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ABSTRACT
Casein has many functional properties for developing food, pharmaceutical, and
consumer products. However, casein precipitates around its isoelectric point of pH 4.6.
Previously, increasing solutions of casein and propylene glycol alginate (PGA) to pH
11.30 followed by acidifying to pH 4.5 led to dispersions without precipitation,
contributed by both covalent and non-covalent interactions. The covalent bonding is due
to the transacylation reaction between ester groups of PGA and primarily amino groups
of casein, and phosphate was speculated as a catalyst. The hypothesis of this thesis is that
the transacylation reaction between sodium caseinate (NaCas) and PGA and therefore
acid stability of dispersions is not only affected by the phosphate concentration but also
cations binding electron-rich amino groups via the local ion-pairing mechanism.
Solutions with 1% w/v NaCas and 1% w/v PGA were dissolved with 0, 10, 25, 50, 100
and 200 mM NaH2POs, KH2PO4, NaCl, or KCI and were reacted at 22°C and pH 11.0 for
2 h, followed by adjusting pH to 7.0, centrifugation, and dialysis of the supernatant for
analyses. A lowered degree of glycation (DOG) measured with the ortho-phthalaldehyde
assay and more abundant casein bands observed in reducing gel electrophoresis at
increased phosphate concentrations nullified the hypothesis of phosphate being a catalyst.
The DOG was similar (p > 0.05) for all treatments with >25 mM salt, attributed to the
charge screening effect. At 10 mM salt, KH2POg4 led to a higher DOG than KCI (p <
0.05), while the DOG of NaH2PO4 and NaCl treatments was similar (p > 0.05) and was
lower (p < 0.05) than treatments with potassium. The ion-pairing mechanism was verified

for the lower conductivity and thus stronger binding for NaCas solutions containing NaCl



than those with KCI. The strong binding of Na* with NaCas was further verified in ZNa-
NMR. For 10 mM treatments, precipitation was absent for all dispersions at pH 4.5 and
3.0, and the KCI treatment had the highest solubility at pH 4.5, corresponding to its
fibrous structures in atomic force microscopy. The present thesis may be significant to
improve functional properties of casein for food and non-food applications.

Keywords: transacylation reaction, ion effect, ion-pairing mechanism, screening effect,

degree of glycation, acid solubility.



TABLE OF CONTENTS

CHAPTER 1. MOTIVATION, HYPOTHESES AND OBJECTIVES ........cccoiiiiiiieine 1
1.1 Motivation and NYPOTNESES .......cc.oiiiiiiiiiiee s 2
1.2 ODJECLIVES ...ttt bbbttt et bbb 3
CHAPTER 2. LITERATURE REVIEW.......ooiiii e 4
2.1 Structure and application Of CASEIN. .........ccciiiiiiiee s 5

2.2 Casein-polysaccharide physical complexes to improve acid stability .................... 6
2.3 Covalent casein-polysaccharide conjugates to improve acid stability.............cccce....... 8
2.4 Hofmeister effect on protein hydration.....................ccoiiiiiiiiisiesieesesienens 10
2.5 Effect of sodium and potassium on protein surface Structure............cccccoceeverveiernene. 14
2.6 lons effects on casein-polysaccharide physical complexes...............c.cecvvveiivieenn. 15
2.7 lon effects on forming covalent casein-polysaccharide conjugates.............cccoevvenenee. 16
2.8 CoNCIUAING FEMATKS ....oviiiiiiiiieie et 18
CHAPTER 3. EFFECT OF PHOSPHATE, SODIUM AND POTASSIUM IONS ON THE

TRANSACYLATION REACTION BETWEEN PROPYLENE GLYCOL ALGINATE

AND SODIUM CASEINATE. ...ttt 19
B L ADSIIACT ... bbbt 20
3.2 INEFOUUCTION ..ttt bbbt nb bbb 21
3.3 Materials and MEtNOAS ..........ccuiiiiiiiie s 24
BB L IMIALEITAS ..t 24
3.3.2 Experimental MethodsS .........cooviiiiiiiee e 24

3.4 ReSUltS aNd diSCUSSION ...ttt e8]

Vi



REFERENCES ... 42
APPENDIX (CHAPTER 1-3) ..ottt 63
VT A 79

vii



LIST OF TABLES

Table 1.1. Amino acid composition of casein variants.....................ccooeeenn.. 76

Table 3.1. “’Na NMR analysis of sodium caseinate (NaCas) treated at different NaCl

concentrations and NaCas-propylene glycol alginate conjugate produced at 10 mM

Table 3.2. Protein content, moisture content, mass yield, and protein yield of freeze-dried
sodium caseinate (NaCas)-propylene glycol alginate (PGA) conjugate powders produced
in 10 mM of different salts and NaCas:PGA mass ratios of 1:1 and 1:2 at pH 11.0 and 23

CC 0T 2 N 78

viii



LIST OF FIGURES
Figure 2-1. The Hofmeister series organized by destabilization power. Figure is redrawn
from a reference (He & EWING, 2023) ... ..ot 63
Figure 2-2. Description of Hofmeister series for surfaces with different polarities and
charges. Positive potential means hydrophilic and negative potential means hydrophobic.
Figures are redrawn from a reference (Sivan, 2016)..............cccoiiiiiiiiiiiiinen.... 63
Figure 2-3. Lifshitz-van der Waals electrodynamic pressure of kosmotropic and
chaotropic ions and the impact on casein micelle structure. lllustrations are redrawn
based on concepts in a reference (Zhao & Damodaran, 2019).................. c..cc..... 64
Figure 3.1. SDS-PAGE analysis of sodium caseinate (NaCas) and its mixture with
propylene glycol alginate (PGA) at mass ratio of 1:1 after incubation at pH 11.0 and 0
(A), 10 (B), 25 (C), 50 (D), 100 (E), or 200 (F) mM of different salts for 2 h, followed by
pH shifting to 7.0, centrifugation at 5000 g for 10 min, and taking the supernatant for
analysis . Each well was loaded with 10 pg of protein. Figure G shows comparable
treatments with NaCas:PGA mass ratio of 1:2 after reaction with 10 (*) or 25 (**) mM of
different SaltS. ... 65
Figure 3.2. The degree of glycation (A), free amino group% in reference to the
unprocessed sodium caseinate (NaCas; B), the absorbance at 294 nm (C) and 420 nm (D)
of NaCas-propylene glycol alginate (1:1, w:w) after incubation for 2 h at pH 11.0 and 10-
200 mM KCI, KH2PO4, NaCl, or NaH2POa, followed by pH shifting to 7.0 and
centrifugation at 5000 g for 10 min to take the supernatant for dialysis and analysis. The

NaOH and KOH treatments in (A) and (B) are prepared without additional salt and with



the pH adjusted to 11.0 with NaOH and KOH solution, respectively. Samples in (C) and
(D) are adjusted to 5.0 mg/mL protein for analysis, with the dashed line being the same
concentration of unprocessed NaCas at pH 7.0. SDs in (B) are shown in error bars (n =
3). Different lowercase and uppercase letters above the bars in (B-D) stand for significant
differences (p < 0.05) between treatments with the same concentration of different salts
and the same salt at different concentrations, respectively............................ 66
Figure 3.3. SEC-HPLC chromatograms (A and B) and fluorescence spectra (C and D) of
sodium caseinate (NaCas) and NaCas-propylene glycol alginate mixture (1:1, w:w) after
reaction for 2 h at pH 11.0 and 10 (A, C) or 25 (B, D) mM of different salts, followed by
pH shifting to 7.0 and centrifugation at 5000 g for 10 min to take the supernatant for
dialysis and analysis at 2.0 mg/mL protein.................cooiiiiiiienn. .. 68

Figure 3.4. FTIR spectra of unprocessed sodium caseinate (NaCas), propylene glycol
alginate (PGA), and their mixture (1:1, w:w) after reaction for 2 h at pH 11.0 and 10 (A)
or 25 (B) mM of different salts, centrifugation at 5000 g for 10 min, and lyophilization of
the dialyzed supernatant..............oooueiiiiiriiii e 69

Figure 3.5. AFM images (2000 x 2000 nm) in height modulus channel and height
distribution of structures along the white lines of NaCas (A) and its mixture with an equal
mass of propylene glycol alginate after reaction for 2 h at pH 11.0 and 10 mM KCI (B),
KH2PO4 (C), NaCl (D), or NaH2PO4 (E), followed by pH shifting to 7.0 and
centrifugation at 5000 g for 10 min to take the supernatant for dialysis and analysis at

0.001% W/V DIOPOIYMET .. ..o 70



Figure 3.6. Relative variation in conductivity (A) and 2>Na-NMR spectra (B) of sodium
caseinate (NaCas) hydrated at 1.6% wi/v in deionized water with 10-200 mM KCI or
NaCl for 2 h. The NaCas-propylene glycol alginate (PGA) sample (1:1, w:w) in B is
produced after reaction for 2 h at pH 11.0 and 10 mM NacCl. SDs in (A) are shown in
error bars (n = 3). Same lowercase and uppercase letters above the bars in (A) stand for
significance differences (p < 0.05) between treatments with the same concentration of
different salts and the same salt at different concentrations, respectively........ 72

Figure 3.7. Zeta-potential at pH 7.0 (A), visual appearance at 5.0 mg/mL protein (B), and
Z-average diameter (C — 10 mM; D — 25 mM) at pH 7.0, 4.5, 3.0 for sodium caseinate
(NaCas; not measured at pH 4.5 and 3.0 due to precipitation), propylene glycol alginate
(PGA), and NaCas-PGA mixture (1:1, w:w) after reaction for 2 h at pH 11.0 and 10 or 25
mM of different salts, followed by pH shifting to 7.0 and centrifugation at 5000 g for 10
min to take the supernatant for dialysis and analysis. SDs are shown in error bars (n = 3).
Same lowercase and uppercase letters above the bars in A, C, and D stand for significant
differences (p < 0.05) between treatments with the same concentration of different salts
and the same salt at different concentrations, respectively.......................... 73

