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ARTICLE INFO ABSTRACT

Handling Editor: Professor A.G. Marangoni Curcumin-loaded zein/sodium caseinate-alginate nanoparticles were successfully fabricated using a pH-shift
method/electrostatic deposition method. These nanoparticles produced were spheroids with a mean diameter
of 177 nm and a zeta-potential of —39.9 mV at pH 7.3. The curcumin was an amorphous, and the content in the
nanoparticles was around 4.9% (w/w) and the encapsulation efficiency was around 83.1%. Aqueous dispersions
of the curcumin-loaded nanoparticles were resistant to aggregation when subjected to pH changes (pH 7.3 to 2.0)
and sodium chloride addition (1.6 M), which was mainly attributed to the strong steric and electrostatic
repulsion provided by the outer alginate layer. An in vitro simulated digestion study showed that the curcumin
was mainly released during the small intestine phase and that its bioaccessibility was relatively high (80.3%),
which was around 5.7-fold higher than that of non-encapsulated curcumin mixed with curcumin-free nano-
particles. In the cell culture assay, the curcumin reduced reactive oxygen species (ROS), increased superoxide
dismutase (SOD) and catalase (CAT) activity, and reduced malondialdehyde (MDA) accumulation in hydrogen
peroxide-treated HepG2 cells. The results suggested that nanoparticles prepared by pH shift/electrostatic
deposition method are effective at delivering curcumin and may be utilized as nutraceutical delivery systems in
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food and drug industry.

1. Introduction

Cucumin is a hydrophobic polyphenol which is mainly extracted
from the rhizome of Curcuma longa(Rauf et al., 2018). It was used as food
colorant and spice, as well as for its medicinal qualities for centuries in
China and India. In recent years, lots of studies has proved that curcumin
has antioxidant, antimicrobial, anti-inflammatory, anticancer, liver
protective, neuroprotective, cardioprotective, anti-obesity, and
anti-angiogenesis activities (Ak and Gulcin, 2008; Sahebkar, 2016; Rauf
et al., 2018; Peng et al., 2022). Despite its multiple bioactivities, cur-
cumin has poor bioavailability because of its insolubility in water, poor
chemical stability, and fast metabolized under physiological conditions
(Anand et al., 2007). For instance, a maximum curcumin concentration
of 0.06 pg/mL was observed in serum even oral administration of 500
mg/kg of curcumin to rats (Peng et al., 2022).

Delivery systems were used to increase the solubility, stability, and
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bioavailability of curcumin including biopolymer particles, solid lipid
nanoparticles, nanogels, cyclodextrin complexes, and nanoemulsions,
etc (Sun et al., 2013; Liu et al., 2020). Food protein nanoparticles,
specially zein nanoparticles, were also reported to encapsulate curcumin
(Pan and Zhong, 2016; Peng et al., 2020). The polypeptide chain in zein
consists of more than 50% of hydrophobic amino acids, which makes it
insoluble in water but soluble in high ethanol aqueous solutions
(60-90%)(Shukla, 2001). These solubility properties of zein as used to
encapsulate curcumin in zein nanoparticles using an antisolvent pre-
cipitation method. Simply, zein and curcumin are solubilized in an
aqueous ethanol solution (solvent), and this solution is then dispersed
into water (antisolvent), which makes the hydrophobic zein molecules
aggregate into nanoparticles that trap the hydrophobic curcumin inside
(Hu et al., 2015; Hasankhan et al., 2020). However, the high hydro-
phobic surface of zein nanoparticles may drive particles to aggregate in
aqueous solutions by hydrophobic interaction, especially when the pH
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moves towards their isoelectric points (Patel et al., 2010). Moreover,
they are also difficult to disperse when the nanoparticle dispersion is
dehydrated and then rehydrated. This shortage can be solved by using
small molecule surfactants (Dai et al., 2017; Wang et al., 2019), proteins
(Patel et al., 2010; Zhu et al., 2022), polysaccharides (Hu et al., 2015;
Zhang et al., 2021; Ghobadi-Oghaz et al., 2022), or protein/poly-
saccharide complexes (Chang et al., 2017; Yao et al., 2018) to stabilize
zein nanoparticles.

