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ABSTRACT

The impact of nanoparticulated whey protein aggesgan the texture of fat-free set-type
yoghurts was investigated. Monodisperse (MFA) aplgigisperse (PFA) fractal aggregates
obtained from heated whey protein isolate (WPI)enslded to skimmed milk for yoghurt
manufacture at four different concentrations (012%.5%, w/w). The impact of the
concentration and the polydispersity of the aggeegyan fat-free set-type yoghurts were
studied by instrumental measurements (rheologyetpemetry, syneresis and microscopy)
and sensory analysis. Yoghurt gel strength andiss increased with the concentration of
WPI, MFA and PFA. However, yoghurts enriched witfARclearly differed from the
yoghurts enriched with WPI. Indeed, yoghurts erectiwvith PFA were characterised by a
weak gel, a low firmness and a low-density of thragin network. Sensory analysis
confirmed the results obtained by instrumental measents. The whey protein aggregates
studied are thus promising tools to modulate fe¢-fyoghurt texture while using milk-derived

ingredients.
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1. Introduction

Yoghurt acceptance and consumption highly dependteature properties (Huc,
Michon, Bedoussac, & Bosc, 2016). Smoothness, dress and mouthfeel are considered as
the most desirable properties by consumers (NgWevchuk, Bhandari, & Prakash, 2017).
To meet consumers’ expectations of low-fat prodacts desirable texture, stabilisers (starch,
gelatin, pectin) are used by yoghurt manufactuereduce the fat content (Cheng et al.,
2017). However, over the last several years, spegighasis has been given to naturally
made products with as few additives as possiblerfids & Beeren, 2016). Another solution
to improve yoghurt texture is to add milk ingredsenonsidered natural and safe by
consumers (skim milk powder, milk protein concetgravhey protein isolate) (Matumoto-
Pintro et al., 2011). However, the amount of milgredients that can be added is limited
because of a powdery taste, an excessive firmmessigher whey release that may occur at
high concentrations of added ingredients (AzizKiagsrowshahi, Madadlou, Rahimi, &
Abbasi, 2009; Liu et al., 2016).

Whey proteins are mainly composediafictoglobulin andi-lactalbumin and are
heat-sensitive ingredients (Donato & Guyomarc’Q2Micolai, Britten, & Schmitt, 2011).
Heating a solution of whey protein isolate (WPIp@b 70 °C induces their unfolding and
leads to the formation of whey protein aggregaitéBA) by covalent and non-covalent
interactions (Lucey, Otter, & Horne, 2017). Duriymghurt manufacture, the milk is heated
prior to fermentation, leading to the formatiorM@PA, which are key elements for the gel
formation. WPA interact with the casein micellesl @mable the formation of a three-
dimensional network during fermentation (Xu, Emmaelaou, Raphaelides, & Antoniou,
2008). A means to optimise gel formation, and §aghurt texture, could be the control of

the properties of WPA. This can be done by premsiog native WPI in controlled
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conditions to obtain WPA that can then be incorfeatan the milk during yoghurt
manufacture

In recent years, several studies focused on thii@ddf WPA with a size between 1
and 10 um in dairy products (Ipsen, 2017). WPA itize greater than to 1 um
(MicroWPA) have been used in an attempt to sulistitat in low-fat yoghurts (Sandoval-
Castilla, Lobato-Calleros, Aguirre-Mandujano, & Yilen-Carter, 2004; Torres et al., 2018;
Torres, Janhgj, Mikkelsen, & Ipsen, 2011). In thetselies, the addition of MicroWPA had an
impact on the structure of the protein networkdieg to a less dense and more open
structure. This raises the question of the way 8WPA, and WPA in general, are integrated
into the protein network.

It can be hypothesised that the impact of the anddf aggregates on the texture
depends on the way they are integrated into thieiproetwork (Torres, Mutaf, Larsen, &
Ipsen, 2016). In this respect, the addition of Wit a size less than 1 um (NanoWPA)
could be interesting to improve the texture of yagh Indeed, NanoWPA are more able to
interact with other proteins via covalent and noratent bindings because of their higher
surface area (Liu, Jeeger, Nielsen, Ray, & Ipseh7R05el enhancement and better whey
retention have been reported in model systemshatdiaith NanoWPA (Andoyo,
Guyomarc’h, Cauty, & Famelart, 2014). Moreoverpanparison between Nano and
MicroWPA showed a higher firmness and viscosityva$ as a lower syneresis and a denser
microstructure in the systems containing NanoWP @t al., 2016). NanoWPA seem to be
promising to improve texture in dairy products, few studies have focused on targeted
aggregates in this range of size (<1 pm) and anitnpact on the texture of real food
matrices.

