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ABSTRACT

Microfiltration (MF) of skim milk, when combined i diafiltration (DF), facilitates
the manufacture of liquid micellar casein concert(®CC), which can be spray-
dried into high-proteinX80% protein, dry-basis) powders. MCC powders redigdr
slowly, which is typically considered a defect mdeusers. This study compared the
impact of cold (<10 °C) or warm (50 °C) MF/DF oretrehydration characteristics
of MCC powders (MCgyg and MCG,am, respectively). The wetting properties of
the MCC powders, measured using optical tensiometeye found to be equivalent.
Pronounced differences in dispersion charactesistere measured, and, after 90
min rehydration at 50 °C, liberated casein micedlesounted for only 7.5% of
particle volume in MCG,m compared with 48% in MCgGq. Due to its superior
dispersion characteristics, MGfq yielded 50-60% less sediment during analytical
centrifugation experiments. Cold MF/DF may imprake solubility of MCCs by

accelerating the release of casein micelles fromdeo particles during rehydration.
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1. Introduction

The protein content of bovine milk is ~35 ,lwith caseins accounting for
approximately 80% of protein and the remaining a@sisting of whey proteins
(Fox & McSweeney, 1998). This casein exists pritgas casein micelles, which
are large colloidal assemblies of four individuabpphoproteingys;-, ds-, -, and
k-casein (Farrell et al., 2004), that bind ~ 69%hef calcium and ~ 46% of inorganic
phosphate in milk as colloidal calcium phosphatauéheron, 2005). Casein has
long been fractionated from milk and converted imbavders for use in both non-
food, e.g., paint, glue (Audic, Chaufer, & Dauf#d903) and food-based, e.g.,
analogue cheese, cream liqueur (O’Mahony & Fox32@pplications. Two
traditional methods of purifying casein are isogleqrecipitation through
acidification (‘acid casein’) or enzymatic hydralysvith chymosin (‘rennet casein’).
Both of these approaches yield a solid curd, whar be mechanically disrupted
and dried into powders that are insoluble. Addailgorocessing steps are required to
generate a soluble material for drying; for examated casein can be converted into
sodium caseinate through alkalisation (Carr & Quili2016).

A more recent technology to manufacture caseitsimative’ (micellar)
form is microfiltration (MF), a pressure-driven segtion process incorporating
semi-permeable membranes with a pore-size of ~®.{Rierre, Fauquant, Le Graet,
& Maubois, 1992; Saboya & Maubois, 2000). Diafilioa (DF) with deionised
water during MF facilitates the production of MCi@swvhich the protein fraction is
usually 85-95% casein. MCCs are often used asdiggts in protein supplements
and clinical nutrition products. As these applica can require reconstitution of

MCCs by the manufacturer (i.e., wet mixing of dngiiedients) and/or the consumer



65

66

67

68

69

70

71

72

73

74

75

76

77

78

79

80

81

82

83

84

85

86

87

88

89

(i.e., reconstitution of dried blended powdersdonsumption), it is typically a
requirement that the powders rehydrate quickly@mdpletely. For milk powders,
the rehydration process is characterised by malspdges, including wetting of the
powder when added to the liquid and subsequenedigm of the powder particles;
the duration of these stages, wetting and dispersiave been reported to be
protracted for high-protein powders (Crowley, Jegrbchuck, Kelly, & O’Mahony,
2016). For MCCs, the wetting stage, and in pardictie dispersion stage, are slow.
Poor dispersion characteristics can negativelycaffewder handling in
manufacturing facilities, due to blockages in pscknes, and impair consumer
acceptability of final products, due to the pregeotlumps or sediment (Mitchell et
al., 2015). Although MCC powders are soluble, tarlyibit exceptionally long
rehydration times in comparison with other milkigded powders (e.g., skim milk
powder, whey protein concentrate, sodium caseinai#k protein concentrate
powders (MPCs) have a similar challenge, althoughless pronounced than for
MCCs (Crowley et al., 2016) due to the higher prapa of the more soluble whey
proteins in the former (Mimouni, Deeth, Whittak&idley, & Bhandari, 2010).
Various strategies have been developed to imptoweghydration of MCCs
and MPCs, and have typically been targeted towiangsoving dispersion
characteristics. Many successful approaches haae iesed on pre-treatments
applied to concentrated protein fractions from npitlor to drying, such as that of
Bhaskar, Singh, and Blazey (2001), in which calcwas removed from ultrafiltered
milk by ion-exchange before mixing with untreat@shcentrate and drying into an
MPC powder. Incorporation of sodium caseinate theconcentrate before the
drying of MCC increased its solubility (Schokkeragt 2011), while the application

