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ABSTRACT

The effects of key manufacturing steps (heat treatirevaporation and spray drying) during
the manufacture of low- and high-heat skim milk pevws (SMP) on the physico-chemical
and processing characteristics of milk, and comessd of varying total solids (TS) levels
prepared by reconstituting the milk powders, werduwated. Milk heat treatment had the
most pronounced effect, with an increase in sevefiheat treatment from 72 °C x 15 s to
120 °C x 120 s, prior to evaporation resultingighler heat coagulation time (HCT) at pH
6.3—6.6 and ethanol stability (ES) at pH 6.2—6rl a marked deterioration of rennet-
induced coagulability. Increasing TS of the milkregonstitution from 9.4 to 25% reduced
HCT at pH >6.3 and ES at pH 6.6—7.0, increasedtipi &.2—6.4, and led to partial
recovery of rennet-coagulability. The results higil how heat treatment may be used to

customise the functionality of SMP to different Apgtions.
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1. Introduction

Apart from its use in formulated foods such as sapcustards, ice-cream and
processed cheese products, skim milk powder (SME)tensively reconstituted to skim
milk with different levels of total solids (e.g+30%), for applications such as milk-based
beverages, condensed milks, and recombined mitkshi@ese or yoghurt manufacture (Gilles
& Lawrence, 1982; IDF, 19; Lagrang&hitsett, & Burris, 201599). SMP is classified as
low, medium- or high-heat SMP according to the hesgttment applied to skim milk prior to
evaporation and drying (Martin, Williams, & Dunst&®07). Typical heat treatments are 70—
72 °C for 15 s for low-heat SMP, and 120 °C for 828-s, or 90 °C for 300 s (Kelly,
O’Connell, & Fox, 2003). High-heat SMP is used asmgredient in bakery, sweetened
condensed milk, and confectionery products sudbHiE recombined concentrated milk,
toffee, caramel, fudge and milk chocolate (AitkAgustin, & Clarke, 1999; Stewart et al.,
2017). Low-heat powder is also used extensivefpaa formulation, including applications
such as recombined milk for cheese manufacturé; solids standardisation in products such
as cheese milk, yoghurt and fermented milk prod(Ra¢el, Anema, Holroyd, Singh, &
Creamer, 2007).

For all types of SMP, the stages of manufacturkideheat treatment of the milk,
evaporation to ~45-50% total solids (TS) and spirging to ~97% TS. Heat treatment,
depending on the severity (temperature and time)aitk pH, affects the extent of whey
protein denaturation, the binding of denatured whr®yein to the casein micelle and the
partitioning of components (salts, whey protein aaseins) between the serum and colloidal
phases of milk (Donato & Guyomarc’h, 2009). Thelsanges affect milk processing
characteristics such as rennet gelation (Guineé,et997; Pomprasirt, Singh, & Lucey,

1998), acid-induced gelation (Vasbinder, Altingd& Kruif, 2003a), heat stability (Sievanen,
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Huppertz, Kelly, & Fox, 2008), syneresis of acidiiced and rennet-induced-milk gels (e.g.,
yoghurt, cheese), and can result in altered chiegsgre and functionality (Rynne, Beresford,
Kelly, & Guinee, 2004).

Studies on the impact of heat treatment on thenethstability (ES) of skim milk
concentrates are scarce, though the separateseffieleeat treatment (Horne & Parker, 1981,
Mohammed & Fox, 1986) and concentration (Horne &Bg 1983) have been investigated.
ES is of relevance in alcoholic milk-based bevesageg., cream liquor, eggnog and coquito)
as an indicator of the resistance of the milk prote aggregation and, hence, emulsion
stability. Martin et al. (2007) reported that tlesein micelle sizes in low-, medium- and
high-heat treated skim milk increased during evapan to 45% TS, and remained high in
high-heat SMP on reconstitution. Singh and Cregi@91) found that the heat coagulation
time (HCT) of concentrated milk (prepared by dihgtievaporated milk to 20% TS) in the pH
region 6.3 to 6.6 increased significantly on inereg severity of heat treatment from 72 °C x
15 sto 120 °C x 180 s. Similarly, an increaseaathreatment from 110 °C x 120 s to 120
°C x 180 s affected the heat stability of reconstid milk (9.7% TS), as evidenced by a shift
in the HCT/pH curve to lower pH and the concomitactease in HCT at pH 6.5-6.6 and
reduction at pH 6.8—7.1 (Singh & Creamer, 1991).

The objective of the current study was to evaltladeimpact of heat treatment,
evaporation and spray drying on the partitioningndk proteins and minerals between
serum and colloidal phases, rennet gelation, HQITEE® of the resultant milk samples, and

concentrates prepared by reconstitution of the SMP.

2. M aterials and methods

2.1. Manufacture of low heat and high heat skirik powder
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Skim milk powder was manufactured at Moorepark Tebdbgy Limited (Cork,
Ireland). Milk was separated at 55 °C (WestfaliaddloMM1254 Separator; Westfalia,
Germany) and the skim milk(.1% fat) was pasteurised using a plate heat-egend APV
Pasilac SSP pilot plant, APV DK 8600, Silkeborgnbeark) at 72 °C x 15 s (low heat, LH)
or using a MicroThermi&spilot-scale tubular heat-exchanger (MicroThermRaleigh, NC,
USA) at 120 °C for 120 s (high heat, HH). The passed skim milk was cooled directly to
4 °C, held at 4 °C overnight, heated to 50 °Cregtifor 30 min, concentrated to 45% TS
(Anhydro Falling Film Evaporator Type F, SPX Flowchnology Danmark A/S, Soeborg,
DK-2860, Denmark) and spray-dried (Anhydro Sprayddy SPX Flow Technology
Danmark A/S) using centrifugal disc atomisatiomét and outlet air temperatures of 180
and 85 °C, respectively. The resultant LH- and Hkiirsmilk powders were each produced
on two separate occasions (trials), with both povygees being produced from the same

milk on each occasion.

