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Abstract

Microstructure, physical properties and oxidatiiabgity of emulsions treated by
colloid mill (CM), conventional homogenization (CH5 MPa) and ultra-high-pressure
homogenization (UHPH, 100-300 MPa) by using diffeéreoncentrations of 1, 3 and 5
0/100 g of sodium caseinate (SC), were evaluathd.application of UHPH treatment
at 200 and 300 MPa resulted in emulsions that visghly stable to creaming and
oxidation, especially when the protein content éased from 1 to 3 and 5 g/100 g.
Further, increasing the protein content to 3 agdl®0 g in UHPH emulsions tended to
change the rheological behaviour from Newtoniarshear thinning. CH emulsions
containing 1 g/100 g of protein exhibited Newtonilow behaviour with lower
tendencies to creaming compared to those formulatdd3 or 5 g/100 g. This study
has proved that UHPH processing at pressures (Q0QvBPa) and in the presence of
sufficient amount of sodium caseinate (5 g/10(pg)duces emulsions with oil droplets
in nano-/submicron scale with a narrow size distitm and high physical and
oxidative stabilities, compared to CM and CH treztis.

Keywords: Ultra High-Pressure Homogenization (UHP$t)dium caseinate, submicron

emulsions, physical and oxidative stabilities.

1. Introduction

Nano/submicrom emulsions are systems with parsidle between 20-500 nm (Huang,
Yu, & Ru, 2010). High energy input is needed teegare emulsions with droplet sizes
in the submicron range that is generally achiewediigh shear stirring, high-pressure
homogenizers or by ultrasound generators (Weiskhi$v, & McClements, 2006).

Ultra high-pressure homogenization (UHPH) is a titeermal technology that recently
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has been studied in the pharmaceutical, food asthetic areas to produce fine and
stable emulsions. Ultra high-pressure homogenigérgiston-gap type developed by
manufacturers such as Avestin APV™ Stansted Fluid PowBf and more recently

Ypsicon™ consist of one or two piston intensifier(s) capabl creating high pressures
(up to 400 MPa), and high-pressure valve rigged wieramic needles and seat of
uniquely studied design. The fluid is subjectediryithe homogenization process to
various concurrent force-induced phenomena sucltaagtation, turbulence, shear,
friction, heat, compression, acceleration, rapiéspure drop, and impact (Floury,

Desrumaux, & Lardieres, 2000).

Droplet-droplet collisions happen much of the tiduging mechanical shearing and
homogenization as a result of the intensive mecahagitation of the emulsion. To
keep coalescence from occurring, it is vital angadéely thick emulsifier layer to be
formed around a droplet before it has time to dellvith its neighbors (McClements,
2005). Proteins are broadly utilized as emulsifass reason of their amphiphilic
nature and their ability to be adsorbed at themsilrater interface. Milk proteins, for
example, sodium caseinate (SC) can protect oillet®pgainst coalescence through
electrostatic and steric repulsion (Dickinson, 1)92@&hough a great deal of research
has been emphasised on the physical stabilityrstedacial properties of protein-
stabilized O/W submicron-emulsions produced by tigimogenization pressures (up to
300 MPa) (Floury, Desrumaux, Axelos, & Legrand, 208an Martin-Gonzalez,
Roach, & Harte, 2009; Perrechil & Cunha, 2010)ydaiv studies have been focused
on the oxidative stability of these emulsions. Heere these studies included globular
proteins i.e. whey proteins (Hebishy et al., 20d/53oy proteins (Fernandez-Avila and
Trujillo, 2016) as emulsifiers. Sodium caseinas h specific nature different from the

globular proteins which may make the UHPH-emulsipreiuced from it to behave
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differently regarding oxidation. Nevertheless, thiera lack of literature evidence
regarding any association of this technology (up@0 MPa) with oxidative stability of
emulsions containing SC. Hence, the aim of thegmmework was to study the physical
and oxidative stability of emulsions containing &@ler various conditions of protein
concentration and pressure using the UHPH techgotogomparison with other
emulsification methods such as colloid mill (CMYdaronventional homogenization

(CH).

2. Material and Methods

2.1.Materials

Refined sunflower and olive oils were purchasedf@ustav Heess Company
(Barcelona, Spain). The characteristics and cortipasef oils are described in Table 1.
Sodium caseinate was obtained from Zeus QuimicdigBoCaseinate 11®arcelona,
Spain). The physico-chemical characteristics, d@ted by the producer were:
moisture =5.73 g/100 g; granulometry (% < 300 E8P.99; pH = 6.7; sediment at 70
°C (%) = 0.05; minerals = 3.52 g/100 g; MAT (N .88) = 90 g/100 g; fat =1 g/100 g;

density = 0.42.

2.2. Preparation of emulsions

2.2.1.Preparation of protein dispersions

Sodium caseinate dispersions containing 1, 3 agfd® g were prepared utilizing

decalcified water by agitation with high speed nsatbtal blender (Frigomat machine,
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Guardamiglio, Italy) at room temperature avoidingrh formation. Protein dispersions

(pH = 6.5-7) were stored overnight at 4 °C to permitgirohydration.

