamed phase), smaller colloidal
structures in the range of 10-200 nm were detected in the subnatant
when analyzed by dynamic light scattering (DLS) (Fig. 2b). These small
colloidal structures are most likely a heterogenous population consisting
of a mixture of ‘swollen micelles’ and ‘nanoemulsion’ droplets,
following the terminology defined in section 1.

The droplet size distribution of these ‘very small’ droplets in the 0.5
wt% Tween 20-based emulsion made with the colloid mill was bimodal,
with a high peak around 20 nm and a lower peak around 80 nm. Sur-
prisingly, from the DLS results, the average diameter of structures pre-
sent in the subnatant of the 0.5 wt% Tween 20-based emulsion made
with the colloid mill seemed to be smaller than the 0.5 wt% and 2.0 wt%
Tween 20-based emulsions made with the Microfluidizer. The intensity
of light scattered (Isca) by colloidal particles scales as Igcat ~ d®, with
d the droplet diameter. Moreover, in DLS, the z-averaged size is
measured: the dgs is highly sensitive to the largest colloids present [56].

Journal of Colloid And Interface Science 652 (2023) 1994-2004

At this stage, it is important to recall that DLS is known to be an inap-
propriate method for the analysis of polydisperse emulsions, since it is
highly sensitive to: larger colloids/particles, at the expense of smaller
co-existing ones [10,45]; contaminant particles [57]; and issues
regarding matching the optical settings with the scattering by the
droplets [10,58].

Cryo-TEM was employed as an alternative strategy to measure the
droplet size distributions in the subnatants. Oil droplets appear as dark
round objects with diameters of ~10-100 nm in the cryo-TEM images of
subnatants obtained from a colloid mill-made emulsion (Fig. 3a) or from
a Microfluidizer-made one (Fig. 3b-3c). The size distributions obtained
from image analysis of the cryo-TEM images are shown in Fig. 4 and
compared with the number-weighted results from DLS (shown as
superimposed solid curves). The cryo-TEM results proved the presence
of very small structures with diameters of 10-30 nm (which most likely
correspond to swollen micelles) in the subnatants of Tween 20-based
emulsions prepared with the Microfluidizer (for both Tween 20 con-
centrations) (Fig. 4b & 4c), which were not detected by DLS. This
highlights the importance of cryo-TEM to assess the presence and size of
the tiniest oil-containing structures within polydisperse samples, which
may be missed by DLS.

The cryo-TEM results confirmed that the diameters of the very small
droplets present in the subnatant of a 0.5 wt% Tween 20-based emulsion
made with the colloid mill were, on average, smaller (the major part was
10-30 nm in diameter) compared to those present in the subnatant of the
0.5 wt% Tween 20-based emulsion prepared with the Microfluidizer
(Fig. 4a & 4b, respectively). The 0.5 wt% Tween 20-based emulsion
made with the colloid mill was calculated to have 0.29-0.36 wt% excess
Tween 20 in the continuous phase (depending on the theoretical surface
load, section 2.5), whereas this was only 0.0-0.1 wt% for the 0.5 wt%
Tween 20-based emulsion made with the Microfluidizer (Table 1). This
difference in concentration of Tween 20 in the continuous phase may
facilitate the formation of swollen micelles. Another possibility is that
due to the larger shear forces exerted in the Microfluidizer, simply more
oil becomes dispersed in small droplets, although these droplets have to
be quickly stabilized to prevent that they quickly coalesce during ho-
mogenization. The droplet size distributions of the 0.5 and 2.0 wt%
Tween 20-based Microfluidizer emulsions were very similar (Fig. 4b &
4c), which suggests that within the tested concentration range, the
surfactant concentration had almost no influence on the size of the
generated very small droplets. With cryo-TEM, very small droplets were
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Fig. 2. The droplet size distributions of: (a) whole emulsion samples measured by SLS and (b) subnatants of centrifuged emulsion samples measured by DLS.
Different curves represent different emulsion samples: 0.5 wt% Tween 20 solution as a control (dashed curve, black, only for (b)), 0.5 wt% Tween 20-based
Microfluidizer emulsion (solid curve, light blue), 2.0 wt% Tween 20-based Microfluidizer emulsion (solid curve, dark blue), and 0.5 wt% Tween 20-based colloid
mill emulsion (dashed line, light blue)). The numbers in (b) indicate the triglyceride content of the subnatant samples in g/L (whole emulsion contained 100 g/L
TAGs). The curves and numbers represent averages of two independently prepared samples that were both measured twice. (For interpretation of the references to
colour in this figure legend, the reader is referred to the web version of this article.)
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Fig. 3. Representative cryo-TEM images of emulsion subnatants from (a) 0.5 wt% Tween 20-based colloid mill emulsion, (b) 0.5 wt% Tween 20-based Microfluidizer
emulsion, and (c) 2.0 wt% Tween 20-based Microfluidizer emulsion at 24000 x magnification. Applied nominal defocus value was -1.5 pm. Corresponding cryo-TEM
images at 6500 x magnification can be found in Supplementary data in Figure S2. White arrows point to oil droplets. Contrast and brightness were adjusted to tune