Producing WPA with good texture functionality higldepends on the experimental

conditions used for their production. In this reyjdhe most important factors are the protein
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concentration, the heating protocol, the type amtentration of added salts, and the pH
(Nicolai et al., 2011). Optimal conditions for theoduction of WPA have been determined to
produce nanoparticulated branched aggregates. WB#eare called fractal aggregates (FA)
and are formed from a WPI solution (5%, w/w) heatt80 °C for 2 h at neutral pH
(Loiseleux et al., 2018).

FA structure and morphology have been charactetised) innovative techniques by
Loiseleux et al. (2018), but the textural propertié FA have not been studied yet in complex
food matrices. The purpose of this study was testigate how the presence of fractal WPA
affects the textural properties of fat-free seetypghurts. For that objective, yoghurts were
prepared with low heat skimmed milk enriched eitvéh native WPI, as usually performed
in the food industry, or with pre-formed FA. Thepatt on texture was assessed by linking
the rheological properties, the texture measuresremdl the yoghurt microstructure to the

sensory characteristics of the yoghurts.

2. M aterials and methods

2.1 Materials

Low-heat spray dried skimmed milk powder (34% pregte<1.5% fat, 8.5% ash) and
WPI (86.51% proteins including 1.98% caseins, 0fd801.92% ash) were kindly supplied by
local dairy companies (confidential origin). Thergaosition of the powders is given
according to the manufacturers information. Foatigrsodium chloride (NaCl) and sodium
hydroxide were bought at Sigma Aldrich (Saint-LoWD, USA). YFL-812 (Chr Hansen,

Paris, France) was used as starter culture beoditsdow ability to produce
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exopolysaccharides. MilliQ (Merck Millipore, Burliion, VT, USA) water was used for the

production of WPI solutions and FA. All ingrediemtsre food-grade.

2.2. Experimental design

In the following text, the term “yoghurt” will besed to mean “fat-free set-type
yoghurt”.

The protein content in the yoghurts, the type otgin (WPI or FA) and the
polydispersity of FA (MFA and PFA) were the threetbrs studied. The concentration of
protein added in the yoghurts varied from 0.2% (Wv1.5% (w/w) that led to yoghurts with
a protein content between 3.6% and 4.9%. Yoghuete wnriched with native WPI,
monodisperse fractal aggregates (MFA) or polydspéractal aggregates (PFA). The

experimental design is shown in Table 1.

2.3. Preparation of protein solutions

WPI solutions were obtained by dissolving 504df WPI powder in Milli Q water
under magnetic stirring. The solutions were stareernight at 4 °C.

The protocol used for the production of FA was base the protocol reported by
Loiseleux et al. (2018). FA were produced from W8lutions (50 g L). To promote protein
aggregation, 15 mand 45 v of NaCl was added to obtain respectively MFA aR@&PThe
solution was adjusted to pH 7 withvlsodium hydroxide and stored overnight at 4 °C to
ensure complete solubilisation. A volume of 200 wds held in a water bath at 80 °C for 2
hours to obtain fractal aggregates. Due to thensite heating time, a stable dispersion of

aggregates is obtained and no native protein rengaliicolai et al., 2011).



140

141 2.4. Characterisation of fractal aggregates

142

143  2.4.1. Dynamic light scattering

144 The patrticle size distribution of the FA was measuny dynamic light scattering

145  (DLS) using a Zetasizer nano ZS (Malvern instruraénd, Malvern, England). Analysis was
146  performed on the diluted sample in Milli Q waterl(@0) to avoid multiple scattering effects.
147  The diluted solutions were placed in a plastic aatl analysed at 20 °C in a backscattering
148  configuration at 173° for 120 s. Each sample wasimuriplicate to measure the

149  hydrodynamic diameter. A refractive index of 1.4&smsed for protein particles (Zhang,
150  Arrighi, Campbell, Lonchamp, & Euston, 2016) and % intensity was used for further

151  analysis.

152

153  2.4.2. Transmission electron microscopy

154 Observations using transmission electron micros¢®g) were performed based on
155  the method described in Loiseleux et al. (2018&cfal solutions were diluted to reach a

156  concentration of 0.05 gL A volume of 15 pL of diluted sample was depositeda carbon
157  grid (200 meshes) and stained with 2% uranyl aeetadlium during 2 min. Samples were
158  rinsed twice with Milli Q water and dried for 20 mat 50 °C. Samples were observed using a
159  transmission electron microscope JEOL JEM-1230 (JH®@kyo, Japan) operating at 80 kV.
160

161 2.5.  Yoghurt manufacture

162

163 Skimmed milk was reconstituted to 100 g'kmilk solids using low-heat spray-dried

164  skimmed milk powderThe reconstituted milk was stored overnight at 4¢@llow hydration
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of the powders. After being heated at 90 °C forib, rifine milk was cooled to the fermentation
temperature (43 °C) and inoculated with the yoghtatter culture. During yoghurt
manufacture, the milk was enriched either with WPWwith FA that were added either before
or after heat treatment of the milk (Table 1). & was conditioned in glass cups (40 mL
for sensory analysis or 70 mL for instrumental gsial except viscoelastic properties) and
put in an incubator for fermentation at 43 °C dgrabout 6 h until the pH reached 4.60. pH
measurements were carried out at the end of featientwith a pH 210 Microprocessor pH
meter (Hanna Instruments, Woonsocket, RI, USA)cipeylindrical moulds were used for
rheology measurements to prepare thin slices diyagvithout damaging the texture of the
gels. It was confirmed that the type of cup usadit@ainfluence on the texture properties of

yoghurts. The samples were stored at 4 °C for S ajore analysis.

