-

View metadata, citation and similar papers at core.ac.uk brought to you byﬁ CORE

provided by Cork Open Research Archive

\‘ ‘ ORA Cork Open Research Archive
[ Cartlann Taighde Oscailte Chorcai

Title Pilot-scale ceramic membrane filtration of skim milk for the production

of a 'humanised' protein base ingredient for infant milk formula

Author(s) McCarthy, Noel A.; Wijayanti, Heni B.; Crowley, Shane V.; O'Mahony,
James A.; Fenelon, Mark A.

Publication date 2017-05-08

Original citation McCarthy, N. A., Wijayanti, H. B., Crowley, S. V., O'Mahony, J. A.,

and Fenelon, M. A. (2017) 'Pilot-scale ceramic membrane filtration of
skim milk for the production of a 'humanised' protein base ingredient for
infant milk formula', International Dairy Journal, 73, pp. 57-62.
doi:10.1016/j.idairy;j.2017.04.010

Type of publication |Article (peer-reviewed)

Link to publisher's  |http://dx.doi.org/10.1016/j.idairyj.2017.04.010

version Access to the full text of the published version may require a
subscription.
Rights © 2017, Published by Elsevier Ltd. This manuscript version is made

available under the CC-BY-NC-ND 4.0 license.

http://creativecommons.org/licenses/by-nc-nd/4.0/

Embargo information | Access to this article is restricted until 12 months after publication by

request of the publisher.

Embargo lift date 2018-05-08

Item downloaded http://hdl.handle.net/10468/4596
from

Downloaded on 2018-08-23T19:47:227

University College Cork, Ireland
Colaiste na hOllscoile Corcaigh


https://core.ac.uk/display/95763759?utm_source=pdf&utm_medium=banner&utm_campaign=pdf-decoration-v1
http://dx.doi.org/10.1016/j.idairyj.2017.04.010
http://creativecommons.org/licenses/by-nc-nd/4.0/
http://hdl.handle.net/10468/4596

Accepted Manuscript

Pilot-scale ceramic membrane filtration of skim milk for the production of a protein
base ingredient for use in infant milk formula

Noel A. McCarthy, HeniBudi Wijayanti, Shane V. Crowley, James A. O’Mahony, Mark
A. Fenelon

Pl S0958-6946(17)30112-7
DOI: 10.1016/j.idairyj.2017.04.010
Reference: INDA 4177

To appear in:  International Dairy Journal

Received Date: 11 January 2017
Revised Date: 10 April 2017
Accepted Date: 14 April 2017

Please cite this article as: McCarthy, N.A., Wijayanti, H., Crowley, S.V., O’'Mahony, J.A., Fenelon, M.A,,
Pilot-scale ceramic membrane filtration of skim milk for the production of a protein base ingredient for
use in infant milk formula, International Dairy Journal (2017), doi: 10.1016/j.idairyj.2017.04.010.

This is a PDF file of an unedited manuscript that has been accepted for publication. As a service to

our customers we are providing this early version of the manuscript. The manuscript will undergo
copyediting, typesetting, and review of the resulting proof before it is published in its final form. Please
note that during the production process errors may be discovered which could affect the content, and all
legal disclaimers that apply to the journal pertain.


http://dx.doi.org/10.1016/j.idairyj.2017.04.010

10

11

12

13

14

15

16

17

18

19

20

21

22

23

24

25

Pilot-scale ceramic membranefiltration of skim milk for the production of a

protein baseingredient for usein infant milk formula

Noel A. McCarth§, HeniBudi Wijayanfl, Shane V. Crowléy James A. O’Mahorfy

Mark A. Feneloft

#Food Chemistry and Technology Department, Teagasc Food Research Centre,
Moorepark, Fermoy, Co. Cork, Ireland

® School of Food and Nutritional Sciences, University College Cork, Cork, Ireland

*Corresponding author. Tel.: 00353 2542355

E-mail address: mark.fenelon@teagasc.ie (M. A. Fenelon)



