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a b s t r a c t

Pre-heated milk was gelled by acidification at 60, 70, 80, and 90 �C, to pH 5.2 or 4.6. The resultant milk
gels were characterised in terms of composition, molecular protein bonds, and water mobility. The
protein network structure of the gels was mainly governed by calcium bonds (30e63%), independent of
the acidification temperature and pH. However, acidification temperature affected the aggregation ki-
netics and buffer capacity of the milk. Increased temperature led to an increase in total calcium in the
gels (187% and 71% for pH 5.2 and 4.6 respectively) since colloidal calcium phosphate dissociated to a
lesser degree, increasing the calcium bonds in the protein structure network. The largest water popu-
lation in the gels was assigned to protons entrapped within the protein network, and the transverse
relaxation time decreased with both increase in acidification temperature and decrease of pH, due to the
increasing density of the gel aggregates.
© 2023 The Authors. Published by Elsevier Ltd. This is an open access article under the CC BY license

(http://creativecommons.org/licenses/by/4.0/).
1. Introduction

Heat and acid-induced milk gels, as cookable, non-melting
cheeses, can replace meat in many traditional dishes, supporting
the transition to a less meat-based diet. Several studies have
investigated acid-induced gelation of preheated milk for cultured
dairy products, like yoghurt, or acid-coagulated cheese (e.g., cream
cheese, cottage cheese, and Quarg). Generally, for these products
acidification takes place between 20 and 60 �C using selected cul-
tures or the addition of a slow-releasing acid such as glucono-delta-
lactone, and the mechanisms of such gel formation have been
extensively investigated (see, e.g., Horne, 1999; Lucey, 2016, 2017).
Heat and acid-induced milk gels differ from these gels, as acidifi-
cation is typically done at low temperatures with weak acid types
such as, e.g., citric acid.

In heat and acid-induced gels, the two major classes of milk
proteins, namely, caseins and whey proteins, form gels by the
simultaneous application of heat and acid. Before acidification the
milk is heat treated above the denaturation temperature of b-
r Ltd. This is an open access articl
lactoglobulin (b-lg) (>85 �C for 15 min), the whey proteins will self-
aggregate, cover the k-casein on the surface of the casein micelles,
as well as interact with the proteins in the milk fat globule mem-
brane (Anema, 2021; Lowe et al., 2004; Wiking, Gregersen, Hansen,
& Hammershøj, 2022). Thus, the gel formation in heat and acid-
induced gels involves not only the acid coagulation of casein but
also the contribution of whey protein and casein-whey aggregates
induced by heat treatment of the milk to the formation of the
protein network where milk fat is entrapped. The coverage of
casein micelles by denatured whey proteins has been shown to
reduce casein micelle aggregation (Anema& Li, 2003; Christiansen,
Smith, Brok, Schmiele, & Ahrn�e, 2021). However, when milk is
sufficiently heat treated, whey protein and casein form a co-gel
upon acidification (Guyomarc'h, Jemin, Le Tilly, Madec, &
Famelart, 2009; Lucey, Wilbanks, & Horne, 2022; Vasbinder, van
de Velde, & de Kruif, 2004).

Heat treatment (i.e., >85 �C,�10min) of the milk also affects the
calcium phosphate (colloidal calcium phosphate; CCP) partitioning
between colloidal and serum phase of the milk (Guyomarc'h, Law,
& Dalgleish, 2003). The high acidification temperature (>60 �C)
accelerates the kinetics of protein aggregation, affects CCP solubi-
lity and the partitioning between serum and colloidal phase along
e under the CC BY license (http://creativecommons.org/licenses/by/4.0/).
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with the formation of complexes with citrate or other milk com-
ponents (Barone, Yazdi, Lillevang, & Ahrn�e, 2021).

During acidification, using weak acids, the conjugated base of
the acid, (e.g., citrate, lactate), can bind ionic calcium (Ca2þ) limiting
the amount available to promote proteineprotein aggregation
through salt bridges. At high acidification temperatures, (>60 �C) a
fast milk protein aggregation is expected. This, together with the
low calcium and phosphate solubility, likely hinders the release of
CCP from the micelles during high-temperature acidification
(Horne, 1998), thus retaining calcium within the gel network
(Laursen, Rovers, Ipsen, & Ahrn�e, 2022). Earlier studies on pressed
heat and acid-induced milk gels showed that gels with higher
calcium content had a denser microstructure and harder texture
(Laursen et al., 2022). Calcium addition has been used to increase
the firmness of heat and acid-induced milk gels (Desai, Gupta, Patil,
& Patel, 1991; Mistry, Singh, & Sharma, 1992; Singh & Kanawjia,
1988). However, the addition of calcium also influence the heat
sensitivity and buffer capacity of the milk, depending on the cal-
cium source (Barone et al., 2021; Lewis, 2011). To the best of our
knowledge, no studies have reported on the influence the calcium
partitioning solely by altering the acidification temperature of the
milk.

