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Temperature effects on calcium binding to caseins 
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A B S T R A C T   

The kinetics of binding of calcium ions in molar excess to individual caseins and casein ingredients was studied in 
pH 6.4 aqueous solutions using stopped-flow absorption spectroscopy. An initial second-order reaction, faster for 
β-casein than for αs-casein due to lower energy of activation (ΔEa1,β = 8.2 kJ∙mol− 1; ΔEa1,α = 18.1 kJ∙mol− 1, 
respectively), is followed by a slower first-order reaction with similar energies of activation (ΔEa2,β = 25.3 
kJ∙mol− 1 and ΔEa2,α = 20.7 kJ∙mol− 1) as determined from temperature dependence of rate between 25 ◦C and 
50 ◦C. Sodium caseinate reacts faster with calcium than both αs-casein and β-casein in the first reaction of the two 
consecutive reactions, while the rate of the second falls between αs-casein and β-casein. Global spectral analysis 
showed the UV–visible spectra of the reaction intermediates of the caseins to be more similar to the final products 
than to the initial casein reactants. Dynamic and static light scattering indicated decreasing particle sizes and 
increasing particle surface upon calcium-binding most significantly at low temperatures. The calcium binding to 
casein was found endothermic by isothermal titration calorimetry. Calcium binding seems to be controlled by 
enthalpy/entropy compensation corresponding to an isoequilibrium temperature of 38 ◦C in agreement with 
binding of calcium to o-phosphoserine rather than to aspartate or glutamate side chains of the caseins. Binding 
capacity and affinity for calcium to αs-casein and sodium caseinate both increased with increasing temperature in 
agreement with the endothermic nature of the binding. Decreasing enthalpy of binding for each calcium indi-
cating a decrease in heat capacity of the caseins upon calcium-binding. The small difference between binding 
enthalpy and energy of activation for association of calcium to αs-casein lead to the conclusion that calcium 
dissociation goes through an early transition state. The rate of calcium dissociation hardly depends on tem-
perature also explaining why calcium binding to caseins is important for calcium bioaccessibility.   

1. Introduction 

Calcium is an essential element for humans and among other func-
tions, calcium is important for bone and tooth health (Carafoli & Krebs, 
2016). Osteoporosis, with a high risk of bone fracture, is becoming 
epidemic in several parts of the world due to insufficient intake of cal-
cium or due to inefficient uptake of calcium from the diet especially 
among the elderly (Balk et al., 2017; Ukon et al., 2019). The casein 
proteins contain about 70% of the total calcium of bovine milk, and the 
caseins are accordingly important in controlling the calcium bioavail-
ability from milk (Bijl et al., 2013; Holt, 2004). 

The caseins constitute 75–80% of total protein of bovine milk, and 
include αs1-casein, αs2-casein, β-casein, and κ-casein in concentrations of 
12–15, 3–4, 9–11, and 2–4 g∙L− 1, respectively, with an average mo-
lecular weight of 23.5 kDa (Dalgleish, 2011; McSweeney & Fox, 2013). 
The caseins form micelles largely due to creation of casein phosphate 
nanocluster. The binding between calcium ion (Ca2+) and individual 

caseins is strongly dependent on the number of phosphoserine residuals 
(SerP). For instance, αs2-casein binds more calcium and much stronger 
than κ-casein as these caseins contain 10–13 of SerP/casein and 1 of 
SerP/casein, respectively (McSweeney & Fox, 2013). The phosphory-
lated serine SerP binds Ca2+ stronger than the other amino acids of the 
caseins (Jiang, Liu, de Zawadzki, et al., 2021; Tang & Skibsted, 2016). 
Reversible binding of Ca2+ to SerP of casein has accordingly been 
concluded to be one of the main reasons for high calcium bioavailability 
from milk althrough acids like aspartic and glutamic also may be 
involved (Gaucheron, 2005). 

Effects of temperature and pH on the structure and physicochemical 
properties of caseins have been studied in details (Lamichhane et al., 
2021; Sinaga et al., 2017; Thomar & Nicolai, 2016; Zhang et al., 2018). 
However, the binding and especially the binding kinetics between Ca2+

and the caseins have been less investigated and are far less understood. 
Sodium caseinate (NaCas), a commercial milk product from skim milk 
used for infant formulas and as ingredient in other food products, is a 
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perfect model for investigating the binding and binding kinetics of cal-
cium at different temperatures and pH since calcium has been removed 
completely from the milk caseins during the NaCas production process 
(da Silva et al., 2018; Sarode et al., 2016). 

Calcium association to the caseins and calcium release from the ca-
seins are considered important for the bioavailability of calcium from 
milk and dairy products and for the structural changes during milk 
processing and storage (Ferraretto et al., 2001; Liu et al., 2018; Sarode 
et al., 2016). In this work, we have established new methods to follow 
binding kinetics between Ca2+ and caseins, that will elucidate calcium 
induced structural changes and aggregation important for calcium bio-
vailability and texture of dairy products. The effect of reactions of Ca2+

with the caseins could further increase the understanding of the factors 
controlling calcium bioavailability from milk, including the positive 
effect of casein on calcium absorption, and help in the process of 
designing milk products with increased calcium bioavailability. 

