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13 Abstract The effect of the addition of sucrose and xanthan
14 gum, protein concentration, and processing method on the
15 stability and destabilization mechanism type of emulsions
16 formulated with two commercial whey protein concentrate
17 powders was described and quantified following system
18 changes with a Turbiscan TMA 2000, a light scattering equip-
19 ment and a confocal laser scanning microscope. Two different
20 processing methods that gave particle sizes with different
21 orders of magnitude were compared: homogenization by
22 ULTRA-TURRAXQ2 (UT) and by ultrasound (US). The addi-
23 tion of sucrose to the aqueous phase of emulsions significantly
24 diminished volume-weighted mean diameter (D4,3) and im-
25 proved stability. When the aqueous phase contained xanthan
26 gum, the main destabilization mechanism for UT emulsions
27 changed from creaming to flocculation. For US emulsions,

28although some aggregation was detected by confocal laser
29scanning microscopy, it was not great enough to modify the
30backscattering average (BSav) in the middle zone of the tube
31(20–50 mm). At low protein concentrations, the profiles
32corresponded to destabilization of small aggregates. In those
33conditions, creaming was markedly enhanced as evident from
34creaming rate values. Independently of aqueous phase com-
35position, US emulsions stabilized by protein concentrations
36higher than 5 wt% were stable, indicating that whey proteins
37were good emulsion stabilizers at pH close to 7. This study
38shows the relevance of protein type on stability and describes
39for the first time a behavior for whey proteins different from
40the one reported for caseins in literature.

41Keywords Turbiscan . Destabilizationmechanisms . Protein
42concentration . Particle size . Aqueous phase additives

43Introduction

44Many food products such as ice cream, low-fat spreads, yo-
45ghurt, and mayonnaise are examples of emulsion-based food.
46Depending on the desired product, emulsion needs to be stable
47for a period of time. Stability of emulsions depends on the
48properties of the surface-active components (Lizarraga et al.
492008). Nowadays, the food industry has a growing interest in
50the replacement of synthetic emulsifiers by natural ones, such
51as polysaccharides and proteins. Whey protein concentrate
52(WPC) is the main source of globular proteins, the dry matter
53of which contains a high proportion of β-lactoglobulin (about
5480 wt% of the total protein), α-lactalbumin (about 15 wt% of
55the total protein), and traces of other globular proteins, in
56addition to fat, lactose, and salts. WPC functionality is related
57to its protein content and composition. Due to their surface
58activity properties consisting in the decrease in interfacial
59tension, globular proteins alone or mixed with caseins were
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60 shown to be good stabilizers of oil-in-water emulsions
61 (Bernard et al. 2011). However, whey proteins’ sensitivity to
62 environmental conditions, such as pH, ionic strength, and/or
63 temperature, can limit their applications (Perez et al. 2009).
64 The stability of protein-stabilized emulsions may be en-
65 hanced with the addition of other components that interact
66 with proteins retarding destabilization processes such as
67 creaming or flocculation. A number of food and pharmaceu-
68 tical products that contain whey proteins as functional ingre-
69 dients also contain sugars. Disaccharides have shown effect
70 on emulsion stability delaying creaming and flocculation ki-
71 netics. Trehalose, a known cryoprotectant, proved to be very
72 efficient preventing sodium caseinate-stabilized emulsion de-
73 stabilization. Its effect on stability was reported to be further
74 than the ability to form viscous solutions since it diminished
75 emulsion average droplet size in volume (D4,3) for the same
76 processing conditions. These changes in droplets size clearly
77 indicated strong sugar/protein interactions that generally were
78 not described for hydrocolloids (Álvarez Cerimedo et al.
79 2010). In a previous study, it was reported that the interactions
80 between sucrose and sodium caseinate (another milk protein)
81 at the interface modified protein functionality and led to a
82 dramatic change in emulsion microstructure and stability
83 (Huck Iriart et al. 2013). Therefore, it may be expected that
84 sucrose had a similar effect on WPC.
85 Proteins and polysaccharides are commonly used together
86 in many food products. In food emulsions, polysaccharides
87 are usually added to increase the viscosity or to obtain a gel-
88 like product. Xanthan gum (XG), an anionic bacterial
89 polysaccharide, mainly considered to be non-gelling, has
90 been extensively studied and widely used in food products for
91 the control of viscosity due to its specific physical
92 (pseudoplasticity) and chemical (water solubility, pH stability)
93 properties (Kobori et al. 2009; Panaras et al. 2011).
94 The ability to study the stability of food emulsions in their
95 undiluted forms may reveal subtle nuances about mechanisms
96 and kinetics of destabilization since the systems are not sub-
97 jected to structural changes and are not perturbed in any way.
98 A relatively recently developed technique, the Turbiscan
99 method, allows the turbidity profile of an emulsion along the
100 height of a glass tube filled with the emulsion to be scanned,
101 following the fate of the turbidity profile over time. The
102 analysis of the turbidity profiles leads to quantitative data on
103 the stability of the studied emulsions and allows making
104 objective comparisons between different emulsions
105 (Mengual et al. 1999). Few reports showing quantitative de-
106 scription of destabilization mechanisms in emulsions may be
107 found in literature (Chauvierre et al. 2004; Palazolo et al.
108 2005; Cerdeira et al. 2007; Lizarraga et al. 2008; Álvarez
109 Cerimedo et al. 2010; Huck Iriart et al. 2013), and in none
110 of them, the effect of additives present in the aqueous phase on
111 the stability of emulsions formulated with whey protein con-
112 centrate and sunflower oil was described.

