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ABSTRACT

Thermal processing of ready-to-drink high protesvdrages can have a substantial impact on
the physical and sensory properties of the finatlpct for long-life milks such as extended
shelf life and ultra high temperature processedlyets. Direct and indirect heat treatment
technologies were applied to whey protein isols¥®() -based beverages containing 4, 6 or
8% (w/w) protein. Lower levels of protein denatiwat(66—94%) were observed using direct
heating compared with indirect heating (95-99%bs&protein levels and heating
temperatures (121 and 135 °C final heat). Direat heatment resulted in significantly lower
viscosity and less extensive changes to the velptpfile, compared with indirect heat
treatment. Overall, the application of direct andiiect heat treatment to WPI solutions
resulted in significantly different final produdtsterms of appearance, physical
characteristics and volatile profile, with diregating resulting in many enhanced properties

compared with conventional indirect heat treatment.
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1. | ntroduction

Nutritional beverages are a rapidly growing madegiment, with sales increasing by
an average of approximately 5% annually (Chen & @hdny, 2016; Cochrane et al., 2012).
These products can be formulated to cater for @tyanf consumer needs such as functional
sports foods for high performance athletes and {imdlgers, meal replacement drinks for
dietetic nutrition, and low-sugar drinks for dialbgiatients (Beecher, Drake, Luck, &
Foegeding, 2008; Jelen, 2009; Shiby, Radhakriskr&ingh Bawa, 2013).

When developing protein beverages, whey proteia€ammonly used as a protein
source due to their excellent nutritional qualitielend flavour, ease of digestibility and
functionality in beverage systems (Rittmanic, 206@®rmerly considered a waste by-product
of cheese and casein production, whey protein Begrbe highly valued for its nutritional
and functional properties (Boland, 2011; Evans &dda, 1980; Fitzsimons, Mulvihill, &
Morris, 2007; Mulvihill & Ennis, 2003; Smithers, @8). However, technological processes
used in dairy-based beverage manufacture may irttpahigh nutritional value of whey
proteins, whereby protein denaturation and aggi@gand loss of solubility decrease protein
digestibility and the bioavailability for enzymatiegestion (Pellegrino, 2013). As a result,
selection of thermal processing technology is goartant factor affecting the level of
protein denaturation and nutritional value of pragduin addition to reducing aggregate-
related storage stability issues in long-life pratdusuch as increases in viscosity, turbidity
and sedimentation (Le et al., 2016; Villumsen gt2015a,b).

Typical heat treatment processes used during metouéaof whey protein beverages
are in the extended shelf life (ESL) heat treatmange (120-135 °C for 2—4 s) or ultra high
temperature (UHT) range (135-145 °C for 2—4 s)tgB8% Robinson, 2008; Deeth & Lewis,

2016; Rysstad & Kolstad, 2006). There are two atatsnodes of high temperature short
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time (HTST) heating, i.e., indirect and direct egtused for the commercial sterilisation of
milk and milk products (Deeth & Lewis, 2016; Rowag, 2016).

Indirect systems, using systems like tubular aatiegheat exchangers, promote heat
transfer across an interface while, for directeys, like injection and infusion, the heating
medium, steam, is in direct contact with the pradund subsequently removed through flash
cooling (Burton, 1994; Hsu, 1970; Lewis & Hepp@D00; Schroyer, 1997). The heat
transfer interface of indirect heating systems ceduhe heat transfer rate and localised
heating at the interface can result in higher leeélprotein denaturation and fouling
compared with direct systems (Akkerman et al., 2&E8ayannakidis, Apostolidis, & Lee,
2014; Murphy, Tobin, Roos, & Fenelon, 2011).

In direct heating systems, almost instantaneousngeia achieved due to the mixing
of the heating medium and product. This methodliresa more efficient and rapid rate of
heat transfer than indirect heating, as it makesofishe latent heat of evaporation as the
steam condenses, resulting in reduced resideneeatnth a lower thermal load imparted on
the product (Britz & Robinson, 2008; Datta, Ellijd®erkins, & Deeth, 2002; Dickow,
Nielsen, & Hammershgj, 2012b; Karayannakidis ¢t28l14; Lee, Barbano, & Drake, 2017).

In a number of studies direct heat treatment teldgyded to a reduced level of whey
protein denaturation compared with indirect heatorgskim milk (Akkerman et al., 2016;
Lee et al., 2017; Lyster, Wyeth, Perkin, & Burtd8,71) and whey protein concentrate
(Dickow, Kaufmann, Wiking, & Hammershgj, 2012a).\whver, direct treatments are also
reported to result in a greater average partice and sediment formation compared with
indirect systems, due to the reduced area of tHdraresfer surfaces in direct systems for
deposition of aggregates (Burton, 1968; Datta.ef@D2; Malmgren et al., 2017). These
studies imply that aggregates that would geneeadhyere to hot surfaces and be found in

fouling material during traditional indirect prosasg are still present in the final product.
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The rapid cooling in direct heating can remove tri@s in milk such as dissolved oxygen,
heat-induced sulphur volatiles and other volatilesddition to removing excess water,
resulting in less heat-induced flavour changes {{[p&d_ewis, 2016; Lee et al., 2017).
Previous studies have identified direct heatinggsses as the best technological option to
limit thermally-induced changes in milks (Roux et 2016; Van Asselt, Sweere, Rollema, &
de Jong, 2008).

The heat treatment technology employed in dairyebsye production can have a
significant impact on the taste, physical stahilggd shelf life of the product. Little has been
published in relation to the heat treatment of tpgbtein whey solutions using direct heat
treatment technology (Dickow et al., 2012a) orc¢benparison of direct and indirect
technologies. The aim of this study was to invedéghe impact of direct and indirect heat
treatment technology at high temperatures°@21°C and 8(°C/135°C with preheat and
final holding time of 30 s and 2 s, respectivelg)selected physicochemical characteristics
of high protein ready-to-drink whey protein beveragnd to determine if either technology

produced significantly enhanced product quality.

