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ABSTRACT

The demand for whey protein is increasing in the
food industry. Traditionally, whey protein concentrates
(WPC) and isolates are produced from cheese whey.
At present, microfiltration (MF) enables the utilization
of whey from skim milk (SM) through milk protein
fractionation. This study demonstrates that buttermilk
(BM) can be a potential source for the production of
a WPC with a comparable composition and functional
properties to a WPC obtained by MF of SM. Through
the production of WPC powder and a casein- and phos-
pholipid (PL)-rich fraction by the MF of BM, sweet
BM may be used in a more optimal and economical
way. Sweet cream BM from industrial churning was
skimmed before MF with 0.2-pm ceramic membranes
at 55 to 58°C. The fractionations of BM and SM were
performed under the same conditions using the same
process, and the whey protein fractions from BM and
SM were concentrated by ultrafiltration and diafiltra-
tion. The ultrafiltration and diafiltration was performed
at 50°C using pasteurized tap water and a membrane
with a 20-kDa cut-off to retain as little lactose as pos-
sible in the final WPC powders. The ultrafiltrates were
subsequently spray dried, and their functional proper-
ties and chemical compositions were compared. The
amounts of whey protein and PL in the WPC powder
from BM (BMWPC) were comparable to the amounts
found in the WPC from SM (SMWPC); however, the
composition of the PL classes differed. The BMWPC
contained less total protein, casein, and lactose com-
pared with SMWPC, as well as higher contents of fat
and citric acid. No difference in protein solubility was
observed at pH values of 4.6 and 7.0, and the overrun
was the same for BMWPC and SMWPC; however, the
BMWPC made less stable foam than SMWPC.
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INTRODUCTION

Over the past several years, the interest in high-
protein ingredients such as whey protein concentrate
(WPCQC) or isolate (WPI) has increased. Both WPC
and WPI are usually produced from cheese whey. How-
ever, WPC can also be derived from the fractionation
of skim milk (SM) by microfiltration. Skim milk WPC
contains less minerals and has no caseinomacropeptides
compared with traditional WPC from cheese whey. The
functional properties of WPC from SM fractionation
have recently been compared with those of cheese
whey WPC by Coppola et al. (2014) and Evans et al.
(2010). The WPC from SM fractionation have unique
functionalities, such as excellent solubility, gelling after
heat treatment, and foaming properties (Bacher and
Kogningsfeldt, 2000; Heino et al., 2007).

Buttermilk (BM), the by-product from the churning
of butter, has a CN and whey protein ratio similar to
that of SM (Corredig and Dalgleish, 1997), and spray-
dried BM has a comparable nutritional value to that of
SM powder (Morin et al., 2004). Govindasamy-Lucey
et al. (2006) studied the use of BM in pizza cheese,
and the solubility, foaming, and emulsifying properties
of BM powders have been described in Sodini et al.
(2006). However, a high fat content in BM may lead
to sticky powder as well as increased risk of off-flavors
from oxidation products. The fractionation of BM into
a CN- and milk fat globule membrane (MFGM)-rich
fraction and a whey protein fraction may increase the
value of this by-product. Most of the BM produced to-
day is used as animal feed (liquid) or for the production
of BM powder, but it can also be exploited in a more
optimal way to produce WPC, as the global demand
for whey protein is increasing (Lafougere, 2014). But-
termilk is higher in MFGM protein and phospholipids
(PL) than SM, which might alter the functional prop-
erties of its WPC.
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Buttermilk is a rich source of MFGM components,
such as proteins and PL (Rombaut et al., 2005), be-
cause parts of the MFGM are released from the fat
globule into the serum phase during butter churning.
Membrane technology is frequently used in the dairy
industry to concentrate milk constituents, and by using
microfiltration (MF), CN and MFGM can be separated
from whey proteins. Several studies have focused on the
separation and isolation of MFGM proteins or PL from
BM by MF (Sachdeva and Buchheim, 1997; Corredig
et al., 2003; Morin et al., 2006, 2007a,b) for the further
purification of the PL (Astaire et al., 2003). Few stud-
ies, if any, have focused on the utilization of the whey
protein fraction obtained from BM.

The high ratio of CN to total protein in BM (Corre-
dig et al., 2003) gives a high CN recovery during MF.
The retentate from the MF of sweet BM could be used
for further extraction of the PL. Achieving high-purity
PL from the MF of BM is difficult, as CN micelles and
MFGM fragments have similar size distributions (Rom-
baut et al., 2006; Singh, 2006). However, a MF retentate
from BM, which is rich in CN and MFGM components,
can be used as a starting material for further separa-
tion and purification of PL or as a supplement in other
dairy processes. However, several studies have reported
the transmission of PL and MFGM proteins through
the MF membranes (Astaire et al., 2003; Morin et al.,
2007a), thus affecting the composition and functional
properties of the products used from these permeates.
Whey proteins and PL are applied in the food industry
as ingredients for baking, as well as in pharmaceuticals
and in cosmetics (Vanderghem et al., 2010) due to pro-
tein solubility, foaming, and emulsifying properties.

The major whey proteins, which are most important
for the functional properties in most food applications,
are 3-LG and o-LA. Heat treatment does influence
the functional properties of the whey proteins (Abd
El-Salam et al., 2009) or the sizes of their aggregates
(Schokker et al., 2000; De La Fuente et al., 2002). At
approximately 67.5 to 78°C, the 3-LG starts to unfold,
and at higher temperatures of 78 to 82.5°C aggregation
occurs (Sava et al., 2005). Denatured 3-LG may ag-
gregate with other 3-LG molecules, CN (Donato and
Guyomarc’h, 2009), a-LA (Dalgleish et al., 1997), or
MFGM proteins (Ye et al., 2004). a-Lactalbumin has
no free thiol group and contributes less to the aggrega-
tion caused by denaturation (Calvo et al., 1993).

