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A B S T R A C T

MgCl2-induced soymilk coagulation mechanism in tofu making was explored from perspectives of Mg2+ binding 
and colloidal properties in model systems. Isothermal titration calorimetry of bovine serum albumin (BSA)-small 
molecule mixtures revealed proteins contributed negligibly to Mg2+ binding sites, instead, substantial Mg2+ were 
bound by soymilk-borne small molecules. The results thus suggested the “protein-Mg2+-protein bridge” was 
hardly formed in tofu making. Zeta potentials for both BSA-small molecule system and defatted soymilk changed 
in a similar pattern relative to the unbound Mg2+ concentration, indicating only those small molecules-unbound 
Mg2+ effectively neutralized the electronegative charges on protein colloidal particles. Turbidity and particle size 
results revealed a critical zeta potential (− 11 mV) was required to induce marked Mg2+-defatted soymilk 
coagulation. For heated defatted soymilks, a critical minimum protein concentration (8 mg/mL) was needed to 
observe the significant Mg2+-induced coagulation. This study is expected to deepen our understanding of Mg2+

coagulation mechanism in tofu making.

1. Introduction

Magnesium chloride (MgCl2), as a salt coagulant, is widely used to 
coagulate soymilk in tofu making. Currently, different theories have 
been proposed to explain the mechanism of MgCl2-induced coagulation 
of soymilk. One of them is the cation bridge theory, which proposed that 
soy protein molecules are interacted with each other through the “pro
tein-Mg2+-protein bridge” to form gels. To form the “bridges”, the 
divalent metal ions have to bind to the negatively charged groups on the 
different soy protein molecules, which accelerate the protein gelation 
rate and stabilize the formed three-dimensional gel network (Kao et al., 
2003; Lee & Rha, 1978). Guan et al. (2021) proposed the salting-out 
mechanism to elucidate salt coagulation of soymilks in which the 
dehydration of the heat denatured soy proteins after the addition of salts 
played important role. However, protein salting-out is usually a 
reversible process, which is obviously contrary to the experimental 
phenomenon in the salt-induced soymilk coagulation that cannot be 
dissolved again. Another proposed salt coagulation mechanism 

suggested that the salt-induced reduction of pH and decrease in elec
trostatic repulsion between proteins promoted the aggregation of pro
teins (Wang, Wang, et al., 2023). Each explanation for the mechanism of 
salt coagulated soymilk has its own rationality and limitations, which 
needs further investigation.

Studies on the divalent metal ions (Mg2+ or Ca2+) binding to soy 
proteins or soymilks have been reported by several authors. Saio et al. 
(1967) speculated that the binding sites for the divalent metal ions were 
those free carboxyl groups on the proteins. Rao and Rao (1975) reported 
that the divalent metal ions appeared to bind to the imidazole groups of 
histidine residues on the 7S proteins at pH 7.8 but no binding at pH 5.5. 
Sakakibara and Noguchi (1977) determined that 4–11 mol Ca2+ was 
bound to 105 g of 11S proteins at pH 8.0 but the binding was negligible 
at pH 6.0 and 7.0.

Phytic acid in the soymilk was reported to bind the divalent metal 
ions in the salt-induced soymilk coagulation process (Kumagai et al., 
2002; Saio et al., 1967). Isothermal titration calorimetry (ITC) is a 
powerful technique used to explore the divalent metal cation-ligand 
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interaction and provide the precise thermodynamic parameters of the 
interaction process (Johnson et al., 2016; Saponaro, 2018). Using ITC 
method, Canabady-Rochelle et al. (2009) found that the bound Ca2+ on 
the soy proteins decreased by 96.15 % after hydrolysis of proteins.

The coagulation of animal milks has been studied from the 
perspective of colloidal destabilization although this concept has been 
seldomly used in the study of soymilk coagulation (Horne & Banks, 
2004). The casein micelle system is an excellent example of colloidal 
dispersion, of which the stability can be explained using the DLVO 
(Derjaguin-Lamdau-Verwey-Overbeek) theory and the presence of a 
sterically stabilizing effect (Horne & Banks, 2004; Narong & James, 
2006).

Zeta potential is an important parameter and the absolute value of 
zeta potential characterizes the strength of the repulsive force between 
particles (Serrano-Lotina et al., 2023). Philippe et al. (2005) reported 
that the addition of 8.0 mmol/kg calcium and magnesium reduced zeta 
potential by − 2.8 and − 3.5 mV, respectively. The decreases in zeta 
potential were proposed to be caused by neutralization of electronega
tive charges, the re-distribution of charged groups at the micellar surface 
and the changes in the overall thickness of the steric layer. Bauland et al. 
(2020) found that MgCl2 or CaCl2 additions reduced the zeta potential of 
casein micelles. Zhao et al. (2021) studied the effects of adding calcium 
chloride on the colloidal properties of the goat milk and their results 
showed that with the increase of CaCl2 concentration, turbidity 
increased but the absolute value of zeta potential decreased.