of high-pressure treatments to the concentrate®eliying of MPCs also resulted in
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solubility enhancement (Udabage, Puvanenthiran, Yeosteeg, & Augustin,
2012). Bouvier, Collado, Gardiner, Scott, and S&h(®2013) investigated an
alternative drying technology, extrusion-porosifioa, which was found to produce
a more soluble powder than spray drying. Othere ltkeweloped strategies that can
be applied during powder reconstitution itself,hmwarious researchers reporting that
high-shear and ultrasonication technologies wdecgfe when applied during
reconstitution of MCCs and MPCs (Augustin, Sanguakéilliams, & Andrews,
2012; Chandrapala, Martin, Kentish, & Ashokuma@]2a; McCarthy, Kelly,
Maher, & Fenelon, 2013). Increasing either tempeeadr the number of stirrer
revolutions during rehydration improved the rehydaproperties of an MCC
(Jeantet, Schuck, Six, Andre, & Delaplace, 2010) efevated reconstitution
temperature, combined with the addition of monaviasalts (KCI), was more
effective in promoting the dispersion of MPCs tlegther method alone (Crowley et
al., 2015).

There is a lack of options available for processdre wish to improve the
rehydration performance of MCCs without potentiaflyincurring significant
capital expenditure (to procure solubility-enhagoaguipment); (ii) modifying
ingredient techno-functionality (by replacing osshciating micellar casein); or (iii)
altering ingredient listings (through the use dodliides). It is perhaps surprising
therefore that the temperature at which MF is edraut during MCC manufacture
has not received more attention. MF in the daidustry has traditionally been
performed at ~50 °C, which is optimal for high peate flux and efficient removal
of whey proteins (Hurt, Adams, & Barbano, 2015wkweer, MF (and also
ultrafiltration) at temperatures <15 °C is becommgre common in the dairy

industry (Lawrence, Kentish, O’Connor, Barber, &&ins, 2008), and studies have
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shown that this may facilitate operation with lovi@uling (Luo, Ramchandran, &
Vasiljevic, 2015), and enrichment pfcasein in the whey protein stream (Coppola,
Molitor, Rankin, & Lucey, 2014; O’'Mahony, Smith, Bucey, 2014). Modifications
in the functional properties of MCCs, such as gataand melting, due tf-casein
depletion during cold MF have also been reportéMé@bony, McSweeney, &
Lucey, 2008, 2009). However, the influence of Miaperature on the rehydration
characteristics of MCC powders has not been evaduatdetail and this study aims
to address this gap in current knowledge. Deplatiocalcium (Bhaskar et al., 2001)
and increased levels of whey protein (Richard e28l13) have been shown to
improve the dispersibility of casein-dominant povajas cold filtration of milk can
cause both effects (Karasu et al., 2010; Luo g28l5; O’'Mahony et al., 2014) it is
possible that this process also improves powdetbddl.

Two spray-dried retentate (casein) streams werlyset one generated
using traditional warm MF (50 °C, MG&m) and another using cold MF (<10 °C,
MCCcoq4). The rehydration characteristics of these powdene compared using a
range of analytical techniques to understand thmaaonhof MF temperature on
rehydration characteristics of MCC powders. Thes@né study builds on previous
work (McCarthy, Wijayanti, Crowley, O’'Mahony, & Felon, 2017) that focused
primarily on the impact of different temperaturesfitration performance and
protein and mineral composition of the permeateefylstream generated during MF
of milk. McCarthy et al. (2017) demonstrated thdt bf milk at low temperatures
decreased the calcium content of the micellar og®éF retentate) fraction, which
was consistent with the results of Luo et al. (90®$ho demonstrated a similar
effect for ultrafiltered milk. It has also been shothat the use of cold filtration

temperatures results in a higher whey protein:casgio in MF retentates (Karasu et
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al., 2010; O’'Mahony et al., 2014). This study inigestes whether such alterations to
the protein and mineral profile of the retentatemtycold MF result in modified

powder solubility after spray drying.