2.2.  Preparation of skim milk samples

Samples taken during powder manufacture includad milk, heat-treated skim
milk, evaporated skim milk (45% TS) and powder. ks of low heat-treated skim milk,
evaporated skim milk and powder are denoted as LH$ME and LHP, respectively, and
the corresponding high heat-treated samples as HHHEME and HHP, respectively (Table
1).

The LHE and HHE samples were diluted with distiNeater at 25 °C and stirred
(Model RW16; IKA-Werke GmbH, Staufen im Breisgawgr@any) at 750 rpm for 30 min to

give skim milk with 9.4% TS, denoted as LHE-SM &hdE-SM, respectively (Table 1).
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Skim milk samples (9.4% TS), denoted LHP-SM and H5NP, were also prepared by
reconstitution of the LHP and HHP in distilled wat€he powder was dispersed in distilled
water (50 °C), held in a water bath (50 °C) whtlering at 750 rpm for 30 min and stored at
4 °C for 22 h to allow hydration of the proteinijgrto analysis, the reconstituted skim milk
samples were warmed to 40 °C and held for 30 mmeverse the cold-aging, and then

cooled to 25 °C for analysis (Dalgleish & Law, 1988

2.3. Compositional analysis of skim milk and serum

Skim milk samples were assayed for TS and fat usiagcEM SMART Trac I
(CEM, Matthews, NC, USA), lactose using the FOS&dBcan™ FT+ (N. Foss Electric
A/S, Hillerad, Denmark) and ionic calcium [€] using a sensION+ 9660C Calcium
Combination lon Selective Electrode (Hach LangecBl®na, Spain), as described by Lin,
Kelly, O’'Mahony, and Guinee (2017).

Serum was prepared by ultracentrifugation of skiitk at 100,000x g at 25 °C for 1
h and filtration of the supernatant, as describetlib et al. (2017). Skim milk and serum
were analysed for total protein, non-casein nitro@¢CN), non-protein nitrogen (NPN),
calcium (Ca), phosphorus (P), and protein profiimg reversed-phase high performance
liquid chromatography (RP-HPLC) using methods dbsdrpreviously by Lin et a(2017).

The analysis scheme used to isolate the differiémtgen (N) /protein fractions of the
HH samples is shown in Fig. 1A; the measurementemeed on the different samples and
the parameters derived are shown in Fig. 1B. Tine protein content of the serum was
calculated as the difference between total (crpdafein of serum and NPN (expressed as
protein). Total serum casein was calculated apithbéuct of true protein in the serum and

casein as a proportion of true protein in the se@smeasured by RP-HPLC.
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On pH adjustment of the serum to pH 4.6, serumbdeloaseink-, -, as-caseins)
and denatured whey protein, assumed to be compleitied-casein in the form of serum-
soluble aggregates (Mollé, Jean, & Guyomarc’h, 200&cipitate. Hence, the total protein
concentration of the pH 4.6 soluble filtrate cop@sds to native whey protein and NPN. The
concentrations of serum-soluble casein and derthtuney proteiné-casein aggregates were,
thus, calculated as the difference between thépadéein content of the serum and that of
the pH 4.6 soluble filtrate. The difference in centation between that of the latter (serum-
soluble casein and denatured whey prokea@sein aggregates) and the serum casein
corresponds to denatured whey proteins contributrggrum-soluble aggregates. The
equations used in the calculation of the diffeigritactions in the serum phase are below:

True protein in serum (%, w/w) = total proté#a, w/w) — (NPN x 6.38) (%, wiw) (1)

Serum casein (%, w/w) = true protein (%, w/w) xesass % of true protein (2)

Denatured whey protein complexed with dissociat@dsein (%, w/w) = Total protein

(%, w/w) — serum casein (%, w/w) — pH 4.6 solubiet@in (%, w/w) 3)

Denatured whey protein complexed witkcasein on the casein micelle (%, w/w) =

Total denatured whey protein (%, w/w) — denatundey protein complexed with

dissociated k-casein (%, w/w) (4)

2.4.  Physico-chemical characteristics of skim redknples

Casein micelle size, expressed as z-average (mchtha apparent zeta potential of

skim milk samples were determined using a MalvestaZizer Nanoseries Nano-ZS



141 (Malvern Instruments Ltd, Malvern, UK), as descdhl®y Lin et al(2017). Casein hydration
142 was measured by lyophilisation of the pellet oledion ultracentrifugation, and expressed as
143 g water g sedimented casein (Lin et al., 2017).

144

145 2.5. Preparation of skim milk concentrates

146

147 The LHP and HHP powders were reconstituted inliidtwater for the preparation
148 of concentrated milks with 9.4-25% TS, using a Enprocedure to that used for the LHP-
149  SM and HHP-SM skim milk samples. The concentrates fthe LHP and HHP are denoted
150 LHP-SMC and HHP-SMC, respectively (Table 1).