The objective of the current study was to compare
the final WPC powders obtained by MF fractionation
and further UF and diafilitration (DF') concentration
of BM and SM MF permeates. The BM used was of
industrial origin with varying cream pasteurization
histories, whereas the SM used was obtained from con-
trolled pasteurization (73°C/15 s).
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MATERIALS AND METHODS
Experimental Design

The study was carried out at a pilot-scale dairy pro-
cessing plant at the Norwegian University of Life Sci-
ences (NMBU), Department of Chemistry, Biotechnol-
ogy and Food Science (As, Norway). The fractionation,
concentration, and spray drying were carried out for
each of 4 batches of BM and SM. To yield enough MF
permeate to produce 1 batch of approximately 3 kg of
WPC powder, the skimmed BM or SM of each powder
production was MF on 2 consecutive days. The MF
permeate from the first day was kept at 4°C and pooled
with the MF permeate from the second day before
further concentration by UF/DF and the final spray
drying. The 2 pooled MF permeates originated from
the same raw material batch (BM or SM) and were,
therefore, treated as a single MF replicate block during
further analysis. The UF and powder production were
repeated 4 times (4 replicate blocks).

BM and Cream Treatment

Four batches of fresh sweet BM were collected from
TINE Sandnessjgen (Sandnessjoen, Norway). The
cream used for churning originated from different dairy
plants in northern Norway. As the cream was obtained
from different dairy plants, the cream had undergone
different pasteurization routines prior transportation
to TINE (Sandnessjgen, Norway). The cream was
pasteurized upon arrival at TINE. Therefore, the heat
treatment of the cream might have been repeated 2
to 3 times using the following conditions: 74.2°C/20 s
(approximately 40% of the cream) or 86°C/5 s (approx-
imately 60%) based on different routines at the sup-
plying dairies. Each batch of BM was pasteurized once
(76°C for 20 s) before transportation to the NMBU pi-
lot plant. Including transportation, the BM was stored
cold (4°C) for up to 5 d before MF. Upon arrival at the
NMBU pilot-scale dairy processing plant, the BM was
skimmed by a cream separator to 0.3% fat at 55°C (SA
1-01-175, Westfalia Separator AG, Oelde, Germany)
to minimize the differences in the residual fat in the 4
batches investigated. The TS content of the BM after
skimming was 7.50 + 0.56 g/100 g, on average, and
the pH was 6.84 £ 0.19. After skimming, the MF feed
was kept at approximately 50°C for a maximum of 4 h
before fractionation.

MF of BM and SM

The MF of skimmed BM was carried out using
pilot plant equipment (APV UF/MF pilot MCC RV
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00109921 RKA 01118340, APV, Silkeborg, Denmark)
with a target volume concentration factor of 2.2 to
2.4 to achieve high yields of the permeate. A module
containing 7 ceramic membranes with a pore size of
0.2 pm and total membrane surface area of 1.38 m®
(OD25-19033-1016, Jiuwu, Nanjing, Jiangsu, China)
was used. The processing conditions were the same as
for the fractionation of pasteurized SM as described
by Svanborg et al. (2014). The filtration temperature
(55-58°C), permeate and retentate flow, and pressure
differences on the permeate and retentate inlet and
outlet were monitored to control fouling during frac-
tionation. The target concentration factor was 2.2 to
2.5. The SM was pasteurized (73°C/15 s) before MF as
described by Svanborg et al. (2014). The MF filtration
of 650 L of SM was achieved in 3 h and 40 min, whereas
the MF filtration of 800 L. of BM took 4 h and 50 min
(half the batch of the 1,600 L of skimmed BM).

UF and DF of BM Permeate and Pasteurized
SM Permeate

The MF permeates from BM and SM were UF at
50°C using a pilot plant unit (UFS-4/6 Alfa Laval,
Silkeborg, Denmark) with a single UF-membrane (cut-
off value of 20 kDa, GR 62-6338/48P, Alfa Laval).
Diafiltration was performed using pasteurized tap wa-
ter until no remaining lactose was detected by a brix
measurement, (Atago N1 refractometer, Tokyo, Japan)
of the UF concentrate. The amount of DF water used
during UF of the different MF permeates was 350 to
500 and 650 to 1,075 L for SM and BM, respectively.
The inlet and outlet pressures were held at 2.1 and 0.9
bar, respectively, for both types of permeates.

Production of WPC Powder
from UF/DF Concentrates

The UF/DF concentrates of the MF permeates from
of BM and SM were spray-dried (Niro Atomizer, Gea
Niro, Sgborg, Denmark) directly after concentration
was finished. An inlet air temperature of 185 to 190°C
and a constant outlet air temperature of 85°C were

used. The spray drier rotary atomizer had a drying rate
of 15 L of liquid /h.

