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Abstract Droplet size, polydispersity, physical and poly-
morphic stability of milk fat nanoemulsions produced by
hot high-pressure homogenization and stabilized by whey
protein isolate (WPI pH 4.0 or 7.0) or sodium caseinate
(NaCas pH 7.0) were evaluated for 60 days of storage at
25 °C. Smaller droplets were observed for the NaCas pH
7.0 nanoemulsion, which also showed a lower polydis-
persity index, resulting in a stable emulsified system for
60 days. On the other hand, the nanoemulsion with bigger
droplet size (WPI pH 4.0) showed reduced stability,
probably due to the pH near the isoelectric point of the
whey proteins. The nanostructured milk fat exhibited the
same melting behavior as the bulk milk fat, with a balance
between liquid and crystallized fat, and crystals in poly-
morphic form B'. This could be an advantage concerning
the application of the system for delivery of bioactive
compounds and improvement of the sensory properties of
fat-based food. In summary, nanoemulsions stabilized by
NaCas (pH 7.0) showed higher kinetic stability over the
storage time, which from a technological application point
of view is a very important factor in the food industry.
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Introduction

In the food industry, nanoemulsions are one of the most
interesting fields of application of nanotechnology, for their
ability to encapsulate, protect, and release bioactive agents
(Cerqueira et al. 2014). The droplet size (< 200 nm) is
strongly responsible for the stability of nanoemulsions to
gravitational separation, however, the stability does not
depend exclusively on particle size, but also on the char-
acteristics of the fat, the type of emulsifier, the manufac-
turing process, and the pH of the emulsified system
(Walker et al. 2017).

The nature of the emulsifier at the oil-water interface
plays a critical role in determining the overall functional
attributes of the nanoemulsions (Jafari and McClements
2018). Synthetic emulsifiers are low molecular weight
surfactants, which stand out for the high stability conferred
to the nanosystems. They include polyglycerol esters,
sorbitan esters, polysorbates, monoacylglycerols, and dia-
cylglycerols (Silva et al. 2015). However, there is an
increasing demand of consumers and the food industry for
natural ingredients, which has led to studies regarding the
use of proteins as an alternative to stabilize emulsions and
liquid nanoemulsions. Whey protein concentrate (Cheval-
lier et al. 2016), whey protein isolate (Teo et al. 2016),
sodium caseinate (Furtado et al. 2017) and whey protein
fractions, including B-lactoglobulin and lactoferrin (Fur-
tado et al. 2017) have been evaluated as stabilizers of
emulsions and nanoemulsions. Their effect as an emulsifier
depends on a combination of factors such as concentration,
viscosity of the continuous phase, flexibility and molecular
size, surface hydrophobicity, net protein surface load, pH,
ionic strength, manufacturirng processes, and storage
temperature (Teo et al. 2016; Ruttarattanamongkol et al.
2015).
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In the process of obtaining an oil-in-water (O/W)
nanoemulsion, the lipid phase obtained from natural veg-
etable oils is usually liquid at any temperature. This char-
acteristic derives from its chemical composition, which
presents homogeneity of long-chain unsaturated fatty acids
and a low melting point. When the crystallization of the
lipid phase is desirable in a nanoemulsified system, it can
be achieved by modifying the vegetable oils by hydro-
genation, fractionation or interesterification (O’Brien
2009). Another alternative can be the use of a naturally
plastic fat, as is the case of milk fat. The natural plasticity
of milk fat is due to its heterogeneous composition, which
presents more than 400 fatty acids, of which approximately
65% are saturated fatty acids. This composition results in
an extensive melting range (— 40 to 40 °C) and the con-
comitant presence of liquid and solid fat in a proportion
that varies according to the processing and storage tem-
peratures (Lopez et al. 2001; Wright and Marangoni 2006).
The physical state of the droplet interior depends on the
nature of the oil phase used (such as its crystallization and
melting behavior) and the thermal history of the system.
The solidified lipid phase retards molecular diffusion pro-
cesses, which are useful for inhibiting the chemical
degradation or controlling the release of encapsulated
compounds (Jafari and McClements 2018).