2.2.2.Homogenization treatments

After rehydration, protein dispersions and oil §Z000 g) were equilibrated at 20 °C
before blending. Pre-emulsions (or coarse emulsmese prepared by blending the
above protein dispersions with the oil mixture @@ffower : 1 olive oil) using a colloid
mill (E. Bachiller B. S.A, Barcelona, Spain) opémgtat 5000 rpm for 5 min at 20 °C
(CM emulsions). The secondary or final emulsionsasermed by the use of the
coming homogenizers. A Stansted high-pressure henibgr (Model/DRG number
FPG 11300:400 Hygienic Homogenizer, Stansted Frager Ltd., UK) was used with
a flow rate of 120 I/h to form the UHPH-treated ésians. Emulsions were UHPH-
treated at pressures of 100, 200 and 300 MPa ésstgbe) with inlet temperature (Tin)
of 25 °C (UHPH emulsions). Throughout the experitnéire Tin, the temperature after
the homogenization valve (T1) and the temperattitbeooutlet product (T2) were
monitored (Fig. 1). Two spiral-type heat-exchand@&arvia, Barcelona, Spain) located
behind the high-pressure valve were used to miint@mperature retention after
treatment,. CM emulsions were also treated by catimeal homogenization (CH)
using an APV Rannie Copenhagen Series Homogervimigl 40.120H, single stage
hydraulic valve assembly, Copenhagen, Denmark) Withof 60 °C at 15 MPa (CH

emulsions).

The entire experiment was repeated on three indigp¢mccasions.

2.3.Emulsion analyses
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2.3.1. Particle Size Distribution
The particle size distribution, and d3,2 and d4@&evdetermined in the emulsion
samples using a Beckman Coulter laser diffractiartigle size analyzer (LS 13 320

series, Beckman Coulter, Fullerton, CA, USA) asdbed by Hebishy et al. (2015).

2.3.2. Rheological measurements

Rheological behavior measurements were carriedsioty a controlled stress
rheometer (Haake Rheo Stress 1, Thermo ElectropdZation, Karlsruhe, Germany)
using a parallel plate (1°, 60 mm diameter) geoyr@iobe at 25 °C. Flow curves were
determined at incrementing then decreasing shees between 0 and 140" sFlow
curves were fitted to the Ostwald de Waele rhechiginodelr = Ky " and the
consistency coefficient (K, Pa x s) and flow bebaundex (n) were obtained. All

viscosity parameters were performed at least jpi¢ete.

2.3.3. Physical stability

Physical stability was measured in the emulsionmbwgsuring the d4,3 value at the
top or at the bottom of the emulsion tubes kepbat temperature for 9 days.
Measurements were performed in triplicate usinddker diffraction particle size
analyzer (LS 13 320 series, Beckman Coulter, RolteiCA, USA) as detailed before
in the particle size section.

The stability of emulsions was also measured plitate using vertical scan
analyzer Turbiscan MA 2000 (Formulaction, Toulous&nce) in the backscattering
mode, as Hebishy et al. (2015) described. Emulsiere analysed at preset interims

(30 min for CM emulsions, 3 days for CH and UHPHusions) over a foreordained

6



145  timeframe (5 h for CM emulsions and 17 days for &td UHPH emulsions). Turbisoft
146  software (Formulaction, 2005) was likewise useddizulate the migration rate velocity
147  V (um/min) of the clarification front in order tolfow the kinetics of the creaming

148  phenomenon. The particle migration velocity caltedaby the software is based on the
149  general law of sedimentation (Stokes Law extendambhcentrated dispersions), as

150  shown in the following equation (B):

151
|pp—pc|xgxd?  [1-¢]
152 V(gp,d) = . oo Equ. (B)
18xvXPe 1+((1—<p)3)

153 where V = particle migration velocity (Lm/min), ® continuous phase density (kgjm
154 p, = particle density (kg/f, g = gravity constant (9.81 m/s?), d = particlean
155  diameter gm), v = continuous phase dynamic viscosity (cP) and volume fraction
156  (without unit).

157
158  2.3.4. Emulsions microstructure

159 To examine the changes in emulsion microstructmajlsion samples were
160  observed by transmission electron microscopy wilka 1400 (Jeol Ltd, Tokyo,
161  Japan) equipped with a Gatan Ultrascan ES1000 C&beCa, preparing samples as

162  described by Cruz et al. (2007).
163
164  2.3.5. Oxidative stability

165 Emulsions were kept in a controlled light room (@®0x/n¥) at 10 °C for 10 days
166  under light in glass transparent capped bottlesuels systems are normally stored with

167 limited oxygen availability to prevent lipid oxidah and increase the shelf life.
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Lipid hydroperoxides, as primary oxidation produetere measured as described by
Shantha & Decker (1994) and results were expressadbsorbance §4). For the
determination of secondary oxidation products,khrbituric acid-reactive substances
(TBARS) were determined according to an adaptedhoteof McDonald & Hultin
(1987). Concentrations of TBARs were calculatednfia calibration curve prepared

with 1, 1, 3, 3-tetraethoxypropane.

