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Casein micelle has a structure of outer hydrophilicity and inner hydrophobicity, its typical digestion charac-
teristic is gastric coagulation. Based on calcium content as the key factor to control this process, high hydrostatic
pressure (HHP) was firstly used to modify the micelle structure by mediating the tight connection between casein
molecules themselves and with colloidal calcium, then the quercetin-loaded delivery systems were prepared. And
in order to investigate the effect of exogenous calcium, calcium chloride was added for digestion. The results

indicated that HHP broke the limitation of casein micelles as delivery carriers for hydrophobic components and
increased the EE from 51.18 + 3.07 % to 76.17 + 3.41 %. During gastric digestion, higher pressure and exog-
enous calcium synergistically increased the clotting ability and inhibited the release of quercetin. In the small
intestine, curds decomposed more slowly under higher pressure and calcium concentration, so the degradation of
quercetin was effectively inhibited.

1. Introduction

As a major dietary source in daily life, bovine milk’s main function is
to supplement the human body with nutrients, especially protein. In
bovine milk, there is about 32 g/L protein, of which 80 % is casein and
20 % is whey proteins (Farrell et al., 2004). Compared with whey pro-
tein, thousands of individual casein molecules including a-, - and
k-casein typically aggregate into colloidal particles (hereinafter abbre-
viated as casein micelle) under the interaction of colloidal calcium
phosphate (CCP) and non-covalent interactions (Broyard & Gaucheron,
2015). And among several types of molecular entities, both a- and
B-casein are highly electronegative due to more phosphorylated serine
residues, which makes them have stronger binding ability with calcium
ion (Ca®"). Therefore, the hydrophobic o- and p-casein are usually
distributed within the micelles under calcium-mediated connection and
hydrophobic interaction. But for hydrophilic k-casein, which mainly
interacts with other caseins and is located on the surface of micelles. It
provides strong steric hindrance and repulsive force to hinder the ag-
gregation between micelles, and ultimately determines the size of

* Corresponding author.
E-mail address: junfu.ji@cau.edu.cn (J. Ji).
1 Minjie Liao and Wei Li contributed equally to this work

https://doi.org/10.1016/j.fochx.2024.101177

micelles (Huppertz, Heck, Bijl, Poulsen, & Larsen, 2021). All in all, this
unique micelle structure endows casein with a wide range of processing
properties. By controlling processing conditions (e.g. pH, salt, pressure,
and temperature) (Fanny et al., 2017; Silva, Piot, De Carvalho, Violleau,
Fameau, & Gaucheron, 2013), it is believed that the micelle structure of
casein can be adjusted to meet different functional requirement.

High hydrostatic pressure (HHP) is a non-thermal processing tech-
nology, which is often applied to protein and can change protein
structure by breaking relatively weak non-covalent interactions
(Cepero-Betancourt, Opazo-Navarrete, Janssen, Tabilo-Munizaga, &
Pérez-Won, 2020). In terms of the casein application, some studies have
indicated that the structure of casein micelles is destroyed during the
pressure build-up phase and holding time. According to reports, this
pressure-induced casein micelle dissociation is caused by a weakening of
hydrophobic and electrostatic interactions between casein molecules
themselves and with colloidal calcium in CCP (Menéndez-Aguirre,
Kessler, Stuetz, Grune, Weiss, & Hinrichs, 2014). With the release of
pressure, these non-covalent interactions can be reactivated and induce
different structural rearrangements. Quercetin is a hydrophobic
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flavonoid commonly found in plants and vegetables, which has anti-
inflammatory, antioxidant, antibacterial and other biological effects
(Li et al., 2023). However, the development and utilization of quercetin
are limited by its poor water solubility, instability, and low bioavail-
ability (Li et al., 2019). As a suitable polyphenol delivery system,
micellar casein-based delivery systems including nanoparticles and
emulsions have showed great potential to solve these problems without
compromising the biological activity of quercetin (Elzoghby, Helmy,
Samy, & Elgindy, 2013; Ghasemi & Abbasi, 2014). Nevertheless, since
the hydrophobic regions mainly located inside the micelles, natural
casein micelles have poor loading capacity for hydrophobic substances.
Under the action of HHP, the hydrophobic regions inside the micelles
are expected to be exposed, making the rearranged micelle structure a
more optimized carrier for quercetin.

In the gastrointestinal tract, the typical digestive characteristic of
micellar casein-contained systems is coagulation in the stomach. In this
process, the surface k-casein hair layer of the micelles will be removed
under the effect of low pH and pepsin. Subsequently, these exposed
casein molecules will interact with each other and with Ca®* in digestive
fluid, which further leads to the cross-linking between particles and the
formation of curds (Mcsweeney & Fox, 2013; Zhang et al., 2023). Based
on previous studies, calcium content is considered as the key variable to
control this digestion process. Specifically, it has been reported that
removing 42 % of colloidal calcium through ion exchange weakened the
coagulation level and accelerated the digestion of micellar casein
(Wang, Ye, Lin, Han, & Singh, 2018). In addition, it was also found that
gastric coagula of bovine casein micelles became looser with increasing
decalcification level, especially up to 40 % under the infant conditions
and up to 69 % under the adult and elderly conditions (Wang et al.,
2023). And in the case of 13-63 % decalcification, there were no visible
clusters and the degradation rate of bovine casein micelles was faster
(Huppertz & Lambers, 2020). Overall, the purpose of calcium regulation
in these studies is more focused on modifying the original micelle
structure before digestion. While in the digestive tract, the introduction
of exogenous calcium from complex food matrices may also have a great
impact on the digestive behaviors of micellar casein-contained systems,
which deserves more detailed exploration.

