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ABSTRACT

The formulation-structure-texture relationship iimred emulsion-filled food gels has rarely been
analysed, let alone in realistic conditions. Bydying thermal (calorimetry), structural (laser
diffraction, confocal microscopy and mathematicakphology analysis) and textural (rheology
and tribology) properties, this work advanced thdarstanding of this relationship in stirred gels
made entirely from milk ingredients. Indeed, taigrthe fat composition (AMF, olein or stearin
fractions) and interfacial proteins (native or haggregated WPI) in cream resulted in different
properties. Crystallisation of the fat droplets @mndbably their interactions (aggregation or pértia
coalescence), pore size, microgel size and thesenass of the protein network in stirred milk gels
were all modified by the cream formulation. Themipas in properties led to different textures and
lubrication behaviours of the stirred milk gels.eTtighlighted relationships between formulation,

structure and texture are recapitulated in a caetudiagram.
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1. Introduction

Fatty dairy gels are complex systems in whichdatispersed as droplets in a protein
network. When stirred, this emulsion-filled gel bewes a concentrated dispersion of microgels
between 10 and 100 pm in diameter (Lee & LuceyP2@bdini, Remeuf, Haddad, & Corrieu,
2004). This type of food system is known for itasay qualities and several authors reported that
a reduction in fat content altered both flavour &adural properties, with reduced perception ef th
oily film, consistency, creaminess, thickness, erngflavour or even firmness. Other authors
demonstrated that reducing the fat content alsocesdithe storage modulus, apparent viscosity (at
100 %), yield stress and lubrication properties (by @&sing the friction coefficient) of different
types of emulsion filled gel systems (Le Calvélet2D15; Liu, Stieger, van der Linden, & van de
Velde, 2015; Lucey, Munro, & Singh, 1998; Sodinaét 2004; Tomaschunas, Hinrichs, Kéhn, &
Busch-Stockfisch, 2012). Maintaining these propsris therefore essential if the fat content is to
be reduced in such systems.

To be processed into stirred milk gel, milk undegtypical unit operations involving
different physico-chemical conditions, which modifye microstructure (Lee & Lucey, 2010;

Sodini et al., 2004). Firstly, the milk is usuatlgparated into skim milk and cream by
centrifugation. Skim milk (about 3.5 wt% proteis)a colloidal suspension of casein micelles (30 to
600 nm in diameter (Cayot & Lorient, 1998)) alset@ining solubilised native whey proteins (WP)
(about 5 nm in diameter), lactose and minerals.¢fbam is an oil-in-water emulsion (with about
35 wt% fat and 2 wt% proteins), in which the fatispersed as droplets about 5 pm in diameter,
stabilised by a native membrane (Lopez, Briard-B&Ménard, 2014). In standard dairy gel
processing, the cream, the skim milk and sometskas milk powder (SMP) (with about 35 wt%
protein) are mixed to obtain the target compositidme resulting mix is then pasteurised,

homogenised (usually at 10 to 20 MPa) and gelleddigification through fermentation.
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Pasteurisation leads to the heat-induced aggregatizvhey proteins and also to
interactions between whey proteins and casein tegglak-casein (Donato & Guyomarc’h, 2009).
As a result of homogenisation, the fat droplet sigereases to less than 1 um and the native
membrane is partially replaced (or newly formedW and caseins (Cano-Ruiz & Richter, 1997).
During acidification, the reduction in the pH fra@rb to 4.5 reduces electrostatic repulsion between
casein micelles and casein micelle/whey proteingteres, allowing them to interact and leading
to the formation of a three-dimensional networkcéliar calcium (from calcium phosphate
nanoclusters) is solubilised, thereby reducingrations between caseins in the micelles. When
applied, stirring breaks the continuous gel (set,milk gel) into a concentrated dispersion of
microgels about 10 um in diameter (i.e., stirretkrgel) (Lee & Lucey, 2010; Sodini et al., 2004).

Many studies have demonstrated the impact of tleefate and of fat composition on the
texture of emulsion-filled gel systems. First, aarease in the solid fat content (SFC) was shown to
increase the hardness of the droplets and hendertiveess of model emulsion-filled gels (Liu et
al., 2015; Oliver, Scholten, & van Aken, 2015) aridet milk gels (Barrantes, Tamine, Sword,
Muir, & Kalab, 1996; Houzé, Cases, Colas, & Cago5). The fat droplets can also participate in
the network via their interface, and the interacti@tween the proteins that form the gel network
and the proteins adsorbed at the oil-in-water fater has been demonstrated in the case of model
emulsion-filled gels (Sala, van Aken, Stuart, & \dmVelde, 2007). In set milk gels, a threshold
amount of 40% of the native membrane being replagedilk proteins was shown to increase its
storage modulus (G’) (Michalski, Cariou, Michel,&arnier, 2002). More specifically, Cho, Lucey,
and Singh (1999) showed that the matrix was firthegher G’) when whey protein concentrate
(WPC) adsorbed at the interface was heat-aggreg¢izedvhen it was native, which may be due to
different interactive forces. In addition, someds&s on emulsions showed that the interfacial
composition impacted the crystallisation of fathe droplets (Palanuwech & Coupland, 2003;

Truong, Bansal, Sharma, Palmer, & Bhandari, 208t of these studies were conducted either
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on model systems or on set milk gels, whereas Igtknown about the combined effects of the
interface and the fat compositions on the propedfestirred milk gels in realistic conditions.

The aim of this study was to understand the impatite compositions of fat and interfacial
proteins on the textural and structural propeniestirred milk gel systems, by designing tailored
creams. On the one hand, the study was carriedralgr realistic formulation conditions, by using
dairy ingredients and a process similar to thatiofed yoghurts. On the other hand, measurement
conditions of stirred milk gels were chosen to talte account oral processing during the
consumption of stirred yoghurts. The fat compositias controlled by using different fractionated
milk fats and the interface by using either nativéneat-aggregated whey protein isolate (WPI).
First, the effect of the formulation on the thermpedperties (fusion, solid fat content) and on the
structural properties (fat droplet sizes) of thearns was evaluated. The impact of the different
creams obtained on the textural properties (rhgoloipology), then structural properties (microgel
sizes, protein network coarseness and pore sizBgatsulting stirred milk gels were evaluated
next. Finally, the relationship between formulatistiucture and texture was analysed and is

presented in a final diagram.