26

27

28

29

30

31

32

33

34

35

36

37

38

39

40

41

42

43

ABSTRACT

The protein composition of bovine skim milk was rfiedl using pilot scale
membrane filtration to produce a whey protein-daniningredient with a casein
profile closer to human milk. Bovine skim milk wasocessed at low (8.9 °C) or high
(50 °C) temperature using ceramic microfiltratidH) membranes (0.1 pm mean
pore diameter). The resulting permeate stream wasentrated using
polyethersulfone ultrafiltration (UF) membranes Ka cut-off). The protein profile
of MF and UF retentate streams were determinedyuswversed phase-high
performance liquid chromatography and polyacrylargél electrophoresis. Permeate
from the cold MF process (8.9 °C) had a casein:wgretein ratio of ~35:65 with no
as- Or k-casein present, compared with a casein:whey proa¢io of ~10:90 at 50 °C.
This study has demonstrated the application of owdhbrane filtration (8.9 °C) at
pilot scale to produce a dairy ingredient with atpm profile closer to that of human

milk.
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1. I ntroduction

The design of membrane-based fractionation prosdes¢he development of
enriched protein ingredients can provide an enténagitional profile in infant milk
formulations (IMF). The compositional differencestlween human and bovine milk
are of particular importance for infant food forratibns as the majority of infant
formula is based on bovine milk (O’'Mahony & Fox,13%). The use of unmodified
bovine milk as the sole source of nutrients foams is discouraged (Morgan, 2006).
Most current-generation IMFs consist of milk-dedvagredients, vegetable oils and
micronutrients blended together in proportions ¢sieat with those found in human
milk (Martin, Ling, & Blackburn, 2016). The protesomponent of IMFs is critical to
support the growth and development of infants,datiieving the correct protein
profile in IMFs is complicated by milk protein hebdgeneity and inter-species
variation.

As described by O’Mahony and Fox (2013), milk pragecan be divided into
two principal families, caseins (CNs) and whey g (WPs), which can be further
sub-divided into individual CNs (e.a@is-CN, B-CN, k-CN) and WPs (e.ga-
lactalbumin B-lactoglobulin, lactoferrin). The protein profilé BMFs intended for
infants between 0—6 months (‘first age’) is des@yteclosely mimic that found in
human milk. WPs account for ~60% of the total profgesent in human milk,
compared with only ~20% in bovine milk (de Wit, B)Sthus, IMFs are typically
prepared by adjusting the CN:WP ratio of bovinekn@0:20) to that of human milk
(40:60) by mixing skim milk with WP-based ingredigife.g., whey protein
concentrate and demineralised whey). The CN andréddiions of human milk

consist primarily of3-CN anda-lactalbumin, respectively, whikes-CNs and3-
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lactoglobulin predominate in bovine milk (Lonnerd2D03). Increasing the
proportion of proteins such 8sCN anda-lactalbumin is an important objective in
efforts to improve the nutritional properties of 8land can be achieved through the
addition of enriched or purified protein ingredieEox, Uniacke-Lowe, McSweeney
& O’Mahony, 2015).

The need to use multiple dairy ingredients to ashi humanised protein
profile places additional burdens on IMF manufagtsiin terms of ingredient
sourcing/transit and prediction of ingredient fuocality/stability during
reconstitution, thermal processing and re-drying.a#{ernative strategy is here
proposed where the development of ‘protein baggeidients, in which several of the
major humanisation targets (CN:WP ratio, CN pr@fdee achieved in a single
processing operation. Such a strategy is feasfigla process based on small-pore
(0.1 pum) microfiltration (MF), described in the peat study.

