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A B S T R A C T

A model gel of whey protein isolate (WPI) was prepared by cold gelation with calcium. This system was modified
by the addition of free cysteine residues (Cys) at different steps of the process. The WPI cold-set gels obtained
were then subjected to heat treatment at 90�C. First, the effect of Cys addition on the heat-induced aggregation of
WPI was studied through Atomic Force Microscopy (AFM) and infrared spectroscopy (ATR-FTIR), while Cys' effect
on cold gelation was observed by AFM, Confocal Laser Scanning Microscopy (CLSM) and oscillatory rheology
(amplitude sweeps). The impact of heating on the microstructure and the viscoelastic properties of the WPI cold-
set gels were finally investigated through several techniques, including DSC, ATR-FTIR, CLSM, cryo-SEM, and
rheological measurements (temperature sweeps). When added during the first step of cold gelation, Cys modified
heat-induced aggregation of WPI, resulting in the formation of a denser gel network with a fractal dimension (Df)
of 2.8. However, the addition of Cys during the second step of cold gelation led to the formation of highly
branched clusters of WPI and a looser gel network was observed (Df = 2.4). In this regard, the use and limitations
of oscillatory rheology and the “Kraus model” to determine the Df of WPI cold-set gels was discussed. The
viscoelastic properties and the microstructure of the WPI cold-set gels were irreversibly modified by heating. Gels
were stiffer, more brittle, and coarser after heat treatment. New disulfide bonds and calcium bridges formed, as
well as H-bonded β-sheets, all contributing to the formation of the final gel network structure.
1. Introduction

Whey proteins are by-products of cheese manufacture used as func-
tional foods in sports nutrition, as dietary supplements for the elderly and
as functional ingredients for the food industry (e.g., in emulsions, foams,
gels and fat reduced products) (Smithers, 2015).

The main components of whey proteins in bovine milk are the glob-
ular proteins β-lactoglobulin (β-lg) which represents more than 50% of
the total proteins, α-lactalbumin (α-la) ca. 20%, and bovine serum al-
bumin (BSA). The gelling properties of whey proteins are mainly related
to the β-lg (Havea et al., 2001), but α-la and BSA are also involved in
gelation (Hines and Foegeding, 1993).

Native β-lg is made of a sequence of 178 amino acids, including a
signal peptide of 16 residues, and contains seven cysteine residues. Two
of them are on the signal peptide, four others form disulfide bridges,
between Cys82 and Cys176 (near the C-terminus) and between Cys122 and
Cys135 (in the interior of the molecule), while the last one, Cys137, is a
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free thiol group (The UniProt Consortium, 2019). The secondary struc-
ture of β-lg consists of about 8% α-helix, 45% β-sheet and 47% random
coil. This structure is organized as strands of anti-parallel β-sheet and
forms a hydrophobic barrel (The UniProt Consortium, 2019). At room
temperature and neutral pH, native β-lg exists as a dimer of two
non-covalently linked monomeric molecules.

Upon heating, dimer dissociation occurs first (between 30 and 55 �C),
followed by reversible partial unfolding (above 60 �C) (Cheison and
Kulozik, 2017). In this molten globule state, the free thiol group and part
of the hydrophobic groups that were previously buried inside the globular
structure are exposed and therefore available for reaction (Bryant and
McClements, 1998). Further heating leads to irreversible aggregation of
β-lg, mainly through intermolecular disulfide cross-linking (Hoffmann
and Van Mil, 1997). Hydrophobic non-covalent interactions are also
involved in heat-induced aggregation of β-lg and seem to contribute to the
stabilization of the protein aggregates after cooling (Nguyen et al., 2014).

Whey proteins are known to form gels by heating dispersions over 70
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�C and above a critical protein concentration (Aguilera, 1995). Through
controlled heat-treatment, stable soluble aggregates of whey protein can
be formed. Their morphology and size vary with pH, ionic strength, type
of salt and protein concentration (Nicolai and Durand, 2013). At pH 7
and low ionic strength, whey protein heat-induced aggregates are
described as flexible strands (Jung et al., 2008) that subsequently asso-
ciate into larger randomly branched aggregates (or flocs) when the
protein concentration is increased (Ikeda andMorris, 2002). Gelation can
then be induced by reducing the electrostatic repulsion between the
whey protein aggregates, either by adding a salt like NaCl or CaCl2
(Kharlamova et al., 2018a; Marangoni et al., 2000) or by decreasing the
pH (Kharlamova et al., 2018b; Alting et al., 2002). This two-step process
– heat-induced aggregation followed by association of aggregates at
ambient temperature – is known as cold gelation.

In cold gelation induced by CaCl2, calcium divalent cations connect
different protein chains at their negatively charged amino acids, when-
ever the created meshes have sufficient size and entropy (i.e., the dis-
tance between the possible binding sites is large enough), and form
calcium bridges between the heat-induced aggregates of whey proteins
(Bryant and McClements, 2000). This method leads to the formation of a
particle gel network of fractal nature (Marangoni et al., 2000; Walstra
et al., 1991; Andoyo et al., 2018; Hongsprabhas, 1997; Hongsprabhas
and Barbut, 1997a). The effect of salt type and concentration, protein
concentration, size and shape of the aggregates, temperature, etc., on the
microstructure of the network and the properties of whey protein gels
prepared by cold gelation has been extensively studied (Kharlamova
et al., 2018a; Brodkorb et al., 2016). However, little is known about
changes induced by additional heat treatment on cold-set whey protein
gels, although heating is common during cooking, industrial food pro-
cessing and pasteurization. Moreover, heating generally influences the
functional and viscoelastic properties of foods, and therefore, it seems to
be a critical parameter to consider in the formulation of new food
products. Hongsprabhas and Barbut (1997b) reported that when cold-set
whey proteins gels induced by calcium were heated at 80 �C for 30 min,
the opacity, fracture properties and water holding capacity of the final
gels were modified. They suggested that these changes in the charac-
teristics of the gels were related to further aggregation of the proteins
during heating, either through hydrophobic interactions or chemical
reactions. Similarly, in previous work on composite cold-set gels made of
whey proteins and potato starch, we observed that the rheological and
mechanical properties of the protein gel were altered by heat treatment
above 85 �C (Lavoisier and Aguilera, 2019).

