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ABSTRACT

The demand for low-fat, high-protein dairy prodystisch as yoghurts and fresh cheeses is
growing considerably. However, reduction of fatthaa concomitant increase in protein,
contributes to textural and functional challengethie finished products. The aim of this
study was to investigate how the rheological, nstmectural, textural and water holding
properties of acid-induced milk protein gels aftuenced by the addition of a commercial
protein-based fat replacer (Simples4€0), i.e., microparticulated whey protein (MWP).
MWP was added to fat-free, high-protein samples3%0) w/w, fat; 8%, w/w, protein) at
different concentrations (0—4.4%, w/w). The gelgadies were significantly influenced by
the addition of MWP, due to the prevention of casgjgregation and creation of serum
channels. The gels containing MWP had lower storagdulus, lower yield stress, lower
firmness, higher porosity, lower tortuosity and &water holding capacity compared with

the control gel (without MWP).
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1. Introduction

The demand for low-fat, high-protein variants ofrd@roducts, such as yoghurts and
cheeses, has increased dramatically over theOagt@ 9 Drake & Swanson, 1995;
Purwanti, van der Goot, Boom, & Vereijken, 2010; Rodriguez, 1998). However, such
products have textural, rheological and microstradtproperties that are very different from
those of their full-fat counterparts. For instarite removal, or reduction, of fat causes
several challenges with acceptability of the fipedducts, such as poor texture, lack of
flavour and undesirable colour (Mistry, 2001). tiddion, the increase in protein content
leads to strong and tight networks due to a redoadf the distance between the protein
particles in the matrix, resulting in products theg firmer and have a more rubbery mouth-
feel than their full-fat equivalents (Chever, Guyartih, Beaucher, & Famelart, 2014;
Purwanti et al., 2010).

Three main approaches have been investigated tesglthe challenges associated
with fat removal or reduction in dairy products 8Re & Swanson, 1995; Mistry, 2001;
Tufeanu & Tia, 2016): (a) modification of conventional dairppessing technologies to
improve moisture retention and/or increase theaserairea of fat globules during
homogenisation; (b) use of adjunct cultures to muprflavour development; (c) use of fat
replacers to improve texture and flavour. These@gghes result in modification of the
intermediate acid- or rennet-induced gel microstmecand, ultimately, in the physical and
organoleptic properties of the final product.

Fat replacers may be divided into two categorigsfdt substitutes, which are fat-
based materials and (b) fat mimetics, which areegaly polar, water-soluble compounds
and may be protein- or carbohydrate-based. Priased ingredients, such as

microparticulated whey protein (MWP), are receivingreasing attention due to the interest
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in adding value to whey produced by the dairy itiduand to the nutritional contribution of
the added whey proteins (Hinrichs, 2001; Smith2045). Different authors have suggested
the use of MWP as a fat replacer to provide dekgrpbysical and organoleptic properties in
low-fat dairy products such as ice creams (Kar&ee/en, Yasar, Kaya, & Kahyaoglu, 2009;
Yilsay, Yilmaz, & Bayizit, 2006), stirred and sdide yoghurts (Barrantes, Tamime, Muir, &
Sword, 1994; Sandoval-Castilla, Lobato-Callerosyifg-Mandujano, & Vernon-Carter,
2004; Tamime, Kaldb, Muir, & Barrantes, 1995; Terréanhgj, Mikkelsen, & Ipsen, 2011;
Torres, Mutaf, Larsen, & Ipsen, 2016) and cheekes, (Huss, Klostermeyer, & Anema,
2013; McMahon, Alleyne, Fife, & Oberg, 1996; Romeéitichaelidou, Biliaderis, &
Zerfiridis, 2002; Sahan, Yasar, Hayaloglu, Kara&#&aya, 2008; Schenkel, Samudrala, &
Hinrichs, 2013; Sturaro, De Marchi, Zorzi, & Casdam 2015), by increasing moisture
retention, thereby improving texture and yield. Bloecently, a study showed that micro-
structuring of whey proteins, and the use of theséein particles that mimic fat-like
properties, is an interesting approach to moduleaextural properties of high-protein foods
(Purwanti, Peters, & van der Goot, 2013).