2.6. Rheological measurements

Rheological analyses were performed using an AR10A0nstruments, New castle,

DE, USA) fitted with a sanded plate (diameter: l#h)to avoid slippage and a gap of 1 mm.

2.6.1. Viscodastic properties

To define the linear viscoelastic zone, stress pweeere performed at a frequency of
1 Hz between 0.1 and 1000 Pa. A stress yig)d defined as the intersection point between
the storage modulus G’ and the loss modulus G’s determined during the stress sweep. A
strain of 1.0%, which was within the linear visastlc region for all samples, was selected
for the frequency sweep experiments (0.1 to 10thi) were performed on new intact
yoghurt samples. For a comparative purpose, theevall G’, G” and tard at 1 Hz were

extracted from the frequency sweep results.



190 2.6.2. Flow properties

191 Flow curves were obtained by varying the shearlogarithmically from 0.1o 150 §
192 . The shear stress data were fitted to the Her&ingitley model using a nonlinear

193  regression on Excel software:

194 o0 =o0,+Ky" (1)
195  wherec is the shear stress (Payjs the yield stress (Pa), K is the consistencyira §), y
196 is the shear rate {3and n is the dimensionless flow behaviour indexich indicates the
197  proximity with the Newtonian behaviour of the fluiMalues of K.spand n were extracted
198  from the equation.

199

200 2.7. Textureanalyss

201

202 Firmness and mechanical properties of yoghurts wetrermined using a traction-
203 compression device (INSTRON, Instron S.A., BostdA, USA). A cylindrical probe (12
204 mm diameter) was installed on the measuremenfroakimum capacity of 2 N). A 20 mm
205  penetration was applied in the yoghurt at a spéddnam s and returned to the surface of
206 the yoghurt at the same speed. The measuremeresiaee directly in the glass container
207 (45 mm inner diameter) at 10 °C. Data were recordaag Merlin software. Three

208  parameters were extracted from the penetrometiylgsofirmness, thickness and

209 adhesiveness (Fig. 1).

210 Firmness (N) was defined as the first significastdntinuity on the force curve,
211 produced when the probe penetrated into the yogBaivador & Fiszman, 2004). The area
212 under the curve (N m) was extracted as it is rdladethe work necessary to break the product
213  and it has been linked to thickness characterifieyot, 2006; Seuvre, Turci, & Voilley,

214  2008). Adhesiveness (N m) was defined as the wedessary to pull the probe away from
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the sample (Pons & Fiszman, 1996) and correspotudneg area between the negative curve

and the x-axis.

28. Yyneresis

Syneresis was determined by centrifugation of apéaumf yoghurt (10 g) at 222 g for
15 min at 4 °C as suggested by Saffon et al. (204f8r centrifugation, the clear supernatant
was poured off and weighed. The percentage of sgige(g of drained whey per g of

yoghurt) was determined.

2.9. Confocal laser scanning microscopy

Rhodamine B isothiocyanate (RITC) was used to sterproteins. Three hundred uL
of a solution of RITC (2%, w/w) was mixed with 5@fjyoghurt just after inoculation of the
starter culture. A few drops of the mixture werageld on a slide with a spacer, and a cover
slip was placed over the sample. The slide was padjn aluminium foil and placed in an
incubator at 43 °C for 6 h. The yoghurt samplesevgtudied using a water objective of 40x
on a Nikon Al confocal scanning laser microscopé&ghl Tokyo, Japan) with laser
emitting at 543 nm. Image analysis was done omgé&daoftware and at least 5 representative
images (256 x 256 pixels) of each yoghurt were ehder image analysis processing to
assess the porosity of the network. Porosity cpaords to the ratio between the aqueous
phase area and the total area of the image. Thepagyphase was defined as the pixels in the
image that do not contribute to the protein netwariages were transformed in grayscale

images and a threshold was applied on them tordiff@ate between the water phase and the

10
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protein matrix. The particle analysis calculategl thtal area of the black holes (aqueous

phase) of the image and the % area occupied.

2.10. Sensory analysis

2.10.1. Ethics

The sensory tests were conducted in accordanceiétBeclaration of Helsinki. All
applicable institutional and governmental regulagiconcerning the ethical use of human
volunteers were complied with during this reseattidy. Panellists gave written consent
after reading detailed information about the studye sensory tests performed in this study
were approved by the ethics evaluation committd&lSERM (IRB0O0003888,

IORG0003254, FWA00005831).