For the production of exclusive milk-based systems,
milk fat and its fractions (olein and stearin) have been used
as the lipid phase to obtain emulsions and nanoemulsions
stabilized by sodium caseinate and/or whey proteins. These
emulsions were obtained at the natural milk pH (~ 6.8) at
temperatures ranging from 55 to 65 °C and different high-
pressure homogenization conditions (30-600 bar with
1-10 homogenization cycles) (Relkin et al. 2008; Bugeat
et al. 2011; Truong et al. 2014, 2015; Ruttarattanamongkol
et al. 2015; Chevallier et al. 2016; Zychowski et al. 2016).
The results suggested that, as also observed in lipid systems
emulsified with vegetable oils, the higher homogenization
pressure led to smaller droplet diameter and slower crys-
tallization rate (Truong et al. 2014, 2015). Despite the
number of studies on this subject, anhydrous milk fat
unmodified, has not been investigated. Only Relkin et al.
(2008) and Truong et al. (2015) evaluated emulsified sys-
tems at the nanometric scale with modified milk fat (olein
and stearin) as the lipid phase and sodium caseinate as an
emulsifier, but the physical stability of the nanoemulsions
throughout the storage was not investigated.

Some processing parameters should be considered to
produce milk fat and protein nanoemulsions, including the
homogenization temperature. Whereas vegetable oils can
be processed at room temperature (~ 25 °C), milk fat can
only be homogenized above 50 °C, to ensure that the
product is in a liquid state. A higher initial temperature of
the system, coupled with the increase in temperature due to
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homogenization, leads to heat treatment conditions that
favor denaturation of whey proteins and a consequent
change in conformation and ability to interact with the fat
droplet.

Thus, knowledge about the physical properties of
nanostructured milk fat stabilized by dairy proteins at dif-
ferent pH is necessary to evaluate the potential of appli-
cation of these nanoemulsified lipid systems. In this
context, the objective of this study was to evaluate the
physical and polymorphic stability of anhydrous milk fat
nanoemulsions stabilized by whey protein isolate at pH 4.0
or 7.0 (WPI pH 4.0 or WPI pH 7.0) and sodium caseinate at
pH 7.0 (NaCas pH 7.0) as natural emulsifiers. Nanoemul-
sions were produced by hot high-pressure homogenization
and the physical and polymorphic stability was evaluated
for 60 days of storage at 25 °C. Studies on this subject can
contribute to enhance the encapsulation technology, where
nanostructured milk fat can be used as a carrier of bioactive
lipophilic agents.

Materials and methods
Materials

The materials used for the production of the nanoemulsions
were: whey protein isolate (WPI: 92.03 £ 0.18% protein,
0.05 £ 0.06% fat, and 3.41 £ 0.05% ash) and sodium
caseinate (NaCas: 92.51 * 1.87% protein, 0.78 £ 0.10%
fat, and 3.78 £ 0.1% ash) kindly donated by Arla Foods
(Videbzk, Denmark); anhydrous milk fat (AMF) provided
by Fonterra Ltda. (Auckland, New Zealand) [AMF, 99.8 +
0.1% fat; 0.2 £ 0.04% moisture, and composed mostly of
myristic acid (14.15% C14:0), palmitic acid (34.81%
C16:0), stearic acid (10.64% C18:0) and oleic acid
(19.98% C18:1)]; and deionized water which was purified
on a Milli-Q system supplied by Millipore Corporation
(resistivity value of 18.2 MQ cm at 25 °C). All reagents
used in the study were of analytical grade.