Stopped-flow UV–visible absorbance spectroscopy is a classical 
method to study fast reactions in homogeneous solutions down to the 
millisecond time regime (Gomez-Hens & Perez-Bendito, 1991; Li et al., 
2016), and the method was used in this study to follow the reaction 
between Ca2+ and caseins and to establish a series of time-resolved 
spectra during the fast reactions. Using the method for the caseins is, 
however, challenged by the slight heterogeneity of the solutions, a 
problem which was meet by selecting a short light path in the spectro-
photometer to reduce light scattering (Stefanescu et al., 2017). To sup-
port the kinetic analysis, the rate data were combined with 
electrochemical determination of calcium ion activity, isothermal 
titration calorimetry, and particle size measurement in order also to 
investigate the thermodynamics of structure changes of caseins during 
calcium binding. Thus, the objective of this work was to understand the 
kinetics of Ca2+ binding to individual caseins (αs-casein (αs-CN), 
β-casein (β-CN), and κ-casein (κ-CN)), and the casein ingredients sodium 
caseinate (NaCas) and micellar casein isolate (MCI) at ambient 
temperature. 

2. Materials and methods 

2.1. Chemicals 

Calcium chloride dihydrate (CaCl2⋅2H2O), sodium caseinate 
(NaCas), αs-casein (αs-CN), β-casein (β-CN), κ-casein (κ-CN), nitric acid 
(HNO3), hydrogen peroxide (H2O2), hydrogen chloride (HCl) and so-
dium hydroxide (NaOH) were from Sigma Aldrich (Steinheim, Ger-
many). Micellar casein isolate (MCI) was from Arla Foods amba (Viby J, 
Denmark). Ultrapure water used throughout was made by a Milli-Q Plus 
system (Millipore Corp., Bedford, MA, USA). 

2.2. Ion coupled plasma optical emission spectroscopy (ICP-OES) 

A total of 0.500 g for each sample was digested with 65% HNO3 (8.0 
mL), 37% HCl (2.0 mL), and H2O2 (2.0 mL) in a microwave oven (Rotor 
12HVT50 in Multiwave go, Anton Paar, Graz, Austria) at 180 ◦C, and 
then diluted to 50.0 mL with water prior to measurement. Total calcium 
percentages in NaCas and MCI were found to be 0.23% and 2.3%, as 
determined by ICP-OES using 5100 ICP-OES equipment from Agilent 
Technologies, Santa Clara, CA, USA (Wang et al., 2020). A standard 
curve was made at the wavelengths of 393.4 nm. 

2.3. Reaction kinetics 

The reactions between calcium ion (Ca2+) and caseins were followed 
by a stopped-flow spectrometer with a photodiode UV–visible absor-
bance detector in a wavelength range of 195–740 nm with a light path of 
2 mm (Applied Photophysics, London, UK). NaCas and MCI suspensions 
were made from 5.00 g∙L− 1 (23.5 kDa) corresponding to molar con-
centration of 0.213 mM; while the concentrations of the αs-CN (23.9 

kDa), β-CN (24.0 kDa), κ-CN (19.0 kDa) suspensions were 2.89 g∙L− 1, 
1.70 g∙L− 1, and 0.410 g∙L− 1, respectively, corresponding to a molar 
concentration of 0.121 mM, 0.0708 mM, and 0.0216 mM, respectively 
(McSweeney & Fox, 2013). These concentrations reflect the distribution 
among the different caseins in bovine milk. All suspensions were stirred 
overnight at 25 ◦C, and were equilibrated for 2 h at the temperature of 
the experiment before loading into one of the thermostable syringes of 
the stopped-flow spectrophotometer. Aqueous 3.00 mM CaCl2 solutions 
were loaded into the other thermostable syringe. The syringes are forced 
to empty their content through a transparent flow cell, where absor-
bance is measured continuously. The flow is stopped abruptly and from 
the time of stopping the flow, the absorbance is recorded and subse-
quently the time-resolved absorbance is analyzed. The dead time is less 
than one millisecond (Skibsted, 1979). 