To better understand the structure of milk gels, the type and
strength of chemical bonds, formed upon heat treatment and
acidification, between the proteins andminerals, have been studied
and related with water and fat holding ability and consequently the
texture (strength of the gel) (Lefebvre-Cases et al., 1998; Li et al.,
2022; Torres, Mutaf, Larsen, & Ipsen, 2016). Earlier studies have
compared the stabilising chemical bonds of a range of gel types,
e.g., acid-induced whey, casein, and milk gels while investigating
how the production of the protein gels influences the bond types
(Gonçalves & Cardarelli, 2019; Keim & Hinrichs, 2004; Lefebvre-
Cases et al., 1998). The type of bonds that will dominate in a
given gel depends on the level of protein denaturation and aggre-
gation extension of milk protein. The isoelectric point of the major
whey protein b-lg is pH 5.2, therefore during acidification, inter-
and intramolecular complexation and aggregation can arise
through electrostatic interactions, disulphide, and salt (herein cal-
cium) bridges interactions. Keim and Hinrichs (2004) showed that
in high pressure-induced whey-protein gels, increasing the amount
of disulphide bridges resulted in a firmer and more elastic struc-
ture. An acid-induced casein gel, as described by Lefebvre-Cases
et al. (1998) and van Vliet, Roefs, Zoon & Walstra (1989), is
mainly governed by hydrophobic and electrostatic interactions, due
to the collapse of the hairy k-casein layer when the isoelectric point
of the casein micelle is reached. Hinrichs and Keim (2007) showed
that mozzarella and acid-induced gels were highly stabilised by
hydrophobic interactions and calcium bridges. To the best of our
knowledge the type, of bonds in heat and acid-induced gels have
not been studied although they are important for water holding
and textural properties of the product.

The spatial distribution of water and fat has a significant influ-
ence on the texture of food matrices, especially in soft matter like
protein gels. A fast and non-destructive way to understand water
interactions in gels is low-field nuclear magnetic resonance (LF-
NMR). It is a quantitative method of determining the distribution
and level of interaction of water and/or fat in complexmaterials. LF-
NMR has been used to, e.g., investigate rennet-induced casein gels
(Gianferri, D'Aiuto, Curini, Delfini & Brosio, 2007a; Hansen et al.,
2010; Tellier, Mariette, Guillement, & Marchal, 1993), whey pro-
tein gels (Hinrichs, G€otz, & Weisser, 2003) and casein-based acid
gels (Li et al., 2022; Salomonsen, Sejersen, Viereck, Ipsen, &
Engelsen, 2007). A high amount of serum water/least bound wa-
ter and a low amount of entrapped water can be associated with a
weak and brittle protein gel. In contrast, high amounts of entrapped
2

water along with low serum content can be associated with a more
elastic and cohesive gel protein structure. To the authors' knowl-
edge, LF-NMR has not been used to investigate the water distri-
bution of heat and acid-induced milk gels.

Thus, studies regarding the effect of elevated acidification
temperature (>60 �C) on the physicochemical properties of directly
acidified milk gels are scarcely reported in literature. These types of
gels are heat stable having non-melting properties, making them
suitable as dairy-based meat substitutes. A better understanding of
the gel structure formation during acidification at temperatures
>60 �C will provide knowledge for improving the textural and
sensorial properties of non-melting cheeses. The current study,
therefore, aims to elucidate the effect of acidification temperature
at 60, 70, 80, or 90 �C and final pH (pH 4.6 and 5.2) on the stabilising
bonds of heat and acid-inducedmilk gels to better understand their
composition, protein network structure and water mobility. The
knowledge of this study can be exploited for the production of milk
protein-based acidified gels having consistent and tailored physi-
cochemical and textural properties.