However, in comparison with the applications abdke,use of MWP as a fat
replacer or as a protein micro-structuring todhiigh-protein fresh dairy systems has
received much less attention. Most studies ind@hes have been conducted in cheese
products, after whey separation, brining (Kavass@y Kinik, & Uysal, 2004; Koca &

Metin, 2004; Lobato-Calleros et al., 2007) and mipg (McMahon et al., 1996). Other
studies have been conducted in low-protein yogharducts (Sandoval-Castilla et al., 2004;
Tamime et al., 1995). Therefore, the effect of M@fPthe acid gelation, and on the physical
properties of the resulting (in particular, higlot®in) acid milk gels is extremely limited. In
this context, the objective of this study was teesstigate how the addition of a commercial

MWP ingredient (SimplesSel00) at different concentrations (from 0 to 4.4%y) to fat-



90

91

92

93

94

95

96

97

98

99

100

101

102

103

104

105

106

107

108

109

110

111

112

113

114

free, high-protein formulations (<0.3% fat; 8% m@io) influenced the acid gelation of the
protein suspensions and the rheological, micrositrak; textural and water holding
properties of the resulting acid milk gels. Thismeoercial ingredient is a natural dairy
ingredient made from whey protein concentrate téimalergoes a microparticulation process

by simultaneous heating and shearing.

2. M aterials and methods

2.1. Milk proteiningredients

The ingredients used in this study were as follawsdium-heat skim milk powder
(SMP; Westbury Dairies Ltd., Wiltshire, UK), milkgtein concentrate (MPC; Délicelait
Normandie, Moyon, France) and Simplés$@0 microparticulated whey protein concentrate
(MWP; CP Kelco, Atlanta, GA, USA). The concentrasoof protein, lactose, fat, moisture
and ash were, respectively: 33.0, 56.6, 0.6, 356aB% (w/w) for SMP; 70.0, 17.0, 1.2, 4.0

and 7.8 (w/w) for MPC and 52.5, 35.1, 4.1, 3.6 &% (w/w) for MWP.

2.2.  Preparation of reconstituted milk protein suspensions

Five milk protein suspensions were prepared froffier@int blends of the milk protein
ingredients: control (C) (without MWP addition) WdMWP (LS) (0.55%, w/w, MWP),
medium MWP (MS) (1.10%, w/w, MWP), high MWP (HS)ZR%, w/w, MWP) and total
MWP (TS) (4.40%, w/w, MWP). The incorporation levébr the MWP were based on
recommended use levels by the manufacturer (0:3%, w/w). The level of addition of

SMP was maintained constant while the quantitidsoth MWP and MPC were varied to



115

116

117

118

119

120

121

122

123

124

125

126

127

128

129

130

131

132

133

134

135

136

137

138

keep the protein content of the system consta®¥@atw/w (i.e., MWP replaced MPC). The
protein composition of the milk protein suspensimngresented in Table 1. The ingredients
were reconstituted in deionised water under cohstagnetic stirring at 22 °C and sodium
azide was added to the milk protein suspensio2%0, w/w) to prevent bacterial growth.
The pH of the suspensions was adjusted to 6.6 UingICl and/or Iv NaOH and they

were equilibrated at 4 °C for 18 h to ensure coteplehydration.

2.3.  Viscosity measurements in unheated reconstituted milk protein suspensions

Viscosity of the unheated reconstituted milk prot&ispensions was measured using
a Discovery Hybrid Rheometer (TA Instruments, CeywlJK) equipped with a concentric
cylinder geometry (internal diameter = 25 mm; exéédiameter = 27.5 mm). Samples (25 g)
were loaded and allowed to equilibrate at 20 °C2farin, before being pre-sheared at 250 s
for 1 min and were then equilibrated atfer 1 min. After this, the shear stress and
apparent viscosity were monitored over a shearaatge from 10 to 500'sover 2 min at 20

°C. The average apparent viscosity at 56®as recorded.

2.4. Particle size measurements in unheated reconstituted milk protein suspensions

The size of particles in the reconstituted milktpno suspensions were measured by
dynamic light scattering (DLS) using a Zetasizea(\#rn Instruments Ltd., Malvern, UK).
Before analysis, the initial reconstituted suspamsiwere diluted 1:100 with ultrapure water.
The parameters used were as follows: materiala@mindex, 1.45; dispersant refractive

index, 1.33; material absorption, 0.001. The expents were carried out at 25 °C and five
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scans were completed per run in 3 independent ssnfiml each reconstituted milk protein

suspension.