Methods of Analysis

Total solids were analyzed according to IDF 21B:1987
(IDF, 1987b). Total nitrogen, casein nitrogen, nonca-
sein nitrogen, and NPN were analyzed according to
IDF 20-1:2001 (IDF, 2001b), IDF 20-4:2001 (IDF,
2001c), 20-5:2004 (IDF, 2001a), and 29-2:2004 (IDF,
2004), respectively. Organic acids and carbohydrates
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were analyzed using HPLC as described by Moe et al.
(2013). The fat contents of skimmed BM, MF fractions,
and UF/DF concentrates were analyzed according
to the Gerber method (IDF, 2008) as an average of
2 measurements. The analysis of the fat contents in
the powders was performed according to Rose-Gottlieb
(IDF, 1987a). Sodium dodecyl sulfate-PAGE and
sample preparation of 8% (wt/wt) protein WPC solu-
tions followed the procedure described by Devle et al.
(2014). Seven microliters of samples were applied to
respective wells on 12% polyacrylamide separating gel
(Mini-Protean TGX Precast Gel, Bio-Rad, Hercules,
CA). In addition, 5 pL of a SDS-PAGE standard (Low
range, Bio-Rad) was applied to one well. To identify
some of the proteins visualized in the SDS-PAGE gels,
the bands were cut and in-gel digested according to
Devle et al. (2014), followed by identification by ultra-
performance liquid chromatography and Q-extractive
mass spectrometry as described by Islam (2014). The
resulting peak list files were searched against the Bos
taurus UniProt database by an in-house Mascot server
(2014, version 2.4.1; Matrix Science, London, UK),
containing a total of 24,205 protein sequences. Evalua-
tion was carried out using the Exponentially Modified
Protein Abundance Index (emPAI; Ishihama et al.,
2005), with a protein threshold of 99.9% and a peptide
threshold of 95% with a minimum of 5 peptides. Miner-
als in the milk fractions and powders were analyzed
according to De La Fuente et al. (1997). The samples
were digested by 65% concentrated HNO; at 250°C
in a Milestone Ultra wave UltraClave IIT (Milestone,
Sorisole, Ttaly) and were diluted to 10% HNO; before
determination of the minerals by inductive coupled
plasma optical emission spectrometry (Perkin Elmer
Optima 5300 DV, Perkin Elmer, Shelton, CT). A com-
mercial laboratory, Vitas AS (Oslo, Norway), analyzed
phospholipids and a-tocopherol. The quantification of
a-tocopherol was carried out using HPLC-fluorescence
detection system as described by Berhe et al. (2007)
with the following modifications: the separation was
performed on a Zorbax SB-C18 50 x 4.6-particle size
1.8 pm column from Agilent (Santa Clara, CA) using
methanol and water as the mobile phase. Identifica-
tion of the unknowns was performed against standards
from Alfa Aesar (Ward Hill, MA). For the PL analysis,
the detection was carried out using a normal phase-
HPLC with an evaporative light scattering detector.
The samples were accurately weighed, dissolved in
isopropanol, shaken, and centrifuged (4,000 x ¢, 10°C,
10 min). Then, the supernatants were transferred to
new vials. The pellets were washed with isopropanol,
centrifuged (4,000 x g, 10°C, 10 min), and the result-
ing supernatants were pooled with the first ones. The
supernatants were evaporated to dryness and dissolved
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in buffer A (hexane and isopropanol) before analysis.
Separations were performed on a normal phase polyvi-
nyl alcohol functionalized silica 250- x 4.6-mm HPLC
column (YMC, Dinslaken, Germany) with buffers A
and B (hexane, isopropanol, and water) as the mobile
phase. The system used a linear gradient changing from
25 to 100% buffer B over 12 min, and then it was held
for 15 min at 100% B before returning to the initial
conditions. The total run time was 22 min. Analyses
were calibrated against known standards from Lipoid
GmbH (Lipoid GmbH, Koéln, Germany) and Larodan
(Larodan, Malmo, Sweden).

Functionality Tests of the Protein Solutions

The overrun was tested by preparing 200 mL of pro-
tein solutions (8% wt/vol protein) of WPC made from
SMWPC or BMWPC and hydrated in deionized water
by stirring for at least 30 min at ambient temperature.
The solutions were kept overnight at 4°C for complete
hydration and were adjusted to room temperature for
30 min before whipping with a Bosch MFQ35 hand
mixer (Bosch, Gerlingen, Germany) at the maximum
speed for 2 min the next day. The preparation of the
solution and whipping was replicated at least 2 times
for each batch of powder. Foam overrun was measured
according to the methods of Phillips et al. (1987). Im-
mediately after whipping, the foam was gently scooped
into standard laboratory beakers and levelled off at 100
mL. The average of the foam weights of 10 measure-
ments per whipping and the average initial weight of
the protein solution, were used for the calculation of
the overrun as follows:

Overrun (%) = (weight of 100 mL of solution
— weight of 100 mL of foam/weight of 100 mL
of foam) x 100%.

The foam stability was measured as the time required
to reduce the initial foam volume by 50% using a 250-
mL graded cylinder, generating foam the same way as
described above.

The suspension stability was measured in 1% (wt/
wt) protein solutions of the powders as described by
Sikand et al. (2011). Samples were adjusted to pH val-
ues of 7.0 and 4.6 using 5.0 or 1.0 M NaOH and 2.0 or
0.1 M HCI. The samples were centrifuged at 12,000 x
g for 15 min at 4°C. The amount of soluble nitrogen in
the samples was measured before centrifugation and
in the corresponding supernatant using the Kjeldahl
method (IDF, 2001b) taking the dilution effect due to
pH adjustment into account in the calculation of the
suspension stability.
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Statistics

Due to differences in the TS in the UF concentrates,
the results were balanced according to their T'S contents
before statistical analysis. One-way ANOVA was per-
formed by using R statistical software (version 2.13.1
2011-07-08, R Development Core Team; http://www.r-
project.org). The experimental factor for the different
parts of the experiment (UF concentrates and powders)
was the raw material (BM and SM) used for MF.