Absorbance was measured for 600 s of reaction time in each exper-
iment. Exponential equations (Eq. (1)) and bi-exponential equations (Eq. 
(2)) were used to accommodate the observed changes in absorbance for 
each experiment. The observed experimental absorbance changes could 
not be accommodated within a single exponential equation like Eq. (1), 
but all experiments could be accommodated by a bi-exponential equa-
tion like Eq. (2). Fig. 1 shows a typical example of the accommodation of 
the experimental absorbance data to both of the two models, showing 
the insufficiency of the model of Eq. (1). Eq. (2) was accordingly used to 
fit the kinetics globally for a wavelength range of 240–540 nm, in each 
experiment using absorbance at 50 wavelengths: 

Absλ(t) = Absλ∞ + Aλ⋅exp ( − k⋅t) (1)  

Absλ(t) = Absλ∞ + Aλ1⋅exp (− k1⋅t) + Aλ2⋅exp ( − k2⋅t) (2)  

where Absλ(t) is the measured absorbance at each wavelength λ, and t is 
the time. The parameters from curve fitting include the final absorbance 
Absλ∞ at each wavelength, and the pre-exponential factors Aλ, Aλ1 and 
Aλ2 for each wavelength while the rate constants k1 and k2 were each 
linked for the 50 separate wavelengths during the global fitting pro-
cedure performed with OriginPro 2020 software (OriginLab Corpora-
tion, Northampton, MA, USA) (Møller & Skibsted, 2004). 

According to the Lambert-Beer law, the absorptivity for the reactants 
(εR,λ, Eq. (3)), for the possible intermediates (εI,λ or ε’

I,λ, Eq. (4) or Eq. 
(5)), and for the final products (εP,λ, Eq. (6)) are (Skibsted, 1979): 

εR,λ = (Absλ∞ + Aλ1 + Aλ2)/(l⋅c) (3)  

εI,λ = (Absλ∞ + Aλ1(k1 − k2)/k1 )/(l⋅c) (4)  

or 

ε′

I,λ = (Absλ∞ + Aλ1(k2 − k1)/k2)/(l⋅c) (5)  

εP,λ = Absλ∞/(l⋅c) (6)  

for each wavelength λ, where c and l are the total casein concentration 
and length of the light path, respectively. The absorbance for the in-
termediate at a specific wavelength is: 

AbsI,λ = εI,λ⋅l⋅c (7)  

or 

Abs′

I,λ = ε′

I,λ⋅l⋅c (8) 

The two mathematically solutions for the absorptivity of the reaction 
intermediate of Eqs. (4) and (5) correspond to an initial slow reaction 
with a strongly absorbing intermediate or an initial fast reaction with an 
intermediate with a weaker absorbance, respectively. This so-called 
’slow/fast ambiguity’ is illustrated by an example in Fig. 2, where the 
spectra corresponding to the two mathematical solutions are shown 
(Espenson, 1981). 

The temperature effect on the kinetics was investigated for all casein 
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preparations by performing stopped-follow measurements at 25, 37, and 
50 ◦C. The pH effect on the kinetics was investigated for NaCas in the pH 
range of 5.4–9.3 at 37 ◦C. pH was adjusted from the original value of 6.4 
by the addition of HCl or NaOH and was measured by a pH meter 
(HQ411d; Hach Company, CO. USA). 

2.4. Calcium ion activity 

The calcium ion activity (a(Ca2+)) kinetics for the reaction between 
NaCas (5.00 g∙L− 1, corresponding to 0.213 mM) and CaCl2 (3.00 mM) 
was followed by a calcium-selective ISE25Ca electrode and a reference 
electrode REF251 (Radiometer, Copenhagen, Denmark). CaCl2 solutions 
in concentrations 1.00 × 10− 4, 1.00 × 10− 3, and 1.00 × 10− 2 M were 
used as standards for calibrating the electrode as described in our pre-
vious work (Liu, Kirkensgaard, & Skibsted, 2021). 

2.5. Isothermal titration calorimetry (ITC) 

The ITC measurements were performed by a Nano-ITC calorimeter 
(TA Instrument, New Castle, USA). All casein samples and CaCl2 (6.00 
mM) solution were degassed for 10 min before measuring. The con-
centrations of NaCas, MCI, αs-CN, β-CN, and κ-CN suspensions were 1.0 
g∙L− 1, 1.0 g∙L− 1, 0.58 g∙L− 1, 0.34 g∙L− 1, 0.082 g∙L− 1, respectively, with 
a molar concentration of 0.043 mM, 0.043 mM, 0.024 mM, 0.014 mM, 
0.0043 mM, respectively. The concentrations of the αs-CN, β-CN, and 
κ-CN were selected to match the composition of bovine casein, while the 
concentration of casein in NaCas and MCI was based on a mean mo-
lecular weight adjusted according to the distribution of αs-CN, β-CN, and 
κ-CN in bovine casein. For each measurement, a 1200 μL sample ther-
mostatted at the temperature of the calorimetric cell was titrated with a 
stirring of 250 rpm using a 100 μL syringe, and injections of 5 μL∙min− 1, 
with an interval of 180 s. A blank was performed titrating water with the 
CaCl2 solutions, which was subtracted for all samples using the Nano-
Analyze software (TA Instrument, New Castle, USA) (Jiang, Liu, Ahrné, 
et al., 2021). 

