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Abstract: A lot of applications for (semi-)crystalline triacylglycerol (TAG)-in-water dispersions exist
in the life science and pharmaceutical industries. Unfortunately, during storage, these dispersions are
often prone to changes in particle size due to unforeseen crystallization and recrystallization events.
This results in the alterations of important product properties, such as viscosity and mouthfeel,
or the premature release of encapsulated material. In this study, we investigated the effects and
interplay of formulation, i.e., emulsifier combination, and processing parameters, i.e., cooling rate,
on the colloidal stability of dispersed TAGs and aimed to improve their colloidal stability. We chose
phospholipids (PLs) and β-lactoglobulin (β-lg) as the emulsifiers for our model systems, which are
commonly applied in many food systems. When dispersions were characterized directly after cooling,
we obtained smaller particles and narrower size distributions after fast cooling. Over the course
of eleven weeks, the creaming behavior, particle size, melting behavior and polymorphism were
characterized. The dispersions stabilized with solely β-lg exhibited a slight increase in particle size,
whereas a decrease in size was found when PLs were added. Our results indicate that mass transport
phenomena between TAG droplets and particles took place during storage. This migration of TAG
molecules changed the composition and size distribution of the dispersed phase, especially at higher
PL concentration (0.1 wt%). In our case, this could be prevented by using a lower concentration of
PLs, i.e., 0.05 wt%.

Keywords: phospholipid; β-lactoglobulin; (semi-)crystalline dispersion; triacylglycerol; colloidal
stability; polymorphism; mass transport

1. Introduction

A lot of products in the pharmaceutical and life science industries, e.g., for the en-
capsulation of lipophilic agents or food products, such as milk, cream or recombined
dairy products, consist of emulsified natural fats, which are composed of a wide variety of
different triacylglycerols (TAGs) [1–4]. The dispersed phase in these oil-in-water (O/W)
dispersions may be (partially) crystalline, depending on the composition and storage
temperature, and is kinetically stabilized by low-molecular-weight emulsifiers (LMWEs)
such as phospholipids (PLs) and/or proteins, e.g., from whey [5,6]. These dispersions
are thermodynamically unstable, where stability is the resistance of systems to physical
changes [7]. They may, therefore, undergo creaming, coalescence, aggregation and Ostwald
ripening during storage and transport [8–11]. Due to the presence of (partially) crystalline
particles, partial coalescence, iso-mass recrystallization and polymorphic transitions may
also occur [8,12–16]. All these phenomena lead to alterations of dispersion characteristics,
or even to a loss of product functionality and applicability. Therefore, the goal is to sup-
press these changes through suitable choice of process and formulation parameters. One
possibility to slow down or suppress these colloidal instability phenomena is by using
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suitable choice of emulsifiers or combinations thereof, such as proteins and LMWEs. They
are used in combinations in a wide range of applications or co-occur through their presence
in specific ingredients. The stabilization mechanism of PLs and proteins differs due to
their molecular nature. Proteins adsorb comparably slowly and many authors have shown
that they can unfold at droplet interfaces [17–19]. Lateral interactions between adsorbed
molecules may then lead to the creation of a viscoelastic film, which is important for pro-
tecting droplets against coalescence [20,21]. Generally, hydrophobic parts of proteins are
exposed during unfolding and, thus, adsorb in train conformations, whereas hydrophilic
parts protrude from the interface into the continuous phase [20,22]. This can result in a
thick interfacial layer of up to 2–3 nm and an extensive steric stability [4]. On the other
hand, PLs are LMWEs that can adsorb quickly at the interface [23–25]. Therefore, LMWEs
are very efficient in stabilizing newly created, uncovered oil–water interfaces and in dis-
placing proteins from existing interfaces [21,26]. The displacement has been shown to be
concentration dependent and more pronounced with water-soluble than with oil-soluble
LMWEs. However, a complete displacement of protein has not been observed, even at
high phospholipid-to-protein ratios [27]. Furthermore, PLs and proteins can undergo
complexation [20]. Such complexes can display surface activity, which can even be more
pronounced than that of their individual constituents. Complexing emulsifiers may also
undergo structural changes, which alters their characteristics [28,29]. Therefore, we expect
enhanced colloidal stability in systems stabilized with combinations of proteins and PLs
compared to systems solely stabilized with proteins. This means that instabilities, such as
aggregation and (partial) coalescence, will be prevented or occur to a smaller extent over a
defined period of time.

LMWEs have also been shown to act as crystallization templates that trigger crys-
tallization in dispersed TAG droplets [30,31]. In general, droplet crystallization is an
individual and stochastic process differing from droplet to droplet [30,32]. It occurs over
a wide temperature range. Supercooling needed to trigger fat crystallization is higher in
droplets than in bulk fat and increases with decreasing droplet size [33,34]. Crystallization
is commonly divided into two sub-processes, i.e., nucleation, which is followed by crystal
growth. Crystals can only grow after stable nuclei have been formed, for example, via
heterogeneous nucleation [4]. In emulsified systems, surface or volume heterogeneous
nucleation may promote the formation of nuclei within a droplet. Volume heterogeneous
nucleation occurs when catalytic impurities are present in oil droplets. In addition, it has
been shown that lipid-based LMWEs can promote surface heterogeneous nucleation in
O/W emulsions [35]. During surface heterogeneous nucleation, the tails of lipid-based
LMWEs, which are oriented toward the dispersed fat phase in O/W emulsions, can initiate
nucleation by conferring a certain degree of order to neighboring TAG molecules [30,31].
Then, LMWEs act as the so-called “templates” for nuclei formation [36,37]. In addition,
the crystallization of a LMWE itself can induce TAG nucleation and crystallization of
droplets. Proteins, on the other hand, have not been shown to initiate surface heteroge-
neous nucleation as seen with lipid-based LMWEs [38]. It is assumed this is because their
hydrophobic patches lack compatibility with the chemical structure of emulsified TAGs
and, thus, they do not get incorporated into compound fat crystals [26]. There is, however,
evidence that the degree of supercooling, i.e., the temperature at which droplets are still
liquid, can be influenced by the type of protein used as emulsifier. It was reported that
emulsions of hydrogenated palm oil showed higher supercooling when stabilized with a
mixture of whey proteins and caseins compared to emulsions stabilized with whey proteins
alone [39]. Based on this knowledge, we expect that the addition of PLs to protein-based
dispersions will lead to protein surface heterogeneous nucleation, thereby increasing the
solid fat content of the system and resulting in better colloidal stability of the dispersions.
In addition, we assume this effect is more pronounced with a PL with a larger hydrophilic
headgroup compared to a PL with a smaller one. This is assumed due to a higher affinity
to the interface and stronger protein displacement when using larger headgroups.
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After nucleation, crystal growth follows, where TAGs crystallize in different mod-
ifications, whereby, in general, a distinction is made between α, β′ and β polymorphs.
These modifications can be in double- or triple-layer lamellar structure, depending on the
hydrocarbon chain packing [40]. α polymorph is characterized as being hexagonal, β′ is
characterized as being orthorhombic perpendicular, and β is characterized by a triclinic
parallel subcell [41]. Due to their different molecular packing, the activation energy, ther-
modynamic stability, packing density, ordering and melting point increase from α to β′ to
β form [42,43]. Furthermore, polymorphic transitions may occur during storage, and the
transformation of α to β′ and β is irreversible and occurs toward a more hydrodynamic sta-
ble system [44]. To differentiate the polymorphic forms and detect polymorphic transitions,
X-ray diffraction (XRD) and differential scanning calorimetry (DSC) are routinely used
for bulk fats [45–47] and emulsions [12,48,49]. In an emulsion, polymorphic transitions
occur earlier during storage than in bulk and the course may be altered [50–52]. Differ-
ent proportions of α, β′ and β modification exist in emulsions depending on the droplet
size and supercooling and cooling rates [4,9,53]. Additionally, the molecular structure
of triacylglycerols and LMWEs can influence the formation of different polymorphs and
their transitions [54–56]. For instance, it was shown that the addition of PLs with similar
molecular structure to the dispersed fat phase led to retarded polymorphic transitions of
dispersed TAGs [31]. The reason is believed to be due to the restricted fluidity and mobility
of TAG crystals by crystalline PLs at the interface inhibiting crystal rearrangement [31,35].
These polymorphic transitions can promote dispersion destabilization due to the shape
changes of solid particles from spherical to ellipsoidal, which often leads to extensive
aggregation [9,57]. Therefore, this inhibitory effect of LMWEs on polymorphic transitions
is assumed to contribute to improved colloidal stability in dispersions. Moreover, the
cooling rate and level of supercooling applied to dispersions are known to influence the
nucleation and crystallization behavior of TAG molecules and, thus, affect their crystal
polymorphism, size and shape [9,16,58]. High heating and cooling rates have been shown
to delay polymorphic transitions and are, therefore, expected to increase colloidal stability
against aggregation. We, thus, expect that the combination of fast cooling and addition of
PLs to protein-based dispersions will increase their colloidal stability during storage when
compared to slow cooling and the use of a sole protein as an emulsifier. Again, we assume
increased colloidal stability with a more hydrophilic PL.