L-Cysteine (Cys) is a non-essential amino acid, with a thiol side
chain susceptible to oxidation. It is a food-grade additive, often added
to wheat flour to aid dough development and improve the quality of
baked products (Majzoobi et al., 2011; Elkhalifa and El-Tinay, 2002).
Cys acts mainly as a free thiol group blocking reagent, similar to
N-ethylmaleimide (NEM), but Cys may also cleave intramolecular di-
sulfide bonds in proteins (Huggins et al., 1951; Wang and Damodaran,
1990). Cys is capable of interfering with the thiol-disulfide interchange
reaction during heat treatment of globular proteins (Dan and Labuza,
2010). The effect of Cys on the properties of heat-set whey protein gels
seems to depend on the quantity added: moderate Cys addition in-
crease gel strength, while higher concentrations of added Cys reduce
gel strength (Wang and Damodaran, 1990; Dan and Labuza, 2010;
Schmidt et al., 1978, 1979). To the best of our knowledge, the effect of
Cys addition on cold gelation of whey proteins has not been system-
atically studied.

The objective of this study was two-fold. On the one hand, we
investigated the effect of Cys addition on whey proteins' cold gelation.
And on the other hand, we evaluated the impact of heat treatment on
the properties and microstructure of whey protein cold-set gels. A
model gel of whey protein isolate (WPI) was prepared by cold gelation
with calcium, and free Cys residues were added at different steps of
the process. The hypothesis of this work was that Cys addition and
heating could modify the viscoelastic properties of whey protein cold-
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set gels through the alteration of the structure of the particle gel
network.

2. Material & methods

2.1. Materials

BiPro®WPI with a moisture content of 4.6% and a protein content of
95% (d.b.) was purchased from Davisco (Davisco Foods International
Inc., Le Sueur, MN, USA). According to the manufacturer, the protein
content was divided as follow: 50% of β-lactoglobulin, 20% of α-lactal-
bumin and 30% of other proteins including bovine serum albumin. L-Cys
30089 BioUltra �98.5% (RT) was from Sigma-Aldrich (Sigma Chemical
Co., St. Louis, MO, USA). All other chemicals were standard analytical
grade and Milli-Q® water was used for the preparation of all mixtures.

2.2. Sample preparation

WPI gels were prepared by cold gelation induced by calcium chloride
(CaCl2) addition. First, a dispersion of 10% (w/w) WPI was prepared by
stirring the WPI powder in water for 90 min at 600 rpm (pH of the
dispersion¼ 7). This dispersion was then filtered (Minisart syringe filter,
hydrophilic, pore size 0.2 μm from Sartorius Stedim Biotech GmbH,
Goettingen, Germany) and heated in a circulating water bath at 80 �C for
30 min. Protein particles of at least 25 nm of hydrodynamic diameter
were obtained (measured through dynamic light scattering, data not
shown), meaning that all native WPI had aggregated during this first
heating step. The sample was cooled to room temperature under running
cold tap water for 5 min and 1 mL of a 100 mM CaCl2 aqueous solution
was dropped into 9 mL of the WPI dispersion while stirring at 600 rpm.
This mixture was then immediately transferred to glass vials (5 mL) for
cryo-SEM studies. To measure the thermal properties as well as in the
case of ATR-FTIR and CLSM studies, 50 mg of the sample was sealed in a
100 μL aluminum pan. For rheological measurements, the sample was
directly cast in a mold fixed on the lower rheometer plate (25 mm in
diameter and 1 mm of height). All samples were finally stored overnight
at 4 �C.

Free Cys were added at different steps of the cold gelation: before heat
induced aggregation of WPI (i.e., before heating at 80 �C for 30 min),
before cold gelation of theWPI aggregates (i.e., before CaCl2 addition), or
during cold gelation of the WPI aggregates (i.e., with CaCl2 addition). In
each case, the concentration of Cys added was 2.6 mM. This concentra-
tion was chosen to equal the calculated concentration of β-lactoglobulin
molecules in the mixture in the experimental conditions described
before.

2.3. Thermal properties

Samples gelled in the hermetically sealed pans were heated from 20
to 100 �C at 1 �C/min with a Mettler Toledo DSC 822 (Mettler-Toledo
Inc., Columbus, OH, USA). A pan containing 50mg of water was used as a
reference and the equipment was calibrated with indium. Results were
analyzed with the STARe Thermal Analysis Evaluation software, version
14.0 (Mettler-Toledo Inc., Columbus, OH, USA). Each measurement was
done in triplicate.

2.4. Attenuated total reflectance Fourier-transformed infrared
spectroscopy (ATR-FTIR)

Heat treatment of the gels was performed with the DSC instrument as
described before (cf. Section 2.3). The aluminum lid was carefully
removed and gel samples were extracted from the pan and directly
measured. ATR-FTIR spectroscopy was performed using a Brucker Tensor
II instrument, equipped with a Platinum ATR (Brucker Optik GmbH,
Ettlingen, Germany). Data were acquired between 4000 and 400 cm�1

with a resolution of 4 cm�1 and averaging 32 scans for each spectrum. A
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background spectrumwas scanned at the beginning of the measurements
using the same instrumental conditions as for the sample spectra acqui-
sition, as well as a water spectrum and a control spectrum (unheatedWPI
in water). Samples were first equilibrated at room temperature for one
hour. For liquid samples, one drop of the dispersion was added onto the
ATR cell. For gels, samples were gently pressed onto the ATR cell by using
the integrated pressure application device with a glass slide. The exper-
iments were performed in duplicate.

The water spectrum was used as baseline and the spectrum of the
control sample of unheated WPI in water was subtracted from the sam-
ples spectra. The study was focused on the Amide I absorption region
(1700–1600 cm�1) in order to investigate changes in the secondary
structure of the whey proteins.

