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a b s t r a c t

Gelation of whey protein fractal aggregates was induced by simultaneously adding salt (CaCl2 or NaCl)
and acid (HCl). Further, simultaneous addition of both specifically binding (Ca2þ) and non-binding (Naþ)
cations was studied at a fixed protein charge density. The effect of adding mixtures of ions on pH,
gelation kinetics, elastic modulus and gel microstructure was investigated. For all studied systems the
time of gelation (tg) had an Arrhenius dependence on temperature, characterised by an activation en-
ergy (Ea). The value of Ea depended on the type and concentration of added ions. The elastic modulus of
gels was found to be independent of the ion composition, reaching 0.2e0.3 kPa at a protein concen-
tration of 40 g L�1 and 1 kPa at 60 g L�1. At conditions of strong electrostatic repulsion between ag-
gregates, addition of NaCl reduced tg. However, when the repulsions were weak, further addition of
NaCl increased tg.

© 2020 Elsevier Ltd. All rights reserved.
1. Introduction

Milk whey protein is one of the most studied food proteins as it
is known for its excellent functional and nutritional properties.
Various applications of whey protein have been investigated, such
as adjustment of viscosity, gelation, film formation, protein
enrichment (Foegeding et al., 2002; Kilara & Vaghela, 2018;
Nicolai et al., 2011; Nicolai & Durand, 2013). The proteins found
in milk whey are compact globular proteins represented mostly by
a-lactalbumin and b-lactoglobulin (de Wit, 1998). The functional
properties of globular proteins can be improved by thermal
treatment. Upon heating, globular proteins denature and then
aggregate due to a higher accessibility of the active sites (Brodkorb
et al., 2016; Clark & Lee-Tuffnell, 1998; Nicolai et al., 2011). If the
protein concentration (C) is sufficiently high, this process results
in gelation. However, if C is below the critical gelation concen-
tration, this process leads to formation of stable suspensions of
protein aggregates (Mehalebi et al., 2008; Renard & Lefebvre,
1992). These aggregates can have different morphologies,
depending primarily on the magnitude of the net protein charge
(a) (Jung et al., 2008).
harlamova).
By varying a, fibrils, microgels and fractal aggregates can be
produced from b-lactoglobulin and whey protein isolate (WPI)
during heating in aqueous solutions (Jung et al., 2008). Fibrils are
long rigid strands produced at pH 2, when the proteins are strongly
positively charged (Aymard et al., 1999; Bolder et al., 2006). How-
ever, their application in food products seems limited due to the
difficulty of manufacturing on an industrial scale (Brodkorb et al.,
2016; Cao & Mezzenga, 2019).

Microgels are dense and relatively uniform aggregates formed in
two narrow pH regions around the isoionic point (Donato et al.,
2009; Nicolai, 2016; Phan-Xuan et al., 2011; Schmitt et al., 2007).
For instance, Schmitt et al. (2009) found that microgels formed at
pH 6.1e5.8 and 4.3e4.6 for 10 g L�1 solutions of dialysed b-lg.
However, the pH range for microgel formation varies with protein
concentration, protein composition and especially presence of
divalent cations such as Ca2þ (Phan-Xuan et al., 2013, 2014). The
latter specifically bind to the proteins (Zittle et al., 1957) and
thereby reduce the effective net charge density of the proteins.

Fractal aggregates (or, simply, fractals) are formed when the
proteins have both a relatively high net negative charge (pH > 6.2)
and a lowmineral (especially calcium) content. They can be formed
with hydrodynamic radii ranging between Rh z 30 nm (so-called
primary aggregates) to larger than 500 nm (Inthavong et al., 2016),
depending mostly on protein concentration and the ionic strength.
The primary aggregates are relatively monodisperse in size, but
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become increasingly polydisperse as the size increases. Fractal ag-
gregates of different sizes have a self-similar structure for which
the weight-average molar mass (Mw) increases with increasing

radius of gyration (Rg) following a power law: Mwf Rdf
g , where df is

the so-called fractal dimension (Sorensen, 2001); df ¼ 1.7 and 2.0
were found for fractals formed by WPI in salt-free solutions and
0.1 M NaCl, respectively (Mahmoudi et al., 2007; Mehalebi et al.,
2008). As a consequence, the density of fractal aggregates de-
creases with increasing size.

At the same protein concentration, fractal aggregates give
stronger gels compared tomicrogels, because fractals are less dense
and therefore occupy a larger volume fraction (Donato et al., 2011;
Kharlamova, Nicolai, & Chassenieux, 2018b). Above pH 6, suspen-
sions of negatively charged fractals are stabilised by electrostatic
repulsions. Addition of a salt or an acid reduces the repulsion,
which can lead to gelation. In the literature this process was named
“cold gelation”, because it occurs even at ambient temperatures
(Barbut, 1995; Bryant & McClements, 1998). However, it has been
shown that acid- and salt-induced gelation of fractal aggregates is a
thermally activated process. With increasing temperature, the rate
of gelation increases, but the mechanical properties and the
microstructure of the gels are independent of the temperature. We
previously reported Ea ¼ 220 kJ mol�1 for Ca2þ-induced gelation
(Kharlamova et al., 2018b) and Ea ¼ 155 kJ mol�1 for acid-induced
gelation (Kharlamova, Chassenieux, & Nicolai, 2018a) of WPI frac-
tals. With increasing protein concentration, gels were more ho-
mogeneous and the elastic shear modulus (G0) was found to
increase following a power law (G0 f C3). Increasing the salt or acid
concentration or the size of the WPI fractals increased only the rate
of gelation, without influencing the gel properties (Kharlamova
et al., 2018a,b). Ako et al. (2010) found Ea ¼ 70 kJ mol�1 for gela-
tion of b-lg fractals induced by addition of NaCl. Similar results
were obtained for gelation of soy protein isolate fractals induced by
NaCl (Chen et al., 2017).

