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ARTICLE INFO ABSTRACT

Keywords: Ultrasound treatment was used to successfully prepare Quercetin (Qu)-loaded Casein phosphopeptides (CPP)/
Ul"rasound_ chitosan (CS) nanoparticles. Compared with the control, the above ternary nanoparticles with the smallest size
Encapsulation . (241.27 nm, decreased by 34.32%), improved encapsulation efficiency of Qu (78.55%, increased by 22.12%)
g;?te;:azhmph(’pemldes when prepared under following conditions: ultrasonic frequency, 20/35/50 kHz; the power density, 80 W/L; the
Stability time, 20 min, and the intermittent ratio, 20 s/5s. Electrostatic interactions, hydrogen bonding, and hydrophobic

interactions were the main driving forces for nanoparticles formulation, which were strengthened by ultrasound
treatment. The compact, homogeneous and spherical composite nanoparticles obtained by sonication were
clearly observed by scanning electron microscope and atomic force microscope. The environmental stability
(NaCl, pH, exposure time, storage time, and simulated gastrointestinal digestion) and antioxidant activity of the
ternary nanoparticles were remarkably enhanced after ultrasonic treatment. Furthermore, the ternary nano-
particles prepared by ultrasound exhibited excellent stability in simulated gastrointestinal digestion. The above
results indicate that ultrasound not only increases the loading of the nanoparticles on bioactive substances but
also improves the environmental stability and antioxidant activity of the formed nanoparticles. Ultrasound-
assisted preparation of nanoparticles loaded with bioactive substances could be well used in the functional
food and beverage industry.

Antioxidant activity

1. Introduction

Quercetin (Qu) (3,5,7,3,4-pentahydroxy flavone) is a natural flava-
nol found in diverse seeds, fruits, and vegetables including apple, onion,
legumes, and chili peppers [1]. Recently, Qu has gained considerable
attention owing to its multiple physiological benefits, such as antioxi-
dant, anti-diabetic, and anti-inflammatory activity [2]; it is now
considered as one of the best candidates as a nutritional supplement.
However, the application of Qu is limited in food and clinical industries
because of its inherent physicochemical instability, high hydrophobici-
ty, and poor oral bioavailability [3]. The use of nanoparticle delivery
systems to encapsulate Qu is an effective method to overcome these

shortcomings. Because of their biocompatibility, non-toxicity, high
nutritional value, and intrinsic biodegradability, natural compounds
having nano-architectures, such as starch, lipids, polysaccharides, and
proteins, are regarded as promising and effective delivery carriers [4].

The utilization of proteins and peptides to fabricate new nano-
particles for the delivery of bioactive compounds by molecular self-
assembly has been the subject of extensive research for decades [5,6].
Protein-derived peptides have the same amphiphilic properties as pro-
teins, and their smaller molecular weight and exposure to a large
number of active groups lead to more advantages than proteins as
embedding materials [7]. Furthermore, peptides can self-assemble in an
orderly manner (“bottom-up” method and “top-down” strategy) to form

* Corresponding author at: School of Food and Biological Engineering, Jiangsu University, 301 Xuefu Road, Zhenjiang 212013, China.

E-mail address: renxiaofeng@ujs.edu.cn (X. Ren).

https://doi.org/10.1016/j.ultsonch.2021.105830

Received 22 October 2021; Received in revised form 5 November 2021; Accepted 12 November 2021

Available online 14 November 2021
1350-4177/© 2021 The Authors.

(http://creativecommons.org/licenses/by-nc-nd/4.0/).

Published by Elsevier B.V. This is an open access

article under the CC BY-NC-ND license


mailto:renxiaofeng@ujs.edu.cn
www.sciencedirect.com/science/journal/13504177
https://www.elsevier.com/locate/ultson
https://doi.org/10.1016/j.ultsonch.2021.105830
https://doi.org/10.1016/j.ultsonch.2021.105830
https://doi.org/10.1016/j.ultsonch.2021.105830
http://creativecommons.org/licenses/by-nc-nd/4.0/

Q. Liang et al.

regular nanostructures [8]. Zhang, Zhao, Ning, Yu, Tang and Zhou [9]
found that self-assembled soy peptides could effectively control the
release of curcumin at the intestinal stage and significantly improve its
bioavailability. Wang, Yang, Patanavanich, Xu and Chau [10] reported a
novel nanoparticle prepared by self-assembly of modified aromatic di-
peptides triggered by enzymes that could be used for drug delivery.
More relevant studies on peptide-related building blocks (including
secondary amphiphilic peptides, cyclic peptides, surfactant-like oligo-
peptides, etc.) clearly showed that peptide-based nanostructures have a
great potential as delivery vehicles for bioactive compounds [9]. Casein
phosphopeptides (CPP), a phosphorylated bioactive peptide derived
from casein, is widely used as a carrier for calcium delivery. Recent
studies have found that the phosphate group (PO4>) carried by CPP
leads to its negatively charged groups of polyanion, which can be well
combined with the cationic chitosan oligosaccharides [11]. Zhu, Hou
and He [12] reported the chitosan (CS)/TPP shell structure formed via
ionic gelation interactions showed appropriate colloidal stability,
calcium-loading capacity and ability to delay digestion in gastrointes-
tinal conditions. Taking into account the self-assembly properties of the
peptide itself and the advantage that CPP can effectively form complexes
with cationic polysaccharides, it is feasible to make a CPP/CS composite
structure for encapsulation and delivery of bioactive compounds.

Owing to its special cavitation, heating, dynamic stirring, shear
stress, and turbulence properties, ultrasound is increasingly applied in
various research areas, including assisted enzymatic hydrolysis, assisted
freezing, and extraction of bioactive components [13]. Recently, ultra-
sound technology has also been proven to be a very effective tool for
improving the encapsulation efficiency of bioactive compounds. Liang,
Ren, Zhang, Hou, Chalamaiah, Ma and Xu [14] reported that ultrasound
treatment increased the encapsulation efficiency and loading capacity of
resveratrol with zein as a carrier. The resveratrol-loaded zein-chitosan
nanoparticles were successfully prepared by employing various ultra-
sound frequencies; and ultrasound treatment not only reduced the
nanoparticle size but also narrowed their size distribution [15]. Essen-
tially, the encapsulated effect of the bioactive compound is highly
dependent on the protein/polysaccharide complexation structure,
which is constructed through intermolecular interaction, including
electrostatic repulsion, hydrogen bonding, surface hydrophilicity [16].
The ultrasound-induced unfolding of protein/polysaccharide-based
macromolecules exposes their functional groups, which are otherwise
buried in the native structure; unfolded macromolecules are more sus-
ceptible to intermolecular interaction [17,18]. The increased collision
frequency between macromolecules induced by ultrasound is particu-
larly important, as it improves their intermolecular interaction [19].
From another perspective, the alteration of intermolecular forces caused
by ultrasound can also lead the resulting nanoparticles to undergo
structural and functional changes, which indirectly determine the bio-
logical activity and environmental stability of the embedded com-
pounds. However, just a few research on the bioactivity and
environmental stability of nanoparticles produced by ultrasonic treat-
ment have been reported.