Therefore, the goal of this study was to investigate the effect and interplay of formula-
tion and processing parameters on the colloidal stability of dispersed TAGs. It was not the
aim of this study to gain mechanistic understanding of interfacial or colloidal phenomena.
First, we compared particle morphology and size, as well as viscosity, of different disper-
sions directly after preparation to obtain information about the influence of formulation
and cooling process on dispersion characteristics. We expected smaller particles when
PLs were present and a fast cooling rate was applied. Second, based on the hypothesis
that the addition of PLs to protein-stabilized emulsified TAGs would improve the overall
stability of the emulsion system, we compared colloidal stability against macrostructural
and particle size changes and polymorphic transitions between dispersions stabilized
solely with β-lactoglobulin and dispersions stabilized with β-lactoglobulin combined with
PLs over the course of three months. Third, the influence of the hydrophilic headgroup
was investigated via the addition of two phospholipids, phosphatidylcholine (PC) and
phosphatidylethanolamine (PE), differing only in their headgroup to the protein-based
dispersions. We expected that PC would lead to better colloidal stability over the storage
period due to its larger hydrophilic headgroup. Lastly, we decided to manipulate the
cooling rate as a processing parameter and investigate the effect of a fast, moderate and
slow cooling process on the colloidal stability of TAG dispersions. We expected to obtain
the most stable protein-based dispersion when a PL with a large hydrophilic headgroup
was added as a co-surfactant and a fast cooling rate was applied.
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The findings are supposed to benefit companies that market products with a similar
composition to the dispersion system studied here. If the investigated approaches are
found to be effective in improving product quality and prolonging storage stability, this
would bring obvious economic benefits by increasing the appeal and competitiveness of the
products formulated and processed as proposed in this study. An optimized formulation
and manufacturing process would also allow companies to save resources and prevent
product waste. Even though this study was not intended to gain mechanistic understanding
of interfacial or colloidal phenomena, it would add data that may serve to elucidate the
molecular interactions of PLs and whey proteins in TAG emulsions.

2. Materials and Methods
2.1. Raw Materials

Softisan® 154 was kindly provided by IOI Oleo GmbH (Hamburg, Germany). It is a
hydrogenated palm oil containing mixed TAGs esterified with over 95% 16:0/18:0 FAs and
the remaining fraction of 12:0/14:0 FAs. The two phospholipids, LIPOID PC 18:0/18:0 and
LIPOID PE 18:0/18:0, were kindly provided by Lipoid GmbH (Ludwigshafen, Germany).
They were chosen because they have a similar FA composition but differ in their hydrophilic
head group. PC is phosphatidylcholine, whereas PE is phosphatidylethanolamine, which
means a choline or an ethanolamine head group is esterified with FAs, respectively. The
choline headgroup is larger in size compared to ethanolamine, which accounts for the
different geometry of PCs and PEs. While PCs, with their large headgroup, have a morphol-
ogy of a truncated cone, their hydrophobic moiety dominates over the comparably smaller
headgroup in PEs [59]. Additionally, PLs were chosen due to their FA similarity to Softisan®

154, i.e., the degree of saturation and chain length. β-lactoglobulin (β-lg) was purchased
from TU Munich (Munich, Germany). Sodium hydroxide (NaOH) was purchased from
Carl Roth GmbH + Co. KG (Karlsruhe, Germany), and potassium sorbate was purchased
from VWR International (Leuven, Belgium). Water was purified using a MicroPureTM

water purification system provided by Thermo Fisher Scientific Inc. (Waltham, MA, USA).

2.2. Emulsion Preparation

The samples were prepared via melt emulsification, producing a coarse premix, which
was then processed into a finely dispersed emulsion. To prevent dispersed-phase crys-
tallization during emulsification, the process was carried out at 10 K above the melting
temperature of the dispersed phase. All samples consisted of 5 wt% Softisan® 154 as the
dispersed phase and 0.5 wt% β-lg as the emulsifier. The two phospholipids, LIPOID PC
18:0/18:0 and LIPOID PE 18:0/18:0, were additionally used as emulsifiers in two different
concentrations (0.05 wt% and 0.1 wt%). The composition of the phospholipids used can be
found in Table A1. The samples stabilized by β-lg alone serve as the reference (Ref ), and
the samples containing the phospholipids PC and PE are further abbreviated as “Chol” and
“Eta” to accentuate their differing headgroups. The sample names and compositions are
given in Table 1.

2.2.1. Preparation of Coarse Emulsion

First, 0.53 wt% β-lg was dissolved in water at room temperature by stirring for 2 h.
The water was adjusted to a pH of 6.5 using 1 M NaOH to avoid protein precipitation at its
isoelectric point (IEP). The protein solution was then refrigerated overnight to ensure full
protein hydration.

The fat and phospholipid fractions were mixed and melted at 85 ◦C in a water bath
for at least 20 min to erase crystal memory of the TAG. Afterwards, the protein solution
was added, and a coarse emulsion was prepared using an IKA® T25 digital ULTRA TUR-
RAX tooth-rim dispersing machine (IKA-Werke GmbH & Co. KG, Staufen im Breisgau,
Germany) at a tangential speed of 2.5 m/s (3200 rpm, 13 mm rotor outer diameter) for 2 min.
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2.2.2. Preparation of Fine Emulsion

The coarse premix was finely dispersed using an IKA® magic LAB® colloid mill (IKA-
Werke GmbH & Co. KG, Staufen im Breisgau, Germany) at an average circumferential
speed of 36.7 m s−1 (25,000 rpm, respectively, with the upper radius of the rotor = 11.5 mm,
the lower radius of the rotor = 16.5 mm, and the radial gap = 0.159 mm) for 10 min. The
device was preheated by circulating hot water during the operation of the colloid mill. The
process temperature was kept constant at 65 ◦C using a double-walled storage container.

Table 1. Overview of sample names, their composition and cooling procedure.

Sample Name Cooling Rate Softisan® 154 β-lg LIPOID PC 18:0/18:0 LIPOID PE 18:0/18:0

Ref slow slow
5 wt% 0.5 wt%Ref moderate moderate

Ref fast fast

Chol 0.05 slow slow
5 wt% 0.5 wt% 0.05 wt%Chol 0.05 moderate moderate

Chol 0.05 fast fast

Chol 0.1 slow slow
5 wt% 0.5 wt% 0.1 wt%Chol 0.1 moderate moderate

Chol 0.1 fast fast

Eta 0.05 slow slow
5 wt% 0.5 wt% 0.05 wt%Eta 0.05 moderate moderate

Eta 0.05 fast fast

Eta 0.1 slow slow
5 wt% 0.5 wt% 0.1 wt%Eta 0.1 moderate moderate

Eta 0.1 fast fast

Each sample volume was split equally into three glass vials, which were then subjected
to three different cooling processes. One vial was cooled at room temperature (RT), and the
other two were transferred to a 5 ◦C refrigerator (RF) and a 0 ◦C ice bath (IB), respectively,
until they reached a final temperature of 22 ◦C. These cooling conditions were used to mimic
slow (RT, 0.01–0.1 K/min), moderate (RF, 0.5 K/min) and fast (IB, 10 K/min) cooling [16].
The applied rate of cooling and the corresponding sample names are summarized in Table 1.
Because solid and liquid lipids may exist after the cooling of the samples, they are referred
to as “dispersions”.

