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Abstract
In order to apply emulsion-based delivery systems to food, they have to be stable in a protein rich environment. This study
investigated the stability of solid lipid nanoparticles (SLN) during heat treatment in the presence or absence of β-lactoglobulin
(BLG). SLN were stabilized either by Tween 20 (TS) or by the protein itself (BS) and were enriched to a total BLG content of
56 mg/mL. The sizes of both types of SLN were initially in the range of 170 nm. The amount of free protein was determined
before and after enrichment with BLG. As revealed by particle size and zeta potential measurements, a protein layer of BLG (hard
corona) adsorbed on BS but not on TS. By contrast, a soft corona was formed around both BS and TS. SLN were heat treated in
the presence and absence of protein and were characterized regarding size and zeta potential. According to transmission electron
microscopy imaging, heating did not affect the shape of TS and BS: TS were platelets, whereas BS exhibited a spherical or
platelet like shape. Upon heat treatment, the particle size of TS increased to about 3.5 fold of the initial size (to appr. 600 nm) in
the presence and in the absence of excess protein. The cloudy protein layer (soft corona) around TS could thus not prevent
coalescence of TS. By contrast, BS did not experience a change in particle size. Hence, by the choice of emulsifier, an
encapsulation system that is stable against heat treatment can be obtained.
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Introduction

Delivery systems like microgel particles, (nano-) emulsions,
liposomes or solid lipid nanoparticles (SLN) gained increasing
interest to enrich food systems with bioactive compounds, an-
tioxidants, preservatives or flavors [1–3]. SLN have great

potential to encapsulate substances or to modify food structures
like gels [2, 4]. They are colloidal lipidic systems and can be
regarded as crystallized O/W-nano-emulsions. SLN can be sta-
bilized by low molecular weight emulsifiers like Tween 20 and
/ or proteins. For a possible application in food systems, SLN
need to be stable against stress and environmental changes as
they are expected to maintain their functionality as
encapsulants during processing, storage and consumption. In
our previous study, protein-stabilized SLN were stable during
heat treatment in the presence of β-lactoglobulin (BLG),
whereas Tween 20-stabilized SLN coalesced under similar con-
ditions [4]. The aim of the present study was to investigate this
phenomenon inmore detail. However, heating is a process step,
that is often used to enhance shelf live or to control the viscosity
of the product. It has been shown that heating above the dena-
turation temperature of whey proteins may lead to instabilities
and break down of emulsions as globular proteins unfold and
aggregate due to denaturation [5, 6]. The amount of free protein
has a major impact on the flocculation of whey protein stabi-
lized emulsions: With increasing amount of whey protein con-
centrate (WPC, from 5 to 20 mg/mL), the aggregation rate of
droplets increased [6]. Similar results were reported by
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Sliwinski et al. 2003, who found increased droplet sizes after an
increase of whey protein isolate (WPI) concentration from 15
to 30 mg/mL [5]. On the other hand, Kim and coworkers found
an increased emulsion stability as they increased the protein
concentration from 4 mg/mL to 10 mg/mL [7].

It is well known that proteins adsorb on surfaces and can
consequently change the stability and surface chemistry ofmac-
ro, micro or nanometer-sized particles [8–11]. A detailed de-
scription of the protein adsorption on nanoparticles (NP) and
their different interactions between NP and cells was given by
Dawson and colleagues [12]. Here, the term ‘Protein Corona’
was first mentioned. The formation of a protein corona depends
on many factors, which include the charge, size and colloidal
stability of NP [13–16]. Furthermore, the type of protein as well
as temperature, incubation condition and time has an influence
on corona formation [17–21].Milani et al. showed that a corona
comprised different protein layers [22]. The first layer is irre-
versibly adsorbed to the surface (Bhard corona^), whereas the
outer layers are bound more weakly (Bsoft corona^). These
weakly bound proteins interact with the proteins of the hard
corona and can be easily exchanged or washed-off.