the visibility.
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Fig. 4. Diameter distributions of oil droplets obtained from cryo-TEM and DLS (number-weighted hydrodynamic diameter) in subnatants from (a) 0.5 wt% Tween
20-based colloid mill emulsion, (b) 0.5 wt% Tween 20-based Microfluidizer emulsion and (c¢) 2.0 wt% Tween 20-based Microfluidizer emulsion. Histograms
correspond to the size distributions from cryo-TEM data and solid curves correspond to DLS data.

Table 1

Estimated concentrations of excess Tween 20 in the aqueous phase of emulsions.
The calculations were performed using theoretical surface loads (I') of 1.5 and
2.3 mg/m? [52,53].

Emulsification Total Tween 20 Theoretical Theoretical
device concentration Tween 20 excess Tween
applied in the adsorbed 20 in
aqueous phase (wt.  (expressed in continuous
%) (Cadded> 9. (3)) equivalent wt.% phase (wt.%)
of continuous (Cexcesss €9- (3))
phase) (Saa X
Roi1 X Pconts €Q.
(3)
Colloid mill 0.5 0.14-0.21 0.36 — 0.29
Microfluidizer 0.5 0.40 - 0.61* 0.10 - 0*
Microfluidizer 2.0 0.66 — 1.0 1.34-0.99

* The calculated value of 0.61 wt% exceeds the total amount used, indicating
that there would be no excess at all. This suggests that the high-boundary
theoretical surface load of 2.3 mg/m? is too high for the present system, in
which lower values (closer to the low-boundary value of 1.5 mg/m?) most likely
apply.

1999

observed more frequently throughout all imaged samples when the
Tween 20 concentration was increased from 0.5 wt% to 2.0 wt% (Fig. 3).
This suggests that more oil becomes dispersed in the very small droplets
when more surfactant is present, which was further investigated by
measuring the actual oil content of the subnatants. The oil content
ranged from 1.7% (+£0.05%) of the total oil fraction in the 0.5 wt%
Tween 20-based emulsion made with the colloid mill, to 5.1% (4-0.24%)
in the 0.5 wt% Tween 20-based emulsion made with the Microfluidizer,
and even 22.7% (£2.8%) in the 2 wt% Tween 20-based emulsions made
with the Microfluidizer (Fig. 2b). Therefore, a 4-fold increase in the
surfactant concentration lead to an important shift in the oil partitioning
towards the fraction of ‘very small droplets’ (numbers in Fig. 2b). In
contrast, it seems to only moderately change the droplet size distribution
of the whole emulsion and of the subnatant (Fig. 2a & b, comparison of
both curves).