Figure 3.8. Particle size distributions at pH 7.0, 4.5 and 3.0 for sodium caseinate (pH 7.0
only; A), propylene glycol alginate (B), and their mixture (1:1, w:w) after reaction for 2 h
at pH 11.0 and 10 mM KCI (C), KH2PO4 (D), NaCl (E) or NaH2PO4 (F), followed by pH
shifting to 7.0 and centrifugation at 5000 g for 10 min to take the supernatant for dialysis

aNd ANAIYSIS. ... 74

Xi



Figure 3.9: Solubility of sodium caseinate (NaCas) and its equal mass mixture with
propylene glycol alginate after reaction for 2 h at pH 11.0 and 10 mM of different salts,
followed by pH shifting to 7.0 and centrifugation at 5000 g for 10 min to take the
supernatant for dialysis and analysis: at pH 2.0-11.0 for the KCI and KH2PO4 treatments
(A), at pH 2.0-11.0 for the NaCl and NaH2PO4 treatments (B), and at pH 4.5 for all
treatments (C). SDs are shown in error bars (n = 3). Same lowercase and uppercase letters
above the bars in C and D stand for significance differences (p < 0.05) between
treatments with the same concentration of different salts and the same salt at different

concentrations, respectively............coooiiiiiii i 75

Xii



CHAPTER 1. MOTIVATION, HYPOTHESIS, AND OBJECTIVES



1.1. Motivation and hypothesis

Casein is a milk protein composed of four variants (Dickinson et al., 1998; Srinivasan et
al., 1996) and has several techno-functional properties such as emulsification, gelation,
encapsulation, and film formation (Tang et al., 2024; Yang et al., 2024; Zabot et al.,
2022). Casein has been explored as a novel material for applications in food,
pharmaceutical, and cosmetic products. However, casein has an isoelectric point (pl)
close to pH 4.6 (Hofland et al., 1999; Moller et al., 2024) and precipitates around this
acidity, limiting its application as a functional ingredient in products such as beverages
(Sadiq et al., 2021). Therefore, polysaccharides are used to enhance the functionality and
application of proteins in acidic products (Peng et al., 2022; Sun & Zhong, 2022).
Polysaccharides can form physical complexes or covalent bonds with casein to enable the
acid stability (Li & Zhong, 2022; Pan et al., 2006; Sun et al., 2018). Stabilization
effectiveness depends on the intrinsic structures of the polysaccharide and the preparation
method. The formed complexes may also be disintegrated or aggregate depending on
environmental conditions and fundamentally colloidal interactions (Li & Zhong, 2020b).
The improvement of the acidic stability of casein dispersions in acidic pH using
polysaccharides to form covalent bonds is commonly studied for Maillard reaction
(Barbosa et al., 2019; Hou et al., 2017; Yang et al., 2023). However, Maillard reaction
produces some carcinogen byproducts and melanoidins, compounds responsible for the
brown color (Hou et al., 2017). Conversely, casein micelles and polypropylene glycol
alginate (PGA) going through a pH-cycle, from neutral pH to pH 11.0 and then to 4.5,

formed colorless dispersions stable at pH 4.5, and the complex formation was enabled by



both covalent and non-covalent interactions (Li & Zhong, 2020b). The complex
dispersions, however, became destabilized at pH lower than about 3.5, depending on the
ratio of casein and PGA. At pH 11.0, casein and PGA form covalent bonds via the
transacylation reaction (N. Li & Q. Zhong, 2021; Li & Zhong, 2022), and phosphate ions
were speculated to function as a catalyst (Jain & Zhong, 2024; Li & Zhong, 2022). In
addition, the hydration and structure of proteins in water are profoundly affected by the
ionic environment to impact their reaction. More specifically, because the transacylation
reaction involves electron-rich amino groups of the protein (N. Li & Q. Zhong, 2021; Li
& Zhong, 2022), cations may bind with amino groups to impact the reaction. Therefore, it
is hypothesized that the transacylation reaction between casein and PGA and thus the
acid stability of casein can be modulated by phosphate, sodium, and potassium
concentrations.

1.2. Objectives

The technological goal of this thesis is to enhance acid stability of casein by reacting with
PGA. The first objective is to study the covalent modification of casein with PGA as
affected by phosphate, sodium, and potassium. Casein and PGA were reacted at pH 11.0
for 2 h with different concentrations of sodium chloride (NaCl), potassium chloride
(KCI), sodium phosphate monobasic (NaH2POa), or potassium phosphate monobasic
(KH2POa). The degree of glycation and the sample structures were characterized after
adjusting pH to 7.0 using hydrochloric acid. The second objective is to characterize the
stability, solubility, and particle structure of dispersions after further adjusting to acidic

pH.



CHAPTER 2. LITERATURE REVIEW



2.1. Structure and application of Casein

Casein represents 80% of milk protein, and bovine casein has four variants, ag; —
(40%), g, — (10%), B — (40%), and x — (10%), present as colloidal particles called
casein micelles (de Kruif et al., 2012; Holt et al., 2013; Pan & Zhong, 2013). The
diameter of casein micelles is between 50-500 nm, with an average of 120 nm (de Kruif
etal., 2012; Moller et al., 2024; Pan & Zhong, 2013). Casein micelles in bovine milk are
stable after heating below 140 °C for several minutes and compaction by
ultracentrifugation and agitation but are partially disrupted by high pressure
homogenization at 41-350 MPa (Schulte et al., 2020; Tang et al., 2024). However, casein
micelles are unstable in acidic conditions close to the isoelectric point (pH 4.6), high
pressure processing (above 200 MPa), temperatures above 140 °C, spray drying, and
slow freezing in the range from -10 to -20°C due to the precipitation of calcium
phosphate (Schulte et al., 2020; Tang et al., 2024). The micellar form of casein is due to
the calcium phosphate linkages crosslinking phosphorylated caseins and the hydrophobic
interactions (Horne, 2002; Li & Zhong, 2020b; Yang et al., 2024). Additionally, the
glycomacropeptides of k-casein contribute to the stability of micelles due to the steric
and electrostatic interactions (Slattery & Evard, 1973). There are three models to describe
the casein micelle structure: Sub-micelles, core-coat, and internal structure (Yang et al.,
2024). The sub-micelle model is one of the classic models of casein micelles. However,
this model has some limitations to describe the micelle dissociation during temperature
changes and the role of k-casein in the structure conformation and there are no evidence

of sub-micelles formation (Slattery & Evard, 1973). Besides, the nanocluster structure



model provides insights into the casein conformations as a combination of spherical
particles stabilized by Cas(PO4)s (De Kruif & Holt, 2003). In contrast, the dual binding
model offers additional information about the casein micelles elongation and aggregation
via cross-linking, hydrophobic interactions and bond bridging (formation of poly-chains)
(Holt, 2016). The amino acid composition of casein is responsible for the casein micelle
structure. There are around 208 amino acid residues among the casein variants: 25 basic
amino acids, 40 acidic amino acids, 20 aromatic amino acids, 52 non-polar amino acids,
and 71 polar amino acids (Chen et al., 2024; Lauer & Baker, 1977), listed in Table 2.1.
The amino groups of lysine, arginine, and histidine residues could be the reactive sites for
alkaline covalent modification (Li & Zhong, 2022).

2.2. Casein-polysaccharide physical complexes to improve acid stability

The interactions between casein and different polysaccharides have been studied for
applications in emulsions, encapsulation, and film formation (Li & Zhong, 2022; Sun et
al., 2018). The non-covalent interactions of casein with polysaccharides involve the van
der Waals forces, electrostatic, steric, hydrophobic interactions, and hydrogen bonding
(Li & Zhong, 2020a). In contrast, covalent interactions involve the amide and amine
bonds (N. Li & Q. Zhong, 2021). The non-covalent and covalent interactions between
casein and polysaccharides can result in complexation with a decreasing level of order
(Li & Zhong, 2020a).

The non-covalent interactions between proteins and polysaccharides depend on the
chemical structure of the macromolecules. In general, electrostatic (attractive and

repulsive), steric, and van der Waals interactions play an important role in non-covalent



interactions (Jain & Zhong, 2024; Sun et al., 2018; Zabot et al., 2022). The balance of
these interactions determines if the aggregation of particles occurs in solutions. The
mixture of protein and polysaccharide under or above the overlap concentration can
produce one- or two-phase systems (Li & Zhong, 2020a; Soukoulis et al., 2014; Wusigale
et al., 2020). The one-phase system involves the co-solubility and soluble complexes,
while the two-phase system involves segregative separation and associative separation
(Corredig et al., 2011). Indeed, if the concentration of the polysaccharide and protein is
high, depletion and bridging flocculation due to the osmotic pressure gradient can reduce
the dispersion stability (Corredig et al., 2011; Wusigale et al., 2020).

The presence of non-ionic groups such as hydroxyl or alkyl halides in the polysaccharide
can affect complexation. For example, non-ionic polysaccharides such as cellulose can
enhance the texture, water holding capacity and rheological properties of the protein in
solution due to the formation of a strong hydrogen bonding network (Kobori et al., 2009;
Ye et al., 2016). Cationic and anionic polysaccharides such as algins (carboxyl groups
with pKa of 3.5), chitosan (amino groups with pKa of 6.5) and pectin (carboxyl groups
with pKa of 3.5) can form complexes at different pH with the protein due to the presence
of positively and negatively charged amino acids (Li & Zhong, 2020b; Maroziene & de
Kruif, 2000; Mishra et al., 2024; Sun et al., 2018). pH is one of the most important
factors in non-covalent interactions. Other important factors that influence the stability of
complexes are the molecular weight and conformation of polysaccharides,
concentrations, and ionic strength (Ding et al., 2019; Mishra et al., 2024; Wusigale et al.,

2020).



2.3. Covalent casein-polysaccharide conjugates to improve acid stability

The covalent interactions between casein and polysaccharides involve crosslinking by
enzymes, Maillard reaction, and nucleophilic acyl substitution reactions such as
transacylation reactions (Abd El-Salam & EI-Shibiny, 2020; N. Li & Q. Zhong, 2021; Li
& Zhong, 2022; Sun & Zhong, 2022). The crosslinking of casein and polysaccharides by
enzymes is a common method to modify proteins. Some papers have reported the
modification of casein using transglutaminase and konjac glucomannan to form hybrid
hydrogels for drug delivery systems (Yin et al., 2012). The modification of casein using
transglutaminase also can occur with other polysaccharides such as oligochitosan and
corn fiber gum, enhancing the interfacial properties (equilibrium interfacial tension),
water binding capacity and solubility (Liu et al., 2018; Song & Zhao, 2014). Besides,
laccase has been used to modify casein with hydrolyzed oat spelt xylan to improve techno
functional properties of the protein (Selinheimo et al., 2008). However, the specificity
and cost of the enzymes can limit the application of this methodology for protein
modification (Yin et al., 2012).