Therefore, the purpose of our study is to evaluate the effect of
exogenous calcium introduced from food matrix on the digestive be-
haviors of recombinant micellar casein delivery systems. Based on that,
the recombined casein micelles were first prepared at 100, 300 and 500
MPa, which were then used to load quercetin in the form of O/W
emulsions. After characterizing the particle size, zeta potential, free
calcium content and encapsulation efficiency (EE) of quercetin-loaded
emulsions, the interaction forces of the system were evaluated through
fluorescence spectrum and particle size changes after adding chemical
blockers. Subsequently, an in vitro static digestion mode was used to
explore the digestion behaviors of the emulsions after spray drying,
including the dynamic quercetin release, solubility, particle size and
proteolysis. More importantly, considering the complexity of food
matrices, calcium chloride was added before digestion to simulate the
effect of exogenous calcium on the digestive behaviors of the delivery
systems. Compared with the previous results, this research will make
further progress in developing new micellar casein-based delivery sys-
tems, and further elucidate their interactions with other food compo-
nents during digestion.

2. Materials and methods
2.1. Materials

Analytical quercetin standard with a purity greater than 98 % was
obtained from Shanghai Yuanye Bio-Technology Co., Ltd (Shanghai,
China). Micellar casein powder with 86.98 % protein content came from
Wapakoneta Ingredia Co., Ltd (Wapakoneta, America). Soybean oil and
anhydrous ethanol were purchased from Macklin Biochemical
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Technology Co., Ltd (Shanghai, China). Digestive enzymes including
porcine Pepsin (P7012) and porcine Pancreatin (P7545) were purchased
from Sigma-Aldrich Trading Co., Ltd (St. Louis, MO, USA). The cat
standard solution and strength regulator were purchased from Mettler
Toledo International Trade Co., Ltd (Zurich, Switzerland). Other
chemical reagents such as bile salt, anhydrous calcium chloride, sodium
chloride (NaCl), sodium dodecyl sulfate (SDS) and urea were obtained
from Solarbio Biotechnology Co., Ltd (Beijing, China).

2.2. Preparation of quercetin-loaded O/W emulsions

Briefly, powdered micellar casein was resuspended in deionized
water with a concentration of 7 % (w/w), and stirred at room temper-
ature at a speed of 700 rpm for 12 h. The formed suspension was then
centrifuged (3000 g, 10 min) to obtain the casein supernatants. After
being packaged into polyethylene bags and sealed, these casein super-
natants were subjected to HHP treatment at the pressure of 0, 100, 300
and 500 MPa, respectively, for 10 min. In subsequent experiments, they
were named CN, CN100, CN300, and CN500, respectively. The oil phase
solution was prepared by adding the quercetin standard into soybean oil
with a ratio of 0.08 % (w/w) through magnetic stirring for 20 min. In
order to prepare O/W emulsion, previously prepared CN, CN100, CN300
and CN500 protein solution was mixed with the oil phase solution at a
ratio of 9:1 (v/v), respectively. After being stirred evenly and sheared at
a speed of 10000 rpm for 5 min, the mixtures were homogenized with a
high-pressure homogenizer (JN-10HC, Guangzhou Juneng Nano&Bio
Technology Ltd., Guangzhou, China) at 600 bars for three times to
obtain quercetin-loaded O/W emulsions. Immediately, the basic physi-
cochemical properties of these prepared emulsions were characterized.
And based on previous parameters (Liao, Ma, Miao, Hu, & Ji, 2021),
these emulsions were quickly spray dried with a mini spray-dryer (B-
290, Biichi Corporation, Flawil, Switzerland) to obtain dry powder
samples, which were named CQ, CQ100, CQ300 and CQ500 in turn.

2.3. The physicochemical properties of O/W emulsions

2.3.1. The particle size, PDI, zeta potential and visible appearance
characterization

In this part, the particle size, PDI, and zeta potential of CQ, CQ100,
CQ300 and CQ500 O/W emulsions were characterized by a Zetasizer
(Zetasizer ZEN 3700, Malvern Instruments Ltd., Worcestershire, UK) at
25 °C and their visible appearance was recorded through photography.
Before adding the samples to the measurement cell of Zetasizer, each
sample was diluted 200 times with deionized water and thoroughly
mixed to avoid interference from multiple scattering. During the mea-
surement, the equilibrium time was set to 120 s, and each sample was
measured three times in parallel.

2.3.2. Determination of free calcium content of O/W emulsions

Here, the Ca®* analyzer (S220, Mettler Toledo International Trade
Co., Ltd, Flawil, Switzerland) was used to measure the free Ca®* con-
centration of several O/W emulsions. Before measurement, it was
necessary to calibrate the Ca?* selective electrode by using the standard
solutions containing 10, 100 and 1000 mg/L Ca2*, respectively. After
that, all samples were mixed with Ca®" strength regulator at a ratio of
50:1 (v/v) for measurement.