2. M aterials and methods

2.1. Raw materials

Purified water was obtained using a Milli-Q purdtmon system (Millipore, Merck,
Germany), with a conductivity of 6.6x2® mi'. The skim milk powder (SMP) (18.4 wt% caseins,
6.7 wt% WP of which 68.1% was native) was providdgdurosérum (Sodiaal, Port-sur-Saone,
France). The whey protein isolate powder (WPI)58@t% WP of which 99.4% was native, 9.7
wt% caseins) was purchased from Lactalis (Lavanée) (95 wt% protein in dry matter) and
gluconosé-lactone (GDL) was purchased from Sigma-Aldrichif&&uentin Fallavier, France).

The pregelatinised modified rice starch was pradiog Yoplait (Vienne, France) and the



120 anhydrous milk fat (AMF), its low melting temperediuraction (olein) and its high melting

121 temperature fraction (stearin) were provided byrBka (Sodiaal, Quimper, France). The degree of
122  unsaturation of the fats and their proportion 08@dtty acids are listed in Table 1. Fatty acid

123 composition was determined by gas chromatograpbpgled with mass spectrometry (GC-MS,

124 Trace GC, Polaris Q, Thermo-Finnigan, Altricham,)UKith a ZB-WAX column (method adapted
125 from NF EN ISO 12966-2).

126

127 2.2. Preparation of the creams

128

129 Solutions of WPI were prepared to reach a protencentration of 1.2 wt% in the final

130 creams. Each solution was prepared by dispersinbifiRilli-Q water under continuous stirring
131 for 15 min at room temperature and then kept ogétrat 8 °C to ensure proper hydration. Some of
132 the solutions were heat-treated under stirringda@ for 30 min in a thermostatically controlled

133 water bath. The resulting protein aggregates wgpeoximately 100 nm in diameter (Dynamic

134 light scattering, Nanosizer ZS, Malvern Instrumeht&, 1:100 dilution with Milli-Q water). Oil-

135 in-water emulsions were prepared with either 60 \fid®4for thermal analysis with DSC) or 30

136  wt% fat (for stirred milk gel production and alktlother analyses). For this purpose, either the

137 AMF, olein or stearin was melted at 60 °C for 3Gnm a thermostatically controlled water bath
138 before emulsification, and the corresponding WHRItszn was tempered at 50 °C. After mixing the
139 melted fat and the WPI solution, pre-homogenisatvas performed with a rotor/stator (Polytron
140 PT 3100 D, PTG 36/4 probe, Kinematica AG, Switzedjaat 15,000 rpm for 5 min. The resulting
141 coarse emulsion was immediately treated by sowicg¥CX 130, 13MM probe, Sonic &

142 Materials, UK) at 130 W for 15 effective min (1@slses) to produce a fine emulsion. The

143 temperature was maintained below the irreversibleaturation temperature of the whey proteins
144 and the maximum temperature measured througho@ntisification process never exceeded 55 +

145 2 °C. All the information concerning the cream&sted in Table 2. In three different weeks, each
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type of cream with 30 wt% fat was produced onez, three repetitions of each. Creams with 60

wt% fat were made twice for thermal analysis.

2.3. Preparation of the stirred milk gels

Reconstituted skim milk was prepared by disperSINP in Milli-Q water under continuous
stirring for 15 min at room temperature and theptkma/ernight at 8 °C to ensure proper hydration.
Different milk mixes were prepared from the recdngtd skim milk and the different creams
previously obtained, also adding 1 wt% of ricectglas added in a reference recipe). The mixes
were made to reach a target fat content of 6 awt®0, and a target protein content of 3.1 wt%.
Stirred milk gels were produced from each milk msing the lab-scale process developed by
Moussier, Huc-Mathis, Michon, & Bosc (2019b). Théknmixes were heat-treated in a
thermostatically controlled water bath at 80 °C36rmin under stirring and then sonicated (VCX
130, 13MM probe, Sonic & Materials, UK) at 130 W b effective min (10 s pulses) to reproduce
the homogenisation step. Once homogenised, they eaeied down to 30 °C and then acid-gelled
for about 5 h (30 °C) by addition of 1 wt% GDL. Aftmaking sure the resulting gels had a pH
below 4.55, they were stirred. The gels were ticsrsely broken up with a spatula, poured into a
beaker (1 L) and passed at 200 mL Thihrough two successive pipes (a first 40 cm loith &
diameter of 7 mm, a second 100 cm long with a dianma 3 mm) then through a filter (1 mm
pores) using a peristaltic pump (L/S Precision @tdMasterflex, Gelsenkirchen, Germany).

In batches of 250 mL, the pre-stirred gels wereatdtnoothed by passing them once (from
bottom to top) through a rotor/stator (Polytron 300 D, PTG 36/4 probe, Kinematica AG,
Switzerland) at 1,500 rpm. The stirred gels wemalfy placed in 100-mL pots at 26 + 1.2 °C and
stored at 8 °C for one week before being analyisetthree different weeks, each type of stirred
milk gel was produced once, giving a total of threygetitions of each. All the information

concerning the samples of stirred milk gel is tisie Table 2.



172

173 2.4. Thermal analysis

174

175 The thermal properties were analysed using difteakscanning calorimetry (DSC) (DSC 1
176 STARe System, Mettler-Toledo, Greifensee, Swisd)each measurement was systematically
177 made three times. Calibration was done using indinitial melting temperature of 156.60 = 0.30
178  °C, melting enthalpy variation of 28.45 + 1.0'J).gApproximately 20 mg of the pure bulk fat and
179 12 mg dry matter of the creams (60 wt% fat, 1.2 wit¥ieins) were hermetically sealed in 40 pL
180 aluminum crucibles (Mettler-Toledo, Greifensee, &&WiIn the case of the creams, 2.8laCl was
181 added to each to delay the crystallisation of watet hence improve the baseline. To avoid water
182 pressure during heating-cooling-heating kinetidsole was made in the crucibles using a needle.
183 Two types of heating-cooling-heating kinetics wpegformed to account for the conditions of

184 production and consumption of stirred milk geldasas possible (Fig. 1). A temperature of 8 °C
185 was chosen as the standard temperature of houseffidtgbrators, a cooling rate of 30 °C mias
186 the average cooling rate throughout yoghurt pradonand a heating rate of 2 °C nfias a

187 compromise to be close to that of the mouth but eide able to correctly measure melting

188 behaviour. Cooling down to 8 °C was followed byugc§ quenching at —10 °C to obtain a good
189 baseline for the data treatment. The calorime@m@meters retrieved were those of melting. STARe
190 Excellence software (Mettler-Toledo, GreifenseeisSjwvas used to obtain the peakéak °C)

191 and final (Tendset°C) melting temperatures as well the total vaiatn enthalpy 4H, J g%).