So far cold gelationwas studied by acidification in the absence of
salt or by adding salt at close to neutral pH. However, in many
applications both acid and minerals are added. We are not aware of
studies of the combined effects of reducing the pH and adding
minerals that were reported in the literature. Therefore, the aim of
the present investigation was to study gelation of WPI fractals
induced by simultaneous addition of acid and salt or a mixture of
salts with monovalent and divalent cations. We investigated the
gelation kinetics, the mechanical properties and microstructure of
gels formed after addition of: (i) HCl and NaCl, (ii) CaCl2 and NaCl,
(iii) HCl and CaCl2. Results obtained with these systems yield a
better understanding of cold gelation as it is influenced byminerals
commonly present in food and, more fundamentally, further the
understanding of the interaction of proteins in mixtures with
different ions.
2. Materials and methods

2.1. Preparation of WPI aggregates

Fractal aggregates were prepared from whey protein isolate
powder purchased from a major milk powder manufacturer (Laval,
France). It contained 89 wt% protein, 6 wt% moisture, <0.4 wt% fat,
<4 wt% lactose and 2.0 wt% ash. The protein fraction consisted of
70% b-lactoglobulin and 20% a-lactalbumin, the remainder
comprising other whey proteins and caseins (as determined by
size-exclusion chromatography).

The powder was mixed with Milli-Q water at a protein con-
centration C ¼ 13e14 wt% and stirred with a magnetic bar over-
night. The pH of this stock solution was approximately 6.3. The
solution was then centrifuged for 1.5e2 h at 50,000 � g (Beckman
Coulter, Allegra 64R, Villepinte, France) and filtered through 0.2 mm
syringe filters (Acrodisc®) to remove a small insoluble fraction that
could perturb light scattering measurements. The amount of de-
natured proteins in the WPI powder that was not incorporated into
the aggregates was small (<5%) and was not further considered in
this study. The protein content of the stock solution after purifi-
cation was determined by UV absorption at 278e280 nm using the
extinction coefficient ε ¼ 1.05 L g�1 cm�1 (UVeVisible spectro-
photometer, Jasco, USA). This coefficient was determined by
measuring the absorbance of WPI solutions with known concen-
trations. The purified stock solution contained 0.229 g Ca2þ,
0.111 g Mg2þ, 0.37 g Kþ and 0.1 g Naþ per 100 g of protein, as
determined by flame spectroscopy using Spectrometer Sherwood
410 (Hemeau Laboratories) for Naþ and Kþ and atomic absorption
spectrometer iCE 3000 Series (ThermoFischer Scientific) for Ca2þ

and Mg2þ (Parsons et al., 1975).
The net charge density was adjusted by addition of 2 moles of

NaOH per mole of protein (considering weight-average
Mw ¼ 1.75 � 104 g mol�1 for WPI) and the stock solution was
diluted to 70 g L�1. This particular protein concentration was cho-
sen because it allowed preparation of reproducible suspensions of
fractals with low viscosity (approximately 10�2 Pa s at 20 �C), which
simplified their mixing with solutions of HCl, CaCl2 and NaCl.
Fractal aggregates with Rh z 30 ± 3 nm were prepared by heating
the solution in hermetically sealed glass bottles at 80 �C for 5 h,
which ensured complete denaturation of the protein. The fractal
aggregate solutions were homogeneous and transparent and were
kept in the fridge at 4 �C for no longer than 3 weeks. The size of the
aggregates was determined with light scattering analysis as
described in Phan-Xuan et al. (2011). The net charge density of the
aggregated proteins was found to be a z �8.0, determined by
potentiometric titration performed on 10 g L�1 solutions of aggre-
gates at different NaCl concentrations, as described in Kharlamova
et al. (2016).

2.2. Preparation of mixtures of aggregates with acid and salts

The fractal aggregate solutions were mixed with different
amounts of HCl, NaCl and CaCl2 solutions in different combinations.
Stock solutions of NaCl (0.1, 1, 3 and 4 M) and CaCl2 (0.1 and 1 M) in
Milli-Q water were prepared gravimetrically from powders pur-
chased from Sigma. Standard solutions of HCl (0.1 and 1 M) were
purchased from Sigma. The amount of added NaCl was considered
in terms of absolute molar concentration (in mM and M), while HCl
and CaCl2 were added considering the number of protons Hþ or
Ca2þ per protein, because these ions specifically bind to the
proteins.

