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Acid-induced gelation of enzymatically cross-linked caseinates: Small and 
large deformation rheology in relation to water holding capacity and 
micro-rheological properties 
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H I G H L I G H T S  G R A P H I C A L  A B S T R A C T  

• Caseinate dissolved in different ionic 
milieus was enzymatically cross-linked. 

• Rheology and water holding capacity of 
acid-induced caseinate gels was studied. 

• Time-resolved frequency dependency 
during gelation was measured by multi- 
wave tests. 

• Caseinate gels showed pronounced 
strain hardening in strain sweep 
experiments. 

• Water holding capacity was related to 
fracture properties.  
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A B S T R A C T   

Caseinate dissolved in different ionic milieus was used as model substrate for cross-linking by microbial trans-
glutaminase and subsequent acid-induced gelation. The study follows up on previous research, where the mo-
lecular properties of cross-linked casein nanoparticles were linked to certain rheological characteristics of acid 
gels (Raak et al., 2019, Food Hydrocoll 86:43–49), and presents additional insight into physical gel properties. 
The frequency dependency of the storage modulus followed a power law relationship, with the exponent being 
linearly related to the phase angle. The frequency dependency of the loss factor could be fitted with a second- 
order polynomial function, the minimum of which was shifted to lower frequency at increasing cross-linking 
extent. Strain sweep experiments showed a less pronounced strain hardening behaviour and reduced fracture 
strain with increasing cross-linking extent, indicating lower flexibility of cross-linked casein nanoparticles and a 
lower number of non-covalent bonds, respectively. The water holding capacities of the gels were in a good 
relationship with the fracture properties, suggesting that the serum drainage during centrifugation was also 
affected by the strain hardening behaviour. Additionally, diffusing wave spectroscopy showed that the casein 
particles interacted already prior to the gelation onset, and that the presence of Ca2+ ions increases the particle 
size in both the caseinate solutions and gels   
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1. Introduction 

Caseins are non-globular phosphoproteins and originate from 
mammalian milk, in which they are assembled to supramolecular ag-
gregates, the so-called casein micelles. The ability of caseins to form gels 
through slow acidification or by targeted enzymatic hydrolysis is a 
prerequisite for the production of fermented dairy products such as 
yoghurt and cheese. Many attempts have been made to modify the 
structure of casein and its gelation properties, and thus to obtain altered 
product characteristics [29]. 

A prominent example for such a protein modification is cross-linking 
by microbial transglutaminase (mTGase; EC 2.3.2.13). This enzymes 
catalyses the formation of covalent cross-links between protein-bound 
glutamine and lysine residues, leading to intramolecular cross-linking 
and/or the polymerisation of protein molecules [5,56]. In case of 
milk, several studies showed that intermolecular casein cross-linking by 
mTGase takes places within distinct casein micelles, and a great extent of 
cross-linking increases their resistance against destabilisation by, e.g., 
alkalinisation, denaturing agents (e.g., urea), or high pressure treatment 
[11,22,43]. With regard to dairy products, previous research emphas-
ised the potential of mTGase for producing yoghurt with enhanced gel 
firmness and water holding capacity [16,25,60]. However, the under-
lying mechanisms for these changes are still not fully understood. 
Ercili-Cura et al. [12] concluded that a higher water holding capacity 
and storage modulus (G′ ) as well as the more homogeneous micro-
structure of acid-induced gels from mTGase-treated milk resulted from a 
restriction of rearrangements of protein particles during gelation, which 
are known to cause a more porous microstructure and, hence, a lower 
water holding capacity [33,38]. On the other hand, Jaros et al. [26] 
reported the highest G′ for acid-induced milk gels where ~75% of the 
casein was still uncross-linked, and a lower G′ at pronounced 
cross-linking extent. 

Casein micelles possess complex structural features and interact with 
other milk proteins (i.e., whey proteins) during heat inactivation of the 
enzyme. Therefore, research on the relationship between casein cross- 
linking and gelation properties was also conducted using non-micellar 
casein as model substrate [27,34,39,44], where casein micelles were 
disintegrated and separated from the milk serum by acid precipitation 
[47,53]. Jaros et al. [26] observed that G′ and water holding capacity of 
acid-induced gels from acid precipitated casein dissolved in sodium 
phosphate buffer followed a similar trend over cross-linking as for milk 
gels, but with the highest values at only ~30% uncross-linked casein. 

The present study continuous our previous research on structure- 
function-interrelations of cross-linked, non-micellar casein and pro-
vides new insights on frequency dependency, fracture properties and 
water holding capacity of acid-induced gels. In particular, we follow up 
on a study, in which the molecular properties of cross-linked casein were 
connected to some small deformation properties of their acid-induced 
gels [51]. Non-micellar casein associates to small, hydrated nano-
particles in aqueous solution [18,23]. It was shown that cross-linking by 
mTGase occurs predominantly between casein molecules within the 
same nanoparticle, resulting in higher sphericity and increased particle 
density [1,20,54]. The cross-linked casein nanoparticles were larger at 
increased ionic strength and above the Ca2+ concentration critical for 
casein aggregation, and acid-induced gels from larger casein particles 
exhibited lower loss factors (tanδ) [51,57]. In the present research, the 
three previously studied non-micellar casein systems [51] were 
compared regarding the rheological, micro-rheological and water 
holding properties of their gels: sodium caseinate (NaCn), which has a 
relatively low ionic strength (I ~0.015 mol/L); casein in sodium phos-
phate buffer (Cn-PB), where I was ~0.165 mol/L; and calcium caseinate 
(CaCn), where the Ca2+ concentration was high enough to cause ag-
gregation of the casein particles. Special emphases was placed on the 
frequency dependency of the gelling systems, which is often less 
considered in studies on food protein gels. 

2. Materials and methods 

2.1. Sample preparation 

For the preparation of NaCn and CaCn, acid casein powder from 
bovine milk (Sigma-Aldrich GmbH, Steinheim, Germany; 879 g/kg 
crude protein on wet basis (IDF 1979)) was dispersed in demineralised 
water and dissolved by neutralising (pH 6.6) with 1 mol/L NaOH and 
0.02 mol/L Ca(OH)2, respectively. The samples were stirred over night 
at ambient temperature (~23 ◦C), and pH and protein content were 
subsequently adjusted to 6.6 and 27 g/kg, respectively. Additionally, 
acid casein powder was dissolved in 0.1 mol/L sodium phosphate buffer 
(pH 6.8) to obtain a caseinate solution with increased ionic strength (Cn- 
PB). The sample was stirred over night to ensure complete dissolution; 
the pH dropped to 6.6 as a consequence of the proton transfer from 
casein molecules to HPO4

2- ions. To prevent microbial growth, 0.3 g/kg 
NaN3 was added to all samples. 