Although the antisolvent precipitation method is easy to use, it is
difficult to scale up and utilizes large quantities of flammable ethanol,
which also needs to be removed from the final particle dispersion. Pan
and co-workers reported that zein nanoparticles could be formed using a
pH-shift method (Pan and Zhong, 2016), which was an alternative
method of antisolvent precipitation. It is typically implemented by
mixing zein and sodium caseinate at pH 11.5 and then adjusting the
solution to neutral pH value, which promotes the spontaneous
self-aggregation of the zein molecules(Pan and Zhong, 2016). This
self-aggregation effect is linked to the change in surface charge of the
zein molecules with pH: they are strongly negatively charged under
alkaline conditions but only have a weak negative charge under neutral
conditions, consequently the electrostatic repulsion between them is
reduced (Shukla, 2001). The sodium caseinate is included in the
formulation because it adsorbs to the surfaces of the zein nanoparticles
after they form and reduces the surface hydrophobicity of zein particles.
Moreover, its presence at the nanoparticle surfaces increases the elec-
trostatic repulsion and steric hindrance between them which keeps
particles against aggregation.

Although curcumin is insoluble in water, it can solubilize in strongly
alkaline solutions (pH > 10) because it becomes partly deprotonated and
gains a negative charge, thereby increasing its hydrophilicity (Pan et al.,
2014). This attribute makes it possible to use the pH-shift method to
fabricate curcumin encapsulated zein nanoparticles by adjusting
curcumin-zein co-solubilized alkaline solution to neutral or acidic pH.
These nanoparticles can be stabilized against aggregation by including
an amphiphilic surfactant or charged polymer such as rhamnolipids, tea
saponin, whey protein, or propylene glycol alginate (Dai et al., 2018;
Zhan et al., 2020; Yuan et al., 2021; Li et al., 2022).

Sodium caseinate (NaCas) has been shown to be a particularly good
stabilizer of zein nanoparticles because it gives good stability against
heat and high ionic strengths (Patel et al., 2010; Chang et al., 2017).
However, zein/caseinate nanoparticles precipitate at pH values near the
isoelectric point of the outer caseinate layer (i.e., pH 4 to 5.5) (Zou et al.,
2021). This precipitation can be prevented by coating the zein/caseinate
nanoparticles with anionic polysaccharides, such as x-carrageenan (Zou
et al., 2021) or sodium alginate (Liu et al., 2019). The presence of these
polysaccharides improves the stability of the nanoparticles against ag-
gregation by forming a thick anionic coating around them which in-
creases the electrostatic repulsion and steric hindrance between the
nanoparticles (Zou et al., 2021).

The adverse effect of the pH-shift method is that additional salts
(usually sodium chloride) are introduced into the system when the pH is
adjusted from strongly alkaline to neutral conditions. The resulting high
levels of salt might reduce the electrostatic attraction between the
anionic polysaccharide and the caseinate at the nanoparticle surfaces,
thereby causing the polysaccharide molecules to be fully or partially
displaced. As a result, the nanoparticles may no longer be protected, or
they may even aggregate through bridging effects, i.e., a polysaccharide
attaching to the surfaces of more than one nanoparticle(Hu and
McClements, 2015). There have few reports on the stability change of
nanoparticles fabricated by the pH shift method when subjected to
environmental stress such as pH change and ionic strength. Moreover,
there have been few studies on the behavior of curcumin-loaded nano-
particles produced using this method within the gastrointestinal tract.
For instance, the retention, release, bioaccessibility, and activity of
curcumin in these biopolymer nanoparticles under gastrointestinal
conditions is still not well understood. For this reason, we prepared
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curcumin-loaded zein/NaCas-sodium alginate nanoparticles with the pH
shift method, and then investigated their stability when subjected to
changes in pH and ionic strength. We then characterized the release,
bioaccessibility, and antioxidant activity of these curcumin-loaded
nanoparticles during in vitro simulated gastrointestinal digestion. The
study may help to develop zein-based delivery systems without the need
for an organic solvent.

2. Materials and methods
2.1. Materials

Zein, sodium caseinate, sodium alginate, curcumin (>98%), and
Trolox (>97%) were obtained from Acros Organics (New Jersey, USA).
1, 1-Diphenyl-2-picrylhydrazyl free radical (DPPH:, >97%) and 2, 2'-
azino-bis (3- ethyl-benzothiazoline-6-sulfonic acid) diammonium salt
(ABTS, >98%) were obtained from TCI (Tokyo, Japan). Bile salts,
pancreatin (from porcine pancreas, 8 x USP specifications), and pepsin
(from porcine gastric mucosa, 535 U/mg) were obtained from Sigma-
Aldrich (St Louis, MO, USA). Ascorbic acid (99%) was obtained from
InnoChem Science & Technology (Beijing, China). A radio-
immunoprecipitation assay buffer (RIPA) was obtained from Solarbio
(Beijing, China). Cell counting kit-8 (CCK-8) and Dulbecco’s Modified
Eagle Medium (DMEM) were obtained from Gibco (Shanghai, China).
Fetal bovine serum (FBS), penicillin-streptomycin solution, and 0.25%
trypsin-0.04% EDTA were purchased from Hyclone (South Logan, Utah,
USA). 2, 7-dichlorofluoroescin diacetate (DCF-DA) was purchased from
MedChemExpress, USA. Test kits of superoxide dismutase (SOD), cata-
lase (CAT), and malondialdehyde (MDA) were purchased from Jian-
cheng Bioengineering Institute (Nanjing, China).