2. Materials and methods

2.1. Manufacture of micellar casein concentrate powders

The MCC powders used in the present study wereofvgeveral produced in
a previous study; detailed descriptions of the @sses used can be found in that
report (McCarthy et al., 2017). The processes edbriefly summarised as follows;
skim milk was batch-diafiltered 1:2 with reversenusis (RO) water and held
overnight at ~4 °C, before holding at <10 °C or’&0prior to membrane filtration.
MF/DF of the milk was performed with 0.14 um Tasflux® ceramic membranes
(Tami Industries, Nyons Cedex, France) on a GEA diédfiltration unit (GEA
Process Engineering A/S, Skanderbog, Denmark) tgzena retentate recirculation
mode. The temperature throughout processing wastanaed at <10 °C or 50 °C
using an in-line heat exchanger. MF was performdd the volume of the milk/RO
water was reduced by a factor of 9. Liquid MCCsewt¥en evaporated using a Tetra
Scheffer§ falling-film single-stage evaporator (Tetra Pakr@dijk, The
Netherlands) and spray drying was carried out ugipdot-scale Anhydro Lab 3
spray dryer (SPX Flow Technology A/S, Soeborg, Darknwith a wheel atomiser
operating with inlet and outlet temperatures of 1Z&nd 88 °C, respectively. The
total solids levels of the liquid feeds for theedlnvere 15.6 + 1.2% and 14.8 + 2.1%,

respectively, for MCCs generated using warm and btfF. The MCC powders
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contained 4.4-4.7% moisture across repeat progats(McCarthy et al., 2017).
The powders were stored in air-tight bags in thic da20 °C prior to analysis. All
subsequent analyses and experiments (Sections.@) &#Pthe two MCC powders
were performed in at least duplicate, with respiessented as the means of at least

two independent measurements on freshly prepareglea.

2.2.  Composition of powders and colloidal properties of reconstitutes solutions

Protein content of the MCC powders was measurdtid¥jeldahl method
using a nitrogen-to-protein conversion factor &8&(IDF, 2001). Mineral profiling
was carried out using inductively-coupled plasmasrspectrometry (Herwig,
Stephan, Panne, Pritzkow, & Vogl, 2011). The siz@ eharge of casein micelles in
reconstituted solutions was assessed using a Zetasano ZS (Malvern
Instruments, Malvern, UK) according to McCarthy,likeO’Mahony, and Fenelon
(2014). Protein profile was determined by revengease-high performance liquid

chromatography (RP-HPLC), as detailed by McCartrsl.g2017).

2.3.  Didtribution of protein and fat in powder particles

The distribution of protein and fat in MCC powderrficles was determined
using a Leica TCS SP5 confocal laser scanning swoq@e (CLSM; Leica
Microsystems CMS GmbH, Wetzlar, Germany). Dual liatge using Nile Red
(0.1%, wlv, in propanediol) and Fast Green FCF1@0w/v, in water) was carried
out to visualise the protein and fat phases, résdy, in the powder particles. The

dye solutions were mixed in a ratio that alloweffiudion of the dyes into the
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powder particles whilst preventing their solubilisa, as proposed by Maher, Auty,
Roos, Zychowski, and Fenelon (2015). The obsematwere performed using 63x
oil immersion objective (numerical aperture = Jafigxcitation wavelengths of 488
nm and 633 nm provided by Ar and He/Ne lasers. beayf 512 x 512 pixels were
acquired using zoom factor of 3. At least threecBpens of each sample were

examined to obtain representative images.