2. Materials and methods

2.1. Preparation of milk gels

Commercial pasteurised (to a minimum of 72 �C, 15 s) bovine
milk (Arla foods Amba, Viby J, Denmark) with a fat content of 3.5%
(w/w) was heated in a water bath (Julabo) to 90 �C for 12 min and
subsequently cooled on ice bath until 10 �Cwas reached. Aliquots of
milk (200 g) were heated in awater bath to temperatures 60, 70, 80,
or 90 �C under agitation at 200 rpm, using a magnetic stirring plate
with heating. Under agitation 0.1 M citric acid was used to acidify
until pH 4.6 or 5.2 was reached at addition rate 20 mL min�1. For
samples heated to 60, 70, 80, and 90 �C 57, 45, 36, and 29 mL were
added to reach pH 4.6 and for 32, 28, 22, and 21 mL to achieve a pH
of 5.2. The agitation was stopped and the formed aggregates were
left to settle for 2 min. The gel was separated from the serum using
a plastic sieve and left to drain for 5 min. The gel was then cooled to
room temperature (25 �C) or 5 �C, depending on further analysis.
Images of the cheese curd were acquired directly after production
using a mobile phone camera (48 megapixels, OnePlus Nord) in a
LED shooting tent (ESDDI, Shenzhen, China). The camera was
placed at a distance of approximately 20 cm from the sample, using
white light on a black background.

2.2. Composition and yield of the gels

The protein content of the gel, milk, serum, and buffer extrac-
tions was determined by the Dumas method using a NRapid Max
Exceed (Elementar, Langenselbold, Germany) with an oxygen and
argon flow of 150 and 630 mLmin�1, respectively. Nitrogen content
was converted to protein using a conversion factor of 6.38.

Moisture was determined by mixing 2 g of sample with 20 g of
dried white quartz (Sigma Aldrich, Buchs, Switzerland), following
water evaporation for 18 h at 104 �C using a Binder drying oven. The
moisture content was then calculated using equation (1):

Moisture %¼mtotal �mtotal after evap:

msample
*100 (1)

where mtotal is the total mass of sample, white quartz, and beaker,
mtotal after evap. is the total mass after evaporation, and msample is the
mass of the gel used.

Fat content was determined using the Gerber method (IDF,
1987), as according to standard, the fat % was corrected by the
addition of the standard 0.2% for low-fat samples.
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Total calcium content of both serum and gels was determined in
agreement with the method of Nielsen, Merkel, Yazdi, and Ahrn�e
(2021) using an inductively coupled plasma atomic emission
spectrometry (ICP-OES) 5100 system (Agilent Technology, United
States). For calcium detection wavelength 393.366 nm was ana-
lysed and used for quantification. Multi element standard IV from
Merck KGaA was used for quantification. The samples (0.1 g) were
digested using 8 mL 65% HNO3 (w/w) (Sigma Aldrich, Germany),
2 mL 37% HCl (w/w) (Sigma Aldrich, Germany), and 2 mL H2O2
(Sigma Aldrich, Germany), followed by heating at 100 �C for 10 min
then ramping up to 180 �C and hold for 20 min in a Multiwave GO
microwave (Anton Paar, Graz, Austria). Samples were diluted with
MiliQ water to 0.0001% (w/v) before analysis. Calcium retention
was determined based on the measured total calcium of the milk
and the total calcium content of the gel based on equation (2).

�
1�mg Ca in milk�mg Ca in geli

mg Ca in milk

�
*100¼ calcium rentention

�
w=w%

�

(2)

Yield was determined as mass of gel produced from 200 g of
milk, by following equation (3)

Yield %¼ mgel

mmilk
*100 (3)
2.3. Ionic calcium concentration of the gel serum

Ionic calcium concentration of the serum phase after gel for-
mation was determined using a calcium ion selective electrode
ISE25Ca (Radiometer, Copenhagen, Denmark) at 25 �C. The elec-
trode was calibrated with standards solution of 67.5 mM KCl
(Sigma-Aldrich, Spain), 13.5 mM imidazole (Merck, Germany), and
CaCl2 (Honeywell, Germany) at concentrations of 9, 6, 3, 1, and
0.5 mM at 25 �C according to the method described by Holt, Davies,
and Law (1986). The conductivity of the serumwas measured with
a HACH conductivity probe (HACH, Switzerland), calibrated using
standards of 1413, 1471, and 12.88 mS cm�1 (HACH, Switzerland).
2.4. Chemical bonds of milk gels

Chemical protein interactionwithin the protein gel networkwas
determined through buffer extraction following the method by
KeimandHinrichs (2004)with the additional buffer for extraction of
calcium bonds as described by Amaro-Hern�andez et al. (2022). Four
buffers were prepared in concentrations as described in Table 1.