2.5. Rheological properties

For all rheological measurements, a TA Instruments Discovery Hybrid
Rheometer HR-3 equipped with an advanced Peltier plate and a solvent
trap and evaporation blocker (TA Instruments Corp., New Castle, DE,
USA) was used. The solvent trap of the 40mm top parallel plate was filled
with distilled water and the gap size was 1 mm. Amplitude sweeps were
performed at 20 �C at a constant frequency of 1 Hz, between 0.02 and
2000% strain (γ), measuring 20 points per decade. Sandpaper was used
on both plates to avoid sample slipping under increasing strain ampli-
tude. Temperature sweeps were carried out from 20 to 50, 60, 70, 80 or
90 �C and from 50, 60, 70, 80 or 90 to 20 �C with a heating/cooling rate
of 1 �C/min, at a constant frequency of 1 Hz and a constant strain of
1.0%, which was in the linear viscoelastic region (LVR) for all samples.
An axial force of compression of 0.5 N � 0.1 N was used as conditioning
to avoid losing contact between the plates and the sample during the test.
After this oscillatory temperature ramp, gels were equilibrated for 15
min at 20 �C and subjected to an amplitude sweep test in order to mea-
sure the rheological properties of the gels after heat treatment. Each
measurement was performed in triplicate. From amplitude sweep curves,
the plateau value of G0 (G0

0) and tan δ were both evaluated at γ ¼ 0.01%.
The critical strain, corresponding to the end of the LVR of the gels was
defined as the value of γ for which G0 had dropped to 90% of G0

0. These
parameters were evaluated for both amplitude sweep curves before and
after heat treatment.

2.6. Isothermal Titration Calorimetry (ITC)

ITC experiments were carried out using a MicroCal PEAQ-ITC (Mal-
vern Panalytical, Malvern, UK) with a 200 μL sample cell, a 40 μL titra-
tion syringe, 0.4–2.0 μL injection volumes and 150 s interval between
injections. The temperature was set at 25 �C and the stirring rate at 750
rpm. Measurements were done in triplicate. A CaCl2 solution (100 mM)
was titrated into a Cys solution (5 mM). To correct the data by the heat of
dilution, the titrant (CaCl2 solution) was titrated into distilled water and
the obtained heats were subtracted from the titration of Cys with CaCl2.
Raw ITC data are reported (differential power vs. time) where each spike
represents the injection of titrant into the cell, as well as the integrated
and normalized heat plotted vs. the molar ratio of CaCl2 to Cys. Data were
fit using theMicroCal PEAQ-ITC instrument control software (“One Set of
Sites” binding model).

2.7. Atomic Force Microscopy

For AFM observations, the samples were diluted after heating at 80 �C
for 30 min to reach a final protein concentration of ~5.10�3 μg/mL,
before adding CaCl2 and/or Cys. The solutions of CaCl2 and Cys were
diluted accordingly, to maintain the ratios of calcium ions to protein and
Cys to protein detailed previously (cf. Section 2.2). Then, a 10 μL drop of
the sample was deposited onto the surface of a freshly cleaved mica
phlogopite disk. For the observation of the unheated WPI in water, the
sample was dried with a gentle blow of argon gas after one minute of
33
incubation. For the observation of the other samples, mica disks were
first preheated at 70 �C in an oven and samples were then air dried in the
same oven at 70 �C for 5 min. AFM images were obtained with a Park
NX20 instrument (Park Systems Corp., Suwon, South Korea) in tapping
mode in air. Standard tapping mode AFM cantilevers with Al reflective
coating were used (OPUS 160AC-NA, NanoAndMore GmbH, Wetzlar,
Germany). Two replicates were prepared and observed for each experi-
mental condition. Images were flattened and horizontal scars were cor-
rected with the open source software Gwyddion (Ne�cas and Klapetek,
2012). AFM images of fractal aggregates and clusters were binarized with
the open source ImageJ software (Schneider et al., 2012) and the Df of
each aggregate was analyzed with the fractal box count tool of the soft-
ware (box sizes 2,3,4,6,8,12,16,32,64 and black background).

2.8. Confocal Laser Scanning Microscopy (CLSM)

As described previously, heat treatment of the gels was performed
with the DSC instrument (cf. Section 2.3), the lids of the DSC pans were
peeled and gels were carefully removed from the pans. A 10 μL drop of
Rhodamine B (diluted in water at 0.001%) was placed in the well of a
chambered coverglass and the gel sample was positioned on top of this
staining drop. Gels were observed with a Zeiss LSM 880 inverted confocal
laser scanning microscope (Carl Zeiss AG, Oberkochen, Germany) with
an excitation wavelength of 543 nm. Fluorescence was measured at
565–600 nm and images were acquired with a water immersion objective
C-Apochromat 40x/1.2 W (Carl Zeiss AG, Oberkochen, Germany). Three
replicates were prepared and observed for each experimental condition.
The open source ImageJ software and the image processing package Fiji
were used to visualize and process the images (Schindelin et al., 2012).
Image processing was the same for all samples: a “despeckle” filter was
used first, then contrast was enhanced (saturated pixels 5%) and finally
outliers were removed (radius 2 pixels, threshold 50, bright outliers).
Processed images were binarized and areas where clear aggregates were
visible were selected. Df of each selected area was determined with the
fractal box count tool of the software (box sizes 2,3,4,6,8,12,16,32,64
and black background).

2.9. Cryo-SEM

Gelled samples were heated inside the hermetically sealed glass vials
at 90 �C for 30 min in a water bath and cooled in iced water for 5 min.
Then, the microstructure of the gels before and after heat treatment were
investigated with cryo-SEM, according to Ong, Dagastine, Kentish, and
Gras (Ong et al., 2011) with modifications. A Hitachi SU8000 scanning
electron microscope, equipped with a cryo-preparation system and a
vacuum transfer device, was used (Hitachi Ltd, Tokyo, Japan). A piece of
the gel was mounted on a copper holder and immersed into a freshly
prepared nitrogen slush for 15 s. The frozen sample was then immedi-
ately transferred into the cryo-preparation chamber using the vacuum
transfer device. The sample was fractured using a chilled scalpel blade in
the chamber which was maintained at �120 �C under a high vacuum
condition. The sample was then etched at �90 �C for 30 min. No coating
was used. Finally, the sample was transferred under vacuum onto a ni-
trogen gas cooled module, maintained at �110 �C and observed at 2.0
kV. Two replicates were prepared and observed for each experimental
condition.