192 Based on the work of Lopez, Briard-Bion, CamierG&ssi (2006), the order of magnitude of solid
193 fat content (SFC) formed by the emulsified AMF,ioland stearin fractions at 8 °C was calculated

194  using the following melting enthalpy ratio:

AHp s
SFC (%) = ﬁ”‘;‘l (1)
tota

195 whereAHpartial (J g') is the variation in the melting enthalpy of creameasured after cooling to

196 8 °C andAHtotal (J g%) is the one measured after cooling bulk fats dawA55 °C.
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2.5. Characterisation of the microstructure

2.5.1. Particle size distribution by laser diffraction

The patrticle size distributions were obtained tsgtadiffraction with a MasterSizer 2000
(Malvern Instruments, UK). The size distributioridat droplets were measured in the creams (Mie
theory, 1.33 RI for water, 1.47 RI for milk fat) Wanthe size distributions of the microgels were
measured in the stirred milk gels (Fraunhofer thedrhe creams (or stirred milk gels) were
previously diluted 1:10 (w/wivith Milli-Q water. To achieve a constant levelaifscuration
(between 13 and 15%), only some drops of 1:10eatllereams (or stirred milk gels) were poured in
the dispersant tank for the measurement (threeitieps). The median diameters of fat droplets (or

microgels) [d(0.5), pm] and the width of the distiions (span, eq. 2) were recovered.

d(0.9) — d(0.1) (2)
d(0.5)

span =

2.5.2. Confocal laser scanning microscopy and quantitaéimalysis by mathematical morphology
Confocal images were obtained with a TCS SP8 AOQB8rsed confocal microscope
(Leica, Solms, Germany) equipped with a helium-nlaser (458 nm excitation wavelength) and an
argon laser (633 nm excitation wavelength). A twepdabeling protocol was implemented to stain
fat and proteins, using the specific affinity praps of Bodipy 665/676 nm (Invitrogen, Carlsbad,
NM, USA) and DyLight 488 nm (Thermo Fisher SciagtiiValtham, MA, USA), respectively. For

each measurement, the fat image (in red) was sapesied on the protein image (in green). The
images shown in this article were chosen as reptaisee of the five replicates performed for each
stirred milk gel. The replicates were obtainedaaibnce for each type of stirred milk gel.
Quantitative analysis of the microstructure wasspme from the protein confocal images
using mathematical morphology, based on pixel foangations by dilations and erosions of an
element with a side length of (2n+1) pixels (eletrede of 3 pixels with n = 1, 40 erosions, 40

dilatations) (Fenoul, Le Denmat, Hamdi, Cuvel&iMichon, 2008). In the present study, the
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successive dilatations provided information abbatdtep-by-step disappearing speed of dark
objects, which corresponded to the pores (serunfahdSuccessive erosions provided information
about the step-by-step disappearing speed of digjeicts, corresponding to the protein network.
The images were processed using the program andetied of interpretation developed for cakes
by Dewaest et al. (2017) using MatLab software (VlaghWorks, France) and XLSTAT 2015.1
software (Addinsoft, Paris, France). A set of 188focal images [*40 magnification, 1 pixel =
(0.569¥% unt] obtained from 35 different recipes, includingtgigrom the present study, were
analysed to dispose of sufficient data for staigdtinterpretation and hence quantitative analykis
the microstructure.

The 80 total grey level values obtained from theld&ations and 40 erosions of the 183
confocal images were analysed using principal carapbanalysis (PCA). The position of each
image in the PC1-PC2 plan was obtained. Using @& &d PC2 loadings of principal components
plotted against micrometres, it was possible terpret the microstructure of the confocal images.
This provided information about object sizes ragdgimom 2.2 to 85.5 um. In the present study, the
pore size and the coarseness of protein netwotkdi@nged according to the principal components
PC1 and PC2. However, the diagonals (D1 and D2entgubssible to interpret the microstructure,

and the coordinates of the confocal images on ilDthwere calculated.

2.6. Analysis of the texture using rheology and tribgléaking oral processing into account

The texture was evaluated in conditions that taalk processing into account through
shearing, temperature, and the small gaps cho$enmEasurements were made by combining
rheology and tribology, using the method develomediuc, Michon, Bedoussac, and Bosc (2016).
After a standardised mixing step, the sample waddd onto the controlled Peltier plate of a MCR
301 rheometer (Anton Paar, Graz, Austria) set &iCLMeasurements were made using a plate-

plate system (steel serrated parallel plate, Srcdiameter) with a gap of 1 mm and with an
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increase in temperature from 10 °C to 25 °C, mimigkhe increase in temperature that takes place
in the mouth. The viscoelastic properties werd fitreasured at 10 °C (0.01-10 Hz frequency, 0.1%
strain chosen in the linear viscoelastic domaim}the second step, viscosity was measured at 60 s
while the temperature was increased from 10 °G8t8CL(0.6 °C & heating rate) and then the
viscoelastic properties were measured at 25 °Q{A.0 Hz frequency, 0.1% strain that was still in
the linear viscoelastic domain) after 1 min at @5uhder 604 shearing. Three replicate
measurements were performed for each sample. $awdiators were chosen to describe the
rheological properties: viscosityy Pa s) and storage moduli ¢(GPa, 1 Hz) at the beginning of the
mimicked oral processing, viscosity,(Pa s) and storage moduli ¢&Pa, 1 Hz) at the end of the
mimicked oral processing, and changes in the pt@sedluring measurement through the ratigs R
(mt /o) and RG’ (G /G’p). In addition, friction was also measured usintpaotribometer NTR2
(CSM, Peseux, Switzerland) fitted with a polytdtrafoethylene (PTFE) ball (2 mm in diameter)
and a polydimethylsiloxane (PDMS) surface in contdbe temperature was set at 25 °C (Peltier
control system). A sample 250 mm in height was éobointo the PDMS and a 30 mN normal force
load charge was applied with the PTFE ball slicaitang a distance of 4 mm at a velocity of 10 mm
s* for 15 cycles. The friction coefficient was calatgd by dividing the friction tangential force
measured (frby the applied normal force JHu = R/ F,). At least five replicates were done per
type of stirred milk gel. Only 10 cycles were retd for the evaluation of the friction coefficient,

by averaging their values. Between each measurethendurfaces were washed with ethanol and

rinsed extensively with distilled water and theped dry.