151

152 2.6.  Calcium ion concentration of skim milk cortcates

153

154 The LHP-SMC and HHP-SMC samples, at 25% TS, wejestet] to pH values in the
155 range 6.2 to 7.0, at 0.2 pH unit intervals. The’[Caf the pH-adjusted concentrates was
156  immediately measured, as described in section 2.3.

157

158  2.7. Rennet gelation of skim milk and skim milkcemtrates

159

160 Samples of skim milk concentrates with 9.4—-25% TE8enadjusted to pH 6.55 and
161 inoculated with chymosin (single strength Chy-Maptus, 200 IMCU mL*; Chr. Hansen,

162  Hgrsholm, Denmark), which had been diluted 20-feith distilled water, at a level of 0.103
163 mL g* protein. Milk samples were tested for rennet getaproperties at 31 °C using

164  dynamic low-amplitude strain oscillation rheomatra controlled-stress rheometer (Carri-

165 Med, type CSEsoo, TA instruments, New Castle, DE, USA) at a stii0.025 and a
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frequency of 1 Hz, as described by Lin et al. (90The storage modulus, G', was measured
dynamically as a function of time over 1 hdgz'the gelation time (GT) was defined as the
time for G' to reach a threshold value>6t2 Pa and the maximum curd firming rate as the

maximum slope of the G'/time curve.

2.8. HCT of skim milk and skim milk concentrates

Samples of skim milk (SM, LHSM, HHSM, LHE-SM, HHBVS LHP-SM and HHP-
SM) and skim milk concentrates with 15-25% TS (LEMC, HHP-SMC) were adjusted to
pH values in the range from 6.2 to 7.2 (in incretredr0.1 pH unit) at room temperature
using 0.IN HCI or NaOH. The HCT of the skim milk and skim kndoncentrate samples was
measured at 140 and 120 °C, respectively, as theschy Lin et al. (2017). Preliminary trials
indicated that skim milk concentrates with 15-25%were sometimes prone to
instantaneous coagulation at 130 or 140 °C depgratirpH, while concentrates witt25%

TS gelled/solidified instantly at temperaturg20 °C.

2.9. ES of skim milk concentrates

Skim milk concentrates with 9.4-25% TS were pregdnereconstitution of SMP
and adjusted to pH values in the range 6.2 to t/002apH unit intervals. The ES was tested
by blending 1 mL of sample with aqueous ethanaltsmhs of different concentrations (30—
98%) while keeping the ethanol-to-protein ratio t@@nt. The mixture of aqueous ethanol and

sample was mixed for 30 s before inspection fablesflocculation.

2.10. Statistical analysis



191 Data were analysed using a randomised completé diesign, which incorporated
192 the skim milk samples (SM, LHSM, HHSM, LHE-SM, HHEM, LHP-SM, HHP-SM) or

193  skim milk concentrate (LHP-SMC and HHP-SMC) ancglicate blocks (samples from the
194 2 separate bathes of SMP or evaporated milk madiffenent days). Analysis of variance
195 (ANOVA) was carried out using a general linear mMd@M) procedure of SAS 9.3 (SAS
196 Institute, 2011) and the effects of treatment (@talgmanufacture: heat treatment,

197  evaporation and drying) and replicate on each respwoariable was determined. Tukey’s
198  multiple-comparison test was used for paired comparof treatment means and the level of
199  significance was determinedRk 0.05.

200 Regression analysis was performed to investigatengial correlations betweendg'
200 and TS in the skim milk concentrates.

202

203 3. Results

204

205 3.1. Gross composition of skim milk samples

206

207 The composition of the skim milk samples (SM, LHSNHSM, LHE-SM, HHE-SM,
208 LHP-SM, HHP-SM; Table 1) is shown in Table 2. Apegted, all samples had similar levels
209 of TS, lactose, total protein, casein, NPN (% tdtgltotal Ca and P. Increasing the heat
210 treatment of the skim milk prior to evaporation teda significant increase in whey protein
211 denaturation from ~5% of total whey protein on imgaat 72 °Cx 15 s to 80% at 120 °€

212 120 s (Table 2).

213 The concentration of ionic Ca, [€3 in the unheated skim milk from trials 1 (2.1
214 mm) and 2 (~5.0 m) differed markedly. The values, though very digiet; reflect the range

215 reported in the literature for bovine milk (~1-MinKelly, Keogh, O’Keeffe, & Phelan,

10
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1982; White & Davies, 1958). Hence, the value af[fwas normalised to 100 for the skim
milk in both trials 1 and 2, to facilitate statcstl analysis. HH treatment led to a significant
reduction in [C47, but low heat treatment had no effect, as refiedty the similar [C3] in
the SM and LHSM samples (Table 2). During the mactufre of both LHP and HHP,
evaporation led to a reduction in [Cawhile drying resulted in restoration to a leeejual

to that of the LHSM and HHSM samples, respectivéhe mean [C4] value of the HHSM,
HHE-SM and HHP-SM were significantly lower than sleoof the corresponding samples of

LHSM, LHE-SM and LHP-SM (Table 2).

