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a b s t r a c t

Visible aggregates formed during storage in acidic whey protein isolate (WPI) dispersions represent a
challenge to the beverage industry. Batch-to-batch variations are observed that prevents consistent
quality and shelf-life prediction. Heat-treatment of WPI dispersions at 120 �C for 20 s instead of con-
ventional heating at 95 �C for 180 s often prevents the aggregate formation, and varying levels of divalent
cations were proposed to contribute to the observed batch-to-batch variations. In this study, the
composition of the visible aggregates was examined. Caseinomacropeptide (CMP) was enriched in the
visible aggregates compared with the surrounding clear liquid. Disruption of electrostatic interactions
between glycosylated and non-glycosylated CMPs were studied by addition of calcium, acidification, and
enzymatic de-sialidation. The treatment strategies each significantly decreased time-dependent
turbidity development in acidic WPI dispersions. This suggests that the storage-induced aggregates
may be prevented by disruption of electrostatic interactions between negatively-charged sialic acid
residues and positively-charged amino acids.

© 2015 Elsevier Ltd. All rights reserved.

1. Introduction

Whey protein isolates (WPIs) are produced predominantly by
combinations of membrane filtrations and spray drying of cheese
whey (Huffman & Harper, 1999). The proteins of commercial WPIs
are mainly composed of b-lactoglobulin (b-LG; ~40e50%), a-lact-
albumin (a-LA; ~20%), and caseinomacropeptide (CMP; ~20%).
Minor whey proteins constitute the remaining part of the protein
content (Bonnaillie & Tomasula, 2008). Protein-fortified beverages
produced by re-hydration of WPI powders is a rapidly expanding
market (Etzel, 2004). Sterile liquid products that are stable for up to
six months at ambient temperature are produced by thermal pro-
cessing. The shelf-stable products are considered a convenient

thirst-quenching source of protein, particularly by health conscious
consumers (Ha& Zemel, 2003). By formulating theWPI dispersions
at acidic rather than at neutral pH, solution-clarity is obtained
(Dissanayake, Ramchandran, Piyadasa, & Vasiljevic, 2013). This is
desirable, as clear liquid beverages are considered to be more thirst
quenching than their opaque counterparts by consumers (Beucler,
Drake, & Foegeding, 2005).

However, a continuing challenge in the beverage industry is the
formation of visible protein aggregates, which appear during stor-
age of acidic WPI dispersions and lead to decreased consumer
acceptability. The level of this storage-induced aggregation (SIA)
varies between batches (Villumsen et al., 2015), even though the
processing steps and the raw material are seemingly the same.
Recently, it was described that changing the heat treatment of
acidic WPI dispersions from the conventional hot filling heating
method of 95 �C for 180 s to 120 �C for 20 s, and/or lowering the
storage temperature from 20 �C to 4 �C could efficiently prevent the
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formation of SIA in the liquid products (Villumsen et al., 2015).
Furthermore, small variations in the contents of divalent cations in
different WPI batches may contribute to the observed differing
levels of SIA formation in WPI dispersions. To date, protein chem-
ical characterisation of SIA and the molecular mechanisms
responsible for its formation remains to be described. Likewise, the
preventive effects of the heat treatment at 120 �C for 20 s and the
reasons for the observed batch variations remain to be outlined.

The 64 amino acid long caseinomacropeptide (CMP) molecule is
the frequently glycosylated and phosphorylated C-terminal frag-
ment of k-casein, which is released by rennet during cheese pro-
duction. The twomajor genetic variants A and B are denoted CMP(A)
and CMP(B), respectively. Up to three phosphorylations can appear
on a single CMP molecule (Holland, Deeth, & Alewood, 2006).
Roughly 50% of CMP is glycosylated by highly heterogeneous car-
bohydrate chains (Saito, Yamaji, & Itoh, 1991). The glycosylated CMP
molecule is denoted gCMPwhile the non-glycosylated is often called
aCMP for a-glycosylated CMP (Neelima, Sharma, Rajput, & Mann,
2013). The distribution of monosaccharide, disaccharide, trisaccha-
ride (straight or branched), and tetrasaccharide chains has been
determined by high pressure liquid chromatography (HPLC) to
constitute 0.8%, 6.3%, 18.4%,18.5% and 56.0%, respectively. The highly
acidic sialic acid, which is mainly represented by N-acetylneur-
aminic (NeuNac) and N-glycolylneuraminic acid, is the terminal
residue on themajority of the carbohydrate chains (Saito et al.,1991).