The Maillard reaction is a sequence of non-enzymatic browning reactions (Nooshkam et
al., 2019). This reaction requires the amino groups of the basic amino acids in casein and
the reducing end of the polysaccharides (anomeric carbon) (Nooshkam et al., 2019). It
has been reported the conjugation of casein with pectin, arabinogalactan, gum arabic,
dextran, maltodextrin, and carrageenan using dry (using powders) and wet (in solutions)
heating Maillard reaction method (Abd El-Salam & EI-Shibiny, 2020; Seidi et al., 2023,

Seo & Y00, 2021; Shepherd et al., 2000; Yang et al., 2023). The modification using



Maillard reaction has been reported to have improved the emulsifying properties,
solubility, and stability of casein (Capar & Yalcin, 2021; Shepherd et al., 2000). The cost
of Maillard reaction is affordable for the food industry, but the formation of carcinogens,
toxic, and sensory-alternating byproducts restricts its application in food products (Abd
El-Salam & EI-Shibiny, 2020).

Nucleophilic acyl substitution reactions such as transacylation reactions are the most
recent novel methods to modify casein (Sun & Zhong, 2022). These reactions include the
formation of amide, ester or amine bonds (Hadef, Omri, Edwards-Lévy, et al., 2017; Li &
Zhong, 2022). Nucleophilic acyl substitutions reactions are a type of nucleophilic
substitution in organic chemistry (Hardee et al., 2010). This reaction can occur by
nucleophilic substitution, unimolecular or bimolecular depending on the nucleophilicity
of the functional groups (Rossi et al., 2003). The reaction requires the presence of an
electron donating group and an electro deficient center induced by the presence of
carbonyl groups, ester groups, anhydrides and acid chlorides (Rossi et al., 2003). The
substitution occurs in the acyl group when the leaving group is replaced by the
nucleophile in the same position. In the transacylation reaction, the nucleophile is the
amino group of the lysine residues of the protein that are replaced on the side chain of the
ester bond of the propylene glycol alginate (PGA) (Li & Zhong, 2022). The advantages
of these reactions include the reaction at room temperature, no undesirable byproducts,
green solvents for reaction, and high yield (Kolb & Sharpless, 2003; Li & Zhong, 2020b).
Additionally, this reaction aligns with the click chemistry principles (Kolb & Sharpless,

2003). Several studies have shown the formation of conjugates between casein and PGA



in alkaline conditions (N. Li & Q. Zhong, 2021; Sun & Zhong, 2022). However, the
effect of ions (as nucleophilic attack promoters) on the degree of glycation and the
stability of conjugates have not been studied.

During the transacylation reaction, not only lysine residues are available in sodium
caseinate but also arginine, and histidine because they have amino groups which can have
some nucleophilicity (Jain & Zhong, 2024; N. Li & Q. Zhong, 2021). However, lysine is
the amino acid that is more active during the transacylation reaction due to its free amino
group (N. Li & Q. Zhong, 2021).

2.4. Hofmeister effect on protein hydration

The effect of ions on the protein surface has been widely studied. Kosmotropic and
chaotropic ions have an effect in the hydrogen bonding network of the protein due to the
hydration shell (He & Ewing, 2023; Herman et al., 2021; Rana et al., 2023). Chaotropic
ions can induce salting-in effect but kosmotropic ions can induce salting-out effect (Lai et
al., 2023). In general, the Gibbs free energy of kosmotropic ions is lower than chaotropic
ions due to the orderly arrangement of water molecules (Asakereh et al., 2022).
Additionally, the adsorption of chaotropic ions on proteins can result in enhanced
electrostatic repulsion, hydration, and salting-in effect (Lai et al., 2023; Sakai et al.,
2022). The destabilization power of different ions is shown in Fig. 2-1.

The solvation mechanism is one of the most important factors to maintain connection
between the solvent and the solute (Wei et al., 2022). However, salts can affect solvation
by disturbance of the hydrogen bonding network and molecular conformation of the

protein (Wei et al., 2022). The indirect interaction mechanism has been proposed that
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the kosmotropic ions can diffuse to the second molecule water layer called the transition
layer and weaken the solute-water interactions leading to salting-out. Thus, chaotropic
ions are difficult to bind to water molecules in the hydration and transition layers due to
their large size and low charge. Therefore, the solute-water interaction is strengthened,
leading to the salting-in effect. Direct interaction mechanism has suggested that ions
can affect different physicochemical changes of the protein such as precipitation,
colloidal system, chirality, protein denaturation and stability. This is related also to the
screening effect of ions at high concentrations (Wei et al., 2022).

The Triple effect mechanism involves polarization, surface tension and direct binding
(Moghaddam & Thormann, 2019). The polarization includes the action of the strong
hydrated kosmotropic ions in the water molecules hydrogen-bonded to the amide groups
of the macromolecule (Moghaddam & Thormann, 2019). This dehydration of the amide
bonds induces some polymer destabilization and salting-out (Flores et al., 2012;
Moghaddam & Thormann, 2019; Rembert et al., 2012). This alteration of the polarity
produces an unfavorable change in the surface tension (hydrophobic hydration) that
reduces the chances of direct binding. With chaotropic ions like K*, Na*, and Li", the
effect is the opposite(Chen et al., 2010; Moghaddam & Thormann, 2019).

The solute/partitioning model considers the partitioning coefficient between ions and
the hydration surface of biopolymers. The model involves two thermodynamic states
(Courtenay et al., 2000). The first one is swollen coil and the second collapsed globules
(Moghaddam & Thormann, 2019). Further, the effect of salts on the conformational

transition is analyzed by the Gibbs free energy change of the transition (Thormann,
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2012). The higher the Gibbs free energy change of the transition the greater the molar
surface tension. This partitioning coefficient and the free energy indicate the level of
hydration of the salt and the potential excluded volume around the biopolymer surface
(Felitsky & Record, 2004; Moghaddam & Thormann, 2019).

The hydration force and surface property mechanism consider the effect of
electrostatic, dispersion, entropic and hydration forces (Moghaddam & Thormann, 2019),
shown in Fig 2-2. The chaotropic ions are considered hydrophobic due to the weak
interaction with water. Besides, kosmotropic ions are considered hydrophilic because of
the strong interaction with water and formation of hydration shell (Dishon et al., 2009;
Sivan, 2016). In this mechanism, large ions accumulate near hydrophobic surfaces, while
small ions accumulate on hydrophilic surfaces (Sivan, 2016). The effect of the hydration
force may depend on the distance of the ions from the charged surface and the surface
properties (Sivan, 2016).

The ion specific dispersion interaction mechanism suggests that hydration entropy
plays an important role in the interaction between ions and proteins, water or other
molecules (Mazzini & Craig, 2019). Electrostatic and non-electrostatic contributions are
important due to the electrostatic nature of the ion. For this mechanism, there is an ion-
specificity which can be calculated using electrodynamic pressure forces (Moghaddam &
Thormann, 2019). Besides, the hydration forces are important (Parsons & Ninham, 2011).
It is considered for this mechanism that a permanent hydration layer can produce in
chaotropic ions a repulsive entropic contribution (reverse ion-specific effects).

Additionally, the kosmotropic ions can penetrate the hydration layer and bind to the

12



polymer. This mechanism does not include the solvent polarizability (Bostrém et al.,
2002; Ninham & Yaminsky, 1997).

The electrodynamic pressure mechanism (Fig. 2-3) suggests that structure-stabilizing
salts (kosmotropic ions) can induce a positive Lifshitz-van der Waals electrodynamic
pressure (Zhao & Damodaran, 2019). In contrast, structure-destabilizing salts (chaotropic
ions) can induce a negative Lifshitz-van der Waals electrodynamic pressure on proteins
(Zhao & Damodaran, 2019). The pressure is related to repulsive or attractive interactions
which can affect the stability of proteins in solution. These net forces are related to the
size and polarizability of the ions. Therefore, the application of this mechanism is more
common for anions than cations, especially at salt concentrations below 0.5 M (Zhao &
Damodaran, 2019).

The ion pairing mechanism can be described for three types of ion pairs: solvent
separated, solvent shared, and ion contact (Marcus & Hefter, 2006). The ion pairing
mechanism involves an equilibrium between free cations, free anions, and ion pairs. The
ion pairing is enthalpy-driven due to electrostatic interactions and coordinative bonding
interactions which induce desolvation and formation of ion pairs (Bruce et al., 2020; van
der Vegt et al., 2016). The ion pair formation also can depend on the type of ions and the
competition with the solvent by partial charge neutralization (Marcus & Hefter, 2006).
These interactions can be extended to interaction with ionizable groups in
macromolecules such as carboxyl, amide, sulphonic, phosphate, imide, thiol, ester,

aldehyde, ketone, and amine groups (Pegram & Record, 2008; van der Vegt et al., 2016).
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2.5. Effect of sodium and potassium on protein surface structure

Sodium and potassium are part of the milk composition. Besides, they are the most
abundant compounds in living organisms. Sodium is a smaller cation than potassium
considering the ionic radius (Vrbka et al., 2006). Therefore, the specificity of sodium
over potassium plays an important role not only in biochemical processes but also in the
stability of biopolymers such as proteins, polysaccharides, and lipids (Baldwin, 1996).
Sodium and potassium have roughly neutral Hofmeister effects but due to their different
size, sodium has a slightly kosmotropic behavior and potassium a chaotropic behavior
(Becconi et al., 2017). The electronic configuration of sodium is 1s2,2s2,2p6,3s1 (Three
orbits) and for potassium, it is 1s2,2s2,2p6,3s2,3p6,4s1 (four orbits) (Williams, 1986).
Therefore, the electronegativity and the density of charges of sodium is higher than
potassium (Williams, 1986). Furthermore, sodium matches better with carboxyl,
phosphate, and carbonate functional groups due to its surface charge density and local-
cation specific interaction (Hess & van der Vegt, 2009). Therefore, sodium binds to
functional groups in proteins stronger than potassium (salting-in and salting-out effect)
(Curtis et al., 2002). It has been reported that potassium promotes the dissociation of
casein in aqueous solution (Pranata et al., 2024). These facts are supported by the ion
pairing mechanism which indicates that kosmotropic ions can form ion pairs better due to
the charge density, electrostatic, and coordinative interactions (Bruce et al., 2020; Marcus
& Hefter, 2006; van der Vegt et al., 2016). Several studies have shown the preference of

sodium on the protein surface and the effect in solubility, precipitation, and stability
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(Becconi et al., 2017; Vrbka et al., 2006). However, the effect of potassium ions on
casein structure and stability has not been widely studied.