Each caseinate solution was incubated with 3 U mTGase (Activa MP 
from Streptomyces mobaraensis; Ajinomoto Foods Europe SAS, Hamburg, 
Germany) per g protein at 40 ◦C for 1, 3, 8 or 24 h. Enzyme activity of 
the mTGase powder at 40 ◦C was 87 U/g as determined previously [52] 
using the hydroxamate method [13,14]. The enzyme was inactivated by 
heating at 85 ◦C for 15 min, and the solutions were subsequently cooled 
in ice water. A reference sample without enzyme was treated in the same 
way and is referred to as 0 h. 

2.2. Acid-induced gelation 

Gelation of caseinate solutions was induced by adding glucono- 
δ-lactone (GDL; Kampffmeyer Nachf. GmbH, Ratzeburg, Germany) at 
30 ◦C. In preceding experiments, the pH development in the sample was 
recorded for various GDL concentrations using a six-channel data logger 
for pH and temperature (MCC-SYSti-6b, EA Instruments Ltd., Wembley, 
UK) and the associated software (MCC-MON-6c, v2.3.1). Thereby, GDL 
concentrations of 30 mg/g, 40 mg/g and 30 mg/g were identified to 
result in similar acidification profiles for NaCn, Cn-PB and CaCn, 
respectively. The higher amount of acidulant for Cn-PB was necessary 
because of the buffering effects of the phosphate ions. 

2.2.1. Rheological experiments 
All rheological experiments were performed using a strain-controlled 

ARES-G2 rheometer (TA Instruments, New Castle, DE, USA) equipped 
with a recessed end cup-and-bob geometry (do = 34 mm, di = 31.4 mm, 
h = 47.1 mm) and a Peltier device for maintaining the temperature at 
30 ◦C during the measurements. Data was acquired and processed using 
TRIOS (v4.2.1; TA Instruments). 

Small amplitude oscillatory shear (SAOS) using time-based multi-
wave tests was carried out to measure the gelation curves at different 
angular frequencies over 120 min. The fundamental frequency 
ω = 1 rad/s was superimposed with the 5th, 10th, 64th, 100th and 
256th harmonics. The strain amplitude for each frequency was set to γ 
= 0.001, yielding in a peak strain of γmax = 0.0052, which is within the 
linear viscoelastic region of acid-induced caseinate gels [59]. The 
principle of superimposing different oscillation frequencies in 
multi-wave tests is illustrated in the Supplementary information (see 
Fig. S1). 

Additionally, SAOS measurements (performed only at ω = 1 rad/s) 
were stopped 1 min before the storage modulus (G′ ) reached its 
maximum (G′

max), and immediately followed by strain sweep from 
γ = 0.005–5 with a sampling rate of 5 points per decade. The time point 
of G′

max was known from the preceding SAOS tests, and the low sampling 
rate ensured that the sequence was finished within ~2.5 min and the 
influence of the acidification on the measurement was low. The fracture 
of the sample was defined as the point where G′ peaked, and stress at 
fracture (τf ), strain at fracture (γf ) and storage modulus at fracture (G′

f ) 
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were taken from the data (see Fig. S2). The ratio of G
′

f to G′ in the linear 

region (G′

0) was calculated to describe the strain hardening intensity of 
the gels [49,59]. 

All measurements were carried out in duplicate; half range (i.e., half 
difference between maximum and minimum value) was always smaller 
than 5% of the mean value. 

2.2.2. Multi-speckle diffusing wave spectroscopy 
Micro-rheological analyses of the gels were carried out using a 

Rheolaser™ Master system (Formulaction SA, Toulouse, France), which 
is based on diffusing wave spectroscopy (DWS) in backscattering mode. 
The samples were blended with GDL and transferred into glass vials (di 
= 2.4 cm, h = 5.3 cm), which were placed in the measurement cell and 
exposed to laser light with a wavelength of λ = 650 nm. Time-based 
backscattering intensity was measured in two dimensions using a 
charge-coupled device (CCD) array detector, a technique that is 
commonly referred to as multi-speckle (MS) DWS [68]. The rate of 
change of the “speckle image” appearance was converted into plots of 
the mean square displacement (MSD) over decorrelation time using a 
patented algorithm [6] based on the autocorrelation function derived by 
Weitz and Pine [69]. The MSD reflects the average moving space of the 
sample particles in two dimensions and is related to the viscoelastic 
properties of the bulk sample [45,66]. Representative MSD curves 
depicted in Fig. S3 show a decrease in MSD with ongoing acidification as 
well as an emerging plateau at decorrelation times of ~10− 1 – 100 s after 
gelation onset. The MSD at a decorrelation time of 10− 1 s (MSD0.1s) was 

taken as indicator for particle moving space, and the inverse photon 
transport mean free path (1/l∗) was used as indicator for the sample 
turbidity. The temperature during the measurements was kept constant 
at 30 ◦C by a Peltier element. All data were collected and processed 
using Rheosoft Master (v1.4, Formulaction SA). 

All results shown are mean values from triplicate experiments. 

2.2.3. Water holding capacity 
The water holding capacity (WHC) was determined from forced 

syneresis experiments. Approx. 35 g caseinate solution was blended 
with GDL in a centrifugation tube and kept in a water bath at 30 ◦C as 
long as was necessary to reach G′

max in the SAOS experiments. Subse-
quently, the sample was cooled in ice water for 5 min to slow down the 
acidification rate, and immediately centrifuged at 1000g and 6 ◦C for 
20 min (Sigma 3–30 K, Sigma Laborzentrifugen GmbH, Osterode am 
Harz, Germany). After removal of the expelled liquid, the WHC (gserum/ 
gprotein) was calculated as the mass ratio between the serum left in the 
gel sample after centrifugation (mSerum) and protein (mProtein): 

WHC =
mSerum

mProtein
=

mGel,after − mProtein

mProtein
=

mGel,after

mGel,before∙cProtein
− 1, (1)  

where mGel,before and mGel,after are the mass of the gel before and after 
centrifugation and removal of the expelled liquid, respectively, and 
cProtein is the protein content (27 g/kg). All results shown are mean 
values from four individual experiments. 