Göppert and Müller discovered the adsorption of low
amounts of human serum proteins onto SLN that were stabi-
lized by different polysorbates or polyxamers [17, 18]. As a lot
of studies on NP corona formation have been carried out under
pharmaceutical aspects, most of them were conducted with hu-
man plasma protein. Yet, there are some studies that investigat-
ed the corona formation of dairy proteins:Winuprasith et al. and
Yang et al. investigated the adsorption of β-lactoglobulin onto
gold nanoparticles and Oehlke and colleagues could show that
BLG formed a soft corona around edible SLN [23, 24, 25].

The aim of the present study was to investigate how protein
layers affect the heat stability of SLN. Therefore, SLN were
characterized before and after heating in the presence and ab-
sence of protein. The experiments were set up in a way that
allowed distinguishing between effects caused by a hard or soft
corona. Therefore, Tween 20-stabilized SLN (TS) were studied
in the absence of protein and in the presence of protein in the
continuous phase, where only the formation of a soft corona was
expected according to our earlier study [25]. BLG-stabilized
SLN (BS) were expected to inherently contain a hard corona.
In the presence of excess bulk phase protein, the formation of an
additional soft corona seemed possible. Samples were character-
ized before and after heating regarding the amount of adsorbed
protein, zeta potential, microstructure and size.

Materials and Methods

Materials

BiPro whey protein isolate was kindly donated by Agropur
Ingredients (Eden Prairie, MN, USA). Glyceryl tristearate and

Tween 20® (Polyoxyethylene sorbitan monolaurate, Tween
20) was purchased from Sigma Aldrich (St. Louis, Missouri,
USA), sucrose palmitate from Alfa Aesar (Karlsruhe,
Germany). Soy lecithin BEmulpur IP^ was kindly donated
by Cargill (Cargill Texturizing Solutions, Hamburg,
Germany). Potassium-di-hydrogen phosphate was purchased
from Carl Roth GmbH (Karlsruhe, Germany), hydrochloric
acid, sodium hydroxide and di-sodium hydrogen phosphate
fromMerck KGaA (Darmstadt, Germany). All solutions were
prepared in demineralized water.

Purification of β-Lactoglobulin

BLG was isolated from whey protein isolate (WPI), following
a method described by Keppler et al. [26] with slight modifi-
cations: 20% (w/w) WPI was dissolved in demineralized wa-
ter and hydrated for 18 h at 8 °C. Subsequently, the pH-value
was adjusted to 4.8 with hydrochloric acid to precipitate re-
maining caseins. Caseins were separated by centrifugation at
3220 g for 20 min. The pH-value of the remaining protein
solution was now set to 3.8 with hydrochloric acid and heated
to 55 °C for 30 min. During this heat treatment, all whey
proteins except BLG were precipitated and removed by cen-
trifugation at 20 °C at 3220 g for 20 min. The pH-value of the
remaining supernatant was readjusted to 7.0 with sodium hy-
droxide before washing the protein three times with ultrapure
water by ultrafiltration (Amicon Ultra-15, PLGC Ultracel-PL
Membran MWCO of 10 kDa, Merck KGaA, Darmstadt,
Germany). BLG solution was collected and freeze dried.

To determine the purity and denaturation degree of BLG,
reversed phase-high performance liquid chromatography
(Agilent 1290 Infinity LC System HPLC) was applied with
a fluorescence detector and C-18 reversed-phase column
(AerisTM XB-C18 Wide Pore 3.6 μm, 200 Å LC Column
50 × 2.1 mm, Phenomenex, Torrance, United States).

The denaturation degree of BLG was determined using the
respective German Industrial Standard procedure (DIN
10473, German Industrial Standard, 1997). Samples were an-
alyzed before and after a pH-adjustment to 4.6 with hydro-
chloric acid. At this pH, denatured BLG will precipitate and
was removed by filtration (syringe filter, 0.2 μm, Merck
KGaA, Darmstadt, Germany). The concentrations of the su-
pernatants were determined using the following procedure:
The injection volume was set to 10 μL at a flow rate of
1.2 mL·min−1 and a column temperature of 40 °C. Eluents
A (0.1% (v/v) trifluoroacetic acid (TFA) in water) and B
(0.1% TFA (v/v) in acetonitrile) were used. Used elution
gradient steps were 35–42.5% B (1–12.5 min), 42.5–46%
B (12.5–20.5 min), 46–35% B (20.5–22 min), and 35% B
(22–23 min). Fluorescence was monitored at excitation
and emission wavelengths of 225 and 340 nm, respective-
ly. The degree of denaturation corresponded to the relative

Food Biophysics (2019) 14:393–402394



difference of the BLG concentration before and after pre-
cipitation and was below 1%.