2.3.3. Determination of EE of O/W emulsions

Based on previous study (Tan et al., 2014) and with some modifi-
cations, the EE of O/W emulsions was measured. Before the measure-
ment, the O/W emulsions were centrifuged at 10000 rpm for 20 min to
separate unencapsulated quercetin crystals (W;), and mixed with ab-
solute ethanol to determine the absorbance at 373 nm. In addition, the
content of quercetin used to prepare emulsions was considered as the
total quercetin content (W). The content of quercetin was calculated
through the standard curve, which was achieved by dissolving the
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quercetin standard in absolute ethanol to reach the concentration of 4, 6,
8,12, 16, 20 pg/mL. Therefore, the EE of quercetin could be calculated
using the Eq. (1):

W-W1

EE (%) = x 100% )

2.4. Determination of the interactions

2.4.1. The effect of NaCl, SDS, and urea on the interactions

In order to verify the main types of interaction forces in the system,
blocking agents such as NaCl (500 mM), SDS (0.8 %, w/v), and urea (4.8
M) were added into the rehydrated microparticle solutions to destroy
electrostatic interactions, hydrophobic interactions, and hydrogen
bonds (Li & Zhong, 2020). Specifically, the dominant interaction force
was judged by the particle size changes before and after the addition of
these blocking agents. And it was worth noting that the solvents used for
microparticle rehydration and dilution needed to be replaced with the
corresponding blocking agent solutions.

2.4.2. Fluorescence spectroscopy

In the pre-processing, the spray-dried microparticles (CQ, CQ100,
CQ300 and CQ500) and corresponding proteins (CN, CN100, CN300 and
CN500) treated under different pressure conditions were rehydrated in
phosphate buffer at a concentration of 0.4 mg/mL. Subsequently, their
fluorescence intensity curves in the range of 300-400 nm were recorded
by a spectrofluorometer (FS5, Edinburgh Instruments, Scotland, UK) at
the excitation wavelength of 280 nm. During data processing, the fluo-
rescence intensity of the phosphate buffer background was subtracted
from that of the samples.

2.5. Invitro static digestion

In this part, the final protocol of in vitro static digestion was based on
the previous study (Brodkorb et al., 2019) and made some modifica-
tions. First, the gastric and intestinal electrolyte solutions were prepared
in advance, and their pH was adjusted to 3 and 7, respectively. During
gastric digestion, Pepsin was added to achieve an enzyme activity of
2000 U/mL. During the intestinal digestion, both Pancreatin and Bile
salt were added to achieve an enzyme activity of 100 U/mL and a salt
concentration of 10 mM. During 2 h gastric and intestinal digestion
period, a water bath constant temperature oscillator (SHZ-C, Shanghai
Boxun Co., Ltd, Shangha, China) was selected to ensure constant oscil-
lation speed (120 rpm) and temperature (37 °C). In order to explore the
impact of exogenous calcium as a nutritional supplement in food, solid
calcium chloride was thoroughly mixed with CQ, CQ100, CQ300 and
CQ500 powder before digestion. And based on 0.15 mM Ca®" concen-
tration in the original gastric electrolyte, different amounts of calcium
chloride were added to ensure the Ca®' concentration of 0.15,2 and 5
mM in the stomach. At the beginning of digestion, powder samples were
added to gastric electrolyte solutions and stirred for 30 s to simulate
powders wetting before consuming. At the end of stomach digestion, the
pH of the mixture was immediately adjusted to 7.0 to inactivate Pepsin.
Later, the intestinal electrolyte solutions were added to gastric chyme at
the ratio of 1:1 (v/v) to carry out continuous intestinal digestion. At
several fixed times, a certain volume of digestive mixture was collected
to characterize the release of quercetin, solubility change, particle size
change and protein hydrolysis degree.

2.5.1. The release of quercetin during in vitro digestion

Based on previous method (Liu et al., 2020), the release ratio of
quercetin was measured at 5, 30, 60, 90, 120, 125, 150, 180, 210, 240
min, respectively, during in vitro digestion. In detail, 3 mL of digested
mixtures were removed and centrifuged at 10000 rpm for 20 min to
obtain the micelle layers. After mixing with anhydrous ethanol, the
absorbance value at 373 nm was measured to obtain the released
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quercetin content during digestion (W;). Before digestion, a certain
amount of powder was fully mixed with anhydrous ethanol and centri-
fuged. Later, the total quercetin content (W) was obtained by measuring
the absorbance value at 373 nm. Therefore, the release ratio of quercetin
over time was calculated using the Equation (2):

1
Cumulative release (%) = % x 100% (2)

2.5.2. Characterization of solubility and visible appearance during in vitro
digestion

At 5, 30, 60, 90, 120, 125, 150, 180, 210, 240 min, the in vitro
digestion process was terminated, and all digestion samples were taken
from the water bath oscillator. After centrifugation at 3000 g for 10 min,
the precipitates were collected and dried to constant weight (W;) at
105 °C by an electric blast drying oven (XMTD-8222, Shanghai Jing
Hong Laboratory Instrument Co., Ltd, Shanghai, China). Meanwhile, the
dry weight of the samples before digestion (W) and blank digestion so-
lution without sample addition was measured (W), which was further
used to calculate solubility over time according to Equation (3). And in
order to record the visible dissolution and aggregation during digestion,
the remaining residues after simply filtering the supernatants were also
placed in glass plates for real-time photography.