Fig. 1. Changes during acid-induced gelation (T = 30 ◦C) of uncross-linked (a) sodium caseinate (NaCn, 30 mg/g glucono-δ-lactone), (b) casein in 0.1 mol/L 
phosphate buffer (Cn-PB, 40 mg/g glucono-δ-lactone) and (c) calcium caseinate (CaCn, 30 mg/g glucono-δ-lactone). Top figures show the development of storage 
modulus at ω = 1 rad/s (G′ ; full line), loss factor at ω = 1 rad/s (tanδ; dotted line) and the slope of G′ over frequency (n; dashed line) during acidification. Bottom 
figures show the development of turbidity (1/l∗; full line) and mean square displacement at short decorrelation times (MSD0.1s; dotted line) during acidification. 
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2.3. Statistical analysis 

Data were statistically evaluated with one-way analysis of variance 
and Tukey’s post hoc test using SigmaPlot v14.0.3.192 (Systat Software 
Inc., San Jose, CA, USA). The statistical acceptance level was p < 0.05. 

3. Results and discussion 

3.1. Gel formation 

Fig. 1 illustrates the progress of some of the rheological (G′ and tanδ 
at ω = 1 rad/s) and micro-rheological parameters (1/l∗ and MSD0.1s) as a 
function of the GDL-induced pH decrease of uncross-linked samples (i.e., 
0 h). G′ was close to 0 Pa above pH ~5, where electrostatic repulsion 
between the casein particles was strong enough to prevent gel forma-
tion. During further acidification gel formation started, and G′ reached a 
maximum at pH ~4.3 in the case of NaCn and CaCn and at pH ~4.0 in 
the case of Cn-PB. Below this pH, electrostatic repulsion increased again 
and thus weakened the network, leading to a decrease of G′ [10,50,61]. 
G′

max and tanδ at G′

max at ω = 1 rad/s (Table 1) showed the same trend as 
in previous studies [51,57]: G′

max of NaCn gels increased continuously 
with increasing cross-linking extent, whereas gels from Cn-PB and CaCn 
showed the highest G′

max after 1 – 3 h of incubation with mTGase. tanδ of 
gels from cross-linked caseinates increased significantly in the order 
CaCn < Cn-PB < NaCn. The relationship between these rheological pa-
rameters and ionic milieu, casein particle size and cross-linking extent 
was discussed in detail in a previous study [51]. 

1/l∗ of all systems started to increase at higher pH than G’, indicating 
interparticle interactions before the gelation onset [2]. CaCn showed a 
significantly higher 1/l∗ than NaCn and Cn-PB as the concentration of 
Ca2+ ions was high enough to cause aggregation of casein particles. In 
the case of uncross-linked CaCn, 1/l∗ reached a distinct maximum of 
~1.40/mm prior to the gelation onset at pH ~5.1 and decreased to 
~1.15/mm during further acidification. This might be due to the release 
of Ca2+ ions during acidification [35], causing partial disaggregation of 
casein particles and thus a decrease in turbidity. Fig. 2a compares 1/l∗ of 
all gels at the time where G′

max was reached. 1/l∗ of cross-linked CaCn 
did not show such a peak during gelation (data not shown), but 
remained at ~1.3 – 1.5/mm, indicating that the cross-linked casein 
particles were resistant against disaggregation induced by dissociating 
Ca2+. In the same manner, 1/l∗ of uncross-linked CaCn decreased 
significantly at pH < 4.0 and reached the same value as NaCn and Cn-PB 
gels at pH ~3.5 (see Fig. 1), suggesting further disaggregation of casein 
particles due to increased electrostatic repulsion at low pH. In contrast, 
1/l∗ of gels from CaCn cross-linked for 3 – 24 h were not significantly 
lower at pH 3.5 than at G′

max (Fig. 2b). The fact that 1/l∗ of NaCn and 
Cn-PB gels was independent of sample type, cross-linking extent and the 
degree of acidification (i.e., at G′

max vs. pH 3.5) underlines the particular 
role of Ca2+ for aggregation and disaggregation of casein particles even 
during gelation. This was additionally demonstrated by a significant 
increase of 1/l∗ of the uncross-linked NaCn solution when CaCl2 was 
added at a Ca2+ concentration similar to that in CaCn (see Fig. S4). The 
increase in 1/l∗ was less pronounced for cross-linked NaCn with added 
CaCl2, and no significant effect was found in case of NaCn cross-linked 
for 8 and 24 h, indicating that cross-linking reduced the susceptibility 
of NaCn to Ca2+-induced aggregation. No significant change of 1/l∗ was 
observed after the addition of NaCl. 

In general, MSD0.1s showed an inverse trend than G′ during acidifi-
cation (see Fig. 1). MSD0.1s of all gels at the time point of G

′

max are 
summarised in Table 1 and plotted against the corresponding G

′

max in 
Fig. 2c. The data could be fitted using a power law function with 
exponent − 1, suggesting a good inversely proportional relationship 
between the two parameters. However, the proportionality coefficient 
was clearly lower for CaCn gels than for NaCn and Cn-PB gels, which can 

be attributed to the greater particle sizes of CaCn. The Rheolaser™ 
Master system is internally calibrated to a particle size of 1 µm, and all 
calculations were therefore made assuming that the particles in the 
samples were of that size. When the particle size deviates from the 
calibration value, the measured MSD0.1s does not reflect the actual 
properties of the sample. It is, however, not trivial to properly calibrate 
the particle size for systems such as acid-induced protein gels, where the 
protein particles that are responsible for the scattering signal participate 
in gel network formation, causing a change in the effective particle size 
as shown by the increase in 1/l∗ (see Fig. 1). 

There is still need for more systematic research on the relationship 
between rheological data and the micro-rheological parameters pro-
vided by Rheolaser™ devices for a broad range of sample types to un-
derstand better which additional information can be obtained from this 
DWS approach. In some recent studies, Rheolaser™ was used solely (e. 
g., [8,63,64]) or complementary to shear rheology, but without estab-
lishing quantitative relations between the two techniques (e.g., [15,19, 
65]). Some studies also used conventional dynamic light scattering to 
determine the gel point (e.g., [3,9]). To the best of our knowledge, only 
two studies reported on a power law relationship between G′ and 1/
MSD0.1s for acid-induced casein gels [48,58]. However, the reported 
power law exponents are not in agreement with the results of the present 
study.1 

3.2. Frequency dependency 

3.2.1. Storage modulus 
The time-based multi-wave tests allowed performing frequency 

sweeps from ω = 1 – 256 rad/s at all the measurement points 
throughout the gelation process, i.e., every 60 s Fig. 3a shows exemplary 
the mechanical spectrum of the acid-induced gel from uncross-linked 
NaCn at the time point of G

′

max. Both G′ and G′ ′ increased with 
increasing frequency, as it is typical for weak gels formed through 
physical interactions. As done in other studies [30,37,7], G′ was fitted 
using a power law function: 