Preparation of protein solutions and emulsions

Protein solutions were prepared by dissolving 2% (w/w) of
dairy protein (WPI or NaCas) in phosphate buffer
(30 mM). The solutions were kept under magnetic stirring
for 1 h at room temperature (25 °C). Then, the pH of the
WPI solutions was adjusted to 4.0 or 7.0 with 1 M HCl or
1 M NaOH. The pH of the NaCas solution was adjusted to
7.0 with 1 M NaOH. Sodium azide (0.02%) was added as
an antimicrobial agent and the solutions were stored at
5 + 1 °C overnight to allow complete hydration of the
proteins. Before the production of the pre-emulsion with
10% anhydrous milk fat (AMF), the protein solutions were
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characterized for turbidity in a BEL Photonics 2000 UV/
Vis spectrophotometer (Piracicaba, SP—Brazil) with an
optical density at 420 nm.

To prepare the pre-emulsion, the AMF and the protein
solution were heated to 60 °C and mixed slowly. The
mixtures were subjected to continuous stirring for 5 min at
15,000 rpm using a T18 Ultra Turrax (IKA, Koénigswinter,
Germany). The pre-emulsions were subjected to hot high-
pressure homogenization in a Panda 2K NS1001L double-
stage homogenizer (Niro, Soave, Italy). Three homoge-
nization cycles were performed using 80 MPa and 5 MPa
pressure in the first and second stages, respectively. The
nanoemulsions were stored at 25 °C until further
characterization.

After 1 day of storage, the nanoemulsions were char-
acterized for mean diameter, size distribution, and poly-
dispersity index. The physical stability of the
nanoemulsions was evaluated at time zero and after 1, 3, 7,
15, 30, and 60 days of storage at 25 °C. The mean diam-
eter, the size distribution, and the polydispersity index were
assessed throughout the storage period, and microstructure
was evaluated after 7 and 60 days of storage. The
nanoemulsions were freeze-dried and evaluated for melting
behavior and polymorphism.

Physical characteristics and stability
of the nanoemulsions

Droplet size, size distribution, and polydispersity index

The droplet size was analyzed by light scattering using the
Mastersizer 2000 equipment (Malvern Instruments, Mal-
vern, UK). The solvent used to read the droplet size was the
phosphate buffer (30 mM). The mean droplet size was
characterized in terms of the D3, (mean surface diameter)
according to Eq. I, and the polydispersity index was
obtained by Span calculation, according to Eq. 2.

Z n,d3
Dy = : I
32 andlz ( )
dog — d
Span = 22— 10 (2)
dso

where n; is the number of particles with diameter d;; and
dyo, dsg, and dgq represents 10, 50, and 90% of the cumu-
lative volume of the droplets, respectively.

Turbiscan measurements

The kinetic stability was monitored using a Turbiscan ASG
equipment (Formulaction, 1’Union, France). Immediately
after preparation, the nanoemulsions were placed in
cylindrical glass tubes with a flat bottom (140 mm in

height and 16 mm in diameter). The stability of the sys-
tems was analyzed using the backscattering profiles (BS),
with scans at 880 nm in length at different heights (mm).
The initial height of the sample (H = 0 mm) was consid-
ered the lower part of the measuring cell. The creaming
index was detected by varying the particle concentration
between the top and bottom of the tubes. When creaming
takes place in a nanoemulsion, the ABS curves show a peak
at heights between 0 and 20 mm. The variation of the peak
width over time may be related to the migration kinetics of
small particles (Huck-Iriart et al. 2013). In order to classify
and compare the stability between the samples, the TSI
(turbiscan stability index) was calculated (Eq. 3). This
parameter considers the variations that occur in the system
over time. The TSI was calculated according to backscat-
tering changes that indicate the particles aggregation and
dynamic migration by Turbisoft 2.0. This kinetics are
based on the following computation, comparing every scan
of a measurement to the previous one, on the selected
height, and dividing the result by the total selected height
in order to obtain a result which does not depend on the
quantity of product in the measuring cell. The calculation
used for this coefficient followed the method of Llinares
et al. (2018) and Trujillo-Cayado et al. (2018), according to
the following equation:

TSI = "|scanye (y) — scani (k)] ®)
J

where scan,.; and scan; are the initial backscattering and
the backscattering value after a certain time, respectively.
h; are the different heights of the measurements cell at
which backscattering has been measured and, hence, TSI is
the sum of all the scan differences at a given time.