113The aim of the present work was to study the effect of the
114addition of a sugar (sucrose) or a hydrocolloid (xanthan gum)
115to the aqueous phase on the stability of sunflower oil emul-
116sions formulatedwith different concentrations of whey protein
117concentrate and prepared using two different processing con-
118ditions for obtaining significantly different droplet sizes. The
119type of destabilization mechanism was identified, and
120creaming kinetics was quantified by analyzing the samples
121with a Turbiscan MA 2000.

122Materials and Methods

123Starting Materials

124Two commercial powdered whey protein concentrates called
125WPC35 and WPC80 were supplied by Milkaut S.A. (Frank,
126Santa Fe, Argentina). WPC80 had the following contents:
12782.4 % of protein (dry weight basis), 5.0 % of lactose, 2.7 %
128of fat, 4.3 % of ashes, and 5.6 % of moisture, while WPC35
129had contents of 38.3, 48.8, 2.2, 7.5, and 3.2 %, respectively.
130Sucrose and XG were of analytical grade (Sigma-Aldrich,
131St. Louis, MO, USA). Fat phase was commercial sunflower
132oil whose main fatty acids were identified as C16:0, C18:0,
133C18:1, and C18:2 with percentages of 6.7, 3.6, 21.9, and
13466.3 %, respectively.

135Preparation of Emulsions

136The following amounts of WPC80 or WPC35 were dissolved
137in deionized water (18 mΩ; Milli-Q Water System, Millipore
138Corporation, Billerica, MA, USA): 1.43, 5.71, and 14.28 g,
139giving protein concentrations in the emulsion of 1.2, 5.0, and
14012.0 wt% for WPC80 and 0.5, 2.0, and 5.0 wt% for WPC35.
141The aqueous phase had no other components or contained
14220 wt% sucrose or 0.3 wt% xanthan gum. Sunflower oil was
143used at 10 wt%. Both aqueous and fat phases were kept at
14450 °C during preparation. In this way, as diffusion was im-
145proved, narrower distributions than at ambient temperature
146were obtained even for a liquid fat phase such as sunflower
147oil. Then, fat and aqueous phases were mixed using an
148ULTRA-TURRAX T8 high-speed blender (S8N-5G dispers-
149ing tool, IKA Labortechnik, Janke & Kunkel, GmbH & Co.,
150Staufen, Germany), operated at 20,000 rpm for 1 min. After
151this treatment, coarse emulsions were obtained. The resultant
152pre-emulsions were further homogenized for 20 min to obtain
153fine emulsions using an ultrasonic liquid processing Vibra-
154Cell VC750 (power 750W, frequency 20 kHz) model (Sonics
155& Materials, Inc., Newtown, CT, USA) with a 13-mm-
156diameter and 136-mm-length tip. The temperature of the
157sample cell was controlled by means of a water bath set at
15810 °C. By doing this, the sample temperature never exceeded
15940 °C during ultrasound treatment. These emulsions will be
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160 called fine emulsions throughout the article. Then, emulsions
161 were cooled quiescently to ambient temperature (22.5 °C).
162 Coarse and fine emulsions were analyzed for droplet size
163 distribution by dynamic light scattering (DLS), for stability
164 in quiescent conditions by Turbiscan MA 2000, and for mi-
165 crostructure by confocal laser scanning microscopy (CLSM).
166 No buffer was added to emulsions. The pH of the emulsions
167 varied from 6.63 to 6.71.

168 Droplet Size Distribution

169 Emulsion droplet size distribution was analyzed by light scat-
170 tering using a Mastersizer 2000 with a Hydro 2000MU as a
171 dispersion unit (Malvern Instruments Ltd., UK). The pump
172 speed was set at 1,800 rpm. Refraction index selected was
173 1.4694, the one usually employed for sunflower oil (Palazolo
174 et al. 2005). Determinations were conducted in duplicate, and
175 results were averaged. Values of standard deviations of two
176 independent replicates were less than 0.2 μm. Distributions
177 were expressed as differential volume. The parameter selected
178 to characterize distributions was the volume-weighted mean
179 diameter (D4,3). It has been reported thatD4,3 is more sensitive
180 to fat droplet aggregation (coalescence and/or flocculation)
181 than the Sauter mean diameter (D3,2) (Relkin and Sourdet
182 2005). Additional parameters selected to describe the distri-
183 bution were as follows: distribution width (W) and volume
184 percentage of particles exceeding 1 μm in diameter (%Vd>1)
185 (Thanasukarn et al. 2006). The width of distribution was
186 calculated as W = [d(v, 0.9) − d(v, 0.1)], where d(v, 0.9) and
187 d(v, 0.1) are the 90 and 10 % volume percentiles of the size
188 distribution expressed in volume.

189 Stability of Emulsions

190 The stability of emulsions was analyzed using a vertical scan
191 analyzer Turbiscan MA 2000 (Formulaction, Toulouse,
192 France) which was described elsewhere (Pan et al. 2002). This
193 equipment allows the optical characterization of any type of
194 dispersion, specially concentrated emulsions (Mengual et al.
195 1999). A brief description is as follows: the reading head was
196 composed of a pulsed near-infrared light source (λ=850 nm)
197 and sample information was collected by two synchronous
198 detectors. The transmission detector received the light, which
199 went through the sample (0°), while the backscattering detec-
200 tor received the light backscattered by the sample (135°). The
201 samples were put in a flat-bottom cylindrical glass measure-
202 ment cell and scanned from the bottom to the top in order to
203 monitor the optical properties of the dispersion along the
204 height of the sample placed in the cell. The backscattering
205 (BS) and transmission (T) profiles as a function of the sample
206 height (total height = 60 mm) were studied in quiescent
207 conditions at 22.5 °C. In this way, the physical evolution of
208 the occurring destabilization process is followed without