G′

= K∙ωn (2)  

where K corresponds to G′ at ω = 1 rad/s, and the exponent n represents 
the slope of G′ over ω in the log-log plot. The development of n during 
acidification is illustrated in Fig. 1 for all uncross-linked samples and 
showed a similar trend as tanδ. Booji and Thoone [4] showed through 
approximation of the Kramers-Kronig relations that the phase angle δ (in 
rad) and the first derivative of the complex modulus G∗ of linear 
viscoelastic materials are directly proportional: 

δ(ω) ≅
π
2
∙
(

dlnG∗(ω)
dlnω

)

(3) 

Here, dlnG∗(ω)/dlnω corresponds to the exponent of a power law 
relationship between G∗ and ω. The validity of this approximation was 
previously demonstrated for elastomer networks with different fillers 
[62]. In the present study, both G′ and G∗ were power law related to ω in 
the frequency range studied (data not shown). As food protein gels are 
most frequently characterised by G′ , the approximation in Eq. (3) was 
applied on the frequency dependency of G′ (Eq. (2)) instead of G∗. 
Fig. 3b illustrates δ at ω = 1 rad/s as a function of n for all gels close to 
the gelation onset (G′ ~10 Pa), at the time point of G

′

max and at pH 3.5, 
confirming their positive linear relation with a proportionality factor of 
π/2. 

1 Please note: In the cited studies, G′ was plotted as a function of 1/MSD0.1s 

(referred to as “elasticity index”, EI). For the results of the present study, this 
would result in a power law exponent of 1 instead of –1. 
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3.2.2. Loss factor 
The frequency dependency of tanδ of acid-induced casein gels is not 

well described in the literature. Some authors reported that tanδ de-

creases with increasing frequency and concluded that structural rear-
rangements occur predominantly at longer time scales [10,30]. 
However, tanδ of weak particle gels typically increases with frequency, 

Table 1 
Maximum storage modulus (G

′

max) and the corresponding loss factor (tanδ) at ω = 1 rad/s, mean square displacement at short decorrelation times (MSD0.1s), strain at 
fracture (γf ) and water holding capacity (WHC) of acid-induced gels (T = 30 ◦C) from sodium caseinate (NaCn, 30 mg/g glucono-δ-lactone), casein in 0.1 mol/L 
phosphate buffer (Cn-PB, 40 mg/g glucono-δ-lactone) and calcium caseinate (CaCn, 30 mg/g glucono-δ-lactone). Caseinates were incubated with 3 U microbial 
transglutaminase per g protein at 40 ◦C for the specified times prior to acidification.  

Incubation 
time (h) 

G′

max (Pa)a  tanδ (-) at G
′

max
a  MSD0.1s (nm2) at G

′

max
b  γf (-)c  WHC (gserum/gprotein)d  

NaCn Cn-PB CaCn NaCn Cn-PB CaCn NaCn Cn-PB CaCn NaCn Cn- 
PB 

CaCn NaCn Cn-PB CaCn 

0 67.8aA 30.0aB 27.7aB 0.350aA 0.331aB 0.379aC 106.1abA 280.5aB 67.4aA  0.79  1.25  0.79 11.9aA 27.9aB 6.2aC 

1 172.9bA 305.1bB 124.9bC 0.276bA 0.266bB 0.251bC 57.7cdA 40.2bcB 16.3bC  1.25  1.25  1.25 28.8bA 32.1bB 22.1bC 

3 219.8cA 326.0bB 95.5cC 0.274bA 0.254cB 0.214cC 57.7cdA 34.4bB 23.0cC  0.79  0.79  0.79 29.6bA 32.3bB 19.0cC 

8 237.3cdA 262.7cB 57.9dC 0.301cA 0.272bB 0.231dC 51.62dA 51.4cdA 34.2dB  0.50  0.79  0.50 28.4bA 30.4cB 13.1dC 

24 247.8dA 232.3dA 49.3aB 0.354aA 0.297dB 0.257bC 81.9bcA 57.1dA 38.2dB  0.31  0.50  0.31 23.1cA 26.1dB 13.1dC 

a-d different lower case letters indicate significant differences between values of the same caseinate type (p < 0.05). 
A-C different capital letters indicate significant differences between different caseinate types at the same incubation time (p < 0.05). 

a Mean values of duplicate experiments; half range was always smaller than 5% of the mean value. 
b Mean values of triplicate experiments; standard deviation was always smaller than15% of the mean value. 
c No difference was found between duplicate experiments. 
d Mean values of quadruplicate experiments; standard deviation was always smaller than 5% of the mean value. 

Fig. 2. Multi-speckle diffusing wave spectroscopy parameters of acid-induced gels (T = 30 ◦C) from sodium caseinate (NaCn; white symbols; 30 mg/g glucono- 
δ-lactone), casein in 0.1 mol/L phosphate buffer (Cn-PB; grey symbols; 40 mg/g glucono-δ-lactone) and calcium caseinate (CaCn; black symbols; 30 mg/g glucono- 
δ-lactone) that were cross-linked by 3 U microbial transglutaminase (mTGase) per g protein at 40 ◦C. (a) Turbidity (1/l∗) at the time point of the maximum storage 
modulus (G

′

max) as a function of incubation time with mTGase. (b) 1/l∗ at pH 3.5 as a function of incubation time with mTGase. Different letters (a-c) indicate 
statistically significant effects of incubation time on 1/l∗ (p < 0.05). * indicates significantly higher 1/l∗ of CaCn gels (p < 0.05). # indicates a significant difference (p 
< 0.05) between 1/l∗ of a particular gel at G

′

max and at pH 3.5. No significant differences were found between gels from NaCn and Cn-PB (p < 0.05). (c) Mean square 
displacement at short decorrelation times (MSD0.1s) at the time point of G

′

max as a function of G
′

max. Dashed lines are fits to power law functions with exponent –1 (R2 

≥ 0.93). 

Fig. 3. (a) Frequency dependency of storage modulus (G′ ; 
white symbols), loss modulus (G′ ′; black symbols) and loss 
factor (tanδ; grey symbols) of acid-induced gels (T = 30 ◦C, 
30 mg/g glucono-δ-lactone) from uncross-linked sodium 
caseinate (NaCn) at the time point of G

′

max. Dashed line 
represents power law fits of G′ (Eq. (2); R2 = 0.99); dotted 
line is a second-order polynomial fit (Eq. (4); R2 = 0.99). 
(b) Relationship between fitting parameter n from G′ vs. ω 
and phase angle at ω = 1 rad/s (δ) of acid-induced 
caseinate gels (white symbols: NaCn; grey symbols: casein 
in 0.1 mol/L phosphate buffer; black symbols: calcium 
caseinate) at different points during acid-induced gelation 
(triangles: at G′ ~10 Pa; circles: at G

′

max; squares: at pH 
3.5). Dashed line is a linear fit with slope π/2 (Eq. (3); R2 

= 0.91).   
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as the viscous response of the solvent dominates over the elastic prop-
erties of the gel network at high frequencies [67]. 