2.2. Curcumin-loaded nanoparticles preparation

Zein/NaCas nanoparticles loaded with curcumin were prepared
using a method described previously with some modifications (Pan and
Zhong, 2016). Zein was dispersed in alkali water (pH 12.5) with the
concentration of 0.5% (w/v), and the dispersion was adjusted to pH 12.5
using NaOH solution and then magnetically stirred at 900 rpm (RO5,
IKA, China) for 30 min to ensure full solubilization. Then, curcumin was
added into the zein solution at a concentration of 0.1% (w/v) and stirred
for another 30 min. Afterward, 10 mL of zein-curcumin solution was
syringe-injected into 30 mL sodium caseinate solution (0.1%, w/v) with
constant stirring at 1200 r/min for 5 min. The resulting mixture was
adjusted to pH 7 using 2 M HCl solution, which led to the formation of a
curcumin-loaded zein/NaCas nanoparticle dispersion. This dispersion
was then mixed with an equal volume of 0.2% (w/v) sodium alginate
solution at 800 r/min for 5 min. The resulting mixture (pH 7.3) was then
centrifuged at 3000 g (Sorvall® RC-6 Plus, Thermo, USA) for 20 min to
separate any non-encapsulated curcumin and large particles. The
curcumin-loaded zein/NaCas-alginate nanoparticle dispersion was then
analyzed directly or was freeze-dried (Shanghai Lichen, LC-10N-50A)
and stored at —20 °C for later use.

2.3. Nanoparticle characterization

2.3.1. Particle diameter and charge measurements

The average diameter, polydispersity index (PDI), and ¢-potential of
the nanoparticle dispersions were determined by a Nano-ZS 90 instru-
ment (Malvern Panalytical, UK) as reported previously (Zou et al.,
2021). The samples were moderately diluted before testing.

2.3.2. Scanning electron microscopy (SEM) analysis

The microstructures of the nanoparticles were observed using a field
emission scanning electron microscope (JSM-7610F PLUS, JEOL, Japan)
operating at an accelerating voltage of 15.0 kV, samples were sputter-
coated with gold before testing.
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2.3.3. X-ray diffraction

The physical state of curcumin in freeze-dried nanoparticles, phys-
ical mixture with same compositions of curcumin, zein, caseinate, and
alginate of nanoparticles was determined by an X-ray diffraction in-
strument (Empyrean, Malvern Panalytical, Netherland). A Cu Ka radi-
ation source was operated at a voltage of 45 kV and a current of 40 mA,
the scanning step was 0.02° with a scanning speed of 10°/min. The 260
scan range was 5° —80°.

2.3.4. Curcumin loading amount (LA) and efficiency (LE) determination

The curcumin loading amount and efficiency of the nanoparticles
were determined using a previously described method with some
modifications (Yao et al., 2018). Briefly, 5 mg of freeze-dried nano-
particles was dissolved in 10 mL of dimethyl sulfoxide (DMSO) and
stirred for 4 h in the dark (700 r/min). The centrifuged (3000 g, 10 min)
supernatant was moderately diluted with DMSO and the absorbance was
measured at 433 nm using a UV spectrophotometer (UV-1800, Shi-
madzu, Japan)(Zou et al., 2021). The curcumin concentration of nano-
particle solution was calculated with a standard curve of absorbance
versus curcumin concentration at a range of 0-16 pg/mL (R? = 0.999).
The loading amount and efficiency of curcumin were calculated with
equations (1) and (2):

_Mass of curcumin in nanoparticles

LA (%)= 100 1
(%) Mass of nanoparticles X M

loaded curcumin
LE (%) =—————————x 100 2
(%) Total curcumin used % &)

2.4. Particle stability determination

The nanoparticle dispersion stability was measured when exposure
to changes in solution pH or ionic strength as previously reported with
some modification(Zou et al., 2021). The pH stability of freshly prepared
particle dispersions was immediately determined after their pH values
were adjusted ranged from pH 2.0 to 8.0 with HCl or NaOH solutions.
The effect of salt on particle stability was determined by adding sodium
chloride into particle dispersions reaching salt concentrations ranged
from O to 1.6 M NaCl. The view appearance of particle dispersion was
recorded with a digital camera.

2.5. In vitro simulate gastrointestinal digestion

The curcumin releasing behavior and bioaccessibility of curcumin-
loaded nanoparticles was determined with a in vitro simulated gastro-
intestinal digestion model described in previous methods (Huang et al.,
2019). A physical mixture containing the same amount of
non-encapsulated curcumin as nanoparticles was used for comparison.