W+ W0-W1

Solubility (%) = x 100% 3

2.5.3. Determination of particle size during in vitro digestion

At 5, 60, 120, 150 and 240 min during digestion, a laser particle size
analyzer (LS 13320, Beckman Coulter Inc, Fullerton, CA, USA) was
selected to track changes in particle size. In the case of configuring the
PIDS-included liquid module, both small particles and large aggregates
generated during digestion were effectively recorded under 55 % pump
speed. During measurement, the collected digestion samples were not
subjected to additional dilution, but directly added to the sample cell to
achieve 8 % shading.

2.5.4. Determination of protein hydrolysis during in vitro digestion

During digestion, sodium dodecyl sulfate—polyacrylamide gel elec-
trophoresis (SDS-PAGE) experiment was used to characterize the protein
hydrolysis degree of delivery systems. At first, these digested mixtures
collected at 5, 120, 125 and 240 min were heated in a boiling water bath
for 5 min to inactivate the enzymes, and then freeze-dried into powder.
Subsequently, the dried powder was redissolved in loading buffer to
achieve the same protein concentration of 2 mg/mL. After boiling for 5
min and centrifuging at 10,000 g for 15 min, the supernatants were
collected for electrophoresis. The electrophoresis gel used here was
4-20 % gradient gel, and the loading volumes of samples and marker
were 10 and 5 pL, respectively. At the end of electrophoresis, Coomassie
brilliant blue fast staining solution was used to dye the electrophoresis
gel. And after decolorization by deionized water, the electrophoresis
results were recorded by a gel electrophoresis imager (JY04S-3C, Beijing
Jun Yi Electrophoresis Co., Ltd, Beijing, China).

2.6. Statistical analysis

In this study, all measurement indicators were subjected to three
independent repeated experiments and expressed in the form of “mean
+ standard deviation”. The level of significant differences between
different groups was judged by a software SPSS (version 24.0) at a sig-
nificance level of p = 0.05.
3. Results and discussion

3.1. The physicochemical properties of quercetin-loaded O/W emulsions

As depicted in Fig. 1C, the free calcium content in soluble phase was
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Fig. 1. The physicochemical properties of quercetin-loaded casein delivery systems. A: The particle size and PDI of delivery systems; B: The zeta potential of delivery
systems; C: The free calcium content of delivery systems; D: The visible appearance of delivery systems.

increased from approximately 100 mg/L to approximately 150 mg/L
under the action of HHP treatment. This result indicated that HHP
treatment disrupted the CCP bridge, resulting in more free calcium being
released into the soluble phase. With the loss of CCP, it was clear that the
average particle size of the corresponding O/W emulsions in Fig. 1A was
decreased from about 700 nm to about 400 nm with the increase of
pressure. This result was consistent with previous studies, indicating
that HHP could dissociate the original casein micelles and induce the
generation of reformed casein micelles with smaller particle sizes
(Iturmendi, Garcia, Galarza, Barba, Fernandez, & Maté, 2020). On the
other hand, the generation of more fragments and reassemble units
increased the heterogeneity of the system, so it could be observed in
Fig. 1A that HHP treatment increased the PDI values of CQ100, CQ300,
and CQ500 to varying degrees, with CQ300 having the highest PDI
value. Looking at the zeta potential in Fig. 1B, the absolute value of
surface charges increased from 14.93 + 0.79 mV to 28.30 &+ 1.30 mV,
displaying higher electrostatic repulsion to prevent particle aggregation.
According to the Holt model, CCP is formed by the interaction between
phosphorylated serine and Ca?" in casein micelles (Little & Holt, 2004).
After breaking the CCP and releasing bound calcium, these negatively
charged phosphorylated serine residues will be exposed, resulting in an
increased surface negative charge. Focusing on the results in Fig. 1D, the
visible appearance of O/W emulsions presented a uniform milky white
without stratification, indicating good stability of these emulsions.
Combined with the influence of HHP on the structure of casein micelles
and corresponding emulsions, it could be said that the basic physico-
chemical properties of emulsions were mainly affected by the recom-
binant micellar structure. In general, natural casein micelles are formed
under the interactions between individual casein molecules and the
linkage of CCP. Under the influence of HHP, these interactions would be
disrupted, and further leading to the formation of smaller reassociated
micelles. After preparing the corresponding emulsions, these

reassociated casein micelles were conducive to improve the stability of
emulsions by providing stronger surface repulsion force.

3.2. The EE of quercetin-loaded O/W emulsions

Before spray drying, the EE of CQ, CQ100, CQ300, and CQ500
emulsions was measured, and the corresponding results were displayed
in Fig. 2A. With the increase of pressure, it was obvious that the EE of
quercetin-loaded emulsions gradually increased from 51.18 + 3.07 % to
76.17 + 3.41 %, exhibiting superior emulsification ability of recombi-
nant casein micelles. Natural casein micelle has a natural self-assembled
structure with hydrophilic outer layer and hydrophobic inner core.
Under the action of HHP, this natural structure will be destroyed into
micelle fragments in the presence of pressure and further reorganized
when pressure is released. And the reorganized casein micelles are
usually not in the same organizational state as before the pressure
treatment. Based on previous studies, HHP could increase the surface
hydrophobicity by exposing more internal hydrophobic molecules (Mao,
Ni, Ma, Chen, Hu, & Ji, 2022). Therefore, these reorganized casein mi-
celles were easier to adsorb at the interface of oil globules and partici-
pate in the emulsification process (Nassar et al., 2021). From another
perspective, protein emulsifiers with smaller particles size and higher
dispersibility were also conducive to the formation of finer and more
stable emulsions (Meena, Singh, Arora, Borad, Sharma, & Gupta, 2017),
so more quercetin could be better retained in the oil phase.