Although there have been major developments imtheufacture of WP-
based ingredients for IMFs (e.g., enricheldctaloumin fractions, purified
lactoferrin), progress in CN ingredient developmiegd been comparatively slow.
‘Cold MF’ (i.e., filtration temperature: 0 to 15 Y©f skim milk is a promising
approach to generatifigCN-enriched WP-dominant ingredients for use in the
production of IMFs. There are a number of studied have demonstrated the
enrichment off-CN using MF (or sometimes UF) at temperatures £Q.(Crowley
et al., 2015; Le Berre & Daufin, 1994; O’Mahony, 8mé& Lucey, 2014; Woychik,
1992). Crowley et al. (2015) recently demonstrakedconcept at laboratory scale
using polyvinylidene-difluoride (PVDF, 0.1 um paee) or polyethersulfone (PES,
1000 kDa cut-off) membranes at temperatures <3ti€ possible to effectively

enrichp-CN from renneted milk gels (Huppertz et al., 2Q@&)t MF has the



94 advantage of generating a soluble and highly-foneti co-product, micellar casein

95 concentrate (MCC). The enrichments€N in the whey permeate during cold MF is

96 based on the principle that an increasing propomi@-CN is monomeric as

97 temperature is decreased, with a concomitant niograf the monomers from

98 micelles into to the serum phase (Dauphas et@05;2Rose, 1968B-CN can be

99 manufactured at relatively high purity (70-80% atit protein) by cold MF of liquid
100 MCC (Christensen & Holst, 2014) or warm MF (>26 @}hep-casein-enriched
101 whey permeate generated from cold MF of milk; hogvefor the production of WP-
102 dominant IMFs pur@-casein is not an essential requirement, as tteepee of WPs
103 inthe ingredient is likely preferable.
104 Most of the MF processes that have been descrivgd@N enrichment have
105 used cold temperatures and polymeric membranedharelbeen associated with low
106 permeate flux values, due to a combination of fegld viscosity and severe fouling
107 of the membrane. Strategies to improve flux armarily restricted to adjusting the
108 type of membrane; for example, it has been shoanflinx-enhancement in a cold
109 MF process can be achieved by using PES ratheRW&t membranes (Crowley et
110 al., 2015). However, it can be predicted that adwio ceramic membranes would
111 facilitate operation at much higher flux values. Whhe surface area of ceramic
112 membrane configurations may not be as large aspioal-wound polymeric systems,
113 they have the advantage of being compatible withrtelogy designed to ensure a
114 consistent trans-membrane pressure (TMP) acroderigth of the membrane. An
115 example of this technology is the Isoflux® membraneavhich the active layer
116 decreases in thickness from inlet to outlet, sotti@apressure:thickness ratio, and
117 therefore flux, is theoretically constant along tiyeraulic path (Adams & Barbano,

118 2013).
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The objective of this study was to produce an idgmat from skim milk for
application as a protein base during IMF manufactlihe target protein profile for
the ingredient was a CN:WP ratio close to thatwhhan milk, in which the CN
fraction consisted primarily ¢gf-CN. The ingredient was prepared using MF and DF
of skim milk at low temperatures using ceramic lisof membranes, followed by
concentration using UF. A cold MF process was edrdut and compared with the
more traditional warm MF in terms of process pearfance (i.e., permeate flux) and

nutrient partitioning (i.e., minerals, proteinsprprotein nitrogen and fat).

2. M aterials and methods

2.1. Materials

Raw bovine whole milk was obtained from the Teadastssland Research
Centre, with the fat separated centrifugally at6Qusing facilities at Moorepark
Technology Limited (Fermoy, Co. Cork, Ireland). Byéis-tris propane, and 2-
mercaptoethanol were obtained from Sigma (Wickliveland). The electrophoresis
chemicals were obtained from Bio-Rad (Fannin, Duyldlieland). All other chemicals
used were of analytical grade. Milli-Q water (Makdire, Ireland) was used for all

solutions.

2.2.  Compositional analysis

Total nitrogen, non-protein nitrogen and true eimowere determined using

the Kjeldahl method (ISO, 2001a,b,c), and a nitnegeotein conversion factor of
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6.38. Fat content was determined using the Gerle¢gnad (IDF, 1991). Mineral
analysis was determined by an Agilent 7700s ingabticoupled plasma mass

spectrometry (ICP-MS) (Agilent Technologies, Sakara, California, USA).
2.3.  Pilot-scale membrane filtration and powder manufacture