2.6. lons effects on casein-polysaccharide physical complexes

The effect of ions in the formation of casein-polysaccharide physical complexes has been
widely studied (Guo et al., 2023; Li & Zhong, 2020a; N. Li & Q. X. Zhong, 2021).
Casein can form complexes with ionic and non-ionic polysaccharides in presence of
different salts (Ding et al., 2019; Wusigale et al., 2020). Casein-chitosan complexes
prepared at pH 5.5 and 0-300 mM NaCl showed an increase in flocculation at a higher
ionic strength due to the electrostatic screening of monovalent ions (Ding et al., 2019).
CacCl; at 0-15 mM concentrations showed an effect in the charged density of casein-
carboxymethyl cellulose complexes (N. Li & Q. X. Zhong, 2021). NaCl at 100 mM
showed an increase in the aggregation and reduction of stability of casein-carboxymethyl
cellulose complexes due to the screening effect (N. Li & Q. X. Zhong, 2021). The
presence of Na*and CI" (0.2-10 mM) showed an inhibition in the complexation of pectin
and casein (Wusigale et al., 2020). The presence of Ca?* (0-10 mM) showed an
enhancement of the formation of the nanocomplexes between micellar casein and dextran
sulfate due to the dissociation of casein micelles reducing the turbidity of the dispersions
(Li & Zhong, 2020a). Casein-hydroxypropyl cellulose complexes showed better stability
at pH 3.0 in presence of 2.0 mM NaCl but the increase in aggregation at, 50-100 mM
NaCl (Ye et al., 2016). Therefore, the ionic environment is to be carefully studied for a

specific casein-polysaccharide system.
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2.7. lon effects on forming covalent casein-polysaccharide conjugates

The effect of ions on the casein surface plays an important role during the conjugation
with polysaccharides. It has been speculated that the presence of phosphate ions in the
transacylation reaction increases the level of conjugation and works as a catalyst (Li &
Zhong, 2022; Sun & Zhong, 2022). Cations such as sodium, lithium or potassium can
induce some salting-in effect at low ionic strengths but salting-out effect at high ionic
strengths (Duong-Ly & Gabelli, 2014). The presence of ions in the protein solution leads
to the reduction of the Debye-length (reduction of zeta-potential) and the increase in the
screening effect over the ionizable groups such as amino and carboxylate groups (Li &
Zhong, 2020b). Thus, these cations can induce some screening effect in the ester groups
of PGA during ester cleavage in alkaline conditions which can reduce the electrostatic
repulsion and increase the chance of nucleophilic attack (Li & Zhong, 2022).

Besides, some papers have reported the beneficial effect of anions like SO4% > ClI- >
SCN- in the mechanical and functional characteristics of soy protein/k-carrageenan
hydrogels by hydrophobic domain induced mechanism (Wang et al., 2023). The presence
of SO4% > CI" > NOs in gelatin/alginate mixtures exhibited improvement in the
hydrodynamic radius and shear dependent intrinsic viscosity by Hofmeister reversal (Das
et al., 2023). In contrast, SO4> <CI" < Br < ClOs < SCN" showed a decrease in viscosity
and an increase in solubility of whey protein isolate in emulsions due to the reduction of
flocculation degree resulting from strengthened electrostatic repulsion (Lai et al., 2023).
The presence of COs%, citrate®, and SO4> showed some effect in the secondary structure

of pea protein, as observed for the increased emission maximum in the intrinsic
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fluorescence (Liu et al., 2023). CO3? also showed a beneficial effect in the emulsifying
capacity and stability of pea protein (Liu et al., 2023). Furthermore, the effects of cations
in macromolecules with amide bonds also have been analyzed (Bruce et al., 2020). Li*
<NHs" < Mg?" < K* < Na'< Ca?* showed an increasing salting-out effect of the N-
isopropylacrylamide due to the surface tension reduction resulting from CI™ counterions
and the ion pairing with chloride which reduces the interaction of cations with the amide
bonds (Bruce et al., 2020). Effects of these ions on the transacylation reaction between
proteins and PGA are to be studied.

2.8. Concluding remarks

Casein has some limitations in applications due to the instability in acidity close to pH
4.6 (Pan & Zhong, 2013). Therefore, covalent and non-covalent interactions with casein
using other biopolymers can enhance the stability in acidic conditions and therefore
functional properties (Li & Zhong, 2020a; N. Li & Q. X. Zhong, 2021). Among covalent
modification methods, enzymatic reactions are costly, have low reaction rates and narrow
specificity (Abd El-Salam & EI-Shibiny, 2020); the Maillard reaction is difficult to
control, reduces the nutritional value of the ingredients, and leads to the formation of
carcinogen byproducts such as melanoidins (Barbosa et al., 2019; Yang et al., 2023); the
transacylation reaction is a safe reaction that takes place at room temperature, produces
transparent conjugates stable at pH 4.6, does not produce harmful byproducts, and
enhances the tecno-functional properties of casein (N. Li & Q. Zhong, 2021; Sun &
Zhong, 2022). However, the glycation level is limited (around 35% according to the o-

phthalaldehyde assay) under current reaction conditions (Li & Zhong, 2022). Therefore,
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it is important to develop strategies to enhance the glycation level by modifying reaction
medium including pH and ionic strength, as well as using nucleophilic attack promoters

(Li & Zhong, 2022; Sun & Zhong, 2022).
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CHAPTER 3. EFFECT OF PHOSPHATE, SODIUM, AND
POTASSIUM IONS ON THE TRANSACYLATION REACTION
BETWEEN PROPYLENE GLYCOL ALGINATE AND SODIUM

CASEINATE
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3.1 Abstract

The transacylation reaction between sodium caseinate (NaCas) and propylene glycol
alginate (PGA) at alkaline pH forms conjugates with improved functionalities. The
objective of this study was to evaluate the influence of phosphate, sodium, and potassium
ions on the degree of glycation (DOG) after reaction at pH 11.0 and 21°C for 2 h. The
highest DOG was observed at 10 mM salt, following the order of KH2PO4 > KCI >
NaH2PO4 = NaCl, while DOG was similar at > 25 mM salt due to screening effect. The
decreasing DOG at increased phosphate concentrations further nullified its role as
catalyst. The stronger binding of sodium than potassium ions with NaCas as verified in
2Na-NMR led to the lowered DOG. For 10 mM treatments, precipitation was absent for
all dispersions at pH 4.5 and 3.0. The findings illustrate the important role of sodium and
potassium ions in forming covalent NaCas-PGA conjugates.

Key words: Transacylation reaction, ion effect, degree of glycation, ion-pairing

mechanism, acidic stability.
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3.2. Introduction

The transacylation reaction is an advanced scalable and green reaction to produce
protein-polysaccharide conjugates (N. Li & Q. Zhong, 2021; Li & Zhong, 2022,;
Mcdowell, 1970). The transacylation reaction involves the formation of an amide bond in
alkaline conditions between the amino group of proteins and the ester group in the other
macromolecule (N. Li & Q. Zhong, 2021). Conjugates formed between casein and
propylene glycol alginate (PGA) have shown a high capacity of emulsifying vegetable
oil, and the emulsions are stable against aggregation and phase separation under
environmental stresses of pH, elevated ionic strength, and thermal processing (N. Li & Q.
Zhong, 2021; Li & Zhong, 2022). Unlike the traditional Maillard reaction producing
many undesirable byproducts, propylene glycol is the only generally recognized as safe
byproduct in forming casein-alginate conjugates (Barbosa et al., 2019; Hadef, Omri,
Edwards-Levy, et al., 2017; Li & Zhong, 2022; Sun & Zhong, 2022; Zha et al., 2021).
Pea proteins after reaction with PGA have shown improvements in techno-functional
properties of water solubility, water and oil binding properties, thermal stability, and
emulsifying and foaming properties (Jain & Zhong, 2024). The degree of glycation
(DOG) of pea protein reacting with an equal mass of PGA at pH 11.0 and 40 °C for 45
min in a sonic bath was 35.96% (Jain & Zhong, 2024), while the DOG was not quantified
for casein-alginate conjugates (N. Li & Q. Zhong, 2021; Li & Zhong, 2022). The DOG in
these studies should be improved to minimize unconjugated proteins.

During the transacylation reaction at alkaline pH, hydrolysis of ester bonds in PGA

produces unsaturated carboxylate groups, and the attack by nucleophilic primary amine
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leads to the formation of amide bonds with a partial double bond characteristic between
PGA and proteins (Li & Zhong, 2022; Mckay et al., 1985). Factors affecting the
nucleophilic attack therefore can impact the conjugate formation. Previously, phosphate
was proposed for the potential to enhance the transacylation reaction because of its
catalytic function in cleaving ester bonds (Gray et al., 1990; Kennedy et al., 1989; Li &
Zhong, 2022). However, this hypothesis has not been verified.