2.2.3. Storage Conditions

After cooling, the dispersions were stored in the dark at a constant temperature of
22 ◦C, and 0.2 wt% potassium sorbate was added to all samples to prevent spoilage during
storage. Whenever a sample aliquot was needed for analysis, the sample container was
gently inverted three times to allow a homogeneous sampling process, thereby avoiding ex-
cessive mechanical energy input. The pH was checked regularly. In general, measurements
were performed over a total period of three months at the following intervals: t0 = directly
after sample preparation, t2 = after two weeks, t4 = after four weeks, t8 = after eight weeks,
and t11 = after eleven weeks.

2.3. Determination of Mictrostructure

The microstructure of the samples was assessed at room temperature using a polarized
light microscope (Eclipse LV100ND, Nikon, Shinagawa, Tokyo, Japan). Polarized light
microscopy allows isotropic and anisotropic materials to be distinguished; thus, liquid oil
appears non-colored and crystalline fat appears as bright colored structures. Addition-
ally, the size and shape of particles, as well as the changes in the microstructure, were
investigated. Both native and diluted (1:10) samples were assessed to study the overall
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microstructure, as well as to characterize individual colloidal particles. A total of 10 µL of
each sample was pipetted onto an object slide and covered with a cover slip.

2.4. Measurement and Analysis of Particle Size Distribution

The particle size distribution (DSD) of the dispersions was determined via laser
diffraction analysis using a HORIBA LA-950V2 (Retsch Technology, Haan, Germany)
in a stirred fraction cell. A refractive index of 1.460–0.001i was used. The particle size
distribution was determined as a cumulative normalized size distribution based on the
particle volume (Q3). Q3(x) was used to detect possible (partial) coalescence and flocculation
events, which would result in an increase in particle size. As measures of the smallest and
largest sizes in the collectives, the x10 and x90 percentiles were determined based on the
particle volume (Q3). Hence, in the case of volume-based size distribution, x10,3 (x90,3) is
defined as the particle diameter, at which 10% (90%) of the particle volume is represented
by particles up to this diameter.

2.5. Rheological Characterization

The dispersion viscosity as a function of the shear rate was measured using a Physica
MCR 301 stress-controlled rheometer with a coaxial double-gap geometry DG26.7 (Anton
Paar Germany GmbH, Ostfildern-Scharnhausen, Germany). The experiments were carried
out at 22 ◦C with a shear rate ranging from 0.1 to 1000 s−1.

2.6. Creaming Index

The colloidal structure of the dispersions was assessed visually by photographing the
samples in a transparent storage container against a black background. The height of the
top creamed layer (HC) and the total dispersion (HT) were measured using a precision ruler,
and the values were used to determine the creaming index (CI) adopted and modified from
Zhang et al. [60] according to Equation (1):

CI(%) = 100× HC
HT

(1)

2.7. Differential Scanning Calorimetry

The melting behavior of dispersed triacylglycerol was analyzed using a double-furnace
differential calorimeter DSC 8500 (Perkin Elmer Inc., Waltham, MA, USA). The calorime-
ter was calibrated against indium (Tm = 156.6 ◦C), water (Tm = 0.000 ◦C) and n-decane
(Tm = −29.65 ◦C) at a scanning rate of ±2.5 K/min. A total of 9–11 mg of the samples was
loaded into aluminum pans. The pans were heated to 70 ◦C at a constant scanning rate of
2.5 K/min. After 5 min holding time, they were cooled back to 22 ◦C at 20 K/min. The
total melting enthalpy ∆Hm was determined from the total area of the peak between Tonset,
when the DSC signal leaves the baseline, and Tend, when it reaches the baseline. ∆Hm was
divided by the amount of fat and is then stated as the specific melting enthalpy ∆hm per
unit mass of fat in J/g.

2.8. X-ray Diffraction Measurements

X-ray diffraction (XRD) measurements were performed by Annette Schucker at the
Institute of Applied Materials and Electrochemical Technologies at the Karlsruhe Institute
of Technology using an Empyrean X-ray diffractometer with a Bragg–Brentano geometry
(Malvern Panalytical, Worcestershire, UK). The X-ray source was a copper tube operating
at 60 kV and 100 mA. One sample droplet was pipetted onto a zero-diffraction plate
and evenly distributed to obtain a plain surface. Diffraction patterns were acquired at
22 ◦C and at 2θ diffraction angles of −111–168◦ using a 15◦ rad/s scanning rate. The
data were postprocessed using DiffracPlus, and PDF2 was used as the reference database.
For the y-axis, the detection angle 2θ was translated into the distance between the set of
parallel planes in the fat crystals, i.e., the d-spacing Å, according to Equation (2). Based
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on the diffraction pattern of a crystalline sample and the wavelength λ of the incident
X-rays, Bragg’s law allows the translation of the peak position, i.e., the detection angles at
which diffraction peaks are recorded, into the distance or d-spacing dhkl (with the vector
coordinates hkl) between the set of parallel planes that the peaks originate from [61]:

λ = 2dhklsin θ (2)

2.9. Statistical Analysis

All samples were prepared two times independently. All measurements were per-
formed at least three times, if not stated otherwise. Uncertainty was calculated using Origin
2022b (OriginLab Corporation, Northampton, MA, USA), and the result is expressed as
standard error of the mean (SEM). The data were also checked for normal distribution using
the Shapiro–Wilk test. Normally distributed data were analyzed using one-way analysis of
variance (ANOVA) with a significance level of p* < 0.05. For non-normally distributed data,
the Kruskal–Wallis or Mann–Whitney test, which are non-parametric analytical methods to
assess variance, was performed.

3. Results
3.1. Dispersion Characterization after Production
3.1.1. Particle Size Distribution

The volume-based particle size distributions (Q3(x)) of dispersions directly after slow
and fast cooling are depicted in Figure 1a,b, respectively. In general, the distributions of
all samples are polydisperse: particles between 0.2 µm and 100 µm were measured. The
sample Ref slow shows the broadest distribution with particles up to 100 µm. The sample
Chol 0.1 slow also has a broader distribution compared to the rest of the slowly cooled
samples. The narrowest distribution and smallest particles in dispersions are found in the
sample Chol 0.05 and the sample Eta 0.05 after fast cooling. In general, the size distributions
of the rapidly cooled dispersions are narrower and more monodisperse compared to the
size distributions of the slowly cooled samples, and no particles larger than ~25 µm are
found in the rapidly cooled samples. However, the measured differences are not very
pronounced overall.
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Figure 1. Cumulative volume sum distribution of dispersions stabilized with β-lg (Ref ), β-lg + PC
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3.1.2. Particle Morphology and Dispersion Microstructure

The particle morphology and general microstructure of particles stabilized with the
different emulsifier systems were assessed microscopically directly after production. Ex-
emplary microscopic images obtained after slow cooling and fast cooling are depicted in
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Figure 2. Spherical particles were obtained in all cases, and the ones visible in the sample
aliquots appear as luminous green and yellow colors under the polarized light micro-
scope, meaning they were fully crystalline after the applied cooling processes. However,
submicron-sized particles are not visible under light microscopy. Thus, no conclusions
about their crystallinity can be drawn.
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Figure 2. Exemplary microscopic images of undiluted dispersions stabilized with β-lg (Ref ), β-lg + PC
(Chol) and β-lg + PE (Eta) directly after cooling (t0) at a slow and a fast cooling rate. PLs were used in
concentrations of 0.05 wt% (Chol 0.05 and Eta 0.05) and 0.1 wt% (Chol 0.1 and Eta 0.1). The length of
the scale bar is 25 µm.