RESULTS
Fractionation of BM by MF

The microfiltration of SM has been described previ-
ously (Svanborg et al., 2014). During the microfiltra-
tion of BM, process observations were recorded 3 times
per hour, and the average values from 8 filtration days
are shown in Table 1. The initial batches of BM (1,600
L divided for use on 2 consecutive days) were larger
than the batches of SM (650 L/MF); therefore, the flux
was kept at a lower level to minimize time-dependent
fouling when fractioning the BM. The fractionation of
BM was comparable to the fractionation of pasteur-
ized SM in terms of development of the transmembrane
pressure (TMP). The TMP increased toward the end
of filtration of both types of feed. Despite a higher
concentration factor (P < 0.05) and permeate flux (P
< 0.001), no significant difference in the TMP was ob-
served between the 2 raw materials.

The mass balance of the 4 batches of BM (in total
8 filtrations) was calculated and is shown in Table 2.
Approximately 62% of the TS were retained by the
membrane, and around one-third of the whey proteins
passed through the membrane. The majority of the
minerals, fat, and almost all of the trace metals (Fe and
Cu) were retained in the retentate. Most of the PL were
retained by the membrane, except lysophosphatidylcho-
line (LPC), which was found in equal amounts in both
fractions. Calcium and phosphorus followed the same

Table 1. Processing conditions during the microfiltration of skimmed
buttermilk and skim milk given as means and their SD (n = 8)

Skimmed

buttermilk Skim milk'
Item Mean SD Mean SD
Volume concentration factor 2.43 0.06* 2.52 0.52
Flux (I x h™'min"?) 76.8  2.8%FF 829 4.6
Filtration temperature (°C) 56.2 0.6 56.2 1.2

Transmembrane pressure (kPa) 43 8 43 8

"Results from Svanborg et al. (2014).
*P < 0.05; ***P < 0.001.
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Table 2. Mass balance after microfiltration (MF) of 1,000 kg of skimmed buttermilk (BM); values are

expressed as means and their SD (n = 8)

BM (1,000 kg)

MF retentate from
BM (411 kg)

MF permeate from
BM (589 kg)

Milk component’ Mean SD Mean SD Mean SD
TS (kg) 74.95 5.65 46.43 4.44 28.87 1.46
TN (kg) 3.51 0.40 3.22 0.32 0.12 0.03
NCN (kg) 0.76 0.07 0.46 0.05 0.40 0.09
NPN (kg) 0.29 0.05 0.11 0.01 0.16 0.01
TP (kg) 20.54 2.78 19.83 2.10 ND?
Casein (kg) 15.67 3.10 16.57 2.21 ND
Whey protein (kg) 3.05 0.46 2.37 0.19 1.55 0.57
Lactose (kg) 39.54 2.02 15.24 0.74 24.48 1.46
Fat (kg) 3.00 0.58 3.75 1.88 ND
Ca (kg) 0.74 0.08 0.61 0.06 0.14 0.02
Cu (g) 0.02 0.04 0.60 0.10 0.00 0.00
Fe (g) 0.65 0.15 0.57 0.07 0.07 0.02
K (kg) 1.32 0.08 0.57 0.03 0.75 0.05
Mg (kg 0.09 0.01 0.05 0.03 0.04 0.00
Na (kg) 0.33 0.01 0.14 0.03 0.19 0.01
P (kg) 0.69 0.06 0.50 0.41 0.19 0.02
a-Tocopherol (mL) 40.7 7.4 58.5 31.0 ND
PE (kg) 0.26 0.04 0.34 0.05 ND
LPE (kg) ND ND ND
PC (kg) 0.47 0.05 0.44 0.05 0.03 0.00
PS + PI (kg) 0.36 0.07 0.56 0.08 ND
SPM (kg) 0.05 0.00 0.07 0.02 ND
LPC (kg) 0.30 0.03 0.17 0.04 0.17 0.02
Total PL (kg) 1.44 0.13 1.59 0.20 0.21 0.00

'NCN = noncasein nitrogen; LPC = lysophosphatidylcholine; LPE = lipophosphatidylethanolamine; PC =
phosphatidylcholine; PE = phosphatidylethanolamine; PI = phosphatidylinositol; PL = polar lipid (phospho-
lipids); PS = phosphatidylserine; SPM = sphingomyelin; TN = total nitrogen; TP = total protein, (TN —
NPN) x 6.38; whey protein = (NCN — NPN) x 6.38; casein = (TN — NCN — NPN) x 6.38.

’ND = not detected (below the threshold of the analysis).

trend as CN and fat during the fractionation of BM,
whereas potassium and sodium were found in higher
amounts in the permeate compared with the other min-
erals and trace metals. However, some discrepancy was
noted between the somewhat low amounts of PL and
a-tocopherol in the initial BM compared with the much
higher summed amounts detected in the MF fractions
of BM (Table 2).

UF Concentrate

The liquid WPC produced by UF/DF of MF perme-
ates of BM and SM were compared on a TS basis to
balance the data according to the initial difference in
the TS in Table 3. In the liquid WPC from the BM,
the fat content was rather high, whereas fat was not
detected in the liquid WPC originating from SM. In
addition, less total protein and lactose were observed in
the BM liquid WPC compared with in the SM liquid
WPC. The amounts of undenatured whey proteins were
similar in the 2 concentrates. Meanwhile substantial
amounts of CN were found in the liquid SM WPC,
and no CN was detected in the liquid BM WPC. The
concentrates also differed in their mineral compositions

(P < 0.01), with less calcium and higher amounts of
magnesium and iron in the liquid BM WPC than in
the SM WPC. Only the BM WPC was analyzed for PL,
and only phosphatidylcholine (0.18 £ 0.03 g/100 g) and
PL (0.35 £ 0.08 g/100 g) were detected.