2. Materials and methods

2.1. Materials and formulation

Model whey-protein beverages were formulated ategmaconcentrations of 4, 6 and
8% (w/w), reflective of current market product @iotconcentrations, using whey protein
isolate (BiPr@), supplied by Davisco Foods International (Le SubiN, USA), which had a
composition of 91.8% protein, 0.21% fat, 2.03% asid <0.2% lactose. The WPI powder

were reconstituted in 150 L batches using revesseesis water heated to 45 °C, to aid



114  solubilisation of the ingredients. A YTRON ZC powdeduction unit (YTRON Process

115 Technology GmbH, Bad Endorf, Germany), consistihg bigh-shear, rotor-stator mixer
116 connected to a recirculation pump, was used faeignt induction with a 20 min

117 recirculation time. The dispersion was stored fark equipped with an impeller and stirred
118 at alow speed overnight at 4 °C. The pH was agljlisi pH 6.8 using 0.t HCI or KOH, as
119 required, before and after overnight storage.

120

121 2.2. Heat treatment

122

123 Two pilot-scale thermal processing plants were usezhrry out direct and indirect
124 heat treatment of the WPI dispersions. Direct Ingattas applied using a UHT steam

125 infusion pilot plant 422463 (APV, Silkeborg, Denrkgamwhich consists of a plate heat

126 exchanger for preheating followed by steam infusiod flash cooling vessel, and a plate
127 heat exchanger for final cooling (Fig. 1a). Indireeating was applied using a

128 MicroThermics tubular UHT pilot plant (MicroThernsicNC, USA), consisting of two

129 tubular heat exchangers for preheating and finalihg operations and two tubular heat
130 exchangers for initial and final cooling operati¢fgy. 1b). Both the direct and indirect pilot
131 plants were used with a preheat holding time of 3@dd a final heat holding time of 2 s (Fig.
132 1c). Two types of heating conditions were applizthe WPI dispersions using the direct and
133 indirect pilot plants; 70 °C preheat with 121Gl heat, and 80 °C preheat with 135 °C
134 final heat. These temperature combinations are camhnused for extended-shelf-life (ESL)
135 and ultra-heat-treatment (UHT) processes, respaygt{Burton, 1994; Bylund, 1995; Rysstad
136 & Kolstad, 2006). The temperature combinations wg#ldoe referred to as ESL (70/121 °C)
137 and UHT (80/135 °C) to ease description.

138
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2.3. Particle size analysis and molecular weight disitibn

Particle size distribution data of whey proteinpgissions was determined using
dynamic light scattering (DLS) with a Malvern Zat&s Nano ZS instrument (Malvern
Instruments Ltd., UK). Samples were dispersed tiratgure water for analysis in polystyrene
disposable cuvettes. A refractive index of 1.45 wsed for protein samples, while a
refractive index of 1.330 was used for the disp&rsall samples were analysed at a
temperature of 25 °C.

Size-exclusion high-performance liquid chromatogsa(SE-HPLC) was used to
monitor the formation of heat-induced aggregateddigrmining the molecular weight (W
profile of the samples as described by Buggy, McigalBrodkorb, McCarthy, and Fenelon
(2016). The HPLC system used consisted of a Wa&95 separation module with a Waters
2487 dual-wavelength detector at 280 nm, contralsidg Waters Empow&isoftware
(Waters, Milford, Massachusetts, USA) using twauomhs in series (TSKgel
G2000SWXL and G3000SWXL, 7.8 mm ID, 30 cm lengti® particle size, Tosoh
Biosciences LLC, USA) with a guard column (TSKg&/%L, 6 mm ID x 4 cm length, gm

particle size).

2.4. Colour analysis

To investigate potential heat-induced changes loucalue to aggregation of heat
labile proteins colour measurements were carrig¢defore and after heat treatment. The
colour of each dispersion was measured and exgresse*, a* and b* values using a
Minolta Chroma Meter CR-400 colorimeter (MinoltadLtMilton Keynes, UK). The L*

value indicates lightness, a* values indicate redrggeenness, b* values indicate
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yellowness-blueness. Samples were loaded intogp@sible cuvette and placed in front of a

white calibration plate (L*, a*, b*) before measarent in triplicate.

2.5.  Viscosity

Viscosity can impact final product acceptability tmnsumers, and was measured
using an ARG2 controlled-stress rheometer (TA tmagnts, Crawley, UK) equipped with
concentric cylinder geometry at 25 °C. The procednvolved the samples being pre-
sheared at 500*<or 1 min followed by equilibration at 0'gor 1 min, to neutralise the
short-term rheological history of the formulatioiiie shear rate was then increased from 5
to 500 §" over 2 min, held at 500'dor 1 min then decreased from 500 to'Soser 2 min

(Murphy et al., 2013).

2.6. Protein analysis and total solids measurement

The total solids content of the dispersions wassmesl using a Smart System 5,
Smart Trac (CEM Corporation, Matthews, NC, USA).

Determination of total protein content of sampleswarried out using the Kjeldahl
method of analysis (IDF, 2001), using a nitrogeprmtein conversion factor of 6.38.
For soluble protein analysis, denatured and agtgdgaotein material was removed by
adjusting the sample to the isoelectric point apélusing a 0.1 acetate buffer to a final
protein concentration of 2.5 g'lprotein, centrifuging at 20,000gfor 20 min at 4 °C and
filtering through 0.2 um low-protein binding PE&dts (Agilent Technologies, CA, United
States). The prepared samples were evaluated higingperformance liquid chromatography

(HPLC) using a Waters 2695 separation module, & &487 dual wavelength absorbance
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detector running on Waters EmpoWaoftware (Milford, MA, USA). Reversed-phase (RP)
HPLC was completed using a PolymerX 5 um RP-1,X80® mm column (Phenomenex,
Cheshire, UK) as described by Kehoe, Wang, Moansl, Brodkorb (2011p-Lactalbumin,
B-lactoglobulin A ang-lactoglobulin B standards (Sigma Aldrich, Irelamedre used to

calibrate the method.

2.7. Volatile analysis

Volatile compounds were identified using head-sysdiel phase microextraction
(HS-SPME) coupled with gas chromatography-masstgpaetry (GC-MS), described by
Stefanovic, Kilcawley, Rea, Fitzgerald, and McAidi{2017), with some modifications. The
sample volume was 4 mL and all samples were runglcate. Samples were processed
using Shimadzu GCMS solutions software using theoflir and fragrance library (FFNSC 2)
in combination with in house libraries and NIST 2(ass Spectral Library, AMDIS
(www.amdis.net) software and linear retention iediavere carried out using the method of
Van den Dool and Kratz (1963). Batch processing eeased out with metaMS (Wehrens,
Weingart, & Mattivi, 2014) (www.rdocumentation.orglhe unheated and heat-treated
dispersions were frozen, immediately after therpnatessing, until required for volatile

analysis.