A sample of gel (2 g) was mixed with 20 g of selected buffer and
mixed using an UltraTurax T25 (IKA Werke GmbH & Co. KG, Ger-
many) at 13,500 rpm for 5 min and subsequently stirred using a
magnet stirrer (300 rpm) while extracting for 30 min. Samples
were then centrifuged at 15,000 � g for 25 min at 20 �C, the
respective supernatants were filtered (0.22 mm) following total
nitrogen determination by the Dumas method as previously stated.
Table 1
Buffer composition of the 4 buffers and the bonds destabilised.a

Buffer pH Comp

(S1) Tris/SDS/HCl 7.2 12.12
(S2) Tris/SDS/DTT/HCl 7.2 12.12
(S3) NaCl/NaH2PO4 7.2 9 g L�

(S4) EDTA 8.0 14.6 g

a Abbreviations are: SS, disulphide bridges; HB, hydrogen bridges; EB, electrostatic in

3

The amount of soluble protein in each buffer was calculated in
agreement with equation (4):

Nbond;Si ¼
mB þmgel

mgel
Nsupernatant;Si �

mB

mgel
Nblind;Si (4)

where Nbond;Si is the nitrogen dissolved by buffer Si (g g�1),
Nsupernatant;Si is the total nitrogen in the supernatant of the gel,
extracted by buffer Si (g g�1) and Nblind;Si is the nitrogen content of
buffer Si (g g�1). mB is the mass of each buffer and mgel is the mass
of the sample.

To interpret the information about the stabilising bonds, equa-
tions (2)e(11) were defined by Keim and Hinrichs (2004) and
Gonçalves and Cardarelli (2019):

Nbond;S1

Ngel
¼ PðEBÞþ PðHyÞþ PðHBÞ þ PðubÞ (5)

Nbond;S2

Ngel
¼ PðEBÞþ PðHyÞþ PðHBÞþ PðSSÞ þ PðubÞ (6)

Nbond;S3

Ngel
¼ PðEBÞþ PðHBÞ þ PðubÞ (7)

Nbond;S4

Ngel
¼ PðEBÞþ PðHBÞþ PðCaBÞ þ PðubÞ (8)

PðSSÞ¼Nbond;S2

Ngel
� Nbond;S1

Ngel
(9)

PðHyÞ¼Nbond;S1

Ngel
� Nbond;S3

Ngel
(10)

PðCaBÞ¼Nbond;S4

Ngel
� Nbond;S3

Ngel
(11)

where Nbond;S1, Nbond;S2, Nbond;S3 and Nbond;S4 are the nitrogen con-
tent (g g�1) extracted by buffers 1, 2, 3 and 4; Ngel is the nitrogen
content of the gel (g g�1); P(i) is the % of protein stabilised by
interaction i, where i denotes either sulfide bridges (SS), hydrogen
bridges (HB), electrostatic interactions (EB), hydrophobic in-
teractions (Hy) or calcium bridges (CaB).
2.5. Transverse relaxation time of protons

Proton mobility was determined using LF-NMR. The transverse
proton relaxation curves of samples were measured using a
benchtop LF-NMR MQR Spectro-P spectrometer (Oxford In-
struments, Oxfordshire, UK) with permanent magnet operated at
20.75MHz. The samples were transferred into 18mmNMR tubes at
a height of approximately 2 cm. Analysis was performed at 25 �C
with the use of Oxford Instruments NMR Application Developer
software. The relaxation behaviour was determined using the
osition Destabilised bonds

g L�1 Tris, 1 g L�1 SDS EB, HB, Hy
g L�1 Tris, 1 g L�1 SDS, 5 g L�1 DTT EB, HB, Hy, SS
1 NaCl, 7.8 g L�1 NaH2PO4.H2O EB, HB
L�1 C10H16N2O8 EB, HB, CaB

teractions; Hy, hydrophobic interactions; CaB, calcium bridges.
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CarrePurcelleMeiboomeGill (CPMG) pulse sequence; 12,000 data
echo times were acquired, with a pulse spacing (t) value of 400 ms.
The acquisition was made through 8 scans with a relaxation delay
of 4 s. Transverse relaxation times (T2n) were calculated using in-
house MATLAB (version R2019a, The Math-Works) script for
exponential fitting according to equation (12):

IðtÞ¼
XN

n¼1
Mn*e�t=T2n (12)

where I(t) is the echo intensity, N is the number of proton pop-
ulations, T2n is the transverse relaxation time and Mn is the corre-
sponding abundance.
2.6. Data analysis

For the data analysis of this study, RStudio (2020) (RStudio
Team, PBC, Boston, MA, U.S.) was used. The gels were produced in
triplicate, and analyses were performed in duplicate. To determine
the significant difference between samples at level p < 0.05 a one-
way ANOVA was performed using Tuckey's multiple comparison
test.
3. Results and discussion