Microstructure

The microstructure of the nanoemulsions was assessed by
optical microscopy (Olympus BX 50 microscope—San
Jose, CA, USA) coupled to a digital camera (Media
Cybernetics, Bethesda, MD, USA). For that, 10 pL of the
nanoemulsion was transferred onto glass slides and care-
fully covered with glass coverslips, using a 40x
magnification.

Physical characteristics of bulk and nanostructured
milk fat

Melting behavior
The melting behavior of the anhydrous milk fat (AMF) and
the nanoemulsions was determined by Differential Scan-

ning Calorimetry (DSC) (DSC Q2000—TA Instruments,
New Castle, DE, USA) with calibration by indium,
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according to the AOCS method Cj—1-94 (AOCS 2009).
Samples were weighed in aluminum pans (~ 10 mg). The
melting curves were performed under the following con-
ditions: For AMF, the temperature was maintained at
— 80 °C for 30 min, followed by a heating rate of 5 °C per
min to 80 °C. For the previously freeze-dried nanoemul-
sions, the temperature was maintained at 25 °C for 5 min,
followed by a heating rate of 5 °C per min until 100 °C.

Polymorphism

The polymorphic form of both the anhydrous milk fat and
the nanoemulsions was determined by the AOCS method
Cj—2-95 (AOCS 2009). For AMF, the fat was melted and
stabilized at 15 °C for seven days. For the nanoemulsions,
the samples were freeze-dried and evaluated at 25 °C. The
analyses were performed in a Philips PW 1710 diffrac-
tometer (PANalytical, Almelo, The Netherlands), using the
Bragg—Brentano (0:20) geometry with Cu Ko radiation
source (A = 1.54056 A 40 kV voltage, and 30 mA cur-
rent). The measurements were obtained with step interval
of 0.02°/28 and counting time of 2 s, from 15° to 30° (26
angular sweep). The polymorphic form was identified from
the characteristic interplanar spacing of the crystals (short
spacings).

Experimental design and statistical analysis

Three experiments were carried out. The effect of the type
of nanoemulsion (WPI pH 7.0, WPI pH 4.0 and NaCas pH
7.0 nanoemulsion) on the turbidity, particle diameter, and
polydispersity index was evaluated by analysis of variance
(ANOVA) and Tukey’s test to compare the means at a
significance level of 5%.

To evaluate the effect of storage time, the experimental
design was defined as a 3 x 6 factorial completely ran-
domized blocks design. The effect of the type of
nanoemulsion (WPI pH 7.0, WPI pH 4.0 and NaCas pH
7.0), the storage time (1, 3, 7, 15, 30, and 60 days), as well
as the interaction between these factors on the mean

particle diameter, and polydispersity index were evaluated
by analysis of variance (ANOVA) and Tukey’s test for
comparison of means at a significance level of 5%. All data
were analyzed using STATISTICA 7.0 software (StatSoft
Inc, Tulsa, OK, USA).

Results and discussion

Physicochemical characteristics and stability
of the nanoemulsions

The physicochemical properties of a nanoemulsion are
largely determined by the particle properties, including
composition, size, electric charge, aggregation state,
physical state, and interfacial composition (Jafari and
McClements 2018). Table 1 shows some of these proper-
ties for both the milk fat nanoemulsions stabilized with
WPI at pH 7.0, and 4.0, and NaCas pH 7.0. The type of
nanoemulsion significantly affected the mean diameter and
the polydispersity index of the droplets. Significant dif-
ferences were observed for turbidity of the protein solu-
tions. When the whey proteins (WPI) were used to stabilize
the nanoemulsions, the highest turbidity (1.650) was
observed for the WPI pH 4.0-solution. At this pH, the
proteins are close to the isoelectric point (pI ~ 4.9), which
minimizes the electrostatic repulsion between the protein
molecules and favors the protein aggregation, thus
increasing turbidity. On the other hand, the lower turbidity
observed at pH 7.0 suggests that the whey proteins are
soluble at this pH (Combrinck et al. 2014).