Solutions of fractal aggregates with the required amounts of HCl,
NaCl and/or CaCl2 were prepared by slowly adding (drop by drop)
solutions of the latter while vortex stirring. To slow down aggre-
gation during preparation, all solutions were cooled and mixed on
an ice bath.

2.3. Titration experiments

Potentiometric titration was used to measure the change of the
pH as a function of the concentration of the added ions. The ex-
periments were conducted at room temperature (approximately
20 �C) using an automatic titrator (TIM 856, Radiometer Analytical)
equipped with a combined pH electrode (Radiometer Analytical pH
C2401-8 Combination Red-Rod) and a temperature probe. The
electrode was calibrated by a three-point calibration with standard
buffers (SI Analytics, 60 FIOLAX ampoules, Germany) in the pH
range between 4 and 10. 3 M NaCl and 0.1 M CaCl2 solutions, used as



Fig. 1. pH as a function of the NaCl concentration added to suspensions of fractal
aggregates at different protein charge densities. Results for three different protein
concentrations are shown: , 20 g L�1; , 40 g L�1; , 60 g L�1.

Fig. 2. The minimum NaCl concentration at which gelation occurred after heating for
24 h at 80 �C as a function of a for solutions of fractal aggregates at protein concen-
trations of: , 20 g L�1; , 40 g L�1; , 60 g L�1. The lines are guides to the eye.
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titrants, were prepared volumetrically at 20 �C from powders
purchased from Sigma. 3 M NaCl and 0.1 M CaCl2 were added at rates
of 0.3 mL min�1 and 0.4 mL min�1, respectively; the addition of the
titrants (approximately 8 mL) was achieved within 20e30 min. The
volume of the added titrant and the pH were recorded automati-
cally and continuously. The addition of the titrant was conducted
while stirring. From several repeated measurements at the same
conditions we estimate the uncertainty of the electrode measure-
ments within ±0.1 pH unit.

2.4. Rheological measurements

Rheological measurements were used to study the gelation ki-
netics and mechanical properties of gels by measuring the evolu-
tion of the oscillatory shear moduli as a function of time at a fixed
temperature. The measurements were conducted using two stress-
controlled rheometers (AR2000 and ARG2, TA Instruments)
equipped with cone-plate geometries with radius 20 mm and a
Peltier system for temperature control. It was verified that both
rheometers gave the same result. Samples cooled on ice were
promptly (within approximately 1 min) loaded on the rheometer
with the temperature of the plate set to 20 �C and covered with
mineral oil to avoid evaporation. The temperature was increased
from less than 20 �C to the required value within one minute. The
moduli were measured at 0.1 Hz within the linear response regime.
From several repeated measurements at the same conditions we
estimate the uncertainty of the measurement of the oscillatory
shear moduli to be less than 10%.

2.5. Confocal laser scanning microscopy (CLSM)

The structure of gels formed by fractal aggregates with different
mineral composition and protein net charge was studied with a
Zeiss LSM800 microscope (Carl Zeiss Microscopy GmbH, Jena,
Germany) equipped with a 63� water immersion objective lens.
Samples of aggregates mixed with acid and salts on an ice bath
were labelled by addition of 5 ppm of rhodamine B (Merck, Ger-
many), placed on cavity slides, sealed with a cover slip and heated
at 80 �C on a rack placed in awater bath. The heating was continued
until a steady state was reached, i.e., until no change of the struc-
ture with heating time was observed.

3. Results

3.1. Gelation of fractal aggregates induced by HCl and NaCl

Gelation of fractal aggregates induced by simultaneous addition
of HCl and NaCl was studied in the NaCl concentration range be-
tween 0 and 0.5 M for solutions of fractals at 20, 40 and 60 g L�1. 1, 2,
3, and 4 Hþ per protein was added in the form of HCl, which
resulted in a decrease of the initial negative charge density from
a ¼ �8.0 to �7.0, �6.0, �5.0, and �4.0, respectively.

The influence of NaCl on the pH at different fixed charge den-
sities of the fractals was studied by titratingwith a 3 M NaCl solution
(Fig. 1). Initial addition of small amounts of NaCl (20e40 mM) led to
a small steep decrease of the pH that levelled off at at higher NaCl
concentrations. The initial decrease of the pH was larger at more
negative a (higher pH) and became negligible at a approaching the
iso-ionic point (pI ¼ 5.0) (see the curve at a ¼ �2.0 in Fig. 1). The
change of the pH at a fixed a was practically independent of the
protein concentration in the studied range (20e60 g L�1).

The decrease of pH with addition of a salt is in accordance with
results previously reported in the literature (Kharlamova et al.,
2016) and is explained by a small change of the pKa of the pro-
teins (Salis et al., 2011). However, the effect on the protein net
charge density, which is the main parameter determining protein
aggregation and gelation, is negligible (Kharlamova et al., 2016;
Salis et al., 2011).

We determined the minimum NaCl concentration required for
gelation at different fixed a and protein concentrations by heating
samples in a water bath at 80 �C for 24 h. A series of samples with
NaCl concentration increasing with an increment of 10 mM was
prepared and heated. Fig. 2 shows the minimal values of NaCl at
which gelation occurred.