As mentioned earlier, surfactant micelles in the aqueous phase of
emulsions may have two opposing effects in the oxidative stability of
emulsions, either due to their ability to exchange reactive molecules
between emulsion droplets [16-19,59,60], or due to their protective
effect against lipid oxidation [4,53]. Noticeably, micelles could not be
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detected in the emulsions’ subnatants by DLS (Fig. 2b), even though the
theoretical amount of surfactant present in the aqueous phase is much
higher than the critical micelle concentration of Tween 20 (0.006 wt% at
25 °C [61]) (Table 1). This can only be explained by the concomitant
presence of much larger droplets (>100 nm) that dominate the scat-
tering signal in DLS, as compared to the contribution of the micelles
(~8-10 nm) [10,62] (Figs. 1, 2b). To track the potential presence of
surfactant micelles in our emulsions, cryo-TEM was used once again.
Fig. 5a and 5b show cryo-TEM images of a Tween 20 (0.5.

wt.%) aqueous solution, without any oil added, in which densely
packed particles with a diameter of 3-4 nm were observed (indicated
with blue arrows in Fig. 5b). This is smaller than the size of Tween 20
micelles of ~8 nm (Fig. 2b) [58,63]. Further analysis of the images by
fast Fourier transform (FFT) of the zoomed-in regions revealed that there
was a periodic pattern with a spacing of about 0.12 nm ™! present, which
corresponds to a packing distance of ~8.3 nm (Fig. 5c). This suggests
that the hydrophobic cores of Tween 20 micelles can only be seen as
darker dots of around 3-4 nm in diameter in the cryo-TEM images, and
that the average spacing of 8 nm matches the distance between densely
packed Tween 20 micelles. Similar features were observed in the

-
0.3 1/nm
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emulsion subnatant from a colloid mill-made emulsion (Fig. 5d-5f),
which was in line with our expectations due to an excess of Tween 20
being present in the continuous phase (Table 1). Awad et al. [10] also
reported the co-existence of micelles and swollen micelles (12-22 nm in
diameter) in emulsion systems, which is in line with our findings. In
literature, the optically transparent subnatants of such emulsions are
sometimes referred to as the continuous phase. For example, a certain
amount of hydroperoxides was measured in such a subnatant (centri-
fugation conditions: 35 min 24,000 x g), which may lead to various
interpretations depending on the type of colloidal structures actually
present [64]. In that case, measurements on the size and amount of
physical structures in those subnatants was not performed, so the pres-
ence of small droplets with a diameter <200 nm may have been
overlooked.

3.2. Physical and oxidative stability of the co-existing very small emulsion
droplets

Although surfactant micelles have been suggested to play a major
role in the oxidative stability of emulsions through exchange of reactive

Fig. 5. Representative cryo-TEM images of (a) 0.5 wt
% Tween 20 aqueous solution and (d) 0.5 wt% Tween
20 emulsion subnatant prepared by a colloid mill at
24000x magnification. Applied nominal defocus was
-2.5 ym. (b, ) Zoomed-in (blue square) regions of (a)
and (d). The blue arrows point out to areas where
micelle cores clearly appear in black. (¢, f) Fast
Fourier transform of (b) and (e). The green arrows
indicate a ring which corresponds to the periodic
structure of ~8 nm. Contrast and brightness were
adjusted for better visibility. (For interpretation of the
references to colour in this figure legend, the reader is
referred to the web version of this article.)
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molecules between oil droplets [16-19,59,60], or due to their protective
effect against lipid oxidation [4,53], here we are mainly interested in the
effect of very small droplets. Upon incubation of the colloid mill-made
emulsions at 25 °C, the overall droplet size distribution remained con-
stant over the maximum incubation period tested (17 days, Figure S3).
Similarly, no major shifts in the droplet size distribution of the smallest
detectable droplets occurred over incubation (Fig. 6a). However, based
on this DLS data, we cannot exclude that minor shifts might have taken
place. In line with this result, no major shifts were observed in the oil
content of the subnatant samples containing the very small droplets
(Fig. 6b), yet the values at t;3/t;5/t;7 were significantly lower than the
value at ty (p < 0.05) (Fig. 6b). This very slight decrease could be due to
instabilities such as Ostwald ripening and/or coalescence. Ostwald
ripening was not expected to play a major role here because the stripped
rapeseed oil used as the oil phase consists mostly of triglycerides, which
are virtually insoluble in water [65], but due to the very high Laplace
pressure on the very small droplets in combination with the presence of
surfactant micelles, it may have occurred slightly. Similarly, coalescence
was not expected to play a major role for the very small droplets because
the whole emulsion was stable over incubation (Figure S3), but marginal
coalescence events may have occurred.