Emulsions were then tested in triplicate on thetistand the last day of storage.

2.4. Statistical analyses

Descriptive statistics, mean and standard deviatiene listed for each variable in
this study. A General Lineal Model with repeatedaswes was performed in order to
evaluate the physical and oxidative stability oluésions among type of emulsion (CM,
CH or UHPH) and concentration of protein (1, 3 &m{100g),. Variables of interest
related to physical and oxidative stability neettetle transformed using log-
transformation in order to stabilize the varianfee statistical analysis was performed
using SAS System ® v9.2 (SAS Institute Inc., C&¢, USA), using a nominal
significance level of 5%R < 0.05 and Tukey adjustment was performed for multiple

comparisons of the means.

3. Resultsand Discussion

3.1.Rise of temperature during UHPH processing

The temperature of the emulsions increased witteasing the pressure when passed

through the homogenizer (Table 2). The warming fulh@ emulsion is due to force-
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induced phenomena of shear, turbulence, and cawitathich happen simultaneously,

dissipating the mechanical energy as heat duringscation (Floury et al., 2003).

Temperature (T2) measured after the HP-valve iseeby 47.7, 51 or 47.4 °C
between 100 and 300 MPa for the three respectiMeiprconcentrations (1, 3 or 5
0/100 g, respectively). These results are sinmldhose of Floury et al. (2003) who
reported a significant temperature ascend in thedgons, notwithstanding utilizing a

cooling jacket at the outlet of the HPH valve.

3.2. Particle size distribution

Droplet size index (d3,2) for emulsions contain®tgg/100 g oil and different SC
concentrations (1, 3 and 5 g/100 g) is shown ind8kmand Figure 2. CM emulsions had
the largest particle size (d3,2) followed by CH é&smans and the minimum droplet size
was found in emulsions stabilized by UHPH. Thisrdase in the patrticle size was also
confirmed by TEM microscopy (Fig. 3 A-J). Geneyathe protein concentration
affected the particle size (d3,2) of emulsionstaédy CM. Increasing the protein
concentration from 1 to 3 g/100 g of SC decreakegarticle size of CM in a
significant manner, but no more decrease in thiégmsize was noticed when more
protein was added (Table 3). This result was atsdioned by the size distribution
curves of CM emulsions (Fig. 2 A-C) where a shifthe particle diameter towards
smaller diameter was observed in CM emulsions@agtbtein concentration increased

to 5 g/100 g rather than emulsions containing 13gdL00 g.

CH emulsions presented much lower particle size that of CM emulsions with a
wide distribution curve at all protein concentragoThe protein concentration had no

effect on the d3,2 value in CH emulsions (Table 3).
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Concerning UHPH emulsions, the homogenization presgenerally had an effect
on the particle size only in emulsions containirentl 3 g/100 g SC when the pressure
increased from 100 to 200 and 300 MPa. These sesudy be confirmed by the size
distribution (Fig. 2 A-C) where the size distritarticurves, only in case of emulsions
containing 1 and 3 g/100 g SC, were shifted to emaizes as the pressure increased to
200 and 300 MPa however, no shift of the curve al@erved in emulsions containing

5 /100 g SC.

At low SC concentration (1 g/100 g), UHPH emulsitnesited at 200 and 300 MPa
exhibited a lower patrticle size (only significantémulsions treated at 200 MPa) in
comparison to emulsions treated at 100 MPa, byt phesented a bimodal droplet
distribution (Fig. 2 A). In this case, the increasédnomogenization pressure was
capable of producing smaller droplets, nonethetbsse were insufficient protein
molecules to adsorb onto the newly formed surfaodyxing the bimodal distribution.
However, when protein was increased to 3 and 50gdl@roplet distribution changed
from bimodal to monomodal distribution (Fig. 2 B,@)dicating a sufficient protein

coverage.

In respect to the effect of protein concentratiartle particle size of UHPH
emulsions, it seems to have a limited effect in BHfnulsions treated at 100 MPa,
only when SC content increased from 1 to 3 g/100hg. droplet size, which determines
emulsion formation and stability, is reduced whes surfactant concentration increases
until a plateau is come to after which no furtheclthe happens (Canselier, Delmas,
Wilhelm, & Abismail, 2002). However, no significambpact on the particle size could

be seen in UHPH emulsions treated at 200 and 308. MP

3.3. Rheological Behavior

10
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The consistency coefficient (K) and flow behaviatdex (n) values, which
corresponds to the viscosity when the fluid is Newan if n~ 1 are presented in Table

3.

CM emulsions demonstrated a Newtonian flow behawitr low viscosity, perhaps
because of the little interaction between parsigtethese emulsions. Despite the fact
that, in these emulsions the consistency increagdncreasing the protein content,

the protein content had no noteworthy impact on &Mulsion viscosity.