2.5.  Heat treatment of reconstituted milk protein suspensions

A high-temperature short-time (HTST) heating preogas conducted at laboratory-
scale using a TA Instruments ARG2 controlled-stresemeter (TA Instruments, Crawley,
UK) equipped with a starch pasting cell geometny @RIOS v.8.32 software. The pH of
suspensions was adjusted to 6.6, if necessaryeoleéat treatment. The suspensions were
equilibrated at 20 °C for 2 min, and the tempegtuas then increased at 10 °C thin 80
°C, with a holding time of 106 s at 80 °C beforéngereduced at 10 °C miinto 30 °C,
followed by a hold time of 5 min at 30 °C. A sheate of 15 & was applied and viscosity
was recorded during heating, holding and coolingeAst three replicates for each milk

protein suspension were subjected to this heantera.
2.6.  Production of acid milk gels from heated milk protein suspensions

Acid milk gels were produced by acidification oetheated milk protein suspensions
with 2.5% (w/w) gluconor-lactone (GdL, Sigma-Aldrich, St. Louis, MO, USAamples
were kept at 30 °C for up to 8 h until a pH of w&s attained. The pH of the suspensions

was monitored over time during acidification usaagH meter.

2.7. Rheological properties of acid milk gels
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The rheological properties of acid gel formatiorrevmonitored by small amplitude
oscillatory rheology (SAOR) using a Discovery HybRheometer (TA Instruments)
equipped with a concentric cylinder geometry (in&idiameter = 25 mm; external diameter
= 27.5 mm). The test conditions used were frequen€yl Hz, maximum strain of 1%, and
were previously established to be within the linaacoelastic region for these samples.
Storage modulus (§5values were recorded until pH 4.8 was attaineslatdon was defined
as the time post GdL addition at which thev&lue of the gel exceeded 1 Pa. The large
deformation properties of acid milk gels formedsitu were determined by applying a single,
constant low shear rate (0.01) sip to the yielding of the gel (yield stress aield/strain
determination). The apparent stress and strairekt were defined as the point when shear

stress started to decrease. Measurements wereitaekgiticate for each milk protein system.

2.8.  Microstructural characterisation of acid milk gels

The microstructural observations were performedgian inverted Olympus
FluoView® FV1000 confocal laser scanning microscope (CLSMyiipus America Inc.,
Melville, NY, USA). Fast Green FCF (Sigma-Aldriclwas used to label the protein phase of
the systems to observe the protein network ofekalting acid milk gels. Fast Green FCF
dissolved in water (0.1%, w/v) was added to thd-heated suspensions just after the
addition of GdL (2.5%, w/w) to reach a final contration of 0.005% (w/v). The mixture (1
mL) was transferred to CoverWef| perfusion chambers (PCL1L-2.5; Grace Bio-Labs,
Bend, OR, USA) and the perfusion chambers werebiaitaa at 30 °C until the target pH of
4.8 was attained. This system enabled in situ amddestructive examination of the
microstructure of the acid milk gels. Representimages of each sample were taken using

a 60x oil immersion objective (numerical aperturg.4) at emission wavelengths of 633 nm
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provided by He/Ne lasers. Images of 1024 x 1024lpin size were acquired using a zoom
factor of 5x.

Image analysis of CLSM micrographs was perform&dgiimageJ software. At least
10 representative images of each acid milk gel whosen for image analysis processing.
Two microstructural parameters of acid milk gels;gsity and tortuosity, were determined
following the protocol developed previously (SiNagland, Cauty, Kolotuev, & Floury,
2015). The porosity is defined as the ratio betwberaqueous phase area and the total area
of the image and corresponds to the area fradtiahare pixels represented in the image that
do not contribute to the protein network of the. géle tortuosity is defined as the ratio
between the shortest path between two opposingbodd the image (i.e., avoiding the

protein network) and the Euclidian distance betwi&ensame borders.