All droplets presented a mean diameter less than 200 nm
(Table 1), which characterizes them as nanoemulsions
(Walker et al. 2017). The lowest mean diameter was
observed for the NaCas pH 7.0-stabilized nanoemulsion,
(117.1 £ 2.5 nm), followed by the WPI pH 7.0
(140.5 £ 8.9 nm) and WPI pH 4.0-stabilized nanoemul-
sion (173.3 £ 8.3 nm). The nanoemulsion stabilized by
WPI pH 4.0 also showed significantly higher polydispersity
index values. The polydispersity index is a measurement of

Table 1 Physical properties of dairy protein solutions and milk fat nanoemulsions stabilized by dairy proteins

Determinations Protein solutions

Nanoemulsions made with milk fat stabilized by dairy

proteins
WPI pH 7.0 WPI pH 4.0 NaCas pH 7.0 WPI pH 7.0 WPI pH 4.0 NaCas pH 7.0
Turbidity (absorbance) 0.104 + 0.004° 1.650 £ 0.016* 0.595 + 0.015° - - -
Mean diameter (nm) - - - 140.5 + 8.9° 173.3 £+ 8.3% 117.1 £ 2.5°
Polydispersity index (span) — - - 1.63 £ 0.14° 3.08 + 0.49° 1.55 £ 0.02°

WPI Whey protein isolate, NaCas sodium caseinate

*PEor each analytical determination and for each product (protein solution and nanoemulsions), different lowercase letters on the same line differ

significantly from each other by the Tukey test (P < 0.05)
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the stability of the system, thus, lower polydispersity index
values result in more stable systems. The difference in
droplet size between treatments may be probably due to the
thermal stability and conformation of the different
nanosystems. The thermal treatment, pH and high pressure
affect protein solubility and conformation (Walstra et al.
2006; Damodaran et al. 2007), which affect the interactions
between the emulsifier and the fat droplet and, conse-
quently, the thickness of the emulsifier layer at the oil—
water interface (McClements 2015). Thus, they are possi-
bly the main factors affecting particle size, since all
nanoemulsions were subjected to the same processing
conditions: the pre-emulsions preheated at 60 °C were
subjected to three homogenization cycles (80 MPa), which
resulted in an increase of approximately 20 °C in the inlet
temperature and a consequent exposure of proteins to
approximately 80 °C for 15 min. This heat treatment
condition drastically affects the conformation and solubil-
ity profile of whey proteins, whereas caseins with open and
flexible molecular structure do not undergo important heat-
induced conformational changes (McClements 2015). In its
native state, the whey protein isolate is soluble over a wide
pH range (2-9), but its solubility is drastically changed
after heating to 70 °C/1-10 min, with minimal solubility
indexes at pH 4.5 (Damodaran et al. 2007). The denatu-
ration of the globular proteins, by the application of heat, is
due to the entropy increase of the water clathrate structure
surrounding the hydrophobic portions of proteins with
exposure of the hydrophobic regions of the B-lactoglobulin,
which contains disulfide bonds between cystine residues
(Cys66—Cys160 and Cys106—Cys119) and a free SH resi-
due (Cysl121). The exposure of the hydrophobic regions
favors the interaction between the protein and the lipid
phase, and the exposure of the free SH group favors protein
interactions, leading to the formation of aggregates
responsible for a reduction in solubility at pH 4.5 (Farrell
et al. 2004; Rodrigues et al. 2015). These aggregates, when
adsorbed around the droplet, can result in a more compact

layer, promoting an increase in viscosity of the protein film
and greater stability against coalescence (Kuhn and Cunha
2012).