The loss factor of the acid-induced gels from uncross-linked NaCn 
(see Fig. 3a) increased with frequency at ω = 10 – 256 rad/s, whereas a 
plateau with a slight minimum was observed at ω = 1 – 10 rad/s. Chen 
et al. [7] reported a parabolic trend for the frequency dependency of δ of 
acid-induced NaCn gels over a broader frequency range (ω = 0.0063 – 
63 rad/s). One of the data sets shown by Chen et al. [7] was replotted as 
tanδ over ω in a semi-log plot in the supplementary information (see 
Fig. S5) and fitted using a polynomial function: 

tanδ = c1 + c2∙(logω)+ c3∙(logω)2 (4)  

where ci are fitting parameters. The parabolic dependency of tanδ on ω is 
most likely the result of two interfering relaxation phenomena, namely 
viscoelasticity, which represents the relaxation of physical bonds be-
tween the building blocks, and poroelasticity, which characterises 
diffusion of the solvent through the protein network [40]. At long time 
scale (i.e., low oscillation frequency), the solvent has sufficient time to 
diffuse and the rheological response is dominated by slow relaxation 
processes of the protein clusters. At short time scale (i.e., high oscillation 
frequency), however, the solvent is hindered from diffusing through the 
gel network, meaning that the viscous properties of the solvent 
contribute increasingly to the rheological response of the gel and, 
eventually, dominate it [67]. The frequency ωmin at the minimum loss 
factor (tanδmin) therefore indicates the characteristic time scale at the 
threshold between increased contributions of bond relaxation and sol-
vent diffusion. 

Eq. (4) was applied to our entire data set (see Fig. 3a) to determine 
ωmin and tanδmin for all samples and at all measurement points (i.e., 60 s 
intervals) of the gelation curves (only fits with R2 ≥ 0.9 were consid-
ered). Fig. 4 shows the development of ωmin during acidification with 
GDL. Despite some initial noise, it is evident that ωmin decreased slightly 
after the gelation onset (pH ~5.0) and increased again with further pH 
decrease, except for the uncross-linked samples, for which ωmin 
remained more or less constant during acidification. Fig. 5a shows ωmin 

of all samples at the time point of G′

max (indicated by the symbols in 
Fig. 4) as a function of incubation time with mTGase. For all caseinates, 
ωmin decreased with increasing cross-linking extent. The values were 
similar at short incubation time (0 – 3 h), whereas higher ωmin were 
observed for CaCn after cross-linking for 8 and 24 h. However, it was 
previously reported that cross-linking of CaCn was not as efficient as that 
of NaCn and Cn-PB after 8 and 24 h when expressed by the number of 
covalent cross-links introduced by mTGase, the so-called isopeptide 
content (IC) [51]. Fig. 5b illustrates therefore ωmin as a function of IC, 
which was determined in a previous study for the same kind of samples 
[51], and suggests a negative relation between ωmin and the number of 
cross-links in the sample. 

A lower ωmin might indicate that the water needs more time to diffuse 
through the porous protein network, or, in other words, that the diffu-

sion is more effectively restricted. Enzymatic cross-linking of casein 
particles for 24 h decreased ωmin of their acid-induced gels by ~1.5 
magnitudes, indicating an effective restriction of the water diffusion 
because of the covalent cross-links. This effect was related to the number 
of cross-links rather than to the density of the cross-linked casein par-
ticles, which increases in the order CaCn < Cn-PB < NaCn [51]. ωmin of 
acid-induced gels from all cross-linked caseinates showed a minimum 
around pH 4.0, i.e., close to pH at G

′

max, where attractive forces between 
the casein particles are strong. In this context, the weakening of the gel 
network at lower pH seems to facilitate the diffusion of water again. 

Gelation of food proteins is frequently monitored at only one, rather 
arbitrarily selected oscillation frequency, providing also tanδ at only one 
frequency. Differences in the frequency dependency of tanδ observed in 
the present study suggest that tanδmin might be a more suitable param-
eter for the comparison of different samples. As ωmin represents the time 
scale at the threshold between increased contributions of bond relaxa-
tion and solvent diffusion, tanδmin might characterise the sample inde-
pendent of the frequency dependency of these two relaxation processes. 
tanδmin at G′

max is plotted as a function of incubation time with mTGase in  
Fig. 6a, showing the same trend as tanδ at ω = 1 rad/s (Table 1; [51]). 
The agreement between these two parameters is also demonstrated in 
Fig. 6b, suggesting that tanδmin is well approximated by tanδ at fixed 
frequencies close to ωmin due to the relatively broad plateau around 
tanδmin (see Fig. 3a). In contrast, tanδ at ω = 100 rad/s did not show a 
correlation with tanδmin (Fig. 6c) as the frequency-dependent increase of 
tanδ relative to tanδmin was more pronounced for cross-linked samples 
due to the lower ωmin (see Fig. 5a). The good agreement of tanδmin and 
tanδ at ω = 1 rad/s might apply to a broad range of other acid-induced 

Fig. 4. Change of the angular frequency at minimum loss 
factor in frequency sweeps (ωmin) during acid-induced 
gelation of sodium caseinate (a) NaCn, 30 mg/g glucono- 
δ-lactone), casein in 0.1 mol/L phosphate buffer (b) Cn-PB, 
40 mg/g glucono-δ-lactone) and calcium caseinate (c) 
CaCn, 30 mg/g glucono-δ-lactone) at 30 ◦C. Caseinates 
were incubated with 3 U microbial transglutaminase per g 
protein at 40 ◦C for 0 (white squares), 1 (white circles), 3 
(grey circles), 8 (black circles) or 24 h (black squares).   

Fig. 5. Angular frequency at minimum loss factor in frequency sweeps (ωmin) at 
the time point of the maximum storage modulus (G

′

max) of acid-induced gels (T 
= 30 ◦C) from sodium caseinate (white symbols; 30 mg/g glucono-δ-lactone), 
casein in 0.1 mol/L phosphate buffer (grey symbols; 40 mg/g glucono- 
δ-lactone) and calcium caseinate (black symbols; 30 mg/g glucono-δ-lactone). 
(a) ωmin as a function of incubation time with 3 U microbial transglutaminase 
per g protein at 40 ◦C. (b) ωmin as a function of the isopeptide content (IC; data 
was taken from [51]). Dashed line is a guide to the eye. 
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food protein gels. However, it is likely that ωmin depends on factors such 
as temperature, acidification rate and protein content, and variations in 
these factors might shift ωmin in a way that tanδ measured at a certain 
frequency is far outside the plateau around tanδmin, resulting in a devi-
ation between tanδmin and tanδ measured at this frequency, such as 
illustrated in Fig. 6c. Therefore, more research is needed on the factors, 
which influence ωmin. 