Skim milk (300 kg) was diluted prior to filtratidoy adding 600 kg of reverse
osmosis (RO) water. In-house testing has showndihaing unheated skim milk
prior to filtration increased the dissociation awdubilisation of3-casein. The diluted
skim milk was held at ~4 °C for 16 h, before hotdat 8.9 °C or heating to 50 °C
prior to membrane filtration. The diluted skim millas subject to MF using 0.1¢4n
pore size Tami IsoflUk ceramic membranes (Tami Industries, Nyons Cedexde)
on a GEA Model F filtration unit (GEA Process Enggning A/S, Skanderborg,
Denmark) with complete retentate recycling (i.etentate is returned to the feed).
Three ceramic membranes were used in paralldh, wih an area of 0.35 fa The
temperature throughout processing was maintain8®at 1.2 °C or 50 £ 1.0 °C
using an in-line heat exchanger. The feed recitimraate was adjusted to 1500 £ h
at a feed pressure of 1 bar and a membrane irdsesprre of 2.7 bar (0.9 bar per
membrane element). The permeate flux was measuagdrgetrically throughout
filtration until a volume concentration factor (VL&f 3 was reached. VCF was

calculated by dividing the feed volumé)(by the final retentate volum¥/j:

\/
Volume concentration factdfCF = V—f 1)

r
All permeate streams from MF were subsequentlyestieégl to UF with two

10 kDa cut-off Synder spiral-wound membranes (Sykrdeation, CA, USA)
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arranged in series in the Model F filtration ubl& was performed at a temperature of
50 + 1.0 °C for all trials with a feed recirculatioate of 1600 L fiat 1 bar pressure

and a membrane inlet pressure of 1.8 bar. A fir@F\6f 14 was attained. Permeation
behaviour of individual proteins through MF memlesnvere characterised using the

sieving coefficient (§.
S, == (2)

whereC,andCr are the simultaneous concentration of the protethe permeate and
retentate, respectively.

Membrane filtration performance was monitored ugiagmeate flux
measurements taken during each MF concentratiofFign1A); solids content of the
feed was also monitored (Fig. 2B); the startinglfe®aterial was skim milk (9.3%
solids) diluted to ~3.1% solids with RO water. Baodids content and pH of the
original skim milk and rehydrated powders (proteamtent 3.3%, w/w) were
measured using a CEM Smart Trac moisture analipsnéstown, Dublin, Ireland)
and a WTW 3310 pH meter (WTW, Weilheim, Germanggpectively.

Retentate streams obtained from MF and UF wereetlgéat30 °C prior to
evaporation using a Tetra Scheffers™ single-staljad-film evaporator operated at
60 °C (Tetra Pak, Gorredijk, The Netherlands). ¢becentrate was spray-dried using
a pilot scale Anhydro Lab 3 spray dryer (SPX Flogchinology A/S, Soeborg,
Denmark), equipped with a wheel atomiser. Inlet antliet temperatures were set at
178 °C and 88 °C, respectively. Powder samples waded as follows: MFRm,
dried retentate from MF of skim milk at 50 °C; MR dried retentate from MF of
skim milk at 8.9 °C; UFRam, dried retentate from UF of warm (50 °C) MF periteea

UFR.014, dried retentate from UF of cold (8.9 °C) MF peatee
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Membrane filtration processes at 50 and 4 °C waraed out in triplicate
from a total of six different batches of skim mifkoducing three independent

powder samples for each of MERn MFRoid, UFRyarm and UFRgiq.

24. Proteinprofileanalysis

Protein profile analysis of MF and UF retentate demsamples was carried
out using reverse phase-high performance liquidraatography (RP-HPLC) and
sodium dodecyl sulphate-polyacrylamide gel eledtovpsis (SDS-PAGE) to quantify
individual protein fractions and to observe thesprece of minor whey protein

components, respectively.