Particle aggregation can be seen in the microscopic images of all samples. As the
majority of these aggregates consist of two or more particles maintaining their individual
integrity, we assume flocculation has taken place. Flocculation seems to be slightly more
pronounced in the samples containing PLs, especially in the samples crystallized at a slow
cooling rate. The Eta samples show the highest number of flocculated particles. The flocs
involve more particles compared to the Ref and Chol samples and, therefore, reach a similar
size even though the individual particles forming the flocs appear smaller.

3.1.3. Dispersion Viscosity and Flow Behavior

The dispersion viscosity as a function of the shear rate obtained for samples after
slow cooling is depicted in Figure 3a, and after fast cooling in Figure 3b. In all sam-
ples, the viscosity decreases with increasing shear rate, which is typical shear thinning
behavior for crystalline dispersions. The curves start to reach a plateau at low shear rates,
characterizing a system with zero shear viscosity. Overall, the viscosities lie in the range
of 3 × 101–2 × 102 mPa·s, with the highest value measured for the sample Chol 0.1 fast
(cf. Figure 3b). The viscosity drops at low shear rates, i.e., below 1 s−1, which is most
pronounced in the curve of the sample “Ref slow”, as shown in Figure 3a.

3.2. Storage Behavior of Dispersions
3.2.1. Macrostructure and Creaming Index

The macrostructure of the samples was assessed optically regarding their creaming
behavior. The pictures were used to determine the creaming index (CI) of the samples, and
the results can be found in Figures S1–S3. The total sample volume decreased over time as
aliquots were taken to perform different analytical measurements.

An exemplary picture of a sample container is shown in Figure 4. All samples,
irrespective of the formulation, cooling procedure or storage time, appear heterogeneous.
A white opaque top layer is visually separated from the main serum layer. This is already
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the case after the cooling procedure and before storage. The main serum layer is also
split into a thin, clear layer at the bottom of the sample container and a large amount of
the remaining phase. After slight shaking of the sample vessels, all samples are visually
homogeneous again.
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Figure 3. Viscosity (η) as a function of shear rate (
.
γ) of dispersions stabilized with β-lg (Ref ),

β-lg + PC (Chol) and β-lg + PE (Eta) directly after cooling (t0) with a slow cooling rate (a) and a fast
cooling rate (b). PLs were used in concentrations of 0.05 wt% (Chol 0.05 and Eta 0.05) and 0.1 wt%
(Chol 0.1 and Eta 0.1). Measurements were performed at 22 ◦C.

Colloids Interfaces 2023, 7, x FOR PEER REVIEW 10 of 24 
 

 

remaining samples. This means that the height of the top creamed layer in relation to the 
overall sample height is significantly larger in these two samples, and creaming has oc-
curred to a larger extent directly after preparation. Over the eleven weeks of storage, the 
Ref samples showed a constant increase in the CI from 3 5% to 7–11%. The creamed top 
layer grew larger in height and was more rigid over time in the Ref samples. To allow a 
homogeneous sampling process, the sample container was gently inverted three times; 
after this, the Ref samples stayed heterogeneous. The samples containing PLs, i.e., samples 
Chol and Eta, exhibited an opposite tendency, i.e., a decrease in CI from 10–15% to 5–7%. 
The absolute height of the top layer dropped after four weeks of storage and, in contrast 
to the Ref sample, the creamed top layer was not rigid and was always easily miscible 
upon gentle agitation. The Kruskal–Wallis test performed on the CI showed no statisti-
cally significant effects. 

0 4 8 12
0

5

10

15

20

25

0 4 8 12
0

5

10

15

20

25

cr
ea

m
in

g 
in

de
x 

in
 %

time in weeks
(a)

fast cooling (10 K/min)
 Ref
 Chol 0.05
 Eta 0.05

cr
ea

m
in

g 
in

de
x 

in
 %

time in weeks
(b)

fast cooling (10 K/min)
 Ref
 Chol 0.1
 Eta 0.1

top layer

serum layer

Eta 0.05 t0

 
Figure 4. Creaming index (CI) of dispersions stabilized with β-lg (Ref), β-lg + PC (Chol) and β-lg + 
PE (Eta) as a function of storage time: directly after preparation (t0), after four weeks (t4), after eight 
weeks (t8) and after eleven weeks (t11) of storage. PLs were used in concentrations of 0.05 wt% (Chol 
0.05 and Eta 0.05 (a)) and 0.1 wt% (Chol 0.1 and Eta 0.1 (b)). The data of the samples cooled at a fast 
cooling rate are shown. The exemplary image of one sample is shown. 

A difference in turbidity of the main serum phase between the Ref samples and PL- 
containing samples is noted. While the main serum phase of the Ref samples was opaque 
over the observed storage period, this main serum phase of the PL-containing samples 
was significantly less turbid at t0 and turned more turbid after eight weeks of storage (cf. 
Figures S1–S3). Overall, the PL-containing samples grew more homogeneous over time. 

3.2.2. Particle Size 
The particle size as a function of storage time for different emulsifier combinations 

of the rapidly cooled samples is shown in Figure 5a,b for a PL concentration of 0.05 wt% 
and 0.1 wt%, respectively. The data for the slowly cooled samples can be found in Figure 
S5. The 90% (x90) and 10% (x10) percentiles of the Q3 distribution are also shown. 

Figure 4. Creaming index (CI) of dispersions stabilized with β-lg (Ref ), β-lg + PC (Chol) and β-lg + PE
(Eta) as a function of storage time: directly after preparation (t0), after four weeks (t4), after eight
weeks (t8) and after eleven weeks (t11) of storage. PLs were used in concentrations of 0.05 wt% (Chol
0.05 and Eta 0.05 (a)) and 0.1 wt% (Chol 0.1 and Eta 0.1 (b)). The data of the samples cooled at a fast
cooling rate are shown. The exemplary image of one sample is shown.

The CI over time is shown for the rapidly cooled dispersions in Figure 4a,b for a PL
concentration of 0.05 wt% and 0.1 wt%, respectively. The CI for the slowly cooled samples
can be found in Figure S4. The Ref sample is plotted in both figures. The Shapiro–Wilk
test shows that the data are not normally distributed (p = 0.05); hence, the Kruskal–Wallis
test was performed. At the beginning, the CI of the samples containing 0.05 wt% PLs,
i.e., samples Chol 0.05 and Eta 0.05, is 10% and 15% significantly higher than the CI of
the remaining samples. This means that the height of the top creamed layer in relation to
the overall sample height is significantly larger in these two samples, and creaming has
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occurred to a larger extent directly after preparation. Over the eleven weeks of storage,
the Ref samples showed a constant increase in the CI from 3 5% to 7–11%. The creamed
top layer grew larger in height and was more rigid over time in the Ref samples. To allow
a homogeneous sampling process, the sample container was gently inverted three times;
after this, the Ref samples stayed heterogeneous. The samples containing PLs, i.e., samples
Chol and Eta, exhibited an opposite tendency, i.e., a decrease in CI from 10–15% to 5–7%.
The absolute height of the top layer dropped after four weeks of storage and, in contrast
to the Ref sample, the creamed top layer was not rigid and was always easily miscible
upon gentle agitation. The Kruskal–Wallis test performed on the CI showed no statistically
significant effects.

A difference in turbidity of the main serum phase between the Ref samples and PL-
containing samples is noted. While the main serum phase of the Ref samples was opaque
over the observed storage period, this main serum phase of the PL-containing samples
was significantly less turbid at t0 and turned more turbid after eight weeks of storage (cf.
Figures S1–S3). Overall, the PL-containing samples grew more homogeneous over time.

3.2.2. Particle Size

The particle size as a function of storage time for different emulsifier combinations of
the rapidly cooled samples is shown in Figure 5a,b for a PL concentration of 0.05 wt% and
0.1 wt%, respectively. The data for the slowly cooled samples can be found in Figure S5.
The 90% (x90) and 10% (x10) percentiles of the Q3 distribution are also shown.
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Figure 5. The 10% and 90% percentiles of the cumulative size distribution based on the particle
volume. Data are shown for dispersions stabilized with β-lg (Ref ), β-lg + PC (Chol) and β-lg + DSPE
(Eta) as a function of storage time: directly after preparation (t0), after four weeks (t4), after eight
weeks (t8) and after eleven weeks (t11) of storage. PLs were used in concentrations of 0.05 wt% (Chol
0.05 and Eta 0.05 (a)) and 0.1 wt% (Chol 0.1 and Eta 0.1 (b)). Data of the samples cooled at a fast
cooling rate are shown.