Another factor relevant to reaction in water is the hydration properties of proteins.
Besides the intrinsic protein structures, protein hydration is well known to be impacted by
the type and concentration of ions in solutions. In the classical Hofmeister effect, cations
and anions are classified according to the salting-in (chaotropes) and salting-out
(kosmotropes) phenomena (Hofmeister, 1888; Moghaddam & Thormann, 2019; Wang et
al., 2024). The power of salting-in effects follows the order of N(CH;)Z > NHf > K* >
Na®t > Cs* > Lit > Mg?* > Ca?* > Ni?*, while the salting-out effects are in the order
of (PO,)3” > S0%~ > CH3C00~ > CI~ > Br~ > I~ > ClO3 > SCN~ (Mazzini & Craig,
2019; Okur et al., 2017). One of the most accepted mechanisms of monovalent cations
affecting protein hydration is ion-pairing, which is described in three types: solvent
separated, solvent shared, and ion contact (Marcus & Hefter, 2006). The ion-pairing
mechanism involves an equilibrium between free cations, free anions and ion pairs, and it
is enthalpy driven due to the electrostatic interactions and coordinative bonding
interactions which induce desolvation and formation of ion pairs (Bruce et al., 2020; van
der Vegt et al., 2016). The ion pair formation also depends on the type and concentration

of ions and the competition with the solvent by partial charge neutralization (Jordan et al.,
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2014; Marcus & Hefter, 2006). These interaction mechanisms can be extended to
ionizable groups in macromolecules affecting the nucleophilic activation or deactivation
of carboxyl, amide, sulphonic, phosphate, imide, thiol, ester, aldehyde, ketone, and amine
groups (Pegram & Record, 2008; van der Vegt et al., 2016). However, the role of
monovalent cations affecting the transacylation reaction between proteins and PGA has
not been studied.

In this study, the first objective was to analyze the role of phosphate concentration on the
reaction between sodium caseinate (NaCas) and PGA at pH 11.0. The second objective
was to analyze the role of sodium and potassium ions during the reaction via ion-pairing
mechanism. To study these effects, NaH.PO4 and KH2PO4 were studied at different
concentrations and were compared to same molar concentrations of NaCl and KCI on the
structures of NaCas/PGA mixtures. The third objective was to compare the solubility of
reaction products as affected by ionic conditions. The present study might improve the
scalability of the transacylation reaction to produce novel protein-polysaccharide
conjugates for applications such as acidic beverages and natural emulsifiers. The study
also can be extended to study broader scopes of anions and cations impacting the protein
reaction.

3.3. Materials and methods

3.3.1. Materials

NaCas (product C8654) and sodium phosphate monobasic salt were purchased from
Sigma Aldrich Corp. (St. Louis, MO). PGA (NLS-K grade, product number 2E23063)

was manufactured by Kimica Corp. (Tokio, Japan). The degree of esterification of PGA
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was around 88% according to the manufacturer. The potassium phosphate monobasic
salt, benzoic acid, and the Pierce® bicinchoninic acid (BCA) protein assay kit were
purchased from Fisher Scientific. (Pittsburgh, PA). Dialysis membrane with a molecular
weight cut-off (MWCO) of 3.5 kDa (product number 132592T) was purchased from
Spectrum Chemicals (Standard RC Trial Kit, Spectrum chemicals, Gardena, CA).
Reagents and gels used in protein electrophoresis were purchased from Bio-Rad
Laboratories, Inc. (Hercules, CA). Additional chemicals were ordered from Sigma
Aldrich Corp. or Fisher Scientific.

3.3.2. Experimental methods

3.3.2.1. Transacylation reaction between NaCas and PGA

NaCas was hydrated at 1.0% w/v for 2 h in 20 mL of a solution prepared by dissolving 0,
10, 25, 50, 100 and 200 mM of NaH2PO4, KH2PO4, NaCl, or KClI in deionized water,
followed by adjusting to pH 11.0 using 2.0 M NaOH or KOH for solutions with Na* or
K*, respectively. Subsequently, PGA powder was added gradually to the NaCas
dispersion to reach an NaCas: PGA mass ratio of 1:1 or 1:2. During stirring at 990 rpm
on a magnetic stirring plate for 2 h at room temperature (RT, ~21 °C), the pH of the
dispersions was maintained at 11.0 by adding 2.0 M NaOH or KOH. After adjusting to
pH 7.0, samples were centrifuged at 5,000 g for 10 min at 4 °C (Sorvall LYNX 6000 SP,
Thermo Fisher Scientific, Waltham, MA) to remove any unreacted excess PGA. The
supernatants adjusted to pH 7.0 with 2.0 M HCI were used in analyses or dialyzed using a
membrane with MWCO of 3.5 kDa in deionized water with 0.02% w/v sodium benzoate

at 4 °C to remove ions and small molecules. The dialysis process was carried out for 2
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days, and the bulk water was changed every 3 h until the conductivity of the bulk water
was less than 0.5 uS/cm (Orion Star A212, Thermo Fisher Scientific, Beverly, MA). A
portion of the dialyzed sample was collected for subsequent analyses, and the remainder
was freeze-dried using an Advantage Plus EL-85 benchtop freeze dryer (VirTis, SP
Scientific, Gardiner, NY).

3.3.2.2. Absorbance at 294 and 420 nm

The supernatant samples prepared as above without dialysis were measured for
absorbance at 294 and 420 nm (model UV-1900i, Shimadzu Corp., Kyoto, Japan) to
analyze the presence of early-intermediate (Amadori byproducts) and advanced
(melanoidins) Maillard reaction products, respectively (Dong et al., 2011; Li & Zhong,
2022). The dispersions were diluted to 0.50 mg/mL protein using deionized water before
measuring the absorbance. The NaCas solution with 0.50 mg/mL protein at pH 7.0 was
measured as a control.

3.3.2.3. Sodium dodecyl sulfate polyacrylamide gel electrophoresis (SDS-PAGE)
The supernatant samples prepared as above without dialysis were diluted to 0.50 mg/mL
protein using deionized water. The diluted sample was mixed with an equal volume of
2X Laemmli sample buffer containing 5% B-mercaptoethanol, stirred for 30 s, and heated
for 5 min at 95 °C. Then, 10 pL of the sample after cooling to RT was loaded into wells
of the Mini-PROTEAN TGX (4-20%) precast gel. The gel electrophoresis was performed
at 200 V and 400 mA for 35 min, followed by staining with Coomassie blue G-250 for 2

h with gentle shaking. The gel was distained with a solution of 65% v/v water, 25% v/v
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methanol, and 10% v/v acetic acid for 2 h, with the staining solution changed every 30
min until clear bands were observed.

3.3.2.4. Ortho-phthalaldehyde (OPA) assay

The DOG of the dialyzed samples prepared as above was measured using the OPA assay
(Nooshkam & Madadlou, 2016). The OPA solution was prepared by dissolving 40.0 mg
OPA in 1.0 mL of 95% v/v ethanol, mixed with 25 mL of 100 mM sodium tetraborate
buffer (pH 9.75), 2.5 mL of 20% w/v SDS, and 100 pL of B-mercaptoethanol, and
adjusted to a total volume of 50.0 mL with deionized water. The protein solutions were
diluted to 1.0 mg/mL protein using deionized water. Next, 2.0 mL of the OPA solution
was mixed with 100 uL of a protein sample, followed by incubation at 37 °C for 2 min.
The absorbance was measured at 340 nm using the above spectrophotometer. Lysine
standard was used to determine free amino group content. The DOG was calculated using

eq. 1.

Free amino group content in glycated sample

DOG (%) = (1 - )x 100 (1)

Free amino group content in nonglycated sample
3.3.2.5. Size exclusion chromatography — high performance liquid chromatography
(SEC-HPLC)

The SEC-HPLC was used to confirm the formation of covalent bonding between NaCas
and PGA (Li & Zhong, 2022). Samples were diluted to 1.0 mg/mL protein using 50 mM
sodium phosphate buffer and were filtered using 0.45 um polytetrafluoroethylene syringe
filter. After that, 25 pL of the permeate was injected to an Agilent 1200 HPLC system
(Agilent Technologies, Inc., Santa Clara, CA) with a Shodex OHpak 804 HQ column

(Showa Denko K.K., Tokyo, Japan). A 50 mM sodium phosphate buffer at pH 7.0
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containing 5.0 mg/mL SDS was used as the mobile phase at a flow rate of 0.5 mL/min.
The analysis time was 45 min, and the wavelength for absorbance measurement was 280
nm.

3.3.2.6. Zeta ({)-potential of the conjugates

Dispersions at pH 7.0 were diluted to 1.0 mg/mL protein with deionized water, and the
diluted samples were measured for (-potential using a Zetasizer Nano-ZS90 instrument
(Malvern Instruments Ltd., Worcestershire, UK).

3.3.2.7. Fourier-transform infrared spectroscopy (FTIR)

Lyophilized NaCas-PGA conjugates were analyzed directly using a Spectrum Two FTIR
Spectrometer with a universal attenuated total reflection (ATR) accessory (PerkinElmer
Inc., Waltham, MA). The spectrum analysis involved 16 scans at a resolution of 4 cm™,
force gauge of 100, and wavenumber range of 2000-400 cm™. Unprocessed NaCas and
PGA powders were also analyzed as controls.

3.3.2.8. Fluorescence spectroscopy

The fluorescence properties of NaCas and NaCas-PGA conjugates were evaluated using a
fluorescence spectrometer (Cary Eclipse Fluorescence Spectrophotometer, Agilent, Santa
Clara, CA). The lyophilized samples were dissolved in phosphate buffer (20 mM, pH 7.0)
at a protein concentration of 0.10 mg/mL for the test. The excitation wavelength was set
at 280 nm, and the emission wavelength range was 300-500 nm. The scanning speed was
300 nm/min, and the excitation slit width and the emission slit width were both 10 nm.

3.3.2.9. Atomic force microscopy (AFM)
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AFM was used to determine the morphology of NaCas, PGA, and conjugates. Samples at
pH 7.0 were diluted to 10 ppm total biopolymer concentration using deionized water, and
10 pL of the diluted sample was spread on a mica sheet. Next, samples were dried
overnight before measurements using a cantilever probe with a triangular silicon tip on
nitride lever with a tip radius of 650 nm at 1 Hz (model SCANASYST-AIR, Bruker
Corp., Santa Barbara, CA). The scanning area was 2x2 um, and image analysis was
conducted with the NanoScope analysis software (Version 1.5, Bruker Corp., Santa
Barbara, CA).