2.7. Statistical analysis

Statistical analysis was performed using XLSTAT 2Q1software (Addinsoft, Paris,

France). Analysis of variance (ANOVA) was performeckvaluate differences between average

values using Tuckey’s test. Significance levelp 6f0.05 orp < 0.1 were used. Principal
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component analysis (PCA) was used to analysealietkture properties measured in instrumental

conditions that mimicked oral processing.

3. Results and discussion

3.1. Thermal properties and sizes of fat droplets indfeams

Although the main sizes of fat droplets in the ane@ere generally similar (ranging from
1.4 um to 2.1 um), the fat droplets stabilised wilive proteins were slightly smaller than the fat
droplets stabilised with heat-aggregated proteliable 3). This difference in fat droplet sizes
depending on the state of aggregation of the iate&f proteins has also been reported in the
literature for emulsions made from rapeseed oil {8pand whey protein concentrate (WPC) (3%
protein) (Millgvist-Fureby, Elofsson, & BergenstaBD01). This can be explained because once the
proteins are heat-aggregated, they form fewergdastithan when they are native and the amount of
emulsifying material is consequently reduced. Hoavethe results obtained by Truong et al. (2014)
suggest that this difference in size was not geffiicto cause differences in fat droplet properties
such as fat crystallisation. This result enablefbtas on the effects of the fat fraction and of
interfacial proteins on the emulsion propertiestf@ remainder of the present study.

As the differences in the composition of the creamee expected to impact their thermal
properties, they were studied as a function otype of fat and of the protein adsorbed at the
interface (Fig. 2). The results showed that thetinggprofiles of the creams made from olein, AMF
and stearin were different and all correspondedlitie melting ranges with one main melting peak
(Fig. 2A). The three fat fractions started theiltmg between 0 °C and 5 °C and stopped around 11
°C for olein, 20-25 °C for AMF and 41 °C for steari his showed that olein was already melted at
8 °C whereas AMF melted during the increase in enampire from 8 °C to 25 °C (the temperature
range representative of oral processing). Steaniyyroelted very slightly and remained mainly

crystallised in this temperature range. The melgragfiles also showed that there was no difference
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due to the type of protein adsorbed at the inter{faative or heat-aggregated). In addition, the SFC
of cream calculated at 8 °C differed with the fattion (Fig. 2B). It was close to 0% for olein and
between 45% and 50% for AMF. In the case of stednraried significantly with the interface,

with a value of 75% when the interfacial WPI wasiveaand 50% when it was heat-aggregated.
The composition of the fat thus had a major impecthe thermal properties of the tailored creams,
whereas the type of protein adsorbed at the irderfamly influenced certain thermal properties (i.e.
the SFC of the creams of stearin).

The melting profiles obtained for the creams madmfthe three fat fractions correspond to
those expected and are in accordance with thoseteelin the literature for similar systems (Lopez
et al., 2006; Truong, Morgan, Bansal, Palmer, &itai, 2015). The SFC values obtained at 8 °C
are also consistent with the values of 20%, 40%609d reported in the literature for olein, AMF
and stearin emulsions, respectively (Lopez e28D6; Truong et al., 2015). These differences
depending on the fat fractions can be linked tar tiad¢ty acid composition (Table 1). Indeed, the
more unsaturated and the longer the fatty acigsptbre difficult the crystallisation. Hence, at 8
°C, the fat crystals melted at lower temperaturemtine SFC was lower. Only one paper by
Palanuwech and Coupland (2003) reported that dligation onset temperature increased when a
cocoa butter emulsion was stabilised by heat-aggeedWPI1 (90 °C for 30 min) instead of native
WP, which is in accordance with the results ol#dim the present study. In the case of the stearin
droplets stabilised with heat-aggregated protefresjncrease in the onset crystallisation
temperature coupled with the decrease in SFC, stgjj®at the protein aggregates contributed to

the initiation of crystallisation, while limitingrgstal growth by steric hindrance.

3.2. Rheological and lubrication properties of stirredlkrgels

The different creams were used to make stirred gelk and to evaluate the impact of the
fat content, fat fraction and interfacial proteorsthe properties of texture (5Gt, no andn;) and

lubrication () of the stirred milk gels. The diféat properties were measured in conditions taking
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oral processing into account and the results atediin Table 4. First, the stirred milk gels were
similarly ranked according to their rheological pecties and three groups differed, mainly
depending on their fat fraction and fat contente Tirst group consisted of the two olein stirred

milk gels [HTOL(6), OL(6)], with the lowest viscd®s and storage moduli. The second group
consisted of the stirred milk gels with intermedigiscosities and storage moduli [AMF(6),
HTAMF(6), ST(6), HTST(6)]. The third group considtef the stirred milk gels with the highest fat
content [AMF(10), HTAMF(10)], having the highessuosities and storage moduli. In addition, the
viscosities and storage moduli of the stirred ks made from AMF tended to be higher when
the interfacial proteins were heat-aggregated. &tiext was even more marked (and significant)
with a higher fat content.

The effect of the fat content observed is consistati that already demonstrated for stirred
yoghurts (Krzeminski, Grol3hable, & Hinrichs, 201The protein-stabilised fat droplets are fillers
known to contribute to the protein network thuslaxpng the reinforcement of the rheological
properties of the stirred milk gel when its fat tamt is increased (10% instead of 6%). In addition,
the literature reported that the fat fraction ameifacial proteins also had an impact on therstgs
of emulsion-filled gels (Liu et al., 2015; Olivera., 2015; Sala et al., 2007) and set milk g€lsq
et al., 1999; Houzé et al., 2005). To the bestunfkmowledge, this impact has not yet been
demonstrated for stirred systems. However, it leghlveported that the viscosity of concentrated
dispersions was higher when the particles wertes{iBarnes, 2000). The results obtained in the
present study can thus be interpreted by assurhaighe stiffer the initial set milk gel, the saiff
its microgels after stirring, and consequentlyhigher the viscosity and the storage modulus of the
stirred milk gel. Some authors reported that ansiase in the droplet solid fat content increased th
fat droplet hardness and hence the stiffness aéitingdsion-filled gel (Liu et al., 2015; Oliver dt,a
2015). In the present study, it can thus be assuh#&dhe olein stirred milk gels had the lowest
viscosities and storage moduli because their dioplere liquid at 10 °C and 25 °C, in contrast to