209disturbing the original system and with good accuracy and
210reproducibility (Mengual et al. 1999). The Turbiscan head
211acquired T and BS data every 40 μm along the vertical length
212of the cell. Therefore, the scan of 60-mm-height sample pro-
213vides patterns, including 1,500 points of measurement, in less
214than 20 s. Thus, by repeating the scan of a sample at different
215time intervals, the stability or the instability of dispersions can
216be studied in detail. The profiles allow the calculation of either
217creaming, sedimentation, or phase separation rates, as well as
218flocculation, and the mechanism making the dispersion unsta-
219ble can be deduced from the transmission or the backscatter-
220ing data (Chauvierre et al. 2004). Measurements were per-
221formed immediately after preparation of emulsions and at
222different times for up to 30 min for coarse emulsions and a
223week (7 days) for fine emulsions.
224Creaming process was detected using the Turbiscan as it
225induced a variation of the concentration between the top and
226the bottom of the cell. The droplets moved upward because
227they had a lower density than the surrounding liquid. The BS
228flux decreased at the bottom of the sample due to a decrease of
229the concentration of the particles in this part, and it increased
230at the top of the sample due to an increase of the concentration
231of the dispersed phase. The curves obtained by subtracting the
232BS profile at t=0 from the profile at t (ΔBS = BSt − BS0),
233usually called reference mode, display a typical shape that
234allows a better quantification of destabilization processes
235(Mengual et al. 1999). When profiles are expressed in refer-
236encemode, a peak in the bottom zone (0–20mm) is noticeable
237if creaming destabilization is occurring. The creaming desta-
238bilization kinetics was evaluated by measuring the thickness
239of the bottom peak (width) at 50 % of its height at different
240times. The slope of the linear part of the peak thickness
241kinetics was an indication of the migration rate. BS mean
242values (BSav) are affected by the changes in particle size and
243therefore sensitive to flocculation and coalescence processes.
244Flocculation was followed by measuring the BSav as a func-
245tion of storage time in the middle zone of the tube. The
246optimum zone was the one not affected by creaming, that is,
247the 20–50-mm zone, where no significantly transmitted light
248was detected. As previously reported, BS measurements were
249very reproducible between duplicates (Bordes et al. 2001). In
250all cases, values differed by less than 0.2 %.

251Microstructure by CLSM

252The Olympus FV300 (Olympus Ltd., London, UK) confocal
253laser scanning microscope (CLSM) with an Ar gas laser (λ=
254488 nm) was used to collect the images. A ×10 ocular was
255used, together with a ×60 objective and a 2.5 digital zoom for
256a visual magnification of ×1,500. The laser intensity used was
25720 %. Images were recorded by using the confocal assistant
258software Olympus FluoView version 3.3 provided with the
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259 FV300 CLSM. To 5 mL of emulsion, 0.5 mg of Nile red was
260 added. Nile red was used to stain the fat phase.

261 Statistical Analysis

262 Significant differences between means were determined by
263 Student’s t test. An α level of 0.05 was used for significance
264 (Box et al. 1978).

265 Results and Discussion

266 Coarse Emulsions

267 Droplet Size Distribution

268 Figure 1 shows an example several droplet size distributions
269 of coarse emulsions stabilized withWPC35. Curves in Fig. 1a
270 were selected to show the effect of protein concentration on
271 distributions, while curves in Fig. 1b were chosen to report the
272 effect of the addition of sucrose or xanthan gum to the aqueous
273 phase on emulsion distribution. All the emulsions in Fig. 1
274 had a monomodal distribution with Gaussian shape. As may
275 be noticed from Fig. 1a, droplet size diminished as protein

276concentration increased. These results were in agreement with
277the one reported by Lizarraga et al. (2008). This behavior was
278also observed in emulsions stabilized by sodium caseinate,
279another milk protein (Álvarez Cerimedo et al. 2010). The
280addition of sucrose or xanthan gum to the 0.5 wt% protein
281emulsion also diminished droplet size (Fig. 1b). Table 1 sum-
282marizes the distribution parameters of all coarse emulsions
283formulated with WPC35, while the parameters corresponding
284to the emulsions stabilized by WPC80 were reported in
285Table 2. The data included in Tables 1 and 2 show that in
286most cases, the addition of sucrose or xanthan gum signifi-
287cantly affect droplet size distribution parameters: volume-
288weighted mean diameter (D4,3), width of the distribution
289(W), and volume percentage of particles exceeding 1 μm in
290diameter (%Vd>1) diminished in the presence of aqueous
291phase aggregates. The emulsion stabilized by 12.0 wt% of
292protein (WPC80) with the addition of 0.3 wt% xanthan gum
293was the only system in whichD4,3 was greater than theD4,3 of
294the emulsion without additives in the aqueous phase. Most
295likely, the concentration of aqueous components was too high
296in this system and homogenizer efficiency was lower than in
297the other emulsions. In a previous study, it was reported that
298the addition of xanthan gum to sodium caseinate-stabilized
299emulsions did not modify droplet size which was indicative of
300slightly or no effect on surface properties in those emulsions
301(Huck Iriart et al. 2013). The results obtained in this study are
302opposite: they indicated interactions between protein and hy-
303drocolloid. Caseins have a flexible structure which may
304change depending on the environment, while WPC proteins
305have a globular shape with a more rigid structure. Casein and
306WPC proteins also have different amino acid compositions,
307and therefore, different chemical groups are exposed and free
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Fig. 1 Droplet size distribution of emulsions formulated with 10 wt%
sunflower oil and WPC35 as stabilizer, homogenized by ULTRA-TURR
AX (coarse emulsions): a 0.5 wt% (black solid line), 2 wt% (75 %, black
dotted line), or 5 wt% (50 % black dash line) of protein with no additives
in the aqueous phase. b Emulsions stabilized by 0.5 wt% protein and no
additives (black solid line), 20 wt% sucrose in the aqueous phase (75 %,
black dotted line), or 0.3 wt% xanthan gum in the aqueous phase (50 %,
black dash line)