3.3.2.10. Conductivity of NaCas dispersions with NaCl and KCI

The unprocessed NaCas powder was dissolved at 1.0% w/v in deionized water pre-
dissolved with 0-200 mM NaCl or KCI by stirring at 990 rpm for 2 h at RT. After
adjusting to pH 7.0, the conductivity was measured using an Orion Star™ A212
Conductivity Benchtop Meter (Fisher Scientific Company, Brooklyn, NY). NaCl or KCI
solutions of identical molar concentration (0-200 mM) were prepared by dissolving the
respective salt in water at 990 RPM for 2 h at RT. The relative variation in conductivity

(RVC) was calculated by comparing the conductivity of salt solution with (o1) and

without (o») NaCas to that following the eq. 2.
RVC (%) = (2=2) + 100 (2)

3.3.2.11. ?°Na nuclear magnetic resonance (NMR)

The unprocessed NaCas was hydrated at 1.0% w/v for 2 h at RT in 20 mL deionized
water pre-dissolved with 0-50 mM NaCl. These samples were diluted in deuterated
dimethyl sulfoxide (Sigma-Aldrich Corp., St. Louis, MO) at 5.0 mg/mL protein and
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measured using a Varian VNMRS 600 MHz instrument (Bruker Corp., Billerica, MA)
with a RT inverse triple resonance probe special for Na-NMR. For the free induction
decay, 256 scans were collected with a relaxation delay of 1 s and a pulse angle of 45° in
the spectral width of -80 to 60 ppm.

3.3.2.12. Particle size of dispersions

The dialyzed samples were diluted to 5.0 mg/mL protein with deionized water, and the
pH was adjusted to 7.0, 4.5 and 3.0 with 0.02 M HCI. The samples were photographed
for visual stability. Samples were also diluted by 100 times in deionized water and
adjusted to pH 7.0, 4.5, and 3.0 using 1.0 M HCI for measuring particle size using the
Zetasizer Nano-ZS90 instrument (Malvern Instruments Ltd., Worcestershire, UK).
3.3.2.13. Solubility

The solubility of protein was measured using a modified method (Shen et al., 2021). The
unprocessed NaCas and freeze-dried NaCas-PGA powders (10.0 mg) were mixed with
10.0 mL of deionized water and stirred at 990 rpm for 1 h at RT. Then, the pH was
adjusted to 2.0-11.0 with 2.0 N HCI or NaOH. After stirring at RT for 30 min, the
solutions were centrifuged with a Sorvall LYNX 6000 centrifuge (Thermo Fisher
Scientific, Waltham, MA) at 4,000 g and 20 °C for 20 min. The protein content of the
supernatant (Cs) and the dispersions at pH 11.0 before centrifugation (C;) was measured
according to the Bradford method using bovine serum albumin as the standard (Bradford,

1976). The solubility was then calculated using eq. 2.

Solubility (%) = i— X 100 A3)
t
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3.3.2.14. Statistical Analysis

All samples were performed in triplicate independently. The statistical analysis was
performed using ORIGIN® PRO for windows (Origin Lab Corporation, Northampton,
MA). One way-ANOVA analysis was carried out to determine differences among means
from triplicate samples, and Tukey’s test was done to find out significant differences
between samples at a significance level of p < 0.05.

3.4. Results and discussion

3.4.1. Conjugate structure assessed using SDS-PAGE and OPA assay

The effect of phosphate, sodium, and potassium ions on the reaction between NaCas and
PGA analyzed with SDS-PAGE is shown in Fig. 3.1A-G. After the reaction, the presence
of higher molecular weight mass than NaCas and the reduced intensity of the NaCas band
indicates glycation via transacylation reaction, as reported previously (N. Li & Q. Zhong,
2021; Li & Zhong, 2022). At a NaCas:PGA mass ratio of 1:1, a greater amount of NaCas
was conjugated at 10 and 25 mM salt than at 0, 50, 100, and 200 mM, evidenced by
overall denser casein bands at higher salt concentrations (Figure 3.1A-F). The lower salt
concentration favoring the conjugation was further evident for additional treatments at
NaCas:PGA mass ratio of 1:2 and 10-25 mM salts that showed the absence of NaCas
bands but smearing zones (Fig. 3.1G). Although more NaCas is expected to be
conjugated at a higher content of PGA (mass ratio of 1:2), this observation is different
from the presence of remaining NaCas bands after reaction at 50 mM NaH2POs (Li &

Zhong, 2022). Therefore, low salt concentrations facilitated the conjugation.

30



The extent of conjugation is further compared in Fig. 3.2A for the DOG based on the
content of free amino groups (Fig. 3.2B). A lower DOG was observed at a higher salt
concentration, which is in general agreement with the SDS-PAGE results in Fig. 3.1. The
DOG was not affected by the type of ions at a salt concentration of >25 mM (p > 0.05).
At 10 mM salt, the KH2PO4 and KCI treatments showed a DOG significantly (p < 0.05)
higher than the NaH2PO4and NaCl treatments that had a similar DOG (p > 0.05).
Overall, the DOG was the highest (p < 0.05) for the 10 mM KH2PO4 treatment. In
addition, as reported previously (N. Li & Q. Zhong, 2021; Li & Zhong, 2022), the
absorbance of all treatments at 294 (Fig. 3.2C) and 420 (Fig. 3.2D) nm was not higher
than that of NaCas without going through the transacylation reaction, indicating the
absence of Maillard reaction products. Samples prepared at 10 and 25 mM salt were
therefore characterized further.

The ester groups (unsaturated carboxylate groups) of PGA present electron-deficient
carbon which can be subject to nucleophilic attack (sn2) by electron-rich centers of
hydroxyl and amino side groups of the protein at alkaline conditions (Li & Zhong, 2022).
However, the hydrolysis of ester bonds of PGA at alkaline conditions limits the level of
glycation. At higher salt concentrations, the effect of Na* and K* ions screening ionizable
carbonyl groups is stronger, leading to the reduced nucleophilic attack and thus lowered
DOG. The same screening effect of cations affecting nucleophilic amino groups can
explain the similar DOG at the same salt concentration above 10 mM regardless of ion
type (Fig. 3.2A). The casein band intensity in KCI and NaCl treatments and the reaction

in deionized water without additional salt confirmed that the reaction can occur in
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absence of phosphate ions. At 10 mM salt, the salting-in effect may be apparent, as well
as the stronger effect of K* than Na* (Mazzini & Craig, 2019; Okur et al., 2017). The
insignificant difference in DOG of 10 mM NaH2PO4 and NaCl treatments and the lower
DOG at higher phosphate concentrations suggest phosphate is not a catalyst for glycation.
Lastly, the highest DOG of the treatment appears to suggest the synergistic or additive
effect of potassium and phosphate ions.

3.4.2. Conjugate structure assessed with SEC-HPLC and fluorescence spectra

The SEC-HPLC chromatograms of NaCas and NaCas-PGA mixtures prepared with 10-
25 mM salt are presented in Fig. 3.3. NaCas showed a major peak appearing at a
retention time of 24.47 min. At 10 mM salt, all NaCas-PGA treatments had a shorter
retention time than NaCas, verifying the formation of NaCas-PGA covalent conjugates
(Li & Zhong, 2022), and the KH2PO4 treatment showed the shortest retention time of
20.36 min (Fig. 3.3A), agreeing with the highest DOG (Fig. 3.2A). The shortened
retention time of NaCas-PGA treatments was also observed at 25 mM salt concentration
(Fig. 3.3B), but the difference among these treatments was smaller than that at 10 mM
salt, agreeing with their similar DOG (Fig. 3.2A).

Tryptophan fluorescence is a common technique used to disclose changes of protein
conformation after covalent and non-covalent modification (Jain & Zhong, 2024; Li &
Zhong, 2022). The fluorescence emission spectra of NaCas and dialyzed NaCas-PGA
mixtures prepared at 10 and 25 mM salt are shown in Fig. 3.3C-D. The fluorescence
intensity noticeably decreased after reacting with PGA, and the reduction was more

significant at 10 mM salt. The data is overall consistent with the DOG (Fig. 3.2A) and
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can be attributed to the covalent modification reducing the exposure of tryptophan
chromophores and increasing the fluorescence quenching (Li & Zhong, 2020b).
Meanwhile, the red shift of the fluorescence emission maximum occurred when NaCas
was glycated with PGA (Wang et al., 2020). Changes in the polarity of the environment
surrounding tryptophan residues and conformational changes around chromophores also
can induce the red shift (Kuang et al., 2023). Similar results were found by Spotti et al.
(2014) working with whey protein isolate and dextran sulfate and Li and Zhong (2020b)
working with casein and PGA.

3.4.3. Conjugate structure assessed with FTIR

The FTIR spectra of NaCas, PGA, and NaCas-PGA conjugates produced with 10 and 25
mM salt are compared in Fig. 3.4A and 4B, respectively. No noticeable differences were
observed between the spectra at these two salt concentrations. The peaks at 1640 cm™
and 1527 cm in NaCas are attributed to amide | bonds (C=0 stretching vibrations in the
peptide bonds) and amide 11 bonds (C-N stretching and N-H bending vibrations),
respectively (Jandura et al., 2000). The peaks at 1741 cm™ and 1609 cm™ in PGA are
assigned to ester carbonyl (attributed to the high esterification degree in PGA) and
carbonyl stretching vibrations in the polysaccharide structure (Sun et al., 2018). Some
papers have reported similar results for NaCas and PGA (Jain & Zhong, 2024; Li &
Zhong, 2022). The additional peak of PGA at 1033 cm™ corresponds to the C-O-C, C-O,
C-C stretching and O-H deformation vibration characteristic of polysaccharides with
glycosidic bonds (Kuang et al., 2023; Zheng et al., 2022). The NaCas-PGA conjugates

showed a combination of the NaCas and PGA peaks. The complete disappearance of the
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peak at 1741 cm™ in PGA suggests the complete cleavage of ester bonds after the
transacylation reaction. At 10 mM salt, a significant peak shift (amide | bond) from 1640
cm™ in NaCas to 1607 cm™ and 1594 cm™ was observed in NaCas-PGA conjugates
prepared in KCI and KH2POg, respectively. The amide | bond shift can be related to
glycation, more significant for the KH2PO4 treatment with a higher DOG (Fig. 3.2A), and
hydrophobic interactions between NaCas and PGA (Li & Zhong, 2022; Sun et al., 2018;
Tavasoli et al., 2022). The amide 11 bond (N-H deformation) shift from 1527 cm™ in
NaCas to 1536, 1543, 1633, and 1532 cm* for conjugates prepared with KCI, KH2POs,
NaCl, and NaH2POg, respectively, can be associated with electrostatic interaction
between NaCas and PGA (Li & Zhong, 2020b). The FTIR analysis confirms the
transacylation reaction using different salts.