Gastric phase: nanoparticles or physical mixture were mixed with 20
mL of double distilled water to reach a curcumin concentration of 0.5
mg/mL and warmed to 37 °C in a water bath shaker. Then, these samples
were mixed with 20 mL of prewarmed simulated gastric fluids (acidified
water (pH 1.2) containing 50 mM NaCl and 3.2 mg/mL pepsin)(Yao
et al., 2018), and the pH value was rapidly adjusted to pH 2.0. The
gastric digestion was proceeded with continuously shaken at 80 rpm in a
shaking incubator at 37 °C (THZ-82, Shanghai, China), and the samples
were heated to inactivate pepsin (90 °C for 5 min) after in vitro digestion.

Small intestinal phase: The samples (42.5 mL) which finished the
whole gastric digestion phase were adjusted to pH 7.0, while main-
taining them at 37 °C with constant magnetic stirring (100 r/min). Then,
4 mL of bile salt solution (15.57 mg/mL bile salt solution in 5 mM PBS,
pH 7.0) and 2.5 mL of pancreatin solution (48 mg/mL pancreatin in 5
mM PBS, pH 7.0) were added(Huang et al., 2019). The pH values of
samples were maintained at pH 7.0 with an automatic titration instru-
ment (902 Titrando, Metrohm, Switzerland). The digested samples were
heated to inactive the pancreatin in a water bath at 90 °C for 5 min.
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Bioaccessibility: The amount of curcumin was measured after the
samples were incubated for 0, 20, 40, 80, and 120 min in simulated
gastric fluids and for 20, 40, 80, 120, 180, and 240 min in simulated
small intestinal fluids(Huang et al., 2019). The digested fluids were
centrifuged at 10,000 g, 15 °C for 15 min, and the supernatants were
collected and diluted with DMOS to determine the curcumin concen-
tration described in Section 2.3.4. The percentage of curcumin released
from the nanoparticles into the digestion supernatant was calculated
with equation (3) (Yao et al., 2018):

Mass of released curcumin in supernatant
P x 100 %

Percentage Released = - —
& Mass of curcumin before digestion

3

2.6. In vitro antioxidant capacity of digested nanoparticles

The in vitro antioxidant capacity of the supernatants collected after in
vitro digestion was measured using radical scavenging methods. The
supernatants consisted of the whole of the fluids collected after the
whole simulated gastrointestinal digestion process.

2.6.1. DPPH- scavenging capacity assay

The DPPH- scavenging capacity of the digestion supernatant was
determined as described previously (Liang et al., 2022). Briefly, 2 mL of
diluted supernatant and 2 mL of DPPH. solution (100 pM) were mixed
and incubated in the dark at room temperature. After 30 min, the
absorbance of the solution was measured using a UV-visible spectro-
photometer at 517 nm. The DPPH- scavenging percentage of the samples
was quantified with equation (4):

DPPH - Scavenging(%) = % x 100% “4)

A and Ag are the absorbances of the control and sample solutions,
respectively. A standard curve of ascorbic acid concentration (0-0.5
mM) vs DPPH- scavenging percentage was established, and the scav-
enging capacity of the digestion supernatant was transferred into
ascorbic acid equivalents (AAE).

2.6.2. ABTS"- scavenging ability

The ABTS'. scavenging activity of the digestion supernatants was
measured with method described previously (Liang et al., 2021, 2022).
The ABTS stock solution (7 mM) was mixed with a 2.5 mM potassium
persulfate solution in equal volume and stored in the dark for 16 h at
ambient temperature. The resulting ABTS™- solution was diluted with
10 mM PBS (pH 7.4) to reach an absorbance of 0.70 (+0.02) em™! at
734 nm and 30 °C(Liang et al., 2022). Then 40 pL of diluted supernatant
was dissolved in 4 mL of ABTS™- solution and reacted for 6 min, the
absorbance was determined at 734 nm(Liang et al., 2021). The radical
scavenging capacity of the digestion supernatants was determined using
equation (5):

Ac — As

ABTS" e scavenging rate (%) = x 100% 5)

Ac and Ag are the absorbances of the control solution and samples,
respectively. A standard curve of Trolox concentration (0-2.5 mM) vs
ABTS™. scavenging percentage was established, and the Trolox equiva-
lent concentration (TEC) values of the digestion supernatants were
calculated.