The calorimetric titration curves showed little if any heat evolution 
or heat consumption for the reaction between MCI and CaCl2, or be-
tween β-CN and CaCl2, or between κ-CN and CaCl2 when correcting for 

effects of CaCl2 dilution as determined in the experiments with blanks. 
αs-CN and NaCas consumed heat upon reaction with CaCl2 indicating 
endothermic binding of Ca2+ to αs-CN and to the αs-CN fraction of NaCas 
(58%). The calculations based on the calorimetric titration curves were 
accordingly focused on the experiment with αs-CN (0.024 mM) using the 
instrumental software as described by Srivastava and Yadav (2019). For 
NaCas, similar calculations were performed using the sum of the indi-
vidual concentration of the casein present in NaCas. No calculations 
were performed for β-CN, κ-CN, and the non-reactive MCI. 

2.6. Particle size distribution measurement 

Particle size distributions were measured with a Malvern Zetasizer 
Nano based on dynamic light scattering (DLS) and a Mastersizer 3000 
based on static light scattering (SLS), both from Malvern Instruments 
Ltd. (Malvern, UK) (Li et al., 2021; Yang et al., 2021). The blanks were 
the suspensions of NaCas (5 g∙L− 1 (0.213 mM) for Zetasizer, and 30 
g∙L− 1 (1.28 mM) for Mastersizer). The samples were mixtures of 5 g∙L− 1 

of NaCas (0.213 mM) and CaCl2 (3.0 mM) for Zetasizer, and 30 g∙L− 1 

(1.28 mM) of NaCas and CaCl2 (3.0 mM) for Mastersizer after reaction 
for 2 h at 25, 37, or 50 ◦C. For the Zetasizer, all the blanks and samples 
were filtered through a 0.45 μm Millex-GV filter from Merck Millipore 
Ltd. (Cork, Ireland) before measurement. All experiments were done 
three times and standard deviation were calculated. 

3. Results and discussion 

Time-resolved absorbance spectra were recorded by the stopped- 
flow technique at 37 ◦C for calcium ion (Ca2+) reacting with caseins 
including sodium caseinate (NaCas), micellar casein isolate (MCI), αs- 
casein (αs-CN), β-casein (β-CN), and κ-casein (κ-CN), as shown in Fig. 3. 
The casein suspensions showed only minor changes in absorbance 
without addition of CaCl2 and the use of UV–visible absorbance to follow 
the reactions of the caseins in the non-homogeneous solutions seems 
accordingly validated for the very short light path of 2 mm used (Ste-
fanescu et al., 2017). The spectra of casein suspension with added CaCl2 
showed a change in absorbance to a varying degree, according to the 
series αs-CN > NaCas > β-CN > κ-CN > MCI. NaCas and αs-CN showed a 

Fig. 1. Global fitting for 50 wavelengths to the mono-exponential function of Eq. (1) for time changes of absorbance (A), and to the biexponential function of Eq. (2) 
for the absorbance change at 324 nm (B) for NaCas (0.213 mM) with CaCl2 (3.00 mM) in aqueous solution with pH ~ 6.4 at 37 ◦C. 

X.-C. Liu et al.                                                                                                                                                                                                                                   



Food Research International 154 (2022) 110981

4

larger change in absorbance agreement with more binding sites and 
stronger binding affinity, and probably more significant structural 
rearrangements during the reaction. The MCI reaction with Ca2+ shows 
the smallest changes during the reaction probably due to the presence of 
calcium in the micelle casein structure. The reaction of Ca2+ with κ-CN is 
minor compared to the other caseins probably because of less phos-
phorylation around only 1:1 (McSweeney & Fox, 2013). The kinetic 
analysis appears uncertain, see Fig. 3, and κ-CN or MCI will not be 
included in the global analysis of the kinetics. 

The temperature effect on the binding kinetics of Ca2+ to caseins 
including NaCas, αs-CN, and β-CN was investigated at 25, 37, and 50 ◦C. 
The reactions were described as two consecutive first-order reactions, 
and the changes of the spectra were fitted globally with a biexponential 
function as shown in Eq. (2) for the wavelength range 240–540 nm with 
the assumption of the presence of one immediate. The calculated rate 
constants k1 and k2 from the global fitting need each to be assigned to the 
first reaction forming the intermediate or to the second reaction during 
which the intermediate is converted to the final product, as described by 
Eq. (9). As seen from Fig. 2, the assignment where the first reaction is the 
faster is more reasonable based on the spectral characteristics of the 
intermediate than the opposite assignment, in which the first reaction is 
the slower. Values of k1 and k2 are shown in Table 1, of which k1 is much 
higher than k2, indicates that the second reaction is the rate-determining 
step for the overall process: 

Reactant (Casein + Ca2+)→Intermediate (Casein⋯Ca2+)

→Product (Casein − Ca2+)
(9) 