3.3. The interactions of the delivery systems

3.3.1. The effect of NaCl, SDS, and urea on the interactions

As shown in Fig. 2B, the particle sizes of microparticles before and
after adding NaCl, SDS and Urea were compared. When it came to CQ,
their original particle size was about 700 nm, which was significantly
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Fig. 2. The EE and interactions of quercetin-loaded casein delivery systems. A: The EE of delivery systems; B: The effects of NaCl, SDS and urea on the interactions of

delivery systems; C: The fluorescence spectrum results of delivery systems.

reduced after adding three blocking agents. Among them, it was evident
that the addition of NaCl and SDS resulted in a greater reduction in
particle size. This result suggested that electrostatic and hydrophobic
interactions played a crucial role in maintaining the stability of the CQ
system. While for samples treated with HHP, due to their smaller initial
particle size, the addition of three blocking agents instead increased the
particle size to varying degrees. And compared to the changes caused by
NaCl, the degree of significant difference demonstrated that urea and
SDS caused greater disturbance to these systems. Therefore, it could be
concluded that the main forces responsible for stabilizing CQ100,
CQ300, and CQ500 systems were hydrogen bonds and hydrophobic
interactions. And by analyzing the differences in the interaction forces
before and after HHP, it could be inferred that HHP mainly destroyed
electrostatic forces compared to the other two forces.

In casein micelles, it is well known that a-, - and x-casein are held
together by non-covalent interactions, especially the hydrophobic
interaction between proteins and the electrostatic interaction between
phosphoserine and colloidal calcium. At lower EE, the binding force
between quercetin-contained oil phase and casein micelles was weak in
CQ system, so the molecular forces inside the casein wall materials
dominated the whole system. During the pressure build-up and holding
phase, both hydrophobic interaction and electrostatic interaction were
disrupted (Menéndez-Aguirre, Kessler, Stuetz, Grune, Weiss, & Hinrichs,
2014). And as discussed in Section 3.1, colloidal calcium lost a lot during
this process. Therefore, it could be inferred that the reversibility of
electrostatic interactions during pressure release was much lower than
that of hydrophobic interactions. In other words, HHP caused more se-
vere irreversible damage to electrostatic forces. As pressure increased,
these recombinant casein micelles were more likely to bind the
quercetin-contained oil phase through hydrophobic interaction and
hydrogen bond (Bourassa, Bariyanga, & Tajmir-Riahi, 2013; Hudson,
Rezende, Campos de Paula, Coelho, Mendes da Silva, & dos Santos Pires,
2019). Therefore, it could be seen that the main interaction forces un-
derwent a significant transformation after HHP treatment.

3.3.2. Fluorescence spectroscopy

As depicted in Fig. 2C, the fluorescence intensity of individual pro-
teins was always higher than that of corresponding delivery systems. By
comparing the value of Ay, there was an obvious blue shift phenom-
enon after loading quercetin. Combining the above results, it could be
inferred that quercetin has successfully combined with casein. When it
came to the changes caused by HHP treatment, varying degrees of blue
shift could be easily found. And further focusing on the impact of
pressure levels, it was evident that the increase in processing pressure
led to a continuous decrease in fluorescence intensity.

In general, Ayqx excited at 280 nm is mainly used to characterize the
microenvironment of tryptophan residues, because phenylalanine has a
very low quantum yield and the fluorescence of tyrosine is almost
quenched in most cases. In casein micelles, there are five tryptophan
residues, which are mainly distributed in the internal hydrophobic core
of casein molecules. In addition, the shift of Ayax usually represents the
changes in local environment where these endogenous tryptophan res-
idues are located. Therefore, the changes in fluorescence spectra can
provide important information about the self-assembly of casein mole-
cules and the impact of ligand binding. Under the effect of HHP, casein
micelles were firstly decomposed and then reconstituted. Consequently,
the fluorescence quenching and blue shift corresponded well to the
conformational change of casein micelles (Han, Wang, Wang, & Tang,
2020). After binding quercetin, the hydrophobic portion of recombinant
micellar casein would be occupied, reducing the number of tryptophan
groups exposed to the water environment (Ke et al., 2023). And based on
the results in Section 3.2, these endogenous hydrophobic amino acids
were easier to bind to quercetin-contained oil phase under higher
pressure. Therefore, the degree of fluorescence quenching and blue shift
increased with increasing pressure.