3. Results and discussion

3.1. Effect of cysteine addition on the heat-induced aggregation of whey
proteins

Fig. 1 shows the changes in the secondary structure of whey proteins
after heating at 80 �C for 30 min in water at pH 7 determined by ATR-
FTIR spectroscopy. Band intensity decreased at 1658 and 1630 cm�1,
wavelengths associated with α-helices and intramolecular β-sheets,



Fig. 1. ATR-FTIR spectroscopy spectra of WPI heated 30 min at 80 �C in water
at pH 7 (solid line) and WPI heated 30 min at 80 �C in water at pH 7 with Cys
(dash line). Both curves are subtracted from the unheated control of WPI.
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respectively (Grewal et al., 2018), and increased at 1615 cm�1, a
wavelength associated to intermolecular β-sheets (Geara, 1999; Lef�evre
and Subirade, 1999; Maltais et al., 2008). Therefore, the heat treatment
resulted in interactions between the whey protein molecules, along with
a partial loss of their intramolecular structure. Similar changes in the
secondary structure of whey proteins were observed by O'Loughlin,
Kelly, Murray, Fitzgerald, and Brodkorb (O'Loughlin et al., 2015) in
BiPro® WPI dispersions (10% w/v) heated from 70 to 90 �C in water at
pH 7. They suggested that the intermolecular interactions formed upon
heating occurred through hydrophobic bonding at the β-lg dimer surface
(I strand; His146-Ser150).

When Cys were added to the system, a steeper decrease in band in-
tensity at 1658 and 1630 cm-1 was observed (Fig. 1), meaning that Cys
caused a more significant loss in intramolecular structures. Cys may
indeed cleave intramolecular disulfide bonds and therefore enhance the
unfolding of proteins (Huggins et al., 1951; Wang and Damodaran,
1990). Then, the intensity of the band related to intermolecular β-sheets
(ca. 1615 cm�1) did not increase (Fig. 1), showing that less intermolec-
ular interactions were formed during heating with Cys. This result was
expected since Cys is capable of interfering with the thiol-disulfide
interchange reaction during heat treatment of globular proteins (Dan
and Labuza, 2010). When the free thiol group of β-lg is blocked by Cys,
thermal unfolding is modified, and less hydrophobic sites are exposed
and available to react, limiting intermolecular non-covalent interactions
(Havea et al., 2009). So, ATR-FTIR spectroscopy demonstrated that Cys
promoted the unfolding of whey proteins and hindered interactions be-
tween whey proteins during heating.

AFM was used to observe the effect of Cys on whey proteins at
different stages of the cold gelation process (Fig. 2). Fig. 2a shows an
image of the whey proteins before heat treatment. According to the
height profiles of such AFM images, unheated whey proteins measured
between 1 and 2.5 nm, which is in line with the literature (Ikeda and
Morris, 2002; Elofsson et al., 1997; Kehoe et al., 2011). Fig. 2b shows the
whey protein aggregates formed after heating at 80 �C for 30 min in
water at pH 7. These aggregates had random shapes and measured ~3
μm in diameter. According to cryo-TEM studies, the β-lg pre-aggregates
formed at pH 7 and low ionic strength have an elongated shape and
measure less than 100 nm in length (Jung et al., 2008; Mahmoudi et al.,
2007). But further association of these pre-aggregates may happen when
protein concentration is increased up to 10% (w/w) (Durand et al.,
2002). Therefore, the aggregates observed here were probably primary
objects formed by smaller whey protein pre-aggregates.

In contrast, whey proteins heated with Cys formed irregular aggregates
of ~0.3 μm in diameter (Fig. 2c). So, less protein molecules were able to
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interact with each other to form aggregates when Cys were added to the
system. Since free Cys are able to react with Cys inside the whey proteins
chains (Dan and Labuza, 2010), the free thiol groups of the β-lg (on the
signal peptide and/or Cys137) were probably blocked, and unable to form
the thiol/disulfide exchange reactions responsible for the heat-induced
aggregation of WPI (Hoffmann and Van Mil, 1997; Wijayanti et al.,
2014; Wijayanti et al., 2013). However, regardless of the blocked thiol
groups, the unfolded proteins may expose other active sites (e.g. hydro-
phobic regions) and still form aggregates via non-covalent interactions
(Nguyen et al., 2014). It is therefore suggested that the aggregates observed
in this case were mainly formed by non-covalent interactions.

These results indicate that heat-induced aggregation of whey proteins
at pH 7 was modified by Cys addition. The presence of Cys in the system
increased the unfolding of whey proteins and led to the production of
smaller aggregates formed through non-covalent interactions such as
hydrophobic interactions.

3.2. Effect of cysteine addition on cold gelation induced by calcium ions

3.2.1. Clusters
As shown in Fig. 2d and d', the addition of CaCl2 at 20 �C to the

dispersion of WPI aggregates (Fig. 2b) resulted in the formation of
branched clusters with a mean diameter of ~11 μm. Calcium ions
interacted with the whey protein aggregates and led to the formation of
clusters with a fractal structure. Image analysis of the AFM pictures of
these clusters yield a two-dimensional Df of 1.84, which corresponds to
the diffusion-limited cluster-cluster aggregation (DLCA) regime (Vreeker
et al., 1992). Different values of Df have been reported in the literature
for WPI cold-set gels with CaCl2 at pH 7. From the analysis of SEM images
Kuhn, Cavallieri, and da Cunha (Kuhn et al., 2010) measured a Df of 1.82
(in 2-D), while Marangoni, Barbut, McGauley, Marcone, and Narine
(Marangoni et al., 2000), used TEM micrographs and obtained a higher
Df of 2.25. However, Hongsprabhas, Barbut, and Marangoni (Hon-
gsprabhas et al., 1999) reported a Df ¼ 1.5 from the analysis of SEM and
TEM micrographs. Finally, Wu, Xie, and Morbidelli (Wu et al., 2005)
measuredWPI clusters with a maximum average gyration radius of about
80 μm and a Df of 1.85 � 0.05 using small-angle light scattering. Besides
the differences in the method used to determine Df, the heat treatment as
well as the protein and salt concentrations varied among these studies,
which make them difficult to compare.