3.2.  Physico-chemical properties of skim milk si@sp

All skim milk samples showed a mono-modal partsilee/number distribution.
Casein micelle size increased significantly dutimg manufacture of both LHP and HHP,
with the increase occurring during evaporationtfi@ former, and increased during milk heat
treatment and evaporation for the latter (Tabld2)ticle sizes for the LHSM, LHE-SM and
LHP-SM were significantly lower than those of treresponding HHSM, HHE-SM and
HHP-SM. The zeta potential and hydration of alhsknilk samples ranged from —20.6 to —
2.9 mV and from 3.02 to 3.19 g watét gpsein, respectively, and were not significantly

affected by heat treatment, evaporation or drying.

3.3.  Composition of the sera from skim milk sasple

The concentrations of serytdactoglobulin A 3-Lg A), p-lactoglobulin B f-Lg B)
anda-lactaloumin ¢-La) in the HHSM, HHE-SM and HHP-SM milk from thdlknheated at

120 °C were ~19-22, 13-18, and 24—-38%, respectivélpe level in the unheated skim

11
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milk, SM; the corresponding levels in the LHSM, LM and LHP-SM samples were ~96—
99, 95-100 and 96-100%, respectively. This resudbnsistent with the increase in whey
protein denaturation on intensifying milk heat treant (Table 2). Evaporation and drying

did not induce denaturation of whey proteins duthng preparation of the SMP, as evidenced
by the similar levels of whey proteins in the ser{expressed as a % of the unheated SM) in
the heated skim milk, evaporate and reconstitudd& $r both the LH and HH treatments.

The concentration of serum caseins, - or k-casein, expressed as % of the
corresponding casein in skim milk, was not affedigdheat treatment (72 °C x 15 s),
evaporation or drying during the manufacture of Ld®indicated by the similar values in
the SM, LHSM, LHE-SM and LHP-SM. In contrast, heaatment (120 °C x 120 s) during
the manufacture of HHP resulted in significant @ages in the levels of serum caseinwand
casein (Table 2, Fig. 2A). For both the LH and HHkrmamples, the level of serukacasein
(Y%ox-casein in milk) was higher than that of sergior as-casein (Fig. 2A). Nevertheless,
owing to the different concentrations of the indival caseins in milk, the proportions of
different serum caseins, expressed as % of tatahseasein, were not significantly affected
by heat treatment, evaporation or drying duringtfamufacture of the LHP or HHP (Fig.
2B)

In contrast to serum casein, the concentratiosefm Ca and P decreased
significantly during the manufacture of HHP, asrsem comparing the SM and HHP-SM
skim milk samples (Table 2); the reduction was olese entirely during the heating step
(120 °C x 120 s), with no further reduction duragagaporation and drying. In the
manufacture of LHP, serum Ca and P were not affdeyeheat treatment (72 °C x 15 s),
decreased during evaporation, and increased ddrnygg. Nevertheless, the levels of serum

Ca and P in the LHP-SM and SM were similar, indigaho overall influence during the

12
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manufacture of LHP. Consequently, serum Ca andélden the LHP-SM were significantly

higher than that of the HHP-SM.

3.4. Calcium ion content of skim milk concentrates

The [C&"] of the LH concentrates (LHP-SMC) at pH 6.2—7 €r&ased slightly, but
significantly, with increasing % TS; an oppositéeet was found for the HH concentrates
(HHP-SMC) (Fig. 3A). The [Cd]/casein ratio decreased with TS, with the magitotithe
difference between the low (9.4%) and high (25%)c®6centrate decreasing as pH

increased (Fig. 3B). For both concentrates, thé'|@creased with increasing pH (Fig. 3A).

3.5.  Rennet gelation of skim milk and skim milkcemtrates

The changes in gel strength, G', of the LH- and Blkim milk samples with time
after rennet addition are shown in Figs. 4A and4Bpectively. The values ofdgbf LH
samples from trial 2 were notably higher than thogen trial 1, an effect most likely
associated with higher concentrations of proteih [&%& ] of the SM in trial 2.

G' deteriorated during the heat treatment and eatipa stages of LHP manufacture,
but recovered during drying, as shown by the sinmlagnitude of G' with time in the LHSM
and LHP-SM milk samples. HH treatment irreversiibipeded rennet coagulability, as
indicated by the failure of the HHSM, HHE-SM, HHR4$0 undergo gelation.

Increasing TS was paralleled by a significant réidnan GT and increases in gel-
firming rate and G of both the LHP-SM and HHP-SM samples (Fig. 5A-G)increased
with increasing TS in the LHP-SM samples, with esgion analysis indicating a power law

dependency of g on TS (LH: r = 0.98, n = 8), wheregg= total solid§, and the exponemt

13
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was 2.4 (Fig. 5E). The increase in G' of the LHPES8amples with TS reflects the increase
in the concentration of casein contributing to shecture of the calcium phosphaiara-
casein gel network, and the attendant increads Btress-bearing capacity. While there was
no improvement in the rennet coagulability on iastag TS from 9.4 to 15%, G' increased
linearly at a rate of ~8.5 P& S with a further increase in TS from 15 to 20-25494. 5F).
Hence, while the rennet gelation characteristighefreconstituted LH- and HH- powders
improved with increasing TS concentration, the odtemcrease in Gy wasmarkedly lower in

the latter than the former.