Thus, the objectives of this study are: (a) to focus on the fabrication
of CPP/CS complex with the excellent encapsulated capacity of Qu by
ultrasound, (b) to characterize the structural properties of the Qu loaded
CPP/ nanoparticles, (c) to evaluate the stability of ternary nanoparticles
to environmental factors, including NaCl, pH, exposure time, storage
time and simulate gastrointestinal digestion, (d) to analyze the antiox-
idant activity (DPPH radical scavenging rate, ABTS scavenging rate and
Fe3" reducing power) in vitro of the ternary nanoparticles prepared by
ultrasound treatment.
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2. Materials and methods
2.1. Materials

Casein phosphopeptides (CPP) (purity > 80%) were purchased from
Shanghai Yien Chemical Technology Co., Ltd. (Shanghai, China). CS
(Deacetylation Degree 80.0-95.0%), Qu (purity > 99%) were purchased
from Sinopharm Group Chemical Reagent Co., Ltd. (Shanghai, China).
Pepsin, Pancreatin and 2,2-diphenyl-1-picrylhydrazyl (DPPH) were
bought from Sigma-Aldrich (St. Louis, MO, USA). Other reagents are of
analytical grade.

2.2. Fabrication of Qu-loaded CPP/CS (CPP-CS-Qu) nanoparticles

In order to prevent Qu from being decomposed, all the treatments
and determinations of Qu in the following paragraphs were carried out
in the dark. Stock solutions of Qu, CPP and CS at a concentration of 1.5
mg/mL were prepared by dissolving them in absolute ethanol, distilled
water and 1.0% (w/v) acetic acid, respectively. First, the Qu solution
was mixed with CPP solution at a ratio of 1:5 (v/v) and stirred for 15
min. By consequential addition of the same volume of CS solution as CPP
to the above suspension with further stirring for 15 min at room tem-
perature, and the pH of the mixture was adjusted to 6 to form Qu-loaded
CPP/CS nanoparticles. An equal volume of blank solution was used
instead of Qu, CS solution to prepare CPP/CS (CPP-CS) complex, Qu-
loaded CPP (CPP-Qu) nanoparticles, and other processing steps
remained unchanged.

2.3. Ultrasound treatment of the CPP-CS-Qu nanoparticles

A multi-frequency power ultrasound equipment developed by our
research team and manufactured by Meibo Biotechnology Co., Ltd
(Zhenjiang, Jiangsu, China) was used to process the sample in this study
(Liang et al., 2018). The CPP-CS-Qu nanoparticles prepared in section
2.2 were ultrasonicated immediately at various levels of ultrasound
conditions as follows: different ultrasound frequency (single frequency,
20, 35, and 50 kHz; simultaneous dual-frequency 20/35, 20/50, and 35/
50 kHz, and synchronous triple-frequency 20/35/50 kHz); different
ultrasound time (5, 10, 15, 20 and 30 min); different ultrasound power
density (30, 40, 60, 80 and 100 W/L); different ultrasound intermittent
ratio (10 s/5s, 20 s/5s, 30 s/5s, 50 s/5s and continue working). When
one of the above ultrasound conditions altered, the other ultrasound
conditions were fixed as simultaneous dual-frequency 35/50 kHz, ul-
trasound power density 60 W/L, ultrasound time 10 min and ultrasound
intermittent ratio 30 s/5s. During the entire ultrasonic treatment pro-
cess, the temperature of the sample was controlled at 25 °C through a
circulating water bath. The control sample was prepared using a mag-
netic stirrer instead of ultrasound and other conditions remained
unchanged.

According to the results of the above ultrasound single-factor tests,
three best parameters of each ultrasonic condition were selected for
orthogonal optimization; the encapsulation efficiency (EE) of Qu and
average particle size were used as evaluation indicators, and the
comprehensive weighted scoring method was used to process the data of
the evaluation indicators. The maximum EE and the minimum average
particle size were set as 100 points, and the weight coefficient was set as
0.5. The comprehensive score was calculated according to the following
formula:

Comprehensive score = 0.5 x 100 x (EE/maximum EE + minimum average particle size/average particle size) (€D)]
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The orthogonal test factor level table was shown in Table S1. The
CPP-CS-Qu nanoparticles prepared under the optimal ultrasonic condi-
tions (CPP-CS-Qu (US)) were divided into two parts, one part was
immediately subjected to further analysis and application, and the other
part was freeze-dried for subsequent analysis.

2.4. EE and loading capacities (LC)

The EE and LC of Qu were determined by a spectrophotometer as
described by Liang, Ren, Zhang, Hou, Chalamaiah, Ma and Xu [14] with
some modification. Briefly, freshly prepared colloidal dispersions were
centrifuged at 10,000 g for 20 min to collect the undissolved Qu at 4 °C.
The obtained supernatant was then subjected to ultrafiltration using
Millipore’s Amicon Ultra-15 centrifugal filter devices with molecular
weight cut-offs 10 kDa. The free Qu amount in the filtrate was measured
using UV-Vis spectroscopy (Varian Inc., Palo Alto, USA) at A = 374 nm.
1 to 12 pg/mL of Qu prepared and diluted with aqueous ethanol (80%,
v/v) was used to establish a standard curve for the calculation of Qu
content [20]. The EE and LC of Qu were calculated using the following
equations:

EE(%) = (Total Quamount — Free Quamount)/Total Quamount x 100%

LC(%) = (Total Quamount — Free Qu amount) / Total encapsulation amount x

2.5. Structural characterization

2.5.1. Intrinsic fluorescence spectrum

The fluorescence measurements were performed using a spectroflu-
orometer (Varian, Card F-98, USA). The concentration of fresh samples
was adjusted to 0.25 mg/mL with HCl (pH 6.0). The experiment con-
ditions were as follows: excitation and emission bandwidths, 10 nm and
5 nm; scanning speed, 100 nm/min; emission wavelength, 290-500 nm;
excitation wavelength, 280 nm.

2.5.2. Fourier transform infrared (FTIR) spectroscopy

The lyophilized samples (1 mg) were mixed with KBr (11 mg) and
pressed into slices with 1-2 mm. The FTIR of the samples were recorded
by an infrared spectrophotometer (Thermo Nicolet Co., Nicolet iS50,
USA) with scanning wavelengths from 4000 cm™! to 400 cm ™.

2.5.3. X-ray diffraction (XRD)

The crystalline structure was analyzed using a diffractometer (Bruker
AXS, D8 Advance, German). The diffraction pattern of the samples from
X-rays at 20 was recorded ranging from 5° to 80° at a scanning rate of 5°/
min. The instrument was operated at an acceleration voltage of 40 kV
and a tube current of 40 mA.

2.5.4. Scanning electron microscopy (SEM)

The microstructures of the sample were observed by a scanning
electron microscope (FEI Inc, Nova NanoSEM 450, USA). The freeze-
dried sample was smeared onto an aluminum plate with a two-sided
adhesive ztape and operated at an accelerating voltage of 5 kV.