The x10,3 of the dispersion particles lies within a narrow range of 2–4 µm and remains
constant over the storage period. The Shapiro–Wilk test shows that the data are normally
distributed (p = 0.05). Therefore, one-way ANOVA (p = 0.05) was performed for the
statistical significance, and the results can be found in Tables S1–S3. The initial x90,3
differs significantly depending on the formulation; it is on average 30% higher in the Ref
samples compared to the PL-containing samples. Over time, the x90,3 changes significantly.
The value of the Ref fast sample slightly increases in the first four weeks and then more
extensively after eight weeks. The PL-containing samples show a completely different
behavior. The Chol 0.05 fast sample and the Eta 0.05 fast sample show a more or less
constant x90,3, with a small but not statistically significant decrease in the Eta 0.05 fast
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sample after eight weeks. The Chol 0.1 fast and Eta 0.1 fast dispersions exhibit a significant
decrease in x90,3 over time. The x90,3 of the Eta 0.1 fast sample constantly decreases and
reaches a minimum value at t8, which is on average 50% lower than at t0. At t11, the value
significantly increases again. The Chol 0.1 fast sample first only shows a slight decrease
in x90,3 and then a significant drop at t11 to a value which is, on average, 50% lower
compared to t0. The significance in the change in x90,3 was statistically confirmed, and the
corresponding data and results of the one-way ANOVA can be found in Tables S1–S3 of the
Supplementary Materials.

3.2.3. Melting Behavior

The melting thermograms obtained using DSC are shown in Figure 6 as the averaged
curves for different formulations and cooling processes over storage time. The y-axis is
omitted as the data were normalized to allow the representation of three measurement
intervals in one diagram. Figure 6a shows the thermograms of the Ref samples, and
Figure 6b,c depict the curves of the Chol 0.05 slow and fast samples and the Eta 0.05 slow
and fast samples, respectively. In Figure 6d, one exemplary melting thermogram with
the baseline is shown, and the occurring peaks are numbered to accentuate the endo-
and exothermic events. In general, the melting curves comprise two endothermic events
(melting peaks), i.e., a first melting endotherm around 47–48 ◦C (peak 1) and a second
one at about 56 ◦C (peak 2), and one exothermic event (crystallization peak) with a peak
temperature of 49–50 ◦C (peak 3), irrespective of the cooling rate and formulation. After
eight weeks of storage, a third endothermic peak appears at a temperature varying between
41.5 ◦C and 44.9 ◦C, which is most visible in the Eta 0.05 slow sample and the Chol 0.05 slow
sample. After eleven weeks of storage, this peak is not visible anymore. More detailed
information about the samples’ endo- and exothermic peak temperatures events can be
found in Table S4–S8.

The endothermic peaks of the Eta 0.05 samples are generally lower and flatter com-
pared to the Chol 0.05 samples and the Ref samples. The peak height decreases further in
the Eta 0.1 thermograms (cf. Figure S6).

The specific melting enthalpy ∆hm per unit mass of fat was determined using the
corresponding melting peaks, and the result is summarized in Table 2. The Shapiro–Wilk
test shows that the data are not normally distributed. The melting enthalpy per unit mass
of fat of the Chol 0.05 slow and fast samples and the Chol 0.1 slow and fast samples is similar
to that of the Ref samples, especially at the measurement intervals t8 and t11. The Eta
0.05 slow and fast samples have lower melting enthalpy values. This effect is even more
pronounced for the Eta 0.1 slow and fast samples, with a decrease of approximately 50 % of
the total melting enthalpy per unit mass of fat compared to the corresponding Ref samples.
The lower melting enthalpy of the Eta 0.1 samples compared to the Ref and Chol samples
is statistically significant, which was accounted for by performing the Mann–Whitney
test (p = 0.05). During storage, the melting enthalpy of all samples decreases at t8 and
then increases again at t11, except for the Eta 0.1 slow and fast samples. Here, the melting
enthalpy does not increase again. The Mann–Whitney test shows that the change in melting
enthalpy over the storage time is not statistically significant (p = 0.005).

3.2.4. Polymorphism

The X-ray diffraction patterns for the different formulations and cooling procedures
over the storage time are shown in Figure 7. Due to resource restrictions, the samples
with 0.1 wt% PLs had to be excluded from the analysis, and only one measurement
per sample was performed. The y-axis of the diagrams is omitted as the analysis was
performed exclusively qualitatively to identify the peak positions and assign them to their
respective polymorphs. The data sets were normalized to fit three curves into one diagram,
corresponding to the three time intervals.
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Table 2. Specific melting enthalpy per unit mass of fat for different formulations and cooling rates
after preparation (t0), after eight weeks (t8) and after eleven weeks (t11) of storage. The values are
given as mean ± SEM (N = 2, n = 1).

Specific Melting Enthalpy per Unit Mass of Fat, ∆hm, in J/g

t0 t8 t11

Ref slow (0.01–0.1 K/min) 216.6 ± 74.7 128.3 ± 9.5 129.9 ± 9.3
Ref fast (10 K/min) 204.6± 42.6 124.2 ± 3.0 131.5 ± 0.5

Chol 0.05 slow (0.01–0.1 K/min) 137.5 ± 1.2 134.4 ± 1.6 144.9 ± 5.7
Chol 0.05 fast (10 K/min) 135.5 ± 12.0 122.6 ± 2.5 148.5 ± 3.7

Chol 0.1 slow (0.01–0.1 K/min) 146.0 ± 9.0 134.5 ± 18.7 146.8 ± 10.1
Chol 0.1 fast (10 K/min) 139.5 ± 8.6 144.2 ± 6.6 135.9 ± 25.8

Eta 0.05 slow (0.01–0.1 K/min) 92.9 ± 9.9 68.4 ± 12.1 100.3 ± 20.3
Eta 0.05 fast (10 K/min) 155.0 ± 47.6 112.4 ± 17.5 130.6 ± 12.4

Eta 0.1 slow (0.01–0.1 K/min) 52.2 ± 16.7 39.5 ± 9.0 33.2 ± 0.1
Eta 0.1 fast (10 K/min) 54.1 ± 14.2 67.7 ± 24.6 39.0 ± 16.5
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after preparation (t0), after eight weeks (t8) and after eleven weeks (t11) of storage. PLs were used in 
a concentration of 0.05 wt%. The curves have been displaced along the ordinate for better visualiza-
tion. In graph (d), one thermogram is plotted to exemplarily show the baseline and highlight the 
endothermic and exothermic events: the two endothermic events are emphasized as peak 1 and 
peak 2, and the exothermic event is labeled as peak 3. 
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The specific melting enthalpy Δhm per unit mass of fat was determined using the cor-
responding melting peaks, and the result is summarized in Table 2. The Shapiro–Wilk test 
shows that the data are not normally distributed. The melting enthalpy per unit mass of 
fat of the Chol 0.05 slow and fast samples and the Chol 0.1 slow and fast samples is similar 
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Figure 6. DSC melting thermograms of dispersions stabilized with β-lg (Ref (a)), β-lg + PC (Chol
0.05 (b)) and β-lg + PE (Eta 0.05 (c)) after slow (black lines) and fast (blue lines) crystallization
directly after preparation (t0), after eight weeks (t8) and after eleven weeks (t11) of storage. PLs were
used in a concentration of 0.05 wt%. The curves have been displaced along the ordinate for better
visualization. In graph (d), one thermogram is plotted to exemplarily show the baseline and highlight
the endothermic and exothermic events: the two endothermic events are emphasized as peak 1 and
peak 2, and the exothermic event is labeled as peak 3.
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Figure 7. X-ray diffraction patterns of dispersions stabilized with β-lg (Ref (a,b)), β-lg + PC (Chol 0.05 
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tion of 0.05 wt%. Measurements were performed directly after preparation (t0), after eight weeks (t8) 
and after eleven weeks (t11) of storage. The arrows point to detectable peaks. 