Composition and Functionality of WPC Powder

Results from the chemical analysis of BMWPC and
SMWPC powders are shown in Table 4. As in the liquid
WPC, the amounts of native whey proteins were similar
in BMWPC and SMWPC. The BMWPC contained less
total protein than SMWPC, although small amounts of
caseins were also found in BMWPC. The samples of
SMWPC powder showed higher CN contents compared
with those of BMWPC, which was confirmed by SDS-
PAGE as giving stronger bands in the area where CN
is normally found (Figure 1). The BMWPC samples
showed a strong band in the high molecular weight area
of the SDS-PAGE gel (>97 kDa). This band was identi-
fied to be FA synthase by liquid chromatography-mass
spectrometry, but it also contained an embryo-specific
fibronecitin 1 transcript variant and complement
C3. The same band was present in lanes loaded with
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Table 3. Amounts of TS and components in the ultrafiltration/diafiltration (UF/DF) concentrates of the MF
permeates from skimmed buttermilk (BM) and skim milk (SM) calculated on a DM basis'

UF/DF concentrate of MF
permeate from BM

UF/DF concentrate of MF
permeate from SM

Milk component® Mean SD Mean SD
TS (g) 5.51 0.49%* 7.45 0.53
TN (g) 13.64 0.16** 14.43 0.30
NPN (g) 0.93 0.23 0.32 0.04
NCN (g) 12.88 0.19%%% 12.22 0.05
Total protein (g) 81.10 0.71%%* 90.00 1.74
CN (g) 0+ 12.03 1.96
Whey protein (g) 76.23 1.44 75.89 0.40
Fat (g) 17.66 1.74% ND?

Ca (g) 0.591 0.045%* 0.703 0.018
Cu (mg) 0.524 0.262 0.431 0.114
Fe (mg) 1.870 0.114%** 1.071 0.287
K (g) 0.281 0.099 0.342 0.021
Mg (g) 0.078 0.005%* 0.068 0.001
Na (g) 0.193 0.033 0.164 0.005
P (g) 0.303 0.029 0.315 0.007
Citric acid (g) 0.51 0.37 0.15 0.04
Lactose (g) 0.96 0.83* 2.48 0.56

'"With the exception of TS given as per 100 g/sample, values are given as per 100 g/TS. Values are given as

means and their SD (n = 4).

’NCN = noncasein nitrogen; TN = total nitrogen; TP = total protein (TN — NPN) x 6.38; whey protein =
(NCN — NPN) x 6.38; CN = (TN — NCN — NPN) x 6.38.

SND = not detected (below the threshold of the analysis).

*P < 0.05, **P < 0.01, ***P < 0.001.

SMWPC, but it was weaker. Bands identified as xan-
thine dehydrogenase (XDH; ~97 kDa) were stronger in
the BMWPC samples compared with in the SMWPC
samples. The BMWPC bands between 14 and 22 kDa
were not very well defined, but were identified to be
calcineurin B homologous protein and glycosylation-
dependent protein 1. Lactadherin (molecular weight 48
kDa) was identified from the BMWPC samples at ap-
proximately 45 kDa. Perilipin 2 and vitamin D-binding
protein were identified in bands between 45 and 66
kDa, respectively, and were more pronounced in the
SMWPC samples than in the BMWPC samples, where-
as lactadherin, which appeared in the same area, was
not apparent in the SMWPC samples. Bovine serum
albumin was detected in all of the bands analyzed by
liquid chromatography-mass spectrometry, and traces
of CN, a-LA, and 3-LG were detected in several of the
other proteins.

Despite the higher fat content of BMWPC, the 2
powders had similar amounts of PL but differed in their
PL composition (Table 4). Lysophosphatidylcholine
was found in a smaller amount in BMWPC (P < 0.01)
compared with in SMWPC and accounted for the ma-
jority of the PL in SMWPC. Sphingomyelin was only
detected in BMWPC (P = 0.0534), whereas phosphati-
dylcholine was the dominating PL in BMWPC and was
found in higher amounts compared with in SMWPC
(P < 0.05). However, the somewhat higher amounts
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of phosphatidylethanolamine (PE), phosphatidylserine
(PS), and phosphatidylinositol (PI) found in BMWPC
were not significantly different from the levels found in
SMWPC.

The functional properties of dispersions made from
whey protein concentrates (BMWPC and SMWPC)
are shown in Table 5. High overruns were observed for
both powders tested: 835 £ 150 and 884 + 230% for
BMWPC and SMWPC, respectively. The SMWPC
foam was, however, far more stable than the BMWPC
foam; the foam of the BMWPC solution completely de-
composed after only 5 min, whereas the SMWPC foam
was stable for hours. The BMWPC foam had larger
bubbles than the SMWPC foam (results not shown),
whereas the SMWPC foam had a denser appearance
than the BMWPC foam. Both powders showed high
nitrogen solubility even at low pH values. At a pH of
7.0, the suspension stability was much higher than at a
pH of 4.6, whereas some variation was observed in the
suspension solubility between the powder batches at a
pH of 4.6.

DISCUSSION

Filtration of BM can be challenging due to residual
fat and MFGM fragments of various particle sizes. The
largest particles (butter fragments and large fat glob-
ules) can be removed from BM using a cream separator
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Table 4. Composition of powder made from whey protein concentrate from permeate after the microfiltration

of buttermilk (BMWPC) and skim milk (SMWPC)"

BMWPC SMWPC

Milk component? Mean SD Mean SD

TS (g) 94.50 1.29 94.50 0.58
Total protein (g) 82.12 0.98%* 88.45 2.23
CN (g) 427 2.32%% 10.90 2.03
Native whey protein (g) 72.73 0.70 75.15 3.80
Lactose (g) 0.22 0.21%* 1.72 0.45
Citric acid (g) 0.62 0.30* 0.08 0.03
Fat (g) 1.48 0.22%%% 0.13 0.04
Ca (mg) 578.3 51.6* 662.5 13.0

K (mg) 272.8 95.6 318.8 16.1

Mg (mg) 188.8 35.2%%* 63.5 0.6

Na (mg) 76.0 5. gtk 152.8 2.6

P (mg) 294.3 27.8 295.5 5.9

Cu (mg) 0.6 0.3 0.4 0.1

Fe (mg) 2.0 0.0%% 1.1 0.2

a-Tocopherol (pg/mL) ND ND?