t1:1Table 1 Volume-weighted mean diameter (D4,3, micrometers), width of
the distribution (W), and volume percentage of particles exceeding 1 μm
in diameter (%Vd>1) of emulsions formulated with different concentra-
tions of WPC35 proteins and sunflower oil (SFO) as fat phase, with or
without additives in the aqueous phase, immediately after ULTRA-
TURRAX homogenization

t1:2Aqueous phase D4,3 (μm) W (μm) %Vd>1

t1:3WPC35 0.5 wt%

t1:4Water 21.56±0.09 34.40 95.92

t1:5Sucrose 20 wt% 14.62±1.43 19.44 90.56

t1:6Xanthan 0.3 wt% 13.56±5.37 12.86 95.30

t1:7WPC35 2.0 wt%

t1:8Water 18.64±0.11 24.61 96.83

t1:9Sucrose 20 wt% 12.54±0.05 19.34 89.07

t1:10Xanthan 0.3 wt% 12.90±0.01 17.82 96.64

t1:11WPC35 5.0 wt%

t1:12Water 14.29±0.08 23.34 95.70

t1:13Sucrose 20 wt% 10.17±0.06 15.22 95.81

t1:14Xanthan 0.3 wt% 10.64±1.61 14.61 96.96
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308 to interact with xanthan gum. Although xanthan gum is an
309 anionic polysaccharide and both types of proteins have a
310 global negative charge at pH 7, WPC proteins due to its rigid
311 structure may be exposed to the environment positive groups
312 that interact with xanthan gum. As casein is flexible and
313 interactive groups may move, it has the ability to hide its
314 positive groups from xanthan gum. This may explain the
315 different effects that this gum caused on droplet size in caseins
316 and WPC systems.
317 The three samples in Table 1 had the same amount of
318 powder as the three systems reported in Table 2. However,
319 protein concentration was different, and therefore, they had
320 different distributions as evidenced by D4,3, W, and %Vd>1
321 parameters. There is only one WPC35 system with the same
322 protein concentration as one WPC80-stabilized emulsion: the

3235 wt% protein emulsion. Despite having the same protein
324content, these two emulsions showed significant differences
325in D4,3, W, and %Vd>1 parameters indicating that not only
326protein content influenced droplet size but also other compo-
327nent contents played a role in droplets formation.

328Stability by Turbiscan

329Figure 2 reports as an example four BS profiles of coarse
330emulsions stabilized with WPC35. Figure 2a, b shows the
331emulsions formulated without additives and with 0.5 or
3325 wt% protein, respectively. The changes in profiles with time
333indicated that both emulsions were destabilized by creaming
334as main mechanism. It may be noticed from a decrease in BS
335in the bottom of the tube (0–20-mm zone) and an increase in
336BS in the upper part of the tube (50–65-mm zone). In previous
337studies, we found that the mechanism by which emulsions
338formulated with sodium caseinate destabilized was dependent
339on protein concentration. For values lower than 2 wt%, the
340main mechanism of destabilization was creaming of individ-
341ual particles. For intermediate concentrations, both creaming
342and flocculation mechanisms occurred, and for concentrations
343greater than 3 wt%, the main mechanism of destabilization
344observed was flocculation (Álvarez Cerimedo et al. 2010;
345Huck Iriart et al. 2011). Lizarraga et al. (2008) studying
346WPC-stabilized emulsions found similar results than the ones
347reported for sodium caseinate (Lizarraga et al.). Our systems,
348however, did not show flocculation for the concentration
349range selected for this study. Lizarraga et al. used a different
350oil and which is more relevant their formulations contained
35150 wt% lipid phase (Lizarraga et al. 2008). Thus, the content
352of emulsion components seems to be very relevant regarding
353stability and destabilization mechanisms. Tippetts and Martini
354(2009) reported that for emulsions prepared with a constant
355emulsifier (whey protein isolate), the oil content, homogeni-
356zation conditions and crystallization temperature affected the

t2:1 Table 2 Volume-weighted mean diameter (D4,3, micrometers), width of
the distribution (W), and volume percentage of particles exceeding 1 μm
in diameter (%Vd>1) of emulsions formulated with different concentra-
tions of WPC80 proteins and sunflower oil (SFO) as fat phase, with or
without additives in the aqueous phase, immediately after ULTRA-
TURRAX homogenization