2.8. Statistical analysis

All heat treatment trials were carried out in ticpte, and the subsequent data sets

were subjected to analysis using the MINITAB5 (Minitab Ltd., Coventry, UK) statistical

analysis package. The statistical significanceesdtment effects on physical characteristics
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investigated was evaluated by means of one-waysisaf variance (ANOVA) with Tukey
and Dunnetts’ post hoc analysis. Three-way ANOVA wampleted using the factors:
protein content, heat treatment technology, angé&zature of heat treatment. A paiteest
was carried out on particle size data to furtheegtigate the effect of heat treatment.
Principal component analysis (PCA) of protein bagervolatiles was performed using The

Unscrambler X multivariate analysis programme, 8{CAMO ASA, Trondheim, Norway).

3. Results

3.1. Particle size and molecular weight distribution

3.1.1. Particle size distribution

In general, the particle size (z-average) of tluggan dispersions increased as a result
of heat treatment (Tables 1 andoZ 0.001). This was patrticularly the case in disebeated
dispersions, with statistically significant increagound for directly ESL and UHT treated
dispersions at 4 and 6% (w/w) protein, and foratlyeESL treated at 8% (w/w) protein,
according to Dunnett’s post haoalysis data (not shown). A paired t-test revetiat
indirect ESL heat treatments gave a higher parside than their indirect UHT-treated
counterparts at 4%, 6%, and 8% (w/w) protein cotraéions p < 0.05, 0.01 and 0.001,
respectively), with the distinction between ESL &HdT treatments becoming stronger with
increasing protein concentration. Directly heatteel samples showed no significant

difference in particle size between ESL and UHatimeents.
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3.1.2. Molecular weight distribution

The My profiles of the aggregates formed in the solutdetion of the beverage
dispersions was determined using size-exclusioonsatography. The M distributions were
similar for the unheated dispersion at all prot@ncentrations, with high proportions of low
My proteins relative to native proteins (Fig. 2). Bitheat-treated dispersions, the
proportion of low My aggregates decreased, while the presence of mednarhigh-My
aggregates increased with increasing thermal laddoaotein concentration.

For all protein concentrations, direct ESL treattpmoduced the lowest proportion of
high My aggregates>(300 kDa) compared with all other heat treatmemigeineral, direct
UHT, indirect ESL and indirect UHT treatments résdlin statistically similar M profiles
for the soluble phase. The difference in the proporof particles with a M greater than 300
kDa between direct and indirect UHT treatmentsaased with increasing protein
concentration, resulting in a significantly gregtesportion of high M, aggregates in the
soluble fraction following indirect UHT treatmertrf8% (w/w) protein concentration
compared with those which were directly treated.

The proportion of total protein material with g\\df 8—15 kDa decreased
significantly for all heat treatments except foe thirect ESL treatment at 4% protein. The
proportion of protein material with aWof 8—15 kDa were not significantly different
between direct UHT, indirect ESL and indirect UHiTmost cases, although the proportion
could be seen to decrease as the thermal loachsextei.e., direct UHT > indirect ESL >

indirect UHT.

3.2. Colour analysis

11
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All heat treatments resulted in a significant cheaimgL* value or lightness, from the
unheated dispersion, with the exception of ESLEHRA indirectly treated 8% (w/w)
dispersion (Table 3). The protein content of disjmars, heating technology and heating
temperature each had a significant effect ond%(0.001; Table 3 and Fig. 3). For 4%
protein dispersions, the lightness was similadioect and indirect UHT heat treatments,
while the corresponding direct and indirect ESlateel dispersions were statistically
different from each other. Direct ESL heat treattre#r6% (w/w) protein resulted in a
significantly higher L* value than all other hestdatments for 6% (w/w) protein. Indirect
UHT treatment resulted in a significantly lower v&lue compared with that of all other heat
treatments at 6% protein. For 8% protein dispessitme L* of both direct heat treatments
was significantly greater than after indirect hie@atments. A pairetdtest showed that
dispersions treated by indirect ESL had a highevaltie than their indirectly UHT-treated
counterparts < 0.01). Similar to the L* value, the a* value wagnificantly reduced by
heat treatment, implying a reduction in rednes#j tie exception of indirect heat treatments
at 8% (w/w) protein concentration. Heat treatmégmificantly reduced the b* value of all
protein concentrations, implying a reduction in swead yellowness (Table 3). These
changes in colour identified are visually obsereadohid may have an impact on consumer

perception.

3.3. Viscosity

Protein concentration, choice of heating technolagy severity of heat treatment all
had a significant effect on the viscosity of pratdispersions as determined by three-way
ANOVA (p < 0.001; Table 2). The extent of increase in \dggaupon heating increased with

increasing protein concentration of the dispersiargere the 8% (w/w) protein dispersions

12
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309

were the most affected by heat treatment (Tabl®©t¢rall, direct heat treatment resulted in a
lower final viscosity than indirect heat treatmeaaithough this difference was not statistically
significant in some cases below 8% protein leval(€ 1).

While 4% (w/w) protein dispersions showed no sigaifit viscosity increase on
heating, the viscosity of indirectly-treated 6% \Wfrotein dispersions increased
significantly with ESL treatment. At 8% (w/w) prate heat-treated dispersions showed a
significant increase in viscosity during heat tneant, with direct ESL and UHT treatments
resulting in similar viscosities, which were lowtkan that achieved by indirect heating.
Similar to the trends for 6% (w/w) protein disperss, indirect ESL treatment of 8% (w/w)
protein dispersions resulted in a significantlynt@gviscosity (9.02 mPa s) compared with
indirect UHT treatment (4.61 mPa s), despite tlghdi final heating temperature in the
latter. For indirect heating, there was a statidifcsignificant interaction determined between

the heating technology and heat treatment temperft« 0.001).

3.4. Protein content, profile and level of soluble prote

3.4.1. Total solids and protein content of WPI dispersions

Direct heating was associated with significantlgréased total solids contents of
dispersions, in some cases with reductions of 8%8%, and the effect was particularly
significant around 8% protein level (Table 1), vehihe total solids content was unaffected by
indirect heat treatment for all protein concentnasi. Three-way ANOVA analysis confirmed
that heating technology had a significant effedu@ng the total solids leveb & 0.001),
while the severity of heat treatment (i.e., ESIU{T) did not affect total solids content

(Table 2).