PE (mg) 47.2 11.6 4.9 0.6

LPE (mg) 9.8 2.3

PC (mg) 86.5 44.3* 12.0 0.6

PS+PT (mg) 58.1 6.1 12.4 0.5

SPM (mg) 8.8 2.1 ND

LPC (mg) 47.0 36.9%* 227.9 58.7

Total PL (mg) 220.0 121.0 268.9 56.2

"All values are means given as per 100 g/sample. Values are given as means and their SD (n = 4).

’LPC = lysophosphatidylcholine; LPE = lipophosphatidylcholine; PC = phosphatidylcholine; PE = phospha-
tidylethanolamine; PI = phosphatidylinositol; PL = polar lipid (phospholipids); PS = phosphatidylserine;
SPM = sphingomyelin; TP = total protein (TN — NPN) x 6.38; whey protein = (NCN — NPN) x 6.38; CN

= (TN — NCN — NPN) x 6.38.

*ND = not detected (below the threshold of the analysis).

*P < 0.05, **P < 0.01, ***P < 0.001.

(Fauquant et al., 2014); thereby, a decreased fouling
during fractionation by MF may be obtained. Due to
the larger batch volumes of BM, precaution during the
MF of the skimmed BM was taken and the flux was
lowered compared with SM fractionation. However, no
difference in fouling in terms of increased TMP (above
that expected from the time-dependent fouling) was
observed between the MF of SM and BM. The CN-
rich MF retentate contained the majority of the PL
obtained, and the fractionation of BM could be carried
out under similar conditions to those of the fraction-
ation of SM. The BM was skimmed before fractionation
to reduce some of the possible effects of fat content
variations between the 4 batches of BM received. In
spite of this, the MF permeate from BM was higher
in fat than that from SM, and further concentration
of the MF permeate resulted in a BMWPC that also
contained higher amounts of fat than the SMWPC. A
more severe skimming may have equalized the differ-
ences in the initial fat contents of BM and SM (0.3
and 0.04 g/100 g, respectively). Alternatively, a mem-
brane with a smaller pore size would be able to retain
more MFGM fragments and some of the fat globules.
Although the MF membrane retained most of the fat

during the MF of both the BM and SM, BMWPC
contained higher amounts compared with SMWPC.
One possible explanation is that the skimmed BM con-
tained more fat initially compared with SM. Another
possible explanation could be that the fat remaining
in the skimmed BM had a higher content of free fat
(Mulder and Walstra, 1974). Therefore, more fat was
transferred through the membrane compared with in
the fractionation of SM. Free fat cannot be separated
from SM or BM by regular milk separators, and most of
the triglyceride molecules are probably too small to be
retained by the MF membranes. However, neither the
fat globule size distribution nor the contents of the free
fat were observed in the experiment reported here. The
mass balance (Table 2) showed that the majority of
the PL were retained in the retentate during MF. The
origin of the PL obtained in the retentate would be the
MFGM from intact fat globules, fragments of MFGM
from disrupted fat globules, or complexes consisting
of MFGM proteins and whey proteins or CN micelles,
which were too large to pass through the membrane.
The temperatures during the filtrations in this
study were all above 50°C. The filtration temperature
is known to influence the transmission of PL over the
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Table 5. Functional properties of dispersions made from the whey
protein concentrates of microfiltered buttermilk (BMWPC) and
micr(l)filtered skim milk (SMWPC) given as means and their SD (n
=4)

BMWPC SMWPC
Functional property Mean SD Mean SD
SS (%) pH 7.0 98.00 2.39 98.09 2.22
SS (%) pH 4.6 79.11 9.01 79.44 4.86
TN (%) pH 7.0 99.50 2.18 98.26 2.14
TN (%) pH 4.6 85.73 2.93 84.59 5.28
Foam stability (min) <2 >300
Overrun (%) 884 230 835 150

'SS = suspension stability, TS in supernatant of 1% powder solution
after centrifugation as a percentage of the TS in the sample; TN = sol-
uble protein, total nitrogen in the supernatant of the sample solution
as a percentage of the total nitrogen in sample; Overrun = [(wt pro-
tein solution — wt foam)/wt foam) x 100]. Foam stability is the time
required to reduce the foam volume of an 8% protein solution by 50%.