In general, applying CH treatment brought aboubt@worthy increment in the K of
emulsions, in contrast with their homologues CM kions, with a change in the flow
behavior from Newtonian to shear thinning when @rotoncentration increased from
1 to 3 and 5 (g/100g). In these emulsions, thesae of protein concentration had a
reasonable noteworthy impact on the K value of @tlllsion.Concerning the UHPH,
generally, emulsions with statistically comparallealues to those obtained in CM and
CH emulsions, according to the homogenization piresgsed in the treatment, were
produced . UHPH-treated emulsions at 100 MPa shaiveitar viscosity to those
treated by CM; however, UHPH-treated emulsions0@&t@nd 300 MPa exhibited
similar K value to CH emulsions. As for the impa€ttprotein concentration on the K
value of the UHPH-treated emulsions, increasingotiméein concentration from 1 to 3
g/100 g in all UHPH emulsions had no impact ondimailsion K value but, further
increase in the protein concentration to 5 g/18Mgificantly increased the K value.
Emulsions treated at 100 MPa exhibited a flow Newao behaviour, whatever the
protein content was. On the other hand, the Newtofitow behavior was only observed
in UHPH emulsions treated at 200 and 300 MPa coimglow protein concentration (1
0/100 g), whereas increasing the protein conceoitréd 3 and 5 g/100 g tended to

change the flow behavior towards the shear thinbgtgavior. The explaination behined

11



266  the viscosity increase with extensively high-pressyi.e. 300 MPa) and high protein
267  concentrations (5 g/100 g), may be the enhanceletitmpflocculation due to the

268  presence of excessive protein in the continuousgfarming casein aggregates or
269  protein gels, as can be seen in the TEM image FKiPJ emulsion containing 5 g/100 g
270 of SC and treated at 300 MPa (Fig. 3 J). In thdystf Hebishy et al. (2015), higher
271  viscosity was found in emulsions stabilized withhconcentration of whey protein
272  isolate (4 rather that 1 and 2 g/100 g) and subjettd high-pressure homogenization at
273 200 MPa but, unlike the results of the current gtu change in the rheological

274  behavior from Newtonian to shear thinning was obser They attributed that increase
275 to the reduced droplet size and the change inrbgepties of the stabilizing molecules
276 (whey protein isolate) and the simultaneous adswrf proteins on the increased fat

277  globule surface.

278
279 3.4. Physical stability of emulsions
280 Figure 4 A (A-F) and B (A-D) shows the backscattgrprofiles for all emulsions

281  prepared by CM, CH and UHPH at 100 and 200 MPapiwisual examination of
282  graphics from Figure 4 shows longer stability of Ritmade emulsions. A drop of BS
283  at the bottom of samples, due to clarificationhaf mixture, and an increase of BS at
284  the top of samples, associated to particle creamiag higher in CM emulsions

285  followed by CH emulsions and the minimum creamiaig was observed in the UHPH

286 emulsions.

287 CM emulsions, at all protein concentrations, exbibia high degree of creaming
288  (total separation at the same day of preparatis®) @direct consequence of the large
289  particle size and low viscosity, which resultediihigh degree of coalescence as can be

290 observed in the TEM images (Fig. 3 A-C). CM emutisicontaining 1 g/100 g SC were
12
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the most instable emulsions (Fig. 3 A), where thage separation was completed in 30
min. However, increasing the protein concentratmh g/100 g SC (Fig. 4 C) tended to

slow down the creaming process, with a completedrsgion in approximately 4 h.

The CH emulsions were more stable against creathangCM emulsions, although
creaming could be detected in all CH emulsions bsbiEcan Lab (Fig. 4 (A) D-F) and
by the d4,3 values obtained at the top or the botibthe CH emulsions tubes (Table
4). The optical characteristics of CH emulsionstaorng 1 g/100 g of SC showed slow
changes in their backscattering patterns (Fig.)D0A significant differences between
the d4,3 values at the top or at the bottom ofthelsion (Table 4) but with no visual
separation during approximately 18 days of stosgeom temperature. The
microscopic examination of these emulsions by TBMdated the presence of bridging
flocculation (Fig. 3 D-F) possibly due to limitedopein surface coverage (Dickinson,
Golding, & Povey, 1997), suggesting that this pmaonon may have a stabilizing
effect of the emulsion. CH emulsions made with1§/g SC showed extensive
creaming, with the clarification front of the Tusban appearing after 3 days (Fig. 4 (A)
E), indicating the limited shelf life of these emsiohs. Additional increase in the protein
concentration in CH emulsions (from 3 to 5 g/108@) led to a reduction in the
creaming rate (Fig. 4 (A) F). This fact can beilattted to the formation of a depleted
network structure at higher SC concentrations xataaed before (see rheological
section), increasing the K value, which limits theplets movement (Table 3). These
results were also confirmed by calculating the atign or creaming velocity V (t) in
the clarification layer using the Turbiscan softevak lower creaming value was
observed in emulsions containing 1 g/100 g SC (2®7min), however, increasing the
protein content from 1 to 3 g/100 g increased teaming rate (861 pm/min) while a