2.4.1. Reversed phase-high performance liquid chromatography

All MF retentate and UF retentate powder samplegwlespersed in buffer
containing M urea, 20 mn bis-tris propane and 71.5ur2-mercaptoethanol (pH 7.5)
in a 1:20 ratio (v/v) at room temperature. Each@awas incubated for 1 h at room
temperature before being filtered (pore size o2@ugh). A 5 pL aliquot of each
sample was injected three times into a Porosh@E80C18 (Size: 2.1 x 7.5 mm, 5
um; Agilent Technologies, Ireland) column equippeth a Zorbax poroshell guard
column (Size: 1.0 x 17 mm, 5 um; Agilent Technoésyi The HPLC was equipped
with a UV-vis detector (61365D MWD Agilent Techngles 1200 series). The
column was operated at temperature 35 °C at aréwevof 0.5 mL mift and was
equilibrated in 74% solvent A (0.1% trifluoroacesicid and 10% acetonitrile in
MilliQ water) and 26% B (0.1% trifluoroacetic acahd 10% MilliQ water in

acetonitrile). A series of linear gradients werertlapplied by raising the
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concentration of solvent B to 37% over 10 min, theAd5% over 23 min, and to
100% over 3.5 min. Solvent B was held at 100% f6rmin before reducing its level
over 34 min back to the initial level of 26% whérevas held for 2.5 min. Detection
was by absorbance at 214 nm and total run time3@a&smin per sample. HPLC

analysis was carried out in triplicate

2.4.2. Sodium dodecyl sulphate-polyacrylamide gel electrophoresis

SDS-PAGE analysis was performed based on the metifdchemmli (1970)
and modified as described by Oldfield, Singh, Tayémd Pearce (2000). Reducing
SDS-PAGE was run with the addition of 2-mercaptaeth, with heating at 95 °C for
5 min. Gels were run on a Mini-Protean Ill duall sgistem (Bio-Rad Laboratories,
Hercules, CA, USA). Mini-Protean TGX gels (anyKd, wells; Bio-Rad) were used
in the analyses. MF retentate and UF retentate posamples were diluted to 0.13%
(w/w, protein basis) with the appropriate samplédybefore loading. Subsequently,
the corresponding sub-samples were loaded accufalL per well) into the
sample wells using a micro-pipette. Electrophoresis carried out at 200 V. The
bands were stained with 0.1% (w/v) Coomassie BntliBlue G250 in 34% methanol
for 24 h and destained in a solution containing 108 glacial acetic acid and 10%
(v/v) isopropanol. The destaining solution was deghevery 4 h to obtain a light
background on the gel. Destained gels were scammé&gson Scan Perfection V700
Photo scanner (Epson, Hertfordshire, UK) and tloégom bands were identified using

the software program, ImageQuant (GEHealth caeégrid).

25. Satistical analysis
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Fisher's one-way multiple-comparison test was wsed guide for pair
comparisons of the mean permeate flux values amgdivder compositional data
produced from membrane filtration. The level oingigance was determined Bit<
0.05 using Minitab 17 (Minitab Ltd, Coventry, UKiasistical analysis package and

the effects of treatment and replicates were estidhfor each response variable.

3. Results and discussion

3.1. Membrane filtration process performance

The performance of the MF process under warm (5Gfd cold (8.9 °C)
conditions can be compared in Fig. 1A. Pre-dilutbthe skim milk 16 h prior to MF
was performed to promofeCN dissociation. Low temperature increases serum-
phase3-CN by reducing hydrophobic interactions, whilelbobld processing and
milk dilution partially dissolve colloidal calciupphosphate (CCP), further increasing
transmission op-CN (Broyard & Gaucheron, 2015). Initial permetie (time 0) of
~380 L m?h* for warm MFrapidly decreased to ~307 L7h ™ after 0.25 h; flux
remained relatively constant at this value until7/~1 of processing and a solids
content of ~4.5% when a sudden and dramatic deitlifiex to <150 L n¥h™
occurred (Fig. 1A). Once the retentate reached ~@&s¥ein (w/w, dry matter) the
MF rig was shut down, coinciding with a total prese¢ime of ~3 h and a final solids
content of 12.2%, w/w. Previous studies for the d1Skim milk at 50 °C have
reported much lower permeate flux values than tinosasured in the current study;
for example, Hurt, Zulewska, Newbold, and Barba2@l(Q) obtained a constant

permeate flux for skim milk of ~54.0 L™ using ceramic membranes with a pore-
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size of 0.1 um, operated under uniform trans-menépessure (0.42 bar) at 50 °C.
The high flux rates shown in Fig. 1 are probablg ttma combination of a high
retentate flow rate (1500 L'rand the use of highly dilute skim milk as thedie®IF
carried out at 8.9 °C had a significant®/€ 0.05) lower initial permeate flux (~98 L
m?h™; Fig. 1A), compared with MF at 50 °C (~380 [“fi*; Fig. 1A). Permeate flux
continued to decrease in a linear manner throudfiitiation (Fig. 1A), reaching a
value of 52 L nf h* after ~13 h.