Solid Lipid Nanoparticle Preparation

SLN were prepared by ultrasound assisted hot emulsification
as described by Oehlke et al. [2]. In short, 2.5 g of tristearin
with 0.125 g lecithin was heated to 80 °C for at least 30 min to
remove any crystal memory. 22.375 g of 3.02% (w/w) sucrose
palmitate in 5 mM phosphate buffer was added at 80 °C and
immediately transferred to emulsification: We applied a
sonicator (Sonoplus HD 3100, Bandelin electronic GmbH,
Berlin, Germany) with a titanium tip (VS70T) at amplitude
of 75% in pulsed mode (0.5 s on/off) at 80 °C.

In order to prepare Tween 20 stabilized SLN (TS), the hot
emulsion was mixed with a hot (80 °C) 8% (w/w) Tween 20
solution in equal amounts and immediately cooled to 20 °C in
ice water under stirring.

Protein stabilized SLN (BS) were prepared by mixing one
part emulsion at 60 °C and one part of a cold 10 mg/mL BLG
solution. The resulting emulsion was immediately cooled to
20 °C in ice water under stirring.

The prepared SLN were subsequently centrifuged at
3220 g for 10 min to remove any titanium that was abraded
during the sonication.

Determination of SLN Size and Zeta Potential

Particle size and zeta potential were analyzed applying a
ZetaSizer Nano ZS (Malvern Instruments, UK). Zeta poten-
tials were measured via electrophoretic mobility. Prior to the
measurements, the sample conductivity was set to 50 μS/cm
by diluting with ultrapure water. The particle size of the sam-
ples was determined by dynamic light scattering with a back-
scatter angle of 173°. Protein-enriched unheated SLN were
diluted with two different solvents prior to particle size anal-
ysis: SLN samples were diluted 1:50 by either 5 mM phos-
phate buffer or protein solution to maintain the protein con-
centration of 56 mg/mL. SLN-samples that were heated or not
enriched in protein were diluted with ultrapure water. The z-
averages were analyzed based on the intensity based particle
size distributions using Mie theory. All measurements were
performed at 25 °C.

Determination of Free Protein andWashing of Protein
Stabilized SLN

The non-adsorbed protein was removed from BS by ultrafil-
tration (Amicon Ultra-2, Millipore Ultracel Membrane, regen-
erated Cellulose, MWCO of 100 kDa, Merck KGaA,
Darmstadt, Germany). 1.5 mL of BS suspension was centri-
fuged for 5 min at 3220 g. Subsequently, the filtrate was stored
for analysis and the supernatant was mixed with an equal

amount of buffer and subsequently centrifuged for 20 min at
3220 g. After centrifugation, the filtrate was again collected
and the supernatant refilled with buffer. This procedure was
repeated for eight times to remove the non-adsorbed protein.
All filtrates were stored and analyzed regarding their protein
concentration via photometry at an absorption wave length of
279 nm. The supernatants were collected for further analysis:
an aliquot was analyzed regarding particle size and zeta po-
tential as described above. The rest was heat treated as de-
scribed in section Heat Treatment of SLN.

Determination of Free Protein and Size of Protein
Enriched SLN

SLN were mixed with BLG to achieve a total protein content
of 56 mg/mL and left to hydrate for 18 h at 8 °C. 1 mL of each
sample was ultrafiltrated using Sartorius Vivaspin-2 with a
membrane of polyethersulfone and MWCO of 300 kDa
(Sartorius, Göttingen, Germany). The samples were centri-
fuged at 2000 g until 100 μL filtrate were obtained. BLG
concentrations of the filtrates were analyzed using photometry
as described above. Preliminary tests with the ultrafiltration
devices showed a protein recovery of approximately 98% af-
ter one filtration step.