It has to be noted that the concept of poroelasticity is much better 
described for nano- and microscale compression, where the respective 
relaxation times depend strongly on the dimensions of the test geometry 
[28]. Nalam et al. [40] observed a ten times lower ωmin of poly-
acrylamide hydrogels in shear rheology compared to nano-rheological 
force spectroscopy using atomic force microscopy, even though no dif-
ferences were found for the frequency dependency of G′ . This was 
attributed to different sample quantities, different stress states (shear vs. 
compression), and possible surface effects in atomic force microscopy. 

3.3. Fracture properties 

Fig. 7 shows the relative development of G′ at large deformation. 

Except for the 24 h incubated samples, G′

/G
′

0 of all gels increased 
noticeably from the linear region to the point of fracture, which is 
referred to as strain hardening behaviour [17] or strong strain overshoot 
[24]. Previously, master curves were obtained for G′

/G′

0 when G′

0 was 
varied through particle concentration [17,46]. This was, however, not 
possible in the present study as the samples had the same concentration, 
but different G′

0 because of different mTGase treatment and ionic milieu. 
At a particular γ between the linear region and fracture, G′

/G′

0 decreased 
with increasing incubation time. Furthermore, γf of NaCn and CaCn gels 
first increased with mTGase treatment for 1 h and then decreased with 
further cross-linking, whereas γf of Cn-PB gels was the same for 0 and 
1 h incubation and then decreased again, but to a lower extent than γf of 
NaCn and CaCn gels (Table 1). Gels from uncross-linked Cn-PB showed 
therefore the most pronounced strain hardening, i.e., the highest G′

f/G′

0 

(see insert to Fig. 7), which must have been a consequence of the ionic 
milieu since there were no other differences between uncross-linked 
NaCn, Cn-PB and CaCn. An increased γf was previously observed after 
adding NaCl to NaCn prior to gelation, and attributed to reduced 
structural rearrangements [31,32], which are considered to decrease γf 

Fig. 6. Minimum loss factor (tanδmin) in fre-
quency sweeps at the time point of the 
maximum storage modulus (G

′

max) of acid- 
induced gels (T = 30 ◦C) from sodium 
caseinate (white symbols; 30 mg/g glucono- 
δ-lactone), casein in 0.1 mol/L phosphate 
buffer (grey symbols; 40 mg/g glucono- 
δ-lactone) and calcium caseinate (black sym-
bols; 30 mg/g glucono-δ-lactone) at 30 ◦C. (a) 
tanδmin as a function of incubation time with 3 U 
microbial transglutaminase per g protein at 
40 ◦C. (b) tanδmin as a function of the corre-
sponding tanδ at ω = 1 rad/s. Dashed line is a 
linear fit (R2 = 0.98). (c) tanδmin as a function of 
the corresponding tanδ at ω = 100 rad/s. 
Numbers indicate incubation time (h) of sam-

ples connected by dotted lines.   

Fig. 7. Development of the storage modulus (G′ ) relative to G′ in the linear viscoelastic region (G
′

0) during strain sweep experiments of acid-induced gels of (a) 
sodium caseinate (NaCn, 30 mg/g glucono-δ-lactone), (b) casein in 0.1 mol/L phosphate buffer (Cn-PB, 40 mg/g glucono-δ-lactone) and (c) calcium caseinate (CaCn, 
30 mg/g glucono-δ-lactone) at 30 ◦C. Caseinates were incubated with 3 U microbial transglutaminase (mTGase) per g protein at 40 ◦C for 0 (white squares), 1 (white 
circles), 3 (grey circles), 8 (black circles) or 24 h (black squares). Inserts show ratio of G′ at fracture (G

′

f ) to G
′

0 as a function of incubation time with mTGase. The 

dotted lines indicate G′

/G′

0 = 1. 
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because of a straightening of the protein strands and the formation of 
larger pores [36]. Even though cross-links and other covalent bonds 
such as disulphide bonds were previously reported to reduce rear-
rangements and thus increase γf as well [12,42], gels from cross-linked 
caseinates in the present study showed a contrary behaviour. 

Gisler et al. [17] explained that the strands that form the backbone of 
the gel network are stretched out by an increasing strain amplitude, 
making them become anisotropic due to an increased length and a 
decreased width and thus modifying the elastic constant of the gel. For 
heat-induced whey protein gels, this was reversible below a critical 
shear strain [46]. The lower G′

/G′

0 of gels from cross-linked caseinates 
indicate that larger strains are required to modify the elastic constant in 
the same way, which might be a result of a reduced stretchability 
because of a lower flexibility of the cross-linked casein particles. 
Furthermore, the decrease in γf with increasing cross-linking extent 
might be the result of a much lower amount of non-covalent bonds in the 
gel network, which are disrupted at less shear [42]. The direct contri-
bution of covalent cross-links within the casein particles to G′

max in SAOS 
experiments as well as the reduced formation of non-covalent bonds 
between extensively cross-linked casein particles was already discussed 
in previous studies [49,51,57]. The present results thus provide further 
evidence to strengthen these hypotheses. 

Fig. 8a shows G′

f of the gels as a function of incubation time. When 

compared to G′

max from SAOS experiments (see Table 1), the peak values 
were shifted towards the 1 h incubated samples because of the reduced 
strain hardening with increasing cross-linking extent. Gels from uncross- 
linked Cn-PB had a rather low G′

max, but the highest G′

f of all uncross- 
linked caseinates due to the pronounced strain hardening. The corre-
sponding τf are illustrated in Fig. 8b. The fracture stress can be 
approximated as τf ≅ k∙G′

0∙γf , where k corresponds to the ratio of G′

f to 

G
′

0 [46]. Therefore, τf showed a clear maximum at 1 h incubation 
because of the decreasing γf with increasing cross-linking extent. A 
higher τf was previously reported for acid-induced milk gels with a 
larger number of additional covalent bonds such as disulphide bonds or 
isopeptide bonds and attributed to a greater cohesion of the gel network 
(Ercili Cura et al. 2013; [41,42,55]). The present results, however, un-
derline that this positive effect is only obtained at small quantities of 
covalent bonds, whereas extensive cross-linking decreases τf and γf 

again. 