3.4.4. Conjugate structures assessed with AFM

The AFM morphology of NaCas and NaCas-PGA conjugates prepared with 10 mM salt
is presented in Fig. 3.5. The NaCas control showed small particulate structures with
height around 10-15 nm (Fig. 3.5A). In general, the NaCas-PGA conjugates exhibited a
smooth and fibrous-like structure, which was previously attributed to hydrophobic
interactions and hydrogen bonding (N. Li & Q. Zhong, 2021). As shown in Fig. 3.5B-C,
conjugates prepared with KH2PO4 and KCI showed fibrous structures with height of 4-10
nm and 1-1.5 nm, respectively. These fibrous and elongated structures indicate side-by-
side connections and alternation of protein confirmation due to glycation (Li & Zhong,
2020Db). Also, the presence of free alginate hydrolyzed from PGA may contribute to the

formation of this network structure. Conjugates prepared with NaH2PO4 and NaCl are

34



displayed in Fig. 3.5D-E. The NaCl treatment showed similar particulate conformations
to the NaCas control with height around 1-1.5 nm. However, the NaH2PO4 treatment
exhibited a combination of structures as observed for the KCI treatment and casein
particulates, with height of 4-10 nm. These results are consistent with the SDS-PAGE
showing the presence of free casein molecules in the dispersions, as well as previous
studies (N. Li & Q. Zhong, 2021; Li & Zhong, 2022)

3.4.5. Affinity of sodium and potassium ions to casein and relevance to the
transacylation reaction

The conductivity was measured to confirm the higher affinity of Na* than K* to NaCas
due to the ion-pairing mechanism (Vrbka et al., 2006), shown in Fig. 3.6A for RVC of
NaCas solutions with 10-200 mM KCI or NaCl. The RVC of NaCas solutions with KCl
was higher than the NaCl samples (Vrbka et al., 2006), indicating a lower amount of K*
than Na* binding to NaCas. Na* has a smaller radius than K* (Vrbka et al., 2006),
favoring the binding to proteins and therefore the lowered solution conductivity.
Furthermore, because the respective electronic configuration of Na* and K* is
1s2,2s2,2p6,3s1 (three orbits) and 1s2,2s2,2p6,3s2,3p6,4s1 (four orbits) (Williams,
1986), the electronegativity and surface charge density of Na* is higher than K*
(Williams, 1986), which further favors the binding of proteins by Na*. Additionally, Na*
matches better with carboxyl, phosphate, and carbonate functional groups than K* due to
its surface charge density and local-cation specific interaction (Hess & van der Vegt,
2009). Thus, Na* binds stronger to functional groups in proteins than K* by coordinative

bonding interactions (Curtis et al., 2002; van der Vegt et al., 2016). The ion-pairing

35



mechanism all together indicates the higher affinity of Na* than K* in binding to
functional groups critical to the transacylation reaction (amino groups of proteins and
carboxyl groups of PGA), which lowers the chance of nucleophilic attack and therefore
the DOG (Fig. 3.2A) (Bruce et al., 2020; Dudev & Lim, 2014; Marcus & Hefter, 2006;
van der Vegt et al., 2016).

The 22Na-NMR was used to further understand the binding of Na* with NaCas at 10-50
mM NaCl and the NaCas-PGA conjugate prepared in 10 mM NaCl. As presented in Fig.
3.6B, a higher concentration of NaCl led to a greater peak shift to the right which can be
attributed to the increasing association of Na* to the protein and the interaction with
electro-donating carboxyl or amino groups (Okada & Lee, 2017; Yu et al., 2022).
Besides, a larger peak area indicates more bound Na* and more stable interactions (less
mobility) at a higher Na* concentration (Fuentes-Monteverde et al., 2021; Okada & Lee,
2017), as summarized in Table 3.1. Similar results at different temperatures were
reported for peptides with 18-20 amino acid residues in presence of Na* (Fuentes-
Monteverde et al., 2021). Therefore, 22Na-NMR confirms the binding of Na* with NaCas
with the ion-pairing mechanism to impact the transacylation reaction as discussed
previously.

3.4.6. {-potential, particle size, and visual appearance of dispersions at pH 7.0, 4.5,
and 3.0

The (-potential at pH 7.0 is shown in Fig. 3.7 for NaCas, PGA, and NaCas-PGA
conjugates prepared with 10 and 25 mM salt. The {-potential of NaCas-PGA conjugate

dispersions (-35.7 to -37.9 mV) was higher than that of NaCas (-8.8£1.9 mV) and PGA (-
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29.5+2.1 mV). The (-potential of conjugate dispersions is consistent with previous results
(N. Li & Q. Zhong, 2021). The more negative value of the conjugates might be due to
alginate attaching to casein via both covalent and non-covalent bonding (Li & Zhong,
2020b). A (-potential magnitude of over 30.0 mV is considered sufficient to maintain
colloidal stability at pH 7.0 based on electrostatic repulsion (Hunter, 2013).

Fig. 3.7B shows the visual appearance of NaCas and NaCas-PGA dispersions prepared
with 10 or 25 mM salt, adjusted to 5.0 mg/mL protein and pH 7.0, 4.5, and 3.0. All
dispersions were clear at pH 7.0, while the NaCas dispersion precipitated at pH 4.5 and
3.0. All conjugate dispersions were translucent at pH 4.5. At pH 3.0, only the conjugate
dispersion prepared with 25 mM NaCl showed some turbidity, which can be caused by
the aggregation of the non-glycated casein that initially forms physical complexes with
alginate but is detached at pH 3.0 due to protonation of carboxylate groups (N. Li & Q.
X. Zhong, 2021; Ye et al., 2016).

Fig. 3.7C-D shows the Z-average diameter (D) of dispersions at pH 7.0, 4.5, and 3.0.
NaCas and PGA had a respective D, of 345.1+58.9 and 1284.9+325.2 nm at pH 7.0.
Conjugate dispersions prepared at 10 and 25 mM KCI showed similar (p > 0.05) D, at pH
4.5 and 3.0. The conjugate dispersion prepared with 25 mM NaCl showed the highest D,
at pH 3.0, leading to a more turbid dispersion (Fig. 3.2B). However, as previously
discussed, the DOG is similar for all conjugate dispersions prepared with 25 mM salt
(Fig. 3.2A). Although not characterized for the 25 mM treatment, the presence of
particulate structures of the dispersion prepared with 10 mM NaCl at pH 7.0 (Fig. 3.5D)

may indicate the increased tendency to aggregate at pH 3.0 than other treatments.
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The particle size distributions of NaCas and NaCas-PGA dispersions prepared at 10 mM
salt are presented in Fig. 3.8A-F. The NaCas control showed a multimodal distribution
(Fig. 3.8A). Dispersions of NaCas-PGA prepared with KCI (Fig. 3.8C) and KH2PO4
(Fig. 3.8D) also showed multimodal distributions that are within the size ranges of PGA
(Fig. 3.8B). In contrast, those prepared with NaCl (Fig. 3.8E) and NaH2PO4 (Fig. 3.8F)
exhibited structures bigger than PGA and a new peak bigger than 2000 nm at pH 3.0,
indicating aggregation. The size distributions at pH 3.0 agree with the DOG (Fig. 3.2A).
When the DOG is sufficiently high, the electrostatic and steric repulsions resulting from
the covalent attachment of alginate (after hydrolysis of ester bonds in PGA) to the protein
are strong enough to resist aggregation (Li & Zhong, 2020b). In contrast, when the
content of covalently attached PGA is insufficient, the increased protonation of alginate
at pH below the pKa ( 3.5) of carboxyl groups leads to the weakened electrostatic
attraction with physically complexed NaCas, leading to disintegration of complexes and
aggregation of NaCas (Li & Zhong, 2020b).

3.4.7. Protein content, mass yield, and protein yield of lyophilized powders prepared
with 10 mM salt

The protein content, mass yield, and protein yield of lyophilized NaCas-PGA conjugates
prepared with 10 mM salt and NaCas:PGA mass ratios of 1:1 and 1:2 are shown in Table
3.2. In general, the protein yield did not exhibit significant differences (p > 0.05) to the
mass Yield, suggesting that the centrifugation after the reaction had a less effect on the
protein than PGA. The centrifugation effect on PGA was further evident for the lower

mass Yyield and protein yield produced at NaCas and PGA mass ratio of 1:2 than those at
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1:1 (p < 0.05), except for the KCI treatment (p > 0.05) which can be correlated to the
higher salting-in effect of potassium than sodium ions and the lower salting-out effect of
chloride than phosphate ions. The greater centrifugation effect on PGA also led to the
protein content being higher than 50% for powders produced at the NaCas:PGA mass
ratio of 1:1 and higher than 33.3% at the mass ratio of 1:2. Similar results were reported
after conjugating pea proteins with PGA (Jain & Zhong, 2024).

3.4.8. Water solubility of NaCas as improved by reaction with 10 mM salt

The solubility of NaCas-PGA conjugates produced with 10 mM salt in comparison to that
of NaCas at pH 2.0-11.0 is shown in Fig. 3.9A-C. NaCas exhibited low solubility at pH
3.0-4.5, which is expected at an acidity near the casein isoelectric point of pH 4.6
(Hofland et al., 1999). The NaCas-PGA conjugates prepared with KCI, KH2POa, NaCl,
and NaH2PO4 showed an increase in the solubility at pH 4.5 and 3.0, this is because the
hydroxyl and carboxylate groups of the alginate moiety increase the water-protein
interactions and reduces the aggregation by steric and electrostatic repulsions (Kuang et
al., 2023; Seidi et al., 2023; Yao et al., 2022). Similar results have been reported in the
conjugation of pea protein with PGA using 50 mM sodium phosphate buffer (Jain &
Zhong, 2024).

The salt effect during the transacylation reaction improving NaCas solubility at pH 4.5 is
compared in Fig. 3.9C. The KCI treatment showed the highest solubility (p < 0.05), while
it was similar for the other conjugate dispersions (p > 0.05). The KCI treatment has the
second highest DOG (Fig. 3.2A). Covalent conjugates are expected to have good

solubility due to steric and electrostatic repulsions provided by the attached alginate (Xu

39



etal., 2019; Yao et al., 2022). Results in Fig. 3.9C suggest that physical complexes
formed between free NaCas and alginate after dialysis to remove salt are important to the
solubility at pH 4.5.