further increase to 5 g/100 g decreased the rat {2/min).
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Emulsions processed by UHPH were surprisingly stai@cause of the prominent
droplet size reduction, and remained completelyitlupon storage at room
temperature for 18 days, with no creaming beingallg noticed. It has been shown
that when the particle sizes are ~100 nm (somécfeasizes in the present study fell
into this range), creaming would be greatly redueed aggregation become a
predominant mechanism for emulsion instability (M&@ents, 2005). The protein
concentration in combination with the homogenizafioessure seemed to significantly
affect the creaming stability of the UHPH emulsidmsthis way, the d4,3 values at the
top and at the bottom of UHPH emulsions (Tablerd) &urbiscan fingerprints (Fig. 4
(B) A-D) indicated a slight creaming effect in esiohs containing 1 and 5 g/100 g SC
treated at 100 MPa, and in emulsions containingl@@g SC and treated at 200 MPa,
but creaming was not observed in emulsions comigifig/100 g SC when were treated
at 200 and 300 MPa. Increasing flaxseed proteicaatnation in the emulsion would
encourage relatively smaller droplets adsorbingenpootein at the interface of oil
droplet (causing a higher zeta-potential), themgasing the density of droplets,

consequently decreasing the creaming rate (Wangyang, & Ozkan, 2010).

3.5. Oxidative stability

Lipid oxidation may be relied upon to be speedieemulsions with small droplets
(CH and UHPH), owing to the larger total interfd@eea in comparison to larger
droplets (CM emulsions). Interestingly, considegadninounts of hydroperoxides and
TBARs were observed in CM emulsions (Table 5). Tiggh concentration of oxidation
products found in CM emulsions could be attributethe poor protein coverage at the
emulsion interface (Fig. 3 A-C) together to thet that these emulsions are prone to
creaming, due to the large particle size, whiclseauhe oil droplets to become directly

14
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exposed to oxygen in the headspace (Phoon ebal,)2Similar levels of primary
oxidation products, compared to CM emulsions, viemmed in CH emulsions at day 1.
Although a significant evolution in the TBARs aftHd days was observed in CH
emulsions, these amounts were lower than thodeeatdrresponding CM emulsions,
indicating that CH emulsions were more stable agjaridation. Similar results have
been reported in our previous study in emulsionsipced by whey protein isolate
under the same technological conditions (Hebiskal.e2015). As it was explained in
the rheological behavior section, CH emulsions weoge viscous in comparison to
their homologues CM emulsions. It has been propdssdviscosity can affect

oxidation by reducing the diffusion of potentiabpwxidative molecules, such as ferrous

ions or lipid hydroperoxides (Sims, 1994).

UHPH-treated emulsions generally exhibited lowegels of hydroperoxides, in
comparison to CM and CH emulsions. Similar reswkse observed in the study of
Hebishy et al. (2015) working on oil-in-water ematss treated by UHPH (100 and 200
MPa) and using whey protein isolate (1, 2 and #@4) as emulsifier. Increasing the
homogenization pressure from 100 to 300 MPa resuitdigh oxidative stability being
those treated at 300 MPa the most stable emulsiatis|ower amounts of primary
oxidation products, especially when 5 g/100 g ofv&3 used. On the contrary to the
results of the present study, Hebishy et al. (20ddiking on emulsions added of whey
protein isolate reported that increasing the homizg¢ion pressure to more than 100
MPa negatively affected the oxidative stabilityeofiulsions. They related that fact to
the decrease in the efficiency of whey proteingrtaect the oil droplets when the
pressure was increased as a result of the oveegsimg phenomenon caused by the
increase in the product temperature at the outldteohomogenization valve, which

affects the emulsifying properties of whey proteins
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390

In the case of secondary oxidation, UHPH emulsmesented higher values of
TBARs at day 1 after production, in comparison ¥ énd CH emulsions. Even if
UHPH emulsions presented higher values of TBAR#agtl, the evolution of
secondary oxidation products during 10 days ofagfer(day 10 - day 1) was generally
not significant comparing to CM and CH emulsiong;ept for some specific
treatments. O’ Dwyer et al. (2013) observed anomsbehaviour for the caseinate
stabilized camelina emulsions distinguishing highels of lipid hydroperoxides and
secondary oxidation productg-&nisidine value) promptly taking after emulsifica,
in contrast to the bulk oil. They explained theialiincrement in oxidation products
after emulsification by frictional effects in thaarofluidizer, making increased levels
of oxygen, or a large surface area because ofrth@ed disruption and shearing amid
homogenization. However, as storage time proceddeipphobic interactions
amongst caseinate and lipophilic oxidation produatseased due to the exposure of
hydrophobic and other amino acid residues (aromeasitiues), bringing about an
obvious antioxidant effect explaining the no sigraht evolution of oxidation during

storage.