t2:2 Aqueous phase D4,3 (μm) W (μm) %Vd>1

t2:3 WPC80 1.2 wt%

t2:4 Water 20.43±0.06 30.32 96.87

t2:5 Sucrose 20 wt% 15.06±0.15 23.39 96.30

t2:6 Xanthan 0.3 wt% 15.31±1.22 52.65 87.86

t2:7 WPC80 5.0 wt%

t2:8 Water 19.88±0.07 33.68 95.20

t2:9 Sucrose 20 wt% 14.33±0.03 23.10 95.33

t2:10 Xanthan 0.3 wt% 12.85±1.57 16.15 90.28

t2:11 WPC80 12.0 wt%

t2:12 Water 10.46±0.03 18.75 92.95

t2:13 Sucrose 20 wt% 5.64±0.12 10.91 81.69

t2:14 Xanthan 0.3 wt% 11.85±0.05 16.18 99.71
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Fig. 2 Backscattering (BS)
profiles as a function of the tube
length with storage time (samples
were stored for 30 min; profiles
were acquired each 2 min; arrow
denotes time) in quiescent
conditions for emulsions with
sunflower oil (SFO) as fat phase
and with different aqueous
phases: a 0.5 wt% WPC35
protein, b 5 wt% WPC35 protein,
c 5 wt% WPC35 protein and
20 wt% sucrose, and d 5 wt%
WPC35 protein and 0.3 wt%
xanthan gum
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357 destabilization mechanism of soybean oil/anhydrous milk fat
358 emulsions. Figure 2c is an example of the effect of the addition
359 of a disaccharide, sucrose, to the aqueous phase on stability.
360 This emulsion contained the same protein percentage as emul-
361 sion in Fig. 2b. However, it was more stable and a slight
362 creaming was noticed after 30 min of analysis. Figure 2d
363 reports the effect of the addition of a hydrocolloid, xanthan
364 gum, to the aqueous phase on stability. As may be noticed, in
365 xanthan gum emulsions, the main destabilization mechanism
366 was flocculation. The average BS in the 20–50-mm zone
367 diminished by 2.5 %, indicating changes in particle size in
368 the system. The change in the type of destabilization mecha-
369 nism occurred for the three protein concentrations selected for
370 this study and was more evident for lower protein concentra-
371 tions. This result is highly unexpected and was not the effect
372 described in other milk proteins such as sodium caseinate
373 (Huck Iriart et al. 2013). In those systems, the addition of
374 hydrocolloids did not change the type of destabilization mech-
375 anism. It was reported that in sodium caseinate-stabilized
376 emulsions, flocculation mechanism was slower than creaming
377 destabilization (Dickinson and Golding 1997). According to
378 Dickinson and Golding (1997), there was a “lag” time be-
379 tween emulsion preparation and apparent onset of flocculation
380 which decreased with protein concentration. It is well known
381 that the viscosity of the continuous phase increased by the
382 addition of xanthan gum to the aqueous phase of emulsions.
383 As a consequence of this, the mobility of the droplets was
384 reduced and therefore migration was suppressed. In WPC
385 systems, when creaming was delayed by the addition of
386 xanthan gum, flocculation occurred as the main mechanism
387 of destabilization. The effect of xanthan gum on the destabi-
388 lization mechanism type showed the important role that play
389 protein structure on stability. The addition to xanthan gum to
390 pH-sensitive disordered caseinate emulsions did not modify
391 destabilization mechanisms, while this effect was notorious in
392 globular whey protein-stabilized emulsions. The latter sys-
393 tems were more stable than the former emulsions, and their
394 stability was higher than may be expected from emulsions
395 D4,3 values. The addition of both sucrose and xanthan gum
396 diminished droplet size ofWPC emulsions (coarse emulsions/
397 droplet size distribution). However, their effect on stability
398 and mechanism type was different, indicating that droplet size
399 is not the only factor that determined stability. Interactions
400 among emulsion components and changes in emulsions vis-
401 cosity were also very relevant.

402 Evaluation of Migration Rate

403 An example of migration rate calculus is reported in Fig. 3.
404 Figure 3a shows the BS profiles in reference mode (ΔBS%)
405 for the emulsion stabilized with 1.2 wt%WPC80 and no other
406 compounds added to the aqueous phase, while Fig. 3b reports
407 the peak thickness with time kinetics measured at half

408maximum peak height from the bottom zone (0–20 mm) of
409the profiles shown in part a. The slope of the linear zone of the
410kinetics is an estimation of the migration rate (to the top
411because it is an O/W emulsion). Table 3 reports slopes and
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Fig. 3 a Changes in backscattering profiles in reference mode (ΔBS%)
as a function of the tube length (millimeters) with storage time at 22.5 °C,
in quiescent conditions, shown as an example of migration rate calculus
(samples were stored for 30 min; profiles were acquired each 2 min; the
first profile (t=0) is a straight line at zero; arrow denotes time) for the
emulsion stabilized with 1.2 wt% WPC80 protein and no other com-
pounds were added to the aqueous phase, homogenized by ULTRA-
TURRAX. Half height maximum peak was indicated with a straight
line at −7.5 %. b The −7.5 % height peak thicknesses (wide of the peak
at half height, −7.5 %) were measured at the bottom of the tube (zone 0–
20 mm), in the reference mode backscattering profiles. Thicknesses are
plotted against time, and only the linear zone of the kinetics was reported.
The slope in the linear regime may be used as an indication of the
migration rate

t3:1Table 3 Slope of the linear zone (millimeters per hour) and correlation
coefficients (R2) evaluated from the kinetics of migration measured from
the BS profiles in reference mode in the bottom zone of the tube (0–
20 mm) as the peak thickness with time of emulsions homogenized by
ULTRA-TURRAX Q3

t3:2WPC35 Slope R2

t3:30.5 wt% protein 86.44±1.21 0.962

t3:40.5 WPC 20 wt% sucrose 42.12±1.17 0.986

t3:50.5 WPC 0.3 wt% xanthan gum Flocculation –

t3:62 wt% protein 52.72±0.99 0.983

t3:72 WPC 20 wt% sucrose 31.58±0.86 0.981

t3:82 WPC 0.3 wt% xanthan gum Flocculation –

t3:95 wt% protein 45.76±0.91 0.987

t3:105 WPC 20 wt% sucrose Stable –

t3:115 WPC 0.3 wt% xanthan gum Flocculation –
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412 correlation coefficients for coarse emulsions stabilized by
413 WPC35, while Table 4 reports the results for fine emulsions
414 stabilized by WPC80 calculated as in Fig. 3. Migration rates
415 for emulsions with sucrose were from 50 to 60 % lower than
416 for emulsions without additives. Xanthan gum changed de-
417 stabilization mechanism. Those emulsions flocculated instead
418 of creaming as was clear from the BS profiles in reference
419 mode which were completely different than the ones reported