2.4. Wetting behaviour: Optical tensiometry

Measurements of contact angle were carried ouéssrithed by Silva and
O’Mahony (2017) using an optical tensiometer (A¢ien Theta, Biolin Scientific
Ltd., Espoo, Finland). Contact angles were measair@@ °C after a droplet of
deionised water (5 pL) was placed on discs (8 mm, h= 1.5 mm) of MCC
powders prepared by compression using a Sfievacual hydraulic press (Perkin

Elmer, Buckinghamshire, UK).

2.5. lonreease: Conductimetry and calciumion concentration

Monitoring of ion release during the rehydrationM@C powders was
carried out using a Titrando autotitrator and ageanying Tiamo v2.3 software
equipped with either a five-ring conductivity measg cell or a calcium (Ca)-ion-
selective electrode (Metrohm Ireland Ltd, Athy Ro@d. Carlow, Ireland). The
probes were calibrated at 25 °C or 50 °C (dependmthe rehydration experiment
temperature) with buffer solutions of known condkitt and Ca-ion concentration

(where applicable). A period of 1 min was allowecktapse for establishment of a
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baseline before the powder was added, over a pefiddanin, with continuous
measurement throughout. For monitoring the reledsens during rehydration,
powders were added to beakers containing deiomsger to attain 1.5% protein
suspensions. Beakers were placed in water bathisbegted at 25 or 50 °C and the
contents mixed using overhead stirrers with foypefter blades. If some wetted
powder adhered to the vessel wall, it was remowyegentle washing with a Pasteur

pipette filled with a small volume of the solutistudied.

2.6. Dispersion: Particle size distribution and analytical centrifugation

A Malvern Mastersizer 3000 (Malvern Instruments.|Malvern, UK) was
used to measure the particle size distribution (HBMCC suspensions after
rehydration for 90 min. Analysis of PSD was perfedwsing a particle refractive
index of 1.46, absorption of 0.1 and dispersamaotive index of 1.33. MCC
suspensions were introduced into the dispersingafitihe instrument with deionised
water as dispersant until a laser obscuration & 2% was achieved. Data are
presented as volume-based PSDs.

To measure the sedimentation behaviour in MCC sisspes rehydrated for
90 min, an analytical centrifuge (LUMISiZerL.U.M. GmbH, Berlin, Germany)
was used according to the method of Crowley gR8l15), in which the intensity of
transmitted NIR light (880 nm) was measured amatfan of time and position over
the length of a polycarbonate cell held horizogtaller the light path during
centrifugation. The height of initial sedimentsrfad after centrifugation at 36gx
for 10 min, and the compressed sediments formedglsubsequent centrifugation

at 168 xg for 10 min, were measured by subtracting the osif the

10
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supernatant/sediment boundary from the positiahetell bottom. Mean
transmission values were also calculated for th@reabove the (compressed)
sediment and below the meniscus (114-124 mm, conanail experimental runs).
For the PSD and sedimentation analyses, powdess ageled to beakers containing
deionised water to attain 1.5% protein suspensiBeakers were placed in water
baths equilibrated at 25 or 50 °C and the contented using overhead stirrers with

four impeller blades.

3. Results

3.1.  Composition and physicochemical properties of powders

Operation of the MF/DF process at <10 °C or 50&éslited in several
differences between the MGgs and MCGyarm powders. The proportion of whey
protein was higher in the former (indicated by lowasein content), thgcaseina-
casein ratio was lower, and there was a decredbe ilevel of both calcium and
phosphorus (Table 1). Levels of the monovalent measured were, however,
relatively unchanged. The influence of processamggerature on colloidal
properties of reconstituted MCCs was also compaigtiminor, but the size and net

negative charge of the casein micelles was slidtitiher for the MCg, 4 (Table 1).

3.2.  Component distribution in MCC powder particles

Representative CLSM images of the MCC powderslaoe/s in Fig. 1. The

particles in both MCC powders were characterisethtye protein-dense regions

11
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interspersed with a minor proportion of fat glojlehich surrounded internal air
vacuoles (black regions). The main difference ob=gbetween the two MCC
powders in CLSM profiles appeared to be the sizb®fat globules, which were

larger in the MCGarm.