2.5.5. Atomic force microscopy (AFM)
A drop of the sample (20 pL) was deposited on a mica matrix and
placed in an incubator to evaporate the solvent at 25 °C. The AFM image
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was captured by a multimode atomic force microscope (Bruker Inc.,
Multimode8, Germany), which used a single crystal silicon cantilever
needle to operate in ScanAsyst mode.

2.6. Determination of the stability

2.6.1. Effect of pH

The nanoparticle dispersions were adjusted to a range of pH values
(3.0, 4.0, 5.0, 6.0 and 7.0) using 1 M HCl or 1 M NaOH. The particle size
of samples was measured by the equipment of Malvern Nanosizer ZS
(Malvern Inc., Malvern, UK). The experimental environment tempera-
ture is 25 °C.

2.6.2. Effect of ionic strength

The NaCl solution was added to the nanoparticle dispersion so that
the final NaCl concentration of the sample was 0, 25, 50, 100, 200 and
300 mM, respectively. The particle size of nanoparticle dispersions was
measured as described in section 2.6.1.

2.6.3. Effect of exposure time

The freshly prepared free Qu and Qu-loaded nanoparticle dispersions
were respectively filled into transparent glass bottles, and then placed in
a light cabinet with 0.24 m®) and exposed to ultraviolet (UV) light
(wavelength 253.7 nm, power 20 W). Light stability was determined by

100% 3

measuring the retention rate of Qu after 0, 30, 60, 90, 120, 150, 180 and
210 min of ultraviolet light exposure [21]. The Qu in the sample was
fully extracted with aqueous ethanol (80%, v/v), and its content was
determined as described in section 2.4. The retention rate of Qu was
calculated using the following equations:

The determined Qu amount < 100% @

Retentionrate(%) = Total Q ;
otal Qu amoun

2.6.4. Effect of storage time

The freshly prepared Qu-loaded nanoparticle dispersions were stored
at 4 °Cin a dark and airtight condition for 28 d. The storage stability was
determined by measuring the retention rate of Qu at a certain time in-
terval (0, 2, 4, 7, 14, 28 d). The stored dispersion was centrifuged at
10,000 rpm for 5 min and the supernatant was subjected to determine
the retention rate of Qu as described in section 2.6.3.

2.6.5. Simulated gastrointestinal digestion

Simulated gastrointestinal digestion was conducted according to the
method as described by Chen et al. with slight modification [22]. After
adjusted to pH 2.0 with 1 M HCI, 40 mL dispersion of fresh sample was
preheated in a shaker (37 °C, 100 rpm) for 10 min; 26.7 mg of pepsin
was added and mixed well to start simulating gastric digestion for 1 h.
Then 13.6 mg of pancreatin, 200 mg of bile salts were added after
adjusting the concentration of KHoPO4 to 0.05 M and pH to 7.4 with 5.0
M NaOH; this mixture was further incubated for 6 h in a shaking water
bath (37 °C, 100 rpm). During the entire simulated digestion process, 3
mL of digested samples were collected at different simulated digestion
times (0, 30, 60, 90, 120, 150, 180 min) for analysis.

2.7. Determination of antioxidant activity

2.7.1. DPPH' Radical scavenging activity

The DPPH radical scavenging activity of the sample was determined
as described by Tatjana, Nikola, Aleksandar, Dubravka, JJelena, ZZor-
ana and Boris [23] with slight modifications. The sample (2 mL) was
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Fig. 1. Effects of ultrasound treatment with working mode and different frequency and (A), power density (B), time (C) and intermittent ratio (D) on the encap-
sulation efficiency and loading capacity of quercetin by casein phosphopeptides/chitosan complex coacervation. Different letters indicate significant differences (p

< 0.05).

added to 2 mL of 0.2 mM DPPH (dissolved in absolute ethanol) and
mixed thoroughly. After reacting for 30 min at 37 °C in the dark, the
absorbance of the reaction solution was immediately read at 517 nm.
The scavenging rate was calculated as follows:

DPPH' radical scavenging rate (%) = [1-A1/Ap] x 100 (5)

Where Ay was the absorbance of the control, which was prepared
using distilled water instead of the sample; A; was the absorbance of the
sample.

2.7.2. ABTS Radical scavenging activity

The ABTS' radical scavenging activity was determined according to
the method described previously [24]. ABTS' radicals were produced by
mixing ABTS (7.4 mM) and potassium persulfate (2.6 mM) at a ratio of
1:1 (v/v), and reacting for 16 h in the dark at 25 °C. Then the ABTS
solution was diluted with 10 mM PBS pH 7.0 until its absorbance value
was 0.6-0.8 at 734 nm. 100 pL of the samples were added to 4 mL of
diluted ABTS solutions and mixed thoroughly. The absorbance of the
mixture was measured at 734 nm after reacting for 6 min at 37 °C. The
ABTS' scavenging rate was calculated as follows:

ABTS scavenging rate (%) = [1-(A7)/Ap] x 100 (6)

Where Ay is the absorbance of the blank, A1 is the absorbance of the
sample.

2.7.3. Reducing ability

The reducing power was measured according to the method of
Oyaizu [25] with some modifications. 2.5 mL of the sample was mixed
with 2.5 mL 1% potassium ferricyanide and then the mixture was
incubated for 20 min at 50 °C. After incubation, 2.5 mL of 10% TCA was
added to terminate the reaction. Then 2 mL of supernatant of the above

mixture was taken off and mixed with 2 mL of distilled water, and 0.5
mL of 0.01% ferric chloride. After standing at room temperature for 10
min, the absorbance of the resulting mixture was read at 700 nm; the
greater the absorbance, the stronger the reduction ability.

2.8. Statistical analysis

All experiments were carried out in triplicate, and the result was
expressed as mean =+ standard deviation. Through the program SPSS
Statistics 19.0 (SPSS Inc., Chicago, IL, USA), analysis of variance and
Tukey’s test were used for the data analysis, and a p value of < 0.05 was
of significant difference. The corresponding graphs were drawn using
the software OriginPro8.5 (Origin Lab Corporation, Northampton, MA,
USA).