2.10.2. Organisation

Panellists were recruited among students and wityestaff. No training was
necessary for the sensory tests. The analysispiack in the sensory laboratory of Oniris,
designed in accordance with international standd&@ NF EN 8589). Paper forms were

used.

2.10.3. Triangle tests

Triangle tests were performed to determine if défeces were perceived among
yoghurts enriched either with WPI or with FA. Aamnigle test consists of assessing which one
of the three samples (2 similar and one different)ifferent from the others. At first,
yoghurts enriched with WPI were compared with yatghanriched with MFA to determine if

texture differences existed. Yoghurts enriched WA and PFA were also compared,

11
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288

bringing the overall number of triangle tests t@f(Table 4). The tests were performed in 3
different sessions with 40 naive participants éanh. Samples were served straight from the
refrigerator in coded glass containers in balamaedom order to account for order effects.
The six triads (AAB, ABA, BAA, BBA, BAB, ABB) weralso counterbalanced between the
participants. Panellists were instructed to tastesample to determine the different one and
to precise, which characteristic helped them ch¢asgect, texture, flavour). They were

encouraged to clean their mouth between samplédsibking water (Evian, France).

2.10.4. Ranking tests

The goal of the ranking test was to order 6 yoghwith respect to firmness. Firmness
was chosen for this study because it was easilgmstehdable by naive panellists and it could
be related to instrumental measurements of textuset yoghurts. The 44 panellists recruited
for the test received 6 coded-yoghurt samplesgsttdiom the refrigerator in a balanced
random order. They were instructed to rank the $esrfpom the least firm to the firmest and

were encouraged to clean their mouth between sarbpldrinking water (Evian).

2.11. Satistical analysis

One-way analysis of variance (ANOVA) was perfornoecthe instrumental data to
determine if significant differences exist betwasamples for texture, rheological parameters
and syneresis. If significance was observed, thst Isignificant difference (LSD) test was run
to establish differences between means (Statgrs@hitturion XVII, Statpoint Technologies
Inc, Warrenton, VA, USA).

Regarding sensory analysis, the statistical arafgsithe triangle test was based on

the binomial law with g-value of 5% (Type | error).

12
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A Friedman test was performed on the ranking dataioed during the sensory
analysis ¢ = 5%) using the software XLSTAT (Addinsoft, Andaahmt, Germany, 2017). If
significance was observed, the least significaffiéince (LSD) test was run to establish

differences between means.

3. Results and discussion

3.2. Characteristics of fractal aggregates

Fig. 2 shows the size distribution (diameter) aiedifor FA using DLS. Two types of
FA were obtained depending on the NaCl concentratged during production. A thin and
monodisperse population of fractal aggregates (Mk#¥) a Z-average size of 200 nm (+ 38
nm) was obtained on addition of 153nNaCl. The addition of a higher level of NaCl (4¥)n
led to a much more polydisperse population of &baggregates (PFA) with two distinct sub
populations: some aggregates with an average §220onm (+ 15 nm) (identical to those
obtained with the addition of 15nmNacCl), and bigger aggregates with an averageofize
1370 nm (x 257 nm). It is already reported thatabgregation between whey proteins is
facilitated by the addition of salt, which leadsatoeduction of electrostatic interactions by
increasing screening (Nicolai et al., 2011). Duttregting, the solutions changed
progressively from a transparent yellow low vistpsbplution to a creamier white solution.
The solution with 45 m NaCl was visually more viscous than the solutibhZanmv NacCl.
The difference in viscosity between FA samplesiobthwith different quantities of NaCl
could also indicate the presence of large wheyemraggregates formed during the heating

process.

13
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TEM images were useful to supplement the DLS resntd gave more details about
the structure of the different aggregates (FigoR&d,hese confirmed the size distributions
observed in DLS with a homogeneous population ofexdrstrand aggregates for small
amounts of NaCl (15 mn) and bigger aggregates when more NaCl was addeang, as
shown in Fig. 2a and 2b, respectively. The frastialcture of the bigger aggregates was
confirmed by TEM. These were characterised by smaesded and branched structure, which
is in accordance with the results of Baussay, Bbieplai, Durand and Busnel (2004).
Loiseleux et al. (2017) showed that the appareatamye density of the FA decreases when
the size of FA increases. This is consistent withtiranched morphology of large FA
observed in our study. This expanded structureesponds to a second step of aggregation
where primary aggregates are linked by disulphmieds and hydrophobic interactions to

form FA (Nicolai et al., 2011).

3.3.  Effects of FA on the rheological properties of yoghurts

Rheological measurements of yoghurt gels were usefietermine the impact of the
addition of WPI, MFA and PFA on the mechanical mnies of the yoghurt protein network
(Table 2). For all the yoghurts, enriched eithehwVPl, MFA or PFA, the storage modulus
G’ was higher than the viscous modulus G” overh®le frequency range studied (Fig.
3a,b). Moreover, the G’ value increased slightlymirequency. These results imply that the
gels displayed a typical behaviour of weak gelledcsures.