3.3.  Wetting behaviour of MCC powders

Wetting behaviour was analysed by measuring théacbangle formed
between a droplet of water and a compressed disaaf MCC powder. Assuming
that interference from topological differences wagligible, a high value for contact
angle indicates that a powder is less wettable (nere hydrophobic), while a
reduction in contact angle over time is causeddrgading at the surface (Mitchell
et al., 2015). The data from these experiments stidhat there were no apparent
differences in the initial wetting behaviour of thewders on initial contact with the

droplet or over time (Fig. 2).

3.4. lonreease from MCC powders during rehydration

Conductivity was measured continuously during #teydration of the MCC
powders. There was an initial sharp increase imgotivity as ions were released
from the powder on introduction to water, and aergual steady-state condition was
reached as the release of ions was completed3RjgFor both powders,
rehydrated to 1.5% protein, the time to reach steshate was ~3000 s (Fig. 3A).
Rehydration at 50 °C resulted in a higher conditgtreading throughout the

experiment compared with rehydration at 25 °C, tduacreased

12
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diffusion/dissociation of ions at the higher tengiare; however, no trends for the
effect of rehydration temperature on the time txhesteady-state conductivity were
observed.

The final conductivity was directly proportional fee amount of powder
added to the water (data not shown). More pronaliddérences in ion release
were detected when ionic Ca was measured in isoléfig. 3B). The MCgyq
powder exhibited a faster release of Ca, a quickern to steady-state, and a higher

total Ca level throughout.

3.5. Dispersion behaviour of MCC powders

The progression of dispersion for a casein-domipamtder such as MCC
can be tracked by measuring the PSD after a pefiocehydration (Crowley et al.,
2015). The dispersion process of a MCC powder earoinsidered as comprising
primarily of the disappearance of micron-sized mynpowder particles (after
wetting and submersion) and the release of nanemigied casein micelles; when
this process is complete, the powder can be camsidissolved. In Fig. 4A, it can
be seen that primary particles dominated the P& @0 min rehydration at 25 °C;
this does not necessarily mean that casein midedles not been released, but only
that they are contributing little to the overaliee volume. Under these conditions,
the particles in the MCgm were notably larger, indicating that dispersiors\Wess
advanced. When dispersion was promoted by incrgasmperature of
reconstitution to 50 °C, a casein micelle populatias apparent for both powders
(Fig. 4B). The MCG4, however, contained a much higher proportion skaa

micelles after 90 min rehydration at 50 °C comparéth the MCG,am, indicating

13



315 that the former powder had far better dispersiaratteristics; from Table 2, it can
316 be seen that these rehydration conditions ledmost 50% of the particle volume in
317 the MCGCq being comprised of casein micelles (<1 pum), wthile proportion was
318  only <10% for the MCGam

319 To investigate the influence of these differencedispersion state (Fig. 4,
320 Table 2) on the sedimentation behaviour of the MD§pensions on rehydration, an
321 analytical centrifuge was used. In Fig. 5, represtére sedimentation profiles are
322 shown for each MCC after rehydration at 25 or 50if@icating the transmission
323 (T%) through the length of the sample cell duriegtcfugation. Reading from left
324  toright, these profiles represent an increasistpdce from the rotor of the

325 centrifuge, and can be characterised by an iritgh T% region (air), a boundary
326  region (meniscus), and an extended low T% regiosp@nsion) leading finally to a
327  sharp reduction in T% (sediment). The low T% inrégion above the meniscus for
328 MCCs rehydrated at 50 °C, which was also obsemedgrevious study on MPCs
329 (Crowley et al., 2015), is noted, and is likely daeondensation effects. In addition,
330 it was observed that T% data in the suspensiowmmegere noisier for the initial

331  profiles, which was attributed to the presence nba-uniformly dispersed

332  population of wetted powder particles in suspengioor to their sedimentation.