2.7. Intracellular antioxidant activity

2.7.1. Cytotoxicity determination

HepG2 cells were cultured in DMEM containing 10% FBS and 1%
penicillin-streptomycin at a density of 1 x 10* cells per well at 37 °C
supplied with a humidified atmosphere containing 5% CO5 (Peng et al.,
2022). The cell culture media were aspirated after 24 h incubating and
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Fig. 1. SEM image of curcumin-loaded zein/caseinate-alginate nanoparticles
after freeze-dried.

the cells were treated with 100 pL of culture media containing digestion
supernatant (diluted with DMSO) at various concentrations for another
24 h. Cells with no digestion supernatant added were used as a control.
Then, the cells were washed with PBS twice and incubated with 100 pL
DMEM (containing CCK-8) for 2 h(Peng et al., 2022). The optical density
(OD) values were determined at 450 nm (BioTek Instruments Inc., VT,
USA).

2.7.2. Intracellular ROS determination

A HyDCF-DA assay was used to determine the intracellular level of
ROS (Huang et al., 2019). Cells were seeded in a 6 well plate with about
6 x 10° cells/well and incubated for 24 h. Then, 2 mL of digestion su-
pernatant (from curcumin-loaded nanoparticles or curcumin physical
mixtures) was diluted 50-fold with DMEM added into each well of the
experimental group, and 2 mL of DMEM was added to the hydrogen
peroxide (H202) model group or control group. After 2 h incubation, cell
wells were treated with 2 mL of Hy05 (except the control group) for 30
min and washed 3 times with fresh medium. Then, each well was added
with 2 mL of DCFH-DA (10 pM) and incubated for 30 min. Lastly, the
cells were washed twice with PBS and imaged using fluorescence mi-
croscopy (CKX41, OLYMPUS, Japan). The fluorescent intensity was
determined with a microplate reader (Synergy H1, Bio-Tek, USA) at an
excitation and emission wavelength of 488 nm and 525 nm, respec-
tively. The relative fluorescent intensity was compared to the control
(Huang et al., 2019).

2.7.3. Intracellular related enzymes and MDA

Cells were seeded with about 6 x 10° cells/well and incubated for 24
h. Then, 2 mL of digestion supernatant (from curcumin-loaded nano-
particles or curcumin/nanoparticle physical mixtures) was diluted 50-
fold with DMEM by adding it into each well of the experimental
group, and 2 mL of DMEM was added to the HyO2 model group or
control group. After 24 h incubation, cells were treated with 2 mL of
H,0, for 4 h (except the control). Lastly, the cells were lysed on ice for
30 min, centrifuged at 2500 r/min at 4 °C for 10 min to collect the su-
pernatant. The enzymatic activities of SOD, CAT, and MDA level in the
cells were measured with the instructions of the test kit supplier.

2.8. Statistical analysis
All experiments were carried out three times, and data were

expressed as the mean + standard deviation and analyzed using one-
way ANOVA with Tukey’s test using SPSS software (IBM SPSS
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statistics 19) to compare the significance among samples at a P-level of
0.05.

3. Results and discussion
3.1. Particle characteristics

Immediately after preparation, the nanoparticle dispersions had a
transparent yellowish appearance and a pH of 7.3. Light scattering and
zeta-potential measurements indicated that the nanoparticles had a
mean size of 177.0 £+ 3.8 nm, a PDI of 0.32 + 0.04, and a {-potential of
—39.9 + 1.2 mV. The SEM images indicated that the nanoparticles in the
freeze-dried samples were approximately spherical and had dimensions
of a few hundred nanometers (Fig. 1). Many of the nanoparticles
appeared to be fused together in these images, which was probably
caused by the freeze-drying procedure. The curcumin content in the
nanoparticles was 4.89 £+ 0.01%, and the curcumin encapsulation effi-
ciency was 83.1 + 8.5%, which was higher than zein/caseinate-alginate
nanoparticles prepared by the antisolvent precipitation method reported
previously (Liu et al., 2019)

3.2. Physical state of curcumin in nanoparticles

The XRD spectrums of pure curcumin, curcumin in nanoparticles,
and in physical mixture with same composition of zein, caseinate, and
alginate were compared (Fig. 2A). Strong diffraction peaks were
observed for pure curcumin at 20 angles of 9.00°, 17.31°, 18.21°, and
there were more peaks at the angle range of 20° to 30°, which meant that
curcumin was a crystal form. The peaks at 9.00°, 17.31°, and 18.21°
were also observed and weak in the spectrum of physical mixture con-
taining curcumin, and the other peaks were too weak to be observed,
which was because of the low curcumin content in the physical mixture
(4.89%, w/w). The characteristic peaks of curcumin at 9.00°, 17.31°,
and 18.21° were disappeared in the spectrum of nanoparticles although
the curcumin content was same to the physical mixture (4.89%), which
meant that curcumin was encapsulated in nanoparticle was an amor-
phous form. Some new peaks at 27.36°, 31.72°, 45.50°, 56.49°, and
75.37° were observed in the spectrum of nanoparticles, these peaks were
the characteristic X-ray diffraction peaks of sodium chloride crystal
(Fig. 2B). The sodium chloride in the nanoparticles was produced by the
pH-shifting fabrication process.