Calcium ions also interacted with the aggregates modified by Cys
addition (cf. Fig. 2c), but the size and shape of the clusters formed were
different (Fig. 2g and g'). Two main groups were distinguished: (1)
branched clusters, mean size ~1.1 μm; and (2) unbranched clusters, mean
size between 0.2 and 0.4 μm. According to Alting, Hamer, De Kruif, and
Visschers (Alting et al., 2003),WPI clusters could be partly stabilized by the
formation of additional covalent disulfide bonds. Therefore, it seems that
themodified aggregates, where thiol groupswere blocked, were not able to
form these additional stabilizing bonds. Consequently, denser and smaller
clusters (thermodynamically more stable than open branched clusters)
were formed from WPI aggregates modified by Cys addition.

When Cys were added to the system after heat-induced aggregation of
the whey proteins, the addition of CaCl2 resulted in the formation of highly
branched clusters, presented in Fig. 2e and e’. These clusters were hetero-
geneous in size, the larger ones measured ~17 μm in diameter and the
smaller ones ~4 μm. Here, image analysis yield a Df of 1.75, which also
corresponds to theDLCAregime,andconfirms that these clustershadamore
open structure than theunmodifiedWPIclusters (Fig. 2dandd').Baussay, Le
Bon, Nicolai, Durand, and Busnel (Baussay et al., 2004) observed that the
density of β-lg aggregates on small length scales decreasedwhen decreasing
ionic strength.Here,Cysprobablypositioned themselvesclose to the surface
of the aggregates and increased the steric hindrance around them. Conse-
quently, interactions between the aggregates and the calcium ions were
slowed, leading to the formation of loose clusters.

Interestingly though, when Cys were added at the same time as CaCl2,
the formation of clusters was clearly hindered, as shown in Fig. 2f and f'.



Fig. 2. Tapping mode AFM height images of (a) unheated WPI in water (pH 7), (b) WPI heated at 80 �C for 30 min in water, and (c) WPI heated at 80 �C for 30 min in
water with free Cys; as well as clusters obtained by adding: (d and zoom d’) calcium to the dispersion of WPI heat-induced aggregates; (e and zoom e’) calcium to a
dispersion of WPI heat-induced aggregates and free Cys; (f and zoom f’) calcium and free Cys together in solution to the dispersion of WPI heat-induced aggregates; (g
and zoom g’) calcium to the dispersion of WPI heat-induced aggregates previously modified by heating with free Cys.
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Small clusters of ~5 μm in diameter were observed, along with whey
protein aggregates (~0.5 μm in diameter) that did not form clusters in
spite of the addition of calcium to the system.

To understand this phenomenon better, complex formation between
calcium ions and Cys in water at pH 7 was investigated with ITC. Fig. 3
shows the results of the titration of a CaCl2 solution into a Cys solution.
An endothermic transition with an association constant of ~5500 M�1

(ie., 1/KD) and a stoichiometric coefficient (N) around 1 was measured,
suggesting that calcium and Cys did form complexes. Since this process
was entropically driven, it is proposed that an ionic interaction occurred,
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excluding water molecules from the surface of Cys. Calcium ions prob-
ably interacted with the carboxyl group of Cys (ionized in water at pH 7).
Therefore, the ionic strength of the solution was reduced when free Cys
and calcium ions were dissolved together. Consequently, the conditions
for cluster formation were significantly modified.

3.2.2. Gels
Amplitude sweep curves presented in Fig. 4 shows the effect of Cys

addition on the viscoelastic properties of the calcium-induced cold-set
gel. The four samples behaved as viscoelastic gels with dominating elastic



Fig. 3. Titration of 100 mM CaCl2 into 5 mM Cys; (a) raw ITC data; (b) raw ITC
data collected for the titration of 100 mM CaCl2 into distilled water (¼ heat of
dilution); (c) integrated and normalized heat vs. the molar ratio of CaCl2 to Cys,
after subtraction of the heat of dilution.

Fig. 4. Amplitude sweep curves of the four cold-set WPI gels: (1) WPI heated in
water and cold-set with calcium; (2) WPI heated with Cys and cold-set with
calcium; (3) WPI heated in water, mixed with Cys, and cold-set with calcium; (4)
WPI heated in water, and cold-set with calcium and free Cys together
in solution.
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properties (tan δ< 1) in the LVR. The plateau value of G0 (called G0
0) was

around 2 kPa for the calcium-induced cold-set gel (gel 1). Interestingly,
from this experimental value of the shear modulus, it was possible to
estimate the average number of bonds formed by calcium ions between
the whey protein aggregates in this gel, as follow:

Magg ¼ Mβ�lg
number of protein molecules

aggregates

(1)
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Number of bonds
unit volume

¼Mβ�lg*
number of bonds

aggregates
(2)

Total energy density¼
Number of bonds

unit volume

ECa2þ&COO�
(3)

where, Magg is the molarity of β-lg aggregates in mol/L, Mβ-lg is the
molarity of β-lg in mol/L in (1) and in mol/m3 in (2), ECa2þ & COO- is the
bond energy of calcium ions with carboxyl groups in J/mol, and the total
energy density is expressed in kPa.

This calculation was based on the following assumptions:

- the concentration in β-lg in the sample is 4.75% (w/w) and its' mo-
lecular weight is 180600 g/mol,

- each aggregate is made of an average of 1500000 protein molecules
(considering aggregates as squares on a plane with sides of ~20000
nm, corresponding to ~400 protein molecules measuring ~5 nm;
estimation based on the size of the aggregates observed on the AFM
images, cf. Fig. 2b).

- the bond energy of calcium ions with carboxyl groups is ~770000 J/
mol (approximation based on the heat of formation of calcium
formate (PSAAE, 2018)),

Based on these conditions, around 10500 bonds per aggregates should
be formed to reach a total energy density of 2 kPa in the system.

Adding Cys alone, during (gel 2) or after (gel 3) the formation of the
whey protein aggregates, did not modified G0

0. But, when calcium and
Cys were added together to the heat-induced aggregates (gel 4), G0

0 was
significantly reduced to 1.3 � 0.3 kPa (Fig. 4). This is consistent with the
fact that less calcium ions were available to form salt bridges because of
complex formation with Cys (cf. Fig. 3).