333 A larger sediment was observed for the MgdZTompared with the MCfarm
334 on rehydration at 25 °C, both of which became casged at the second (higher)
335 centrifugation speed. Increasing rehydration temauoee to 50 °C appeared to reduce
336 the amount of sediment formed (Fig. 5). These [@®fivere used to calculate

337 sediment heights and mean T% values for the MCGdposwehydrated at different
338 temperatures (Fig. 6). After 10 min at 3@,Xhe height of sediments formed from

339 MCCyq suspensions were 53-56% smaller than sedimemstfre MCGyarm The
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dispersion of both MCCs was promoted by the higekydration temperature (i.e.,
reduced sediment height), although the reductiaediment height associated with
an increase in rehydration temperature from 29té6Gwas greater for the MGgm
(20% reduction) than the MGy (14% reduction). The larger sediments formed in
the MCGuarm Were also more susceptible to compression whejecg to a second
centrifugation step at 168g«for 10 min. Based on the data in Fig. 6, M&G&
sediments compressed by 22 and 33% after rehydratid5 and 50 °C,

respectively, while the equivalent values for Mggsediments were 16 and 14%.

4. Discussion

In this study, the influence of MF temperature lo@ tehydration
performance of MCC powders was investigated. Cofls found to have a
positive impact on the rehydration characteristicMCC, due to modifications in
the composition, and, perhaps, the colloidal priogeof the reconstituted powder
(Table 1). Milk-derived powders which contain >7@¥6tein, of which 80—-95% is
micellar casein, are known to have poor rehydrapi@perties; in particular, the
release of discrete casein micelles from powdeigbes in MCCs and MPCs is slow
due to the poor dispersion characteristics of theder particles (Crowley et al.,
2015; Gaiani, Schuck, Scher, Desobry, & Banon, 200fich has been linked with
inhibited transfer of water into the powder (Riahat al., 2012; Vos et al., 2016).

Some of the changes in MCC composition causetiéioiver MF
temperature (<10 °C) compared with the higher Magerature (50 °C), including a
higher proportion of whey proteins and a reductiro@a content (Table 1), have

been demonstrated by previous researchers to ilmph@wrehydration of casein-
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dominant powders. Indeed, Richard et al. (2013wsldlthat increasing the level of
whey proteins in MCC powders improved their disgi®lisy, while Bhaskar et al.
(2001) developed a method of improving the dispersif MPCs based on removal
of Ca. The lower casein:whey protein ratio in th€&4.q was due to a reduced
efficiency of whey protein removal at lower filtiah temperatures (Karasu et al.,
2010; O’Mahony et al., 2014), while the lower Cedlewas caused by dissolution of
calcium phosphate from the micellar phase at thetémmperature (Luo et al., 2015).
It is possible that other modifications to the tas$eaction caused by the lower MF
temperature, such as the redupextcasein ratio and the increased zeta-potential of
the casein micelles (Table 1), may have influertbedehydration characteristics of
the MCCsB-Casein is the most hydrophobic of the caseins,tarabld-induced
dissociation from micelles and removal in the MFnpeate (McCarthy et al., 2017)
may make the MCgyq better at absorbing water; however, this is nppsuted by
contact angle data (Fig. 2) and the differencgsancasein ratio are small.
Alternatively, the tendency for casein micelleb&mome inter-linked, resulting in
the formation of a poorly-dispersible ‘skin’ (Craayl et al., 2016), may be inhibited
by alterations in micellar structure (due to deseeli-caseina-casein ratio) or
increased electrostatic repulsion (caused by isekaeta-potential). It is, however,
difficult to ascertain the influence of these fastoompared with factors such as
mineral and whey protein, which are known to stigrmdfect milk protein powder
rehydration.

Gaiani et al. (2009) has previously shown thatrfegration to the surface of
powder particles during storage is an importantoiaimfluencing the rehydration
behaviour of MCCs, in particular the wetting beloavi In this study, there were

apparent differences in the size of fat globulethenpowders (Fig. 1), although this
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did not influence the wetting behaviour of the MC@kich were equivalent (Fig.
2). Trends in conductivity during the rehydratidrtlee MCC powders were also
essentially the same for the two MCC powders (889, likely due to domination of
conductivity changes by ions such as dad K which are released quickly during
rehydration (Mimouni et al., 2010). However, thiease of ionic Ca was faster and
progressed to a greater degree during the rehgdrafiMCC.,qcompared with
MCCyam(Fig. 3B). As a large proportion of Ca is assodatéth casein micelles in
casein-dominant powders, a delay in its ionisati@y be due to a slow release of
micelles during rehydration, which would reduce tthie at which Ca re-equilibrates
from the micellar to the serum phase (Mimouni gt2010).