3.3. Nanoparticle stability at different pH or ionic strength conditions

It is usually important that nanoparticle-based delivery systems are
resistant to aggregate when subjected to environmental stress, such as
pH or ionic strength changes. The curcumin-loaded zein/NaCas-alginate
nanoparticles in this study were found to be stable from pH 2.0 to 7.3.
The particle dispersions appeared transparent from pH 7.3 to 4.0 but
became slightly turbid at pH 3.0 to 2.0 (Fig. 3A). The mean particle
diameter was between 154 and 189 nm from pH 7.3 to 4.0 but increased
to 336 nm at pH 2.0 (P < 0.05). The polydispersity index of the nano-
particles ranged from 0.19 to 0.32 (P < 0.05), which meant that the
particle size was fairly uniform. The superior stability of these systems
can mainly be attributed to the outer layer of alginate around the
nanoparticles, as this provides a strong electrostatic and steric repulsion
between them, which inhibits aggregation(Sani et al., 2022).

The {-potential of the zein/NaCas-alginate nanoparticles changed
from strongly negative at neutral conditions (around —40 mV) to weakly
negative at strongly acidic conditions (around —4 mV) (Fig. 3B). The fact
that the nanoparticles were negatively charged throughout the whole
pH range was caused by the adsorbed alginate molecules at their sur-
faces. The decrease in the negative charge with pH decreasing can be
attributed to two phenomena: (i) the protonation of anionic carboxyl
groups (-COOH) on the alginate and protein molecules; (ii) the proton-
ation of amino groups (-NH3) on the protein molecules (Hu et al., 2015).
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Fig. 2. XRD spectrums of: A) curcumin, nanoparticles, and physical mixture with same compositions of curcumin, caseinate, and alginate of nanoparticles; B) so-

dium chloride.

The magnitude of the particle surface potential is important because it
influences their tendency to aggregate. At high pH values, the strong
negative charge inhibits nanoparticle aggregation by generating a strong
electrostatic repulsion. At low pH values, however, the much weaker
negative charge may no longer be sufficient to inhibit aggregation. As a
result, some of the nanoparticle aggregate, which leads to an increase in
mean particle size and turbid appearance of the nanoparticle
dispersions.

The effect of sodium chloride concentration on nanoparticle stability
is shown in Fig. 3C. The particle dispersions were transparent at all
investigated salt concentrations of 0-1.6 M NaCl, and the mean particle
diameter slightly increased to 198.6 nm (P < 0.05) (Fig. 2C). The result
is consistent with previous studies (Zou et al., 2021), where it was re-
ported that quercetin-loaded zein/caseinate-k-carrageenan nano-
particles prepared by the antisolvent method were stable up to sodium
chloride concentrations of 2.0 M. In contrast, zein/pectin or
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appearance of nanoparticle dispersions containing 0-1.6 M NacCl (from left to right).

zein/alginate nanoparticles aggregated when the NaCl concentration 3.4. Curcumin release during in vitro simulated gastrointestinal digestion
was 100 mM or higher (Huang et al., 2016). These differences in ag-

gregation stability suggest that sodium caseinate was critical in stabi- The release behavior of curcumin from nanoparticle-based delivery
lizing nanoparticles against high ionic strengths. systems in the gastrointestinal tract is important for determining its ef-

ficacy. For this reason, curcumin release was monitored when the
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nanoparticles were exposed to simulated gastric and small intestinal
conditions. In addition, the bioaccessibility of the curcumin in the final
fluids resulting from simulated gastrointestinal digestion was measured.
A physical mixture consisting of non-encapsulated curcumin powder
and ingredients to fabricate nanoparticles was used as a comparison.

The percentage release of the curcumin from the physical mixture
was relatively low 0.47 + 0.12% after 2 h gastric digestion (Fig. 4) but it
increased to 8.86 + 0.12% after 20 min in vitro small intestinal diges-
tion, and then gradually increased to 14.0 & 1.4% after 4 h of digestion.
These values are significantly higher than that of pure curcumin (Yao
et al., 2018), which suggests that the digestion of the zein-based nano-
particles may have increased the solubility of the curcumin the gastro-
intestinal fluids. This may have been attributed to solubilization and
emulsification effect of peptides produced by protein digestion (Yao
et al., 2018). Even so, the final bioaccessibility of the non-encapsulated
curcumin was still relatively low compared to the encapsulated
curcumin.