3.1. Yield and composition of gels after the acidification process

The gel yield (Fig. 1A) represents the recovery of milk solids and
moisture in the gel (e.g., protein, fat, minerals, and water). For pH
4.6 the acidification temperature influenced the yield significantly
(p< 0.05), whereas no significant effect was observed onyield at pH
5.2. Increasing the acidification temperature from 60 to 80 �C, for
pH 4.6, caused the yield to roughly decrease by 21%, while at
acidification temperatures of 80e90 �C an increase in yield of about
18% was observed. Acidification temperature 70 �C produced the
lowest yield (26.4 ± 0.3%, w/w) for pH 5.2 compared with other
temperatures, whereas at pH 4.6 the lowest overall yield was ob-
tained at 80 �C (24.3 ± 2.3%, w/w). The moisture content of the gels
decreased by 10.5% when increasing the acidification temperature
from 60 to 90 �C at both pHs of 4.6 and 5.2. The lowest moisture
contents were found for pH 4.6 at 80 �C (64.2 ± 0.2) (Fig. 1B), while
for pH 5.2 there was no significant difference in moisture content
from 70 to 90 �C. The general decrease in gel yield for pH 4.6, was
intrinsically connected to the decrease inmoisture content (Fig.1B).

The fat content (Fig. 1C), of the gels ranged from 9.6 ± 0.1 to
15.1 ± 0.3% (w/w) with the highest and lowest content observed for
gels produced at pH 4.6 using temperatures of 60 �C and 80 �C,
respectively. Acidification temperature thus showed to have a sig-
nificant (p < 0.05) effect on the fat content of the gel for pH 4.6 but
had no influence on fat content for pH 5.2. Conversely, protein
content was at pH 5.2 significantly affected by the acidification
temperature (p < 0.05). From 60 to 80 �C the protein content
decreased by 18.5%, while no difference was observed between
acidification temperatures 60 �C and 90 �C.

The decrease in moisture was due to fast protein aggregation
and low availability of Ca2þ with increasing acidification tempera-
ture (Brodkorb, Croguennec, Bouhallab,& Kehoe, 2016; Joyce, Kelly,
&O'Mahony, 2018). The larger temperature effect on yield observed
at pH 4.6 compared with 5.2, is a result of the more temperature-
sensitive system due to the collapse of the k-casein layer (Lucey,
2016; Tuinier & de Kruif, 2002). At pH 4.6 further aggregation is
thus possible due to deprotonation and proton availability.
Together with the increasing collision rates the low pH induces
higher protein recovery, syneresis, and therefore denser gel struc-
ture (Li et al., 2022). An overall decrease in yield observed with
4

increasing temperature, has previously been reported for pressed
heat and acid-induced gels from fresh bovine milk and skim milk
powder and was explained mainly by decreased moisture content
(Sachdeva & Singh, 1988; Singh & Kanawjia, 1992).

Also for fat, the effect of temperaturewas larger for gels acidified
to pH 4.6. Here the higher fat content observed at pH 4.6 further
indicates a better protein-fat interaction. The differences in fat
content between 70, 80, and 90 �C, pH 4.6, can be due to the
increasing collision rate, thus aggregation (Wiking et al., 2022). The
increased aggregation speed at 90 �C may have caused more fat to
be expelled from the gel network, compared with acidification at
80 �C. This would be in agreement with previous studies, stating
that an optimum fat content in pressed heat and acid-induced milk
gels was found at acidification temperatures between 80 and 85 �C
(Singh & Kanawjia, 1988, 1992). The high protein content seen for
the acidification temperature of 90 �C, can be explained by the
higher degree of both heat-induced denaturation and aggregation.
All the milk was preheated to 90 �C for 12 min, and thus all possible
k-casein bindings sites were expected to have interacted with b-lg
(Corredig & Dalgleish, 1999; Guyomarc'h et al., 2003). Conse-
quently, a denser gel will form at this pH, expelling more moisture
as comparedwith gels acidified to pH 5.2. The recovery of moisture,
fat, and protein is hence explained by the density and syneresis of
the gel, both during coagulation and post-production. The physi-
cochemical properties of a gel are highly affected by moisture
content and could therefore explain the reported intersecting op-
timum between acidification temperature and sensorial properties
of 80e85 �C (pH 5.2) in the production of cowmilk paneer (Singh&
Kanawjia, 1988, 1992).

3.2. Proteineprotein interactions in the protein gel network of heat
and acid-induced milk gels

The type of chemical bonds forming the protein structure at gel
formation is significant for the physicochemical properties of the
gel, including retaining water and fat, and the propensity for syn-
eresis (Mehta, 2018). The results obtained for proteineprotein in-
teractions within the heat and acid-induced milk gels are shown in
Fig. 2A and B. Significant differences were observed in the contri-
bution of the individual bonds to the stability of the gel, depending
on both the acidification temperature and pH (p < 0.05).