A study by Phoon et al. (2014) has reported thgtt-pressure homogenization
improves the intrinsic oxidative stability of 4 @1 mL menhaden oil-in-water
emulsions stabilized by 1 g/100 mL caseinate a¥ pihe authors reported that high
pressures increment interfacial cross-linking afism caseinate at the interface,
accordingly creating a rigid interfacial layer. $hhick interfacial layer keeps the
transition metals in the continuous phase a way ftoming near to the oil droplets,

thus impeding lipid oxidation during storage.

In the present study, and generally, increasingthtein concentration resulted in an

increase in the oxidative stability of emulsionewéver, an exeption was noticed in

16



391  UHPH emulsions treated at 100 MPa where the inergathe SC to 5 g/100 g resulted
392  in more oxidized emulsions. This may be due torétatively high creaming rate in

393 these emulsions as indicated by the Turbiscan irleige 5 (B) C) which increases the
394  oxidation rate, as explained before. In UHPH enaumisitreated at 200 and 300 MPa,
395 increasing the protein content to 5 g/100 g reduhdower primary and secondary

396  oxidation products as no significant evolution offbhydroperoxides and TBARs could

397 be noticed.

398 In concurrence with data presented in the currteialys several studies with casein as
399 emulsifier have demonstrated that the rate of lgpddiation diminishes with increasing
400 levels of casein (Faraji, McClements, & Decker, £Z0Ries, Ye, Haisman, & Singh,

401 2010). Ries et al. (2010) working with differensea concentrations (0.5-10%) to

402  stabilize a linoleic acid emulsion from oxidatidaund that the degree of lipid

403  oxidation decreased as the protein concentraticrea@sed. As indicated by the authors,
404  casein can form a rigid interfacial layer (up tori)), which works as an efficient

405  barrier to the diffusion of lipid oxidation initiats into the oil droplets.

406 The impact of SC on lipid oxidation in emulsionv@an some studies mainly been
407 related to their effects at the interface, whereather studies it has mainly been

408 related to their effects in the aqueous phase jiFeral., 2004; Let, Jacobsen, & Meyer,
409  2007). It has been proposed (Sun & Gunasekar&9®)2bat unabsorbed protein can
410 enhance the oxidative stability of emulsions, & ititeraction with metal ions, or by
411  scavenging free-radicals in the aqueous phasewyebDet al. (2013) reported that

412 lipid oxidation was 20% less in in camelina odviater emulsions microfluidized at
413 138 MPa, rather than those treated at 21 MPa aS@heoncentration increased from
414  0.25to 3 g/100 mL. The authors reported that éfason behind the high oxidation in

415  emulsions stabilized using lower levels of SC phbpahat these emulsions did not

17



416

417

418

419

420

421

422

423

424

425

426

427

428

429

430

431

432
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434

435
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437

438

439

have enough SC to surround the droplets and covér & large surface area. However,
in emulsions containing 3 g/100 g protein conteéhgre was excessive emulsifier to
permit maximum protein load at the interface. la ginesent study, it can be seen from
the TEM images (Fig. 3 D-I) that excess amountrofgin aggregates could be found in
CH and UHPH emulsions containing 3 and 5 g/100 §®@f(Fig. 3 E,F and H,I) in
comparison to those containing only 1 g/100 g of(6i@. 3 D,G). Therefore, SC was
present in excess, and it must be assumed thaipreas present both at the interface
and in the aqueous phase, increasing the oxidstiimlity at higher protein
concentration. In addition, emulsions containinghhprotein amounts also presented
significant increases in emulsion viscosity whicaynslow down the oxidation rate as

explained before.

4, Conclusions

This study revealed that using UHPH technology 200 MPa could result in
physically and oxidatively stable emulsions stakili by SC when sufficient protein
concentration (5 g/100 g) is used. However, usingel homogenization pressures (100
MPa) with lower amounts of SC (1 g/100 g) resuit&ess stable to creaming and
oxidation emulsions. On the contrary, in CH emuisica low concentration of SC (1
0/100 g) resulted in emulsions that are stablersjareaming and oxidation, however,
higher protein amounts (5 g/100 g), in generakdases the depletion flocculation and

results in a high creaming and oxidation rate @séhemulsions.

The results show the ability of the UHPH togeth@éhv®C as an emulsifier to

produce O/W emulsions with reduced particle siz¢ #ne physically stable against

18



440  creaming and coalescence, and also stable agaidstion. These results open up a
441  range of possibilities in creating physical anddatively stable emulsions as a delivery
442  vehicle for bioactive components of lipophilic nagwvith high propensity for oxidation
443  (i.e. fat soluble vitamins, carotenoids, polyunsaied fatty acids, conjugated linoleic
444  acid, ...) to be applied in different functionabtbproducts with a lipid profile

445  improved.
446
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523  Figure Captions:

524

525  Figure 1.

526  Schematic representation of high-pressure homogenim, initial fluid temperature
527 inthe feeding tank; T1, temperature at the HP&aet; T2, temperature at the HP-

528 valve outlet.
529
530 Figure 2.