Although the average permeate flux was much loaecdld MF compared
with the warm MF process, the extent of flux deelmas much less for the former,
due to reduced fouling (Fig. 1), in agreement witer research demonstrating the
benefits of cold membrane processing. Luo, Ramadlaan@nd Vasiljevic (2015)
compared the performance of UF membranes duringepsing of milk at 15, 30 or
50 °C and found a more rapid flux decline at trghbst UF temperature due to
increased protein- and calcium-based fouling. Bittyi Méthot-Hains et al. (2016)
found that flux decline during UF of skim milk wasore rapid at 50 °C than at 10 °C
as the VCF increased from 1 to 4. The flux valuesas in the present work for cold
MF were significantly higher than values reportegievious studies for cold MF
processes; although, diafiltration water was adgsdcont to the skim milk in the
current study, which would significantly increaspeate flux. For example,
O’Mahony et al. (2014) obtained an initial permefig of ~10 L mi?h™* during the

enrichment off-CN from skim milk using polymeric membranes at 366

3.2.  Composition and physicochemical properties of dried retentates



291 The composition and physicochemical properties 6faid UF retentate

292 powders after spray drying are shown in Table 1cbatent increased in the MF
293 retentates compared with the original skim milkihwiery low levels of fat present in
294 the UF retentates. There was a significarfy(0.05) lower fat content in URR,
295 indicating that milk fat had lower transmissiortteg low temperature during cold
296 MF.

297 The mineral composition of powders from MF and @fentate streams are
298 given in Table 3. Calcium and phosphorous levetsatesed in MFR 4 compared
299 with MFRyamy in turn, UFR g had a higher calcium and phosphorous content
300 compared with the URRm powder. Similarly, Méthot-Hains et al. (2016) fauthat
301 the permeation of calcium increased during UF dkmith 10 kDa PES spiral-

302 wound membranes at 10 °C compared with 50 °C, ala@ increase in soluble

303 calcium at low temperatures. Magnesium, sodiumpartdssium were all

304 significantly P < 0.05) higher in UF retentates compared with femtate powders,
305 while the temperature of MF processing had no 8ait effect P > 0.05) on their
306 transmission (Table 3). Therefore, MF temperatarelre said to have only had an
307 effect on the major components of CCP. The pH ofdvit UF retentate streams were
308 significantly P < 0.05) higher than that of the diluted skim mlikely due to the loss
309 of these soluble minerals along with citric acidttivould otherwise act as buffering
310 salts (Table 1). Hurt et al. (2010) found a simiksult during the MF of skim milk at
311 50 °C, when the pH of the retentate fraction inseeafrom pH 6.6 to pH 7.0.

312

313 3.3. Proten profile of retentate streams from microfiltration and ultrafiltration

314

315 3.3.1. p-Caseintransmission and casein:whey proteinratio
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MF of skim milk at 50 or 8.9 °C resulted in veryfdrent protein profiles
(Table 2). MF of skim milk at 50 °C facilitated exisive depletion of whey proteins
with almost complete retention of casein (Fig.a&id 3 MFRam). UFRyarm powders
contained primarily whey proteins (91.2% of projaand a minor quantity ¢f-CN
(8.81% of protein). SDS-PAGE profiles (Fig. 2; lah&FRyarm) and HPLC
chromatograms (Fig 3; profile E) indicated the pres of som@-CN in UFRyam
powders, quantified at 8.81% of total protein, vilik remaining 91.2% consisting of
WPs (Table 2). The average SgBeCN during MF at 50 °C was 0.07, which was
significantly lower than the value of 0.26 measuledng MF at 8.9 °C (Table 2; Fig.
3E).