Currently, neither the “protein-Mg2+-protein bridge” nor the 
colloidal destabilization theory has shown sufficient evidence to support 
their validity in elucidating the Mg2+-induced coagulation of soymilks. 
ITC, zeta potential, particle size and turbidity are well known methods of 
studying metal binding and colloidal properties. However, direct mea
surement of full fat soymilk was difficult to obtain desirable results due 
to the sample heterogeneity and the components cross interaction. 
Therefore, defatted soymilk based model systems were used and the 
purpose of this study was to provide more experimental evidences to 
deepen our understanding of the mechanism of MgCl2-induced coagu
lation of soymilks.

2. Materials and methods

2.1. Materials

Freshly prepared low denatured defatted soybean meals were ob
tained from Shandong Yuwang Co., Ltd. and stored at 4 ◦C. Magnesium 
chloride hexahydrate was obtained from Sinopharm Chemical Reagent 
Co., Ltd. Bovine serum albumin (BSA) with purity of 98 % was pur
chased from Shanghai yuanye bio-technology Co., Ltd. Phytate solution 
(50 % (w/w)) was purchased from TCI Huacheng Industrial Develop
ment Co., Ltd. and other chemical reagents are of analytical grade.

2.2. Preparation and heat treatment of defatted soymilk

Defatted soybean meals were extracted by deionized water at a solid 
liquid ratio of 1:6 (w/w) and kept stirring at pH 7.0 and 25 ◦C for 1 h. 
After filtered through four layers of gauze, the filtrate was centrifuged 
(Himac CR21GII, Hitachi, Ltd., Shanghai, China) at 18,800g and 25 ◦C 
for 30 min to obtain the clarified supernatant, which was diluted with 
deionized water to the 40 mg/mL protein concentration (N*6.25) and 
specified as unheated defatted soymilk.

Ten milliliters of freshly prepared defatted soymilk (protein con
centration adjusted to 40 mg/mL) was pipetted into the high boron 
silicate threaded heat-resistant tube and pre-heated at the pre- 
determined temperature oil bath to the designated temperatures (65, 
75, 85, 90, 95, 100, 105 and 115 ◦C) within 3 min, then incubated in 
another oil bath at the designated temperatures for 5 min followed by 
immediate cooling in ice bath to room temperature.

2.3. Determination of phytate content of the defatted soymilk

Phytate content in defatted soymilk was determined according to the 
method of Chen et al. (2022). Five milliliters of defatted soymilk was 
mixed with 15 mL of 2.4 % (v/v) HCl solution and stirred at room 
temperature for 2 h. The mixed solution was centrifuged at 2000g and 
25 ◦C for 20 min (Himac CR21GII, Hitachi, Ltd., Shanghai, China) and 
the supernatant was added with 2 g of NaCl followed by sufficient 
stirring to completely dissolve the NaCl. After cooling in the ice bath, the 
mixture was centrifuged at 12,000g and 4 ◦C for 20 min. The supernatant 
was diluted with deionized water to a final volume of 50 mL in a 
volumetric flask and then 5 mL of this solution was taken out and mixed 
with 4 mL of Wade reagent (0.30 % sulfosalicylic acid +0.03 % 
FeCl3⋅6H2O). After thorough mixing, the mixture was centrifuged at 
2000g and 10 ◦C for 10 min. The absorbance of the defatted soymilk 
sample was determined by a spectrophotometer at 500 nm (UV-1200, 
Hottie company, Ltd., Shanghai, China). Standard curve was obtained 
by mixing 5 mL of sodium phytate solution with concentration between 
0.0008 mg/mL and 0.1 mg/mL with 4 mL of Wade reagent and centri
fuged under the same condition.

2.4. Determination of citrate content of the defatted soymilk

The content of citrate in the defatted soymilk was determined ac
cording to the method reported by Madjirebaye et al. (2022) and Zheng 
et al. (2021) with slight modifications. The defatted soymilk (1.5 mL) 
was mixed with 8 mL of 0.1 mol/L sulfuric acid solution and brought to 
the volume of 10 mL using distilled water. After centrifuging at 11,000 g 
and 25 ◦C for 30 min, the supernatant was filtered through a 0.22 μm 
organic membrane. HPLC (Agilent 1100, USA) analysis was conducted 
using the following conditions: chromatography column of diamonsil 
C18 (4.6 mm × 250 mm, 5 μm); flow rate of 0.8 mL/min; column 
temperature of 30 ◦C; injection volume of 5 μL; detection wavelength of 
210 nm; mobile phase A of methanol / water / H3PO4 (5 / 95 / 0.05, v/ 
v/v) and mobile phase B of methanol /water / H3PO4 (80 / 20 / 0.05, v/ 
v/v).

2.5. Determination of total polyphenol content of the defatted soymilk

Total polyphenol content in the defatted soymilk was determined 
using the Folin-Ciocalteu reagent according to the method reported by 
Benherlal and Arumughan (2007) with slight modifications and 
expressed as gallic acid equivalent (GAE). The defatted soymilk was 
mixed with ethanol to the final ethanol concentration of 80 % and ul
trasonically stirred at 40 ◦C for 60 min. After centrifugation at 10,000 g 
and 4 ◦C for 20 min, the supernatant was collected. Standard solution 
was obtained by diluting the stock solution of gallic acid with deionized 
water to the concentration range of 0–6 μg/mL. The ethanol extract and 
gallic acids standard solution were mixed with Folin-Ciocalteu reagent 
(0.1 mL/1.0 mL), respectively. After keeping at 25 ◦C for 5 min, 2 mL of 
15 % aqueous sodium carbonate was added and brought to 10 mL using 
distilled water. After incubating at 25 ◦C for 60 min, the absorbance of 
the sample was measured at 760 nm against a reagent blank.