3.4. The dynamic release of quercetin during in vitro digestion
During in vitro simulated digestion, the release of quercetin from CQ,

CQ100, CQ300 and CQ500 microparticles at 0.15, 2, and 5 mM Ca®* was
shown in Fig. 3A. In the stomach, it was obvious that the release content
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Fig. 3. The quercetin release and solubility of quercetin-loaded casein delivery systems during in vitro digestion. A: The dynamic release of quercetin during in vitro
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of quercetin increased rapidly within 5 min. And the higher the pressure,
the lower the quercetin release at this point. Later, the gastric release of
quercetin always kept rising with digestion time. In the small intestine,
the release of quercetin increased in the early stage, but began to show a
slight downward trend in the middle and later stages of digestion.
Focusing on the impact of HHP, the increased pressure continuously
reduced the release of quercetin in the stomach. When the pressure
increased from 0 to 500 MPa, it could be easily observed that the cor-
responding gastric release content decreased by 9 %, 13 %, and 16 % at
0.15, 2, and 5 mM Ca2", respectively. This trend basically lasted until
the first 30 min of intestinal digestion, but gradually reversed after-
wards. At the end of intestinal digestion, it seemed that the higher the
pressure, the higher the release of quercetin. On the other hand, it was
interesting that the increase of Ca?" reduced the release of quercetin in
the stomach under fixed pressure. When the concentration of Ca’*
increased from 0.15 mM to 5 mM, the gastric release ratio of CQ, CQ100,
CQ300 and CQ500 microparticles decreased by 3 %, 4.8 %, 8.8 % and
9.9 %, respectively. In the intestinal digestion stage, this trend induced
by Ca2* only lasted for 5 min. In the subsequent stage, Ca®* instead
played an important role in delaying the degradation of quercetin. At
0.15 and 2 mM Ca2*, the released quercetin started to degrade in large
quantities about 180 min in the intestine. But after adding 5 mM Ca2*,
the release of quercetin decreased slightly after 210 min. Basically, it
could be said that the synergistic effect of Ca?" and HHP reduced the
release of quercetin in the stomach. Evidently, the gastric release of
CQ500 at 5 mM Ca®" was only 28.12 =+ 3.02 %, but the gastric release
rate of CQ release rate at 1.5 mM Ca?* was as high as 47.31 + 1.31 %. In
the intestinal phase, the coexistence of higher pressure and more Ca%*
mainly reduced the degradation of quercetin by delaying the release of
quercetin. As depicted in Fig. 3A, the degradation amount of CQ at 1.5
mM Ca®" in the intestine was at least up to 10 %. While for CQ500 at 5
mM Ca?", there was no obvious degradation leading to the reduction of
quercetin release.

During digestion, the release of quercetin was mainly affected by the
micelle structure before digestion and the structural rearrangement of
micelles during digestion. And these two factors could be effectively
adjusted by HHP treatment and the addition of exogenous calcium. On
the one hand, HHP effectively improved the physicochemical properties
of delivery systems. Among them, the improvement of stability and EE
was conducive to reducing the release of quercetin. Based on previous
studies, the structural rearrangement of delivery systems induced by the
coagulating of micellar casein could effectively inhibit the release of
active substances (Sadiq, Gill, & Chandrapala, 2021; Ye, 2021). Before
digestion, HHP modified the structure of casein micelles, and these
casein micelles treated with higher pressure would expose more internal
hydrophobic casein molecules, mainly for a- and f-casein. Compared
with k-casein, o- and B-casein have more phosphoserine for calcium
binding (Boland, Golding, & Singh, 2014). After adding exogenous
calcium, the available Ca®" in the digestive fluid increased. Therefore,
these recombined micelles would undergo a higher degree of structural
rearrangement under the synergistic effect of higher pressure and cal-
cium concentration, which would be verified in the following experi-
ments. In this case, it was obvious that the release of quercetin would be
reduced due to the stronger structural barrier. After entering the small
intestine, the gastric structural rearrangement would not be supported
by the intestinal environment. Without enough structural barriers, the
embedded quercetin would escape quickly. The released quercetin was
unstable under alkaline conditions and prone to degradation (Yin et al.,
2022). When the degradation amount of quercetin was greater than the
release amount, it could be observed that the release curve of quercetin
showed a downward trend. Under higher pressure and Ca?* concen-
tration, it was speculated that the gastric rearrangement structure had
stronger resistance and collapsed more slowly. Therefore, the degrada-
tion amount of quercetin in these samples was much lower at the end.
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3.5. Changes in solubility and visible appearance during in vitro digestion

In Fig. 3B and C, the solubility and visible appearance results of the
microparticles during in vitro digestion were shown, respectively. In the
stomach, the solubility of microparticles was at most 49.67 + 2.07 %,
which was much lower than the solubility in the small intestine. By
observing the results in Fig. 3C, it could be seen that many different sizes
of curds were quickly formed at 5 min. These curds were continuously
hydrolyzed over digestion time, and most of them have disappeared
after 30 min of intestinal digestion. If focused on the influence of indi-
vidual pressure or Ca®", it seemed that the impact of pressure was
greater. When the pressure increased from 0 to 500 Mpa, the solubility
decreased by 11.34 %, 10.05 %, and 11.25 % at three fixed Ca’* con-
centrations. But when the Ca®* concentration was variable, it could be
seen that the solubility of CQ, CQ100, CQ300 and CQ500 microparticles
decreased by about 8.35 %, 9.60 %, 7.00 %, and 8.26 %, respectively.
When it came to the synergistic effect of pressure and Ca®", simulta-
neously increasing both resulted in more curds and tighter structures. At
0 MPa and 1.5 mM Ca®", there was still about 50 % of the insoluble part
at the end of gastric digestion. While at 500 MPa and 5 mM Ca™, nearly
70 % of the microparticles remained undissolved in the end. This trend
of solubility persisted until 180 min of intestinal digestion. At 210 min,
almost all the microparticles have been completely dissolved.