3. Results and discussion

3.1. Effect of ultrasonic treatment on the EE and LC of Qu by CPP/CS
complex

Ultrasound can be categorized into several different regions along
the frequency spectrum. Among them, power ultrasound (16-100 kHz)
is characterized by a large bubble resonance size, followed by violent
bubble collapse, which usually produces strong physical effects
including local shear and high temperature. Therefore, power ultra-
sound is usually selected for emulsification, homogenization, cell
disruption, polymerization and encapsulation [19]. The Qu-loaded CPP/
CS nanoparticles were prepared by multi-frequency power ultrasound at
different frequencies, power intensities, work time, and intermittent
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ratio. EE and LC are the crucial parameters for evaluating the feasibility
of ultrasound-assisted encapsulation delivery systems for potential ap-
plications. Fig. 1 shows the effects of ultrasound work conditions on the
EE and LC of Qu. Results illustrated that ultrasound treatment could not
affect the LC of Qu. In contrast, the EE of Qu increased obviously under
ultrasound treatment. The above result indicated that there might be
more macromolecular structures that could be stretched by ultrasound
treatment, which interacted with more Qu, so that the EE could be
improved. The fact that the LC remained unchanged might be attributed
to an increase in the content of the CPP/CS complex utilized to load Qu.
Compared to the control group (EE, 64.32%), all ultrasound work modes
and frequencies can significantly (p < 0.05) improve the EE of Qu
(Fig. 1A). The synchronous dual-frequency (35/50 kHz) ultrasound
treatment had the best effect of all the ultrasound treatments, and its EE
was maximized. This finding was consistent with our earlier work,
which discovered that a certain combination of simultaneous dual-
frequency ultrasonic processing might generate nanoparticles with
higher EE [14]. The mutual interference or superposition of two fre-
quencies (35 kHz and 50 kHz) might produce more resonance with the
complex encapsulation system, which was conducive to the expansion of
the macromolecular structure and the strengthening of the interaction
between molecules, leading to an increase in the EE of Qu. The effects of
ultrasonic power intensity on Qu’s EE and LC can be seen in Fig. 1BThe
EE and LC of Qu progressively rose as the power intensity increased,
reaching the maximum (74.24%) at 80 W/L, which was 12.35% higher
than that of the control (ultrasound untreated nanoparticles). The
sonochemical yield will increase as the ultrasound power intensity is
increased [26], which could help to improve the EE. Sutkar and Gogate
[27] ascribed this phenomenon to the enhanced cavitation effect due to
the slight increase in the collapse pressure, and the realization of more
cavitation active volume and longer life. When the ultrasonic power was
further increased to 100 W/L, the EE decreased significantly, indicating
that excessive ultrasonic power might be not conducive to the formation
of intermolecular non-covalent forces and the occurrence of embedding.
As shown in Fig. 1C, ultrasound treatment time had a significant (p <
0.05) effect on the EE of Qu. The EE increased gradually as the operating
time of the ultrasound treatment prolonged, reaching its maxima
(73.43%) at 15 min and beyond that, the value was declined, even were
lower than the control group. This result might be owing to differences
in ultrasound times causing dynamic changes in the structures of CS and
CPP, resulting in variations in exposed non-covalent bonds, changes in
intermolecular interaction forces, and eventually a variety of EE of Qu
by CPP/CS complex. Previous studies have also confirmed that con-
trolling the ultrasound treatment time could result in macromolecular
protein and polysaccharide with different structural properties, which
were closely related to their functional properties [28]. Fig. 1D illus-
trated the effect of ultrasound intermittent ratio on the EE of Qu by the
CPP/CS complex. Ultrasound intermittent ratio had a significant influ-
ence on the EE of Qu. It could be seen that the increase in the extent of EE
of Qu obtained was higher in the case of ultrasound having the inter-
mittent ratio of 30 s/5s as compared to that obtained under other ul-
trasound intermittent ratios. Long-term continuous ultrasonic treatment
might cause a substantial increase in the system temperature, which was
difficult to be reduced instantaneously by water bath cooling. Therefore,
the continuous rise in temperature might cause Qu inactivation and
weaken the effect of the ultrasonic treatment to improve the embedding
of the nanoparticles on Qu. On the contrary, frequent stops during the
ultrasonic treatment might cause frequent interruption of the energy
received by the complex system, which might be not enough to break up
agglomerates, reduce the size of macromolecules and help the exposure
of non-covalent bonds, thus failing to achieve the best encapsulation
effect.

Based on the above single factor experiment, the Lo(3*) orthogonal
experiment was further used to optimize the combination of ultrasonic
conditions that were used to prepare the CPP-CS-Qu nanoparticles.
Particle size is the crucial parameter for the preparation of stable
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Fig. 2. Intrinsic fluorescence spectra (A), Fourier transform infrared spectra
(B), and X-ray diffraction spectra (C) of the prepared samples. Qu, native
quercetin; CPP, casein phosphopeptides; CS, chitosan; CPP-Qu, quercetin-
loaded casein phosphopeptides nanoparticles; CPP-CS, quercetin-loaded chito-
san nanoparticles; CPP-CS, casein phosphopeptides/chitosan complex coacer-
vation; CPP-CS-Qu, quercetin-loaded casein phosphopeptides/chitosan
nanoparticles; CPP-CS-Qu (US); quercetin-loaded casein phosphopeptides/chi-
tosan nanoparticles prepared by ultrasound.
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Fig. 3. Scanning electron microscopy images of the prepared samples. Qu, native quercetin; CPP-Qu, quercetin-loaded casein phosphopeptides nanoparticles; CPP-
CS-Qu, quercetin-loaded casein phosphopeptides/chitosan nanoparticles; CPP-CS-Qu (US); quercetin-loaded casein phosphopeptides/chitosan nanoparticles pre-

pared by ultrasound.

encapsulation for targeted nutrition and medical applications [29]. In
addition to the EE of Qu, the average particle size was also included in
the evaluation index. Results of the range analysis in Table S1 showed
the influential orders of the four factors to weighted scorings were A > B
> D > C; the optimal ultrasonic process conditions were A3B;C3D1,
which implied that, the ultrasonic frequency, power, time and inter-
mittent ratio were 20/35/50 kHz, 80 W/L, 20 min, and 20 s/5s,
respectively. Additionally, Table S2 further validated the significant
influence of the above four ultrasound factors on the encapsulation ef-
ficiency and average particle size of the CPP-CS-Qu nanoparticles. Since
the optimal ultrasonic process conditions (A3B2C3D;) obtained from the
above analysis were not present in the Table S1, the verification tests
were performed and the resultswere: EE of Qu, 78.55 + 0.70%; the
average particle size, 241.27 + 7.63 nm. As compared to the control
group (EE, 64.32%; average particle size, 367.34 nm), the EE of the Qu
of the CPP-CS-Qu nanoparticles prepared by ultrasound increased by
22.12%, and its average particle size was reduced by 34.32%. The CPP-
CS-Qu nanoparticles prepared by the above optimal ultrasonic condi-
tions were used for the following analysis of structure, environmental
stability, and antioxidant activity.

3.2. Characterization of nanoparticles

3.2.1. Intrinsic fluorescence spectra

The fluorophore is sensitive to the polarity of the microenvironment
of aromatic amino acid residues (tryptophan, tyrosine and phenylala-
nine); the interaction between proteins with the above amino acid res-
idues and other molecules may cause fluorescence shift or fluorescence
quenching [30]. Therefore, fluorescence is widely used to study mo-
lecular interactions between proteins and other substances. As presented
in Fig. 2A, the emission fluorescence intensities of all samples (excited at
wavelength of 280 nm) had a maximus value at about 340 nm, indi-
cating that there was a large amount of tryptophan in CPPs. Obviously,
the complex of CPP and CS decreased the fluorescence intensity of CPP.
This was similar to the result of Hu, Wang, Li, Zeng and Huang [11] that
CS could interact with peptides through hydrophobic interactions,
resulting in a decrease in fluorescence intensity. While the fluorescence