Heat Treatment of SLN

TS and BS were heated for 30 min at 90 °C under stirring and
subsequently cooled in ice water to approximately 20 °C. An
aliquot was stored for analysis, the remaining was again heat
treated. This was repeated for 5 times. The collected aliquots
were analyzed regarding their particle size and zeta potential
as described above.

Protein enriched SLN were heat treated in the same man-
ner, but only one time for 30 min. Suspensions were diluted
with buffer and analyzed by DLS regarding their size and zeta
potential.

Transmission Electron Microscopy (TEM)

Selected SLN samples were examined by transmission elec-
tron microscopy (TEM) using the freeze fracture technique as
described here [27]. For cryoprotection, the samples were
mixed with 30% glycerol. Small droplets were cryofixed by
immersion into melting Freon 22 (−160 °C). Specimens were
freeze-fractured at −120 °C and immediately replicated by
Pt/C and C electron gun evaporation using a BAL-TEC
BAF 400 unit (Balzers, Liechtenstein). The replicas were
cleaned in concentrated sodium hypochlorite and in ace-
tone with repeated rinses in distilled water. Afterwards
they were examined and photographed with a FEI
Technai 10 (Eindhoven, the Netherlands) transmission
electron microscope operated at 80 kV.
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Statistical Analysis

All tests were performed at least three times if not stated oth-
erwise. Results are presented as calculated means with stan-
dard deviations. Results were considered statistically signifi-
cant with p < 0.05 after t-test or Mann-Whitney rank sum test
if normality or equal variance was not given, applying
SigmaPlot 13.0 (Systat Software GmbH, Erkrath, Germany).

Results

Properties of Unheated SLN

To study the structure and properties of SLN before heating,
the size, zeta potential, and shape of two kinds of SLN were
determined: SLN were either stabilized by Tween 20 (TS) or
by BLG (BS). Additionally, the amount of adsorbed protein
on BS was determined.

TS had a size of 173 ± 4 nm and exhibited a zeta potential
of about −33 mV. BS were comparable in size and had a zeta
potential of approximately −49 mV (Table 1). The polydisper-
sity index of TS and BS was below 0.3, indicating a relatively
narrow size distribution. These values are in accordance with
earlier work [4]. The more negative surface charge of BS was
probably due to adsorbed protein which is known to have a
negative charge at pH 7 [28].

TS exhibited a platelet-like shape, whereas both spherically
and platelet shaped BS were detected (Fig. 1). The shape and
size of SLN can vary due to different stabilizationmechanisms
and polymorphism: β’-polymorph particles are known to
form needle- or disc-like shapes. In contrast, α-
modifications led to more spherical shaped crystals [29].
However, no further tests on the morphology of the crystals
were done as this was not the main aspect of this study.

In order to ensure that BS were stabilized by BLG, BS were
washed and the amount of free protein and washed off protein
was analyzed. Prior to any washing steps, approximately 0.88
mg/mL BLG was freely present in the continuous phase
(Figure 2). 5 mg/mL BLG were used to stabilize BS during
preparation.Consequently, about 4.1 mg/mLwere adsorbed on-
to the particles’ surface at a total protein concentration of 5 mg/
mL. After eight washing steps, the total protein content in the
suspension dropped to 3.3 ± 0.1 mg/mL protein, of which 98.0

± 0.2% was adsorbed. I.e. 3.2 ± 0.1 mg/mL BLG was attached
to the particles’ surface. As the amount of free protein did not
change with further dilution and washing, we conclude that this
amount of protein was firmly adsorbed to the surface of the
SLN, whereas the remaining protein was free in the solution.
The zeta potential of washed BS was similar to unwashed BS,
which indicated that the protein was indeed still adsorbed on the
surface and the particles were fully covered. Details of the zeta
potential results are given in the supplement.