  

Figure 7. X-ray diffraction patterns of dispersions stabilized with β-lg (Ref (a,b)), β-lg + PC (Chol 0.05
(c,d)) and β-lg + PE (Eta 0.05 (e,f)) after slow and fast crystallization. PLs were used in a concentration
of 0.05 wt%. Measurements were performed directly after preparation (t0), after eight weeks (t8) and
after eleven weeks (t11) of storage. The arrows point to detectable peaks.

All samples, irrespective of the cooling process, formulation and storage time, show a
broad, flat peak at 3.2 Å, which does not match any reference values for the crystallographic
data of TAG crystals. In all diffraction patterns, a prominent, narrow peak at 4.2 Å is found,
and a very small peak at 3.8 Å, except for the Ref fast sample (cf. Figure 7b), can be identified
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at t0. These two peaks can be clearly assigned to the β’ polymorph of TAG crystals [48,62].
The height of the peak at 3.8 Å decreases over the storage time and disappears in all samples
after eight or eleven weeks, except for the Eta 0.05 slow sample, where it is still slightly
present after eleven weeks of storage. The presence of the α polymorph of TAGs can usually
be detected using XRD, showing a broad peak with a d-spacing of 4.15 Å [62,63]. This peak
is not present in any of our XRD patterns. However, the very distinct peak at 4.2 Å might
overlap with the peak at 4.15 Å, and it might be difficult to separate these peaks. Therefore,
we cannot exclude that α polymorph is present. After eight weeks, an additional peak at
4.6 Å is observed in the samples crystallized at a fast cooling rate and in the Chol 0.05 slow,
which is characteristic for β polymorph [63].

4. Discussion
4.1. Influence of Phospholipid Addition and Cooling Procedure on Morphology, Particle Size and
Visosity before Storage

Before comparing the colloidal stability of the dispersions during storage, the overall
appearance and microstructure of the dispersions directly after preparation are discussed.
All samples, irrespective of their formulation or cooling procedure, crystallized into spheri-
cal shape. This means no spontaneous self-shaping to polygonal platelets occurred during
cooling, a process that has been reported for several TAG–surfactant combinations and
cooling rates [64,65]. To induce self-shaping, the formation of a crystalline surfactant mono-
layer is necessary at a temperature above the oil bulk melting temperature. To date, it has
not been shown that β-lg can crystallize at the droplet interface in this manner; thus, we
did not expect any self-shaping in the Ref samples. As we only observed spherical particles
in the Chol and Eta samples as well, we assume that the chosen PLs were also not able to
crystallize at a temperature relevant for self-shaping and, therefore, did not provide the
necessary crystalline monolayer.

The addition of PLs (Chol and Eta) led to differences in particle size and flocculation
behavior compared to dispersions stabilized with β-lg alone (Ref ). As expected, the
particles in the Ref samples were bigger compared to the ones in the Chol and Eta samples.
The largest particles and most polydisperse distribution were measured in the Ref slow
dispersions, whereas smaller particles and narrower distributions were obtained with PL
addition and fast cooling. The assumption that the addition of PLs as emulsifiers would
result in smaller particle sizes is confirmed by our results. However, flocculation was more
pronounced in the PL-containing samples and occurred most extensively in the Eta 0.1
samples. We assume that the particles are stabilized by a mixed interfacial layer consisting
of β-lg and PLs. A total displacement of proteins by PLs is not expected as the emulsifiers
are known to be able to coexist at the oil–water interfaces [27]. LMWEs and proteins have
been shown to undergo complexation when co-adsorbed at the particle surface, where
they may undergo structural changes and result in new characteristics compared to those
of the individual emulsifiers [20,28,29]. However, with the data available to us here, we
cannot decide whether complexation has occurred and whether this is responsible for the
increased tendency toward flocculation.

In addition to the emulsifier used, the cooling procedure had an influence on particle
size. As expected, slow cooling resulted in larger particles and broader size distributions
compared to fast cooling. During slow temperature changes, droplets remain liquid for a
longer time as the necessary supercooling is reached later. This gives the droplets more
time to partially and fully coalesce before their liquid–solid phase transition, resulting in
larger particles [66].

The dispersions all show shear thinning behavior irrespective of the emulsifier combi-
nation or cooling procedure, which is often found for crystalline dispersions. In the slowly
cooled samples, the zero shear viscosity was lower when high concentrations of PL were
present, but the drop in viscosity with increasing shear rate was most pronounced in the
Ref samples. As the Ref slow sample also had the broadest size distribution and largest
particles, this could be the reason for the differences in flow behavior. The dispersions
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cooled at a fast rate showed very similar viscosities, except for the Chol 0.1 sample, which
had a significantly higher viscosity. This corresponds with a dispersion of medium-chain
TAGs stabilized with WPI/Tween® 80 in the presence of the PL phosphatidylserine. Here,
the viscosity increased with decreasing droplet size [60]. The authors related this to more
hydrodynamic interaction. As increasing concentration of LMWEs resulted in smaller
droplet sizes in their system, they argued for this to account for the increase in viscosity
with increasing emulsifier concentration. As we observed the highest viscosity with the
highest PL concentration, increased interactions might have accounted for the increase in
viscosity and small particle sizes, even when the particle size was not significantly smaller
compared to the other samples. In addition, the cooling rate seems to have a clear effect
on the aggregation processes of the Chol 0.1 samples, which might account for the higher
viscosity in this case. This behavior and the possible reasons behind it could be studied
in-depth in future work.

4.2. Influence of Phospholipid Addition and Cooling Procedure on Dispersion Stability
during Storage
4.2.1. Assessment of Creaming Behavior and Changes in Micro- and Macrostructure
Depending on Phospholipid Addition and Cooling Procedure

The observed phase separation in all samples is the result of creaming of the dispersed
phase. Creaming in short periods of time is expected, as all dispersions depict particles well
above 1 µm, and TAG particles float due to their lower density. Flocculation and/or (par-
tially) coalescence during storage increases particle size and, thus, creaming velocity [67].
In consequence, the concentration of fat particles decreases all the way to the bottom of
the sample container. Therefore, the lower phase appears brighter. The thin, very clear
bottom phase is probably completely void of fat particles or contains only fat particles
below the optically detectable size of about 100 nm. As the phases in the PL-containing
dispersions were miscible again upon agitation, the fat particles in the creamed layer were
probably flocculated and not coalesced, which is in good agreement with the microscopic
images. The creamed layer in the Ref samples appeared more rigid and was not as easily
miscible, which is a strong indication for non-reversible aggregation and/or coalescence.
This aggregation might have also been provoked by bridging between the protein-covered
particles’ surfaces. As no rigid creamed layer was observed in the Eta and Chol samples
and the phases were easily miscible again, the PL addition seemed to have prevented the
non-reversible aggregation induced by proteins. In addition, we observed a decreasing
creaming index in the samples containing PLs over time, meaning that the dispersions
were more homogeneous. These results strongly indicate that the addition of PLs increases
the colloidal stability of the dispersions as expected. The co-adsorbed emulsifier could
have had a beneficial effect on the elasticity of the creamed layer and the general colloidal
stability over the storage period.

The decreasing CI over time was most pronounced for the Eta 0.1 samples, irrespective
of the cooling rate. This was contrary to our expectations as we assumed a higher colloidal
stability in the Chol samples due to the larger hydrophilic head group. We also observed
that the serum phase of the Ref emulsions with β-lg alone were highly opaque and white
over the total storage period, whereas the PL-containing samples had a clear serum phase
at the beginning which turned turbid and white after eight weeks of storage. In addition,
the flocs that were present in the PL samples directly after preparation became less over the
observed storage period. We assume that during storage, the displacement of β-lg by PLs
took place, resulting in the dissolution of flocs. This would be consistent with the findings
reported by McClements et al. [68], who showed that the addition of LMWE leads to the
dissolution of flocs via the displacement of proteins from the interface.