Due to the high So values reachedfdCN and whey proteins during cold
MF the UFR.q powder had a CN:WP ratio of 35:65 with 100% of @ comprised
of B-CN (Table 1); this protein profile is close to thaund in human milk and
compares favourably in this respect with previaorts of MF processes involving
similar pore-size membranes. For example, Woyct®©?) enriche@-CN using 0.1
pum MF membranes at 4 °C; however, BREN purity was low (55% of total CN) and
the system was CN-dominant (55:45 CN:WP). GlaBj¢sebeke, Kromkamp and
Klarenbeek (2013) reported enrichipgCN from skim milk using MF with 0.15 pm
membranes at 10 °C, which resulted in a low CN:\ti» rof 14:86 and a highCN
purity of 95% (total CN basis). Crowley et al. (B)measured B-CN purity of
100% and a CN:WP ratio of 49:51 when a permeatergésd at <4 °C using a 0.1
um MF membrane was analysed. The process desanilblee present study achieves
a balance of appropriate CN:WP ratio and excefe@N purity (confirmed using

Maldi-TOF analysis; results not shown).
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3.3.2. Whey protein transmission and proteolysis products

Cold MF resulted in greater retentionfsfactoglobulin (Fig. 2; lane 4),
compared with warm MF (Fig. 2; lane 3). Gésan-GuizDaufin, and Boyaval
(2000) studied the factors affecting the transmarssif B-lactoglobulin during MF of
skim milk at 50 °C and showed that above the @iitilix (i.e., pressure independent
region)B-lactoglobulin transmission decreased significardlye to modified fouling
layer characteristics. The hindered protein tragsion observed for cold MF in this
study may also be caused by altered sieving claisiits due to an altered fouling
layer; the increased hydrodynamic volume of theetac phase at low temperatures
(Liu, Weeks, Dunstan, & Martin, 2013) could be &gible explanation for this effect.

The detection of a band with a molecular mass @fkBla in SDS-PAGE
analysis of MF retentate streams may be the re$ghsein proteolysis occurring
during membrane filtration (Fig. 2; lanes 3 andi#)absence from UF retentate
powders indicated that, while lower in molecularsséhanu-lactalbumin, it may be
associated with the CN micelle and thus not bestrattable during MF. The band
appeared fainter in MRRq powders (Fig. 2; lane 4) than in MR, powders (Fig. 2;
lane 3), indicating that proteolysis may have b@ene prevalent at 50 °C than at 8.9
°C. Hurt et al. (2010) found the presence of alsiniand in SDS-PAGE gels of MF
retentate streams after filtration of skim milks@t°C using 0.1 pum pore sized UTP
ceramic membranes. Jost, Brandsma, and Rizvi (1@88jified the band as proteose
peptone component B-Casein 1-105/1-107; Andrews, 1978) and suggektadite
phosphoprotein remains associated with the casellenduring MF and therefore
does not permeate 0.1 um MF membranes even thtaugtolecular mass is much

less.
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4. Conclusion

Cold MF and DF facilitated the formulation of a f®io base with a casein
profile close to human milk using a skim milk feétsing this process it was
demonstrated that two major formulation targetSNaWP ratio (40:60) and CN
profile (3-CN), can be achieved. Other potential benefithefcold MF and DF
process were also identified, ranging from a redaadn p-lactoglobulin levels and
reduced in-process proteolysis (lower levels oetoakydrolysis products). The
manufacture of suitable infant formula protein beggedients using integrated
membrane systems will be an important developmenéekt-generation IMF
processing. Future work could also focus on thenieellisation of3-CN through
addition ofk-casein, to more closely mimic the protein profifehuman milk while

increasing heat stability.
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Figurelegends

Fig. 1. Membrane filtration time of microfiltered dilutedkim milk, measured as (A) a

function of permeate flux (L fhh™®) and (B) total solids at 50 °CJ) and 8.9 °C ).