2.6. Preparation of soymilk borne polyphenol

Soymilk borne polyphenols were prepared by mixing defatted soy
milk with ethanol to the final ethanol concentration of 80 % and ul
trasonically treated at 40 ◦C for 60 min. Following centrifuging at 
10,000 g and 4 ◦C for 20 min, the collected supernatant was concen
trated at 60 ◦C under vacuum (0.01 MPa) to remove ethanol and then 
freeze-dried.

2.7. Isothermal titration calorimetry

A MicroCal PEAQ-ITC (Malvern company, U. K.) was used to perform 
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the ITC experiments and to obtain the thermodynamic characterization 
of the interactions. Titrations were carried out under constant stirring 
(750 rpm) at 25 ◦C. The sample cell was titrated by MgCl2 solution with 
concentration of 5.49 × 10− 3 mol/L. The first injection was 0.4 μL and 
followed by 18 injections of 2 μL, with 60 s intervals between each 
injection.

The dilution heat (injected MgCl2 to deionized water in the same 
way) was subtracted from the sample data and the corrected binding 
data was fitted by “one-site” model of the instrument’s built-in analysis 
software. Thermodynamic parameters, such as stoichiometry (n), bind
ing constant (Ka), enthalpy change (ΔH), entropy change (ΔS) and 
binding Gibbs free energy (ΔG) were determined. Previous experiments 
found that when titrating Mg2+ into the same molar number of phytate, 
citric acid, and polyphenols, the heat release was similar. Therefore, to 
process the “one-site” model fitting of the mixed systems (phytate +
citric acid, and phytate + citric acid + polyphenols), the molar numbers 
of different small molecules were added up and used as the molar con
centration of sample cells.

2.8. Zeta potential

The zeta potential of samples was measured by electrophoretic light 
scattering using a dynamic light scattering analysis on a Zetasizer Nano 
ZEN3700 (Malvern company, U. K.) device at 25 ◦C and 173◦ scattering 
angle (Serrano-Lotina et al., 2023). Electrophoresis is the movement of 
charged colloidal particles in liquids under the effect of an external 
electric field. Defatted soymilks were diluted to the targeted protein 
concentration and coagulated by MgCl2 at 25 ◦C for 30 min before 
measurement. The Henry equation was used to calculated the zeta po
tential as follows: 

zeta potential =
3UE*η

2ε*f(ka)
(1) 

UE is the electrophoretic mobility (m2 V− 1 s− 1), which is the elec
trophoretic velocity divided by the electric field strength and measured 
by the Zetasizer Nano ZEN3700 machine. η is the viscosity (kg m− 1 s− 1) 
and ε is the solvent dielectric permittivity (kg m V− 2 s− 2). The f(ka) is the 
Henry function (dimensionless) and the value applied in this study is 1.5 
(Smoluchowski approximation) because of the polar medium of water.

2.9. Particle size measurement

The particle size of defatted soymilk was measured by dynamic light 
scattering based on the Brownian motion of particles that caused the 
dynamic fluctuations of light scattering intensity (Gołębiowski & Bus
zewski, 2023). The particle size was calculated via the Stokes-Einstein 
equation based on the Zetasizer Nano ZEN3700 (Malvern company, U. 
K.) machine measured diffusion coefficient that analyzed by the in
tensity fluctuations. 

Particle size =
kB*T

6π*η*D
(2) 

where kB is the Boltzmann constant, T is the absolute temperature, η is 
the sample viscosity and D is the diffusion coefficient. Defatted soymilks 
were diluted to the targeted protein concentration for measurement, and 
the defatted soymilks with MgCl2 addition were incubated at 25 ◦C for 
30 min before measurement. The particle size increment was defined as 
the particle size change of defatted soymilk before and after the Mg2+

addition.

2.10. Turbidity measurement

Determination of turbidity was performed on a spectrophotometer 
(UV-1200, Hottie Lab Co., Ltd., Shanghai, China) at 25 ◦C with a 
wavelength of 600 nm (Huang et al., 2024). The turbidity of defatted 

soymilks was determined at 25 ◦C. The previous experiment showed that 
after mixing defatted soymilks with MgCl2 solution, turbidity increased 
progressively with time and became essentially stable at about 30 min. 
Therefore, turbidity was recorded after 30 min of defatted soy
milk–MgCl2 mixing. The turbidity increment was defined as the 
turbidity change of defatted soymilk before and after the Mg2+ addition.

2.11. Calculation of unbound Mg2+ concentration

The binding of Mg2+ ions can be expressed by the following 
equilibrium: 

M+B Ka
⇌ MB (3) 

where M, B, Ka and MB are the metal ion, binding site, binding 
constant and bound product, respectively.

The concentration of unbound Mg2+ is expressed as: 

[MU] = [MT ] − [MB] (4) 

[MU] is the concentration of unbound Mg2+, [MT ] is the total Mg2+

concentration that added to the system, [MB] is the concentration of 
bound product.