3.6. Heat stability of skim milk and skim milk centrates

The HCT/pH curves for SM and the LH- and HH skimknsamples are shown in
Fig. 6A-D. All curves displayed the typical typepfofile, with a maximum (HCJ,y) and a
minimum (HCTin). The processing steps during the manufactureH$t had little, or no,
effect, as seen from the similar profiles of the,3MSM, LHE-SM and LHP-SM samples.
In contrast, HH treatment during the manufacturelidP reduced the pH of HG I« by 0.1
and broadened the pH region of HEI as observed by comparing the SM and HHSM
samples. Otherwise, evaporation and drying duhegnanufacture of HHP had little impact
on the heat stability characteristics of skim mak,seen by the similarity of the HCT/pH
profiles for the HHSM, HHE-SM and HHP-SM samplegylidsolids recombined milks,
which generally have relatively low pH comparedhagkim milk, are frequently subjected to
heating (e.g., pasteurisation and sterilisatioofsequently, the HCT/pH profile of
reconstituted skim milk with varying TS is of inest.

The HCT/pH profiles of milk samples with TS of 96125% at 120 °C are shown in

Fig. 7A-D. The HCT of the HHP-SMC from trial 2 wligiher than that of trial 1 at

14
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corresponding pH values, probably because of thktbt higher protein content and [ER

of milk from trial 2. Nevertheless, the trend in H@ith TS was similar for both trials. At
9.4% TS, the HCT of HHP-SM showed a typical typprAfile, with a distinct HCFaxat 6.5
and HCT,, at 6.7—6.8, whereas that of the LHP-SM increasadirtuously on increasing pH
to pH 6.9 and then decreased slightly as pH wdbkduincreased to 7.0. Compared with the
LHP-SM (9.4% TS), the HCT of the HHP-SM skim millagv35 to 100 min higher than that
of the LHP-SM at pH 6.3—-6.5 and ~20 to 34 min loaepH 6.7-6.9.

The HCT of both the LHP-SMC and HHP-SMC samplgsHavvalues>6.4 decreased
on increasing TS from 9.4 to 25% (Fig. 7A-D). A oralifference between the LHP-SMC
and HHP-SMC samples was the higher HCT of HHP-SM&entrates (20 and 25% TS) at
pH values 6.3-6.6. Hence, while the HCT of the LSIRC with 20-25% TS was very low
(<10 min) at all pH values, that of the correspagddiHP-SMC was quite high in the pH
region 6.3-6.6, e.g., 90 (trial 1) and 77 min (t&pat pH 6.4 and 90 (trial 1) and 55 min
(trial 2) at pH 6.5 (Fig. 7B). The results clearigicate that increasing the severity of the
heat treatment of the skim milk prior to powder nifacture enhances the heat stability of
high-solids skim milk concentrates, or converselgldes reconstitution of skim milk powder
to higher TS while retaining adequate heat statalitpH 6.3—-6.6 during thermal processing

of recombined milks.

3.7. ES of skim milk concentrates

The ethanol concentration/pH profiles of the skiitkrooncentrates (LHP-SMC and
HHP-SMC) samples with TS ranging from 9.4 to 25% sltown in Fig. 8A—D. The stability
of all samples to ethanol increased with increapidgThe ES of the HHP-SMC samples

was numerically higher than that of the correspogdiHP-SMC samples at pkb.6, but
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similar at pH 6.8 and 7.0; however, the magnitudine differences between the
corresponding LH and HH samples in the pH regi@+6.6 was significant{ < 0.05) at
some pH values only, as indicated by different loegese superscripts (a, b) (Fig. 8A-D).
The ES of the LHP-SMC and HHP-SMC samples at piesb.2 and 6.4 increased with

TS, while the ES at pH 6.6—7.0 decreased (FigRJE,

4. Discussion

The manufacture of SMP involves heat treatmentperation and drying. The
separate and combined effects of each step orrdipenies of reconstituted milk prepared
from the SMP were evaluated in the current studiye Jeverity of the heat treatment of milk
prior to evaporation and drying during the manufeeiof skim milk powder had a major
influenced on the properties of reconstituted mikpared from the powder. The level of
heat treatment affected the partitioning of casent®y protein and minerals between the
serum and the sedimented phase, rennet gelation,ad@ ES. By comparison, the
evaporation and drying stages of skim milk powdanuofacture had little, or no, effect on
the characteristics of reconstituted milk. Henbe, groperties of reconstituted skim milk are
quite similar to those of the unheated skim milkléw heat SMP.

Increasing the severity of heat treatment of theskilk prior to evaporation led to a
significant increase in whey protein denaturatinod easein micelle size, and reductions in
the concentrations of whey proteins, Ca and Parsdrum. The reduction in serum Ca and P
suggests that calcium phosphate which precipithiesag high heat treatment does not fully
re-solubilise on cooling (Singh, Roberts, MunroT &0, 1996; van Hooydonk, de Koster, &