At the initial charge density a ¼ �8.0 (no HCl added) the
minimum NaCl concentration required for gelation decreased
from 230 mM at 20 g L�1 to 80 and 40 mM at 40 and 60 g L�1,



Fig. 3. Evolution (a) of G0 at 0.1 Hz with heating time at 50 ( ), 55 ( ), 60 ( ), 65 ( ), 70 ( ) and 75 ( ) �C for a solution of fractal aggregates (Rh ¼ 30 nm) at C ¼ 40 g L�1, a ¼ �5.0
(3 Hþ per protein) with 0.2 M NaCl; the same data are presented normalised (b) by the time of gelation tg. Arrhenius representation (c) of the temperature dependence of tg; the solid
line represents the results of a linear least squares fit.

Fig. 4. Gel time determined during heating at 65 �C fractal aggregates at protein concentrations of (a) 40 g L�1 and (b) 60 g L�1 at different protein charge densities (a) and NaCl
concentration. The charge density of �8 ( ) was adjusted to �6 ( ), �5 ( ) and �4 ( ) by adding 2, 3 and 4 protons per protein, respectively. For a ¼ �4.0, tg was deduced from
measurements at lower temperatures using the Arrhenius equation. The lines are guides to the eye.
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Fig. 5. The activation energy Ea as a function of the NaCl concentration for fractal
aggregates at different charge densities ( , �8; , �6; , �5; , �4) and protein
concentrations of 40 g L�1 (closed symbols) and 60 g L�1 (open symbols).
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respectively. With addition of 1 Hþ per protein (a ¼ �7.0), the
minimum NaCl concentration decreased to 160, 50 and 20 mM at
20, 40 and 60 g L�1, respectively. At a ¼ �6.0 (2 Hþ added per
protein) the solutions at C ¼ 60 g L�1 gelled even without NaCl,
while at least 70 and 20 mM NaCl were required at C ¼ 20 and
40 g L�1, respectively. At a¼�5.0 (3 Hþ per protein) at least 20 mM

NaCl was required for gelation at C ¼ 20 g L�1, but at C � 40 g L�1

the solutions gelled even without NaCl. Finally, at a ¼ �4.0 (with
addition of 4 Hþ per protein) all samples at C� 20 g L�1 gelled even
without NaCl.

Acid-induced gelation ofWPI fractals was previously found to be
a temperature-activated process with an activation energy (Ea) of
155 kJ mol�1 (Kharlamova et al., 2018a). To study the influence of
NaCl on the gelation kinetics, samples with different protein con-
centrations, NaCl concentrations and different awere heated on the
rheometer at different fixed temperatures. Fig. 3a shows an
example of the evolution of the elastic modulus for a sample con-
taining 40 g L�1 of fractals with a ¼ �5.0 (3 Hþ added per protein)
and 0.2 M NaCl. The elastic modulus increased rapidly at a charac-
teristic time of gelation tg, defined as the time required to reach the
value of G0 ¼ 0.1 Pa. Decrease of the temperature led to slower
gelation. However, when the heating time is normalised by tg, the
curves at different temperatures superimpose, implying that the
evolution of the elastic modulus is independent of the temperature
(see Fig. 3b). By plotting the values of tg in an Arrhenius plot
(Fig. 3c) the value of Ea is obtained from the slope (see Supple-
mentary material for more details).

Similar measurements were conducted on a series of samples
at C ¼ 40 g L�1 and 60 g L�1, at four different charge densities
(a ¼ �8.0, �6.0, �5.0 and �4.0) in the NaCl concentration range
between 0 and 0.5 M. Note that at fixed a the pH decreases with
increasing NaCl concentration as was shown in Fig. 1. Fig. 4
shows the values of tg determined for these systems during
heating at 65 �C as a function of NaCl concentration. At a ¼ �8.0,
addition of NaCl up to 0.2 M led to a steep decrease of tg. At less
negative a ¼ �6.0 and �5.0, the same effect is observed up to
approximately 0.1 M. With addition of more salt, tg becomes
practically independent of the NaCl concentration. At a fixed
NaCl concentration, tg decreases with decreasing negative
charge (i.e., with decreasing pH) and increasing aggregate
concentration. At low salt concentrations, tg diverges. Although
gelation for some systems with very low NaCl concentration was
observed during heating at 80 �C in glass vials in a water bath,
quantification of the values of tg with the rheometer was diffi-
cult as it required a lot of time, especially at temperatures lower
than 70e80 �C.

At a¼�4.0 gelationwas too fast to determine tg at 65 �C, but it
could be deduced at C ¼ 40 g L�1 from the measurements at
lower temperatures using the Arrhenius equation. Interestingly,
at this charge density tg gradually increased by approximately
one order of magnitude with addition of up to 0.5 M NaCl.

Gelation was studied at different temperatures. Supplementary
material Fig. S1 shows the Arrhenius plots obtained for aggregates
at different C, a and NaCl concentrations, from which Ea was
calculated for each system. Fig. 5 shows Ea as a function of the NaCl
concentration for aggregates at different a at two protein concen-
trations. At a ¼ �6.0 and �5.0, Ea decreased from approximately
150 kJ mol�1 at 0 M NaCl, when gelationwas induced purely by acid,
to 100e110 kJ mol�1 in the presence of 0.5 M NaCl. At a ¼ �8.0,
gelation occurred only after addition of NaCl and
Ea ¼ 110 ± 10 kJ mol�1.