the AMF and stearin stirred milk gels (whose dritpleere at least partly crystallised).
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Furthermore, Cho et al. (1999) reported an increasescosity and storage modulus when
the interfacial proteins were heat-aggregated thadesults shown in Table 4 are in good
agreement with their results. Liu et al. (2015) &adh et al. (2007) reported that stronger
interactions between the dispersed and continubasgs tended to increase the stiffness of
emulsion-filled gels. In the present study, it thns be assumed that the fat droplets interacted
more with the protein network when the interfatéP1 were heat-aggregated. Since we
demonstrated in a previous work that heat-induc&d &ggregates are bigger and more
hydrophobic than native ones (Moussier et al., 2)1tBe increased interactions between the
protein interface and the protein network were platy due to more hydrophobic interactions
(Nguyen, Wong, Guyomarc’h, Havea, & Anema, 2014)/anstronger mechanical anchoring. In
the specific case of stearin, Truong et al. (2GH@wed the droplets to be irregular in shape due to
the formation of large fat crystals. This may haaduced the interaction between the stearin
droplets and the protein network (spatial hindrniteus limiting the “strengthening” effect of the
interfacial heat-aggregated WPI. With olein, thiediaplets were liquid and the effect of the
strengthening interface was probably offset, uncieid the combined effect of the interface and fat
compositions.

Changes in the rheological properties after thepgrature was increased from 10 °C to 25
°C (under 60 $shearing) were measured using the parameters RRmp(irable 4), which tended
towards 0 when the properties varied strongly akblegneasurement, and towards 1 when they
varied only slightly. The stirred milk gels werensliarly ranked based on RG' and on, Resulting
in three main groups that depended mainly on thigdation. The RG' andRvalues of stirred
milk gels were the lowest with AMF, intermediatelwstearin and the highest with olein. In the
case of the stirred milk gels made from AMF, thevRlues were even lower for a higher fat
content. It was demonstrated in Subsection 3.1AN# melted completely between 10 °C and 25

°C, whereas the states of stearin (remaining diigstd) and olein (already almost completely
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melted) did not change much in this temperaturgeaiihe differences in RG' ana) Rbtained can
thus be linked to the thermal properties of ther&ttions.

The friction coefficient (1) was measured at 25aHd made it possible to distinguish the
stirred milk gels made from stearin (ST(6), HTS){@hose u was significantly higher, from all the
other stirred milk gels (Table 4). Several autldemonstrated that the friction coefficient
decreased when an oily film was formed after tredescence of the fat droplets at small gap
friction (Chojnicka-Paszun, de Jongh, & de Krui®12). Since stearin was mainly crystallised at 25
°C, it may not have formed the lubricating oilyil resulting in a higher friction coefficient than
with olein and AMF, both of which were completelghed at 25 °C. This effect was strengthened
when interfacial WPI was heat-aggregated, probhbbause the resulting thicker interfacial film

was even more resistant to coalescence under speara very small gap.

3.3.  Structural properties of stirred milk gels

The microgel median diameters of the stirred médlsganged from 11 pm to 21 um
depending on the fat content and on the stateatéms adsorbed at the interface (Table 5). The
microgels were smaller when the fat droplet integfavas composed of heat-aggregated WPI and
when the stirred milk gel contained more fat (i1€ wt%). However, there was no significant
effect of the type of fat on the size of the stirmilk microgels.

The order of magnitude of the microgel sizes olatdiwas close to the sizes reported in the
literature (Abhyankar, Mulvihill, & Auty, 2014). Tse results show that stirring resulted in smaller
microgels when the texture of the set gel obtaaféet acidification was strengthened by
parameters such as fat content or heat-aggregataithe interface. This is consistent with
literature reporting that model emulsion-filled g@lere more brittle under stirring if they were
stiffer, breaking down into smaller pieces (ChdgaicSala, de Kruif, & van de Velde, 2009).

Knowing that tailoring the cream affected the stirmilk microgels, it was then decided to analyse
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in more detail how the proteins, fat droplets amisn were structured in the stirred milk gel
matrices.

All the micrographs in Fig. 3 show a protein netkv@n green), in which the microgels are
not visible individually, dispersed fat (in redgram-filled pores (in black) and fat-protein co-
location zones (in yellowish-orange). In all of tinecrographs, the fat droplets are aggregated with
some Yyellowish-orange zones typical of dispersedtébilised by proteins. The fat droplet
aggregates are either separate entities such asgeis (10—-20 um, arrow 2 in Fig. 3) or are
embedded in the global protein network (arrow Bim 3). The structures are typical of model
emulsion-filled gels (Liu et al., 2015) and of s¢nl yoghurts (Huc et al., 2016) described in the
literature. There are no visible differences betwine micrographs depending on fat fractions
(AMF, stearin and olein), and all the micrograptes similar with respect to the distribution of fat
droplet aggregates. However, the global proteimors of the stirred milk gels containing more
fat or aggregated WPI at the interface appearée tihinner and less porous. A quantitative
analysis was then performed using mathematical hudogy to provide an objective basis for the
structure and to quantify the differences (Fig. 4).