420in Fig. 3a. In the case of the addition of xanthan gum, BS
421profiles did not show a peak in the 0–20-mm zone.
422The emulsions stabilized with 5 wt% protein coming from
423different WPC showed different behaviors. Although protein
424concentrations was the same in both cases, the emulsion
425stabilized with WPC35 had a greater migration rate than the
426one stabilized by WPC80. Besides, the addition of sucrose to
427the WPC35 emulsion led to stability while it delayed but not
428suppressed migration in the case of WPC80 emulsion. This
429result indicated that powder content in emulsions and the
430amount of other WPC components also had effect on stability.

431Microstructure by CLSM

432The CLSM images of emulsions included in Fig. 2 are report-
433ed in Fig. 4. The CLSM results can be correlated with the
434Turbiscan analysis reported in the “Stability by Turbiscan”
435section. The WPC35—0.5 wt% protein-stabilized emulsion
436without additives and processed by ULTRA-TURRAX was
437destabilized mainly by creaming as can be seen in Fig. 2a.
438This emulsion had the largest mean particle size (D4,3) of all
439samples reported in Table 1. In agreement with Turbiscan
440results and particle size analysis, the CLSM image in Fig. 4a
441shows big individual droplets with greater diameter than the
442ones corresponding to the other formulations shown in Fig. 4.

t4:1 Table 4 Slope of the linear zone (millimeters per hour) and correlation
coefficients (R2) evaluated from the kinetics of migration measured from
the BS profiles in reference mode in the bottom zone of the tube (0–
20 mm) as the peak thickness with time of emulsions homogenized by
ULTRA-TURRAX

t4:2 WPC80 Slope R2

t4:3 1.2 wt% protein 61.14±1.06 0.997

t4:4 1.2 WPC 20 wt% sucrose 30.32±0.97 0.996

t4:5 1.2 WPC 0.3 wt% xanthan gum Flocculation –

t4:6 5.0 wt% protein 26.56±0.31 0.990

t4:7 5.0 WPC 20 wt% sucrose 16.50±0.13 0.995

t4:8 5.0 WPC 0.3 wt% xanthan gum Flocculation –

t4:9 12.0 wt% protein Stable –

t4:10 12.0 WPC 20 wt% sucrose Stable –

t4:11 12.0 WPC 0.3 wt% xanthan gum Flocculation –

A B

C D

Fig. 4 Confocal laser scanning
microscopy (CLSM) images of
emulsion stabilized a with
0.5 wt% ofWPC35, bwith 5 wt%
WPC35, c with 5 wt% WPC35
and addition of 20 wt% sucrose to
the aqueous phase, and d with
5 wt% WPC35 and addition of
0.3 wt% xanthan gum to the
aqueous phase
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443 When the system was stabilized by 5.0 wt% protein, droplet
444 size diminished (see Table 1), and as shown in Fig. 2b,
445 creaming rate was slower than in Fig. 2a. The image in
446 Fig. 4b agrees with the destabilization behavior reported in
447 the “Stability by Turbiscan” section. Droplet size was smaller
448 than in Fig. 4a, and therefore, more stability is expected for the
449 5 wt% emulsion than for the 0.5 wt% system. As shown in
450 Fig. 2c, the addition of sugar significantly increased stability.
451 In addition, droplet size was smaller for emulsions in Fig. 2c
452 than in Fig. 2b (Table 1). Figure 4c shows an example of the
453 effect of sucrose on microstructure. The microstructure of the
454 emulsion in Fig. 4c is very similar to the microstructure of the
455 system shown in Fig. 4b. The decrease in D4,3 measured by
456 DLS is not obvious from microscope images. The greater
457 stability of sucrose emulsions compared to the emulsions
458 without additives suggested that sucrose interacted in a posi-
459 tive way with WPC proteins, leading to a system with a more
460 homogeneous structure. As shown in Fig. 4c, this emulsion
461 had less variation in droplet size. In agreement with the CLSM
462 image, W parameter for emulsion in Fig. 4c was significantly
463 smaller than the one corresponding to the emulsion without
464 additives (Table 1), indicating that the addition of sucrose led
465 to an emulsion with a narrower distribution. The emulsion in
466 Fig. 2d was destabilized mainly by flocculation. However, for
467 this emulsion, particle size distribution was similar than the
468 one obtained for emulsion in Fig. 2c, indicating that aggrega-
469 tion of droplets was weak and reversible. Therefore, droplets
470 were separated by the shear forces exerted bywater circulation
471 during light scattering measurements. As expected, its CLSM
472 image (Fig. 4d) displayed a microstructure with slight aggre-
473 gation. Although slight, this aggregation was strong enough to
474 be detected by the Turbiscan equipment (Fig. 2d).

475Fine Emulsions

476Droplet Size Distribution

477Table 5 reports the parameters of WPC35-stabilized emul-
478sions distributions, while Table 6 summarizes D4,3, W, and
479%Vd>1 for WPC80-stabilized emulsions. As shown in both
480tables, further homogenization with ultrasound significantly
481diminishedD4,3. Values were at least ten times smaller than in
482the case of ULTRA-TURRAX homogenization, and
483therefore, it should be expected that ultrasound emul-
484sions were more stable than ULTRA-TURRAX formula-
485tions. For ultrasound-processed emulsions, changes in
486D4,3 parameter did not show a clear tendency when
487sucrose or xanthan gum was added. Droplet size seemed
488to be more dependent on homogenization efficiency than
489on interactions in the aqueous phase. Sodium caseinate-
490stabilized emulsions prepared by ultrasound addition of a
491sugar to the aqueous phase significantly modified droplet
492size distribution (Álvarez Cerimedo et al. 2010). This
493different behavior shows again the relevance of the type
494of protein used as an emulsifier.