13
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The total protein content of unheated and heatggedsions followed similar trends
to that of total solids due to the high proteintewon of the WPI powder used in dispersions
(Tables 1 and 2). While reductions in total protemmtent were observed for all directly
heated dispersions, this reduction was only sieait significant for dispersions containing
6 and 8% (w/w) total protein. The reduction in t@@lids and total protein observed in
directly heat-treated dispersions (i.e., steanttige and infusion) is likely the result of
dilution, with condensed steam not being completefgoved by flash cooling during direct
processing. Product dilution, or concentrationjrmyidirect heating is common, and has been
reported in numerous studies (Dickow et al., 20Ianpler, Wohlschlager, & Kulozik,
2017; Lewis & Heppell, 2000; Murphy et al., 2011uidhy, Tobin, Roos, & Fenelon, 2013).
Net dilution or concentration within the system ¢tenreduced by maintaining equal

temperatures at preheat and flash cooling stagdsanglementing finer instrument control.

3.4.2. Soluble protein

RP-HPLC showed that direct and indirect heat treatmesulted in significant levels
of whey protein denaturation compared with the atde dispersions (Fig. 4). Three-way
ANOVA analysis of RP-HPLC data revealed that alitpin fractions investigated were
significantly affected by heating technology< 0.001) and the temperature of heat treatment
(p < 0.001). Direct heating resulted in lower leva@iprotein denaturation (i.e., more native
protein) for direct ESL thermal treatment in partar. Direct ESL heat treatments resulted in
the retention of significantly high levels of naiw-lactalbumin ¢-la) compared with indirect
heating, for all dispersions testqul<{ 0.05). The lowest level of natiwela was obtained
using indirect UHT treatment, to a significant dagfor the 4 and 6% (w/w) protein
dispersionsf < 0.05). Although directly UHT-treated dispersidral a higher level of native

a-la after heat treatment than indirect ESL treatinitye difference was not statistically

14



335 significant in most cases (Table 1). For bothfHactoglobulin A $-Ilg A) and B ¢-lg B),

336 direct ESL treatment resulted in the lowest lew¢ldenaturation, with the exception of the
337 level of B-lg A in the 6% protein dispersion which, while lexywas not statistically different
338 from that of the other heat treatments.

339

340 3.5. Volatile analysis

341

342 A range of 62 volatile aromatic organic compoun@sendentified in the beverage
343 dispersions, including ketones, aldehydes, alcoleskers, furans, sulphur- and benzene-
344  containing compounds (results not shown). Diffeesnigetween directly and indirectly

345 treated dispersions were identified for many conmoisu Indirect treatment increased levels
346 of aldehyde compounds were observed 0.05), such as pentanal, hexanal, heptanal,
347 octanal and 2-methylpropanal, which is known tapote the ‘stale’ flavour in high-

348 temperature-treated milks (Zabbia, Buys, & De Kdk]2). A significant increase in the
349 levels of dimethyl trisulphide and other sulphumpmunds was found for indirectly heat-
350 treated dispersionp K 0.05). Such sulphur compounds are related tmgticooked’

351 flavours in high temperature treated milks as altex -lactoglobulin denaturation (Al-

352 Attabi, D’arcy, & Deeth, 2008). The generation ofdn compounds was also noted, although
353 the increased levels of 2-pentylfuran and 2-butgifiuwith indirect heating were not

354  significantly higher than those following directatimg.

355 The PCA plot shows that the volatiles profile odhteated dispersions can be

356 discriminated on the basis of the heating technologl severity of thermal treatment

357 applied, particularly for indirect heat treatmelig( 5). The volatile profile of directly-heated
358 dispersions related more closely to unheated digpes than to those which were indirectly-

359 heated. Although some differences between unheatgdlirect ESL dispersions could be

15
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observed, particularly for the 8% (w/w) proteinghssion, as protein concentration
increased, a strong PCA grouping was not obtaingddregards to ESL heat treatment
applied with direct heating technology. More distive grouping was observed for the direct
UHT treated dispersions. However, indirect heatttreent of dispersions resulted in clear
differences between the unheated, ESL and UHT digpes, which increased as the heating
temperature increased. The PCA plot also showéerdifces based on protein content,
which may have been due to a higher level-bimonene found in 4% (w/w) protein
dispersions than in higher protein content dispasi although the difference levels was not
statistically significantd-Limonene is a terpene derived from animal feed@mmonly

found in milk; levels will vary dependent upon dietd metabolism in the rumen (Hansen &

Heinis, 1992).

4. Discussion

The application of direct and indirect heating tealogies resulted in significant
differences in the physical characteristics oftitgh protein dispersions. These differences
have the potential to impact consumer perceptiahaameeptability, as they relate to protein
bioavailability, appearance and volatile profiletioé final product.

A significantly higher level of soluble protein weecorded following direct heat
treatment compared with indirect heat treatmenis Téduced level of protein denaturation
can be attributed to the lower overall thermal loagdarted due to rapid heating and cooling
(Fig. 1c) (Burton, 1994; Lewis & Heppell, 2000; Ndiny et al., 2013). Pellegrino, Masotti,
Cattaneo, Hogenboom, and de Noni (2013) reportatcthie retention of a higher level of
native whey proteins preserves the nutritional ilyppahd digestibility of proteins in

dispersions which may be of interest to health-cims consumers of high protein
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beverages. Direct ESL treatment resulted in lesgepr denaturation for all dispersions, and
the level of protein denaturation increased (albeitto a significant degree in all cases) as
the thermal load increased, i.e., direct ESL <aitéHT < indirect ESL < indirect UHT.
These ranges are consistent with those reportpeeinous studies (Burton, 1994; Elliott,
Dhakal, Datta, & Deeth, 2003; Lewis & Heppell, 2D00

The appearance of directly and indirectly treatispelsions was noticeably different.
While directly-treated dispersions were equallyqpaat each of the protein concentrations,
indirectly-treated dispersions were seen to hasteaed opacity as the protein concentration
increased, as measured by a reduction in L* vadhige B; Table 3). The significant changes
in L* were consistent with the some general treindsarticle size. For indirectly-treated
dispersions, ESL-treated dispersions had a grpatécle size and L* value than their UHT-
treated counterparts, as predicted by Rayleighvg, kehich relates particle size to colour
change (Chung, Degner, & McClements, 2014; Des@&anyon, Richard, & Hardy, 1994,
McClements, 2002). This increased level of whitsnesvhey protein dispersions obtained
from direct heating systems may have a knock-orachpn customer perception.