With respect to the mean droplet diameter, it is worth
mentioning the effect of the molecular size of the natural
emulsifier on the thickness of the emulsifier layer at the
oil-water interface, once the size of the molecule differs
both by the type of protein and pH in the evaluated sys-
tems. In milk, caseins are much larger (20-400 nm) than
whey proteins (3—6 nm), but to obtain sodium caseinate,
casein is precipitated with acid and dissolved in alkali
followed by drying of casein solution by atomization
(Walstra et al. 2006). Thus, there are considerable differ-
ences between sodium caseinate and casein micelles.
Functionally, the sodium caseinate is more soluble and
hydrodynamically it is smaller (10-100 nm) than the casein
micelles (20400 nm) (Pan et al. 2013; Thomar and
Nicolai 2015). B-lactoglobulin is a small molecule with 162
amino acid residues, which is aggregated in a octomeric
form at pH 3.5-5.5 and in a dimeric form at pH 5.5-7.5
(Fox et al. 2015).

Figure 1 shows a schematic representation of the milk
fat nanoemulsions stabilized by WPI at pH 7.0, WPI at pH
4.0, and NaCas at pH 7.0. Whereas all systems were sub-
jected to the same processing conditions, the larger parti-
cles observed in the WPI pH 4.0-stabilized nanoemulsions
(173.3 £ 8.3 nm) were probably due to the lower solu-
bility which favors the formation of aggregates, besides the
structure of B-lactoglobulin, which is in the form of octo-
mers at this pH. Then, intermediate particles were observed
in the WPI pH 7.0-stabilized nanoemulsions
(140.5 £ 8.9 nm), in which B-lactoglobulin is in the form
of dimers, whereas the smaller particles were obtained after
milk fat stabilization by NaCas pH 7.0. In general, due to a
high proportion of hydrophobic residues and open and
flexible molecular structure of the casein molecules, these
adsorb more easily at the interface when compared to whey
proteins (Damodaran et al. 2007; Thomar and Nicolai

Milk fat nanoemulsions

- O -
72,
8 Milk fat

-_QDCOCQQ

WPI pH 7.0 WPI pH 4.0

NaCas pH 7.0

Whey protein
(dimer form)

Milk fat

O

Sodium caseinate
(small aggregates)

Whey protein
(octamer form)

Fig. 1 Schematic representation of nanoemulsions made from milk fat stabilized by dairy proteins. WPI Whey protein isolate, NaCas sodium

caseinate
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2015). The higher solubility, the better emulsifying ability
and the smaller NaCas size when compared to caseins, may
favor this interaction, resulting in a layer around the par-
ticles strongly adsorbed to the milk fat and with a less
dense hydrophilic layer, thus characterizing a smaller
particle.

The nanoemulsion stability during storage at 25 °C was
evaluated by the mean diameter, polydispersity index,
stability by Turbiscan, and the microstructure of the par-
ticles for 60 days. The type of emulsion significantly
affected the mean particle diameter, which was not affected
by the storage time or by the interaction between these two
factors (Supplementary Material). On the other hand, all
factors significantly affected the polydispersity index.
Figure 2a shows that both the nanoemulsions stabilized
with WPI pH 7.0 and NaCas pH 7.0 presented a similar
size distribution, which remained practically constant
during the 60 days of storage at 25 °C. This behavior
suggests a higher nanoemulsion stability when compared to

(b)

—e—WPI pH7 D1
—a—WPI pH7 D3
——WPI pH7 D7
——WPI pH7 D15
—o—WPI pH7 D30
—+—WPI pH7 D60

WPI pH 7.0

Volume (%)

Droplet size (pum)

WPI pH 4.0 —e—WPIpH7 D1
—&—WPI pH7 D3
8 —&—WPI pH7 D7
——WPIpH7 D15
—o—WPI pH7 D30