During digestion, the solubility change of particles was mainly
caused by the coagulating behaviors of casein, because the coagulating
particles mainly contributed to these insoluble parts. And comparing the
results of solubility and release, it was not difficult to find that the
changing trends of the two indicators were basically consistent, indi-
cating a close connection between the two. Based on the result in Section
3.2, there was still a part of quercetin on the surface of microparticles.
Without wall material barriers, there was no doubt that these quercetin
molecules would dissolve out in 5 min. The increased pressure
contributed to the increase of EE, so it could be seen that the initial
dissolution of quercetin decreased under higher pressure. Accompanied
by the rapid dissolution of microparticles, the gastric environment
immediately triggered the protein curdling. Generally, casein micelles
are stabilized by steric hindrance and electrostatic effect provided by
k-casein. During gastric digestion, the acidic environments could lead to
the collapse of k-casein on the surface of micelles by neutralizing the net-
negative charges of k-casein (De kruif, 1999). On the other hand, the
existence of Pepsin could cut off the C-terminal hair layer of k-casein,
leaving para-k-casein on the surface of micelles. At this time, the
remaining para-k-casein micelles would interact with each other to
induce coagulation (Huppertz & Chia, 2021). Under the effect of HHP,
more exposed hydrophobic a- and p-casein molecules were expected to
form cross-linked CCP calcium bridges under the induction of free cal-
cium. And with the addition of exogenous calcium, the number of cross-
linked CCP calcium bridges would also increase. Therefore, some larger
and harder curds were formed under higher pressure and Ca?" con-
centration, and they showed stronger ability to inhibit the release of
quercetin. The structure of these curds became more looser over diges-
tion time, leading to the constant escape of quercetin. And just as pre-
vious studies, alkaline pH and Pancreatin in the intestine caused rapid
breakdown of gastric curds (Nguyen, Bhandari, Cichero, & Prakash,
2015), resulting in a large jump of release content after only 5 min of
intestinal digestion. Wherein, these larger curds formed under higher
pressure and Ca®" concentration disintegrated more slowly and had a
longer intestinal residence time. Therefore, these microparticles could
continuously inhibit release and avoid the degradation of quercetin.

3.6. Changes in particle size during in vitro digestion

As shown in Fig. 4, the particle size of all microparticles was mainly
distributed between 10 and 1000 nm in the stomach, and their average
particle size had exceeded 150 nm at 5 min of gastric digestion. When
pressure and Ca2' concentration increased, it could be seen that the
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Fig. 4. The particle size changes of quercetin-loaded casein delivery systems during in vitro digestion.

particle size distribution further shifted to the range of 100-1000 nm. As
time went by, the particles with an average diameter exceeding 500 nm
gradually increased, and their particle size distribution also showed an
increasing trend. Throughout the entire gastric digestion, it was clear
that the influence of pressure and Ca" concentration on particle size
distribution remained unchanged. At the end of gastric digestion, the

average particle size of CQ samples under 1.5 mM Ca?t was approxi-
mately 480 nm, while the average particle size of CQ500 samples under
5 mM Ca®" was as high as about 1000 nm. After entering intestinal
digestion, it was evident that the particle size distribution of most mi-
croparticles rapidly decreased to below 100 nm after only 30 min. At the
end of digestion, there was no microparticles with average diameter
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exceeding 30 nm.

The particle size distribution could reflect the overall structural
changes of heterogeneous samples. In the stomach, the higher particle
size distribution was mainly caused by the aggregation of particles and
the generation of curds. Based on the particle size distribution at 5 min,
it proved again that the gastric coagulation was a very fast process. And
consistent with the results in Fig. 3B and C, these recombinant structures
treated under higher pressure had the ability to form larger curds during
gastric digestion, and more available exogenous calcium further
increased the degree of coagulation. Therefore, a higher particle size
distribution could always be observed under higher pressure and Ca®"
concentration. During the intestinal period, these large curds were
further broken down into dispersed entities and further hydrolyzed over
time. As a result, it could be seen that the particle size in the intestine
was much lower than that in the stomach and continuously decreased
over time.

3.7. Changes in proteolysis during in vitro digestion

During in vitro digestion, the protein hydrolysis of different micro-
particles was depicted in Fig. 5. In the stomach, it was evident that the
protein bands of all samples were mainly distributed in three regions,
including approximately 70 kDa, 25-40 kDa, and 10-20 kDa. These
regions persisted during gastric digestion, but exhibited differences due
to pressure levels and Ca?" concentrations. In detail, as the pressure
level and Ca?' concentration increased, it could be observed that the
protein bands at approximately 70 kDa deepened. Based on previous
studies, the protein band in 70 kDa might represent the aggregates
formed between the same or different casein subunits (Du et al., 2023).
In the range of 25-40 kDa, it was reported that several casein subunits
including a-, - and k-casein mainly existed in this region (Do, Williams,

Gastric digestion (5 min)

0.15 mM Ca* 2 mM Ca** 5 mM Ca**
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& Toomer, 2016). And it could be seen that higher pressure and Ca%*
concentration caused protein bands to shift towards regions with higher
molecular weights, which might also be the result of random cross-
linking between casein molecules. Looking at the range of 10-20 kDa,
two prominent protein bands near 10 kDa and 15 kDa could be observed
in all samples, and it was difficult to identify the difference in band
depth between samples. Among them, the protein band near 15 kDa
might represent the para-k-casein produced by k-casein hydrolysis, and
protein band of 10 kDa might also be derived from protein degradation
(Trujillo, Guamis, & Carretero, 1998). After entering the intestine, all
protein bands were distributed below 45 kDa, and they mainly repre-
sented peptides produced by trypsin hydrolysis. However, it was hard to
distinguish the effects of pressure and Ca?* concentration on the dis-
tribution and depth of protein bands. Only on a time scale, it could be
seen that all protein bands became shallower from 5 to 120 min during
intestinal digestion.