MF membrane, and Morin et al. (2004) found that
transmissions of the PL and total lipids were higher
at high and intermediate temperatures of 50 and 25°C,
respectively, than at 7°C. However, Morin et al. (2007b)

SVANBORG ETAL.

found that the previous history of heat treatment of
the BM and cream was the most important technologi-
cal factor affecting the isolation of MFGM components
by filtration technology. For this reason, the isolation
of MFGM components from BM using membrane fil-
tration could be improved if the heat denaturation of
whey proteins, and possibly components in the MBGM
membrane, was reduced by use of less harsh pasteuriza-
tion conditions of the cream in the industry. Due to
the transportation of cream between different dairy
plants, the heating regimen of the butter cream in this
experiment was representative for industrially obtained
BM in Norway. From an industrial point of view, the
diversity in cream treatment and BM handling would
lead to a higher range in composition and functional
properties of BMWPC compared with cheese WPC or
SMWPC. To optimize the utilization of the whey pro-
tein fraction from BM, cream treatment and BM han-
dling must be standardized between creameries, and
the heat treatment controlled and documented. Severe
heat treatment of BM could lead to formation of ag-
gregates consisting of MFGM fragments and other milk

Figure 1. Sodium dodecyl sulfate-PAGE patterns of reconstituted whey protein concentrates (WPC) of buttermilk (BWPC) and skim milk.
Subscripts indicate replicates. Lane STD was loaded with 5 pL of low-molecular-weight standard. Numbers to the left of lane STD indicate
molecular weights (kDa). Lanes BWPC, ; and WPC, , were loaded with 7 pL of sample solution containing 8% protein (wt/wt). Identification
of milk fat globule membrane and whey proteins by MS are indicated on the right side of the figure: BTN = butyrophilin; DBIND = vitamin
D-binding protein; FAS = fatty acid synthase; Glycodep = glycosylation-dependent protein 1; LP = lactoperoxidase; LT = lactotransferrin;
PLIN2 = perilipin 2; ST = serotransferrin; and XDH = xanthine dehydrogenase.
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proteins (Ye et al., 2002), whey protein-CN interactions
(Donato and Guyomarc’h, 2009), or aggregates of major
whey proteins. The MF membrane retained the largest
aggregates. However, some of the aggregates could be
transmitted through the membrane, as the identified
SDS-PAGE gel bands revealed aggregates containing
casein, a-LA, and 3-LG in both the BMWPC and the
SMWPC samples.

Due to the analytical threshold, some PL classes
could not be detected in the MF permeate. However,
they may be identified in the more concentrated BM-
WPC powder, just as LPC was detected in the lig-
uid WPC from BM. Variations in the sphingomyelin
(SPM) content in milk have been reported, and the
variation is mainly related to the size distribution of
fat globules in the milk and thus to the amount of the
MFGM available (Lopez et al., 2011). Sphingomyelin
molecules, which are loosely bound to the outside of the
MFGM membrane (Deeth, 1997), were not detected in
the SMWPC. This is probably due to a lower initial
fat content in the SM and to the fact that SPM tended
to follow the fat fraction during separation (Spitsberg,
2005). The majority of SPM in the MF permeate from
the fractionation of SM would be derived from intact
fat globules that were small enough to be transported
through the membrane. Phospholipids that originate
from the smaller MFGM fragments and free fat in the
BM are able to pass through the membrane (Astaire
et al., 2003; Morin et al., 2004, 2006, 2007a). The PL
distributions in BMWPC and SMWPC did not reflect
the PL distribution usually found in the native MFGM
present in milk, where phosphatidylcholine, phospha-
tidylethanolamine, and SPM are expected in higher
quantities than the other varieties of PL (Vanderghem
et al., 2010). Morin et al. (2007a) showed that the PL
distribution was only slightly affected by MF and sug-
gested that mainly whole MFGM fragments rather than
dissociated PL were transmitted through the MF mem-
brane during filtration. In milk, phosphatidylcholine,
PI, and PS are buried in the inner layer of the MFGM
(Danthine et al., 2000), preventing their interaction
with other milk solids. When MFGM are no longer
intact, both the inner and outer layers of the MFGM
are exposed to the serum components of the BM. Morin
et al. (2007b) showed that the intensity of heat treat-
ment of the butter cream affected the MFGM protein
aggregation and the solubility of BM solids more than
the churning process itself. However, they found that
spray drying of BM reduced the amount of phospha-
tidylethanolamine and to a much smaller extent the
amounts of PI and PS. The functional properties of
dairy products are partly affected by the state of the
MFGM components after heat treatment (Keenan et
al., 1983; Houlihan et al., 1992 a,b; Morin et al., 2008).

5837

In our study, protein denaturation caused by various
and repeated cream pasteurization procedures did not
significantly influence the soluble solids or the soluble
total N in the final BMWPC compared with in the final
SMWPC. However, a higher free fat content may reduce
the solubility in the BMWPC (Schuck et al., 2012).
Due to its high concentration of PL, BM may be easily
oxidized (O’Connell and Fox, 2000). a-Tocopherol, a
potential antioxidant to protect the polyunsaturated
fat from oxidation (Nagachinta and Akoh, 2013), fol-
lowed the CN, PL, and fat-rich fraction during MF and
was therefore not detected in the MF permeates or in
the final WPC powders. Therefore, the oxidative stabil-
ity of BMWPC should be further investigated.

Whey proteins are known for their surface-active
functionality. Undenatured 3-LG and a-LA are recog-
nized to have excellent foaming capacities and stabili-
ties (Abd El-Salam et al., 2009). The large difference in
foam stability observed between BMWPC and SMWPC
was probably due to the difference in fat content, as
the presence of lipids is known to depress the foam-
ing properties of WPC (Morr, 1985). In an application
where the WPC would have an emulsifying function, a
higher lipid content would be favored; however, in most
other applications, a fat reduction would be beneficial.
A further improvement of the process to reduce the
fat content prior membrane fractionation by a more
intensive skimming or by using membranes with denser
pore sizes (<0.2 pm) than used during MF in our study
might enhance the foaming stability of BMWPC. No
significant differences in the overrun between the WPC
were observed despite the differences in the fat contents
as well as in the PL and protein compositions. The to-
tal amounts of PL were similar in the 2 WPC, although
higher levels of PL in the BMWPC was expected be-
cause of the PL following the MFGM fractions during
churning.