In the case of Ka ≫ 1, almost all binding sites were bound by Mg2+ to 
generate MB, so the concentrations of MB are almost equal to the con
centrations of B: 

[B] ≈ [MB] (5) 

The concentration of binding sites can be calculated from the con
centration of small molecules ([M]) and the binding site number (n) 
obtained from the model fitting of ITC data: 

[B] = [M]*n (6) 

Therefore, the concentration of unbound Mg2+ is calculated as 
follows: 

[MU] = [MT ] − [M]*n (7) 

2.12. Statistical analysis

All data were obtained from three independent experiments and 
expressed as the mean ± standard deviation. Error bars presented in 
figures indicate standard deviations. Data analysis was performed using 
IBM SPSS 24.0 software and Tukey’s multiple range test was selected 
with a significance level of 0.05.

3. Results and discussion

3.1. Thermodynamic properties of Mg2+ binding

3.1.1. Concentration of small molecules in the defatted soymilk
Concentrations of phytate, citrate and polyphenol of the defatted 

soymilk with protein concentration of 4.0 mg/mL were determined as 
6.00 × 10− 2, 4.29 × 10− 1 and 5.40 × 10− 3 mg/mL, respectively. The 
molar concentrations of phytate, citric acid and polyphenol were 
calculated as 9.09 × 10− 5, 2.23 × 10− 3 and 3.17 × 10− 5 mol/L using the 
molar mass of 660.04, 192.13 and 170.12 g/mol, respectively.

3.1.2. ITC result from Mg2+ titration to the defatted soymilk
Fig. 1A shows the net ITC heat flow related to the titration of MgCl2 

into defatted soymilk, which was obtained by subtracting the 
exothermic dilution heat of Mg2+ into deionized water under the same 
conditions from the total heat of Mg2+ into defatted soymilk. The upper 
panel shows the heat flow caused by the injection procedure. However, 
it was unexpected that net endothermic peaks were observed which are 
generally related to the dissociation reactions rather than the binding 
reactions. Several studies reported the same phenomenon (Canabady- 
Rochelle et al., 2009; Liu et al., 2023). It is suggested that the apparent 
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endothermic effects were actually the combination of the relatively 
smaller exothermic effect related to the binding of Mg2+ to the ligands 
and the relatively larger endothermic effect due to the release of water 
molecules from the ligands.

3.1.3. ITC result from Mg2+ titration to small molecules
Solutions of phytate (PA), phytate and citrate (PA + CA) as well as 

phytate, citrate and polyphenol (PA + CA + PP) were prepared. The 
molar concentrations of PA, CA and PP in the above solutions were the 
same as those of the defatted soymilk (9.09 × 10− 5, 2.23 × 10− 3 and 
3.17 × 10− 5 mol/L, respectively).

Fig. 1. Isothermal titration calorimetry data of titrating MgCl2 into defatted soymilk (A) and small molecule solutions: PA (B), PA + CA (C), PA + CA + PP (D). PA, 
CA and PP refers to phytate, citrate and polyphenol.
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PA, PA + CA and PA + CA + PP were titrated by MgCl2 solution and 
the results are shown in Fig. 1B, C and D. Endothermic peaks were also 
observed after correcting the MgCl2 dilution heat from the raw data.

Results of one-site model fitting are shown in Table 1. The number of 
binding sites for Mg2+ to PA, PA + CA and PA + CA + PP were 0.357 
mol/mol, 0.642 mol/mol and 0.702 mol/mol, respectively. At the same 
time, the binding constants (Ka) for PA + CA and PA + CA + PP were 
much higher than that for PA, suggesting that the binding affinity be
tween Mg2+ and phytate + citrate as well as phytate + citrate + poly
phenol was much higher than that between Mg2+ and phytate. 
Currently, it is not sure whether these small molecules act indepen
dently, synergistically or antagonistically. Some other studies reported 
the similar binding site number for Mg2+-phytate system (Kim et al., 
2010; Oh et al., 2007) but no report on the binding sites for Mg2+-citrate 
and Mg2+-polyphenol systems.

3.1.4. ITC result from Mg2+ titration to BSA-small molecule mixtures
To know whether or not proteins contributed the Mg2+ binding 

properties of the protein-small molecule mixtures, the defatted soymilk 
free from small molecule was the best choice. However, it was difficult 
to remove small molecules from the defatted soymilks without other 
uncontrollable effects, such as the growth of microbial during dialysis, 
the surface adsorption of proteins on the membrane, the incomplete 
removal of small molecules and other negative effects due to the 
complicated sample preparation steps. BSA is a pure protein with similar 
electrostatic properties (pI 4.7) to that of soy proteins (Kunde & Wairkar, 
2022; Yıldız et al., 2020). Therefore, BSA was used in the present study 
in case of investigating the protein-small molecules cross interactions in 
ITC and zeta potential analysis.