531  Droplet size distribution curves measured by Igtdttering of O/W emulsions
532  containing, 1 (A), 3 (B) and 5 g/100 g (C) of sadigaseinate plus 20 g/100 g of
533  sunflower and olive oils and prepared by: colloidl €M, +), conventional

534 homogenization (CH;) and ultra high-pressure homogenization at 300200 @)

535 and 300) MPa.
536
537  Figure 3.

538  TEM images of emulsions containing 1, 3 and 5 @/@®f sodium caseinate and
539  stabilized by (A-C) colloid mill (CM) x5000, (D-Fjonventional homogenization
540 (CH) x25000 and by ultra high-pressure homogeronadit 200 MPa (G-1) x50000 and

541 at 300 MPa (sodium caseinate, 5 g/100 g) x100000.
542
543

544
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551
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554

Figure 4.

(A) Changes in backscattering profiles of emulsiomstaining 20 g/100 g oil and
different sodium caseinate contents, 1 (A, D), 3§Band 5 g/100 g (C, F) and
prepared by (A-C) colloid mill (CM) and (D-F) conw&gional homogenization (CH),

and (B) emulsions containing 20 g/100 g oil andedént sodium caseinate contents, 1
(A, B) and 5 g/100 g (C, D) and prepared by ulightpressure homogenization at 100
MPa (A, C), and 200 (B, D) MPa, as a function ofage time (5 h for CM emulsions

and 18 days for both CH and UHPH emulsions).
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Table 1

Chemical composition of sunflower and olive oils.

Chemical characteristics

Sunflower oil

Olive oill

Density at 20 °C

Acid value

Peroxide value (megqQ/kg)
Unsaponifiable (% m/m)
Fatty acid composition (%)
C16:
C18:
C18:
C18:
C18:

0

0

0.921

0.09 (mg KOH/qg)

0.02

<0.05

6.34
3.97
26.65
61.02

0.913
0.11 (g/100 g, oleic)
0.5

<15

11.97
3.30
75.23
6.75

0.38
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11

12

13

14

15

16

Table 2.

Mean £ SD values of temperature measured beforgt(ielhigh-pressure valve and at

the outlet (T2) of the high-pressure valve for esiaris containing different

concentrations of sodium caseinate 1, 3 and 5 gjltt®ated by ultra high-pressure

homogenization at 100, 200 and 300 MPa (Tin = 25°C)

Ponconlent - Pressute i) T2(0)
100 36.7 +1.53 59.3+4.73
1 200 42.0+2.00 84.7 +1.53
300 39.5+35 107 £5.50
100 38.3+1.15 59.0+4.35
3 200 43.0£2.00 86.0 +4.36
300 40.0 £ 6.00 110+2.50
100 39.0+1.00 60.6 +4.04
5 200 42.6 +0.57 86.0 +£3.00
300 40.5 +5.50 108 +0.50

Data listed are the mean of three diffiereplicates



17

18

19

20

21

22

23

24
25

26

27

Table 3.

Mean + SD of particle size distribution index (d3a&d rheological characteristics
(flow and consistency indices) of O/W emulsionstaaring 20 g/100 g of sunflower
and olive oils plus sodium caseinate 1, 3 and B@fLand prepared by colloid mill
(CM), conventional homogenization (CH) and ultrghhpressure homogenization

(100, 200 and 300 MPa).

Treatments

CM

CH

100

200

300

Protein Egﬁ'ﬂﬁtﬁ;ie Rheological behavior
Gy B2 SO oy benavir
(um) (K) Paxs index (n)

1 6.828 +0.31®  0.0015+0.0003  1.092 + 0.017
3 5.641+0.395  0.0047 + 0.001%  1.041 + 0.044
5 5.421+0.362 0.0121 +0.000%°  1.006 + 0.015
1 0.578+0.074  0.0018+0.0002  0.994 + 0.006
3 0.597 +0.089  0.0201+0.0094  0.776 + 0.006
5 0.572+0.094  0.0426 + 0.007%8  0.739 + 0.046
1 0.210+0.048  0.0023+0.0004  0.971+0.020
3 0.151+0.012  0.0068 + 0.0028  0.977 +0.029
5 0.116 +0.00§  0.0241+0.0026  0.911 + 0.029
1 0.141+0.016  0.0033+0.0020  0.930 + 0.091
3 0.120 +0.01%  0.0162 +0.004%°  0.850 + 0.035
5 0.108 + 0.008  0.0307 + 0.0077 0.840 + 0.042
1 0.129+0.00¢  0.0028 +0.0005  0.966 + 0.024
3 0.098 + 0.001  0.0154 +0.0037°  0.863 +0.020
5 0.111+0.008  0.0491+0.0089  0.857 + 0.032

&9 Different letters at the same column indicate ifigmnt differences(P < 0.05) between

treatments.

Data listed are the mean of at least three measumtsnrom three separate productions
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29
30

31

32

33

34

35

51
52

53
54

55

56
57

Table 4.
Mean + SD of d4.3 values at the top or at the Inotbd samples stored at room

temperature for 9 days under the same conditiansdimparison, of O/W emulsions
containing 20 g/100 g of sunflower and olive oilsgsodium caseinate 1, 3 and 5
0/100 g and prepared by conventional homogeniz&@dt) and ultra high-pressure

homogenization (100, 200 and 300 MPa).