3.5. Conclusions

This study highlights the improvement in the DOG of NaCas-PGA conjugates prepared
using the transacylation reaction at alkaline conditions leading enhanced solubility of
casein. The highest DOG was achieved using 10 mM KCI and KH2PO4 at a NaCas:PGA
mass ratio 1:2, showing the disappearance of casein bands. The phosphate ion was not
critical in the DOG, while potassium ions at 10 mM improved the DOG, particularly in
the form of KH2PO4. The less effectiveness of sodium ions in affecting the DOG was
attributed to its higher affinity to form ion pairs with functional groups important to the
transacylation reaction. At the studied conditions, when the ion concentration was
sufficiently higher (25 mM and higher), the charge screening effect reduced the
accessible reactive group to lower the DOG, regardless of the ion type. While the
dispersions with a higher DOG had a higher solubility at pH 3-5, questions remain about
the detailed structure of NaCas-alginate complexes after removing ions and the

corresponding acid solubility.
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Appendix
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Figure 2.1. The Hofmeister series organized by destabilization power. Figure is redrawn
from a reference (He & Ewing, 2023).
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Figure 2.2. Description of Hofmeister series for surfaces with different polarities and
charges. Positive potential means hydrophilic and negative potential means hydrophobic.
Figures are redrawn from a reference (Sivan, 2016).

62



Kosmotropicions Chaotropic ions

Positive electrodynamic pressure Negative electrodynamic pressure

Figure 2.3. Lifshitz-van der Waals electrodynamic pressure of kosmotropic and
chaotropic ions and the impact on casein micelle structure. lllustrations are redrawn
based on concepts in a reference (Zhao & Damodaran, 2019).
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Figure 3.1. SDS-PAGE analysis of sodium caseinate (NaCas) and its mixture with
propylene glycol alginate (PGA) at mass ratio of 1:1 after incubation at pH 11.0 and 0
(A), 10 (B), 25 (C), 50 (D), 100 (E), or 200 (F) mM of different salts for 2 h, followed by
pH shifting to 7.0, centrifugation at 5000 g for 10 min, and taking the supernatant for
analysis . Each well was loaded with 10 pg of protein. Figure G shows comparable
treatments with NaCas:PGA mass ratio of 1:2 after reaction with 10 (*) or 25 (**) mM of

different salts.
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Figure 3.2. The degree of glycation (A), free amino group% in reference to the
unprocessed sodium caseinate (NaCas; B), the absorbance at 294 nm (C) and 420 nm (D)
of NaCas-propylene glycol alginate (1:1, w:w) after incubation for 2 h at pH 11.0 and 10-
200 mM KCI, KH2PO4, NaCl, or NaH2POa, followed by pH shifting to 7.0 and
centrifugation at 5000 g for 10 min to take the supernatant for dialysis and analysis. The
NaOH and KOH treatments in (A) and (B) are prepared without additional salt and with
the pH adjusted to 11.0 with NaOH and KOH solution, respectively. Samples in (C) and
(D) are adjusted to 5.0 mg/mL protein for analysis, with the dashed line being the same
concentration of unprocessed NaCas at pH 7.0. SDs in (B) are shown in error bars (n =
3). Different lowercase and uppercase letters above the bars in (B-D) stand for significant
differences (p < 0.05) between treatments with the same concentration of different salts
and the same salt at different concentrations, respectively.
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Figure 3.3. SEC-HPLC chromatograms (A and B) and fluorescence spectra (C and D) of
sodium caseinate (NaCas) and NaCas-propylene glycol alginate mixture (1:1, w:w) after
reaction for 2 h at pH 11.0 and 10 (A, C) or 25 (B, D) mM of different salts, followed by
pH shifting to 7.0 and centrifugation at 5000 g for 10 min to take the supernatant for
dialysis and analysis at 2.0 mg/mL protein.
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Figure 3.4. FTIR spectra of unprocessed sodium caseinate (NaCas), propylene glycol
alginate (PGA), and their mixture (1:1, w:w) after reaction for 2 h at pH 11.0 and 10 (A)
or 25 (B) mM of different salts, centrifugation at 5000 g for 10 min, and lyophilization of

the dialyzed supernatant.
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Figure 3.5. AFM images (2000 x 2000 nm) in height modulus channel and height
distribution of structures along the white lines of NaCas (A) and its mixture with an equal
mass of propylene glycol alginate after reaction for 2 h at pH 11.0 and 10 mM KCI (B),
KH2PO4 (C), NaCl (D), or NaH2PO4 (E), followed by pH shifting to 7.0 and
centrifugation at 5000 g for 10 min to take the supernatant for dialysis and analysis at
0.001% wi/v biopolymer.
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Figure 3.6. Relative variation in conductivity (A) and 2>Na-NMR spectra (B) of sodium
caseinate (NaCas) hydrated at 1.6% wi/v in deionized water with 10-200 mM KCI or
NaCl for 2 h. The NaCas-propylene glycol alginate (PGA) sample (1:1, w:w) in B is
produced after reaction for 2 h at pH 11.0 and 10 mM NaCl. SDs in (A) are shown in
error bars (n = 3). Same lowercase and uppercase letters above the bars in (A) stand for
significance differences (p < 0.05) between treatments with the same concentration of
different salts and the same salt at different concentrations, respectively.
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Figure 3.7. Zeta-potential at pH 7.0 (A), visual appearance at 5.0 mg/mL protein (B), and
Z-average diameter (C — 10 mM; D — 25 mM) at pH 7.0, 4.5, 3.0 for sodium caseinate
(NaCas; not measured at pH 4.5 and 3.0 due to precipitation), propylene glycol alginate
(PGA), and NaCas-PGA mixture (1:1, w:w) after reaction for 2 h at pH 11.0 and 10 or 25
mM of different salts, followed by pH shifting to 7.0 and centrifugation at 5000 g for 10
min to take the supernatant for dialysis and analysis. SDs are shown in error bars (n = 3).
Same lowercase and uppercase letters above the bars in A, C, and D stand for significant
differences (p < 0.05) between treatments with the same concentration of different salts
and the same salt at different concentrations, respectively.
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Figure 3.8. Particle size distributions at pH 7.0, 4.5 and 3.0 for sodium caseinate (pH 7.0
only; A), propylene glycol alginate (B), and their mixture (1:1, w:w) after reaction for 2 h
at pH 11.0 and 10 mM KCI (C), KH2PO4 (D), NaCl (E) or NaH2POg4 (F), followed by pH

shifting to 7.0 and centrifugation at 5000 g for 10 min to take the supernatant for dialysis
and analysis.
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Figure 3.9. Solubility of sodium caseinate (NaCas) and its equal mass mixture with
propylene glycol alginate after reaction for 2 h at pH 11.0 and 10 mM of different salts,
followed by pH shifting to 7.0 and centrifugation at 5000 g for 10 min to take the
supernatant for dialysis and analysis: at pH 2.0-11.0 for the KCI and KH2PO4 treatments
(A), at pH 2.0-11.0 for the NaCl and NaH2PO4 treatments (B), and at pH 4.5 for all
treatments (C). SDs are shown in error bars (n = 3). Same lowercase and uppercase letters
above the bars in C and D stand for significance differences (p < 0.05) between
treatments with the same concentration of different salts and the same salt at different

concentrations, respectively.
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Table 2.1. Amino acid composition of casein variants (Chen et al., 2024).

Amino acid sl as2 B K
Ala 8 8 5 14
Arg 6 6 4 5
Asn 14 14 5 8
Asp 4 4 4 4
Cys 2 2 0 2
Gln 16 16 20 15
Glu 24 24 19 12
Gly 2 2 5 2
His 3 3 5 3
lle 11 11 10 12
Leu 13 13 22 8
Lys 24 24 11 9
Met 4 4 6 2
Phe 6 6 9 4
Pro 10 10 35 20
Ser 17 17 16 13
Thr 15 15 9 15
Trp 2 2 1 1
Tyr 12 12 4 9
Val 14 14 19 11
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Table 3.1. ”Na NMR analysis of sodium caseinate (NaCas) treated at different NaCl
concentrations and NaCas-propylene glycol alginate conjugate produced at 10 mM NacCl.

Chemical Intensity

Biopolymer - NaCl(mM) (e oom)  (a.u.)

Width (Hz) Area (a.u.)

NaCas 0 -1.08 -5.5 382.59 5889.99

NaCas 10 -11.46 423 287.98 34083.71
NaCas 25 -11.81 42.0 287.98 33843.12
NaCas 50 -15.68 37.5 287.98 30215.02
Conjugate 10 -21.44 28.6 287.98 23030.08
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Table 3.2. Protein content, moisture content, mass yield, and protein yield of freeze-dried
sodium caseinate (NaCas)-propylene glycol alginate (PGA) conjugate powders produced
in 10 mM of different salts and NaCas:PGA mass ratios of 1:1 and 1:2 at pH 11.0 and 23

°C for 2 h.*
Salt NaCas:PGA Protein Content Moisture Mass Yield  Protein
(mg/g) content (%, (%) Yield (%)
wet basis)
None** 1.0 853.03+1.09"  2.87+0.76 - -
KCl 11 846.23x1.00°  133+036 86.2045.23" 85.5145.19"
KCI 1:2 823.89+0.34° 130036 82.93+2.54" 80.10+2.46"
KHPOs 101 836.850.46°  0.96+0.18" 89.0044.94" 87.31+4.86"
KHzPOs  1:2 819.59+0.31°  0.98+0.18" 76.67+2.82" 73.66+2.71"
NaCl 11 803.3040.35"  0.60+0.19° 67.80+5.93" 63.85+5.59°
NaCl 1:2 782.80£1.51°  0.79+0.19° 56.80+5.90™ 52.12+5.45°
NaH-POs 1:1 837.1120.92°  0.98+0.18" 86.13£6.50" 84.53+6.38"
NaH:POs 1:2 798.8742.71°  1.18£0.20° 72.00+2.82" 67.42:2.64°

*Numbers are mean + SD (n = 3). Different superscript letters represent significant

differences among mean values in the same column (p < 0.05).

**The NaCas powder without processing.
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