Under increasing shear amplitude, all samples showed a shear
thinning behavior (Rao, 2007) probably due to the successive rupture of
the links between the aggregates, until the complete destruction of the
network (Fig. 4). Indeed, the elastic properties of whey protein net-
works formed by cold gelation induced by salts generally follow the
weak-link regime (Andoyo et al., 2018). In the weak-link regime, the
elastic behavior of the gels is dominated by the elastic constant of the
interflocs links (ie., the calcium bridges), since the flocs (ie., the
heat-induced aggregates) are more rigid than the interflocs links (Shih
et al., 1990).
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Irreversible deformation of samples occurred between 10 and 20% of
oscillation strain, except when the heat-induced aggregates were modi-
fied by Cys (gel 2). In this case, the LVR of the gel was significantly
increased as the breakdown of the network occurred at 144 � 18% of
oscillation strain (Fig. 4). A relationship exists between the structural
properties of gels and their rheology (Roff and Foegeding, 1996).
Different rheological properties were expected for gel 2 since it was
formed from dense and small clusters united by non-covalent interactions
(cf. AFM pictures, Fig. 2f and f’). It may be surmised that the lack of
disulfide bonds allowed the proteins in the gel to rearrange when sub-
jected to large deformation, extending the LVR, as proposed by Nguyen,
Wong, Guyomarc'h, Havea, and Anema (Nguyen et al., 2014).

The observation through CLSM of the WPI network after cold gelation
confirmed that significant differences existed between themicrostructure
of the gels 1 and 2 (Fig. 5). Both networks were homogeneous, but gel 1
had a typical mesh size of ~1.4 μm (Fig. 5a) while gel 2 had a signifi-
cantly smaller mean mesh size of ~0.7 μm (Fig. 5b). Therefore, the
modification of the whey protein aggregates by Cys during heating,
further resulted in a denser gel network after calcium addition.

3.2.3. Fractal dimension of the gel
A Df of 1.79 was yielded by the image analysis of CLSM pictures of the

WPI cold-set gel with calcium (Fig. 5a), which is consistent with the Df of
the WPI clusters determined by image analysis of AFM pictures (¼ 1.84,
cf. Fig. 2d). However, the results obtained from the box counting method
may depend on the threshold chosen during binarization (Ako et al.,
2009) and theses values of the fractal dimension of the gel should be
interpreted with caution.

Hence, the Df of the WPI cold-set gels was also determined by oscil-
latory rheology. The rheological behavior of particle gels under defor-
mation can be described by the “Payne effect” (Joshi et al., 2008);
well-known from the elasticity of reinforced elastomers (see e.g. (Vilgis
et al., 2009)), which can be quantified by applying the “Kraus model” on
amplitude sweep curves. Amplitude sweep curves of the four WPI
cold-set gels were therefore fitted with the following function:

G'¼ 1
1þ K2a2m

(4)

where G0 is the storage modulus (in Pa), K a constant depending on the
system properties and a is the respective deformation amplitude (in %).
The exponent m contains Df as shown in Eq. (5):
Fig. 5. CLSM images of the microstructure of the WPI network after cold gelation wit
to heat-induced aggregates modified by free Cys.
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m¼ 1
C � Df þ 2

(5)
where C is the connectivity of the network. Here, C was set to 1.3
assuming that the WPI network is completely percolated (Joshi et al.,
2008).

Results are shown in Fig. 6. The Kraus model suggested a Df¼ 2.42 for
the cold-set WPI gel with calcium (gel 1). Regardless of the method used
to calculate Df, the three-dimensional structure of WPI networks formed
by calcium-induced cold gelation are generally described in the literature
by Df values around 2.6 (Andoyo et al., 2018). From rheological mea-
surements, Hongsprabhas, Barbut, and Marangoni (Hongsprabhas et al.,
1999), andMarangoni et al. (2000) reported a Df¼ 2.54 for whey protein
cold-set gels with CaCl2, using the weak-link model developed by Shih,
Shih, Kim, Liu, and Aksay (Shih et al., 1990). Kuhn et al. (2010) used the
scaling model of Wu et al. (2005) for similar gels and reported a Df of
2.66. In these studies, Df was estimated from the values of the initial
modulus G0

0 (in the linear deformation regime) of the gels measured at
different WPI concentrations. In our work, Df was calculated from the
strain dependence of G0, considering the transmission of the stress in the
network and the change of the internal structure of the gel. However, to
understand the dependence of elasticity on the structure of the gels for
larger, non-linear deformations, higher strains need to be taken into ac-
count, and for whey protein gels the rigid fractal model becomes invalid
in the present form.

An overall shear thinning behavior under increasing shear ampli-
tude could be described by the Payne effect, but additional effects
were observed at high amplitudes, as can be seen in Fig. 6. Between 10
and 100% of oscillation strain, the Kraus model did not fit well the
data. Especially for gel 2 and 4 where G0 decreased slowly, reached a
plateau and finally dropped rapidly under increasing shear strain. In
previous publications we applied the Kraus model to rigid fractals,
corresponding to irregular particle gels, where primary particles were
non deformable solids (Joshi et al., 2008; Vilgis et al., 2009). But here,
the primary particles themselves are deformable. “Soft” fractals are
formed, in which the individual WPI aggregates have their own elas-
ticity and can deform before the entire network breaks down at larger
shear amplitudes, as suggested by the amplitude sweep curves in
Fig. 6. Thus, in contrast to particle gels formed by rigid fractals, the
amplitude sweep curves of whey protein gels show a more complicated
profile.
h calcium ions. (1) Calcium added to heat-induced aggregates; (2) calcium added



Fig. 6. Df of the four cold-set WPI gels determined by oscillatory rheology using the “Kraus model”. The red line represents the Kraus model on each graph.
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The following model is proposed to explain this behavior (Fig. 7).
First, the irreversible breaking of β-sheets lowers the modulus at small
strains. Then, the aggregates deform and finally, the network is
destroyed, and a sharp decrease in modulus is observed at strains about
10–100% (cf. Fig. 6). Since the local conformal changes in the primary
particles (i.e., the WPI aggregates) do not change the overall connectivity
of the network, we used the Kraus model to describe the breakdown of
these whey protein gels at larger strains.