In the gastrointestinal tract, the degree of protein hydrolysis re-
flected the destruction of casein wall materials. Before digestion, HHP
first dissociated and then recombined casein micelles. During recombi-
nation, the binding between micelle fragments was random. Therefore,
there would be many aggregates of different sizes, as shown by the
protein band at 70 kDa. In the stomach, the k-casein on the surface of
micelles would be quickly cut by pepsin, leading to the emergence of
para-x-casein and the formation of curds. And it was obvious that the
degree of protein hydrolysis was largely affected by the coagulation
degree. In the stomach, higher pressure and Ca®" concentration helped
to form more and harder curds, which provided a stronger barrier to
inhibit protein hydrolysis. Therefore, these HHP-induced aggregates and
individual casein components hydrolyzed more slowly and had a longer
retention time in the stomach. But as digestion progressed, these large
curds would still be constantly destroyed and individual proteins would

Gastric digestion (120 min)
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Fig. 5. The proteolysis results of quercetin-loaded casein delivery systems during in vitro digestion.
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also be cleaved. Accordingly, some breakdown products would be
observed in gastric juice. In the small intestine, these curds had a limited
duration and were broken to dispersed small particles. The latter had a
larger contact area and was easier to hydrolyze. Therefore, only some
peptide fragments could be detected at this stage. If linked to the
quercetin release results in Section 3.4, it could be said that the syner-
gistic effect of higher pressure and Ca®* helped to delay proteolysis by
increasing the coagulation degree. More importantly, the slower prote-
olysis rate could maintain the integrity of the delivery systems and
effectively inhibited the release of quercetin. In the intestinal environ-
ment, this inhibit effect could only be sustained to a certain extent under
high pressure and Ca" concentration, but its ability was limited.

3.8. The mechanism summary

In this study, the research mechanism diagram was drawn in Fig. 6.
Before digestion, HHP could open and reconstruct the micellar structure
of casein. These recombinant casein micelles had smaller particle size
and higher surface hydrophobicity, showing higher quercetin loading
capacity. During in vitro digestion, the digestion behaviors of the de-
livery system were dominated by the micellar casein wall material. In
the stomach, the contribution of k-casein to the stability of the entire
micelle system would be weakened by gastric acid and pepsin, leading to
further aggregation. On the other hand, more o- and p-casein molecules
originally existed in the micelles before digestion were exposed under
higher pressure. These exposed a- and p-casein had ability to bind the
free Ca?* and further resulted in the CCP calcium bridge cross-linking
between neighboring particles to form curds. Moreover, it was very
important that the introduction of more exogenous calcium during
digestion would also increase the number of cross-linked CCP calcium
bridges. Therefore, micellar casein was more likely to interact with each
other and formed more tightly structured curds under the synergistic
effect of higher pressure and more Ca®*, further reducing protein hy-
drolysis and quercetin release. In the intestinal tract, alkaline pH and
Pancreatin no more supported the stabilization of these curds and
further improved the protein hydrolysis degree. By contrast, these larger
curds formed under higher pressure and Ca?* concentration dis-
integrated more slowly. Consequently, the controlled release ability of
these samples lasted longer and the degradation degree of quercetin was
lower.

4. Conclusion

In this study, the micellar structure of casein was modified by HHP
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and then quercetin-loaded casein delivery systems were prepared. With
the aim of exploring the effects of exogenous calcium incorporation in
complex food matrices, calcium chloride was added to investigate the
gastrointestinal digestion behaviors of delivery systems. The basic
physicochemical results indicated that recombinant casein micelles have
higher loading capacity for quercetin and improved the stability of the
delivery systems. And the interaction results indicated that hydrogen
bonds and hydrophobic interactions supported the formation of the
delivery systems. During in vitro digestion, the digestion behaviors of
recombinant casein micelles dominated the release of quercetin in the
whole delivery systems. In the stomach, higher pressure and Ca?* con-
centration aggravated the coagulation of casein and reduced the degree
of protein hydrolysis, which further inhibited the release of quercetin. In
the small intestine stage, although it appeared that the decomposition
rate of curd was slower under higher pressure and Ca?* concentration,
the protein hydrolysis degree and quercetin release content were still
significantly improved. Based on the structure and digestion behaviors
of casein micelles, the results in this study indicated that the controlled
release of active substances in casein-based delivery systems could be
achieved through the application of environmental-friendly physical
processing technology. And when developing functional foods such as
high calcium foods, it is necessary to carefully consider the impact of
exogenous calcium addition on the digestion and absorption of other
nutrients.
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