However, our experimental design was based on analytical methods, which do not
allow us to draw conclusions on the actual composition of the interfacial layer and its
changes over time. We characterized macro- and microstructural changes and gained
information about the global characteristics of the dispersions, but the physical chemistry
and underlying molecular structures and their changes were not part of our study. Thus,
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future work should include analytical methods that could elucidate molecular interfacial
phenomena to gain a deeper understanding of the underlying mechanism.

With regard to the cooling procedure, the expected enhanced colloidal stability for the
samples cooled at a fast cooling rate, compared to the samples cooled at a slow cooling
rate, was not observed. Even though we obtained smaller particle sizes and narrower
distributions with fast cooling, the colloidal stability was not significantly improved by
this. No clear trend could be derived from the change in CI and dispersion microstructure
over time when comparing the cooling rates. It appears that the formulation has a greater
impact than the cooling rate on these phenomena for the investigated model systems.

4.2.2. Assessment of Changes in Particle Size Macrostructure Depending on Phospholipid
Addition and Cooling Procedure

There are several colloidal instability mechanisms that can lead to changes in the
average particle diameter and size distribution, i.e., flocculation, (partial) coalescence or
Ostwald ripening. Even though we found no correlation between the applied cooling rate
and colloidal instability, the PL addition had a pronounced impact on colloidal instability
mechanisms, leading to changes in particle size compared to the use of β-lg alone.

Over the course of sample storage, the median and x10,3 of all samples remained nearly
constant, deviating only by ±1 µm. However, the x90,3 of all Ref samples increased over the
storage time. Changes in the lower particle size range are not expected to have a significant
impact on the colloidal stability of dispersions, but bigger particles are expected to have
an impact. Flocculation, aggregation and (partial) coalescence will be easily detected by
changes in x90,3 since volume increases with the third power of size. Ostwald ripening
with lager particles growing at the expense of smaller ones will mostly result in changes in
the x90,3 and x10,0 values, but the latter were not evaluated here. The x90,3 showed a clear
time- and formulation-dependent tendency. It increased significantly in the Ref samples
over the observed storage period, which is in good accordance with the rigid creamed top
layer, is typical for (partly) crystalline dispersions, and is consistent with the instability
mechanisms reported in the literature [8,9,14,69].

The samples containing PLs did not exhibit an increase but rather a decrease in x90,3,
(cf. Figure 5), which was not expected. This effect was more pronounced with 0.1 wt% PL
compared to 0.05 wt% PL. In general, the particle size measurements results are in good
agreement with the observations of the macrostructure, where the Chol and Eta dispersions
visually became more homogeneous over time (cf. Figures S1–S3). The decreasing particle
size and the increasing homogeneity are rather uncommon with regard to colloidal insta-
bility mechanisms in O/W emulsions and dispersions. On the one hand, the decrease in
particle size and increase in sample homogeneity could be interpreted as increased colloidal
stability compared to the samples stabilized by β-lg alone. On the other hand, the particle
decrease indicates that mass transport processes have occurred between fat particles. These
processes would lead to a redistribution of TAG molecules between the particles and could,
therefore, entail a change in the particle size distribution in the observed manner. If an
emulsified fat acts as a carrier for drugs, functional ingredients or additives, the diffusion
of TAG molecules can affect the delivery, stability and functionality of these hydrophobic
agents, or even release them during storage. It has been shown that compositional ripening
and solubilization can occur in TAG emulsions [68,70]. McClements et al. [68] argued that
these two processes generally dominate over Ostwald ripening as a difference in Laplace
pressure is lower than the driving force for compositional ripening and solubilization,
i.e., the entropy of mixing. They assumed this contributes to the fact why they did not
see an increase in droplet size, which might also lead to the changes we observed in our
samples. Samtlebe et al. [70] reported the migration of individual fat molecules between
a fraction of liquid emulsion droplets and a fraction of solid lipid nanoparticles (SLNs).
They proposed that liquid oil gets solubilized in the aqueous phase, diffuses to the surface
of SLNs, adsorbs at their surface and dissolves solid fat crystals in the adsorbed surface
layer. The dissolved fat crystals would then diffuse in the opposite direction, i.e., toward
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liquid oil droplets, which would further enhance the entropically favorable mixing process.
It is reasonable that our systems also contain fully solidified TAG particles, as well as
partially crystalline and supercooled liquid TAG droplets. This can be attributed to the
different FAs present in the dispersed phase, as well as the fact that emulsified fats show a
crystallization behavior different from that of bulk fats. The crystallization of dispersed
droplets is a stochastic and individual process, which differs from droplet to droplet and
occurs over a wide temperature range [30,32]. A significantly higher level of supercooling
is needed, which even increases with decreasing droplet size [33,34]. Thus, we assume
that there is an overall unequal distribution of both high-melting and low-melting and
solid, semi-crystalline and liquid TAG fractions over the particles. This would enhance the
mass transport processes between the particles until reaching an equilibrium distribution
of different TAG molecules.

Mass transport processes can also be expected to be enhanced in the presence of β-lg.
This protein has a very specific tertiary structure which allows binding and transport of
polar ligands. Excess β-lg might, therefore, be able to bind individual, liquid TAG molecules
to the hydrophobic pocket, thereby enhancing inter-droplet mass transfer processes. As
LMWEs are also known to displace proteins from particle interfaces, this might explain
why the decrease in x90,3 occurred in the PL-containing samples over time. The displaced
β-lg gets solubilized in the continuous phase and is available for binding of apolar ligands.
This is further supported by the observation that the serum phase of the samples differed
in its turbidity depending on the emulsion formulation. While the serum phase of the
Ref dispersions was highly opaque and intensely white over the total storage period,
the phospholipid-containing samples had a clear serum phase that turned turbid and
white only after eight weeks of storage. As these differences cannot be related to the size
difference, we hypothesize that the opacity of the serum phase is connected to the amount
of solubilized protein and complex formation with the presence of PLs. Consequently, we
hypothesize that proteins did desorb from the particle surface in the PL-containing samples
over the storage time, and the soluble protein fraction in the serum phase increased and
met the level of the Ref samples. This hypothesis is supported by the proposed mechanism
that the addition of small amounts of PLs can increase the interfacial load of ß-lg [27],
which may explain the differing turbidity at t0. However, as we only observed the change
in turbidity after several weeks of storage and did not expect this to happen, we did not
quantify the amount of β-lg in the serum phase and the concentration changes. Future
studies should, therefore, further look into the interfacial load of β-lg and the potential
changes of β-lg concentration in the serum phase using, for example, the Bradford or
BCA method.

In addition to a decrease in particle size, an increase in x90,3 of the Eta 0.1 fast sample
was observed between week 8 and week 11. Hence, colloidal instabilities, such as (partial)
coalescence, aggregation and Ostwald ripening, must have now prevailed over the changes
in particle size due to the mass transport phenomena. This could be interpreted as a
worsening in the colloidal stability of the Eta samples compared to the Chol samples.
However, we expected a much more pronounced effect. Our results do not support our
hypothesis of improved colloidal stability with a more hydrophilic PL being present.

4.2.3. Assessment of Polymorphic Transitions and Dispersion Crystallinity Depending on
Phospholipid Addition and Cooling Procedure

Besides colloidal stability, we found evidence for polymorphic transitions over the
storage time. Polymorphic transitions are known to promote flocculation because the
rearrangement of one crystal form into another exposes patches on the particle surface that
are not covered by emulsifier molecules [69,71].

Based on the results described in Section 3.2.3, it can be concluded that the dispersed
TAG particles existed in β’ polymorph in all samples independent of the formulation
or cooling process. The samples crystallized at fast cooling rates and all Chol samples
showed evidence of polymorphic transitions from β′ to β polymorph. We did not detect
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the presence of α polymorph in any of our samples using XRD. As polymorphic transitions
are assumed to enhance aggregation, fast cooling and Chol 0.05 should have shown an
increase in particle size, which would have been contrary to our assumptions. However, the
influence of these polymorphic transitions on the colloidal stability of our model systems
must be minor, as no extensive aggregation was observed for these samples, and they
did not exhibit significant increases in particle size. The remaining β-lg and PLs in the
serum phase were most likely able to cover the particle surfaces newly revealed by the
polymorphic transition.