As expected, the viscoelastic parameters increagbdhe protein concentration for
yoghurts enriched with WPI. The heat treatmentrolk (5 min at 90 °C) ensured a high level
of denaturation of the whey proteins (Kester & Riadson, 1984). As a consequence, strong

interactions between denatured whey proteins asgicanicelles appeared. Increasing whey

14
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protein concentration will lead to more interacipanabling the formation of a denser and
stronger network and thus leading to higher G’ gal(Chua, Deeth, Oh, & Bansal, 2017,
Krzeminski, Grol3hable, & Hinrichs, 2011; Torresabt 2011). The increase in G’ value was
also noted for yoghurts enriched with MFA and PBAshown in Fig. 3a for MFA. It can be
noted that the rise of MFA concentration led tdarp increase of gel strength (from 0.5% to
1.0%, G’ was increased by 61% for MFA versus 25%N®1) (Table 2).

Storage modulus G’ and yield stresg gave indications on gel strength (Table 2). G’
andtgvalues of yoghurts enriched with PFA were the ldaweslicating that the addition of
PFA led to weaker gels compared with WPI and MF4. Bb shows the differences in the
viscoelastic properties of the yoghurts enrichetth i of WPI, MFA or PFA. Yoghurts
enriched with PFA had a 32% lower G’ compared WitRA-enriched yoghurts. These results
confirmed and extended the conclusions of a prevgtudy about the impact of whey protein
aggregates in model WPI gels (Purwanti et al., 204flthe same protein concentration
(15%, wiw), the gel formed with larger whey protaggregates (diameter of 62.7 nm) was
weaker compared with the gel formed with smalleewprotein aggregates (diameter of 49.3
nm), while the gel formed with native WPI showed #irongest gel. The strength of the
protein gel highly depends on surface interact{eng., hydrophobic interactions) between
WPA (Andoyo, Guyomarc'h, & Famelart, 2016; Purwantal., 2011). Therefore, the size
and the number of particles, as well as the nurabeonnections and the distance between
the particles, are key elements for the gel foromatlhese interactions have been suggested
to be hydrophobic patches on the aggregates sufacmyo et al., 2016). In the current
study, the larger particles in PFA have a more ¢itad and expanded structure, as reported
by Loiseleux et al. (2018) and Mahmoudi et al. 200 he presence of these larger

aggregates will lead to an increased surface, foltgily with less hydrophobic patches, as

15
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the increased steric hindrance will restrict theeas to reactive sites. This can substantially
limit hydrophobic interactions, thus resulting ifoaver gel strength.

The study of the yield stresg) allowed further characterisation of the yoghu#ts.
shown in Table 2, for the same protein concentnagioghurts enriched with WPI exhibited a
significantly higher yield stress than yoghurtsiemed with both MFA and PFA. The yield
stress is the point where the network structundssta be disrupted, causing the yoghurt to
flow. Therefore, it could be related to in-moutimsations and texture perception. The model
parameters calculated from the viscosity measure{&nand n) also indicated a difference
between yoghurts enriched with WPI and yoghurtecbed with FA. Yoghurts with the
lowest flow behaviour indexes corresponded to yoghenriched with WPI (WPI10 and
WHPI15) and to yoghurts enriched with high concerdrs of MFA or PFA (MFA15 and
PFA15) (Table 2). This means that, for yoghurtdwaidded WPI, the higher the amount of
added protein, the more shear-thinning the behawnd the lower the viscosity at high
shear. The other yoghurts enriched with MFA and Re#e grouped together regardless of
the concentration added. A 2-way ANOVA on protedmeentration and protein type
confirmed these results by highlighting a significdifference between yoghurts enriched
with WPI and yoghurts enriched with both MFA andARfFesults not shown). This
significant difference in flow behaviour could eapl differences in texture perception (Daget

& Joerg, 1991).

3.4. Effect of fractal aggregates on the textural characteristics of yoghurts

The penetrometry test was used to assess the imip@atand their polydispersity on
mechanical properties of yoghurts at large defaionat(Table 3). The aim was to relate the

results with the sensory perception of texture.
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387 Firstly, the results of the texture analysis conéd the differences evidenced in

388 rheology between yoghurts enriched with WPI andhwots enriched with FA. WPI-enriched
389  yoghurts were always significantly firmer and théckhan the MFA enriched ones. At 1%
390 added protein, firmness was 25% higher in yoghemtsched with WPI than in yoghurts

391  enriched with MFA. The same trend was found fotkhess. Less work was necessary to
392  disrupt the yoghurts enriched with FA. This couttply that, at the same protein content, the
393  yoghurts enriched with MFA or PFA could be percdias less stiff or less compact than

394  yoghurts enriched with WPI. This property may betiasting to provide protein-enriched

395  yoghurts with a softer texture, which could be maesirable for consumers.