ITC experiments was conducted by titrating MgCl2 into BSA solution 
and BSA–small molecules mixtures, in which the concentrations of small 
molecules were the same as those in the above section. Fig. 2A shows the 
ITC data generated by titrating MgCl2 into BSA solution. After correcting 
the MgCl2 dilution heat from the raw data, only very small net heat was 
obtained and failed to be fitted by one-site model. Kaspchak et al. (2018)
also found that MgCl2 titration into BSA solution only resulted in small 
positive enthalpy changes and no fitting result could be obtained. 
Therefore, our experiment indicated that no direct binding of Mg2+ to 
the protein molecules.

Fig. 2B, C and D show the net endothermic peaks of titrating MgCl2 
into BSA–small molecules mixtures after correcting the MgCl2 dilution 
heat from the raw data, which gave peak amplitudes very similar to 
those in Fig. 1B, C and D, respectively. One-site model fitting was con
ducted using the molar concentrations of small molecules and the sum of 
the molar concentrations of small molecules and BSA as the cell con
centration and the results are shown in Table 2. Obviously, model fitting 
of the protein containing small molecule system yielded binding pa
rameters similar to those of protein free small molecule system when 
protein concentration was not involved. However, when molar con
centration of amino acid residues in BSA was considered in model 
fitting, much smaller binding parameters were obtained (Table 2), 

indicating that proteins did not contribute but “diluted” the Mg2+

binding ability.
Comparing Fig. 1A with Fig. 2D, a remarkable similarity was noticed. 

Since the concentrations of proteins and small molecules in both 
defatted soymilk and BSA system were the same, it was reasonable to 
propose that the Mg2+ binding in defatted soymilks was also contributed 
mostly by small molecules.

3.2. Zeta potential and MgCl2 coagulation

3.2.1. Zeta potential of MgCl2 coagulated systems
Zeta potential is a useful parameter to characterize the surface po

tential of colloid particles, which signifies the particle’s stability (Patra 
et al., 2021). Zeta potentials of MgCl2 coagulated BSA solution and 
defatted soymilks are shown in Fig. 3.

Fig. 3A shows the zeta potentials for BSA, BSA + PA, BSA + PA + CA 
and BSA + PA + CA + PP when different levels of MgCl2 were added. 
Before adding MgCl2, both BSA and BSA–small molecule mixtures pre
sented the zeta potential values around − 26 mV, indicating that zeta 
potentials of colloidal particles were not affected by the presence of 
small molecules. Otherwise, more negative zeta potential values were 
found for BSA–small molecule mixtures due to the combining of nega
tive charged small molecules to protein colloidal particles. With the 
increase of MgCl2 levels, absolute values of zeta potential decreased, 
signifying the neutralization of electronegativity on the colloidal parti
cles. However, the extent of neutralization diminished as more small 
molecules were introduced into the systems.

From Fig. 3B, it is learned that the absolute values of zeta potential 
for Mg2+ coagulated unheated and heated defatted soymilks were 
almost the same, indicating that the heat denaturation of proteins did 
not affect the neutralization of electronegativity on the colloidal parti
cles. The data shows that the absolute zeta potential values decreased 
rapidly when the MgCl2 concentration was below 3.0 mmol/L but 
became less steep for higher MgCl2 concentrations.

In Fig. 3C, the absolute value of zeta potentials for both Mg2+

coagulated unheated and heated defatted soymilks increased with the 
rising of protein concentration in almost the same way, indicating that, 
with the elevation of protein/MgCl2 ratio, less electronegativity on the 
colloidal particles was neutralized.

Fig. 3D shows the effect of phytate concentration on the colloidal 
properties of Mg2+ coagulated defatted soymilks. For phytate contents 
lower than 2 times that of the defatted soymilk, more electronegativity 
was neutralized by Mg2+ and lower zeta potential absolute values were 
obtained. With the increase of phytate content, the neutralization effect 
was suppressed and higher zeta potential absolute values were found.

The above experiments showed that zeta potential of defatted soy
milk and BSA-small molecule system was affected by many factors. 
Several studies found that increasing Mg2+ or Ca2+ concentrations lead 
to a decrease in the absolute value of zeta potential (Kulmyrzaev et al., 
2000; Wang et al., 2015; Wang, Tan, et al., 2023). Wang et al. (2015)
also reported the negative effect of phytate content on the reduction of 
the absolute value of zeta potential. However, there is a lack of the deep 
understanding of the behavior.

3.2.2. Effective MgCl2 concentration as important factor determining zeta 
potential

The ITC experiments suggested that significant binding of Mg2+ by 
small molecules occurred in BSA-small molecules system and the bind
ing is most probably also occurred in defatted soymilk. Therefore, un
bound Mg2+ concentrations were calculated and the results are shown in 
Fig. 4.

Fig. 4A shows that the unbound Mg2+ concentrations for small 
molecule free BSA were the same as the added Mg2+ since no binding 
occurred. The unbound Mg2+ concentrations for BSA-small molecule 
mixtures were affected by composition of small molecules and the levels 
of added Mg2+. At the 2 mmol/L Mg2+ addition level, the unbound Mg2+

Table 1 
Thermodynamic parameters of MgCl2 binding to small molecule solutions.