The XRD patterns also help to interpret the observations made on the melting behavior
of the samples. The DSC patterns are marked by two distinct endothermic events and one
exothermic event, which is highly uncommon in emulsified fats. They usually result in flat
and very broad peaks, which often merge into each other [33]. The exotherm peak has a
peak temperature between 47 ◦C and 49 ◦C and appears right after the first endothermic
peak (cf. Figure 6). Thus, a crystallization event must have taken place during heating,
which is most likely the result of a polymorphic transition. A polymorph with a low melting
temperature melts and then crystallizes into a polymorphic form with a higher melting
temperature. This polymorph then melts again upon further heating, resulting in a second
endothermic peak at approximately 56 ◦C. In the literature, melting temperatures of 45 ◦C
and 56 ◦C for α and β′ polymorphs, respectively, have been reported for tripalmitin [22,72].
We, therefore, assume that the first endothermic event in our DSC patterns indicates the
melting of α polymorph, which recrystallizes as β′, resulting in the exothermic event.
The second endothermic event at 56 ◦C may then be attributed to the melting of the old
and newly formed β’ polymorphic forms. Melting of β crystals should then occur at
higher temperatures at around 66 ◦C. We did not observe any endothermic events at this
temperature. The peaks in the XRD patterns which can be attributed to β polymorph are
small compared to the peaks accounting for β′ polymorph, which is why we assume that
the amount of β crystals is too low to be detectable in the DSC measurements.

The DSC and XRD patterns reveal another relevant piece of information. The DSC
peak area and height and the XRD peak height of the Eta samples are significantly lower
compared to the rest of the samples. This effect seems to be concentration dependent as the
peak area is reduced by 30% and 50% in the Eta 0.05 and Eta 0.1 samples, respectively, when
compared to the Ref samples. Due to resource restrictions, the samples with higher PL
concentration were excluded from the XRD analysis. However, it is reasonable to assume
the same tendency would have been corroborated. As the area integrated over the endother-
mic peaks serves to qualitatively compare the amount of crystalline matter in the sample
aliquots, this result suggests that PE has an inhibitory effect on TAG crystallization. Hence,
a higher crystallinity was achieved in the Chol samples compared to the Eta samples. We ex-
pected this is due to the larger hydrophilic headgroup of PC compared to PE and, therefore,
its greater interfacial affinity inducing surface heterogeneous nucleation. However, we did
not expect a lower crystallinity in the Eta samples compared to the Ref samples. This means
PE must have somehow inhibited droplet crystallization, which should be investigated in
future studies. The lower crystallinity of the Eta samples compared to the Chol samples
might be the explanation for why the decrease in the x90,3 was most pronounced in the
Eta 0.1 fast sample in the first eight weeks of storage. As both liquid oil and solid fat are
needed for the mass transport phenomena, which we assume took place, it is logical that
they occurred faster when more liquid oil was present. In addition, these mass transport
phenomena seemed to be finished after eight weeks in the Eta 0.1 fast samples as an increase
in x90,3 was observed between week 8 and week 11. We assume that the decrease in particle
size due to the mass transport phenomena was then superimposed by (partial) coalescence,
flocculation and irreversible agglomeration. In the Chol 0.1 fast samples, the x90,3 dropped
most extensively between week 8 and week 11, meaning that the mass transport process
took place slower. It is reasonable to assume that the higher crystallinity in the Chol samples
slowed down the mass transport process. On the one hand, this retarded transport could
be interpreted as increased colloidal stability when a more hydrophilic PL is present. On
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the other hand, for certain applications, it might be advantageous to suppress the TAG
mass transport fully.

5. Conclusions

In this study, the addition of PLs to β-lg-based emulsions was investigated as a
factor that could potentially lead to smaller crystal size, a higher crystallinity, delayed
polymorphic transitions and reduced colloidal instabilities, compared to using β-lg alone.
Furthermore, we expected a greater effect when using a PL with a larger hydrophilic
headgroup and, thus, a greater interfacial affinity compared to a more hydrophobic PL.

The observations made on the macro- and microstructure of the dispersions and
the results of the laser diffraction analysis provide reasons to assume that the PLs were
successfully adsorbed to the particle interface and interacted with the proteins at the
interface. The PL-containing samples appeared more homogeneous compared to the Ref
samples, in which a rigid creamed layer developed quickly over time. In contrast to the
PL-containing samples, this creamed layer could not be dispersed evenly by mixing. In
this regard, the co-adsorbed PLs would have a beneficial effect on the general colloidal
stability over the storage time. Considering the particle size distributions, unexpected
changes over time were observed. The 90% percentile representing big flocs or coalesced
particles increased over time in the Ref samples, which is in good accordance with the
aggregation observed under the microscope and the increased rigidity of the creamed
layer. In contrast, a decrease in x90,3 was generally observed in the PL-containing samples,
indicating a reduced tendency toward flocculation and aggregation.

However, we did not observe the expected influence of the hydrophilic headgroup on
colloidal stability. In our study, the model systems with the addition of PL concentration
of 0.05 wt% appeared very homogeneous after eleven weeks of storage. They exhibited
practically no changes in particle size, irrespective of PL hydrophilicity. Hence, the addition
of the right amount of PLs may increase the colloidal stability of a β-lg-based dispersion.

The DSC measurements did not reveal higher crystallinity in the samples containing
PLs compared to the Ref samples. PC had no influence on the solid fat content (SFC)
and PE seemed to even inhibit fat crystallization. The DSC patterns of the dispersions
also helped to interpret the observations made using XRD as we observed very clear and
distinct melting and crystallization peaks, which are typically known for polymorphic
transitions in bulk fat systems. We were not able to correlate the observed polymorphic
transitions with increased colloidal stability. We assume that the excess amounts of β-lg
and PLs present in the serum phase were able to cover the free patches on the particle
interface exposed by the polymorphic conditions.

In addition to formulation, we investigated the influence of cooling rate, i.e., fast and
slow cooling, on the colloidal stability of the model systems. Fast cooling did result in a
narrower and more monodisperse particle size distribution. However, we found no clear
evidence of delayed polymorphic transitions. The colloidal instability mechanisms we
observed during the storage of the dispersions were also not significantly improved by a
fast cooling rate (10 K/min), or even faster cooling rates would have been needed. As a
fast cooling process is highly energy demanding and does not bring a clear benefit for the
colloidal stability of the model systems, it would be neither cost efficient nor sustainable
to apply a high cooling rate to crystallize dispersed TAGs stabilized by β-lg alone or in
combination with PLs.

Importantly, we acknowledge some limitations in this study. Our experimental design
was focused on phenomena associated with colloidal stability. Therefore, it excluded
analytical methods that would have allowed us to draw conclusions about the actual
molecular composition of the interfacial layer and its changes over time. Future research
should attempt to gain a deeper understanding of the underlying mechanisms and try to
localize PLs and analyze their interaction with β-lg at the droplet interfaces.
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To conclude, our study revealed some unexpected storage behavior of whey proteins
and phospholipid-containing (semi-)crystalline dispersions. The addition of PLs had
both beneficial and adverse effects on colloidal stability during storage. Depending on
the application, the use of PLs in protein-based systems might be beneficial for colloidal
stability, but mass transport phenomena must be closely monitored.
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Appendix A

Table A1. Composition of commercially available lecithins according to the manufacturer’s specifica-
tion (Lipoid GmbH, Ludwigshafen, Germany). n. sp. = not specified.

Components [%] LIPOID PC 18:0/18:0 LIPOID PE 18:0/18:0

Phosphatidylcholine ≥99.0 n. sp.
Phosphatidylethanolamine n. sp. ≥98.0

Lysophospholipids ≤0.5 ≤0.5
Triacylglycerols ≤0.3 ≤0.3

C16:0 n. sp. n. sp.
C18:0 ≥98.0 min. 98.0

Source Synthetic Synthetic
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