2.9.  Water holding capacity of acid milk gels

Acid milk gels (20 g) were formed in situ in cefuge tubes and centrifuged at 640 x
g for 20 min at 4 °C as described previously (Kar&aiani, Hosri, Hussain, & Scher, 2015).
The supernatant was collected and weighed. Measmtsnwvere taken in triplicate for each
acid milk gel.

Water holding capacity (WHC) was calculated acrwydo the following equation:

weight of supernatant

WHC (%) = (1 )x 100

weight of acid milk gel
2.10. Textural propertiesof acid milk gels
Textural properties of acid milk gels were charasezl using the back extrusion

(pseudo-compression) method described previousipriCGee, Kelly, & Auty, 2010) with

9
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some modifications. Back extrusion tests were peréal using a Texture Analyser TA-XT2i
(Stable Micro Systems Ltd., Godalming, Surrey, U&juipped with a 5 kg load cell. Acid
milk gels were produced in glass beakers (intedr@aheter = 50 mm; height = 65 mm) and
stored at 4 °C. Measurements were carried out 18f@4owing gel formation and
immediately after removal from storage at 4 °C.extrusion disc (@ = 35 mm), operating at
a fixed test speed of 1.0 mil, 20 a depth of 25 mm, was used. The force-timeeziwere
analysed using Texture Expert Exceed (Stable Msystems Ltd.). The textural parameters
measured were: maximum positive force in compresdionness); positive area of the
curve, which indicates the internal strength ofd®owithin the product (consistency);
maximum negative force of the curve, which indisétee force required to withdraw the
probe from the sample (cohesiveness); and negatégeof the curve (viscosity index).

Triplicate measurements were taken on each ackdgall

2.11. Satistical analyses

One-way analysis of variance (ANOVA) and Tukey’sltiple comparison test were
applied to the values obtained from the differardlgses to determine which mean values
were significantly different from one another a& #6% confidence level. Results are
presented with the mean value + standard deviafibe.mean values were statistically
compared using the R software (version R i386 3(&RZFoundation for Statistical

Computing, Vienna, Austria).

3. Results and discussion

3.1. Physical properties of milk protein suspensions

10
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The apparent viscosity values of the unheated pndkein suspensions measured at
20 °C at a constant shear rate of 50@we presented in Table 2. This analysis was paedr
on the unheated suspensions at a relatively higarstate to determine if the addition of
MWP to the formulations influenced the viscositytloé suspensions during processing (e.g.,
pumping). The apparent viscosity of the unheatdl protein suspensions decreased
significantly P < 0.05) with increasing MWP content, even thougré was an increase in
the total solids content (caused mainly by the @éidgactose content of the MWP ingredient)
of the suspensions with increasing level of addiob MWP. The differences in apparent
viscosity values can be explained by the averagelgasize in the suspensions, which
increased with increasing level of addition of M\WRble 2), leading to a lower extent of
protein particle-particle interactions, and consgadly to a decrease in the apparent viscosity
(Krzeminski, Gro3hable, & Hinrichs, 2011); in adliit, all of the particle size distribution
profiles were mono-modal. Indeed, dispersions of Rigpically have protein aggregates in
the diameter size range of 0.1-31@, with an average diameter ofufn (Bansal &

Bhandari, 2016), much larger than the diameteasém micelles in MPC-02 nm; Silva &
O’Mahony, 2016), which MWP is effectively replacimgformulations used in the current
study.

Viscosity profiles for the milk protein suspensiahging laboratory-scale HTST
treatment are shown in Fig. 1. As expected, apparscosity values decreased with
increasing temperature for all milk protein suspams The viscosity of milk and
concentrated milk systems generally decreasesimgteasing temperature (Crowley,
Dowling, Caldeo, Kelly, & O’Mahony, 2016; Horne, 98, Joyce, Brodkorb, Kelly, &
O’Mahony, 2016). Horne (1998) suggested that asetmperature of milk suspensions is

increased, the strength of the hydrophobic intevastincreases, the casein micelles are

11



262  tightened (i.e., become more compact), allowingstigpensions to flow more freely,

263  contributing to a decrease in the apparent visgosite viscosity behaviour during heating
264  (from 20 to 80 °C) was similar for all the suspensi, irrespective of the level of addition of
265 MWP. However, during cooling (from 80 to 30 °C)damn holding at 30 °C at the end of the
266 HTST process, the viscosity values were signifigafi® < 0.05) higher for suspensions with
267  higher levels of addition of MWP (Fig. 1).