intensity of CPP-Qu and CPP-CS-Qu nanoparticles was much lower than
that of CPP-CS nanoparticles; the combination of Qu and CPPs caused
most fluorescence quenching of CPPs. Fluorescence quenching might be
attributed to a variety of molecular interactions, including molecular
rearrangement, ground-state complex formation, energy transfer, and
collision quenching. [31]. In addition, compared with CPP, the A a5 of
CPP-Qu and CPP-CS-Qu nanoparticles exhibited a red shift of about 9
nm, indicating that the combination of Qu and CPP might change the
structure of CPP, stretch the polypeptide chain, and expose more hy-
drophobic group. It could be further speculated that there is a hydro-
phobic force between the molecules inside the nanoparticles. The
fluorescence of CPP-CS-Qu (US) nanoparticles was reduced to almost
zero, indicating that ultrasound enhanced the interaction between
molecules including hydrophobic forces. However, after ultrasound
treatment, there was no red shift appeared at the maximum wavelength.
Similarly, Ma, Yan, Hou, Chen, Miao and Liu [32] prepared the soy
protein isolate-citrus pectin complex and found that ultrasound treat-
ment also reduced the fluorescence intensity of the SPI-CP complex
without affecting Ayax. Jing et al. found that compared with the tradi-
tional alkaline/free radical method, the ultrasound-assisted method also
did not change Anax of egg white protein-tea polyphenol complexes [33].

3.2.2. FTIR spectra

FTIR was used to investigate the structural interaction of CPP-CS-Qu
particles, as shown in Fig. 2B. The peaks of CPPs and CS were 3289 and
3362 cm?, respectively, indicating hydrogen bonding (3200-3400
cm_l, N-H stretching) [34]. The complexation of CPPs and CS induced
the formation of hydrogen bonds as the peaks shifted to 3439 cm™*. The
peak of CPP-CS-Qu nanoparticles at 3289 cm™! is implied to the for-
mation of a new hydrogen bond between the ternary complex resulted
from its breakdown in the original binary complex. Interestingly, as
compared to CPP-CS, the peak intensity of CPP-CS-Qu nanoparticles was
greatly reduced. However, some studies have reported that encapsu-
lating bioactive chemicals in protein/polysaccharides strengthens
hydrogen bonds between molecules, resulting in a significant increase in
peak intensity, which contradicts the findings of this study [35,36]. The
FITR spectra of Qu revealed a large and broad peak in the opposite



Q. Liang et al. Ultrasonics Sonochemistry 80 (2021) 105830

25.9 nm

-9.3 nm

38.6 nm

-12.7 nm

Height 10.0 um

87.1 nm

-71.0 nm

0.0 ~ Height 10.0 um

71.5 nm

-31.7 nm

0.0 Height 10.0 um

Fig. 4. Atomic force microscopy images of the prepared samples. Qu, native quercetin; CPP-Qu, quercetin-loaded casein phosphopeptides nanoparticles; CPP-CS-Qu,

quercetin-loaded casein phosphopeptides/chitosan nanoparticles; CPP-CS-Qu (US); quercetin-loaded casein phosphopeptides/chitosan nanoparticles prepared
by ultrasound.

direction near 3500 cm™'. Therefore, it was inferred that the peak intensity representing the hydrogen bond was weakened. The CPPs also
representing the hydrogen bond of the ternary complex might be exposed characteristic peaks at 1655 cm ™! and 1538 cm ™}, representing
masked by other peaks of Qu; a phenomenon appeared wherein the peak the amide I band (1600-1700 cm ™, C-O and C-N stretching) and the
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amide II band (1400-1500 cm’l, N-H deformation and C-N stretching),
respectively [28]. It was found that the complexation of CPPs and CS
shifted above peaks to 1578 cm ™! and 1412 cm ™! confirming the elec-
trostatic interaction between protein and polysaccharide in addition to
hydrogen bonds [15]. Hu, Wang, Li, Zeng and Huang [11] reported that
ionic crosslinking of the -NH3 * groups on CS to the -PO4  groups on
CPPs also played an important role in the complexation of CPPs and CS.
Compared with the CPP-CS composite, the amide I and amide II bands of
the CPP-CS-Qu nanoparticles moved to 1576 em~! and 1412 em™ 1,
indicating that the encapsulation of Qu caused a change in electrostatic
interaction. After ultrasound treatment, the hydrogen bond, amide I and
II bonds remarkably red-shifted to 3302 em™!, 1578 cm™! and 1423
cm ! respectively. Furthermore, the peaks representing amide I and II
bonds in CPP-CS-Qu were strengthened. This result showed ultrasound
induced the stronger and more stable hydrogen bonding and
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electrostatic interactions among CPP, CS, and Qu, which was consistent
with the results of intrinsic fluorescence spectra analyses. CPPs are a
class of milk-derived bioactive peptides rich in phosphoserine (-Ser(P)-),
with a core structure of -Ser (P)-Ser (P)-Ser (P)-Glu-Glu- [37]. The
structure of CPPs was originally stretched, and there was no tertiary and
quaternary structure. The CPPs themselves had more exposed groups
than the macromolecular protein, and might be complexed with each
other through non-covalent bonds. After ultrasound treatment, the in-
teractions between the peptides themselves were broken. Moreover, the
mechanical stirring effect of ultrasound might increase the contact and
collision between polypeptides, polysaccharides, and Qu, thereby
increasing their interactions.

3.2.3. XRD
The crystalline diffraction patterns of CS, CPP, Qu, CPP-Qu, CPP-CS,

3500
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3000  —*— CPP-CS-Qu
—4— CPP-CS-Qu (US)

T

2500 a

2000
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Particle size (nm)
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500 |

CPP-Cs-Qu

CPP-Cs-Qu (US)

Fig. 5. Effect of pH (A) and NaCl concentration (B) on the particle size and visual appearance of the prepared samples. CPP-Qu, quercetin-loaded casein phos-
phopeptides nanoparticles; CPP-CS-Qu, quercetin-loaded casein phosphopeptides/chitosan nanoparticles; CPP-CS-Qu (US); quercetin-loaded casein phosphopep-
tides/chitosan nanoparticles prepared by ultrasound. Different letters indicate significant differences (p < 0.05).
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Fig. 6. Effect of ultraviolet radiation (A) and storage time (B) on the quercetin
retention rate and visual appearance of the prepared samples. Qu, native
quercetin; CPP-Qu, quercetin-loaded casein phosphopeptides nanoparticles;
CPP-CS-Qu, quercetin-loaded casein phosphopeptides/chitosan nanoparticles;
CPP-CS-Qu (US); quercetin-loaded casein phosphopeptides/chitosan nano-
particles prepared by ultrasound. Different letters indicate significant differ-
ences (p < 0.05).