396 The firmness of MFA-enriched yoghurts increasedisicantly with increasing

397 concentrations of MFA, which indicated their texsing properties. MFA15 had the highest
398 firmness, which was about 3 times higher than oh#FAO02. The two other parameters,

399 thickness and adhesiveness, also increased withdrease of MFA concentration. These
400 results are consistent with rheological measuresn@htch showed a gel reinforcement with
401  MFA addition. A contribution of whey protein aggedgs to gel hardness has been previously
402 reported by Vasbinder, van de Velde, and de K20D@), who showed that the addition of
403  whey protein aggregates (diameter of 62 nm) to eywrotein-free skim milk led to an

404  increase of gel hardness thanks to the formatiatisoiiphide bonds between aggregates and
405  casein micelles.

406 Finally, where 1.0% or 1.5% of FA was added toytbghurts, a significant difference
407  was found between MFA and PFA. Yoghurts enrichett MIFA were significantly firmer

408  and thicker than yoghurts enriched with PFA. Lialet2017) compared microparticulated
409 and nanoparticulated and showed that the firmnigsghurts enriched with nanoparticulated
410 whey proteins was always higher than that of yotghemriched with microparticulated whey

411  proteins. It is interesting to note that changimg polydispersity of whey protein aggregates
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in a smaller size ranggX pm) led to comparable results. It can be assuh@dhe reduction
of the ability of large aggregates to interact wiita protein network formed during
acidification induced a reduction of firmness anidkness.

These results at high deformation suggested tlimpibssible to modulate texture
perception of yoghurts by adding FA, and more @edgiby adding MFA or PFA depending

on the desired level of firmness and thickness.

35.  Syneresis

Syneresis measurements are shown in Table 3. Atd) the rise of protein
concentration in yoghurts led to a reduction of ywhkeparation. Syneresis showed an opposite
tendency to firmness; the percentage of syneresss4@% lower when the % of added
proteins was increased from 0.2% to 1.0%. No memahse of whey drainage was observed
when more than 1% WPI and MFA were added to théydg. This suggested that a
minimum level of expelled whey had been reachethbreasing the protein concentration.
Interestingly, independently of their polydispeysiEA had the same impact on whey
separation as native WPI for the same concentrafifrile the presence of a population of
big aggregates in the FA led to yoghurts that veagrificantly less firm and less thick, this
population has the same water-holding capacity B$ &d MFA. It can be hypothesised that,
thanks to their large expanded structure, the @diom of large FA is able to bind more water
than smaller FA. However, as seen before, theger@aggregates exhibit less interactions
with the protein network, thus inducing a lower fgghness The protein concentration seems
to be the only factor influencing whey separatibnis result differs from previous studies

where yoghurts with the lowest G’ and the lowesnfiess are usually linked to highest
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values of whey drainage (Andoyo et al., 2014). &fial. (2017) also reported that the addition

of MicroWPA in a model gel significantly increasggheresis compared with NanoWPA.

3.6.  Effect of FA on the microstructure of yoghurts.

The confocal laser scanning microscopy (CLSM) insagere used to visualise the
protein microstructural network of the yoghurtsielned with different types of whey proteins
(Fig. 4). The micrographs showed that the threeptes(WPI110, MFA10 and PFA10) had a
continuous and homogeneous protein network. How@¥EA10 seemed to have a denser
network in comparison with PFA10 and WPI10, whieldla more open structure with larger
pores. To confirm these small differences, imageyais was performed on a series of
micrographs to quantify the porosity of the netwdt&rosity is defined as the division of the
void area by the total image area and it is atwagharacterise the protein network by
guantifying the geometrical properties of the yagtstructure (Silva & O’Mahony, 2018;
Silva, Legland, Cauty, Kolotuev, & Floury, 2018JFA10 had a significantly lower porosity
than PFA10.But, surprisingly, WPI did not have askr network than PFA (Table 3).

Although porosity was significantly different betare MFA and PFA samples, it was
difficult to make a visual difference at this scafeobservation. However, the difference in
porosity could explain the lower G’, K, firmnesgdaihickness obtained in the rheological and
textural analysis. Previous studies reported tligtence of large serum channels in the
protein network of yoghurts enriched with MicroWR@ilva & O’Mahony, 2018; Torres et
al., 2011). The MicroWPA belonged to a larger semege particle (from 6 to 60 pm), leading
to clear differences between samples. Accordingucaet al. (2016), the increase in the size
of whey protein aggregates goes hand in hand witkvar connectivity and inability to be

integrated in the protein network. The increasdgidispersity of FA and the presence of a
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population of large FA could thus disturb the proteetwork formation, causing the
development of larger pores. The open structuteeficid milk gels has been linked to a
decreased water-holding capacity (Torres et aL120rhe moderate impact of the change in
the polydispersity of FA on the protein networlusture might be the reason why no

detrimental whey release was measured in yogharished with PFA.