Elasticity inside the “soft” fractals varied depending on the addition of
Cys to the gel and the preparation method (cf. Fig. 6). Gel 2 was built
from structural units without disulfide bonds, hence, they were able to
deform significantly when subjected to high strain amplitudes. Gels 1, 3
and 4 were formed from the same heat-induced aggregates, but had a
different fractal structure (cf. AFM images, Fig. 2d, e and 2f respectively)
and therefore behaved differently. In gel 4, where less calcium ions were
involved in the formation of the network, polymers chains were probably
able to rearrange and stretch at high strain amplitudes.
Fig. 7. Hypothetical model of the successive events leading to the rupture of
WPI cold-set gels under increasing strain amplitudes.
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3.3. Impact of heating on the properties of the cold-set gel

Fig. 8 shows the rheological properties of the WPI cold-set gel (gel 1),
before and after heat treatment. According to the amplitude sweeps
curves presented in Fig. 8a, the gel still behaved as a viscoelastic gel with
dominating elastic properties (i.e., G00 < G0) after heat treatment at 90 �C,
but its rheological properties were significantly modified by heating. In
addition to the significant increase of G0, from 2.2 � 0.6 to 107.1 � 3.5
kPa, irreversible deformation of the gel occurred at ~0.8% of oscillation
strain, against ~15% before heat treatment (Fig. 8a). So, the gel network
was not only stiffer, but also more brittle. These results are in line with
our previous observations on composite cold-set gels of WPI and potato
starch: the pure WPI gel (used as control in the study) was harder and
more brittle after heating above 85 �C (Lavoisier and Aguilera, 2019). It
is also in accordance with the results of Hongsprabhas and Barbut
(1997b), who reported that heating calcium-induced cold-set WPI gels
increased the Young's modulus and the shear stress, but reduced the
shear strain. Authors suggested that heating may increase interactions
(hydrophobic and disulfide bonds) between the protein aggregates of the
gels and modify their microstructure. A similar trend has also been
observed when increasing the salt concentration used to induce cold
gelation: at fracture, the shear stress increased, whilst the shear strain
decreased (Bryant andMcClements, 1998). Furthermore, a strengthening
of the gel was also observed at lower temperatures of heat treatment
(Fig. 8b). G0

0 also increased significantly after heat treatment at 50, 60,
70, and 80 �C. Although, this reinforcement increased with temperature
(Fig. 8b). Such a rise in G0

0 is probably due to the formation of new
hydrophobic interactions and/or disulfide bonds, which are both pro-
moted by temperature (Bryant and McClements, 1998).

To better understand why the rheological properties of the WPI cold-
set gel were modified by heat treatment, the thermal properties of gel 1
were measured with DSC (Fig. 9a). An endothermic peak at 71.5 �C was
first observed when the gel was heated from 20 to 90 �C. But then, the
same endothermic peak appeared when the sample was subjected to
heating/cooling cycles between 20 and 90 �C, meaning that this



Fig. 8. (a) Amplitude sweep curves of the WPI gel cold-set with calcium (gel 1)
at 20�, before and after heat treatment at 90 �C (temperature sweeps); (b)
Plateau storage modulus (G0

0) of the WPI gel cold-set with calcium (gel 1) at 20
�C, after heat treatment from 20 to 50, 60, 70, 80 or 90 �C at 1 �C/min (tem-
perature sweeps).

Fig. 9. (a) DSC thermograms for the WPI gel cold-set with calcium (gel 1),
heated two consecutive times from 20 to 90 �C at 1 �C/min. To facilitate
comparison, the DSC scans were displaced vertically to arbitrary amounts; (b)
ATR-FTIR spectroscopy spectra of the WPI gel cold-set with calcium (gel 1),
before (solid line) and after (dash line) heating to 90 �C.
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transition was reversible to a second heating cycle. The enthalpy change
(ΔH) of the transition was 67.3 � 2.2 J/g. We attributed this reversible
thermal transition to the unfolding of the intermolecular hydrogen-
bonding β-sheets present in the cold-set gel structure. Indeed, reverse
unfolding of β-sheets in proteins has been observed before by calori-
metric studies (Wimley and White, 2004).

This hypothesis was supported by the study of the secondary structure
of whey proteins in gel 1 by ATR-FTIR spectroscopy, before and after
heating to 90 �C (Fig. 9b). The secondary structure of the whey proteins
was the same in the heat-induced aggregates and in the calcium-induced
gels (cf. Fig. 1). Similar molecular structure of the proteins following heat
treatment and within the cold-set gels were also observed by FTIR
spectroscopy in β-lg gels induced by ferrous ions (Remondetto and Sub-
irade, 2003) and in soy protein isolate gels induced by calcium ions
(Maltais et al., 2008). This observation confirms that the heat-induced
aggregates are the structural units of gel 1 and its formation is the
result of the association of these structural units. However, an increase in
band intensity at 1618 cm�1 was observed on the spectrum of the cold-set
gel heated to 90 �C (Fig. 9b) meaning that intermolecular interactions,
through hydrogen-bonding β-sheets, were enhanced by heating.
Furthermore, this spectrum shows an increment in band intensities at
~1640 cm�1 and at ~1675 cm�1, wavelengths associated to random
coils and turns respectively (Geara, 1999). An increase in random coil
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conformation reflects a gain in conformational entropy and has been
related to unfolding and irreversible aggregation of whey proteins
(O'Loughlin et al., 2015). This suggests that heat treatment increased the
irreversible unfolding of whey proteins. The molecular conformation of
the heat-induced aggregates, the structural units of the cold-set gel, was
therefore modified by heating the gel at 90 �C.

3.4. Impact of heating on the microstructure of the cold-set gel

The microstructure of the WPI cold-set gel was observed with CLSM,
before and after heating to 90 �C (Fig. 10). CLSM images revealed that
the microstructure of the gel became coarser after heat treatment, with
denser clusters and larger pores (Fig. 10b). These observations agree with
the results of Hongsprabhas and Barbut (1997b) who reported that
heating of cold-set WPI gels at 80 �C for 30 min caused some of the
protein aggregates to collapse together, leading to a lower degree of
connectivity among them.