The pH effects on the rate of binding of Ca2+ to NaCas were inves-
tigated at 37 ◦C in the pH range of 5.4–9.3, and pH affects the degree of 
reaction as seen from the spectral changes in Fig. S1. The effect of Ca2+

concentration was further investigated, and the effect of Ca2+ concen-
tration on the changing spectra during the reaction is shown in Fig. S2, 
and it may be seen that an increasing Ca2+ concentration significantly 
promotes the reaction. The observed first-order rate constants k1 and k2 
depend differently on Ca2+concentration and on pH, as may be seen in 
Fig. 4. The larger rate constant, k1, assigned to the first reaction, in-
creases with the concentration of Ca2+ and with increasing pH up to the 
pH of milk around pH = 6.4. The smaller rate constant k2 shows less and 
hardly any dependence of calcium concentration or on pH indicating 
that the process of the second reaction is intramolecular in contrast to 
the first and faster reaction, which also depends on external conditions. 
The rate constant for the first reaction is accordingly assigned as a 
pseudo-first-order constant proportional to the calcium ion concentra-
tion. In contrast, k2 is a true first-order rate constant corresponding to a 
unimolecular reaction. 

Both k1 for the fast and k2 for the slow reaction increased with 
temperature, as seen in Table 1, and the temperature dependence was 
analyzed using the Arrhenius equation for both k1 and k2 determined at 
pH ~ 6.4 as seen in Fig. 5: 

lnk = − Ea/R⋅1/T + constant (10)  

where Ea and R are the energy of activation and gas constant, respec-
tively, and T is the temperature in K, and k is one of the two rate con-
stants. The energy of activation is smaller for the faster first reaction step 
than for the second and slower reaction step for NaCas, αs-CN, or β-CN, 
as seen in Table 2 and as was expected. 

The particle size distributions for NaCas and NaCas with CaCl2 added 
(NaCas-Ca) were measured by DLS and SLS at 25, 37, and 50 ◦C, see 
Fig. 6. DLS was used to analyze the soluble content which was obtained 
by filtration through a 0.45 μm filter of suspensions of NaCas or NaCas- 
Ca before measurement removing larger particles. Fig. 6A shows the 
reduced particle size of NaCas after addition of CaCl2 with this effect 
being larger for the lower temperature according to 25 > 37 > 50 ◦C. 
The particle size is smaller at lower temperatures for NaCas-Ca, but the 
temperature did not have a significant effect on the blank NaCas without 
CaCl2 added, as seen in Table 3. The SLS results show a similar tem-
perature effect on NaCas and NaCas-Ca. The temperature did not show a 
significant effect on the blanks, while the added CaCl2 reduces the size of 
particles and increases the specific surface area, as shown in Fig. 6B, 
Fig. S3, and Table 4. 

In order to quantify the Ca2+ binding to NaCas more directly, the 
reaction was followed by a calcium specific electrode, and the change in 
Ca2+ activity (a(Ca2+)) at 37 ◦C, following binding to NaCas, is shown in 
Fig. S4. a(Ca2+) decreases during the first few minutes indicating that 
the free Ca2+ concentration decreases as the result of the reaction with 
NaCas. The a(Ca2+) decreases with a slower rate than seen for the 
changes in absorption spectra as measured by the stopped-flow tech-
nique. The decrease in a(Ca2+) has a half-life of around 23 s, as seen for 
the experimental results presented in Fig. S4, which is longer than the 
half-life around 5 s obtained from the absorption measurement, a dif-
ference which is related to the experimental conditions with a large 
excess of calcium for the electrochemical determination. 

The heat of reaction for the reaction between Ca2+ and caseins 
including MCI, NaCas, αs-CN, β-CN, and κ-CN was investigated by ITC 
measurement at 25, 37, and 50 ◦C. The observed titration curves for the 
bindings between Ca2+ and caseins are shown in Fig. 7. A comparison 
between the titration curves for NaCas with the titration curves for αs-CN 
shows that the αs-CN fraction of NaCas almost accounts for the heat 
evolution seen for NaCas, with any contribution by β-CN and κ-CN being 

Fig. 2. The UV–visible absorption spectra of reactant, intermediate, and 
product of the reaction between CaCl2 (3.0 mM) and NaCas (0.213 mM) of 
aqueous solution with pH ~ 6.4 at 37 ◦C. The spectrum of the reaction inter-
mediate was calculated according to Eq. (8) (B) or Eq. (7) (A) for the two 
mathematical solutions corresponding to an initial slow reaction with a strongly 
absorbing intermediate (A) or an initial fast reaction with a more weakly 
absorbing intermediate (B) in agreement with the slow/fast ambiguity. 