268

269 3.2. Physical propertiesof acid milk gels

270

271 3.2.1. Small and large deformation rheological properties of acid milk gels

272 The effect of MWP addition on the changes in stenagdulus (G with time during
273 the formation of acid milk gels was studied usintai amplitude oscillatory rheology

274  (SAOR) and is shown in Fig. 2. The gelation tim& @& as generally longer for samples

275  containing MWP compared with C, in agreement witlr&o, Penasa, Cassandro, Varotto,
276  and De Marchi (2014) who studied the effect of M@delition on rennet coagulation of milk.
277  In the current study, the longer gelation timetfer samples containing MWP (GT for LS =
278 110+ 1.7 min; MS =108 + 4.9 min; HS = 104 £ 5.thjrcompared with C (89 £ 1.6 min)
279  can be explained mainly by the presence of MWP@sé samples, which decreased the
280 effective concentration of casein available forfgeination, and consequently the rate of
281 aggregation of casein particles during gel fornmgtleading to delayed gelation. Moreover,
282  the higher viscosity of the heated milk proteingarssions containing MWP (Fig. 1) would
283  be expected to have slowed diffusion of proteinrdugelation and consequently slowed gel
284  assembly compared with the control (C) sample. Hewndahe TS sample presented a shorter
285 gelation time (87 = 0.3 min) and a higher gelafbhcompared with the other samples. This

286  observation may be explained by the absence of MRIds sample, combined with a much

12
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higher concentration of denatured/aggregated whagim compared with the other samples.
In addition, as the isoelectric points of the wipegteins (~5.2 to 4.8) are higher than those of
the caseins (~4.6), the denatured whey proteinddimiexpected to aggregate at a higher
pH than casein particles (Lucey, Teo, Munro, & 8intP97).

In general, Gvalues during the formation of the acid gels weveer for the samples
containing MWHRLS, MS, HS, TS) compared with C (Fig. 2). Howeubese changes were
not directly related to the addition level of MW43, the HS sample presented higher G
values compared with the LS and MS samples. Thessdts showed that low and medium
level MWPaddition were sufficient to significantly decredBe< 0.05) the Gvalues of the
gels.

The TS sample showed a rapid increase in thealBes during the early stages of
acidification/gelation, followed by a reductiontime rate of increase at the later stages of the
gelation process. Gels that have the ability toree@e strongly at higher pH tend to be
weaker (Chever et al., 2014), which can explain wieyTS gel had lower'@alues at the
end of acidification compared with the other saragfég. 2). Moreover, the formation of
large denatured whey protein:casein aggregatdwisadmples containing high MWP content
altered the gelation process during acidificatibheated milk suspensions, leading to the
formation of softer gels, in agreement with Lucéwle (1997).

Large deformation rheological properties of thedanilk gels are shown in Fig. 3. At
low shear strain values, the plots of shear saessfunction of shear strain were quite
similar for the different acid milk gels. Howevéhnge shear stress at yielding was significantly
(P < 0.05) lower for the acid milk gels containing NA&ompared with the control sample. In
addition, the shear stress and shear strain aliygetiecreased significantli? € 0.05) with
increasing level of addition of MWP. These resatisfirmed that the TS gel was much

softer compared with the other gels.
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3.2.2. Textural propertiesof acid milk gels

Four textural parameters (firmness, consistendyesiveness and viscosity index)
were determined for the different acid milk gelsl éineir values are shown in Table 3.
Textural parameters were measured in the gelsviia stored at 4 °C and were in good
agreement with the large deformation rheologicapprties of the gels measured at 30 °C.
Indeed, these results clearly showed that the iaddif MWPIed to the formation of softer
acid milk gels compared with the control sampleeSéresults are consistent with findings of
other authors reporting softening of the texturgagfhurts or cheeses with the addition of
MWP (Lobato-Calleros et al., 2007; Sahan et al0&@®andoval-Castilla et al., 2004;
Schenkel et al., 2013; Torres et al., 2016). Intawd the values for the textural parameters
generally decreased with increasing MWP contettipabh these differences were not
always significant® < 0.05) between LS, MS and HS. The TS gel predemigch lower
values for textural parameters compared with theragels. The reasons for the softness of
the TS gel compared with the others are relatedadigher gelation pH and the rheological

behaviour of this sample during the acidificationgess, as previously discussed.