2.5
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The percentage release of the curcumin from the nanoparticle-based
delivery systems was 4.67 + 0.08% after 20 min in vitro gastric digestion
and increased to 6.99 + 0.08% after 2 h digestion (Fig. 4). There was
then a large increase in curcumin release under in vitro small intestine
conditions. The release percentage of curcumin from the particles
reached around 69.5 + 1.5% after 20 min digestion and 80.3 + 3.3% by
the end of the digestion period. The high bioaccessibility of the encap-
sulated curcumin than the non-encapsulated curcumin (even though the
two systems had the same overall composition) can be attributed to
differences in the initial location of the curcumin molecules in the sys-
tems. In the non-encapsulated system, the curcumin is initially present
in a crystalline form that is difficult to dissolve. In the encapsulated
system, the curcumin is an amorphous form as testified by XRD (Fig. 2A)
and is initially dispersed throughout the zein matrix inside the nano-
particles. In the stomach and small intestine, proteases digest zein and
sodium caseinate and convert proteins to peptides. The curcumin is then
released at the same time as the peptides are formed, which may facil-
itate their interaction with each other and the formation of soluble
complexes, which results in a higher bioaccessibility (Yao et al., 2018).
In another study, it was reported that curcumin was mainly released
under simulated gastric conditions (56%) from zein/NaCas-alginate
nanoparticles prepared using an antisolvent method using ethanol (Liu
etal., 2019). The result may indicate that the nature of the nanoparticles
formed by ethanol or pH-shift methods may be different. Alternatively,
the observed differences in curcumin release may have been due to
differences in the simulated gastrointestinal models used in the studies.

In our study, the curcumin concentrations measured in the final
digestion supernatant were 439 + 17 and 76.7 + 5.6 pM for the
encapsulated and non-encapsulated formulations, respectively. Thus,
encapsulation increased the bioaccessibility of the curcumin by about
5.7-fold.

3.5. In vitro antioxidant capacity of digested samples

The in vitro antioxidant capacities of the in vitro digestion superna-
tants of the encapsulated and non-encapsulated curcumin formulations
were evaluated by measuring their abilities to scavenge DPPH- (Fig. 5A)
and ABTS™. radicals (Fig. 5B). The DPPH- scavenging abilities of the
digested non-encapsulated and encapsulated curcumin formulations
were 0.58 + 0.01 and 2.18 + 0.14 mM AAE, respectively (Fig. 5A),
while the ABTS™. scavenging abilities were 9.80 & 0.79 and 3.05 + 0.81
mM TEC, respectively (Fig. 5B). These results clearly show that curcu-
min has a considerably higher potency after encapsulation. The greater
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Fig. 5. In vitro antioxidant activity of gastrointestinal fluids collected after digestion of encapsulated and non-encapsulated curcumin formulations; A), DPPH-
scavenging capacity expressed as ascorbic acid equivalents (mM); B), ABTS*- scavenging capacity expressed as Trolox equivalents (mM).
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in vitro antioxidant activity of the encapsulated curcumin can be
attributed to the higher concentration of soluble curcumin in the in vitro
gastrointestinal digestion supernatant, as shown by the higher bio-
accessibility reported in the previous section.

3.6. ROS scavenging capacity of digested nanoparticles

In vitro antioxidant activity assays may not accurately reflect the
antioxidant activity of curcumin after absorption into cells. For this

reason, we investigated the ROS scavenging capacity of the in vitro
digested nanoparticles using HepG2 cells. Initially, the impact of the two
curcumin formulations on the cytotoxicity of these cells was assessed
(Fig. S1). The cell viability was only 1.2% and 35.1% when treated with
digestion fluids collected from encapsulated (loaded in nanoparticles)
and non-encapsulated (curcumin mixture) that were only diluted 10-
fold, indicating that high levels of soluble curcumin may damage
these cells. However, the cell viability increased substantially when the
digestion supernatant was diluted more, exceeding 99% when they were
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diluted 50-fold. For this reason, all samples were diluted 50-fold prior to
analyzing their ROS scavenging capacity. At this dilution level, the
digested samples contained 8.78 and 1.53 pM curcumin for the encap-
sulated and non-encapsulated formulations, respectively.