Measurement of particle size after 90 min rehydrationfirmed that the
dispersibility of the two MCC powders was differéhtg. 4). Dispersion of primary
powder particles was far more advanced in the Mfgfowder after this period of
rehydration, which resulted in a greater proportbdiscrete casein micelles being
released, most notably after rehydration at 50T&ble 2). Increasing rehydration
temperature above ambient is commonly used to pi@the dispersion of these
powders (Jeantet et al., 2010), and these resdlisate that MCggq is more
susceptible to the positive influence of this apgtocompared with MCfam The
dispersion tests (PSD, sedimentation) appliedi;ndtudy were applied only after a
90 min rehydration time and the observed effectg b@amore pronounced after
shorter rehydration times.

As a result of the lower levels of primary powdartles in suspension after
rehydration (Fig. 4), MCgyq yielded approximately half of the sediment that
MCCyam produced during centrifugation (Figs. 5 and 6)e Turbidity of the

supernatant after sedimentation was higher for Mg@Eig. 6),as more casein
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415 micelles had been released into a stable suspeastwere capable of scattering
416  light. The highest turbidity and lowest sedimenteveeasured in the MGy

417  rehydrated at 50 °C, indicating it had the faséest most complete dispersion

418  properties. In addition to a greater degree ofrsedtation, the sediment yielded
419  during centrifugation of MCgarm Was more compressible (Fig. 6). Although the
420 higher rehydration temperature (50 °C) reducedsdttment generated by both
421  MCC suspensions, the compressibility of the Mg&sediments was higher

422  compared with those formed at 25 °C. This highenmessibility of sediment may
423  be due to a greater degree of water transfer negowder particles at the higher
424  temperature, which was not sufficient to dispehgesedimentable particles, but
425 resulted in a material that was more mechanicdi@ble. Thus, the strategy of

426  increasing mixing temperature to promote dispersiainese powders may create a
427  sedimentable phase in MG&m that is more susceptible to consolidation during
428  storage, which may in turn make it more difficdtre-suspend this material by

429  actions such as shaking and stirring.

430

431 5. Conclusions

432

433 This study demonstrated that the dispersion cheratits of MCCs are

434  improved when the MF/DF step is operated at a t@itperature. From this study,
435  the improvement in rehydration performance by the of cold MF/DF cannot be
436  attributed to a single factor, but it is propodeal tpartial, limited demineralisation of
437  the micellar phase and/or the presence of a higtogrortion of whey proteins in the
438  final MCC are responsible. Cold membrane filtratedmmilk is increasingly

439  practiced due to associated benefits includingeedumembrane fouling, better
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microbial control and possibilities f@rcasein enrichment; based on the results of
this study, increased solubility of MCC may be ddiional benefit of this approach
to membrane filtration. In addition, cold MF/DF mpresent an alternative to
methods for solubility-enhancement that necessextia equipment or additive use.
A study on the rehydration of MCCs prepared usirfg/[M at a broader range of
temperatures between 0-50 °C would provide fuiti@ghts into the influence of
MF temperature on powder rehydration. In additibe,compositional changes in
MCC caused by cold MF may affect functional projesrbther than solubility (e.g.,
gelation, heat stability, foaming) and this willeaeto be considered in future

evaluation of the potential of cold MF in MCC pration.
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Figurelegends

Fig. 1. Representative confocal laser scanning microsamages of micellar casein
concentrate (MCC) powders manufactured by micrafiibn at <10 °C (A) or 50 °C
(B), followed by evaporation and spray drying. Grasdicates fat and red indicates

protein, while black regions within particles areveacuoles.