Independent of heat and pH, the gels were primarily stabilised
by calcium bonds, representing 31 ± 11 to 63 ± 3% of the stabilising
protein bonds in the gels. A positive correlation is observed be-
tween the amount of protein stabilised by calcium bridges and the
content of calcium in the gels (Fig. 3). The content of calcium
increased significantly (p < 0.05) with increasing acidification
temperature, both at pH 4.6 and 5.2 (Fig. 3). The increase in total
calcium content in the gel corresponds to an increase in calcium
retention from 60 to 90 �C of 18e56% at pH 4.6 and 38e66% at pH
5.2 (data not shown). Hydrophobic interactions decrease with
increasing acidification temperature for both pH values (i.e., a
decrease of 60 and 26% for pH 5.2 and 4.6, respectively) (Fig. 2). A
significant difference in the contribution of hydrophobic in-
teractions was observed between all temperatures (p < 0.05). The
influence of hydrophobic interactions was generally observed to be
higher at pH 5.2 compared with 4.6, except for 90 �C (i.e., 35, 182,
and 78% higher for 60, 70, and 80 �C, respectively). The amount of
electrostatic and hydrogen bonds follows the same trend as hy-
drophobic interactions for pH 4.6, with a decrease of approximately
34% from 60 to 90 �C (Fig. 2B). Whereas the opposite trend was
observed for pH 5.2, increasing roughly 51% from 60 to 90 �C. The
contribution from disulphide bridges was minor compared with
the other interaction types. The amount of disulphide bridges was
significantly affected by temperature, especially at pH 5.2 (p < 0.05)



Fig. 1. The (A) yield, (B) moisture, (C) fat content, and (D) protein (all in %, w/w) of milk protein gels formed during direct acidification using citric acid at pH 5.2 ( ) and 4.6 ( ), of
preheated milk at 60, 70, 80 and 90 �C. Data presented are the mean values ± SD (for yield n ¼ 3; for moisture, fat, and protein, n ¼ 6); letters denotes significant differences
(p < 0.05).
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(Fig. 2A). At pH 5.2, low acidification temperatures (60 and 70 �C),
disulphide bridges did however show the highest contribution
compared with other gels (20.34 ± 8.45% and 27.03 ± 12.20%,
respectively) (Fig. 2A). The gels coagulated at the same tempera-
tures, but the gels acidified to pH 4.6 shows only a minor contri-
bution of disulphide-bridges (5.71 ± 3% and 10.56 ± 3% for 60 and
70 �C, respectively).

Together with disulphide bridges, calcium bonds are the
chemically strongest and most rigid bond type. The calcium bonds
are Ca2þ salt bridges stabilising formed upon CCP solubilisation
due to the pH decrease. For heat and acid-induced gels, the
increased total content of calcium and calcium-induced in-
teractions is thus an effect of acidification temperature and may
result in a more rigid and less hydrated gel, which agrees with the
observed decrease in moisture content (Fig. 1B). Casein gels and
mozzarella cheese have also been observed to be highly governed
by calcium bonds, and electrostatic and hydrogen bonds
(Gonçalves & Cardarelli, 2019; Hinrichs & Keim, 2007). Calcium
(mg g�1 protein) in mozzarella cheese control meltability, and
5

increase the aggregate size, and firmness of the cheese (Guinee,
Feeney, Auty, & Fox, 2002; McMahon, Paulson, & Oberg, 2005).
Modifying the degree of calcium interactions and calcium reten-
tion may thus be a method of tailoring the cooking qualities of
heat and acid-induced milk gels.

Hydrophobic interactions are present in the gel between amino
acids with aliphatic and aromatic side chains. They mainly occur
between whey proteins as denaturation exposes the hydrophobic
sites, hence the high contribution stabilising the gels formed above
pH 5.0 (Brodkorb et al., 2016). Hydrophobic interactions are easily
destabilised and rearranged to thermodynamically more favour-
able bonds (Amaro-Hern�andez et al., 2022; Messens, Van Camp, &
Huyghebaert,1997). Hinrichs and Keim (2007) also observed a clear
difference in the contribution from hydrophobic interaction be-
tween gels produced through direct acidification (yoghurt, quark,
and feta; i.e., combined casein and whey protein gels) (roughly
60e70%), and gels formed under combined rennet and bacterial
acidification (camembert, gouda, mozzarella; i.e., casein gels)
(roughly 5e15%) (Hinrichs & Keim, 2007).