3.2.3. Microstructural properties and water holding capacity of acid milk gels

The CLSM technique was used to visualise the protecrostructural network in the
acid milk gels obtained from acidification of hedtailk protein suspensions containing
different MWP contents (from 0% to 4.4%, w/w) ($@g. 4). The CLSM micrographs
showed that the control gel presented a relatifreé/network, containing numerous small
pores. The addition of MWP contributed to a moreroptructure due to the creation of new
serum channels in the acid milk gels. The inclusibthe MWP particles increased the

openness of the gel, inhibiting the aggregatiooaskin particles, in agreement with previous

14
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studies (Sturaro et al., 2014; Torres et al., 20This can help explain the softness of the
acid milk gels containing MWP, which were less gtaand less firm compared with the
control gel. In an analogous manner, McMahon gt1&96) showed that when large serum
channels are distributed throughout the proteivadt of Mozzarella cheese, the cheese is
softer and more pliable because of the increasastune and decreased coalescence of the
protein strands. In the TS gel, the presence gelarhey protein aggregates, due to the high
level of addition of MWP, seemed to interfere sgigrwith the homogeneity of the network
and regularity of the protein phase, leading tcesgore softening (Krzeminski et al., 2011;
Schenkel et al., 2013).

To confirm these differences in coarseness perdejualitatively for the different
acid milk gels, image analysis was applied to &esef obtained micrographs for each
sample and two microstructural parameters (por@sitytortuosity) were measured. Porosity
and tortuosity values for the different acid mikdgare shown in Table 3. The porosity of the
acid milk gels increased significantlly € 0.05) and the tortuosity decreased significafRly
< 0.05) with increasing level of addition of MWPhd quantification of these microstructural
parameters confirmed that the addition of M@Bwed the formation of cavities (i.e., new
serum channels) in the acid milk gel protein nelwsiructures, leading to a more porous and
open structure, characterised by a greater comitgdbietween the pores, i.e., lower
tortuosity.

The WHC of the acid milk gels decreased signifigaff® < 0.05) with increasing
MWP content (Table 3), in agreement with Purwanéle(2013). Purwanti et al. (2013) used
whey protein isolate (WPI) as a model protein ighhprotein, concentrated suspensions and
observed that the micro-structuring introduced dosaith different protein contents, and
hence, provided a driving force for migration oftaraand other components. Something

similar was observed in the present study for the milk gels containing MWP compared
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with the control gel. This can be explained byirti@re open structure and higher porosity of
the samples containing higher levels of additioM¥¥P, which facilitated greater expulsion
of the serum phase during centrifugation comparal tive control sample gel. These results
showed that the WHC of the gels can be explainetthisylength scale evaluation of gel
microstructure. Another factor that may explain lith@er WHC of the acid milk gels with
higher levels of addition of MWP is the increasatiar of denatured to native whey protein.
Torres et al. (2011) showed that yoghurt systentls a/greater proportion of denatured whey
proteins provided gels with lower WHC. Moreovertwincreasing MWP content, the
samples contain a lower ratio of casein to nonings®tein, which could also contribute to
the lower WHC of the gels containing MWP comparethwhe control gel. Moreover, while
other authors (Meletharayil, Patel, Metzger, & Hertp, 2016) have observed that the
properties of acid gels are influenced by the lsettontent of reconstituted protein systems,
it is not believed that the slight increase indaet content with increasing levels of

incorporation of MWP could explain the differencedVHC measured in the present study.