495Stability by Turbiscan

496Figure 5 was selected as an example to report the effects of
497protein concentration (a and b), sucrose addition (c), and
498xanthan gum (d) on the stability of WPC80-stabilized emul-
499sions further homogenized by ultrasound. Slopes and correla-
500tion coefficients calculated from Turbiscan backscattering
501profiles for all samples studied in this work are reported in

t5:1 Table 5 Volume-weighted mean diameter (D4,3, micrometers), width of
the distribution (W), and volume percentage of particles exceeding 1 μm
in diameter (%Vd>1) of emulsions formulated with different concentra-
tions of WPC35 proteins and sunflower oil (SFO) as fat phase, with or
without additives in the aqueous phase, immediately after ultrasound
homogenization

t5:2 Aqueous phase D4,3 (μm) W (μm) %Vd>1

t5:3 WPC35 0.5 wt%

t5:4 Water 1.36±0.02 2.75 38.78

t5:5 Sucrose 20 wt% 2.97±0.04 5.10 82.47

t5:6 Xanthan 0.3 wt% 1.40±0.03 2.82 47.53

t5:7 WPC35 2.0 wt%

t5:8 Water 1.13±0.15 2.63 29.39

t5:9 Sucrose 20 wt% 1.06±0.53 1.07 11.20

t5:10 Xanthan 0.3 wt% 1.28±0.68 2.10 14.61

t5:11 WPC35 5.0 wt%

t5:12 Water 0.97±0.05 1.95 24.75

t5:13 Sucrose 20 wt% 0.63±0.01 1.09 14.58

t5:14 Xanthan 0.3 wt% 0.86±0.04 1.50 20.48

t6:1Table 6 Volume-weighted mean diameter (D4,3, micrometers), width of
the distribution (W), and volume percentage of particles exceeding 1 μm
in diameter (%Vd>1) of emulsions formulated with different concentra-
tions of WPC80 proteins and sunflower oil (SFO) as fat phase, with or
without additives in the aqueous phase, immediately after ultrasound
homogenization

t6:2Aqueous phase D4,3 (μm) W (μm) %Vd>1

t6:3WPC80 1.2 wt%

t6:4Water 0.76±0.01 1.27 22.38

t6:5Sucrose 20 wt% 0.65±0.01 0.97 9.58

t6:6Xanthan 0.3 wt% 1.30±0.55 1.45 25.98

t6:7WPC80 5.0 wt%

t6:8Water 0.43±0.01 0.67 4.99

t6:9Sucrose 20 wt% 0.54±0.02 0.88 9.44

t6:10Xanthan 0.3 wt% 0.48±0.02 0.71 6.47

t6:11WPC80 12.0 wt%

t6:12Water 0.41±0.05 0.47 6.75

t6:13Sucrose 20 wt% 0.35±0.02 0.44 2.73

t6:14Xanthan 0.3 wt% 0.46±0.01 0.46 6.43
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502 Table 7 (WPC35) and Table 8 (WPC80). Emulsions further
503 homogenized by ultrasound were very stable. They showed
504 minor changes in the profiles after a week. The emulsion
505 stabilized by 1.2 wt% protein (a) slightly creamed after a
506 day of storage, and minor changes were registered after a
507 week. The calculated creaming rate was 0.019mm/h (Table 8).
508 As shown in Table 4, the slope calculated for the same
509 formulation but only homogenized by ULTRA-TURRAX
510 was 61.14 mm/h, about 3,200 times greater than with further
511 homogenization by ultrasound. Comparison of slopes in
512 Tables 3 and 4 with values in Tables 7 and 8 clearly showed
513 that creaming rate diminished significantly when ultrasound
514 homogenization was applied to emulsions. When protein con-
515 centration was 12.5 wt% (b), no destabilization was sensed
516 after a week of storage at 22.5 °C. The addition of sucrose to
517 the emulsion shown in Fig. 5a (part c of Fig. 5) led to a more
518 stable system with a slightly slower creaming rate than the
519 emulsion without additives (Table 8). Also, at low protein
520 concentrations, creaming rate increased when xanthan gum

521was added (Table 8). The emulsion stabilized by a protein
522concentration of 1.2 wt% (Fig. 5d) showed profiles different
523from the typical profile obtained by the creaming mechanism.
524Those profiles did not correspond to flocculation profiles
525either. There was a reversible aggregation that caused migra-
526tion of flocs. However, this phenomenon did not modify the
527backscattering profiles in the 20–50-mm zone, meaning that
528there was no global change in particle size in the central zone
529of the tube. Therefore, this mechanism of destabilization was
530not interpreted as flocculation. The presence of the isosbestic
531point in an emulsion indicates that no aggregates or flocs are
532formed in a system (Mengual et al. 1999). However, the
533profiles did not show the isosbestic point characteristic of
534migration of individual particles. Therefore, it may be con-
535cluded that destabilization was produced by migration of
536flocs. Emulsions with higher protein concentrations were
537stable for all aqueous phases selected. The same behavior
538was found for WPC35 (Table 7). According to Chandrapala
539et al. (2011), sonication in general does not appear to change

t7:1 Table 7 Slope of the linear zone (millimeters per hour) and correlation
coefficients (R2) evaluated from the kinetics of migration measured from
the BS profiles in reference mode in the bottom zone of the tube (0–
20 mm) as the peak thickness with time of emulsions homogenized by
ultrasound