Fig. 2. Contact angle values over time for a droplet obdesied water deposited on
compressed discs of micellar casein concentrateGMf©Owder manufactured by
microfiltration at <10 °CI(J) or 50 °C W) followed by evaporation and spray
drying. Results are the means + standard deviatbdata from triplicate

experiments.

Fig. 3. Conductivity (A) and calcium-ion concentration @)er time during the
rehydration of micellar casein concentrate (MCChafactured by microfiltration at
<10 °C O, @) or 50 °C (, W); open and closed symbols represent powders
rehydrated at 25 and 50 °C, respectively. Datatp@re the means + standard

deviations of data from duplicate experiments.

Fig. 4. Particle size distributions for micellar caseamcentrate (MCC) powder
manufactured by microfiltration at <10 °OJ or 50 °C ), followed by
evaporation and spray drying, and rehydrated at28\) or 50 °C (B) for 90 min.

Results are the means + standard deviations offidatatriplicate experiments.



25

26

27

28

29

30

31

32

33

34

35

36

37

38

39

40

41

42

43

44

45

Fig. 5. Sediment formation and compression during the dagtion of suspensions
of micellar casein concentrate (MCC) manufacturgdhicrofiltration at <10°C
(MCCqq) or 50 °C (MCGarm), followed by evaporation and spray drying, and
rehydrated at different temperatures for 90 mirl)(MCC,am rehydrated at 25 °C,
(A2) MCCqq rehydrated at 25 °C, (B1) MG&m rehydrated at 50 °C and (B2)
MCC.qq rehydrated at 50 °C. Three profiles are showreémh: the first profile
(black line), the profile after the first centrifatgon step of 36 g for 10 min (broken
black line) and the profile after the second céngation step of 168 g for 10 min
(white line). The cell bottom (129.5 mm) is indiedtby a vertical black line to guide

the eye.

Fig. 6. Height of sediment (bars) and transmission of i&aared light above the
sediment (closed markers) during analytical ceigation of micellar casein
concentrate (MCC) manufactured by microfiltratidr<a0 °C (MCG,g) or 50 °C
(MCCyam). Rehydration was performed at 25 or 50 °C. Whies indicate the

initial height of sediment after 10 min at 3@*and grey bars represent compressed
sediments after an additional 10 min at 168 ¥ransmission value®| were taken
for each MCC at both rehydration temperatures erégion of the sample above the
sediment after the full 20 min centrifugation cydResults are the means + standard

deviations of data from duplicate experiments.



Tablel
Composition of micellar casein concentrate (MCCWwgers, and colloidal properties of

reconstituted MCCs, manufactured using microfiitmatat 50 °C (warm) or < 10 °C (cold).

Property MCC
Warm Cold
Protein
Total (%, w/w) 75.3+0.8 75.0+0.9
Casein (% protein) 91.0+£0.35 86.2 +1.02
B-CN:a-CN ratio 1.0:1.0 0.9:1.0
Minerals (mg &)
Sodium 2.33+0.11 2.13+0.16
Potassium 8.17+0.49 8.71+1.01
Calcium 28.8 +1.89 25.0+1.43
Phosphorus 19.1 £ 0.96 17.7 £1.62
Micellar phase
Size (nm) 147 2 1533
Zeta potential (mV) -25.5+0.5 -26.9 £ 0.5

% Results are the means * standard deviations affdan experiments performed in at least
duplicate.



Table?2

Proportion of particles in specific size classasraehydration of micellar casein concentrate
(MCC) powders at 25 or 50 °C for 90 min.

Size class  Rehydration temperature

(um) 25 °C 50 °C

MCCwarrr IVlcccold MCCwarrr IvlCCcoId
0-1 0.00 0.00 7.50 48.2
1-10 0.24 0.07 2.50 0.91
10-50 26.1 49.8 58.3 25.5
50-100 43.8 38.5 23.3 22.7
100-1000 29.8 11.7 8.33 2.73

Data (% of total particle volume) for all size s$@s were calculated using the means of data
from triplicate particle size experiments on eadG®/
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