Properties of SLN in the Presence of Excess BLG

A possible formation of an adsorption layer on both kinds of
SLN was studied. Therefore, we determined the free and
adsorbed protein on SLN by ultrafiltration, the size of the
particles in the presence of high protein contents as well as
their zeta potential.

The zeta potential of freshly prepared BS was about
−49 mVand remained unchanged after the addition of further
BLG to the BS suspension (Fig. 3 and Table 1). This indicated
that the surface of BS was already fully covered and a further
addition of BLG did not change the adsorption layer of the
protein. TS had a zeta potential of approximately −30 mVand
was not affected by the addition of 56 mg/mL BLG, as well
(Fig. 3 and Table 1). Tween 20 is known to reduce interactions
between particle surfaces and proteins [30]. Hence, it is likely
that BLG did not adsorb to the surface of TS, so that the zeta
potential was not affected by the enrichment with protein.

To determine a possible formation of a corona around the
particles, the size of SLN was analyzed before and after the
addition of BLG. Figure 4 presents the particle size distribu-
tions of SLN directly after preparation and the size distribu-
tions after protein enrichment to 56 mg/mL. Prior to the size
measurements, the particle suspensions had to be diluted to
achieve good measurement conditions. Samples were diluted
either with BLG solution maintaining a protein concentration
of 56 mg/mL or with buffer solution.

In the absence of excess protein, both kinds of SLN exhib-
ited a monomodal size distribution. After the addition of BLG,
SLN were still stable and did not show visible phase separa-
tion or flocculation. Neither TS nor BS showed altered size
distributions after enrichment with BLG and dilution with
buffer solution (Fig. 4). Upon dilution with buffer, the protein
concentration dropped to approximately 1.1 mg/mL. This was
expected to change the balance between the free and adsorbed
protein, leading to the desorption of only weakly attached
protein. I.e. the soft corona would be washed off and only a
hard corona was supposed to be maintained [22]. The un-
changed particle size distribution of TS reflected that no pro-
tein was tightly adsorbed to the particle surface. This was
supported by the zeta potential, as discussed above. I.e. no
hard corona was formed around TS. In BS suspensions, on
the other hand, BLG was already present during the

Table 1 Size (z-average), polydispersity index (PDI) and zeta potential
of two kinds of SLN: BS were stabilized by BLG whereas TS were
stabilized by Tween 20

z-average PDI Zeta potential

TS 173 ± 4 nm 0.273 ± 0.005 - 32.7 ± 1.4 mV

BS 169 ± 3 nm 0.188 ± 0.016 - 48.9 ± 1.6 mV
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preparation of BS and stabilized the particles. The particle size
of freshly prepared BS hence already included the protein
layer at the particle surface. A further increase in size after
protein enrichment and subsequent dilution with buffer was
hence unlikely and did not occur (Fig. 4).

To assess if a soft corona had formed, SLN suspensions
were diluted by a protein solution to maintain a protein con-
centration of 56 mg/mL. Consequently, we assumed that the
equilibrium between non-adsorbed and adsorbed protein
would not change, and a loosely attached protein layer would
increase the size of SLN. Particle size distributions of both BS
and TS shifted to bigger sizes after their enrichment with BLG
and subsequent dilution with protein solution, indicating the
formation of a protein layer around the particles (Fig. 4). To
investigate this layer formation by a second method, the free
protein in the enriched dispersion was determined to calculate
the amount of protein that possibly formed a soft corona
around SLN. In ultrafiltration experiments, TS retained 38.2
± 1.0 mg/mL protein, whereas BS retained 32.2 ± 0.4 mg/mL
(Fig. 5). In a soft corona, protein is loosely attached to the