Fig. 2. % Protein stabilised by disulphide bonds (orange), hydrophobic interactions (green), electrostatic interactions and hydrogen bonds (purple), and calcium bonds (yellow) in
gels acidified to pH 5.2 (A) 4.6 (B) disulfide bonds (orange), hydrophobic interactions (green), electrostatic interactions and hydrogen bonds (purple), and calcium bonds (yellow).
Data presented are the mean values ± SD (n ¼ 4); letters denote significant differences (p < 0.05).
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Furthermore, the pH decrease deprotonates the exposed amino
acid side chains enabling the formation of electrostatic interactions
and hydrogen. Electrostatic interactions are destabilised by high
salt solubility and low pH values (Messens et al., 1997). The
contribution of electrostatic interactions and hydrogen bonds is
highest at low pH. For acidification temperatures 60 �C and 70 �C
6

they constitute roughly 2.5 times more of the protein bonds than at
pH 4.6 (Fig. 2B) than at pH 5.2 (Fig. 2A). This is expected to mainly
be due to the higher amount of acid needed to reach pH 4.6
comparedwith pH 5.2 (i.e., to reach pH 4.6, 57, 45, 36 and 29mL are
needed and for pH 5.2, 32, 28, 22 and 21 mL are needed when the
samples are heated to 60, 70, 80, and 90 �C, respectively).



Fig. 3. The total calcium (mg g�1) of the gels formed during direct acidification, to pH
5.2 ( ) and 4.6 ( ), of preheated milk at 60, 70, 80, and 90 �C with citric acid. Data
presented are the mean values ± SD (n ¼ 6); letters denote significant differences
(p < 0.05).

Fig. 4. The transverse relaxation times of (A) junction zone water T2,1, (B) entrapped water (C
pools in the gels formed during direct acidification with citric acid, to pH 5.2 ( ) and 4.6 (
(n ¼ 9).

A.K. Laursen, T.P. Czaja, T.A.M. Rovers et al. International Dairy Journal 141 (2023) 105611

7

Disulphide bridges are mainly formed as a result of protein
denaturation and aggregation during heat treatment. Disulphide
bridges are highly stable semi-covalent bonds, stabilising the ag-
gregation of b-lg and k-casein and whey protein aggregates during
self-aggregation. At pH 5.2 thewhey protein interactions have large
importance for the stability of the gel as the pH is above the pI of k-
casein. Therefore the disulphide bridges formed between whey-
proteins (i.e., b-lg and a-lactalbumin) during heating are expected
to be more dominant at pH 5.2.

3.3. Water mobility and distribution by low-field nuclear magnetic
resonance

The spatial water distribution and water mobility within the
gels are expected to be affected by the significant differences
observed in moisture, calcium content, and bonds stabilising the
structure of the gels (Ong et al., 2020; Thybo, Lillevang, Skibsted, &
Ahrn�e, 2020). LF-NMR reveals the proton mobility in the gel, thus
providing insights into the water distribution and gel structure. By
comparing the proton mobility at different acidification tempera-
tures and pH, it is possible to describe the water distribution. The
transverse proton relaxation time (T2) describes the molecular
domain of the protons, and thus how thewater is situated in the gel
structure. The T2 with the lowest value corresponds to the fastest
relaxing proton population observable in the sample. The
) T2,2, population associated with fat T2,3 and (D) expressible serum T2,4 of the 4 proton
), of preheated milk at 60, 70, 80, and 90 �C. Data presented are the mean values ± SD
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relaxation speed of the T2 is a measure of the diffusion of protons
between the water phase and, in this case, the protein or fat phase.
Exponential fitting of samples provides, apart from the time con-
stants, also relative concentrations of proton populations (M1, M2,
M3, and M4). According to previous studies, the four proton pop-
ulations found in similar products (e.g., mozzarella.) may be
divided into junction zone water (T2,1), entrapped water (T2,2), a
population associated with fat (T2,3), and expressible water (T2,4)
(Gianferri et al., 2007a; Gianferri, Maioli, Delfini & Brosio, 2007b).
These four proton populations have been found to fit, with equal
probability, with the proton populations distinguished in heat and
acid-induced milk gels (Figs. 5 and 6).

A significant (p < 0.001) effect is observed for both T2 and the
relative population sizes for all acidification temperatures. Gener-
ally, the relaxation times were highest for pH 4.6 compared with
5.2, except at 80 �C, where the relaxation times switched and
highest for pH 5.2 (Fig. 4). A trend which was also observed for the
compositional properties (Fig. 1B, C, and D). Shorter relaxation
times indicate that the gel density and thus structure is highly
affected by pH and the more compact protein matrix at pH 5.2
result in less mobile protons than at pH 4.6.
Fig. 5. Relative proton concentration of water populations in heat and acid-induced milk g
90 �C. Populations are depicted as junction zone M1 (white), entrapped M2 (green), fat
values ± SD (n ¼ 9).