Ultrasonics Sonochemistry 80 (2021) 105830

CPP-CS-Qu, CPP-CS-Qu (US) are shown in Fig. 2C. There were some
sharp peaks for pure Qu, reflecting its crystalline state [3]. In contrast,
CPP and CS presented two flat peaks at diffraction angles 26 of 16.01°
and 32.24°, 16.34° and 20.08°, respectively, reflecting the amorphous
nature of the polysaccharide and protein [38]. Except for the peaks at
14.76° and 30.65° in the CPP-Qu nanoparticles, most of the sharp crystal
characteristic peaks derived from Qu disappeared, indicating that the
encapsulation of Qu by CPP did not completely transform the state of Qu
from the crystalline state to the amorphous state. While, the embedding
of Qu in the CPP-CS complex disappeared all its characteristic peaks,
providing convincing evidence of encapsulation. It could be clearly seen
in Fig. 4C that CPP was tightly attached to the CPP-Qu surface, thus
achieving a complete encapsulation of Qu, which was mutually
confirmed with the XRD of CPP-CS-Qu. Noteworthily, two characteristic
new small peaks appeared on the pattern of the CPP-CS complex, with
diffraction angles of 13.63° and 33.15°. This result could further prove
that an amorphous CPP-CS complex was formed through intermolecular
interaction, which might greatly contribute to CPP-CS for Qu embed-
ding. After ultrasound treatment, the typical peak shape of CPP-CS-Qu
was more rounded. Also, the peak was shifted from 10.53° to 9.160°
with the increase in the peak intensity. This result provided an addi-
tional evidence of the noncovalent interaction change among CPP, CS,
and Qu, which has been well confirmed by the results of FTIR.

3.2.4. Morphology

Morphology of the CPP, CPP-Qu, CPP-Cs-Qu and CPP-Cs-Qu (US)
nanoparticles were investigated by SEM (Fig. 3) and AFM (Fig. 4). CPP
had fine, uniform spherical particles, as seen in Fig. 3a; when combined
with two-dimensional AFM images (Fig. 4a), particle size was calculated
to be<100 nm. This result was consistent with the finding of Hu, Wang,
Li, Zeng and Huang [11], where they observed spherical CPP particles
with smooth surfaces using transmission electron microscopy. Small
molecules CPP might move close to each other and aggregate through
intermolecular interactions, and then formed spherical particles through
some secondary structures such as a-helix, p-sheet, p-turn, and random
coil. After encapsulation of Qu, the CPP-Qu (Fig. 3b) exhibited obvious
larger spherical nanoparticles; the absolute height values of CPP-Qu
(51.3 nm) (Fig. 4b) were significantly larger than that of CPP particles
(35.2 nm), indicating Qu was successfully encapsulated in CPP.
Furthermore, it could be seen that the CPP-Qu nanoparticles were not
uniform, the surface was rough, and the particles appeared connected.
This phenomenon was attributed to the fact that the addition of Qu
changed the morphology of CPP and the formation of CPP-Qu particles
led to the stronger interaction force between the particles. Obviously,
CPP-CS-Qu exhibited a surface microscopic morphology that was
significantly different from that of the CPP-Qu. The results of SEM
(Fig. 3c) and AFM (Fig. 4c) mutually confirmed each other and showed
that the particle size and the height distribution of CPP-CS-Qu particles
were remarkably increased; it seemed that highly hydrophilic CS packed
some individual CPP-Qu particles together and tightly adhered to the
surface of the nanoparticles, forming the so-called core-shell structure.
Wang, Fu, Chen, Shi, Li, Zhang and Shen [39] also reported p-carotene
could be well encapsulated in zein-carboxymethyl CS complex, and most
of the formed nanoparticles were clumped and connected with each
other. Additionally, the boundary between CPP-CS-Qu and CPP-CS-Qu
particles was not clear and even connected into one piece; this agreed
with the previous study that the excess CS molecules adsorbed on the
surface of the CPP interact and form a so-called “hair layer” [11]. After
ultrasound treatment, most of the large aggregate CPP-CS-Qu particles
were broken, the size distribution of nanoparticles became much more
uniform. The absolute height values of the ternary complex were sharply
decreased from 158.1 nm to 103.2 nm. It was worth noting that the
particles were still connected, although the size of the nanoparticles was
reduced. The above result indicated that ultrasound caused a series of
changes in the CPP-CS-Qu nanoparticles; ultrasound might strengthen
and even create core-shell structures in composite biopolymer particles,
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which was similar to the research result of Ma, Jiang, Chen, Wang,
McClements, Liu, Liu and Ngai [40]. Ultrasound treatment broke the
inherent interaction force (both in molecular interior and inter-
molecular) of CPP-CS-Qu nanoparticles, which might make the mole-
cules relatively independent and form a better dispersion. Furthermore,
ultrasound caused a change in the molecular structure, exposing addi-
tional functional groups; when the frequency of collisions between
molecules increased, the molecules move closer to each other through
non-covalent interactions, forming the particles shown in Fig. 3d and
Fig. 4d.

3.3. Stability of nanoparticles

Colloidal nanoparticle delivery systems could experience a series of
environmental conditions such as pH, ionic strength, exposure time, and
storage time in commercial products. Therefore, it is necessary to
evaluate the effects of various environmental stresses on the stability of
the complex nanoparticles. The impact of pH (3-7) on the particle size
and visual appearance of the prepared nanoparticles was studied. As
shown in Fig. 5, the CPP-Qu particles were unstable; especially at the pH
4 and 5, the particle size exceeded 1500 nm; and the small white ag-
gregates could be clearly seen in the corresponding apparent image.
While, the CPP-CS-Qu particles were tentatively stable at pH 4-6,
indicating the addition of CS effectively prevented the turbidity and
eventually precipitation of CPP-Qu particles. CS was viscous and soluble
in dilute acid; in dilute acid, the p-1,4-glycosidic bond of CS could be
broken and CS would be hydrolyzed to oligomeric CS with cationic
groups, which could tightly adhere on the surface of CPP-Qu by inter-
action with the PO43' ionic gelation [11]. The electrostatic repulsion
between the formed CPP-CS-Qu nanoparticles might be stronger than
that of CPP-Qu, which overcame van der Waals and hydrophobic effects,
thus presenting a visible and stable colloidal solution state. The phe-
nomenon that CPP-CS-Qu particles had a sharp increase in particle size
and precipitation at pH 7 could be explained as the pH might be close to
the isoelectric point of CS [11]. As the pH value increased, the proton-
ation of the CS surface decreased, and the repulsive effect between
particles even disappeared; therefore, rapid agglomeration of particles
was formed [41]. After ultrasound treatment, the particle size of CPP-
CS-Qu was significantly reduced within the detected pH range; the
appearance of CPP-CS-Qu in the glass bottle was more uniform and
clearer. Ultrasound has been well proven to have the ability to control
particle size and make them more uniform [41].