Farías, Martinez, and Pilosof (2010) reported that formation of
opaque gels and sedimentations can occur with time due to the
formation of CMP oligomers at acidic pH at room temperature. The
time-frame for the formation of these visible aggregates varied from
2 to 21 days, depending on acidity and CMP concentration of the
solution. The proposed CMP self-assembly mechanism in their
study is driven by hydrophobic and electrostatic interactions (Farías
et al., 2010). At pH ~3, aCMP, which has a pI of ~4.15, carries a net
positive charge due to its three lysine residues and the positively-
charged N-terminal. The most glycosylated variant of gCMP has a
pI of ~3.1. However, due to the highly acidic sialic acid residues on
the glycosylated polypeptide, local negative charges appear even at
pH2.2. This facilitates electrostatic interactionwith positive charges
on aCMP (Farías et al., 2010; Kreuß, Strixner,&Kulozik, 2009). It was
recently suggested that CMP self-assembly is a contributing factor to
visual changes observed in acidic WPI beverages during storage
(Villumsen et al., 2015). Furthermore, it was suggested that divalent
cations may bind to the negatively-charged sialic acids and thereby
potentially affect the process. Different levels of these cations be-
tween batchesmay therefore be a driver behind the observed visible
differences. Likewise, increased acidity could be expected to
decrease the level of electrostatic interactions due to increased
protonation of sialic acid residues. Hydrolysis by sialidases, a class of
enzymes that catalyse the hydrolysis of terminal sialic acids (Kim,
Oh, Kang, & Kwon, 2011), would also potentially decrease the
level of CMP oligomerisation, due to the loss of the negatively-
charged sialic acid residues on gCMP.

The present study aimed to assess the hypothesis that CMP self-
assembly is involved in the formation of SIA in acidic WPI disper-
sions. This was done by comparative protein composition analyses
of the SIA the surrounding liquid. Further the effects of the mineral
contents and glycosylation patterns on the aggregation were
examined.

2. Materials and methods

2.1. Whey protein isolate samples and chemicals

WPI powders from two different batches of the same commer-
cial WPI product were provided by Arla Foods Ingredients P/S,

(Videbæk, Denmark). The two batches were known to represent
extremes with respect to SIA formation in acidic WPI dispersions
produced from the powders. The first batch yielded beverages with
a low level of SIA formation (batch-low). The second batch yielded
beverages with a high level of SIA formation (batch-high). The
calcium contents of batch-low and -high WPI powders were
0.0169% and 0.0018% (w/w), respectively, as determined by
inductively coupled argon-plasma emission spectrometry
(Villumsen et al., 2015). The WPI powders were rehydrated to 7%
(w/v) protein, adjusted to pH 3, and heated at 95 �C for 180 s or at
120 �C for 20 s, as described by Villumsen et al. (2015).

Immobilised pH gradient (IPG) strips and precast SDS-PAGE gels
were from BioRad (Hercules, CA, USA). All chemicals and reagents
applied were of analytical grade and obtained from Merck (Darm-
stadt, Germany).

2.2. Storage of whey protein isolate dispersions

Liquid samples from the four combinations of batches and heat
treatment (2 WPI batches: low and high � 2 heat treatments: 95 �C
for 180 s and 120 �C for 20 s) were stored for six months at 20 �C
without light exposure. During this storage period, visible SIAs
were formed in three of the four samples. In batch-low WPI
dispersion heated at 95 �C for 180 s, SIA appeared as short threads
floating in the liquid, while in batch-high WPI dispersion heated at
95 �C for 180 s, SIA appeared as a soft gel-like precipitate at the
bottom of the bottle. In the batch-high WPI dispersion heated at
120 �C for 20 s, SIA was seen as a minor haze formation. In batch-
low WPI dispersion heated at 120 �C for 20 s, no SIA formation
was observed during the 6-month storage period (Villumsen et al.,
2015). More described details of the levels of SIA formation were
given by Villumsen et al. (2015).

At the end of the 6-month storage, six samples (AeF) from batch
low and high were selected for analyses. The six samples were as
follows: A, isolated SIA from batch low WPI dispersion heated at
95 �C for 180 s; B, isolated SIA from batch high WPI dispersion
heated at 95 �C for 180 s; C, clear liquid from batch low WPI
dispersion heated at 95 �C for 180 s; D, clear liquid from batch high
WPI dispersion heated at 95 �C for 180 s; E, clear liquid from batch
low WPI dispersion heated at 120 �C for 20 s; F, clear liquid from
batch high WPI dispersion heated at 120 �C for 20 s. The SIAs were
isolated for further analyses by sucking up a sample using a labo-
ratory pipette. For neither of the WPI dispersions was it possible to
obtain a sample of SIA without including some of the clear liquid
from the solution. The diffuse nature of SIA in batch-low WPI dis-
persions made it partly dissolve e or disperse into species not
visible to the eye e upon merely gentle agitation, which also
impaired SIA sampling; therefore, more of the surrounding WPI
liquid as “contamination” was present in the SIA sample from the
batch-low than from the batch-high dispersion. The isolated SIA
samples were manually homogenised using micro-tubes pestles
(Vitro, Fredensborg, Denmark) and vortexed before further
analyses.

2.3. Effect of calcium, pH and de-sialidation on turbidity in WPI
dispersions

Ways to prevent time-dependent turbidity increases in the WPI
dispersions were studied by three different treatment strategies:
addition of calcium, increased acidity or sialidase treatment. All
three treatments were tested in a batch-highWPI dispersion 7% (w/
v) protein. The powder was weighed out, re-dispersed and the in-
dividual ‘SIA-preventing’ treatments were done prior to the heat
treatment.
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