Fig. 6. Images of the gels produced at acidification temperatu
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The fastest relaxation time (Fig. 4A) indicating the least mobile
protons was found in a fraction containing 5e17% of the protons
(Fig. 5). This water is expected to be present inside the casein mi-
celles and in the junction zones between the protein aggregates.
For acidification temperatures, 60, 70, and 90 �C a significantly
(p < 0.001) larger proton concentration (M1) was found for pH 4.6
compared with 5.2, and this might be explained by the lower
content of CCP in the casein micelle. The high amount of added
citric acid needed to acidify at 60 �C results in a high content of
bound calcium in the serum. The effect of CCP depletion is expected
to increase the caseinmicelle hydrodynamic volume, thus passively
holding more water (Marchin, Putaux, Pignon, & L�eonil, 2007;
Moitzi, Menzel, Schurtenberger, & Stradner, 2011). Correlating well
with the highermoisture content of the gels produced at pH 4.6 and
acidification temperatures of 60, 70, and 90 �C.

The second observed proton population T22 (Fig. 4B) is charac-
terised by the largest relative concentration (M2) within the range
44e55% (Fig. 5). These protons are less mobile than the water in
junction zones and can be assigned to the water entrapped in the
mesh of the protein network (Gianferri et al., 2007a,b). Although
the population sizes do not differ significantly, the relaxation time
els formed at pH 4.6 (A) and 5.2 (B), by acidification with citric acid at 60, 70, 80, and
-associated M3 (purple), and expressible M4 (yellow). Data presented are the mean

res, 60, 70, 80, and 90 �C, coagulated to pH 5.2 and 4.6.
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is shortened as an effect of the increasing acidification temperature,
indicating a more compact gel network (Fig. 4B).

The T23 (Fig. 4C), population M3, corresponds to 26e37% of the
proton population and is the second least mobile phase. These
protons can be assigned to the fat in the gel as the population size is
not affected by the fat content (Figs. 5 and 2A). The relative popu-
lation size is larger for gels acidified to pH 5.2 compared with pH
4.6 for all, but acidification temperature 80 �C correlating well with
the fat content.

T24 (Fig. 4D) corresponds to the least bound water, which is
present in the pores of the gel, with only little diffusion of protons
with the surrounding protein phase. This water can easily be
expelled from the gel during the initial processing after gel for-
mation and constitutes the smallest population of water in the gels
with just 4e11% (Fig. 5) of the proton population. With increasing
acidification temperature the transverse relaxation time decreases,
which correlates with the decrease in moisture content and in-
dicates a less porous and more compact protein network. Free
water (M4) in gels made at an acidification temperature of 60 �C
and pH 4.6 is significantly (p < 0.001) larger than the higher acid-
ification temperatures agreeing with the high moisture content of
the gel (Fig. 1A). The free water or serumwater is expected to act as
an inert filler and to be present in large pores of the gel.

3.4. Visual inspection of the gel structure

The differences observed in composition, protein network in-
teractions, and water mobility, influence the gel's macroscopic
structure as shown in Fig. 6. Independent of final pH, the gels
became visually smoother and more cohesive with increasing
acidification temperature. Accordingly, the relaxation times
decreased, indicating also a microscopically tighter gel network. At
low acidification temperature 60 �C the gel structure was wet and
grainy, consisting of small gel granules, agreeing with the high
moisture content and large population of free water. During pro-
duction drainage of the gels acidified at 60 �C was slow and a high
amount of moisture was retained, agreeing with the higher mois-
ture content at low acidification temperatures. This may be
explained by the high contribution of non-covalent bonds, i.e.,
hydrophobic interactions and hydrogen bonds.

pH 4.6 gels showed a higher amount of visual syneresis (whey
loss) compared with pH 5.2 for all acidification temperatures. This
is reflected in the slower relaxation times, lower moisture (except
for 70 �C), and thus a more porous gel network at pH 4.6, prone to
syneresis.

4. Conclusions

In conclusion, the effect of acidification temperatures 60, 70, 80,
and 90 �C influenced both the composition, the bonds stabilising
the protein network, and the water mobility of heat and acid-
induced milk gels. The gels become denser and visually smoother
with increasing acidification temperature. The pH, namely, 4.6 and
5.2, influenced the properties of the gel to a lesser degree.

Calcium bridges were the main bonds governing the intermo-
lecular protein structure of heat and acid-induced milk gels. The
increase in acidification temperature, therefore, resulted in denser
aggregates. This was reflected in the decrease in water mobility for
all four proton populations.

As the gel stability is dominated by calcium, calcium retention is
key to understanding and modifying both the formation kinetics
and physicochemical properties of heat and acid-induced gelation
of milk. Understanding the gel formation and properties of gels
acidified at elevated temperatures provide relevant insights for
9

tailor-made gel structures that can be used as dairy-based meat
alternatives.
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