The mathematical morphology analysis was perforoseag the confocal images of the
global protein network only, with fat appearingdask objects (as did serum-filled pores). A 2D
score plot (PC1, PC2) was selected from the PCthefrey level sums (for all dilatations and
erosions) obtained using mathematical morphology. @A). The corresponding score plot
displays more than 73% of the total information #relstirred milk gel micrographs used for
mathematical morphology are well distributed omnitlicating a diversity of the microstructures.
The analysis of the PC1 and PC2 loadings (Fig.pt@yided interpretations of the axes with
respect to the sizes of dark objects. (peres) and light objects (i.e., the protein nekyor
According to these size interpretations, both twk énd light object sizes varied simultaneously on
the PC1 and PC2 axes. However, the diagonals DDandade it possible to distinguish the sizes

of the dark and light objects, thereby facilitatihg interpretation about the microstructure. Among
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all the points on the PC1-PC2 mapping, the mostidisnating ones (at the extremities) were
chosen to interpret D1 and D2 axasl, c, d, €). The confocal images corresponding todhle, c,
d, ande points display different microstructures (Fig. 4B¥ was the case in Fig. 3, the microgels
are not visible on any of the confocal images. in@gesa andb show a very thin protein network
and small pores, whereas imapghows a coarse protein network and large pordsetineen,
imagesc ande both display a quite thin protein network (locallyith small pores i and larger
ones ine. Based on these discriminating confocal imagestlamdizes obtained from the loadings,
D1 was identified as an axis representing the emass of protein network (from thin to coarse)
and D2 the size of the pore (from small to largdl)is quantitative interpretation of the
microstructure is similar to the levels of orgatizathat Mellema, Walstra, van Opheusden, and
van Vliet (2002) described for skim milk gels (tbhgh aggregation and microsyneresis/pores).

All the points of the PC1-PC2 mapping correspondmthe stirred milk gels in the present
study (black ellipse in Fig. 4A) were projectedtba D1 and D2 diagonals and their coordinates
were collected. The average and standard deviafitre D1 and D2 scores were then calculated
for each stirred milk gel (Fig. 5). The D1 scorég)( 5A) had larger standard deviations than D2
scores (Fig. 5B), meaning greater variability af tlnages for a given stirred milk gel from the
point of view of the coarseness of the protein wekwHowever, the D1 scores differed more from
one stirred milk gel to another and were there&agier to interpret than D2 scores, for which
smaller variations were observed. The high standawhtions of the scores can be explained by
the variability when the confocal images were takéigh variability of scores is quite common in
mathematical morphology but they nevertheless nitgd@ssible to identify trends and to
guantitatively interpret the microstructure (Dewtastsal., 2017; Fenoul et al., 2008).

The protein network coarseness displayed no dleadtD1, Fig. 5A) based on fat content.
However, the protein networks were globally thinmen the interfacial proteins were heat-
aggregated WPI. This effect was even strongertioed milk gels made from stearin and olein

[HTST(6) < ST(6) and HTOL(6) < OL(6)]. Although nstatistically significant, the pores (D2
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scores, Fig. 5B), were slightly larger when thecfattent was higher. This makes sense, because fat
was not taken into account in mathematical morpiobmalysis, and therefore appeared as pores
(in black) on the confocal images. In additionthet same fat content, the pores in stirred milk gel
having heat-aggregated WPI at the interface wegetavith olein and AMF [OL(6) < HTOL(6)

and AMF(6) < HTAMF(6)] but smaller with stearin [FBIT(6) < ST(6)].

These quantitative results indicate that heat-agdesl WPI increased the interactions
within the matrix, leading to thinner networks. Yrenfirm our qualitative analysis of the confocal
images of the stirred milk gels (Fig. 3). The largeres quantified for olein and AMF suggest
greater syneresis (Mellema et al., 2002; Renah,&2G09) in the presence of heat-aggregated WPI
at the interface, probably due to the strongeraat#ons in the matrix (via the interface) (Chakt
1999). In the case of stearin, this effect wascoofirmed. It was shown in Subsection 3.1 (Fig. 2)
that the stearin droplet SFC was not the samesiirtterfacial proteins were native (SFC of 75%) or
heat-aggregated (SFC of 50%). Fredrick, Walstrd,2ewettinck (2010) reported an optimum SFC
between 20% and 50%, at which partial coalescenpeomoted and above which patrtial
coalescence is much less likely. Palanuwech angl@od (2003) also demonstrated that emulsion
destabilisation (partial and total coalescence) passible with aggregated WPI at the interface. In
the present study, it is likely that interactiortvibeen stearin droplets were enhanced when the
interfacial proteins were aggregated WPI througdiezgartial coalescence, limiting interactions
with the protein network and therefore synereses,(arger pores). It was showed in Subsection
3.1 that the SFC of the AMF droplets stabilisetieitwith native or heat-aggregated proteins was
around 50%. Based on the literature (Fredrick.eR8ll0; Palanuwech & Coupland, 2003), we
expected the partial coalescence of the AMF drepitebe similar to that assumed for stearin
droplets stabilised with heat-aggregated WPI, bistwas not the case. This result suggests that the
types of crystals formed with AMF and stearin weoé the same, resulting in different partial

coalescence of the droplets.
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3.4. Relationship between the stirred milk gel formwatand their structural and textural

properties

The variables measured at the different scales amakysed together to see if (and how)
they were correlated, and to what extent tailotiggcream made it possible to produce different
stirred milk gels. A previous correlation test sleokthat properties @’G’t, no andn;, as well as
properties RG’ and R were correlated. The properties G' and RG' wesetore selected among
all the rheological properties. The previous catieh test also showed that the microgel median
size determined by laser diffraction [d(0.5) pgelsil the coarseness of the protein network
determined by mathematical morphology (D1) wereeatated. This correlation indicated that the
thinner the protein network, the smaller the mielegThe properties D2 and d(0.5) pgels were
thus selected as the microstructure indicatorghisrmulti-scale analysis.

The principal component analysis (PCA) plottedim B gives a mapping of the stirred
milk gels as a function of all the chosen variablése selected 2D projection (F1; F2) displays
73% of the total information. According to the aation loading plot (Fig. 6A), the F1 axis
explains more than 44% of the total information drgplays the rheological properties {@nhd
RG’), SFC (8°C) and d(0.5) pgels. The F2 axis @rglalmost 29% of the total information
through n(25°C) and D2. Overall, the variablesdas&ributed all around the correlation loading
plots, indicating that the studied properties wermplementary.

Based on the table listing the Pearson’s correlataefficients (Table 6), Gand RG’ were
anti-correlated, meaning that the higher the seragdulus of the stirred milk gels, the bigger the
decrease in the storage modulus in conditionsat@iunt for oral processing. Moreover, the
friction coefficient was not correlated with theediogical properties. The two measurement are
complementary in characterising stirred milk gasalready shown by Huc et al. (2016).
Regarding structural properties, no correlation feasnd between microgel size [d(0.5 pgels] and

pore size (D2). This result indicates that the mize obtained by mathematical morphology is
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complementary to the microgel size and that trereidirect relationship between these two
structural indicators. In addition, Pearson’s clatren coefficients revealed different links betwee
the structural and textural (lubrication and rheg)oproperties. In particulap(25°C) was slightly
correlated with SFC(8°C) and anti-correlated with B’owas correlated with SFC(8°C) and anti-
correlated with d(0.5) pugels. Conversely, RG’ waghly anti-correlated with SFC(8°C) and
correlated with d(0.5) pgels.