Samples Model fitting parameters

N 
(sites, 
mol/mol)

Ka 

(L/mol)
ΔH 
(kcal/ 
mol)

ΔG 
(kcal/ 
mol)

-TΔS 
(kcal/mol)

PA 0.357 ±
0.007c

3976.19 ±
11.22c

8.61 ±
0.29a

− 4.91 ±
0.00a

− 13.50 ±
0.28c

PA + CA 0.642 ±
0.019b

23,626.39 ±
1634.42a

1.28 ±
0.01b

− 5.97 ±
0.04b

− 7.26 ±
0.04b

PA + CA 
+ PP

0.702 ±
0.007a

16,478.09 ±
345.52 b

0.87 ±
0.02c

− 5.76 ±
0.01c

− 6.63 ±
0.02a

PA, CA and PP refers to phytate, citrate and polyphenol.
Different letters in the same column indicate significant differences (P < 0.05).
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Fig. 2. Isothermal titration calorimetry data of titrating MgCl2 into BSA (A) and BSA–small molecules mixtures: BSA + PA (B), BSA + PA + CA (C), BSA + PA + CA 
+ PP (D). PA, CA and PP refers to phytate, citrate and polyphenol.
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accounted for 98.35 %, 24.65 % and 16.20 % of the added Mg2+ when 
the substrates were BSA + PA, BSA + PA + CA and BSA + PA + CA + PP, 
respectively.

Fig. 4B shows the unbound Mg2+ concentrations for defatted soymilk 
with the constant protein concentration of 4 mg/mL. At the Mg2+

addition level of 1.0 mmol/L, the calculated unbound Mg2+ concen
tration was nearly zero but it was about 2.3 mmol/L for Mg2+ addition 
level of 4.0 mmol/L.

From Fig. 4C, it is learned that the unbound Mg2+ concentrations for 
defatted soymilk with varying protein concentration and constant Mg2+

addition level of 2.0 mmol/L were nearly zero for protein concentrations 
of 6.0 and 8.0 mg/mL, respectively.

Fig. 4D shows the unbound Mg2+ concentrations for defatted soymilk 

as affected by phytate contents with the constant protein concentration 
and Mg2+ addition level of 4 mg/mL and 2.0 mmol/L, respectively. With 
the increase of phytate content, a monotonically decreased trend of 
unbound Mg2+ concentration was noticed.

In Fig. 4E, zeta potentials are plotted against the concentrations of 
unbound Mg2+ for BSA–small molecule mixtures and defatted soymilks 
and also against the concentration of added Mg2+ for small molecule 
free BSA. Surprisingly, it was found that, although the samples were 
different vastly, zeta potentials changed quite similarly with the increase 
of the concentrations of unbound or added Mg2+.

Therefore, only unbound Mg2+ was effective in neutralizing elec
tronegative charges on colloidal particles and thus reducing the absolute 
values of zeta potential. The rule held true for both BSA and defatted 

Table 2 
Thermodynamic parameters of MgCl2 binding to BSA – small molecules mixtures.

Samples The molar concentrations of small molecules were used as the cell 
concentration

The sum of the molar concentrations of small molecules and BSA were used as 
the cell concentration

N 
(sites, mol/ 
mol)

Ka 

(L/mol)
ΔH ΔG -TΔS 

(kcal/mol)
N 
(sites, mol/ 
mol)

Ka 

(L/mol)
ΔH ΔG -TΔS 

(kcal/mol)
(kcal/ 
mol)

(kcal/mol) (kcal/ 
mol)

(kcal/mol)

BSA + PA
0.362 ±
0.014c

3984.13 ±
22.45c

8.40 ±
0.58a

− 4.92 ±
0.01a

− 13.30 ±
0.57c

0.001 ±
0.000c

3978.84 ±
18.33c

8.54 ±
0.47a

− 4.91 ±
0.01a

− 13.43 ±
0.46b

BSA + PA + CA 0.648 ±
0.023b

23,154.58 ±
2001.74a

1.29 ±
0.01b

− 5.96 ±
0.05b

− 7.25 ±
0.05b

0.039 ±
0.001b

23,626.39 ±
1634.42a

1.28 ±
0.01b

− 5.97 ±
0.04b

− 7.26 ±
0.04a

BSA + PA +
CA + PP

0.711 ±
0.017a

15,887.35 ±
1051.95b

0.87 ±
0.01c

− 5.73 ±
0.04c

− 6.60 ±
0.04a

0.044 ±
0.001a

15,887.35 ±
1051.95b

0.87 ±
0.01c

− 5.73 ±
0.04c

− 6.60 ±
0.04a

PA, CA and PP refers to phytate, citrate and polyphenol.
Different letters in the same column indicate significant differences (P < 0.05).

Fig. 3. Zeta potential of BSA–small molecule mixtures (BSA, PA, PA + CA and PA + CA + PP) coagulated with different concentrations of MgCl2 (A), and of Mg2+

coagulated defatted soymilk with different Mg2+ concentration (B), different protein concentration (C) and different PA concentration (D). PA, CA and PP refers to 
phytate, citrate and polyphenol. Different letters in the same series indicate significant differences (P < 0.05).
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Fig. 4. Unbound Mg2+ for BSA–small molecule mixtures (BSA, PA, PA + CA and PA + CA + PP) coagulated with different concentrations of MgCl2 (A), and for Mg2+

coagulated defatted soymilk with different Mg2+ concentration (B), different protein concentration (C), different PA concentration (D). Zeta potential at different 
added or unbound Mg2+ concentration (E). PA, CA and PP refers to phytate, citrate and polyphenol. Different letters in the same series indicate significant differences 
(P < 0.05).