Boerrigter, 1987).
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In contrast to the trend for serum whey proteim,¢bncentration of serum casein
increased significantly with HH treatment, main/aconsequence of an increase in the
concentration of serumtcasein (% totak-casein). This increase in serumcasein and
denatured whey protein complexed with theasein confirms the results of previous studies
showing a significant increase in the extent ofadgsation ofic-casein from the micelle into
the serum as the temperature during heat treatweshincreased, e.g., from 60 to 120 °C
(Anema & Li, 2015; Ménard, Camier, & Guyomarc’h,08&). It has been shown that the
dissociated-casein interacts with denatured whey protein engrum to form serum-
soluble aggregates or particles (Donato & Guyonma2009; Ménard et al., 2005; Mollé et
al, 2006). Using a combination of chymosin-indupegkcipitation and capillary
electrophoresis, Vasbinder et al. (2003a) deterdnthe proportions gi-Lg anda-La that
complexed with dissociatedcasein (in the serum) and non-dissociat@@sein (on the
casein micelle) in milk as the pasteurisation terafge was increased from 70 to 90 °C (for
10 min) at native pH; the level §fLg denaturation increased from ~2 to 95% of tftab,
and the level of serum casein increased from <I®t# of total casein. Simultaneously, the
proportions of tota-Lg involved in the formation of serum-soluble agggtes or associated
with the casein micelle increased from ~2 to 25% 6w 65 % of total, respectively. Hence,
the proportions of denatur@dLg that form serum-soluble aggregates or reactéd tive
casein micelle were ~28 and 72% of total denaturteely protein. In the current study, the
proportion of denatured whey protein interactecdhwlissociated-casein was estimated at
~14% of total denatured whey protein in the HH-SM#s5 estimate was based on the
difference between the whey protein content oHHheSMP serum and the filtrate obtained
on pH-adjustment of the serum to pH 4.6. The iatéva of most of the denatured whey
protein (~86%) with casein micelle was supportedhaysignificantly higher casein micelle

size in the HH skim milk samples. Likewise, Martinal (2007) reported progressive
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increases in whey protein denaturation and theddgdramic diameter of the casein micelle
on increasing milk heat treatment from 79 °C farte® 90 °Cx 30 s or 120 °& 120 s.

Rennet gelation properties deteriorated signifiganith HH treatment of the skim
milk, and only partially recovered on increasing S of the reconstituted HHP to 25%. The
adverse effect of heat treatment is likely to erfsoi® the associated increase in the level of
serum solubl&-caseinp-Lg aggregates (Kethireddipalli, Hill, & Dalgelei@010; Vasbinder,
Rollema, & de Kruif, 2003b) and reduction in f(Jan the HHSM (Sandra, Ho, Alexander,

& Corredig, 2012; Singh, Shalabi, Fox, Flynn, & Barl988). Though the-casein in the-
caseinp-Lg aggregates is hydrolysed by rennet, the agtgegaevertheless, remain soluble
following rennet-treatment and may impede the kigtof thepara-casein micelles into a gel
network continuum (Mollé et al, 2006). Various sasdhave shown that the hydrolysis of
casein in milk is unaffected by increasing treattrieom 70 to 90 °C for 10 min
(Kethireddipalli et al., 2010; Mollé et al, 2006ashinder et al., 2003b). Rennet coagulability
further deteriorated during evaporation of the logat treated skim milk, as demonstrated by
the significantly lower Go and GFR,ax Of the milks prepared by dilution of the LH
evaporated milk (LHE-SM) compared with the LHSM.igtvas associated with a reduction
in the serum concentration of [ER(Table 2), probably because the time between
concentrate dilution and measurement of rennetigel@80—-45 min) was insufficient to

allow restoration of equilibrium between insolubled soluble calcium (Chandrapala,
McKinnon, Augstin, & Udabage, 2010). This is comedted by the similar [G§ and the
rennet-gelation behaviour of the LHSM and the LHR-F able 2); following reconstitution

of the powder, the LHP-SM was held at 4 °C for t22

HH treatment of skim milk before evaporation redut®e pH of HCT,ax broadened
the HCTyin region, and increased HCT at pH values 6.3 tothi§;effect became more

pronounced in skim milk concentrates as the TSinasased from 9.4 to 25%. These
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effects in the HH milk were paralleled by an in@e@ the proportion of denatured whey
protein (86%) interacted with the casein micelld arreduction in [C4]. It has been
suggested that the interaction of denatured whetgr withk-casein on the surface of the
casein micelle limits the dissociationetasein during HCT measurement (Singh &
Creamer, 1991). The role of ionic calcium has ba@moborated by Sievanen et al. (2008),
who reported that the addition of Su&aCl to milk, before or after preheating (90 °C for 10
min) significantly reduced the HCT. The HCT of batHP-SMC and HHP-SMC decreased
markedly on increasing TS from 9.4 to 25%. Thisdsevhich concurs with results of Singh
and Creamer (1991), has been attributed to theasess in volume fraction of casein and
heat-induced acidification, associated with thertia¢ degradation of lactose to organic
acids, dephosphorylation of casein, and to theiptation of calcium phosphate (O’'Connell
& Fox, 2003).

At all TS levels (9.4-25%), the ES of the HHP-SM#hcentrates in the pH range
6.2—6.6 was higher than that of corresponding LHCS oncentrates, an effect most likely
due to the lower [C4] of the former (Horne & Parker, 1981; Mohammed 8xF1986). ES
as a function of TS of both the LHP-SMC and HHP-Sté@icentrates increased at pH 6.2
and 6.4 but decreased at pH 6.6—7.0. The pH-depead# ES on TS may be related to the
effect of pH on [C&] and, in particular, the [G§/casein ratio. It is feasible that the
difference in [C4'] between the low and high TS concentrates isafitly large to
influence ES in the pH region 6.2—6.4 but not atg&-7.0. As the relative contribution of
the lower [C&]/casein ratio to the ES diminishes with increasif the full effect of
increasing the level of TS, and hence casein, bes@pparent at higher pH values.
Likewise, Horne and Parker (1983) found that theoE&ncentrates from unpasteurised
skim milk at pH 6.7—7.0 deteriorated progressiwalyincreasing TS from ~9—-23%. Based on

model experiments, Horne and Parker (1983) condltini& the negative effect of increasing
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TS on ES at pH >6.7 was due to the increase irridel@ontent, and hence ionic strength. It
was hypothesised that higher ionic strength reduit@ shift in calcium-citrate equilibrium,
which favoured a higher [€§ concentration, and hence lower ethanol stability)igh-

solids concentrates. Nevertheless, the resultseofuirrent study showed that the

[Ca®"]/casein ratio decreased with increasing pH.