The main difference in the nitrogen contents of
BMWPC and SMWPC was the somewhat higher CN
content in SMWPC and a corresponding higher content
of whey proteins in the BMWPC samples. The reason
for this is probably the low content of CN found in
skimmed BM before MF. The BMWPC had a similar
protein solubility to that of SMWPC at neutral and
acidic pH values. The difference in the protein solubil-
ity in the WPC at a pH of 7.0 compared with at a pH
of 4.6 may be explained by the acid precipitation of
CN or aggregates of CN, denatured whey proteins, and
MFGM proteins. The repeated cream pasteurization
(74.2°C/20 s and 86°C/5 s) did not seem to influence
the suspension stability or the protein solubility of the
BMWPC, although we observed some variation in the
suspension solubility under acidic conditions between
the powder batches. This may possibly reflect the
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variation in cream pasteurization procedures between
the different BM batches.

The MFGM proteins, as well as the PL and sphingo-
lipids in milk may have beneficial nutritional (Spitsberg,
2005; Britten et al., 2008; Dewettinck et al., 2008) and
functional properties (Corredig and Dalgleish, 1997;
Goudedranche et al., 2000). Traces of a wide spectrum
of proteins and peptides were identified in the BMWPC
and SMWPC, indicating the formation of aggregates
during heat treatment of SM, BM, and cream before
churning. Proteins account for 25 to 60% of the total
mass of the MFGM, and membrane-specific proteins
comprise approximately 1 to 2% of the total protein in
milk (Mather, 2000). The MFGM proteins are known
to react with 3-LG during the heat treatment of milk
(Kim and Jimenez-Flores, 1995). Ye et al. (2002)
found that heating whole milk above 60°C resulted
in larger protein complexes of XDH and butyrophilin
(BTN), whereas lactadherin was more heat stable.
In our study, the aggregates in the WPC consisted of
MFGM-proteins (XDH, lactadherin, or BTN), CN,
B-LG, and a-LA. The same compounds were detected
in both BMWPC and SMWPC, with the exception of
lactadherin, which was only identified in BMWPC. The
XDH and BTN were, as expected, more pronounced
in the BMWPC samples. Mucin 1, generally regarded
as a major MFGM protein (Mather, 2000), was not
detected in any of the samples. According to Le et al.
(2012), a high resistance against trypsin and pepsin
hydrolysis may influence the detection of mucin 1 dur-
ing sample preparation due to its heavy glycosylation.
Glycosylation-dependent cell adhesion molecule 1 was
identified together with calcineurin B homologous pro-
tein, tetranectin, and Ras-related protein Rab-18. The
latter protein was recently identified in BM by Le et
al. (2013), who also found calcineurin B homologous
protein associated with the MFGM fractions. However,
a potential higher content of MFGM proteins in the
BMWPC compared with in the SMWPC did not seem
to influence the functional properties of the WPC, most
likely due to the low levels of MFGM present in the
final powders.

The level of lactose was lower in BMWPC compared
with in the SMWPC. The reason for this is probably
that during UF of the MF permeate from BM more
water was used than during the UF/DF of the MF
permeate from SM. The reason for the difference in
volumes of DF water (350-500 and 650-1,075 L for the
UF/DF of the SM and BM permeates, respectively) was
the initial differences in the MF permeates produced.
During the MF of SM, Ca and P tended to follow the
CN fraction. The initial mineral composition of the feed
influenced the mineral contents of the MF fractions.
Buttermilk and its MF fractions contained less Ca com-
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pared with SM and SM fractions, most likely due to
an initial lower CN content in the BM. Approximately
70% of the Ca in milk is associated with the CN mi-
celle (Walstra et al., 2006). The higher amount of DF
water used during UF/DF may have also influenced
the mineral content of BMWPC. The transmission of
serum-soluble minerals during the fractionation of BM
resulted in a BMWPC richer in trace metals (Fe, Mg,
and Cu) compared with the SMWPC. Evers (2004)
reported a transfer of Cu from milk serum to MFGM
due to heat treatment. Approximately 10% of Cu and
nearly 50% of Fe is associated with the MFGM in milk
(Walstra et al., 2006). The higher contents of Cu and Fe
in BMWPC compared with in SMWPC are most likely
a result of the higher initial fat content in BM and due
to the storage of BM at 4°C for several days. Copper
and Fe are present in approx. 0.3 and 0.01 mg/100 g of
fat globules, respectively; but during cold storage, Cu
may migrate irreversibly into the milk serum (Walstra
et al., 2006). Conversely, the heating of cream above
60°C may cause considerable migration of Cu from the
milk serum to the MFGM (Mulder and Walstra, 1974).

Iron is present in the MFGM of milk fat. Differences
in the mineral composition can affect the functional
properties of WPC and WPI (Lorenzen and Schrader,
2006). The BMWPC had a higher content of Mg but a
lower content of Ca compared with SMWPC. Zhu and
Damodaran (1994) showed that divalent cations (Ca’*
and Mg”") improved the foaming properties of WPIL
The cations can link 2 negatively charged proteins and
cause aggregation.

CONCLUSIONS

This study showed that a WPC powder, which has
interesting composition (PL profile and protein com-
position) and solubility properties, could be produced
from BM fractionation. The BMWPC was equivalent
to SMWPC in its solubility, foaming properties, and
chemical composition. The protein profiles of BMWPC
and SMWPC were comparable, but SMWPC had a
higher content of CN. Despite the comparable composi-
tions of the WPC, WPC from BM showed a lower foam
stability, probably due to its higher fat content. The
SMWPC and BMWPC contained comparable amounts
of total PL, but the compositions of the PL differed.
All PL classes investigated, except for LPC, were found
in significantly higher amounts in BMWPC than in
SMWPC.
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