3.7. Sensory analysis

Sensory tests were performed to determine if tlsesied impact of FA on
mechanical properties, texture and microstructueeevperceived by panellists.

Two sets of triangle tests were performed to detesni the differences between
yoghurts enriched with MFA and WPI were perceivadj secondly to find out if the
polydispersity of FA had an impact on texture pptia (Table 4). For an enrichment of
0.2% of either WPI or MFA, the test was non-conisdesFor this low level of proteins, the
panellists did not perceive differences betweenpsasreven if WPI02 had significantly
higher G’, K, firmness and thickness values tharAIE. However, differences were
perceived by panellists for samples with highereatgdrotein concentrations (MFAO5 versus
WHPIO05) (Table 4). This result showed the existavica concentration threshold above which
the addition of MFA has an impact on the sensorggion of yoghurts.

The impact of the polydispersity of the FA on tegtperception was assessed by
comparing yoghurts enriched with 0.5%, 1.0% and&dlds PFA and MFA. For yoghurts
enriched with 0.5% or 1.0% of FA, no differencegavperceived, whereas a significant
difference was perceived between PFA15 and MFADE. rEsult for PFAO5 and MFAQ5 was
consistent with instrumental measurements, beaamsénificant difference in firmness or

thickness was detected. In contrast, for 1.0% deddrotein, panellists did not perceive
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differences, even if significant differences wereasured both in texture analysis and in the
CLSM micrographs. Considering together the resflthe triangle tests and the instrumental
data, it can be hypothesised that yoghurts enriehtdPFA were less firm than yoghurts
enriched with MFA. Torres et al. (2011) studied itin@act of two populations of MicroWPA
using quantitative descriptive analysis (QDA) imiéat yoghurts. For the same protein level,
yoghurts enriched with the bigger WPA (30-58 umjemveharacterised by a smoother but
grainier texture than yoghurts enriched with smmaNdPA. Using NanoWPA such as MFA
and PFA could be relevant to tackle the problemraininess while having a positive impact
on the texture of yoghurts.

In the triangle tests, panellists were asked t@sadhe criteria (appearance, flavour,
odour, texture) on which they based their choiceéde a difference. For all the triangle
tests, more than 80% of the panellists who gaveigie answer based their choice on texture
(results not shown). This suggests that the adddfamative WP or FA was not responsible
for the appearance of aromatic defaults or aftergas

Finally, a ranking test was performed to confirra thfferences in texture perceived
between yoghurts enriched with WPI and MFA by thagllists. Panellists were asked to
order the yoghurts from least to firmest (Fig.Hymness perceived by panellists increased
with the quantity of added proteins, and the MFAigred yoghurts were always perceived
slightly less firm than the native WPI-enriched frags. These results corroborated the
previous rheological and texture measurements.

Future work will focus on sensory descriptive téstassess the impact of FA on other
modalities. It would be interesting to evaluat®iFA, besides their texturising properties,

have a positive impact on other desirable desggpoch as smoothness.

4, Conclusions
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The results showed that the addition of FA moditiegl texture properties of fat-free
set-type yoghurts compared with the conventionadlgd native WPI. The differences
measured instrumentally were also perceived byllistisewho found yoghurts enriched with
FA less firm than yoghurts enriched with WPI. Thessults obtained for fat-free yoghurts
confirmed and expanded prior work done on NanoWiPhodel systems (Andoyo et al.,
2014; Purwanti et al., 2011).

Yoghurts enriched with PFA clearly differed fromgyurts enriched with MFA and
WPI regarding the mechanical properties of theagel the texture properties. The presence of
a population of large aggregates might be the reasgty yoghurts enriched with PFA had a
lower storage modulus, yield stress, firmness amakmness. On the contrary, yoghurts
enriched with MFA had a denser protein network,chtielps to explain their higher
firmness. Interestingly MFA and PFA samples hadiidal properties to WPI regarding
whey retention. This study confirms previous resirita complex food matrix. By using both
instrumental and sensory analyses, the impactsuaftare and morphology modifications of
WPA on texture properties and texture perceptiofabfree set-type yoghurts were
highlighted. These results are relevant to oldafsirable texture properties while developing

fat-free dairy products using natural dairy ingesds.
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Tablel

Overview of the experimental design usgd.

Yoghurt Protein conten Type of protein adde
sample (%, wiw) (%, wiw)
codes Total Total whey  Native WPl  Fractal
protein level  protein aggregates
Control 3.40 0.68 - -
WPIO0Z 3.6( 0.7t 0.2 -
MFAO02 3.60 0.75 - 0.2
PFA02 3.60 0.75 - 0.2
WPIOE 3.9C 1.0z 0.t -
MFAOQ5 3.9C 1.0z - 0.t
PFAO5 3.90 1.02 - 0.5
WPI10 4.40 1.46 1.0 -
MFA10 4.4 1.4¢ - 1.C
PFAL(C 4.4( 1.4¢ - 1.C
MFA15 4.90 1.90 - 15
PFA15 4.90 1.90 - 15

#Two factors were varied: the total protein coni@n¢oretical values in %, w/w), and the

type of protein (WPI, MFA and PFA) added to the lyods.