Fig. 2. Reducing SDS-PAGE patterns (4-20% acrylamideajeBtentate powders
from microfiltered and ultrafiltered skim milk. Larl, UF retentate produced after
microfiltration at 50 °C (UFRam); lane 2, UF retentate produced after microfiltnat
at 8.9 °C (UFRy); lane 3, MF retentate produced by microfiltratadrb0 °C
(MFRwarm); lane 4, MF retentate produced by microfiltratedr8.9 °C (MFRg); lane
5, a-lactalbumin standard; lane [&lactoglobulin standard; lane 7, lactoferrin

standard.

Fig. 3. Reversed-phase HPLC profiles of (A) skim milk) (Bicrofiltration retentate
at 50 °C (MFRam), (C) microfiltration retentate at 8.9 °C (MER), (D) UF retentate
produced after microfiltration at 8.9 °C (UERR) and (E) UF retentate produced after

microfiltration at 50 °C (UFRam); eluate was measured at 214 nm.
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Tablel

Composition of microfiltration and ultrafiltratioretentates after processing at 50 or 8.9 °C.

Parameter Skim milk MFERm MFRcold UFRvarm UFRoiq
Protein (%, w/w, dry basis)
TPN 37.8+2.1 74.3+0.8 72.1+2.2 4426 344+£22
NPN 0.03+0.0 0.10+0.0 0.01+ 0.0 0.03&0 0.03+0.0
Fat (%, w/w, dry basis) 0.01+0.0 0.81+0.9 00480.6 0.40+0.1 0.24+0.2
Moisture content (%, w/w) 437 +0.8 4.69+0.8 258 £0.5 221 +0.7
pH 6.64 + 0.05 7.30+0.1 7.22+0.1 7.06&0 7.08+0.1

& Abbreviations are: MFRm, retentate of microfiltration performed at 50 MER, 4, retentate of microfiltration performed at 8.9 °C;
UFRyam ultrafiltration retentate after warm (50 °C) nafiltration; UFR.qq, ultrafiltration retentate after cold (8.9 °C) maufltration; TPN, true
protein nitrogen; NPN, non-protein nitrogen.
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Table?2

Protein profile of ultrafiltered retentate powdafter processing at 50 or 8.9 *C.

Protein Skim milk UFRwarm UFR:oiq

Total casein (%, w/w, of TP) 859 8.8?P 35.5
as-Casein (%, w/w, of TC) 50°1 0.00 0.06
B-Casein (%, wiw, of TC) 39% 8.8¢ 35.5
k-Casein (%, wiw, of TC) 1073 0.00 0.00

Total whey protein (%, w/w, of TP)  15.6 91.2 64.5
o-La (%, w/w, of TW) 17.7 19.7 17.9
B-Lg (%, wiw, TW) 82.3 72.0 46.6

& Abbreviations are: UFRm, ultrafiltration retentate after warm (50 °C) naifiltration; UFR.q, ultrafiltration retentate after cold (8.9 °C)
microfiltration; a-La, a-lactalbumin;B-Lg, B-lactoglobulin; TP, total protein; TC, total caseliW, total whey protein. Values are the means of 3
replicates * standard deviations; values withiowa not sharing a common superscript letter diffgnisicantly, P < 0.05.



18 Table3

%g Mineral profile of microfiltration and ultrafiltran retentate powders obtained at 50 or 8.9*°C.
o Process Calcium Magnesium  Sodium Phosphorous dhatas

MFRwarm 35.6 1.65 2.27 24.7 10.3

UFRyarm 24.2 4.34 23.8 20.6 70.4

MFRcoiq 30.9 1.8° 2.84 22.7 12.7

UFRcoid 29.2' 4.44 31.4 27.5 66.3
22

23 MFRuam Microfiltration retentate performed at 50 °C; M&R microfiltration retentate performed at 8.9 °C;RJ&m ultrafiltration retentate
24  after warm (50 °C) microfiltration; URRy, ultrafiltration retentate after cold (8.9 °C) matltration. All ultrafiltration processing was

25 performed at 50 °C. Values (mg gf protein) are the means of 3 replicates + stahdaviations; values within a column not sharirgpamon
26  superscript letter differ significantly?, < 0.05.
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