protein that is adsorbed on the particles’ surface. The proteins
do not interact directly with the particles’ surface, as do the
proteins of the hard corona [22]. Nevertheless, a soft corona
reduces the amount of free protein in the continuous phase and
increases the hydrodynamic diameter of particles. In our
study, BS as well as TS showed increased particle sizes in-
cluding some large aggregates (Fig. 4). This is in line with the
high amounts of protein retained by TS and BS (Fig. 5). We
therefore conclude that a soft corona or protein layer had
formed around both kinds of SLN. The formation of a soft
but not hard corona of BLG around TS similar to those in the
present study had been reported before [25]. By contrast, a
hard corona of human serum proteins was detected on poly-
sorbate stabilized SLN by Göppert and Müller. They used
human serum proteins and assumed that the protein adsorbed
either on the hydrophobic side chains of the polysorbate or
directly onto the particles surface [18]. Different outcomes of
the studies may be attributable to the different proteins and
experimental conditions.

The increase in size of TS after protein addition could also
have occurred because of SLN aggregation due to protein
bridging. In protein enriched TS-suspensions, high amounts

Fig. 1 Freeze-fracture TEM-
images of untreated SLN: A) SLN
that were stabilized by Tween 20
(TS), B) SLN that were stabilized
by BLG (BS). Both images have
the same magnification repre-
sented by the bar in the left image

Fig. 2 Total protein concentration and concentration of the adsorbed
protein in BS suspensions before and after their washing with buffer

Fig. 3 Zeta potential of SLN before and after an enrichment to 56mg/mL
protein. SLN were stabilized by Tween 20 (TS) or by β-lactoglobulin
(BS)
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of emulsifier and protein were present and the pH value was 7.
However, it has been reported, that WPI or BLG stabilized
emulsions are stable at pH values that are far from the isoelec-
tric point (pH 5) and at high protein contents [31, 32]. This is
probably why only a small extend of coarse fraction was
observed.

Concluding, we found that both types of SLN retained
protein, probably by the formation of a soft corona. The sta-
bilization of SLN by Tween 20 prevented the formation of a
hard corona, but a soft corona had nevertheless been formed.

Heat Stability of SLN in the Absence of Excess Protein

In our previous study, heat treatment at 90 °C in the presence
of excess protein resulted in an increased size of TS but not of
BS [4]. The last part of this paper investigates whether the
difference in heat stability was inherent to the two types of
SLN or related to the excess protein. We therefore, studied the
heat stability of SLN in the absence and presence of excess
protein. Subsequently in chapter 3.4, we will compare these
results with the heat stability of SLN in the presence of excess
protein to distinguish between protein-provoked effects and
effects caused by SLN themselves. A good heat stability of
SLN independent of possibly present high amounts of protein
would be advantageous for the later use in food products.

The heat stability of SLN was studied by heating BS and
TS several times at 90 °C to emphasize and enhance possible
changes during heating. Two variants of BS were heat treated:
Initial BS that contained a total protein content of 5 mg/mL,
and washed BS in which free protein had been removed from
the continuous phase (total protein content of 3.3 mg/mL).
Both kinds of BS were stable against heat induced changes
in particle size (Fig. 6). As reflected by the TEM images, no
coalescence or aggregation had occurred and BS were still
spherical or platelet shaped (Fig. 6c). Similarly, emulsions that
were stabilized by WPI or BLG at neutral pH and low ionic
strength have been reported to be stable during heat treatment
[33]. Protein that is adsorbed to hydrophobic interphases
changes its conformation and its surface hydrophobicity:
The hydrophobic regions of the adsorbed protein direct to-
wards the hydrophobic phases (i.e. SLN surface), the polar

Fig. 4 Cumulative intensity
based particle size distributions of
SLN stabilized by β-
lactoglobulin (BS) or by Tween
20 (TS). SLN were enriched in
bulk phase protein and diluted
with buffer or 56 mg/mL β-
lactoglobulin (BLG) solution
protein solution prior to size
measurements

Fig. 5 Total protein concentration and amount of protein retained by
protein enriched SLN after ultrafiltration. The amounts were determined
for different kinds of SLN: SLN that were stabilized by Tween 20 (TS)
and SLN that were stabilized by β-lactoglobulin (BS)
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amino acid chains remain in the aqueous phase. Consequently,
the surface hydrophobicity of the adsorbed molecules de-
creases compared to the denatured molecules in the water
phase [34]: This phenomenon limits the sites on the particle
surface or protein that can interact with denatured protein dur-
ing and after heating and enhances particle stability during
heating which can be determined as constant particle size up-
on heating.