Some directly-treated dispersions were found teelealarger particle size compared
with indirectly-treated dispersions, despite havangwer degree of whey protein
denaturation. These findings may seem counterimlihowever, this is in agreement with
the findings of previous studies (Burton, 1968;tBat al., 2002; Malmgren et al., 2017) that
proposed that the presence of some larger aggsegaterelated to reduced levels of
deposition and fouling in direct heating systems tide larger aggregates are not retained on
heat transfer interfaces within the heating sysdenng direct steam infusion, they remain in
the product stream, contributing to increased wigiss and particle size. The difference in
particle size may also be related to differenceageimaturation and aggregation mechanisms

due to the thermal profiles of the direct and iadirsystems (Fig. 1c). Denaturation and
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aggregation occur in two distinct stages; the fisstsists of the unfolding @flg, and the
second involves the association of these unfoldel@cenles to form aggregates (Joyce,
Brodkorb, Kelly, & O’Mahony, 2017; Mulvihill & Dongan, 1987). Anema and McKenna
(1996) found that aggregation of unfolded proteuas the rate-determining step during high-
temperature processing of directly heat-treatedmnrstituted whole milk. The different

thermal profile of the two thermal processing teabgies could lead to the formation of
different types of aggregates after denaturatioa @sult of these mechanisms.

As the average particle size of indirectly treadespersions decreased, the viscosity
of the dispersions increased, due to an increagarticle-particle interactions between a
larger number of smaller particles (Table 1). ladirESL treatment resulted in a large
increase in viscosity, from 3.42 to 9.02 mPa s, gamad with both direct heat treatments and
to the indirect UHT treatment, despite the highealfheating temperature. This may be due
to the effect of preheating temperature, whichléeen shown to impact the heat stability of
protein dispersions, stabilising against heat-iredughysical changes during high
temperature processing (Drapala, Auty, MulvihillG@Vahony, 2016; Dumpler & Kulozik,
2016; Srichantra, Newstead, McCarthy, & Paters0062 In this study, no such effect was
seen when direct heat treatment was applied, stigge¢kat preheat treatment may have a
less significant effect during direct heating congolwith indirect.

Jansson et al. (2014) reported that the severiheaf treatments related to the
development of off-flavours in milk. The resultstbé present study are consistent with this,
as direct heat treatment, with its lower thermablgoroduced a volatile profile which was
closer to that of the unheated dispersion thaimdlisect counterpart. In addition to the
reduced severity of heating during direct heattineat, studies have shown that the rapid
vacuum flash cooling step in this process can aidaon the removal of volatiles, improving

the flavour of heat-treated dispersions (Deeth &ise2016; Lee et al., 2017).
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5. Conclusion

The application of direct or indirect heating teslogy had a significant impact on
the end-product functionality, appearance and sgnmoperties of whey protein dispersions.
Direct heating resulted in many favourable proguoperties and significantly less thermal
damage across all protein concentrations compaitadmdirect heating. This direct heating
technology enabled the retention of higher levéisabive whey protein, as determined by
RP- and SE-HPLC, lower viscosity and minimal chamgeolatile profile. However, the
products produced were more opaque than indirbeidy-treated dispersions, particularly at
higher protein concentrations. Direct heat treatnsan be used to process challenging whey
protein beverages with a high-protein content,@ghg final product properties that are
unattainable with traditional indirect heat treatrneethods. The application of this
technology to the growing high-protein beveragekaawould result in products with greater

nutritional value and flavour.

Acknowledgements

The authors would like to acknowledge the Irish &&pent of Agriculture, Food and
the Marine for funding as part of the Food Instdoal Research Measure (FIRM), project
no. 10 RD TMFRC 703, and the Teagasc Walsh Fellgwstogramme. The authors would
like to acknowledge David Mannion at Teagasc Foedddrch Centre, Moorepark, Fermoy,
Cork, Ireland for his assistance with the head-spatid-phase micro-extraction coupled

with gas chromatography-mass spectrometry for ¥elahalysis.

19



460

461

462

463

464

465

466

467

468

469

470

471

472

473

474

475

476

ar7

478

479

480

481

482

483

References

Akkerman, M., Rauh, V. M., Christensen, M. L., Joben, B., Hammershgj, M., & Larsen,
L. B. (2016). Effect of heating strategies on wipegtein denaturation —Revisited by
liquid chromatography quadrupole time-of-flight mapectrometrylournal of Dairy
Science99, 152-166.

Al-Attabi, Z., D'arcy, B., & Deeth. H. (2008). Vdlee sulphur compounds in UHT milk.
Critical Reviews in Food Science and Nutritidd, 28—47.

Anema, S. G., & McKenna, A. B. (1996). Reactiondtios of thermal denaturation of whey
proteins in heated reconstituted whole milkurnal of Agriculture and Food
Chemistry 44, 422-428.

Beecher, J. W., Drake, M. A., Luck, P. J., & FoaggdE. A. (2008). Factors regulating
astringency of whey protein beveragésurnal of Dairy Sciencé@1, 2553-2560.

Boland, M. (2011). Whey proteins. In G. O. Phill&d>. A. Williams (Ed.)Handbook of
foodproteins(pp. 30-55). Cambridge, UK: Woodhead Publishing.

Britz, T. J., & Robinson, R. K. (2008)\dvanced dairy science and technol@Ghapt. 1).
Oxford, UK: Blackwell Publishing.

Buggy, A. K., McManus, J. J., Brodkorb, A., McCartiN., & Fenelon, M. A. (2016).
Stabilising effect ofi-lactalbumin on concentrated infant milk formulawdsions heat
treated pre-or post-homogenisati®airy Science and Technolgd@6, 1-15.

Burton, H. (1968). Deposits from whole milk in hét@atment plant—a review and
discussionJournal of Dairy ResearcI85, 317-330.