The influence of ionic strength (NaCl, 0-300 mM) and particle size
and visual appearance of the prepared samples were shown in Fig. 5B.
Apparently, the particle size of CPP-Qu increased greatly with the in-
crease of NaCl concentration; when the NaCl concentration exceeded
100 mM, the particles aggregated to form a visible precipitate. This
result might be attributed to the addition of a high concentration of NaCl
that changed the interaction between CPP-Qu nanoparticles; enough
counter ions (Na', CI") neutralized the charge of the nanoparticles,
generating electrostatic shielding and weakening the intermolecular
electrostatic repulsion, which lead to the aggregation and precipitation
of nanoparticles [31]. However, CPP-CS-Qu particles exhibited excellent
stability within the range of ion concentration, even though the colloidal
particles increased slightly from 248 nm to 436 nm with the increase of
NaCl concentration. On the contrary, Dai, Li, Wei, Sun, Mao and Gao
[31] reported curcumin-loaded zein-rhamnolipid complex nanoparticles
were highly unstable and their aggregations were formed at higher NaCl
concentrations (100-300 mM). The difference might be related to the
physicochemical properties of the polysaccharides and proteins
involved in the encapsulation. The excellent ion resistance of CPP-CS-Qu
nanoparticles might be attributed to the strong steric hindrance of CS
adsorbed on CPP-Qu by electrostatic attraction. The particle size of CPP-
CS-Qu (US) was significantly smaller than that of CPP-CS-Qu at 0-100
mM NaCl, indicating ultrasound treatment decreased the particle size of
CPP-CS-Qu at a low concentration of NaCl. While, the increase in NaCl
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concentration more than 100 mM had the dominant influence of ionic
strength on the size of nanoparticles.

The effect of UV light time on the Quretention rate of the prepared
nanoparticles were shown in Fig. 6. With the prolongation of exposure
time, the free Qu was quickly decomposed. When the exposure time
reached 210 min, the retention rate was<60%, demonstrating once
again that natural Qu was easily degraded by light, and that this was due
to the oxidation and decarboxylation of the carbon ring on its primary
chain [42]. Compared with free Qu, the degradation rate of Qu in CPP-
Qu and CPP-CS-Qu nanoparticles tended to be slower; when exposed to
210 min, the retention rates were 74.92% and 85.87%, respectively
indicating that CPP and CS as Qu transport carriers could effectively
protect Qu and retard its degradation under UV radiation. Meng, Wu,
Xie, Cheng and Zhang [38] reported that some functional groups such as
aromatic amino acid residues and double bonds of proteins/peptides
could absorb ultraviolet light, thereby enhancing the protection of Qu.
Furthermore, the close interaction between the molecules caused Qu to
be wrapped by CPP and CS layer by layer, providing a strong physical
barrier for Qu so that the active groups of Qu were protected from
environmental stress. Similarly, Cuevas-Bernardino, Leyva-Gutierrez,
Jaime Vernon-Carter, Lobato-Calleros, Roman-Guerrero and Davidov-
Pardo [21] also found that the complex of pea protein and soybean
gum could improve Qu’s ability to resist photooxidation; the reason
might be that the thick polysaccharide layer formed in the ternary
complex provided a strong physical barrier for Qu, thereby effectively
reducing photochemical degradation. Additionally, the retention rate of
Qu in CPP-CS-Qu (US) nanoparticles was better than that of CPP-CS-Qu
nanoparticles; especially with the increase of the exposure time, the
ability of Qu in the CPP-CS-Qu (US) nanoparticles to resist photolysis
became more obvious. This indicated ultrasound-assisted preparation of
CPP-CS-Qu nanoparticles could improve the resistance of Qu in nano-
particles to UV decomposition. CPP-CS-Qu (US) has a narrow, homo-
geneous particle size distribution and a compact structure, allowing
each Qu to be well protected, as shown in Fig. 4, which supported the
above experimental results.

The effect of storage time on the Qu retention rate and visual
appearance of the three prepared nanoparticles was shown in Fig. 6B.
With the extension of the storage time, the retention rate of Qu in the
solution gradually decreased, and some nanoparticles were precipitated,
indicating that the stability of the nanoparticles was reduced. The
retention rate of Qu occurred in decreasing order within 28 d, where
CPP-CS-Qu (US) (66.66%) > CPP-CS-Qu (60.24%) > CPP-Qu (43.03%).
Therefore, it could be inferred that the stability of CPP-CS-Qu (US)
nanoparticles was better than that of CPP-CS-Qu, followed by CPP-Qu.
In fact, Qu is insoluble in water, and can’t be detected in a water sys-
tem. The stability of CPP-Qu in the solution could be attributed to the
existence of a certain electrostatic repulsion between CPP-Qu particles.
The higher stability of CPP-CS-Qu particles compared to CPP-Qu parti-
cles highlighted that, in addition to electrostatic stability, the steric
stabilization mechanism imparted to the system by the CS coating was
important to avoid coalescence and precipitation of nanoparticles. The
retention rate of Qu of CPP-CS-Qu (US) particles was 66.66% on the 28th
day, which was 11% higher than CPP-CS-Qu. This result indicated that
ultrasound treatment significantly improved the stability of CPP-CS-Qu
nanoparticles in the solution. Ma, Jiang, Chen, Wang, McClements, Liu,
Liu and Ngai [40] reported that ultrasonic treatment could promote the
dispersion of reactants and improve the dispersibility of biopolymers in
solution. Ultrasound has also been fully proven to effectively reduce the
zeta potential and PDI of the ternary complex (zein-gum Arabic-
resveratrol), which is beneficial to its stability in the solution medium.
Furthermore, the efficient intense-shear forces generated during ultra-
sonic cavitation could be used to create small and relatively uniform
nanoparticles [19]. On the other hand, ultrasound might break the
original non-covalent force between the ternary complexes, cause
certain changes in the structure of CPP and CS, exposing more functional
groups, and establishing new and more stable intermolecular forces.



Q. Liang et al. Ultrasonics Sonochemistry 80 (2021) 105830
ng try

100 | A a
a a
\ 13
S
T 80 | '\\
£ ¢
on
=]
o 60 |-
>
<
F]
g
5 40
e
E d
D 20 - T
c N
’ o S)
o O S o Qo -
) 6\(\@ 334 ‘),C ?—Q S ng\)
Q\)@\\“\e C (@3 04 ce® C?v,C
80
B a
b
= b s \
IS x
T 00 C
< T
S
2 N
2
o
g a0
Z d
el
<
z N
5 20r ¢
< N
0 N N

)
e S o Q s
PSS NG 9-C P p 5T e
Q“@\\,\e (@ (@ ce® CQY‘C
1.0
C
?_.
0.8 | b \
' \
(4
0.6}
: N
E
e
<
04}
02 F
d d
0o LY NN NENEN
™) S

4 o Qv Qv W
Q“@meé‘“ e A L v <

Fig. 7. DPPH. radical scavenging activity (A), ABTS- radical scavenging activity (B) and ferric reducing power (C) of the prepared samples. Qu, native quercetin
diluted in ethanol; CPP, casein phosphopeptides; CPP-CS, quercetin-loaded chitosan nanoparticles; CPP-Qu, quercetin-loaded casein phosphopeptides nanoparticles;
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Both these above reasons were beneficial to maintain the stability and
longevity of the CPP-CS-Qu nanoparticles in the solution system.