5. Conclusion

The changes in the partition of milk componentsgmals and proteins), between the
casein micelle and serum, and processing charsiitsrof milk at the different stages of
manufacture of low-heat and high-heat skim milk gdemwvere investigated. Increasing heat
treatment of skim milk from 72 °C x 15 s to 120%Q@20 s resulted in higher levels of whey
protein denaturation, serum casein, sekdoasein as a proportion of totatcasein, and
casein micelle size, and in lower concentration®wic calcium and of serum calcium and
phosphorous in skim milk and reconstituted skimkrpibwder. These changes were
paralleled by marked deterioration in rennet coalgility, and increases in HCT at pH 6.3—
6.6 and ES at pH 6.2 and 6.4. Increasing the Té feem 9.4 to 25% in skim milk
concentrates, prepared by reconstitution of thea skilk powder, coincided with lower HCT
at pH 6.3-7.0, lower ES at pH 6.6—7.0, higher EfHa6.2 and 6.4, and a partial recovery of
rennet coagulability (at TS20% ). The findings indicate how the intensity ebhtreatment
during the manufacture of skim milk powder can lberad to modulate the functionality of
the reconstituted powder and its suitability irfeliént applications, e.g., recombined milk

cheese or UHT-based milk beverages
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Figurelegends

Fig. 1. Flow chart (A) showing the separation of high-lkeeatkim milk samples (high-heat
treated skim milk, HHSM; skim milk prepared by ditin of evaporated high-heat treated
skim milk, HHE-SM; and skim milk by reconstitutiaf high-heat skim milk powder, HHP-
SM) into different nitrogen (N)/protein fractiorend analysis (B) undertaken on the different
fractions. Abbreviations: N, nitrogen; NPN, non4@ia nitrogen; NCN, non-casein nitrogen,;

TN, total nitrogen.

Fig. 2. Concentration of caseins in serum prepared bgadtrtrifugation of skim milk
samples at 100,000g at 25 °C:as; + asx-casein (O), f-casein &) andk-casein {\).
Samples, as defined in Table 1, include unheatied silk (SM), low-heat treated skim milk
(LHSM), skim milk prepared by dilution of evapordt®w-heat treated skim milk (LHE-
SM) or by reconstitution of low-heat skim milk poerd LHP-SM); the corresponding
samples from high-heat treated skim milk, i.e., WHSIHE-SM, and HHP-SM. Data
presented are the means of duplicate batches bftestment; error bars represent the

standard deviation of the mean.

Fig. 3. Changes in concentration ionic calcium, {g;aand [C&]:casein ratio as a function
of pH for skim milk concentrates with total solidsntent of 9.4%Q,®) or 25% (\,A),
prepared by reconstituting low-heat skim milk powghe C) or high-heat skim milk powder

(B, D).

Fig. 4. Development of storage modulus, G', in rennetiéieakim milk samples from

duplicate batches: Trial 1 (A) and Trial 2 (B). Sdes, as defined in Table 1, include
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unheated skim milk>*), low heat-treated skim mill&), and skim milk prepared by dilution
of evaporated low-heat treated skim milk)(or by reconstitution of low-heat skim milk
powder (); high-heat treated skim milkX), and skim milk prepared by dilution of

evaporated high-heat treated skim mik)(or by reconstitution of high-heat skim milk

powder ).

Fig. 5. Development of storage modulus, G', in rennetiésbakim milk concentrates with
9.4% (1), 15% (A), 20% () or 25% @) total solids. The concentrates were prepared by
reconstituting low-heat (A, C) or high-heat (B, €Kim milk powder from duplicate batches:
Trial 1 (A, B) and Trial 2 (C, D). Storage modults60 min, Gy as a function of total
solids level for concentrates prepared from lowtliEgor high-heat (F) skim milk powder;

presented data for £ln both E and F is from trials 1 and 2.

Fig. 6. Heat coagulation time, HCT, at 140 °C as a fumcabpH for skim milk samples, as
defined in Table 1: unheated skim mikk); low-heat treated skim milkX); high-heat
treated skim milk A); skim milk prepared by dilution of evaporated bwat treated skim
milk (O) or high-heat treated skim mil@®(); and skim milk prepared by reconstitution of
low-heat skim milk powderi(]) or high-heat skim milk powdel). Samples were obtained

from duplicate batches, trial 1 (A, B) and Trig@, D).