3.4. Water holding capacity 

For all sample types, WHC was highest after 1 and 3 h cross-linking, 
and, at each incubation time, WHC increased significantly following the 

order CaCn < NaCn < Cn-PB (Table 1). The results suggested a corre-
lation to G′

max of the gels. However, as can be seen in Fig. 9a, some 
samples clearly deviated from this trend. In particular, the 0 h Cn-PB 
had a higher and the 24 h NaCn had a lower WHC as was expected 
from their G′

max. 
The fact that the serum drainage was induced by centrifugal forces 

indicates that the WHC of the gels might rather be correlated with their 
fracture properties. Fig. 9b illustrates that the two samples in question 
were closer to the trend line when plotting the WHC against G′

f , resulting 
in a generally better relationship and indicating that the strain hard-
ening properties of the gels (see Fig. 7) were relevant for forced syneresis 
experiments. It has to be noted that the sampling rate in the strain sweep 
experiments was only 5 points per decade, which might have resulted in 
an underestimation of γf and thus of G′

f of some samples. Slightly higher 

γf would shift certain data points in Fig. 9b towards higher G′

f and 
perhaps result in a better correlation. 

The WHC showed a good linear relationship with MSD0.1s at G′

max of 
the gels (Fig. 9c). However, different intercepts were observed for CaCn 
gels compared to NaCn and Cn-PB gels, which was a result of the 
overestimation of MSD0.1s of NaCn and Cn-PB gels compared to CaCn 
because of smaller particle sizes and lower 1/l∗ (see Fig. 2a). Addition-
ally, the 0 h Cn-PB deviated considerably from this trend as MSD0.1s does 
not reflect the pronounced strain hardening behaviour, which resulted 
in the high WHC of this sample. 

Previously, the WHC of gels from uncross-linked NaCn increased by 
adding 0.1 mol/L NaCl and decreased by adding 0.005 mol/L CaCl2 
prior to gelation, whereas gels from cross-linked NaCn were not affected 
[57]. Therefore, the differences in the WHC of gels from cross-linked 
NaCn compared to Cn-PB and CaCn resulted probably from the 
different molecular properties obtained by cross-linking in different 
ionic milieus rather than the ionic milieu itself. The size of the 
cross-linked casein particles increases in the order 
NaCn < Cn-PB < CaCn [51,57] and does therefore not seem to be 
directly related to the WHC of the gels. There was also no relationship 
between the WHC and ωmin observed in SAOS experiments (see Fig. 5), 
indicating that solvent diffusion processes on the molecular level are less 
relevant for WHC than macroscopic fracture properties and micro-
structural characteristics. In some previous studies, a higher WHC was 
accompanied by a denser and less porous microstructure of the gels [12, 
39]. In contrast, Hannβ et al. [21] reported that mTGase treatment 
increased the WHC of the gels considerably even though similar mi-
crostructures of gels from uncross-linked and moderately cross-linked 
Cn-PB (~40% remaining monomers) were observed. 

Even though systematic investigations of the microstructure of 
caseinate gels as a function of the ionic milieu and for a broad range of 

Fig. 8. Storage modulus at fracture (a; G
′

f ) and stress at fracture (b; τf ) of acid-induced gels (T = 30 ◦C) from sodium caseinate (white symbols; 30 mg/g glucono- 
δ-lactone), casein in 0.1 mol/L phosphate buffer (grey symbols; 40 mg/g glucono-δ-lactone) and calcium caseinate (black symbols; 30 mg/g glucono-δ-lactone) at 
30 ◦C as a function of incubation time with 3 U microbial transglutaminase per g protein at 40 ◦C prior to acidification. 
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cross-linking extents are still missing, it might be concluded that the 
WHC of caseinate gels is rather related to their large deformation and 
fracture properties. In turn, these are related to the flexibility of the 
cross-linked casein particles and the formation of non-covalent bonds 
during acidification. 

4. Conclusions 

Enzymatic cross-linking is a prominent way to modify the gelation 
properties of food proteins such as casein. However, in-depth in-
vestigations covering a broad range of incubation conditions, cross- 
linking extents and analyses to establish profound relationships be-
tween molecular characteristics and gelation properties are still scarce. 
This study followed up on previous results, which showed a relation 
between some rheological parameters of caseinate gels and the molec-
ular characteristics of cross-linked casein nanoparticles [51], and pro-
vides additional insight into the physical properties of acid-induced gels 
from different cross-linked caseinates. It was shown that the frequency 
dependency of the gels changed during acidification. A minimum in the 
tanδ spectra might indicate solvent diffusion processes, which are hin-
dered at higher cross-linking extents, indicated by a shift of tanδmin to-
wards lower frequencies with increasing number of cross-links. This 
observation, however, did not correlate with the WHC of the gels, which 
was in better agreement with the large deformation properties as the 
majority of the gels showed strain hardening behaviour in strain sweep 
experiments. CaCn gels showed lower WHC compared to NaCn and 
Cn-PB gels, which was in agreement with their lower G

′

max and G
′

f . Strain 
overshoot and fracture strain were higher for uncross-linking and 
moderately cross-linked caseinates, presumably due to a greater flexi-
bility of the casein particles and a higher number of non-covalent bonds 
in the gel. MS-DWS as complementary technique proved useful for 
detection of particle interactions prior to the gelation onset and identi-
fication of differences in particle sizes before and during gelation. 
Evaluation of the gel microstructures will be the topic of future studies. 
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[51] N. Raak, C. Schöne, H. Rohm, D. Jaros, Acid-induced gelation of enzymatically 
cross-linked caseinate in different ionic milieus, Food Hydrocoll. 86 (2019) 43–49, 
https://doi.org/10.1016/j.foodhyd.2018.01.037. 

[52] N. Raak, L. Brehm, R.A. Abbate, T. Henle, A. Lederer, H. Rohm, D. Jaros, Self- 
association of casein studied using enzymatic cross-linking at different 
temperatures, Food Biosci. 28 (2019) 89–98, https://doi.org/10.1016/j. 
fbio.2019.01.016. 

[53] N. Raak, M. Corredig, Manufacture of milk and whey products: caseins, caseinates 
and micellar casein, Ref. Modul. Food Sci. (2020), https://doi.org/10.1016/B978- 
0-12-818766-1.00135-5. 