_ Emulsion creaming stability 36

Protein after 9 days 37
Treatments content 443 4.3 28
(9/100 g) (Top) (Bottom) P val utgag

1 2.428+0.98%®  0.961+0.389 0.0087%

CH 3 1.475+0.048  0.427 +0.098°  0.0022*
5 1.026+1.228° 0417 +0128°  0.0022%

1 3.643+1.039  0.697+033%  0.0025%

100 3 0.232 +0.01¥  0.203 +0.022 0.06293
5 0.219+0.04#  0.145+0.004  0.00224

1 0.971+0.23%¢  0.337 £+ 0.16% 0.0022¢5

200 3 0.159 + 0.02#  0.169 + 0.026 0.22076
5 0.149 + 0.007  0.146 + 0.007 0.3635;

1 0.671+0.23%°  0.354x0.11%  0.0259;

300 3 0.144 +0.019  0.127 +0.015 0.1329,
5 0.134+0.005  0.132 +0.007 0.5121

&€ Different letters in the same column indicate #igant differences B < 0.05) between
treatments.

* Sign indicates that the differences between #h@& @t the top or at the bottom of emulsions are
significant (Wilcoxon statistic teft < 0.05) per level of pressure and oil concentration.

Data listed are the mean of at least three measntsnfrom three separate productions



58 Table 5.Mean = SD of hydroperoxides £ nm) and TBA reactive substances (ug/ml) of O/W lsioaos containing 20 g/100 g of sunflower and olbis
59 plus sodium caseinate 1, 3 and 5 g/100 g and prdday colloid mill (CM), conventional homogenizati¢CH) and ultra high-pressure homogenization
60 (100, 200 and 300 MPa).

Protein Hydroperoxides (As1o nm) TBARS (ug/ml)

freamens - Ghoog o P10 oo ey PV P10 ey

1 0.019 + 0.008  0.116 +0.050  0.097 +0.048  0.039 + 0.01%' 0.116 £ 0.033  0.077 + 0.05%

CM 3 0.022 +0.008 0.097 +0.04%  0.075+0.04%  0.057 +0.01%¥ 0.092 + 0.009  0.035+0.027"
5 0.027 £0.00®  0.096 +0.02#  0.070+0.023  0.079 + 0.008 0.099 + 0.018  0.020 + 0.01%"

1 0.018+0.00®  0.091+0.03%  0.073+0.03%  0.037 +0.01% 0.054 +0.018  0.016 + 0.00%"

CH 3 0.025+0.00®  0.107+0.011 0.082+0.008  0.042 + 0.01¢' 0.059 + 0.00%  0.016 + 0.00%"
5 0.032+0.018  0.114+0.012 0.082+0.003  0.047 +0.008  0.057+0.01%  0.010 + 0.006

1 0.028+0.003  0.057 +0.03¢"  0.030 + 0.02%"  0.066 + 0.01% 0.072+0.02%°  0.006 + 0.007

100 3 0.036 £ 0.002  0.067 +0.01&  0.031+0.01%" 0.086+0.005  0.063+0.01% -0.042 +0.05%

5 0.024 +0.00¥  0.032+0.016 0.008+0.002 0.064+0.008%  0.074+0.005 0.010 + 0.009

1 0.034+£0.008  0.072+0.03%  0.038 +0.028" 0.057 + 0.01% 0.100 £ 0.012  0.043 + 0.00%"

200 3 0.035+0.01% 0.096 +0.06® 0.061+0.054  0.068 + 0.02% 0.103 £ 0.01%  0.035 + 0.00%"
5 0.023 +0.008 0.033+0.016 0.010+0.005 0.079+0.01%5  0.067 +0.005 —0.012+0.01%

1 0.021 +0.00®  0.026 +0.009  0.005+0.011 0.062+0.01®  0.071+0.01%  0.009 + 0.002

300 3 0.008+0.001  0.006 +0.001 -0.002+0.00f  0.056 + 0.00% 0.094 +0.013%  0.038 +0.018"
5 0.005+0.000  0.004+0.001 -0.001+0.000  0.080 +0.01D 0.085+0.00%  0.004 +0.01D

61 &€ Different letters in the same column indicate digant differencegP < 0.05) between treatments.

62 * Sign indicates that the differences between dagrid day 1 (oxidation evolution) is significgRt< 0.05)

63 Data listed are the mean of at least three measumtsnrom three separate productions
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Highlights

- Sodium caseinate and pressure levels impacted the emulsion stabilities

- Conventional homogenization with 1 ¢/100 g sodium caseinate increased
physical stablity

- Pressures (200-300 MPa) and 5 g/100 g sodium caseinate increased emulsions
stabilities

- Emulsions rheology was affected by increasing sodium caseinate concentration

- The emulsion droplet size has an effect on the oxidation rate