X.-C. Liu et al.                                                                                                                                                                                                                                   



Food Research International 154 (2022) 110981

5

neglectable. 
Since the main heat evolution is due to αs-CN, Kass, ΔH0 and ΔS0 are 

only reported for αs-CN and NaCas, as shown in Table 5. In agreement 
with the endothermic binding of Ca2+ to αs-CN, the number of calcium 
bound to αs-CN (n) increases with temperature from 2.5 Ca2+/αs-CN at 
25 ◦C to 5.5 Ca2+/αs-CN at 50 ◦C, and the association constant increases 
from 5.5 × 103 M− 1 at 25 ◦C to 8.6 × 103 M− 1 at 50 ◦C. ΔH0 for binding 
of one Ca2+ is decreasing from 15.8 kJ∙mol− 1/Ca2+ at 25 ◦C to 8.1 
kJ∙mol− 1/Ca2+ at 50 ◦C, and notably n∙ΔH0 has a constant value around 
42 kJ∙mol− 1/casein in the temperature range investigated. NaCas is a 
mixture of αs-CN (58%) and non-reacting caseins (β-CN and κ-CN) and 
the number of bound calcium/casein is at each temperature close to n 
obtained for αs-CN multiplied by a factor of 0.58. The apparent associ-
ation constant for NaCas is, considering that only 58% of the total casein 
molecules are involved in calcium binding, very close to the value ob-
tained for αs-CN. The enthalpy of reaction for the casein mixture of 
NaCas given as n∙ΔH0 in Table 5 is somewhat smaller than for αs-CN 
with an average value of 33 kJ∙mol− 1/casein as compared to 42 
kJ∙mol− 1/casein for αs-CN. However, the difference may not be signif-
icant or may be caused by some secondary effects of protein interaction. 
The entropy of calcium binding to the casein is positive for all conditions 

Fig. 3. Time-resolved UV–visible absorption spectra of aqueous solutions of NaCas (0.213 mM), MCI (0.213 mM), αs-CN (0.121 mM), β-CN (0.0708 mM), and κ-CN 
(0.0216 mM) at 37 ◦C, and the reactions of the solutions with pH ~ 6.4 with aqueous CaCl2 (3.00 mM) solutions at 37 ◦C. 

Table 1 
Temperature effects on observed first-order rate constants (k1 and k2, in s− 1) for 
the reaction between 3.0 mM CaCl2 and NaCas, αs-CN, and β-CN in aqueous 
solutions with pH ~ 6.4.  

Temperature 
(◦C) 

NaCas αs-CN β-CN 

k1 k2 k1 k2 k1 k2 

25 0.320 
±

0.001 

0.0078 
±

0.0002 

0.163 
±

0.001 

0.0055 
±

0.0001 

0.187 
±

0.003 

0.0168 
±

0.0004 
37 0.392 

±

0.019 

0.0162 
±

0.0013 

0.147 
±

0.002 

0.0072 
±

0.0001 

0.232 
±

0.012 

0.0401 
±

0.0024 
50 0.578 

±

0.008 

0.0171 
±

0.0001 

0.288 
±

0.006 

0.0105 
±

0.0001 

0.241 
±

0.001 

0.0373 
±

0.0001  

Fig. 4. The pH effect (A) and CaCl2 concentration effect for pH ~ 6.4 (B) on the 
rate constants k1 and k2 (in s− 1) for reaction between CaCl2 (3.0 mM) and 
NaCas (0.213 mM) in aqueous solution at 37 ◦C according to Eq. (9). 
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and probably related to liberation of water from protein and calcium 
upon binding increasing local disorder in agreement with previous 
findings (Canabady-Rochelle et al., 2009). 

The caseins titrated by CaCl2 show that calcium reacts with the ca-
seins in endothermic processes with ΔH0 increasing along the series of 
κ-CN < β-CN < αs-CN ≈ NaCas. The binding of Ca2+ to NaCas and αs-CN 
is stronger than binding to the other caseins, as seen from the association 
constant, Kass. The number of calcium binding to each NaCas and αs-CN 

Fig. 5. Arrhenius plots showing temperature effects on rate constants k1 and k2 
(in s− 1) for reactions of aqueous solutions of NaCas, αs-CN, or β-CN with CaCl2 
(3.00 mM) at pH ~ 6.4. 

Table 2 
The energies of activation (Ea) for reactions of CaCl2 with NaCas, αs-CN, and 
β-CN in aqueous solution with pH ~ 6.4 based on the Arrhenius equation (Eq. 
(10)) and the rate constants from Table 1, as shown in Fig. 5.   

NaCas αs-CN β-CN 

Ea1 (kJ∙mol− 1) 19.0 ± 0.3 18.1 ± 0.4 8.2 ± 0.4 
Ea2 (kJ∙mol− 1) 25.2 ± 1.0 20.7 ± 1.1 25.3 ± 0.6  

Fig. 6. Particle size distribution of NaCas aqueous solution (0.213 mM for A, 
1.28 mM for B) or the mixture of NaCas (0.213 mM for A, 1.28 mM for B) and 
CaCl2 (3.00 mM for A, 18 mM for B) for 25, 37, and 50 ◦C after overnight 
equilibration. A was from dynamic light scattering measurement, B was from 
static light scattering. 

Table 3 
Particle size distribution for NaCas aqueous solution 5.0 g∙L− 1 corresponding to 
0.213 mM with pH ~ 6.4 at 25, 37, and 50 ◦C by dynamic light scattering (DLS) 
after overnight equilibration and for the same aqueous solution with the addi-
tion of 3.0 mM CaCl2.   