Burton, H. (1994)Ultra-high-temperature processing of milk and nphoducts(Chapt. 4).

New York, NY, USA: Springer.

20



484

485

486

487

488

489

490

491

492

493

494

495

496

497

498

499

500

501

502

503

504

505

506

507

Bylund, G. (1995)Dairy processing handbookund, Sweden: TetraPak processing systems
AB.

Chen, B., & O’'Mahony, J. A. (2016). Impact of glsegpolymer chain length on heat and
physical stability of milk protein-carbohydrate ntibnal beverageszood Chemistry
211, 474-482.

Chung, C., Degner, B., & McClements, D. J. (20DBvelopment of reduced-calorie foods:
Microparticulated whey proteins as fat mimetics@mi-solid food emulsion&ood
Research Internationab6, 136—145.

Cochrane, N., Yuan, Y., Walker, G., Shen, P., Ch@ngReynolds, C., et al. (2012). Erosive
potential of sports beveragésustralian Dental Journal7, 359-364.

Datta, N., Elliott, A. J., Perkins, M. L., & DeetH, C. (2002). Ultra-high-temperature (UHT)
treatment of milk: comparison of direct and indiremdes of heatincAustralian
Journal of Dairy Technologyp7, 211.

Deeth, H. & Lewis, M. (2016). Protein stability sterilised milk and milk products. In P. L.
H. McSweeney & J. A. O’'Mahony (EdAdvanced dairy chemistry. Vol. 1B. Proteins:
Applied aspect§op: 247-286). New York, NY, USA: Springer.

Desobry-Banon, S., Richard, F., & Hardy, J. (19%tldy of acid and rennet coagulation of
high pressurized milklournal of Dairy Scienc&’7, 3267-3274.

Dickow, J. A., Kaufmann, N., Wiking, L., & Hammemah M. (2012a). Protein denaturation
and functional properties of lenient steam injacti@at treated whey protein
concentratelnnovative Food Science and Emerging Technolodigsl 78-183.

Dickow, J. A., Nielsen, M. T., & Hammershgj, M. (Zb). Effect of lenient steam injection
(LS1) heat treatment of bovine milk on the actedtiof some enzymes, the milk fat

globule and pHlinternational Journal of Dairy Technolo@p, 191-200.

21



508 Drapala, K. P., Auty, M. A. E., Mulvihill, D. M., &'Mahony, J. A. (2016). Improving
509 thermal stability of hydrolysed whey protein-basaf@nt formula emulsions by

510 protein—carbohydrate conjugatidfood Research Internationa8, 42-51.

511 Dumpler, J. & Kulozik, U. (2016). Heat-induced caégion of concentrated skim milk
512 heated by direct steam injectidnternational Dairy Journgl59, 62—71.

513 Dumpler, J., Wohlschlager, H., & Kulozik, U. (201Djissociation and coagulation of

514 caseins and whey proteins in concentrated skim lna#ited by direct steam injection.
515 Dairy Science and Technolad6, 807—-826.

516 Elliott, A. J., Dhakal, A., Datta, N., & Deeth, @. (2003). Heat-induced changes in UHT
517 milks - Part 1 Australian Journal of Dairy Technology8, 3-10.

518 Evans, M. T. A,, & Gordon, J. F. (1980). Whey pmoge In R. A. Grant (Ed Applied protein
519 chemistry(pp. 31-67). Essex, UK: Applied Science Publishers

520 Fitzsimons, S. M., Mulvihill, D. M., & Morris, E. R2007). Denaturation and aggregation
521 processes in thermal gelation of whey proteinslvesiaby differential scanning

522 calorimetry.Food Hydrocolloid21, 638—-644.

523 Hansen, A., & Heinis, J. (1992). Benzaldehydeatitind d-limonene flavor perception in
524 the presence of casein and whey proteloarnal of Dairy Scienge’5, 1211-1215.
525 Hsu, D. S. (1970Ultra-high-temperature (UHT) processing and asepiickaging (AP) of
526 dairy products New York, NY, USA: Damana Tech Inc.

527 IDF. (2001).Milk—Determination of nitrogen content. Part 1: Kjahl methodBrussels,
528 Belgium: International Dairy Federation.

529 Jansson, T., Jensen, S., Eggers, N., Clausen,,MaRen, L. B., Ray, C., et al. (2014).

530 Volatile component profiles of conventional andttese-hydrolyzed UHT milk—a
531 dynamic headspace gas chromatography-mass spettyatuely.Dairy Science and
532 Technology94, 311-325.

22



533

534

535

536

537

538

539

540

541

542

543

544

545

546

547

548

549

550

551

552

553

554

555

Jelen, P. (2009). Whey-based functional beverdgd3. Paquin, (Ed.}unctional and
speciality beverage technolofgp. 259-280). Cambridge, UK: Woodhead
Publishing.

Joyce, A. M., Brodkorb, A., Kelly, A. L., & O'Mahagn J. A. (2017). Separation of the
effects of denaturation and aggregation on whegingsotein interactions during the
manufacture of a model infant formuBairy Science and Technolad6, 787—-806.

Karayannakidis, P. D., Apostolidis, E., & Lee, C. (d4014). Comparison of direct steam
injection and steam-jacketed heating in squid [pmdtgdrolysis for energy
consumption and hydrolysis performanc&/T - Food Science and Technolo§y,
134-140.

Kehoe, J., Wang, L., Morris, E., & Brodkorb, A. (20. Formation of non-nativg
lactoglobulin during heat-induced denaturatiéood Biophysicss, 487—496.

Le, T. T., Nielsen, S. D., Villumsen, N. S., Kiatsen, G. H., Nielsen, L. R., Nielsen, S. B.,
et al. (2016). Using proteomics to characteriseagi®-induced aggregates in acidic
whey protein isolate drink$énaternational Dairy Journgl60, 39—36.

Lee, A. P., Barbano, D. M., & Drake, M. A. (201The influence of ultra-pasteurization by
indirect heating versus direct steam injection kimsand 2% fat milksJournal of
Dairy Sciencel00 1688-1701.

Lewis, M. J., & Heppell, N. (2000Continuous thermal processing of foods: pasteuonat
and UHT sterilizationGaithersburg, MA, USA: Aspen Publishers.