Remarkably, at a ¼ �4.0 (4 Hþ added per protein) the effect of
reduction of Ea with addition of NaCl is also observed, but the
values of Ea were significantly higher than at more negative charge
densities, varying from 205 kJ mol�1 at 0 M NaCl to 138 kJ mol�1 at
0.5 M NaCl.

The influence of the NaCl concentration on the elastic
modulus of the gels at different a was studied by plotting the
master curves obtained by timeetemperature superposition, i.e.,
by multiplying the heating time t with a temperature-dependent
coefficient aT with respect to the reference temperature Tref.. In
Fig. 6a the influence of the NaCl concentration on the elastic
modulus of gels at C ¼ 60 g L�1 at a ¼ �5.0 (3 Hþ per protein) is
shown at Tref. ¼ 65 �C. The same data are normalised by tg in
Fig. 6b, showing that G0 of the gels at all NaCl concentrations
reached values of the same order of magnitude (1 kPa) after
heating for time t¼ tg � 100. Master curves for systems at other C
and a are shown in Supplementary material Figs. S2 and S3 (for
C ¼ 40 g L�1 and 60 g L�1, respectively). At C ¼ 40 g L�1, G0 rose to
approximately 0.01 kPa after heating for t ¼ tg � 10, and
0.2e0.3 kPa after heating for t ¼ tg � 100 (see Supplementary
material Fig. S2).

We noted, however, that the elastic modulus decreased with
decreasing NaCl concentration for systems for which a divergence
of tg when the NaCl concentration tended to 0 M was observed in
Fig. 4. For instance, for aggregates at a ¼ �5.0 and C ¼ 40 g L�1 at
NaCl � 70 mM the elastic modulus was lower than at NaCl � 0.2 M

(Supplementary material Fig. S2f). Similar observations were made
for fractals gelling at a more negative a ¼ �6.0: G0 progressively
decreased at NaCl �0.1 M and �30 mM NaCl for C ¼ 40 and
C ¼ 60 g L�1, respectively (Supplementary material Figs. S2d and
S3d). For aggregates at C ¼ 60 g L�1, a ¼ �8.0 and �0.25 M NaCl,
G0 decreased at longer heating due to syneresis (Supplementary
material Figs. S3a,b).

The microstructure of the gels was studied at different protein
concentrations (20, 40 and 60 g L�1), protein charge densities
(a ¼�8.0, �6.0, �5.0 and �4.0) and NaCl concentration (between
0 and 0.5 M), see Fig. 7. The aggregate solutions with adjusted C, a
and NaCl concentration, prepared on an ice bath, were heated in
sealed cavity slides in a water bath at 80 �C. Before heating, all
samples were homogeneous on the microscopic level (images are



Fig. 6. Master curves (a) of the evolution of G0 at 0.1 Hz with heating time for suspensions of fractal aggregates at C ¼ 60 g L�1 with charge density a ¼ �5.0 (3 Hþ per protein) at
different NaCl concentrations ( , 0 mM; , 10 mM; , 20 mM; , 50 mM; , 0.1 M; , 0.25 M; , 0.5 M) obtained by timeetemperature superposition of curves at different temperatures
at Tref. ¼ 65 �C by multiplying the heating time t by a temperature dependent coefficient aT; the same data are presented (b) as a function of t/tg.
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not shown). During heating the microstructure coarsened, but
after gelation it no longer changed significantly (results not
shown), as we already reported elsewhere for Ca2þ- and acid-
induced gelation of WPI aggregates (Kharlamova et al.,
2018a,b). Fig. 7 shows that the heterogeneity of the gels
increased with decreasing C, decreasing negative net protein
charge (decreasing pH) and increasing NaCl concentration. With
increasing aggregate concentration, gels can be formed with less
NaCl and at more negative a, in agreement with results shown in
Fig. 2.

3.2. Gelation of fractal aggregates induced by CaCl2 and NaCl

The study of gelation of fractals induced by simultaneous
addition of CaCl2 and NaCl was done at C ¼ 40 g L�1. Calcium was
added at different molar ratios R between Ca2þ and protein. Up to 5
Ca2þ ions were added per protein, i.e., up to 11.4 mM, not consid-
ering the 1 Ca2þ and 0.8 Mg2þ ions per protein that were initially
present in the powder. Between 0 and 0.5 M NaCl was added.

We first measured the pH of aggregate solutions in the presence
of CaCl2 and NaCl. Fig. 8 shows the change of the pH for solutions of
fractals at C ¼ 40 g L�1 at different fixed R with addition of up to
0.6 M NaCl. Similar to the findings in Fig. 1, addition of up to 0.1 M

NaCl resulted in a relatively steep decrease of pH at R ¼ 0e2, fol-
lowed by a gradual decline. The initial decrease of the pH became
smaller with increasing R. At R ¼ 3e5 the steep decrease in the
beginning was not observed and pH remained practically the same
at all NaCl concentrations.