t7:2 WPC35 Slope R2

t7:3 0.5 wt% protein 0.054±0.001 0.959

t7:4 0.5 WPC 20 wt% sucrose 0.017±0.001 9.923

t7:5 0.5 WPC 0.3 wt% xanthan gum 0.074±0.002 0.997

t7:6 2 wt% protein 0.036±0.002 0.968

t7:7 2 WPC 20 wt% sucrose 0.011±0.000 0.953

t7:8 2 WPC 0.3 wt% xanthan gum Stable –

t7:9 5 wt% protein Stable –

t7:10 5 WPC 20 wt% sucrose Stable –

t7:11 5 WPC 0.3 wt% xanthan gum Stable –

t8:1Table 8 Slope of the linear zone (millimeters per hour) and correlation
coefficients (R2) evaluated from the kinetics of migration measured from
the BS profiles in the bottom zone of the tube (0–20 mm) as the peak
thickness with time of emulsions homogenized by ultrasound

t8:2WPC80 Slope R2

t8:31.2 wt% protein 0.019±0.001 0.985

t8:41.2 WPC 20 wt% sucrose 0.011±0.000 0.962

t8:51.2 WPC 0.3 wt% xanthan gum 0.177±0.009 0.999

t8:65.0 wt% protein Stable –

t8:75.0 WPC 20 wt% sucrose Stable –

t8:85.0 WPC 0.3 wt% xanthan gum Stable –

t8:912.0 wt% protein Stable –

t8:1012.0 WPC 20 wt% sucrose Stable –

t8:1112.0 WPC 0.3 wt% xanthan gum Stable –
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Fig. 5 Backscattering (BS%)
profiles as a function of the tube
length (millimeters) with storage
time at 22.5 °C, in quiescent
conditions, homogenized by
ultrasound (samples were stored
for 1 week) for emulsions with
sunflower oil (SFO) as fat phase
and with different aqueous
phases: a 1.2 wt% WPC80, b
12.5 wt% WPC80, c 1.2 wt%
WPC80, and 20wt% sucrose, and
d 1.2 wt% WPC80 and 0.3 wt%
xanthan gum
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540 the protein structure of WPC solutions to a significant degree,
541 which may influence the functional properties of the systems
542 during processing. Kaltsa et al. (2013) reported that in the case
543 of 20 wt% olive oil, 3 wt% WPC80, and 0.5 wt% XG
544 emulsions, no flocculation was noticed when applying soni-
545 cation. Their data clearly corresponded to stable systems.
546 According to these authors, although sonication produced a
547 decrease in viscosity, which was expected to cause destabili-
548 zation, it also reduced the droplet size, which is supposed to
549 enhance stability, and this effect was able to counterbalance
550 the polymer viscosity decrease. As a result, 0.5 wt % XG
551 emulsions were stable. Our results also showed the impor-
552 tance of processing method and the relevance of particle size
553 in the type of destabilizationmechanism that occurred inWPC
554 emulsions.

555 Microstructure by CLSM

556 The CLSM images of emulsions homogenized by ultrasound
557 and stabilized by WPC80 proteins in two different concentra-
558 tions together with an example of the effect of the addition of
559 sucrose or xanthan gum to the aqueous phase are reported in
560 Fig. 6. These images can be correlated with the results of
561 Turbiscan analysis shown in Fig. 5. Emulsion in Fig. 5a was
562 destabilized mainly by creaming. As may be noticed in
563 Fig. 6a, this sample showed small and individual particles in

564agreement with the microstructure expected from Turbiscan
565analysis. As expected, ultrasound emulsions had significantly
566smaller particle size than ULTRA-TURRAX emulsions (see
567Tables 2 and 6). An increase in protein concentration (Fig. 6b)
568led to a very uniform microstructure with smaller D4,3

569(Table 6). The addition of sucrose to the emulsion shown in
570Fig. 6a led to a more stable emulsion (Fig. 5c) with a homo-
571geneous structure (Fig. 6c). The addition of xanthan gum,
572however, increased creaming rate (Fig. 5d, Table 8) and
573increased D4,3 (Table 6). The CLSM image reported in
574Fig. 6d showed a less homogeneous structure with flocs.
575The migration of these aggregates did not modify backscat-
576tering profiles in the 20–50-mm zone of the tube but showed a
577different migration profile (Fig. 5d). In agreement with these
578results, the microstructure of the emulsion in Fig. 6d is
579completely different from the ones reported in Fig. 6a–c.

580Conclusions

581WPC proteins proved to be good stabilizers for sunflower oil
582emulsions. However, their stability behavior differed from the
583one reported for caseins in literature. Stable emulsions may be
584obtained for protein concentrations greater than 5 wt% and
585ultrasound homogenization. Stability of low-protein emul-
586sions may be enhanced by the addition of sucrose to the

A B

C D

Fig. 6 Confocal laser scanning
microscopy (CLSM) images of
emulsion stabilized a with
1.2 wt% of WPC80, b with
12.5 wt% WPC80, c with
1.2 wt% WPC80 and addition of
20 wt% sucrose to the aqueous
phase, and d with 1.2 wt%
WPC80 and addition of 0.3 wt%
xanthan gum to the aqueous
phase
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587 aqueous phase. Xanthan gum induced flocculation in coarse
588 emulsions homogenized by ULTRA-TURRAX. However, for
589 fine emulsions homogenized by ultrasound, xanthan gum did
590 not modify stability when protein concentrations were greater
591 than 5 wt%. This indicated that xanthan gum may be added to
592 an emulsion product if an increase in viscosity is needed
593 without perturbing the system.
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