NaCas NaCas- 
Ca 

NaCas NaCas- 
Ca 

NaCas NaCas- 
Ca 

Temperature 
(◦C) 

25 25 37 37 50 50 

Mean size 
(nm) 

138.5 
± 1.9 

122.2 
± 1.3 

144.4 
± 3.8 

131.5 
± 3.1 

139.0 
± 3.8 

137.7 
± 1.1  

Table 4 
Particle size distribution for NaCas aqueous solution 30 g∙L− 1 corresponding to 
1.28 mM with pH ~ 6.4 at 25, 37, and 50 ◦C by static light scattering (SLS) after 
overnight equilibration and for the same aqueous solution with the addition of 
18 mM CaCl2. Dx (10), Dx (50), and Dx (90) indicate the number of particles 
found for 10%, 50%, and 90%, respectively, with the size smaller than the value 
listed.   

NaCas NaCas- 
Ca 

NaCas NaCas- 
Ca 

NaCas NaCas- 
Ca 

Temperature 
(◦C) 

25 25 37 37 50 50 

Dx (10) 18.30 
± 0.90 

10.83 
± 0.13 

19.18 
± 0.34 

6.43 ±
0.05 

17.33 
± 0.88 

0.03 
± 0.00 

Dx (50) 83.00 
± 3.45 

35.18 
± 0.28 

109.75 
± 2.25 

24.93 
± 0.43 

91.50 
± 5.00 

0.37 
± 0.10 

Dx (90) 290.00 
±

14.50 

123.75 
± 2.13 

286.25 
±

10.88 

104.85 
± 9.15 

276.50 
± 29.5 

51.53 
± 5.88 

Specific 
surface area 
(m2⋅kg− 1) 

156.50 
± 6.65 

246.68 
± 2.43 

144.28 
± 2.96 

389.55 
± 5.00 

161.10 
± 8.75 

63125 
±

2680  
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and the binding affinity expressed as association constants, Kass, increase 
with temperature as may be seen from Table 5. Notably, ΔH0 for calcium 
binding decreases with temperature when expressed as ΔH0 for each 
calcium bound, which, however, is partly counteracted by a decreasing 
positive entropy of reaction, as seen in Fig. 8. This enthalpy entropy 

compensation corresponds to an isoequilibrium temperature of 38 ◦C. 
The enthalpy of binding of calcium to the caseins is positive, as is the 
enthalpy for binding of calcium to phosphates and at least under some 
conditions to o-phosphoserine in contrast to enthalpy of binding of 
calcium to aspartate and glutamate, which by Density Functional Theory 

Fig. 7. Isothermal titration calorimetric (ITC) curves for 6.0 mM aqueous CaCl2 solution titrated with water, aqueous solutions of MCI, NaCas, αs-CN, β-CN, and κ-CN 
at 25, 37, and 50 ◦C. Negative and positive values for heat rates indicate endothermic and exothermic processes, respectively. 
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(DFT) calculations were shown to be exothermic. The DFT method is 
based on quantum mechanical principles and is recently found useful for 
calcium protein interaction (Jiang, Liu, de Zawadzki, et al., 2021). This 
difference identifies the serine phosphate ester rather than the carbox-
ylate side chains as the preferential binding site for calcium to the ca-
seins (Chughtai et al., 1968; Jiang, Liu, de Zawadzki, et al., 2021; Tang 
& Skibsted, 2016). 

Association of calcium was shown to occur in two steps for all ca-
seins, and to have a maximum rate around the pH of milk for NaCas. The 
first and faster reaction seems proportional to the concentration of free 
calcium in excess and to have small energies of activation and accord-
ingly this bimolecular reaction shows little temperature dependence. 
The second and slower reaction is slightly more dependent on temper-
ature and has now been characterized as a unimolecular reaction where 
the spectral changes during the reaction reflect rearrangements within 
the casein structure. This second reaction is accordingly rate- 
determining for the overall reaction between calcium ions and each of 
the caseins. 

The reaction intermediate has a UV–visible absorption spectrum 
similar to the final reaction product of the reaction between calcium ions 
and the caseins but with lower absorbance, as seen in Fig. 9. The effect of 
calcium addition to the casein UV–visible spectra is different for the 
different caseins. MCI is hardly affected by calcium ions probably 
because in this ingredient casein, micellar structure is kept intact by 
colloidal calcium phosphate (da Silva et al., 2018; Sarode et al., 2016). 
The process induced by calcium ions in the second reaction step for the 
caseins seems to have similar effects on the protein structure of the 
micelles. β-CN absorbs at a higher wavelength after calcium addition 

than αs-CN despite the lower degree of phosphorylation of β-CN 
compared to αs-CN (McSweeney & Fox, 2013). β-CN with a lower degree 
of phosphorylation is more hydrophilic than αs-CN, and apparently 
calcium aggregation changes the absorption more significantly for β-CN, 
as seen in Fig. 9 (Horne, 2020). NaCas, a mixture of mainly αs-CN and 
β-CN, shows an intermediate spectral response to calcium addition. The 
difference between the spectral changes (Fig. 9) for the individual casein 
upon calcium association indicate that the calcium binding may differ 
between the individual casein. Spectral investigations seem warranted 
to explore such differences in more detail. 