Lipid oxidation products formed in a more prominent way in the very
small droplet fraction (¢) in Fig. 7) than in the whole emulsion ([J, in
Fig. 7), as shown for hydroperoxides (Fig. 7a), and aldehydes (Fig. 7b).
For some of the data points, the initial amount (t = 0) of lipid oxidation
products in the very small droplets was already higher than in the cor-
responding whole emulsion. The increased formation of lipid oxidation
products over time could be due to the large surface area surrounding
these very small droplets, which can promote reactions between
aqueous pro-oxidants (such as metal ions) and polyunsaturated lipids
present in the droplets (Reactions 1-3) [53]. This leads to higher con-
centrations of radicals, which increases the propagation of lipid oxida-
tion (Reactions 5 & 6). To investigate whether traces of metal ions
initiate lipid oxidation in these emulsions, emulsions containing either
75 mg EDTA/kg continuous phase or no EDTA were incubated under the
same conditions. EDTA is known to chelate metal ions, which decreases
their pro-oxidant effect [66,67]. We found a major decrease in lipid
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oxidation when adding EDTA to the emulsion (Figure S5), in agreement
with previous studies [68-70]. Therefore, in our emulsions (as well as in
many model and/or food systems), metal ions play a prominent role in
lipid oxidation. These trace amounts of metal ions may originate from
the emulsification equipment, from the glassware, or from the in-
gredients (e.g., Tween 20). Since the smallest droplets have the largest
surface-to-volume ratio, the catalysed initiation reactions at the inter-
face (Reactions 1-3) are expected to be most pronounced in the smallest
droplets. In addition, initially higher levels of lipid oxidation products
are known to increase subsequent lipid oxidation during storage
[18,71,72].

Investigations on the effect of droplet size on lipid oxidation, where
the differently sized droplets originated from the same emulsions, have
been reported previously [25,33]. A recent publication studied the effect
of droplet size on lipid oxidation by monitoring the oxidation of the
fluorescent dye BODIPY 665/676 in a surfactant-stabilized emulsion,
and faster oxidation was found for the smallest droplets (size) compared
to the larger droplets (size) [25]. Conversely, in another recent study on
mayonnaise, using the same dye, the droplet size did not (or barely)
influence the lipid oxidation rate. This was ascribed to the small size
difference (1-4 pm) and the possible transfer of the fluorescent dye and/
or oxidation products for long incubation periods [33]. Only when
stripped oil without antioxidants was used, and thus lipid oxidation
proceeded quite rapidly, smaller droplets were found to oxidize slightly
faster than larger ones [33]. This highlights that the effect of droplet size
on lipid oxidation is often small, if observed at all. In our case, the faster
oxidation in small droplets could be highlighted more clearly because
the large difference in average size of + a factor 70 (D[3,2]-based
comparison). It should also be pointed out that these two previous
studies were based on fluorescent optical microscopy, which does not
allow for detection, and thus consideration of the implication of very
small droplets (10-200 nm), whereas especially these seem to have a
dramatic effect when droplet size is concerned.