Fig. 5. Turbidity increment and particle size increment of Mg2+ coagulated defatted soymilk with different Mg2+ concentration (A), different protein concentration 
(B), different temperature heated defatted soymilk (C) and different PA concentration (D). Different letters in the same series indicate significant differences (P 
< 0.05).
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soymilks. Obviously, more effective Mg2+ are available when the con
centrations of small molecules are lower, and lower dosage of MgCl2 is 
needed to reduce the zeta potential. This finding is important for 
improving tofu quality. By removing Mg2+ binding small molecules 
through soybean variety breeding or soymilk processing, tofu with less 
bitterness and a smoother texture is expected to be obtained.

3.3. Turbidities and particle sizes of the MgCl2 coagulated defatted 
soymilks

3.3.1. Turbidities and particle sizes as affected by different parameters
To eliminate the sample background noise and focus on the effect of 

MgCl2 coagulation, only increments of turbidity and particle size were 
discussed in Fig. 5.

Fig. 5A shows that turbidity increment of Mg2+ coagulated unheated 
defatted soymilk increased steadily with the increase of MgCl2 concen
tration up to 3.0 mmol/L followed by a higher increasing trend at higher 
MgCl2 concentrations. The turbidity increment of Mg2+ coagulated 
heated defatted soymilk was much lower than that of unheated defatted 
soymilk. The Figure also shows that the particle size increment of Mg2+

coagulated unheated and heated defatted soymilks did not change 
markedly for MgCl2 concentration lower than 3.0 mmol/L. Zhao et al. 
(2021) found that there was no detectable change in the particle size of 
casein micelles of goat milk for CaCl2 concentration lower than 5.4 
mmol/kg. However, the particle size increment of Mg2+ coagulated 
unheated defatted soymilk increased rapidly for MgCl2 concentration 
higher than 3.0 mmol/L. On the other hand, the particle size increment 
of Mg2+ coagulated heated defatted soymilk only increased moderately.

Defatted soymilks with increasing protein concentrations were 
coagulated by MgCl2 solution at constant addition level of 2 mmol/L. 
Fig. 5B shows the vast difference in turbidity increment between the 
Mg2+ coagulated unheated and heated defatted soymilks. At the same 
time, a break point occurred around 2.0 mg/mL protein concentration 
were noticed for turbidity increments of both heated and unheated 

defatted soymilks. Fig. 5B also shows that a relatively sharp decreases in 
particle size increments of both Mg2+ coagulated unheated and heated 
defatted soymilks were observed when the protein concentration 
increased from 0.5 mg/mL to 2 mg/mL.

From Fig. 5C, it is known that both turbidity increment and particle 
size increment of the Mg2+ coagulated defatted soymilks decreased 
sharply with the increase of heating temperature and reached the min
imum at 90 ◦C followed by gentle turbidity increment rise with further 
increase in heating temperature. The decreases of turbidity increment 
and particle size increment upon adding MgCl2 to the heated defatted 
soymilks was probably related to the heat induced unfolding and the 
subsequent aggregation of soy proteins (Liang et al., 2020). When the 
positively charged Mg2+ was added, the neutralization of electronega
tive charges on the unfold protein molecules and aggregates resulted in 
the shrink of the proteins colloids. Besides, larger particle sized protein 
aggregates in heated defatted soymilk displayed higher hydrodynamic 
drags. As a consequence, the Mg2+ coagulation induced combine 
became more difficult as compared with proteins in unheated defatted 
soymilks.

Fig. 5D reveals that turbidity increment decreased slightly but par
ticle size increment remained almost unchanged even though the con
tent of phytate had been increased 6-fold. In other words, the content of 
phytate had little effect on the Mg2+ coagulation of defatted soymilk.

3.3.2. Critical zeta potential and critical protein concentration
The above section revealed that zeta potential, turbidity and particle 

size changed in different ways as the operational parameters (MgCl2 
concentration, protein concentration and heating temperature) and 
phytate content were modulated. To further disclose the colloidal 
properties of the Mg2+ coagulated defatted soymilks, increments in the 
turbidity and particle size as a function of zeta potential were investi
gated and the results are displayed in Fig. 6.

Fig. 6A shows the dependences of turbidity increment and particle 
size increment on the zeta potential in the case of fixed protein 

Fig. 6. Effect of zeta potential on the turbidity increment and particle size increment of Mg2+ coagulated unheated and 90 ◦C heated defatted soymilk coagulated 
with different Mg2+ concentrations (A) or by different soy protein concentrations (B). Turbidity of different temperatures heated defatted soymilk at different protein 
concentrations (C) and the corresponding turbidity increment (D). Different letters in the same series indicate significant differences (P < 0.05).
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concentration and varying MgCl2 concentration. The results revealed 
that, for both unheated and heated defatted soymilks, abrupt increases 
in turbidity increment and particle size increment were noticed at zeta 
potential value of about − 11 mV. In the case of fixed MgCl2 concen
tration and varying protein concentration (Fig. 6B), turning points were 
also observed at the zeta potential value of about − 11 mV for both 
unheated and heated defatted soymilks. Yang et al. (2021) reported that 
the zeta potential values of fermentation-induced soy protein gels were 
about − 10 mV. Furthermore, in either acid- or Ca2+ − induced coagu
lation of soymilk, larger aggregates were formed when zeta potential 
reached the value of − 11 mV (Ringgenberg et al., 2013; Wang et al., 
2015). Therefore, a critical zeta potential value of − 11 mV was required 
so as to induce significant Mg2+ coagulation as reflected by the abrupt 
increases in turbidity increment and particle size increment.