The microstructure of gel 1 was also studied through cryo-SEM, before
and after heat treatment at 90 �C (Fig. 11). Cryo-SEM images confirmed
that the WPI cold-set gel was modified by heating. Numerous threads
appeared within the pores of the connected protein network (Fig. 11b),
suggesting an increase in interactions between the structural units of the
gel and an overall change of the microstructure after heat treatment. Some



Fig. 10. Images of the WPI gel cold-set with calcium (gel 1), (a) before and (b) after heating to 90 �C. The background appears in black and the WPI network in white.

Fig. 11. Images of the WPI gel cold-set with calcium (gel 1), (a) before and (b) after heating to 90 �C. The markers represent 2 μm.

Fig. 12. Temperature sweep curves of the four WPI cold-set gels: (1) WPI
heated in water and cold-set with calcium; (2) WPI heated with Cys and cold-set
with calcium; (3) WPI heated in water, mixed with Cys, and cold-set with cal-
cium; (4) WPI heated in water, and cold-set with calcium and free Cys together
in solution. G00 and error bars are not indicated for the sake of clarity.
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of those threads were stretched and seemed connected on either sides,
whereas others looked like a collection of small threads attached to the
surface of the particles, resulting in a “hairy” appearance. This structural
feature, called “hairiness”, has been described before for heat-induced
whey protein gels, especially when the NaCl concentration in the sys-
tem was increased (Langton and Hermansson, 1996). However, cryo-SEM
images should be analyzed with caution since even fast freezing of
high-moisture samples may lead to artifacts, i.e., hexagonal-shaped con-
tours formed by segregated material (Efthymiou et al., 2017).

3.5. Effect of cysteine addition on the properties of the cold-set gel after
heating

Changes in the rheological properties of the four WPI cold-set gels
were followed by measuring G0 during heating from 20 to 90 �C and
cooling back to 20 �C (Fig. 12). G0 increased for all samples during the
heating segment and continued to rise throughout the cooling step.
However, the three gels that were modified by the addition of Cys
reached lower values of G0 at the end of the heat treatment. Differ-
ences between the gels appeared mainly during the heating phase of
the temperature sweep. The final G0 value for gel 2 was 42.3 � 8.7
kPa, compared to 93.2 � 10.1 kPa for gel 1. As discussed before, gel 2
had a more packed network structure (cf. Fig. 5), therefore it probably
presented less available sites for new molecular interactions during
heating/cooling, resulting in a lower G0. Gel 3 reached a similar final
40
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G0 (36.5 � 9.2 kPa) as gel 2, but in this case G0 first decreased slightly
up to ~45 �C before increasing steadily as it approached 90 �C. Ac-
cording to the AFM pictures (cf. Fig. 2e, e’), this gel had an open
structure, which could explain the decrease in G0 at the beginning of
the heat treatment. The network was loose enough to allow movement
in its structure as the internal energy of the system increased. Then,
the added Cys may have hindered the formation of additional disul-
fide bonds by blocking some of the thiol groups on the particles of
whey proteins, which led to a lower G0. Regarding gel 4, G0 was 21.0
� 6.6 kPa at the end of the heat treatment, which was the lowest
value of all samples. Similar to gel 3, G0 decreased slightly when
heated to ~45 �C, reflecting the relatively loose structure of the initial
gel. As commented before, complex formation between free Cys and
calcium (cf. Fig. 3) reduced the availability of both to interact with
the whey protein particles. So, even if some thiol groups may have
been blocked by Cys, reduced values of G0 are mainly attributed to the
lower ionic strength in the system. This suggests that additional cal-
cium bridges may be involved in the reinforcement of the structure of
gel 1. Calcium ions in excess, that did not form electrostatic in-
teractions during cold gelation, may participate in the rearrangement
of the whey protein network during heating. Furthermore, G' steadily
increased in all samples during the cooling phase of the temperature
sweep. This important rise in G0 is probably related to the formation
of the intermolecular β-sheets observed with ATR-FTIR and DSC (cf.
Fig. 9).

According to these results, it appears that additional disulfide bonds
and calcium bridges form during heating (“strong cross-links”), whereas
hydrophobic interactions form during cooling (“weak cross-links”), all
contributing to an increase in rigidity of the gel and an irreversible
modification of the protein network structure.

4. Conclusions

The presence of Cys influenced the cold gelation of whey proteins at
pH 7, and this effect depended on the method used. When Cys was added
during the first step of cold gelation (i.e., the heating step), it modified
heat-induced aggregation of WPI. The unfolding of whey proteins was
increased, and aggregates formed through non-covalent interactions.
Calcium addition then led to the formation of a dense gel network with a
fractal dimension of 2.8. When Cys was added during the second step of
cold gelation (i.e., calcium addition at room temperature), the growth of
the particle network was different. Highly branched clusters of WPI were
observed, and the gel had a fractal dimension of 2.4. However, when Cys
and CaCl2 solutions were mixed before adding to the dispersion of WPI
aggregates, calcium ions and Cys interacted first, resulting in a reduction
of the ionic strength of the solution. Consequently, the formation of
clusters was hindered, and the structure of the gel network was altered
(Df ¼ 2.5).

The viscoelastic properties and the microstructure of the WPI cold-
set gel were irreversibly modified by heating. An increase in intermo-
lecular interactions, especially hydrogen-bonding β-sheets, was
observed. The gel was stiffer and more brittle after heat treatment, and
its microstructure was coarser. These changes should be taken into
account when designing soft foods based on cold-set globular protein
gels, especially if they undergo thermal treatments or are used in
cooking.

Modification of the WPI cold-set gel with Cys was determinant to
understand the phenomena occurring at the molecular level during heat
treatment. The study of the rheological properties of these modified gels
showed that new disulfide bonds and new calcium bridges formed in the
WPI cold-set gel during heating. These “strong cross-links” added to the
hydrophobic interactions formed during cooling (“weak cross-links”) and
contributed to the increase in rigidity of the model gel.

Since free Cys and heating influence the properties of WPI cold-set
gels, different thermal treatments, in combination with the addition of
Cys, could be used to obtain a range of textures and mouthfeel.
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