When increasing surfactant concentration, more very small droplets
are formed (numbers in Fig. 2), which is expected to increase lipid
oxidation because of the larger total surface area in the emulsion
(Fig. 7). In line with this hypothesis, it was found previously that lipid
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Fig. 6. (a) Droplet size distribution in colloid mill-made emulsion samples. The different curves represent the droplet size distributions of the subnatants collected
over incubation of an emulsion (by DLS) (solid lines), or of a whole emulsion sample (by SLS) (dashed line); the lighter the colour, the later the timepoint (from t,
[black] to to, ts, t7, to, and finally t;5 [light orange]). To allow for checking the graph into more detail, a wider figure containing the same data is shown in Fig. S4a.
The curves represent averages of two subnatant samples of one independent replicate; for clarity, the outcome of the other independent replicate is shown in a
separate graph in Fig. S4b. (b) Oil content in these subnatant samples over incubation, where the * indicates a significant difference between that data point and t,.
The outcomes of the independent replicates are shown as separate data points, and the error bars denote standard deviations of two measurements on two dependent
samples (total of 4 measurements per data point). (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of

this article.)
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Fig. 7. Formation of hydroperoxides (a) and aldehydes (b) over incubation of a Tween 20-stabilized emulsions (0.5 wt% Tween 20, colloid mill). Symbols corre-
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distributions of the whole emulsion and very small droplets, see Fig. 2a. Error bars denote standard deviations of two measurements on one emulsion sample, and the

outcome of independent replicates are shown as separate data points.

oxidation increased with surfactant concentration [73,74]. In contrast,
it is known that excess surfactant in the continuous phase may coun-
teract lipid oxidation, which was shown previously by purposely adding
excess surfactant post-emulsification [53]. The balance between both
effects is probably dependent on the applied conditions and concentra-
tions used, which might explain why in some cases the amount of Tween
20 did not have an effect [75], whereas in other studies lipid oxidation
increased with the Tween 20 concentration [73,74]. This, once more,
highlights the importance of considering and tracking the very small
droplets that can be present in emulsions.

4. Conclusions

In this manuscript, we investigated the occurrence and effect of very
small oil droplets and swollen micelles (10-200 nm) in surfactant-
stabilized emulsions, which so far have often been overlooked or
improperly characterized [10]. Cryo-TEM was shown to be an effective
tool to quantify the size of co-existing very small droplets (swollen mi-
celles) and to detect empty surfactant micelles (~8 nm). These smallest
structures could not be detected using DLS, most likely due to the
dominance of the scattering signal by the larger droplets present.

Increasing the surfactant concentration four times (from 0.5 to 2.0 wt
%) led to an increase from 5.1 (£0.24) to 23 (£2.8) wt.% of the total oil
becoming incorporated in the very small droplets (10-200 nm).
Increasing the mechanical force used to make the emulsion (from colloid
mill- to high pressure homogenization) also increased the amount of oil
in the very small droplets from 1.7 (£0.05) to 5.1 (+0.24) wt.% of the
total oil. Larger shear forces promote droplet elongation during ho-
mogenization, which enhances the formation of small droplets, and the
increased surfactant concentration quickly stabilizes the newly formed
droplets, thereby preventing coalescence during homogenization.

The amount of oil retained in the very small droplets decreased only
very slightly over the entire incubation time of the emulsions (17 days).
However, the lipid oxidation products were — at any time point — over-
represented in the very small droplets. We hypothesize that this is
mainly related to their large surface-to-volume ratio compared to the
larger droplets present, which favors the contact between traces of pro-
oxidants (e.g. metal ions) present in the continuous phase and the un-
saturated fatty acids. The forthcoming initiation reactions would pro-
mote radical formation, which, in turn, leads to increased propagation of

lipid oxidation reactions. The obtained insights are pivotal to improve
our understanding of the structural and oxidative characteristics of such
emulsion systems.
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