Mg2+ coagulation of defatted soymilks was expected to display 
protein concentration dependence. Since zeta potential and particle size 
determinations of high protein concentration defatted soymilk samples 
were not workable, only turbidity was measured in the higher protein 
concentration range.

Fig. 6C shows that the turbidity of defatted soymilks per se increased 
monotonically with the elevation of heating temperature and protein 
concentration. Several studies also reported the heat induced aggrega
tion of soy proteins and found the similar temperature and protein 
concentration dependences (Chen et al., 2016, 2017; Huang et al., 2024; 
Liu et al., 2017; Zhao et al., 2016). Fig. 6D shows the turbidity increment 
induced by Mg2+ coagulation. It can be found that, at the low protein 
concentration (4 mg/mL), marked turbidity increment was occurred 
only for unheated, 65 ◦C and 75 ◦C heated defatted soymilks, while only 
negligible turbidity increments were observed for the samples which 
had been sufficiently heated (≥85 ◦C). For protein concentrations higher 
than 4 mg/mL but lower than 8 mg/mL, Mg2+ coagulation induced 
turbidity increments also increased slightly. A turning point was noticed 
at the protein concentration of 8 mg/mL. For those defatted soymilks 
which had been heated at temperatures higher than 85 ◦C, the Mg2+

coagulation resulted in marked increases in turbidity increment. How
ever, for defatted soymilk which had been heated at 115 ◦C, no Mg2+

coagulation induced increase in turbidity increment was observed, 
possibly because the proteins were over denatured.

4. Conclusion

The Mg2+ binding and colloidal destabilization behavior were 
investigated in the BSA–small molecule mixtures and defatted soymilk. 
ITC results showed that the Mg2+ binding was mostly contributed by 
small molecules but proteins showed negligible binding ability. Changes 
of zeta potentials for BSA–small molecule mixtures and defatted soymilk 
with the variations of unbound Mg2+ concentrations followed the 
similar way as changes of zeta potentials for BSA with the variations of 
added Mg2+ concentrations. Therefore, only the Mg2+ which was not 
bound by small molecules was effective in reducing the zeta potentials of 
protein colloid particles. Turbidity and particle size of defatted soymilks 
increased with the elevation of Mg2+ concentration. A critical zeta po
tential value of − 11 mV and a critical protein concentration of 8 mg/mL 
were found. The amplitudes of turbidity and particle size changes 
increased markedly when absolute zeta potential value was lower than 
11 mV and protein concentration for heated defatted soymilk was higher 
than 8 mg/mL, respectively. The implication of the present study on the 
magnesium chloride coagulation mechanism were that the “protein- 
Mg2+-protein bridge” was hardly formed but colloidal destabilization 
played crucial role in tofu making.
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Philippe, M., Le Graët, Y., & Gaucheron, F. (2005). The effects of different cations on the 
physicochemical characteristics of casein micelles. Food Chemistry, 90(4), 673–683. 
https://doi.org/10.1016/j.foodchem.2004.06.001

Rao, A. G., & Rao, M. S. (1975). Binding of mg (II) by the 11S fraction of soybean 
proteins. Journal of Agricultural and Food Chemistry, 23(4), 657–661. https://doi.org/ 
10.1021/jf60200a001

Ringgenberg, E., Alexander, M., & Corredig, M. (2013). Effect of concentration and 
incubation temperature on the acid induced aggregation of soymilk. Food 
Hydrocolloids, 30(1), 463–469. https://doi.org/10.1016/j.foodhyd.2012.05.011

Saio, K., Koyama, E., & Watanabe, T. (1967). Protein-calcium-phytic acid relationships in 
soybean: Part I. Effects of calcium and phosphorus on solubility characteristics of 
soybean meal protein. Agricultural and Biological Chemistry, 31(10), 1195–1200. 
https://doi.org/10.1080/00021369.1967.10858947

Sakakibara, M., & Noguchi, H. (1977). Interaction of 11S fraction of soybean protein 
with calcium ion. Agricultural and Biological Chemistry, 41(9), 1575–1580. https:// 
doi.org/10.1080/00021369.1977.10862744

Saponaro, A. (2018). Isothermal titration calorimetry: A biophysical method to 
characterize the interaction between label-free biomolecules in solution. Bio- 
Protocol, 8(15), Article e2957. https://doi.org/10.21769/BioProtoc.2957

Serrano-Lotina, A., Portela, R., Baeza, P., Alcolea-Rodriguez, V., Villarroel, M., & 
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