Furthermore, the samples are well distributed ersttore plot in Fig. 6B, indicating that a
range of stirred milk gels with different propestias produced by tailoring cream. Different
groups can be defined according to both F1 andi€@ending on fat fraction (AMF, olein or
stearin), interface (native or heat-aggregated VaRd) fat content (6 or 10% fat). The stirred milk
gels made from olein or containing more fat diftefieom the other samples on the F1 axis,
depending on the rheological properties, the SHCtla@ size of the microgels. These gels had a
small G, a small SFC and a high RG’ (i.e., small chang&s’ibetween 8 and 25 °C). On the F2
axis, the stirred milk gels made from stearin ddtéfrom the other samples, with a high level of
M(25°C) and small pore size (D2). The stirred migksgmade from AMF all had the same
SFC(8°C) but different G’depending on the interface and the fat contertt-Aggregated or a
higher fat content led to smallp(25°C) and higher @!

The structural parameters and the measured texitopérties thus proved to be
complementary for the characterisation of theetimmilk gels obtained by tailoring the formulation
via the fat content, the state of the interfacralt@n and the fat composition. The relationship
between formulation, structure and texture showe Far realistic dispersions of emulsion-filled
microgels, contributes additional results to therditure, in which this relationship has only been
shown for model systems up to now (Chojnicka et28109; Liu et al., 2015; Oliver et al., 2015).

The resulting effects at different scales are suns®d in Fig. 7. First, the change in the fat
fraction mainly modified the thermal propertiestfibmnelting and SFC), and these modifications

affected the final properties of the stirred mitdgat different levels. Still strongly crystalligsat
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25 °C, stearin generated the highest friction ¢oieffits of the stirred milk gels. As olein was
already melted and liquid at 10 °C, it led to tbeést rheological properties. The rheological
properties of the stirred yoghurts made with obeid stearin changed little between 8 and 25 °C
(i.e., high values of RG"), certainly due to thealinaariations in the SFCs of these two types of fa
over this temperature range. By melting betweefCl@nd 25 °C, AMF caused the biggest changes
in the rheological properties (i.e., lowest RG’}lwis temperature range. The interface mainly
impacted the coarseness of the protein networklandize of the microgels. The heat-aggregated
WHPI (at the interface) likely increased interactiaf the fat droplets among themselves (within the
droplet aggregates) and with the protein networkefivembedded in the network). This increase in
interactions probably strengthened the structudeesntnanced its stiffness, which certainly
increased its brittleness during stirring and cgaseatly led to smaller microgels (Chojnicka et al.,
2009). The small microgels tended to increasetiffaess of stirred milk gels, which may be due

to improved homogeneity of the microgels, as shbwhkiahn et al. (2015) for stirred milk gels.
Finally, big pores tended to decrease friction toleit, certainly because of the presence of large
amount of serum surrounding the stirred-milk mi@isgIn the specific case of stearin, the in-depth
study of the microstructure suggested that drophetgeased their partial coalescence when
interfacial WPI were heat-aggregated instead afedtue to a more suitable SFC) and this may
also explain the slight increase in the frictioeftiwient then measured. Regarding olein, the
droplets were liquid and certainly poorly textungi which offset the strengthening effect of heat-
aggregated WPI (at the interface). The study thgislighted that the interface and fat fraction had

a combined effect on the stirred milk gel propettie

4. Conclusions

While emulsion-filled gels are relatively well aps¢d in the literature, the dispersions of

emulsion-filled microgels obtained after stirringve rarely been studied. The aim of the present
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study was to measure the effects of tailoring #tdraction (AMF, olein or stearin) and interfacial
protein (native or heat-aggregated WPI) of thalfaplets (in cream) on the properties of stirred
milk gels. By using a multi-scale approach, thigkwdearly demonstrated the existence of a
relationship between formulation, the structural amacroscopic properties of stirred milk gels. It
provided new interpretations that highlight sonmracttring mechanisms of this complex system,
depending on both the fat fraction and the intexfdic particular, the present study has shown that
crystallised fat droplets can reinforce the texwhereas liquid droplets tended to weaken it. The
level of interactions between the interface andpitmeein network can be driven by the type of the
adsorbed proteins and can modify both the thinoE#se protein network and the rheological
properties of the stirred milk gel. In addition,aimicrogels may have been formed when the
protein network was thinner, likely because theyeness deformable when stirred. As the stirred
milk gels were realistically formulated and chaesisted in conditions that took oral processing
(temperature increase under constant shearingaotount, this study suggest that tailoring cream

would modify sensory properties and provide intengdevers for future innovations.
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Figurelegends

Fig. 1. Cooling and heating kinetics used to study thetatitsation (grey lines) and fusion
(black lines) properties of milk fats with cooliegher to —55 °C (solid line) or to 8 and then

to —10 °C (dotted line).

Fig. 2. Average enthalpy profiles (A) during the meltingéting at 2 °C mir) of creams (60
wt% fat) cooled at 8 °C (—10 °C), with stearin (SAMF or olein (OL) and stabilised either
with native WPI (dashed line) or with heat-aggredatHT) ones (solid line). The range of
temperature mimicking oral processing (betweenrZb&°C) is indicated with a pale grey
rectangle. Solid fat content (8 °C; B) of fat enfidsl either with native (pale grey) or with

heat-aggregated WPI (dark grey).

Fig. 3. Images of the different types of stirred milk geltained by CLSM; magnification
40x%; scale bar = 50 um. Fat droplets are showadnthe global protein network in green,
areas where proteins and fat are co-located al@wsh-orange (arrow 1) and areas
containing only serum are black. There are highlyragated fat droplets in the serum (arrow

2) and embedded in the protein matrix (arrow 3).

Fig. 4. Mathematical morphology analysis of the proteigamisation at microscopic scale:
PC1-PC2 mapping (A) of stirred milk gels obtainsaiti the PCA and the confocal images,
with the ellipse (black line) outlining the areaavl the stirred milk gels studied in this work
are located on the map; sampde® eillustrate the axes (B); loadings of PC1 and PQ2we
micrometres of the size of the structuring elemeartsformation (C) (more details on

erosions, dilatations and mathematical morpholagygaven insubsection 2.5.2.)