3.4. Antioxidant activity

The DPPH radical scavenging activity, ABTS radical scavenging ac-
tivity and reducing ability were tested to evaluate the antioxidant ca-
pacity of Qu. As Qu is almost insoluble in water, and it is difficult to
exhibit antioxidant activity in an aqueous solution; however, it has
strong antioxidant activity in its ethanol-soluble state, such as its DPPH-
and ABTS' radical scavenging rate of 94.52% and 61.63%, respectively,
and a strong reduction ability with an absorbance of 0.7 (Fig. 7). The
DPPH scavenging abilities of CPP-Qu, CS-Qu and CPP-CS-Qu were
72.14%, 88.47% and 95.5%7, respectively, indicating that CPP-CS-Qu
nanoparticles exhibited stronger scavenging ability than CPP-Qu and
CS-Qu nanoparticles. Meng, Wu, Xie, Cheng and Zhang [38] found a
similar phenomenon that zein/carboxymethyl dextrin-curcumin nano-
particles showed higher DPPH' scavenging activity than carboxymethyl
dextrin-curcumin and zein- curcumin nanoparticles. This result might
also be related to the fact that the embedding of Qu in the CPP-CS
complex allowed Qu to be evenly dispersed in the solution system,
thereby increasing the full contact between Qu and the free radical, and
helping Qu to exert its antioxidant activity. After ultrasound treatment,
the DPPH' radical scavenging rate of CPP-CS-Qu was significantly
improved and was comparable to that of free Qu diluted in ethanol.
Ultrasonic treatment might change the interaction force between
nanoparticle molecules, allowing the nanoparticles to reorganize and
become more stable. [43]. The changes in the physicochemical prop-
erties of the nanoparticles caused by ultrasound might eventually make
it easier for the conjugated diene structure of the embedded Qu to
provide protons for DPPH, thereby improving the free radical scav-
enging ability of Qu. The analysis results of the other two antioxidant
indexes (ABTS free radical scavenging activity and reducing ability) of
the prepared nanoparticles were similar to the DPPH free radical scav-
enging activity. Furthermore, the ABTS free radical scavenging activity
and reducing ability of CPP-CS-Qu were almost equivalent to that of free
Qu diluted in ethanol, and the above two indicators of CPP-CS-Qu (US)
were even higher than that of free Qu diluted in ethanol. This result was
attributed to the contribution of the antioxidant activity of CPP and CS
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Fig. 8. Effect of simulated gastrointestinal digestion on the quercetin retention
rate of the prepared samples. Qu, native quercetin, CPP-Qu, quercetin-loaded
casein phosphopeptides nanoparticles; CPP-CS-Qu, quercetin-loaded casein
phosphopeptides/chitosan nanoparticles; CPP-CS-Qu (US); quercetin-loaded
casein phosphopeptides/chitosan nanoparticles prepared by ultrasound.
Different letters indicate significant differences (p < 0.05).
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in the CPP-CS-Qu nanoparticles [44]. The antioxidant activity of chi-
tosan was related to the —OH group (C6) and -NH2 group (C2) of chi-
tosan [45]; CPP has been widely reported to have antioxidant activity,
which could directly scavenge free radicals and sequester potential
metal pro-oxidants [46]. Additionally, Ultrasonic treatment optimized
the antioxidant activity of the ternary complex by adjusting the inter-
action force and structure among molecules. In general, the above re-
sults suggested that the encapsulation of Qu in CPP/CS nanoparticles
could help it exhibit antioxidant activity in an aqueous solution.
Furthermore, the ultrasonic treatment proved an effective approach for
increasing the antioxidant capacity of CPP-CS-Qu nanoparticles.

3.5. In vitro stability of Qu-loaded nanoparticles

The retention rates of free Qu, CPP-Qu, CPP-CS-Qu, and CPP-CS-Qu
(US) nanoparticles were investigated to reflect their stability in simu-
lated gastrointestinal digestion. As shown in Fig. 8, the retention rate of
free Qu gradually decreased; when digested for 180 min, the retention
rate was about 10%, indicating that Qu had almost lost its biological
activity after digestion. Ma, Huang, Yin, Yu and Yang [47] also reported
that the bioaccessibility of free quercetin in corn oil was 9.69% after in
vitro digestion. Encapsulation of Qu could significantly increase the
retention rate of Qu in the gastrointestinal tract, although part of Qu was
still degraded, indicating that the encapsulation achieved a controlled
release effect. This might be related to the existence of hydrogen bonds
and strong hydrophobic interactions between Qu and the delivery
vehicle. The retention rate of Qu in CPP-Qu nanoparticles was lower
than that in CPP-CS-Qu nanoparticles. This could be explained by the
fact that the hydrophilic shell of CS might prevent enzymatic degrada-
tion of the CPP in the gastrointestinal environment. CS has been well
reported to resist the digestion of pepsin and pancreatin to a certain
extent. The CPP-CS complex provided better protection of encapsulated
Qu. Ultrasound treatment has no significant effect on the retention rate
of Qu in the ternary nanoparticles. Additionally, it was noteworthy that
after 30 min of simulated intestinal digestion, the retention rate of Qu in
CPP-CS-Qu and CPP-CS-Qu (US) nanoparticles was 47.51% and 49.01%
respectively, which tended to be stable, indicating this part of Qu stably
existed in the intestine in the form of nanoparticles. Because of its
mucoadhesive characteristics, CS can promote the penetration of
bioactive substances, and this ability has generated considerable interest
as a potential enhancer of transmucosal epithelial absorption[48]. It
could be speculated that the CPP-CS-Qu and CPP-CS-Qu nanoparticles
might be directly absorbed by the upper wall of the small intestine, thus
giving full play to the physiological activity of Qu. It can also be
concluded that embedding Qu in the CPP-CS complex will help increase
Qu’s bioavailability.

4. Conclusions

In the present study, CPP-CS complex was successfully prepared to
encapsulate Qu by multi-frequency power ultrasound. The best ultra-
sonic conditions were optimized by single factor test and orthogonal
experiments, and were ultrasonic frequency, 20/35/50 kHz; the power
density, 80 W/L; the time, 20 min, and the intermittent ratio, 20 s/5s.
Ultrasound had a significant effect on Qu’s EE, while it had the opposite
result for LC of Qu. After ultrasound treatment, the intermolecular in-
teractions (hydrogen bonds, electrostatic interactions, and hydrophobic
effects) among CPP, CS, and Qu were largely changed and further
strengthened, which were demonstrated via fluorescence spectrum,
XRD, and FTIR analysis. SEM and AFM images showed that the ternary
composite nanoparticles undergoing ultrasonic treatment had a smooth
surface, and their particle size was smaller and more uniform. Ultra-
sound further enhanced the antioxidant activity, acid, photochemical,
salt, and storage stability of CPP-CS-Qu nanoparticles, although the
above indicators were significantly improved by the addition of CPP.
Furthermore, the composite nanoparticles prepared by ultrasound
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treatment still exhibited excellent stability in simulated gastrointestinal
digestion. Thus, this work proves the significance of ultrasound treat-
ment to improve the recombination between CPP and CS, thereby
modulating the encapsulation effect of Qu, the environmental stability
and antioxidant activity of the formed ternary complex nanoparticles.
The present study indicated that CPP-CS complex prepared by ultra-
sound has great potential for delivery of Qu and can be used in the
pharmaceutical and food industry. However, further cell experiments
and in vivo experiments are needed for better understanding of the
bioavailability of Qu in the ternary nanoparticles prepared by
ultrasound.
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