Lyster, R. L. J., Wyeth, T. C., Perkin, A. G., &Ban, H. (1971). Comparison of milks
processed by the direct and indirect methods cd-hitgh-temperature sterilization:

V. Denaturation of the whey proteirkurnal of Dairy Researcl38, 403—408.

23



556

557

558

559

560

561

562

563

564

565

566

567

568

569

570

571

572

573

574

575

576

S77

578

579

Malmgren, B., Ard6, Y., Langton, M., Altskar, A.r&ner, M. G. E. G., Dejmek, P., et al.
(2017). Changes in proteins, physical stability atndcture in directly heated UHT
milk during storage at different temperatudesernational Dairy Journgl71, 60—75.

McClements, D. J. (2002). Theoretical predictiorenfulsion colorAdvanced Colloid
Interface Scienc&®7, 63—89.

Mulvihill, D. M. & Donovan, M. (1987). Whey protegnand their thermal denaturation-a
review.Irish Journal of Food Science and Technolaob, 43-75.

Mulvihill, D. M. & Ennis, M. P. (2003). Functionahilk proteins: Production and utilization.
In P. F. Fox & P. L. H. McSweeney (EdAdvanced dairy chemistry. Vol. 1A.
Proteins(pp. 1175-1228). Boston, MA, USA: Springer.

Murphy, E. G., Tobin, J., Roos, Y., & Fenelon, M013). A high-solids steam injection
process for the manufacture of powdered infant maitknula.Dairy Science and
Technology93, 463—-475.

Murphy, E. G., Tobin, J., Roos, Y., & Fenelon, M011). The effect of high velocity steam
injection on the colloidal stability of concentrdtemulsions for the manufacture of
infant formulationsProcedia Food Sciencé, 1309-1315.

Pellegrino, L., Masotti, F., Cattaneo, S. Hogenbpdri\., & de Noni, I. (2013). Nutritional
quality of milk proteins. In P. L. H. McSweeney & IP. Fox (Ed.)Advanced dairy
chemistry. Vol. 1A. Basic aspe@p. 515-533), New York, NY, USA: Springer
Science & Business Media.

Rittmanic, S. (2006). US whey proteins in readydtmk beverages. IApplications
monograph beveragdpp. 1-8). Arlington, VA, USA: US Dairy Export Coail.

Roux, S., Courel, M., Birlouez-Aragon, I., Municire., Massa, M., & Pain, J. P. (2016).

Comparative thermal impact of two UHT technolog@stinuous ohmic heating and

24



580 direct steam injection, on the nutritional propestof liquid infant formulaJournal of
581 Food Engineeringl79, 36—43.

582 Rysstad, G. & Kolstad, J. (2006). Extended shfdfriilk—advances in technology.

583 International Journal of Dairy Technology9, 85-96.

584  Schroyer, J. A. (1997). Understand the basicsaamstinjection heatingchemical

585 Engineering Progres®3, 52-55.

586 Shiby, V. K., Radhakrishna, K., & Singh Bawa, A0{3). Development of whey-fruit-based
587 energy drink mixes using D-optimal mixture desigmernational Journal of Food
588 Science and Technologd8, 742—-748.

589 Smithers, G. W. (2008). Whey and whey proteinsenfigutter-to-gold’.International

590 Dairy Journal 18, 695—-704.

591 Srichantra, A., Newstead, D. F., McCarthy, O. JR&erson, A. H. J. (2006). Effect of
592 preheating on fouling of a pilot scale UHT sterig plant by recombined,

593 reconstituted and fresh whole millkod and Bioproducts Processirgyl, 279-285.

594  Stefanovic, E., Kilcawley, K. N., Rea, M. C., Fiezgld, G. F., & McAuliffe, O. (2017).

595 Genetic, enzymatic and metabolite profiling of taetobacillus casegroup reveals
596 strain biodiversity and potential applications flawour diversificationJournal of
597 Applied Microbiology122 1245-1261.

598 Van Asselt, A. J., Sweere, A. P. J., Rollema, H&Sle Jong, P. (2008). Extreme high-
599 temperature treatment of milk with respect to pliasimactivation.International
600 Dairy Journal 18, 531-538.

601 Van Den Dool, H., & Kratz, P. D. (1963). A genezalion of the retention index system
602 including linear temperature programmed gas-liquadition chromatography.

603 Journal of Chromatography, A1, 463—471.

25



604

605

606

607

608

609

610

611

612

613

614

615

616

Villumsen, N. S., Hammershgj, M., Nielsen, L. RouBen, K. R., Sgrensen, J., & Larsen, L.
B. (2015a). Control of heat treatment and storaggerature prevents the formation
of visible aggregates in acidic whey dispersionsr@/6-month storage periddNT -
Food Science and Technoloy, 164-170.

Villumsen, N. S., Jensen, H. B., Thu Le, T. T., MglH. S., Nordvang, R. T., Nielsen, L.
R., et al. (2015b). Self-assembly of caseinomagtge as a potential key
mechanism in the formation of visible storage irethiaggregates in acidic whey
protein isolate dispersionternational Dairy Journgl49, 8-15.

Wehrens, R., Weingart, G., & Mattivi, F. (2014).tadS: an open-source pipeline for GC-
MS based untargeted metabolomizsurnal of Chromatography,®66, 109-116.

Zabbia, A., Buys, E. M., & De Kock, H. L. (2012)ndesirable sulphur and carbonyl flavor
compounds in UHT milk: A reviewCritical Reviews in Food Science and Nutrition

52, 21-30.

26



Figurelegends

Fig 1. Process flow diagram of (a) direct and (b) inditezat treatment plants and (c) time-
temperature heating and cooling profiles of indif&gbular heat exchange—¢— ) and

direct (steam infusion or injectior ;= ) heat treatmhtechnologies.

Fig 2. Molecular weight distribution of the soluble frexet of unheated and heat-treated

whey protein dispersions with molecular weight8e15 kDa @), 15-30 kDa i), 30-80

kDa (), 80-300 kDaM), >300 kDa ).

Fig 3. Images of whey protein dispersions at 4, 6 and\8%) protein after direct and
indirect with (a) ESL (70 °C preheat and 121 °GJ ém UHT (80 °C preheat and 135 °C)

heat-treated formulations.

Fig 4. Levels of native whey protein in the pH 4.6-sotufvhction measured by RP-HPLC;

a-lactalbumin @), p-lactogloblin B @), andp-lactoglobulin A @) expressed as a

percentage of total native whey protein for wheyt@in beverage dispersions at 4%, 6%, and

8% (w/w) total protein.