Fig. 5. D1 scores (A; coarseness of the protein netwar)22 scores (B; size of the pores)

from the mathematical morphology analysis of theest milk gel confocal images.

Fig. 6. Correlation loading plot (A) of the functional pexies [Go, RG’, 1 (25 °C)],
microstructure indicators [median diameter of therogels d(0.5) pugels, pore size D2] and
solid fat content at 8 °C [SFC (8 °C)] and scom pB) of the different types of stirred milk

gels produced.

Fig. 7. Diagram showing the relationship between the fdatmn, structure and texture of 6
wit% fat stirred milk gels (the effect of fat inceeabeing better known). Different creams
tailored in terms of fat fraction (AMF, olein oresirin) and interfacial proteins (native or
heat-aggregated WPI) led to different thermal privgpe (SFC at 8 °C) and different stirred
milk gel structures (pore size, microgel size, pronetwork coarseness, interactions of the
fat droplets between themselves or with the pratetwork). All these differences resulted in
different textural and lubrication properties §RG’ and p) of the stirred milk gels

measured in conditions that accounted for oral gssitg.
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Tablel

Composition of the different types of fat used deieed by GC-MS?

Type of fat AMF Olein Stearin
Degree of unsaturation (%) 34.3+0.8 41.4+41 42527
C18:0 (stearic acid) (%) 11.0+14 82+1.2 A2
C18:1 (oleic acid) (%) 30.0+0.5 36.4+3.9 224.6
C18:2 (linoleic acid) (%) 23+0.1 25+0.2 1.D2

#Values are the average + standard deviation epatitions.



Table?2

Composition, treatment and labelling of the creamd stirred milk gels:

Treatment applied to aggregateTypes Labelling of the

Fat content(s) of

Labelling of the stirred milk

the proteins in WPI solution ~ of fat  creams with 30 or 60 stirred milk gels (wt%) gels
wit% fat
No treatment (native) AMF  AMF 6 or 10 AMF(6) or ANIED)
No treatment (native) oL oL 6 OL(6)
No treatment (native) ST ST 6 ST(6)
HT at 80 °C for 30 min AMF  HTAMF 6 or 10 HTAMF(6Y HHTAMF (10)
HT at 80 °C for 30 min oL HTOL 6 HTOL(6)
HT at 80 °C for 30 min ST HTST 6 HTST(6)

& Abbreviations are: HT, heat-treatment; AMF, anloytr milk fat; OL, olein fraction; ST, stearin frast.



Table3
Median diameters [d(0.5)] and span of the sizeidigions of fat droplets in the creams (30

%wt fat) (measured in Milli-Q water].

Creams d(0.5) (um) Span
HTAMF(10) 2.1+0.0 1.5+0.1°
AMF(10) 1.4+0.7 2.3+0.4
HTAMF(6) 2.1+0.0 1.5+0.1°
AMF(6) 1.4+0.2 2.3+0.4
HTST(6) 21+0.F 1.6 +0.1°¢
ST(6) 1.7+0.0 1.6 + 0.2
HTOL(6) 21+0.F 1.5+0.1°
OL(6) 1.6 +0.1°¢ 1.8+0.0°

#Values with different letters in one column amgndiicantly different at p< 0.05.



Table4

Textural properties through (i) the storage modull the apparent viscosities at the beginning (@ and at the end () of rheological oral

processing, and (ii) the changes they underwent,(R§) between the beginning and the end of rheologitallprocessind:

Stirred milk ~ G% (Pa) G (Pa) no (Pa s) nr (Pas) RG' R M
els

aTAMF(lo) 190 +200 70+15° 0.99+0.04 0.69+0.03F 0.36+0.05 0.7+0.0F 0.21+0.0F
AMF(10) 160 +20° 60 +5° 0.82+0.07 0.59+0.04 0.37+0.0F 0.72+0.01°° 0.19 +0.01°
HTAMF(6)  90+10° 30+2°° 0.54+0.04 0.41+0.03° 0.37+0.0F 0.75+0.02° 0.21 +0.0Z
AMF(6) 80+5% 30%5° 0.47 £ 0.02° 0.36 +0.01°° 0.4 +0.01°° 0.76 +0.0° 0.23+0.02¢
HTST(6) 90+1CF 40+5"¢ 0.53+0.05 0.39+0.03° 0.43+0.0° 0.74+0.02° 0.32 +0.06
ST(6) 100+30 40+10° 0.56+0.14 0.43+0.1° 0.44+0.02 0.77+0.02 0.27 +0.02
HTOL(6) 60+15" 35+5°¢ 0.4+007 0.33+0.068 0.61+0.04 0.83+0.0F 0.23+0.02¢
OL(6) 60 + 5° 30+5°¢  0.41+0.03 0.34+0.03 059+0.02 0.83+0.0° 0.19+0.01

& The friction coefficient (1) was obtained by tribgy at 25 °C; values in the same column with défe superscript letters are significantly

different atp < 0.05.



Table5s

Average diameters [d(0.5)] and span of the siziibligions of the microgels of the stirred

milk gels.?

Stirred milk gels  d(0.5) (um) Span
HTAMF(10) 11 +1° 1.8+0.3
AMF(10) 15+ 2° 1.6 +0.1°
HTOL(6) 17 + 3¢ 1.4+0.1°
HTAMF(6) 16 + 2° 1.6 +0.1°
HTST(6) 15+ 7 1.5+0.1°
OL(6) 20 + 12* 1.5+0.1°
AMF(6) 20 + 2° 1.5+0.1°
ST(6) 21+ 3 1.5+0.2

#Values with different superscript letters in tlaen® column are significantly different@ag

0.05.



Table6

Pearson’s correlation coefficients between the @nigs used in Fig. 6.

Variables G RG M (25 °C) SFC (8°C) d(0.5) pgels D2
Gh 1 - - - - -

RG - 0.67 1 - - - -

K (25 °C) -0.20 - 0.06 1 - - -
SFC (8 °C) +0.46 -0.82 +0.41 1 - -
d(0.5) pgels -0.48 +0.59 +0.11 -0.19 1 -
D2 +0.39 -0.01 -0.41 -0.16 +0.07 1

#Values in bold indicate significant correlatioretleeen properties at< 0.1.