In contrast, the size of TS increased after each heating cycle
(Fig. 6). Except the last one, each heating cycle resulted in a
significant increase in particle size compared to the preceding
stage. After the first heating cycle, SLN had increased 1.6 fold
in size, and after the last one, the particles had a size of over
600 nm. However, TS still had a platelet-like shape after a
total heating of 3 h (Fig. 6b). This indicates that the fat crystals
still returned toβ’-modification after cooling [29]. No signs of
aggregation were observed. During the heat treatment, SLN
were subjected to a temperature of 90 °C. The melting point of
TS was around 45 °C [2]. I. e. TS were liquid during the heat
treatment and destabilization mechanisms like coalescence or
aggregation could have occurred. Heat-induced coalescence
of droplets in Tween 20 stabilized nano-emulsions was report-
ed by Teo et al., 2016 [35]. They explained the destabilization
by a phase separation at temperatures close to the cloud point
of the emulsifier. For Tween 20, cloud points between 75 to
80 °C have been reported [36, 37]. The emulsifier is not any-
more able to stabilize droplets above its cloud point and emul-
sion instabilities can arise. In this study, temperatures above
the cloud point of Tween 20 were applied. We therefore sug-
gest that the phase separation of Tween 20 was the reason for
the increased particle size of TS after heating.

In summary, we conclude that the hard corona protected
BS from coalescence during the heat treatment, whereas TS
were not stable against heat induced coalescence. They coa-
lesced probably due to a phase separation between emulsifier

and SLN caused by approaching the temperature of the cloud
point of Tween 20 during the heat treatment.

Heat Stability of SLN in the Absence and Presence
of Excess Protein

After presenting the stability of SLN upon heat treatment
without added protein, we will now discuss the heat stability
of protein enriched SLN and compare it with the previous
results. Figure 7 presents the size distributions of BS and TS
before and after a heat treatment in the absence or in the
presence of 56 mg/mL BLG. BS did not increase in size and
were stable during the heat treatment both in the absence and
in the presence of excess protein (Fig. 7). This seems to be in
contradiction to findings by Euston et al. [42] and Sliwinski
et al. [5] who found an increase in droplet size of protein
stabilized emulsions when excess protein was present during
heating.. They concluded that free protein acted as Bglue^ that
led to the agglomeration of the droplets. However, studies
differed in protein concentrations, dispersed phase volume
fraction and salt conent. Furthermore, only 2.5% of dispersed
lipid was present in the SLN suspensions compared to 20%
soy oil that was used by Euston et al.. Thus, there was a lower
probability of collision of the droplets. Furthermore, Euston
used whey protein concentrate that contained typically min-
erals. Salts are known to reduce the electrostatic stabilization
of protein leading to increased aggregation rates of protein
[38]. This could be the reason, why they found droplet aggre-
gation whereas we could not find agglomerated BS even if
high amounts of non-adsorbed protein were present.

TS, on the other hand, increased in size when protein was
absent or present (Fig. 7). TS were stabilized by Tween 20, not
by the protein. Nevertheless, the protein formed a cloudy layer
around the particles. However, this layer did not stabilize the
SLN during the heat treatment, but caused an even more

Fig. 6 a Size of different kinds of
SLN after heat treatment: SLN,
stabilized by Tween 20 (TS) or β-
lactoglobulin (BS), and BS, con-
taining non-adsorbed protein as
well as BS of which the non-
adsorbed protein had been re-
moved before heating. Each
heating cycle consisted of 30 min
at 90 °C. TEM images show TS
after the last heating step (b) and
BS after the last heating step (c)
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pronounced increase in size compared to protein-free TS sus-
pensions. To our knowledge, the heat or storage stability of
Tween stabilized emulsions in the presence of protein has not
been reported in the literature. Instead, studies on the stabili-
ties of protein stabilized emulsions in the presence of Tween
20 exist. E.g. Kerstens et al. observed a transformation of a
protein stabilized emulsion to a surfactant stabilized emulsion
accompanied by coalescence and a clear separation of protein-
rich areas and droplet-rich areas during heat treatment [39].
Hence, the initially protein stabilized emulsion was not heat
stable in the presence of Tween 20 [39]. We therefore con-
clude that the Tween 20 present in the TS hindered the protein
from stabilizing the nanoparticles by a similar mechanism

which resulted in coalescence due to heat induced phase
separation.