~+=WPI pH7 D60

Volume (%)

Droplet size (pum)

—e—NaCas pH7 D1
—&—NaCas pH7 D3
—a—NaCas pH7 D7
——NaCas pH7 D15
—o0—NaCas pH7 D30
—+—NaCas pH7 D60

NaCas pH 7.0

Volume (%)
[}

l ) 60
Droplet size (um)

Fig. 2 a Curves of the particle size distribution of nanoemulsions
made with milk fat stabilized by dairy proteins during the storage at

25 °C; b optical microscopy of nanoemulsions after 7 and 60 days of
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the WPI pH 4.0-stabilized emulsion, which presented a
larger size distribution, indicating lower stability. The
nanoemulsion microstructure (Fig. 2b) shows evenly dis-
tributed milk fat droplets, with no visual particle aggre-
gation or protein flocculation, suggesting that the protein
content used was enough to stabilize the system (Dickinson
2010). At low pH, the droplets were visually larger, cor-
roborating the previously discussed results regarding the
particle diameter and size distribution. The larger particle
sizes are due to the low emulsifying ability of aggregated
proteins at pH 4.6, and therefore, larger globules, or it
could be that the droplets have begun to aggregate.
Figure 3 shows the changes in the backscattering profile
(ABS) of the nanoemulsions as a function of the height of
the Turbiscan tube, after different periods of storage. The
nanoemulsion produced with WPI pH 4.0 was shown to be
less stable, probably due to the higher migration rate, since
the particles were larger, more polydisperse, and with
reduced electrical charges, favoring the droplet aggregation

storage at 25 °C. x40 magnification. Scale bar: 50 um. WPI Whey
protein isolate, NaCas sodium caseinate
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and destabilization by the creaming mechanism. When
compared to the fresh nanoemulsion (day zero), it suggests
that destabilization increased with the storage time, i.e.,
there is a decrease in backscattering in the lower part of the
tube and a concomitant increase in the upper zone, due to
the formation of a cream layer. In addition, the lower
density of the lipid droplets relative to the dispersant liquid
may have favored a gravitational separation (McClements
2015). A destabilization by creaming was also observed by
Zychowski et al. (2016), in milk fat emulsions stabilized by
whey proteins at natural milk pH after storage at 25 °C.
The TSI was chosen to assess the physical stability of
the emulsions studied. This parameter has the advantage
that quantify the overall emulsion destabilization as a
function of storage time (Fig. 4). The higher the TSI value,
the lower the system stability. The highest values of TSI
were observed for WPI pH 4.0 stabilized nanoemulsion,
which indicates the occurrence of droplet aggregation and

(a)

40

20 1 Z
0 . v v

S

<

7 10 20 30 40
2 20 A

<

Tube Length (mm)

e

S

n 10 20 30 40
) i

<

Tube Length (mm)

7 10 20 30 40

Tube Length (mm)

——Day 0
——Day 15

——Day 1
—Day 30

——Day 3 ——Day 7
——Day 60

Fig. 3 Changes in the backscattering profile (ABS) of nanoemulsions
made with milk fat stabilized by dairy proteins a WPI pH 7.0, b WPI
pH 4.0 and ¢ NaCas pH 7.0, as a function of the height of the tube, at
different evaluation times. WPI Whey protein isolate, NaCas sodium
caseinate

hence a start of creaming after seven days storage at 25 °C.
On the other hand, the nanoemulsions stabilized with WPI
and NaCas at pH 7.0 presented non-linear TSI values over
time, with slight instability during the first 15 days of
storage, remaining stable thereafter, suggesting a slower
migration and a lower aggregation in the nanoemulsions.
Minor particles, such as those observed in the nanoemul-
sions stabilized by WPI and NaCas at pH 7.0, are more
stable against aggregation due to the lower attractive forces
acting between the droplets (Silva et al. 2012; McClements
2015).