Fig. 7. Heat coagulation time, HCT, at 120 °C as a fumcabpH for skim milk concentrates
with 9.4% (1), 15% (&), 20% ©) or 25% @)total solids. The concentrates were prepared
by reconstitution of low-heat (A, C) or high-heBt D) skim milk powder. Samples were

obtained from duplicate batches of skim milk powdeal 1 (A, B) and Trial 2 (C, D).
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Fig. 8. Ethanol stability as a function of (A—D) pH foriskmilk concentrates [prepared by
reconstituting low-heat4) or high-heat A) skim milk powder] with 9.4% (A), 15% (B),
20% (C) or 25% (D) total solids level and ethartabgity of concentrates [prepared by
reconstituting low-heat (E) or high-heat (F) skimknpowder] as a function of (E—F) total
solids at pH 6.20), 6.4(@), 6.6 (1), 6.8(A) and 7.0 (). Data are the means of duplicate

batches of each treatment; error bars represestdhédard deviation of the mean.



Tablel

Samples collected and analysed during manufacfuskim milk powder?

Samples Codes
Samples taken during manufacture of skim milk pawde
Skim milk (unheated) SM
Low-heat treated skim milk LHSM
High-heat treated skim milk HHSM
Low-heat evaporated skim milk LHE
High-heat evaporated skim milk HHE
Low-heat skim milk powder LHP
High-heat skim milk powder HHP
Skim milk samples analysed
SM SM
LHSM LHSM
HHSM HHSM
Diluted LHE LHE-SM
Diluted HHE HHE-SM
Reconstituted LHP LHP-SM
Reconstituted HHP HHP-SM
Skim milk concentrates analysed
Reconstituted LHP LHP-SMC
Reconstituted HHP HHP-SMC

4Skim milk was subjected to low-heat treatment (Z&,°Cx 15 s) or
high-heat treatment (HH, 120 %C120 s); the total solids content of skim

milk samples was 9.4%, and that of skim milk contiars was 9.4, 15,
20 or 25%.



Table2
Composition of skim milk and serurh.

Composition Heat treatment
None Low-heat (LH) High-heat (HH)
SM LHSM LHE-SM  LHP-SM HHSM HHE-SM HHP-SM
Skim milk
Total solids (%, w/w) 9.39 9.40 9.30 9.43 9.38 9.48 9.50
Lactose (%, w/w) 460 457 4.58 4.59 4.56 4.58 4,53
Total protein (%, w/w) 3.91 3.9¢0 3.9¢0° 3.97 3.90 3.89 4.06
Casein (%, w/w) 3.00 3.09 3.09 3.09 3.09 3.09 3.09
WP (%, w/w) 0.62 0.67 0.6Z 0.6Z 0.6Z 0.67 0.6Z
DWP (% total WP) Q) 4.78 4.18 5.44 82.46 81.70 80.75
DWP associated with CN micelle (% total DWP) ND ND ND 92.0 85.6 86.7
NPN (% TN) 560 5.97 6.06 5.85 5.77 6.07 5.97
[C&] (normalised, % [CE] in SM) 100.0 99.5* 94.0 97.3 90.7 81.7 88.7
Total calcium (mg 100 124 123 127 127 124 127 126
Total phosphorus (mg 100y 102 100 103 105 100 103 103
pH 6.6 6.68 6.68 6.69 6.66 6.69 6.70
Casein hydration (g watei*gasein) 3.05 3.09 3.10 3.07 3.19 3.05 3.07
Particle size (nm) 166 167 176" 179 186’ 209 213
Zeta potential (mV) 224 229 —20.6 —24.0 -22.8 22.8 -22.3
Skim milk serum
Protein (%, w/w) 1.10 1.1°7 1.02 1.09 0.70 0.77 0.7¢°
Protein (% milk protein) 27°9 28.3 26.0 27.4 17.8 18.2 17.8
Casein (%, w/w) 021 0.29 0.21* 0.22 0.47 0.44 0.47
Casein (% milk casein) 6.79 8.07 6.93" 6.95 13.58 14.16 13.68
Whey protein
o-lactalbumin (%u-Lac in SM) 100.0 98.9 98.9 95.5 38.6 24.1 29.8
B-lactoglobulin A (%B-Lg A in SM) 100.0  100.6 4.8 96.4 18.7 21.6 20.6
B-lactoglobulin B (%-Lg B in SM) 100.6 100.6 96.3 97.2 13.9 16.7 15.6
Ca (mg 100 Q) 45 45 29 45 30 29 31°
Ca (% milk Ca) 359 37.F 23.9 37.7 24.3 24.1 24.9
P (mg 100 @) 47 50° 30 50° 32 34 30
P (% milk P) 462 49.9 29.0° 47.7 318 32.4 29.7°

#Samples, as defined in Table 1 inclugdgheated skim milk, low heat-treated skim milk (LM)S skim milk prepared by dilution of evaporatedvibeat
treated skim milk (LHE-SM) or by reconstitutionlofv-heat skim milk powder (LHP-SM); the correspargisamples from high-heat treated skim milk



include HHSM, HHE-SM, and HHP-SM. Skim milk seruraswobtained by ultracentrifugation at 100,809for 1 h at 25 °C. Abbreviations are: NPN,
non-protein nitrogen; TP, total protein; TN, tat@rogen; WP, whey protein; DWP, denatured wheygin CN, casein; [Czﬂ, ionic calcium;a-lac, a-
lactalbumin;B-Lg A, pB-lactoglobulin;p-Lg B, p-lactoglobulin B. Data are the mean values of dapé trials (ND, not determined); values withiroarmot
sharing a common lower-case superscript letteedsgiignificantly P < 0.05); the ionic Ca content of SM was set at, Hd@ the values for all other
samples as a percentage of the value in SM.
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