The rate of reaction between calcium ions and the different caseins 
depends on the degree of phosphorylation of the casein with αs-CN and 
β-CN having rather similar rates for the initial reaction but with a faster 
second reaction for β-CN than for αs-CN, despite the higher degree of 
phosphorylation of the αs-CN. However, both αs-CN and β-CN react 
significantly faster than the less phosphorylated κ-CN, and more detailed 
investigation should be encouraged (McSweeney & Fox, 2013). The 
spectral changes upon calcium binding and subsequently rearrangement 
as a secondary reaction was more significant for αs-CN with a higher 
degree of phosphorylation and therefore studied in more detail in the 
present study. 

The binding of calcium to αs-CN and to NaCas is endothermic, and 
increases accordingly with temperature in agreement with the well- 
known increase in calcium ions concentration seen upon cooling of 
milk. Binding of calcium ions to αs-CN and NaCas was found to increase 
with temperature both in terms of the binding affinity and the number of 
bound calcium. Binding of calcium is entropy controlled, and the high 
binding affinity despite an endothermic binding could be described by 
enthalpy entropy compensation. The entropy control is explained by a 
decrease in solvation during binding, and probably both the calcium 
ions and the casein are releasing water molecules increasing local dis-
order. The decrease in heat capacity of the caseins upon calcium binding 
seems to be explained by the smaller size of the caseins binding calcium, 
as confirmed by DLS. The smaller caseins with bound calcium will rotate 
more freely as compared to caseins with less calcium bound, a difference 
corresponding to a decrease in heat capacity upon calcium binding. 

The overall process for binding of calcium to αs-CN:  

αs-CN + Ca2+ ⇌ αs-CN-Ca2+ (11) 

has been found to have ΔH0 = 15.8 kJ∙mol− 1 for binding at 25 ◦C of 
approximately one mole of calcium for each casein (Table 5). The energy 
of activation for the forward binding process was found to be very 
similar with Ea = 20.7 kJ∙mol− 1 (Table 2) for the slower and rate- 
determining step. Neglecting the first and faster reaction step, reaction 
enthalpy relates to the energy of activation for the association of calcium 
ions to αs-CN through: 

ΔH0 = Ea(association) − Ea(dissociation) (12)  

which yields a surprisingly small energy of activation for calcium 
dissociation of Ea (dissociation) = 4.9 kJ∙mol− 1. The small energy of 
activation for calcium dissociation from αs-CN indicates that the rate of 
dissociation of calcium from αs-CN, as the quantitatively most important 
casein, hardly depends on temperature. 

Table 5 
Stoichiometry (n), binding constant (Ka), enthalpy change per mole calcium (ΔH0), enthalpy change per mole casein (n∙ΔH0), and entropy change per mole calcium 
(ΔS0), of calcium binding to NaCas and αs-CN mixtures as measured for aqueous solution at pH ~ 6.4 at 25, 37, and 50 ◦C by ITC.   

Temp. (◦C) n Ka (M− 1) ΔH0 (kJ∙mol− 1) n∙ΔH0 (kJ∙mol− 1) ΔS0 (J∙mol− 1∙K− 1) 

αs-CN 25 2.5 ± 0.6 5380 ± 310 15.8 ± 3.6 39.4 ± 12.7 125 ± 12 
37 4.9 ± 0.7 5640 ± 560 8.4 ± 1.7 41.2 ± 10.2 99 ± 4 
50 5.5 ± 0.2 8590 ± 1750 8.1 ± 0.4 43.9 ± 2.6 101 ± 1 

NaCas 25 0.9 ± 0.1 2800 ± 10 40.0 ± 6.3 34.0 ± 6.0 200 ± 21 
37 2.4 ± 0.2 3060 ± 10 14.7 ± 1.3 34.5 ± 4.3 114 ± 4 
50 2.7 ± 0.2 5120 ± 30 11.3 ± 1.1 29.9 ± 3.8 106 ± 3  

Fig. 8. Enthalpy entropy compensation for calcium binding to NaCas (■) and 
αs-CN ( ) in aqueous solution with milk pH in the temperature range 25–50 ◦C. 
The regression line ΔH0 = 0.311ΔS0 − 22.21 indicates an isoequilibrium 
temperature of 38 ◦C. 
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4. Conclusion 

In conclusion, the almost temperature-independent rate of dissocia-
tion of calcium from the calcium αs-CN complex seems to explain why 
the caseinate increases the bioavailability of calcium from milk, espe-
cially when considering that αs-CN constitutes more than half of the total 
caseins. 
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