Physical characteristics of bulk and nanostructured
milk fat

Figure 5 shows the melting behavior of bulk and nanos-
tructured milk fat. The extensive melting range (— 16.64 *
0.31 °C to 45.99 £ 1.78 °C) observed for milk fat (Fig. 5a)
is due to its complex chemical composition. In general, the
milk fat melt peak can be divided into three temperature
ranges, where the low and medium melting crystals are
initially melted, followed by the high melting point crys-
tals. In this melting temperature range, the milk fat is
always present as a mixture of liquid and crystallized fat,
and the ratio depends on the temperature. Nanostructured
milk fat had the same melting behavior as bulk milk fat
(Fig. 5b, ¢). The melting range of the nanostructured fat
(27.1-49.9 °C) is represented mainly by di- or trisaturated
triacylglycerols that remained solid at 25 °C, which was
the storage temperature of the nanoemulsions. At this
temperature, the fat droplets were in equilibrium between
liquid and crystallized fat. However, the results suggest the
presence of fat crystals was not sufficient to promote a
partial coalescence destabilization, which is typical of
emulsions containing solid fat (Ruttarattanamongkol et al.
2015). The same behavior was observed by Bugeat et al.
(2011), with very similar melting profiles and two main
endothermic peaks, one corresponding to the bulk milk fat
and the other one corresponding to the emulsion stabilized
by sodium caseinate at pH 6.7.

Similarly, to the findings of the melting behavior,
Fig. 5d, e shows that the bulk and nanostructured milk fat
presented short spacings, characteristic of crystallization in
the polymorphic form f’. The maintenance of polymorphic
form B’ in nanostructured milk fat may be due to the high
concentration of palmitic acid (~ 35%) and asymmetric
triacylglycerols, such as POO (P = palmitic acid, O = oleic
acid), PLO (P = palmitic acid, L = linoleic acid, O = oleic
acid), SPO (S = stearic acid, P = palmitic acid, O = oleic
acid) and PPS (P = palmitic acid, S = stearic acid) present
in milk, which are determinant for promoting the stability
of the polymorphic form in oils and fats, and crystallize
preferentially in the polymorphic form f' (Timms 1984;
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Viriato et al. 2018). Knowledge of the polymorphic form of
fat crystals in nanostructured systems is important, once
they may impact the physical and sensory properties of
food emulsions (O’Brien 2009). The type of crystal affects
the sensory quality of the products, crystallized fats in
polymorphic form [’ present smaller diameter crystals,
improving the ability to produce softer lipid bases and
better sensory quality. For example, in ice cream, spreads
and biscuit fillings, it is desirable to use lipid bases having
small crystals so that they are not perceptible in the mouth
during consumption (Lopez et al. 2002; Ribeiro et al. 2009;
Rgnholt et al. 2013).

Conclusion

Nanoemulsions consisting exclusively of dairy ingredients
showed high stability for 60 days of storage at 25 °C. The
milk fat nanoemulsified with NaCas pH 7.0 resulted in the
most stable system, followed by the nanoemulsion stabi-
lized with WPI pH 7.0. Although the milk fat nanoemul-
sified with WPI pH 4 showed some instability, no protein
flocculation was observed in any of the systems studied,
suggesting that the protein content used in the study (2%)
was adequate for coating the fat droplets in systems with
10% anhydrous milk fat. At 25 °C, the nanostructured milk
fat was partially solid, with crystals in the [B’-form, with
liquid domains, suggesting its potential as a carrier of
lipophilic compounds. The crystallization in the B'-form
observed in this study is desirable for food applications and
especially for dairy products since they provide crystals
with a smaller diameter, softer fats, and better sensory
quality. Nanoemulsified systems requiring pH close to that
of milk (pH 6.8) can use whey and caseinate proteins as a
natural emulsifying agent. For fermented dairy systems,
new studies may be carried out in order to obtain more
stable systems, using, for example, protein combinations of
different isoelectric points.
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