Fig 5. Principal component analysis plot of the volagitefiles of unheated, directly and

indirectly heated whey protein dispersions with 4%, or 8% total protein.



Tablel

Physicochemical properties of protein beveragesaiuing 4, 6, or 8% total protein, before and aftieect steam infusion and indirect tubular heaatment?

Beverage Heat pH Total solids Total protein Soluble protein Visitg Particle diameter

solutions  treatment (%, wiw) (%, wiw) (%, wiw) (mPa s) (nm)

4% Protein  Unheated 6.840.03 418+ 0.05 4.16+0.08 3.57+0.10 3.28°+ 0.05 98.2+ 0.76
Direct ESL 6.84+0.04 3.78+0.06 3.82+0.17 1.72+0.29 3.38+0.04 278+ 2.42
Direct UHT 6.9f+0.03 3.92+0.08 3.96+0.01 1.26+0.11 3.4 +0.03 243 +38.0
Indirect ESL 6.89+0.02 4.10+0.08 4.08+0.07 0.75+0.14 3.49+0.02 218 + 4.60
Indirect UHT 6.92+0.04 4.06+0.07 4.08+0.06 0.94+0.06 3.53+0.04 198+ 17.2

6% Protein  Unheated 6820.03 6.37+0.08 6.18+0.05 5.88+0.09 3.39+0.03 128+ 4.21
Direct ESL 6.77+0.02 596+0.08 5.8%+0.04 2.19+0.18 3.42+0.02 192 +7.77
Direct UHT 6.96+0.07 5.82+0.33 5.61+0.04 1.36+0.14 3.50+ 0.07 168+ 10.9
Indirect ESL 6.88+0.02 6.29+0.10 6.20+0.13 0.78+0.12 3.91+0.02 218+ 0.86
Indirect UHT 6.87°+0.02 6.28+0.07 6.22+0.14 0.96 +0.08  3.69°+0.02 136+ 12.5

8% Protein  Unheated 6.810.04 8.44+0.06  8.22+0.07 7.71+0.11 3.48+0.04 97.4"+1.48
Direct ESL 6.81+0.06 7.88+0.16 7.58+0.19 3.59+1.22 4.160 + 0.06 244+ 11.6
Direct UHT 6.82+0.07 8.0¥+0.12 7.88+0.08 1306+0.09 4.18°+0.07 187 + 83.7
Indirect ESL 6.83+0.05 8.28 +0.03 8.13+0.03 0.67+0.02 9.02+0.05 21% + 4,57
Indirect UHT 6.86+0.01 8.39+0.03 8.12+0.06 1.00+ 0.06 4.61+0.01 114+ 1.67

& For each beverage solution (protein concentragtimen values with a common superscript lettehénsame column are not significantly differgmt>(0.05).

ESL relates to a 70 °C preheat temperature and@2ihal heat temperature. UHT relates to a 80 f&éheat temperature and 135 °C final heat temperatur



Table?2

Statistical significance of the effects of targebtpin level, heating technology, severity of héaatment and interactions of these factors on the

physicochemical characteristics of heat treatedti®uls, assessed by three-way ANOVA.

Characteristic Protein Technology  Heat Protein level* Technology* Protein level*
level treatment  technology heat treatment heat treatment
pH i NS i NS NS NS
Total solids content *hk hk NS NS NS NS
Total protein content ol ol NS *x NS NS
Total soluble protein content * rxk o * *hk NS
Native protein a-la NS *hx Frk NS ok NS
B-lg A * *kk *kk NS Kok NS
B-lg B NS *hx Frk NS * NS
CO I our L* *k% *k% *k% *%k% * *%k%x
coordinates a* — —_— — *xk * *
b* * *k% NS **k%k NS *
CO|OUI’ differenceAE *k% *k%x *k% *k% *%% *k%x
V|SCOS|ty *kk *k% *kk *kk *k% *k%
Particle size *hk rxk *kk NS NS NS
Molecular weight > 300 kDa g xx o o FrE NS
distribution 80-300 kDa  *** NS NS *kk NS NS
30-80 kDa *hx NS * o NS NS
15—-30 kDa *kk *kk *kk NS *kk NS
8—15 kDa *kk *xk *kk NS *kk NS

& Protein level refers to the target protein contentvhich the solutions are formulated; *** indieatp <0.001, ** indicateg <0.01, * indicategp <0.05, NS

indicates no significant difference.



Table3

Whey protein beverage colour, expressed as L*b&*alues for protein beverages containing 4%, 6%8% total protein, before and after direct steam

infusion and indirect tubular heat treatmént.

Solutions Heat treatment L* ax b*

4% Protein Unheated 3681.21 -0.68+ 0.09 2.38+0.35
Direct ESL 64.2+1.35 -1.48+0.29 -5.14+0.85
Direct UHT 66.83"+1.92 -1.88+0.12 -5.2%+0.45
Indirect ESL 68.8+ 0.92 -2.36+0.01 -6.60+0.23
Indirect UHT 66.8°+ 0.80 -2.34+0.02 -8.38+ 0.47

6% Protein Unheated 3260.82 -0.13+0.03 0.76+0.42
Direct ESL 67.8+1.30 -1.8% +0.18 -5.18+1.09
Direct UHT 63.7+2.02 -1.49+0.23 -4.2%+0.70
Indirect ESL 60.2+ 0.77 -2.02+0.02 -8.45+0.21
Indirect UHT 46.7+0.22 -0.78+0.04 -10.9+ 0.09

8% Protein Unheated 3660.41 -0.28+ 0.07 2.81+0.24
Direct ESL 60.2+1.86 -1.79+0.11 -6.883+0.74
Direct UHT 63.6+3.85 -1.69 +0.45 -3.09 + 1.57
Indirect ESL 41.8+0.71 -0.32+0.19 -7.21+0.49
Indirect UHT 38.1+0.37 0.35+0.08 -6.20+0.26

& For each beverage solution (protein concentragtimen values with a common superscript lettehénsame column are not significantly differgmt>(0.05).
ESL relates to a 70 °C preheat temperature and@2ihal heat temperature; UHT relates to a 80 féhpat temperature and 135 °C final heat temperatur
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