Samples with 40 g L�1 of fractals and different Ca2þ and NaCl
content were heated on the rheometer at different temperatures
in the same manner as shown in Fig. 3a. As for gelation induced by
HCl and NaCl, the gelation rate decreased with decreasing tem-
perature and tg had an Arrhenius temperature dependence
(Supplementary material Fig. S4). Fig. 9 shows the values of tg for
gelation at 65 �C determined for aggregates with different R and
NaCl concentration. At R ¼ 0 and 2 an increase of the NaCl con-
centration initially led to a decrease of tg. tg became independent
of the NaCl concentration at�0.2 M for R¼ 0 and�0.03 M for R¼ 2.
However, at R ¼ 3e5 addition of NaCl led to an increase of tg up to
approximately 0.1 M and levelled off at higher NaCl concentrations.
The same general trends were observed for gelation at other
temperatures in the range between 20 and 80 �C (Supplementary
material Fig. S5).

From the temperature dependence of tg we calculated the values
of Ea of the gelation process, see Fig.10. The Arrhenius plots used for
the calculation are presented in Supplementary material Fig. S4.
With increasing NaCl concentration, Ea gradually decreased from
200 ± 10 kJ mol�1 when no NaCl was added to 115 ± 5 kJ mol�1 at
0.5 M NaCl.

Fig. 11 shows the master curves obtained by superposition at
Tref. ¼ 55 �C for aggregates at C ¼ 40 g L�1 with R ¼ 4 at different
NaCl concentrations. Fig. 11a shows that gelation slows down with
addition of NaCl at this R. When the master curves are normalised
by tg in Fig.11b, the data approximately superimpose, implying that
the NaCl concentration does not influence the elastic modulus of
gels at R ¼ 4. The elastic modulus reached 0.2e0.3 kPa at
t ¼ tg � 100, close to that of gels prepared at C ¼ 40 g L�1 with HCl
and NaCl (Supplementary material Fig. S2). Similar results were
obtained at R ¼ 3 and 5 (Supplementary material Fig. S6), but for
R ¼ 2 some decrease of G0 was observed at NaCl �50 mM NaCl
(Supplementary material Fig. S6b).

The microstructure of the gels at C ¼ 40 g L�1 with different R
and NaCl concentrations is presented in Fig. 12. The heterogeneity
increased with increasing R but did not change much with
increasing NaCl concentration, except at R ¼ 0, where the hetero-
geneity increased between 0.2 and 0.5 M NaCl.

3.3. Gelation of fractal aggregates induced by HCl and CaCl2

Gelation of fractals induced by simultaneous addition of HCl and
CaCl2 was studied in a similar manner. Fig. 13a shows the pH of
aggregate solutions at C¼ 20 g L�1 at different a as a function of R of
added Ca2þ. The same data are presented as a function of the cal-
cium concentration ([Ca2þ]) in Fig. 13b. Titration was conducted at
C ¼ 20 g L�1 so as to avoid gelation during the measurements.
Addition of up to 5 Ca2þ per protein resulted in a decrease of the pH
that was larger at more negative a (less HCl added). At higher R the
pH decreased more weakly.

Aggregate solutions at C ¼ 40 g L�1 at different a and R were
heated on the rheometer at fixed temperatures. tg had an
Arrhenius temperature dependence (Supplementary material
Fig. S7), similarly to the systems studied above. Fig. 14 shows tg



Fig. 7. CLSM images (25 mm � 25 mm) obtained for gels formed from fractals at three protein concentrations (20, 40 and 60 g L�1), as a function of a and NaCl concentration,
indicated in the figure. Prepared mixtures were sealed in cavity slides and heated at 80 �C until the steady state was reached.
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Fig. 8. pH as function of [NaCl] added to solutions of fractals at C ¼ 40 g L�1 at different
R: , 0; , 1; , 2; , 3; , 4; , 5; , 6. The calcium concen-
tration was fixed before titration by adding R Ca2þ ions per protein.

Fig. 9. Gel time (tg) for gelation at 65 �C for fractal aggregates at C ¼ 40 g L�1 and
a ¼ �8.0 with different R ( , 0; , 2; , 3; , , 4; , , 5) as a function of the NaCl
concentration. Closed symbols correspond to the measured values, whereas the open
symbols represent values determined from the measurements at lower temperatures
using the Arrhenius equation. The lines are guides to the eye.

Fig. 10. The activation energy Ea as a function of the NaCl concentration for fractal
aggregates at C ¼ 40 g L�1 and different Ca2þ to protein molar ratios R ( , 0; , 2; , 3;
, 4; , 5).
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at 65 �C as a function of R for different a. Some of the values were
deduced from the measurements at lower temperatures using
the Arrhenius equation (empty symbols). Both addition of Ca2þ

and Hþ led to a steep decrease of tg. Decrease of tg with
increasing R was more important at less negative values of a (i.e.,
at lower pH).

By varying R between 0 and 5 and a between �8.0 and �4.0 the
gelation time could be varied by nine orders of magnitude. The rate
of gelation at higher concentrations of Ca2þ and Hþ was too fast
even at low temperatures. Similar results were obtained for gela-
tion at other temperatures in the range between 20 and 80 �C
(Supplementary material Fig. S8).