N. Raak et al.                                                                                                                                                                                                                                    

https://doi.org/10.1007/BF01520701
https://doi.org/10.1146/annurev.food.080708.100841
https://doi.org/10.1111/j.1745-4603.1999.tb00226.x
https://doi.org/10.1111/j.1745-4603.1999.tb00226.x
https://doi.org/10.1016/j.foodchem.2019.04.059
https://doi.org/10.1016/j.foodchem.2019.04.059
https://doi.org/10.1016/j.carbpol.2011.11.002
https://doi.org/10.1016/S0268-005X(01)00105-9
https://doi.org/10.1016/S0268-005X(01)00105-9
https://doi.org/10.1021/acs.jafc.8b04000
https://doi.org/10.1016/j.foodhyd.2012.07.008
http://refhub.elsevier.com/S0927-7757(21)00337-X/sbref12
http://refhub.elsevier.com/S0927-7757(21)00337-X/sbref12
http://refhub.elsevier.com/S0927-7757(21)00337-X/sbref13
http://refhub.elsevier.com/S0927-7757(21)00337-X/sbref13
http://refhub.elsevier.com/S0927-7757(21)00337-X/sbref13
https://doi.org/10.1016/j.foodhyd.2019.105555
https://doi.org/10.1016/j.foodchem.2017.10.138
https://doi.org/10.1103/PhysRevLett.82.1064
https://doi.org/10.1016/j.foodhyd.2007.09.002
https://doi.org/10.1002/jsfa.9375
https://doi.org/10.1021/acs.jafc.9b06592
https://doi.org/10.1021/acs.jafc.9b06592
https://doi.org/10.1021/acs.jafc.0c04445
https://doi.org/10.1021/acs.jafc.0c04445
https://doi.org/10.1016/j.colsurfa.2006.09.010
https://doi.org/10.1016/j.idairyj.2017.03.006
https://doi.org/10.1016/S0377-0257(02)00141-6
https://doi.org/10.1016/S0377-0257(02)00141-6
https://doi.org/10.1111/j.1745-4603.2006.00042.x
https://doi.org/10.1111/j.1745-4603.2006.00042.x
https://doi.org/10.1016/j.idairyj.2009.11.021
https://doi.org/10.1016/j.idairyj.2009.11.021
https://doi.org/10.1016/j.idairyj.2013.10.011
https://doi.org/10.1016/j.idairyj.2013.10.011
https://doi.org/10.1039/C2SM06825G
https://doi.org/10.1016/j.foodchem.2019.04.028
https://doi.org/10.1016/j.foodchem.2019.04.028
https://doi.org/10.1017/S0022029997002380
https://doi.org/10.1016/S0958-6946(97)00027-7
https://doi.org/10.1016/S0958-6946(97)00028-9
https://doi.org/10.1016/S0958-6946(97)00028-9
https://doi.org/10.1016/S0268-005X(01)00043-1
https://doi.org/10.1016/S0268-005X(01)00043-1
https://doi.org/10.1016/j.idairyj.2010.03.014
https://doi.org/10.1016/j.idairyj.2010.03.014
https://doi.org/10.1016/S0268-005X(03)00083-3
https://doi.org/10.1016/S0268-005X(03)00083-3
https://doi.org/10.1016/S0001-8686(01)00089-6
https://doi.org/10.1016/j.foodhyd.2012.12.011
https://doi.org/10.1016/j.foodhyd.2012.12.011
https://doi.org/10.1016/j.jcis.2010.02.005
https://doi.org/10.1016/j.idairyj.2005.10.031
https://doi.org/10.1039/C5SM01143D
https://doi.org/10.1039/C5SM01143D
https://doi.org/10.1007/s11483-015-9399-y
https://doi.org/10.1007/s11483-015-9399-y
https://doi.org/10.1016/j.idairyj.2014.03.001
https://doi.org/10.1016/j.idairyj.2014.03.001
https://doi.org/10.1016/j.foostr.2018.100103
https://doi.org/10.1016/j.idairyj.2007.10.002
https://doi.org/10.1016/j.idairyj.2007.10.002
http://refhub.elsevier.com/S0927-7757(21)00337-X/sbref44
http://refhub.elsevier.com/S0927-7757(21)00337-X/sbref44
http://refhub.elsevier.com/S0927-7757(21)00337-X/sbref44
https://doi.org/10.1016/j.jcis.2005.06.074
https://doi.org/10.1016/B978-0-12-374407-4.00348-4
https://doi.org/10.1016/B978-0-12-374407-4.00348-4
https://nrs.blob.core.windows.net/pdfs/nrspdf-81f9152e-c212-42e5-851c-4b4a3ec1207f.pdf
https://nrs.blob.core.windows.net/pdfs/nrspdf-81f9152e-c212-42e5-851c-4b4a3ec1207f.pdf
https://doi.org/10.1016/j.idairyj.2016.10.015
https://doi.org/10.1007/s11483-017-9483-6
https://doi.org/10.1016/j.foodhyd.2018.01.037
https://doi.org/10.1016/j.fbio.2019.01.016
https://doi.org/10.1016/j.fbio.2019.01.016
https://doi.org/10.1016/B978-0-12-818766-1.00135-5
https://doi.org/10.1016/B978-0-12-818766-1.00135-5


Colloids and Surfaces A: Physicochemical and Engineering Aspects 619 (2021) 126468

11

[54] N. Raak, R.A. Abbate, M. Alkhalaf, A. Lederer, H. Rohm, D. Jaros, Concentration- 
triggered liquid-to-solid transition of sodium caseinate suspensions as a function of 
temperature and enzymatic cross-linking, Food Hydrocoll. 101 (2020), 105464, 
https://doi.org/10.1016/j.foodhyd.2019.105464. 

[55] N. Raak, H. Rohm, D. Jaros, Enzymatically cross-linked sodium caseinate as 
techno-functional ingredient in acid-induced milk gels, Food Bioproc. Technol. 13 
(2020) 1857–1865, https://doi.org/10.1007/s11947-020-02527-5. 

[56] N. Raak, H. Rohm, D. Jaros, Enzymatic protein cross-linking in dairy science and 
technology, in: A.L. Kelly, L.B. Larsen (Eds.), Agents of Change: Enzymes in Milk 
and Dairy Science, first ed., Springer Nature, Cham, Switzerland, 2021, 
pp. 417–445, https://doi.org/10.1007/978-3-030-55482-8_17. 

[57] N. Raak, L. Leonhardt, H. Rohm, D. Jaros, Size modulation of enzymatically cross- 
linked sodium caseinate nanoparticles via ionic strength variation affects the 
properties of acid-induced gels, Dairy 2 (2021) 148–164, https://doi.org/10.3390/ 
dairy2010014. 

[58] A. Rohart, C. Michon, J. Confiac, V. Bosc, Evaluation of ready-to-use SMLS and 
DWS devices to study acid-induced milk gel changes and syneresis, Dairy Sci. 
Technol. 96 (2016) 459–475, https://doi.org/10.1007/s13594-016-0281-6. 
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