4. Conclusions

This study showed that the incorporation of MWRaitafree, high-protein milk
systems influenced the rheological, microstructueadtural and water holding properties of
the resulting acid gels. The acid milk gels contggrMWP had lower storage modulus, lower
yield stress, lower firmness, higher porosity, lowatuosity and lower water holding
capacity compared with the control gel (made withdWP). The incorporation of MWP is

a promising approach to modulate the microstruadfitegh-protein acid milk gels. These
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results are useful in the development of low-faghkprotein fresh dairy products with

tailored and desired textural and functional chimrastics.
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Figurelegends

Fig. 1. Viscosity during laboratory-scale HTST treatmehthe milk protein suspension®,
control; A, low MWP; €, medium MWP M, high MWP; @, total MWP. The temperature

profile is shown by the broken line. Values are nssiaom replicates (h 3).

Fig. 2. Storage modulus (zas a function of incubation time post additiorGafL during the
formation of acid milk gels made by acidificatiohtbe heated milk protein suspensiofis:
control; A, low MWP; ¢, medium MWP M, high MWP; @, total MWP. Values are means

from replicates (= 3).

Fig. 3. Shear stress as a function of applied deformatiancanstant shear rate (0.0 for
acid milk gels made by acidification of the heateitk protein suspensions with GdL at 30
°C: O, control; A, low MWP; ¢, medium MWP M, high MWP;@®, total MWP. Values are

means from replicates &n3).

Fig. 4. Representative CLSM micrographs of acid milk ge&lmby acidification of the
heated milk protein suspensions with GdL at 30(acontrol, (b) low MWP, (c) medium

MWP, (d) high MWP and (e) total MWP.



Tablel

Protein composition of reconstituted milk proteirsgensions obtained from reconstitution of

skim milk powder, milk protein concentrate and romarticulated whey protein in deionised

water.?

Suspension  Protein composition (%,

w/w)

SMP MPC MWP
C 5.70 2.30 0.00
LS 5.70 2.01 0.29
MS 5.70 1.72 0.58
HS 5.70 1.15 1.15
TS 5.70 0.00 2.30

& Abbreviations are: SMP, skim milk powder; MPCJkrotein concentrate; MWP,

microparticulated whey protein; C, control; LS, IMMWP; MS, medium MWP; HS, high

MWP; TS, total MWP.



Table?2

Apparent viscosity and protein particle size of emed milk protein suspensiofis.

Unheated  Apparent viscosity Protein particle size

suspension (mPas) (nm)

C 7.46'+0.02 213+ 2
LS 6.97 + 0.02 212+ 2
MS 6.96 + 0.04 214+ 4
HS 6.5 +0.04 219+ 4
TS 6.34+0.01 228+ 4

& Abbreviations are: C, control; LS, low micropadiated whey protein (MWP); MS, medium
MWRP: HS, high MWP; TS, total MWP. Values are meéns 3) + standard deviation; means

with different superscript letters in the same owhuare significantly different < 0.05).



Table3
Textural parameters (firmness, consistency, cobesiss and viscosity index),

microstructural parameters (porosity and tortugsityd water holding capacity of acid milk

Acid milk Firmness Consistency Cohesiveness Viscosity index Porosity Tortuosity WHC
gel (\) (N s) (N) (N s) (%)

C 3.6+02 89.9+40 1.7+0.0 14.7+05 0.48+0.03 156+0.27 93.1+0.2
LS 3.2+00 838+20 16+0.0 12.8+0.1 058+0.05 1.28+0.13 92.8+0.1
MS 3.2+0.1 83.6+24 16+0.1 14.8+0.3 0.56+0.01 1.19+0.04 92.2+0.1
HS 3.2+0.1 8098+24 16+01 13.8°+0.4 0.68+0.03 1.16+0.03 91.8+0.1
TS 28+00 681+22 14+00 12.6+0.7 0.7£+0.02 1.086+0.02 91.1+0.3
gels.?

& Abbreviations are: WHC, water holding capacityc@ntrol (C), LS, low microparticulated
whey protein (MWP); MS, medium MWP: HS, high MWPS Ttotal MWP. The values are
means (re 3) + standard deviation; means with different supepsdeiters in the same

column are significantly differenP(< 0.05).



30

- 25

(s eqw) AISOISIA

- 20
5
0

(Do) @1nmesadwa

20

15

10

Time (min)

Figure 1



1000

800

600

G' (Pa)

400

200

0 T T
0 100 200 300 400 500

Time (min)

Figure 2



Figure 3

Stress (Pa)

350

300

250

200

150

100

50

40
Strain (%)

60

80



Figure 4