Fig. 15 shows the values of Ea obtained as a function of R at
different a. We cannot conclude on any dependency of Ea on R and
a. The values of Ea showa significant spread and aremostly found in
the range Ea ¼ 200 ± 20 kJ mol�1.

Similarly to the systems described in sections 3.1 and 3.2, the
elastic modulus was found to be independent of a and R over the
range examined. At 40 g L�1 G0 reached 0.2e0.3 kPa after
t ¼ tg � 100 (Supplementary material Fig. S9).

Fig. 16 shows the microstructure of the gels at C ¼ 40 g L�1 as a
function of a and R. The heterogeneity increased with increasing R
and decreasing negative charge. At a ¼ �4.0 addition of calcium at
R � 3 resulted in immediate gelation in spite of the low tempera-
ture at which samples were prepared, which produced macro-
scopically heterogeneous gels.
4. Discussion

Fractal aggregates are formed at conditions at which the pro-
teins have a high negative charge, rendering suspensions of fractals
stable during storage. The negative charge can be reduced by
addition of acid or salt, which can lead to gelation (Fig. 17). Most
protons from added acid bind to the proteins, which results in a
decrease of the negative net charge of proteins. In the case of salt,
the mechanism of reduction of electrostatic repulsions depends on
whether the ions bind specifically to the proteins or only screen the
interaction. Addition of divalent cations like Ca2þ that bind



Fig. 11. Master curves (a) of the evolution of G0 at 0.1 Hz with heating time for suspensions of fractal aggregates at C ¼ 40 g L�1 with R ¼ 4 at different NaCl concentrations ( , 0 mM;
, 10 mM; , 50 mM; , 0.1 M; , 0.2 M; , 0.3 M; , 0.5 M)] obtained by timeetemperature superposition at Tref. ¼ 55 �C; the same data are presented (b) as a function of t/tg.

Fig. 12. CLSM images (25 mm � 25 mm) obtained for gels at C ¼ 40 g L�1 at a ¼ �8.0, at
different calcium to protein ratios R and NaCl concentrations, indicated in the figure.
The mixtures prepared on an ice bath and sealed in cavity slides were heated at 80 �C
until the steady state was reached.

Fig. 13. pH as function (a) of the molar ratio between added Ca2þ and protein for suspen
, �5.0; , �4.0; , �3.0; , �2.0). The same data are shown (b) as function
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specifically to proteins leads to a reduction of the effective protein
charge density. We previously reported for fractal aggregates pro-
duced in the same way from the same WPI powder that up to 3
Ca2þ ions can bind per protein in fractal aggregates (Kharlamova
et al., 2018b). Excess of added calcium contributes to the
screening of electrostatic interactions. In the case of salts not con-
taining specifically binding ions, like NaCl, gelation happens due to
the screening of electrostatic interactions only.

The relatively small decrease of the pH with addition of NaCl to
protein solutions at different a (Fig. 1) has been reported in the
literature (Kharlamova et al., 2016) and is explained by a minor
change of the dissociation constant due to the electrostatic
screening. The effect is progressively less important when a ap-
proaches zero and is not observed at the isoionic point (IIP z pH
5.0), where the net protein charge is zero. The effect of NaCl is seen
in Fig. 8 for aggregates with R � 2 and is negligible at R > 2 when
the effective charge density is much reduced due to specific binding
of calcium ions. The weak decrease of pH with addition of small
amounts of Ca2þ seen in Fig. 13 is explained by binding of calcium
ions to the protein.
sions of fractals at C ¼ 20 g L�1 and different a ( , �8.0; , �7.0; , �6.0;
of the absolute concentration of added Ca2þ.



Fig. 14. Gel time determined during heating at 65 �C for fractal aggregates at 40 g L�1

and different a ( , , �8.0; , , �7.0; , , �6.0; , , �5.0; , �4.0) as function of R.
Closed symbols correspond to the measured values and open symbols correspond to
values determined from measurements at lower temperatures using the Arrhenius
equation.

Fig. 15. Ea as function of R for fractal aggregates at C ¼ 40 g L�1 at different charge
densities: ( , �8.0; , �7.0; , �6.0; , �5.0; , �4.0).
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For gelation of fractals induced by simultaneous addition of HCl
and NaCl or CaCl2 and NaCl, we have observed in both cases a
decrease of Ea from approximately 150 and 200 kJ mol�1, respec-
tively, to 110 ± 10 kJ mol�1 with increasing NaCl concentration from
0 to 0.5 M. We previously reported the values of 155 kJ mol�1

(Kharlamova et al., 2018a) and 210 kJ mol�1 (Kharlamova et al.,
2018b) for acid- and Ca2þ-induced gelation, respectively.
Therefore, we may conclude that with increasing NaCl concentra-
tion, gelation gradually shifts from being caused by a reduction of
the effective charge density to being caused by screening. Here we
found Ea ¼ 110 ± 10 kJ mol�1 for gelation of WPI fractals induced by
only NaCl. Ea ¼ 70 kJ mol�1 and 72 kJ mol�1 were previously re-
ported for NaCl-induced gelation of b-lg fractal aggregates (Ako
et al., 2010) and soy protein isolate fractal aggregates (Chen et al.,
2017), respectively.