Table?2

Rheological properties of yoghuris.

Yoghurt Frequency sweep Stress sweep Fitting of power law model
sample

at1 Hz at1lHz (Pa) (Pas)
Contro 342.8+3(" 91.5+10.M 56.51+1.39 46.69+2.4" 0.12+0.0:°%
WPI02 572.7 +60.4% 151.6 +14.9%' 82.28+8.6&" 72.40+7.68 0.11+0.0%
MFAQ2 443.24 +30.0°F 116.6 +7.8%" 65.66+8.8"F 59.96+5.98 0.15+0.01
PFAQ2 363.3+32'5 99.3+6.33 69.9+1 54.02+7.99 0.12+0.0%
WPI05 662.06 +95.4° 174.0 £22.7° 102.8+10.¢ 83.97+11.2° 0.07+0.0°
MFAO05 549.2 +46.8™ 143.3 +12.0°% 77.44+14.¢ 68.28+9.39 0.12+0.0:°%
PFA05 523.3+100.33 134.6 +22.74 67.484+18 63.18+14.3%" 0.14+0.02
WPI10 825.53 +56.90 203.0 +16.79 127.76+6.72 107.61+6.88 0.04+0.0%
MFA10 883.9 +93.8°¢ 2245 +32.1° 106.0+23.¢ 103.66+11.5° 0.11+0.0°
PFA1Q 642.5 +45.8% 163.2 +9.9% 90.746.2°% 83.77+13.1°¢ 0.13+0.0%¢
MFA15 1319.75 +167.06 335.9 +49.8% 157.8+17 110.51+13.1% 0.09+0.03
PFA15 989.62 +97.01 245.4 +22.18 146.3+5.2% 132.15+6.29 0.08+0.03

& Values within a column not sharing a common sup@sare significantly different(<

0.05) according to the LSD method. The values ¢f&’" and tam are taken at 1Hz. Sample

codes are: Control, yoghurt without any proteinitla, WPI, yoghurt enriched with WPI,

MFA, yoghurt enriched with monodisperse fractalragagte; PFA, yoghurt enriched with

polydisperse fractal aggregates.



Table3

Results of the texture analysis from the penetrontests and the syneresis measurements of

yoghurts enriched in different types of whey pnoset

Yoghurt Penetrometry test Syneresis CSLM
samples

Firmnes: Adhesivenes Thicknes: Syneresis Porosity
codes () (N mm) (N mm) (%) (%)
Control 0.15+0.01 0.52+0.07 3.50+0.14 29.39+0.2° -
WPI02 0.22+0.0f 1.84+0.25° 4.83+0.4" 29.85+3.(" -
MFA02 0.16 +0.01 1.190.17 4.01+0.38 30.98+2.3 -
PFAQ2 0.1620.09" 0.81+0.0¢ 3.82+0.39" 30.61+2.@ -
WPI05 0.34+0.0%4 2.14+0.7¢ 7.09+0.9¢" 26.05+1.8 -
MFA05 0.20+0.0: 1.44+0.2:% 4.77+0.4(° 25.5440.¢ -
PFAO5 0.17+0.0% 1.1620.41' 4.20+0.8%" 27.07+1.%° -
WPI1C 0.40+0.0° 2.58+0.4" 8.35+0.1¢ 18.83+2.1¢ 12.86+0.8
MFA10 0.32+0.02 2.31+0.48 7.44+0.68 18.52+2.6° 7.86x2.4
PFA1C 0.2620.0* 1.43+0.2:% 6.12+0.3¢ 21.49+1.° 14.39+1.¢
MFA15 0.47+0.03 4.25+1.21 10.32+0.88 16.58+0.7 -
PFA15 0.35+0.0° 2.33+0.2" 8.21+0.4° 16.730.8 -

#Values within a column not sharing a common sup@sare significantly differenty(<

0.05) according to the LSD method. Sample codesCuetrol, yoghurt without any protein

addition; WPI, yoghurt enriched with WPI; MFA, yagth enriched with monodisperse fractal

aggregate; PFA, yoghurt enriched with polydispérsetal aggregates.



Table4

Results of the triangle tests performed on the yagrenriched with different protein types.

Test Total number of Number of Significant difference
panellists correct answers  between samples

WPI02 versus MFA02 40 17 No

WPI0E versusMFA 05 4C 24 Yes(p =0.00049

MFAOS versusPFAQ0S 36 14 No

MFA10 versus PFA10 36 16 No

MFAL15 versus PFA15 36 20 Yesyf = 0.0047)