Other publications found increased heat stabilities of protein-
stabilized emulsions if Tween was added [40–42] which seems
to be in contrast to the present study. However, compared to our
study, the previous reports are based on systems with higher oil
contents, larger oil droplets, different proteins (yolk protein and
WPC) and shorter heating times (up to 10 min). Additionally,
phase separation was not described in those studies. Hence, due
to the manyfold differences of the studied systems, a final expla-
nation for our observations could not be found and further work
has to be done to elucidate the underlying mechanisms.

The zeta potential of SLN heated in the absence and pres-
ence of BLG is shown in Fig. 8. The zeta potential of BS either
enriched in protein or not did not change after heat treatment.
TS also exhibited the same zeta potential before and after heat
treatment in the absence of protein. In contrast, if TS were
enriched in protein and heated, the absolute value of the zeta
potential increased from approximately 32 mV to about
41 mV. This could have been due to an adsorption of some
protein molecules on the surface after the heat treatment. The
adsorption of BLG could have also led to the more pro-
nounced increase in size that was oberserved after the heating
of TS in the presence of BLG (Fig. 7).

Conclusion

In this paper, the stability of SLN was examined as a function
of presence/ absence of excess protein, heating, and emulsifier
used for SLN stabilization. SLN were stabilized by two

Fig. 7 Cumulative intensity
based particle size distributions of
different kinds of SLN before and
after heat treatment at 90 °C for
30 min in the absence and
presence of 56 mg/mL β-lacto-
globulin. SLN were stabilized by
Tween 20 (TS) or by β-
lactoglobulin (BS). All samples
were diluted by buffer prior to the
measurements

Fig. 8 Zeta potentials of β-lactoglobulin-stabilized SLN (BS) or Tween
20-stabilized SLN (TS). Zeta potentials were determined either directly
after the production, after a heat treatment in the absence of excess protein
or after a heat treatment in the presence of 56 mg/mL β-lactoglobulin
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different emulsifiers, namely Tween 20 (TS) and BLG (BS).
The SLN suspensions were characterized before and after a
heat treatment and were heated in the absence and presence of
excess protein. The characterization included the particle size
as well as the zeta potential.

BS exhibited an adsorption layer of protein (hard corona).
Furthermore, a soft corona developed if the BS suspension was
enriched in protein. No adsorption layer (hard corona) occurred
around TS. However, a cloudy layer (soft corona) formed around
the SLN if the suspensions were enriched in protein.

We were able to demonstrate that SLN can be heated in the
presence and absence of protein without a break down of the
emulsion.We could further experimentally prove that the adsorp-
tion layer of protein formed at room temperature does not nec-
essarily influence the stability of SLN during heat treatment. In
fact, BS were stable even in the presence of high amounts of free
protein. TSwere not stable during heating and the cloudy protein
layer around TS was not able to stabilize them against coales-
cence. The increase in size was even more pronounced when
protein was present, possibly due to protein-adsorption onto their
surface as revealed by the altered zeta potential.

We could hence show that the choice of emulsifier used to
stabilize the SLN influenced the heat stability of SLN. This has
implications for the use of SLN as encapsulation systems in food
products. By a proper choice of emulsifiers, properties of SLN-
based encapsulation systems can bemodulated in a targeted way.
However, the behavior of TS during the heat treatment in pres-
ence or in absence of protein could not be clarified in detail.
Further work is necessary to study the interactions between TS
and protein at temperatures above the cloud and melting point of
Tween 20 and tristearin, respectively.
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