For gelation induced by addition of both HCl and NaCl we found
that Ea did not depend on a in the range between �8.0 and �5.0,
but had systematically higher values at a¼�4.0. We do not have an
explanation for this observation. In particular, it is difficult to un-
derstand why Ea increased when the net charge density, and
therefore the electrostatic repulsion, was smaller.

Interestingly, it was found that addition of NaCl decreased tg
only at high negative a and at small R. At a ¼ �4.0 and at R � 3
addition of NaCl was found to cause an increase of tg (see Figs. 4 and
9). Addition of NaCl favours gelation by screening electrostatic re-
pulsions. However, it appears that when the effective charge den-
sity is sufficiently reduced by binding of Hþ or Ca2þ, addition of
NaCl slows down gelation. One possible explanation is that addition
of NaCl screens opposite charge interactions, which could play a
role in gelation when the effective net protein charge is small. We
note that evenwhen no CaCl2 was added, 1 Ca2þ and 0.8 Mg2þ were
present per protein.

As might be expected, the rate of gelation induced by simulta-
neous addition of HCl and CaCl2 increased dramatically with
increasing amount of both components in the whole studied range,
because both lead to a reduction of the effective protein charge
density.

This study showed that, in general, the value of the elastic
modulus of the gels increases with increasing protein concentra-
tion, and is independent of the charge density and the salt content.
A similar finding had already been reported for pure acid- and
calcium-induced gelation (Kharlamova et al., 2018a,b). However,
we noted a tendency to a reduction of the elastic modulus with
increasing NaCl concentration when the proteins were strongly
negatively charged (at a ¼ �8.0), which we explained by syneresis.
The elastic modulus was also found to decrease when very small
amounts of HCl/CaCl2/NaCl were added, implying that full gelation
requires reduction of electrostatic repulsions to below some critical
value.

As might be expected, the microstructure of the gels was more
heterogeneous when the electrostatic repulsion was weaker.
However, no clear relationship between the microstructure as
observed by CLSM and the elastic modulus of the gels was found.
Clearly, the gel stiffness cannot be understood solely by considering
the microstructure and one needs to also consider the bonds at the
molecular length scale. Even if the microstructure is the same, the
force required to deform the strands or crosslinks of the network
may not be the same, because that will also depend on the type of
bonds.

Herewe did not study the influence of the aggregate size to limit
the number of studied parameters. Previously we found the elastic
moduli, the structure and Ea to be independent of the aggregate
size, at least in the range of Rh between 30 and 200 nm
(Kharlamova et al., 2018a,b). However, an approximately 10-fold
increase of the gelation rate was found with increasing Rh from 30
to 200 nm for aggregates at C ¼ 60 g L�1 at a ¼ �4.0 (Kharlamova
et al., 2018a). We suggested that during gelation smaller aggregates
first aggregate into larger ones before forming a network, which
explains the difference in the gelation rate.



Fig. 16. CLSM images (25 mm � 25 mm) obtained for suspensions of fractals at C ¼ 40 g L�1 at different a and R as indicated in the figure. The mixtures were prepared on ice, sealed
in cavity slides, and subsequently heated in a water bath at 80 �C until steady state was reached.

Fig. 17. Reduction of electrostatic interactions between fractal protein aggregates.

A. Kharlamova et al. / International Dairy Journal 111 (2020) 104824 11
5. Conclusions

Gelation of fractal aggregates can be induced by addition of ions
that either bind specifically to proteins (Hþ, Ca2þ) reducing the
effective net charge density of proteins or do not bind specifically to
proteins (Naþ), but screen the electrostatic repulsions. In all cases
gelation was found to have an Arrhenius temperature dependence,
characterised by Ea. Here Ea ¼ 110 ± 10 kJ mol�1 was found for
gelation of fractals induced by addition of NaCl to be comparedwith
Ea ¼ 210 kJ mol�1 and 155 kJ mol�1 for Ca2þ- and Hþ-induced
gelation that we reported elsewhere. From the dependence of Ea on
the NaCl concentration we deduced that when gelation is induced
by mixtures of HCl and NaCl or CaCl2 and NaCl, there is with
increasing NaCl concentration a shift from gelation controlled by
specifically binding ions (Hþ and Ca2þ) to gelation controlled by
NaCl. For gelation induced by a mixture of HCl and CaCl2, we found
that Ea is approximately 200 ± 20 kJ mol�1 independent of the
mineral composition, implying that gelation is mostly controlled by
Ca2þ. The elastic modulus was found to be independent of the
mineral content, reaching 0.2e0.3 kPa at C ¼ 40 g L�1 and
approximately 1 kPa at C ¼ 60 g L�1. Addition of NaCl was found to
decrease tg at conditions where the negative net protein chargewas
not significantly reduced by specifically binding ions. Otherwise, tg
increased with addition of NaCl. Adding a mixture of specifically
binding ions (Hþ and Ca2þ) was found to decrease tg at all studied R
and a.
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