Reactive oxygen scavenging species include hydrogen peroxide, su-
peroxide radical, singlet oxygen, and hydroxyl free radical, which pro-
duce in normal cells (Kenneth Hensley et al., 2000). Moderate levels of
ROS are required to regulate cell survival, but excessive ROS levels can
oxidize cellular membrane lipids, nucleic acids, and proteins, which can
have adverse health effects (Valko et al., 2007; Huang et al., 2019). In
this study, hydrogen peroxide (H20») was used to promote oxidative
stress in the HepG2 cells. A strong fluorescence signal was present in
H»0, treated HepG2 cells (Fig. 6A), while the control cells had a very
weak signal, which meant that there was low level of ROS in normal
cells, and Hy05 treatment produced excessive ROS in cells. The fluo-
rescence signal decreased remarkably when treated with digested cur-
cumin formulations then treated with HyO, treatment (Fig. 5A),
specially, after being treated with the in vitro digested encapsulated
curcumin formulation (P < 0.05, Fig. 6B). These results indicated that
the digestion supernatant of nanoparticles was more talent in scav-
enging intracellular ROS, which was reasonable since there was a higher
level of soluble curcumin in the gastrointestinal fluids of encapsulated
nanoparticles.

3.7. Cellular antioxidant capacity of digestion supernatant

The oxidative stress induced by H0, is normally reduced by the
intracellular enzymatic antioxidants, which includes SOD and CAT en-
zymes. SOD catalyzes the reduction of superoxide anions into hydrogen
peroxide, and then hydrogen peroxide and the other peroxides are
reduced by CAT (Poprac et al., 2017; Liang et al., 2022). A reduction in
their activity is an indication of an increase in intracellular oxidative
stress.

As expected, the activity of SOD was higher in the control cells (73.1
+ 1.5 U/mg protein) than the HyOs-treated cells (30.3 + 2.0 U/mg
protein) (Fig. 7A), which indicated that oxidative stress inhibited SOD
activity in the cells. The enzyme activity in the HyOs-treated cells
increased significantly when they were exposed to the digested curcu-
min formulations (P < 0.05), being 70.6 + 4.5 and 60.9 + 1.8 U/mg
proteins for the encapsulated and non-encapsulated systems, respec-
tively. Indeed, the SOD activity for the encapsulated systems almost
approached that for the control cells.

The CAT activity (Fig. 7B) was significantly higher (14.9 + 0.2 U/mg
protein) in the control cells than in the HyO,-treated ones (6.8 + 0.8 U/
mg proteins), which again shows that hydrogen peroxide decreased the
normal activity of the antioxidant enzymes. Incubation of the HyO2-cells
with the in vitro digested curcumin formulations significantly (P < 0.05)
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increased the CAT activity, with the extent of this increase being much
greater for the encapsulated system (14.1 + 1.6 U/mg protein) than the
non-encapsulated one (8.5 + 1.8 U/mg protein). Indeed, the encapsu-
lated curcumin brought the CAT activity back to the level found in the
control, thereby reducing the damaging effects of oxidative stress caused
by the H05. The higher efficacy of the digested fluids collected from the
encapsulated curcumin formulation can be attributed to the higher
concentration of soluble curcumin present.

MDA is a secondary reaction product of lipid oxidation, which is
often used as a biomarker of lipid peroxidation inside cells (Rong et al.,
2012). The MDA concentration of the HyoO,-treated HepG2 cells was
around 2.5-fold higher than that of the control cells (Fig. 7C). Both
curcumin formulations reduced the level of MDA produced, but again
the encapsulated curcumin was significantly more effective than the
non-encapsulated one (P < 0.05), which can be attributed to the reasons
discussed earlier.

4. Conclusions

In summary, we successfully fabricated curcumin-loaded zein/
caseinate-alginate nanoparticles with high curcumin loading efficiency
(83.1%) using a pH-shift/electrostatic deposition method. The main
advantages of this method are its simplicity, affordability, and avoid-
ance of ethanol use. The nanoparticles were stable against aggregating
over a pH range of 2.0-7.3 and high salt concentration of 1.6 M, which
means they could be used in acid to neutral food products. Under in vitro
simulated gastric conditions, the nanoparticles tended to aggregate,
which was attributed to protonation of the alginate coating under
strongly acidic conditions, which protected the nanoparticles from
digestion, thereby retaining most of the curcumin inside them. Under in
vitro simulated small intestine conditions, the curcumin was rapidly
released, reaching a bioaccessibility of around 80.3% by the end of
digestion. The bioaccessibility of the curcumin was much higher when it
was encapsulated in nanoparticles, rather than free curcumin, which can
be attributed to an amorphous form of curcumin in the nanoparticles.
Encapsulation curcumin with nanoparticles was shown to greatly in-
crease its in vitro and intracellular antioxidant activity, which was
mainly attributed to the higher concentration of soluble curcumin in the
gastrointestinal fluids after digestion. Overall, our results suggest that
zein/caseinate-alginate nanoparticles may be an effective encapsulation
technology for delivering curcumin (and other antioxidant polyphenols)
to the small intestine. Consequently, they could be utilized in functional
food, nutraceutical supplement, and drugs.
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