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Abstract: Extending shelf life and maintaining the high quality of food are arduous challenges. In
this study, the self-assembly properties of zein were used to load carvacrol essential oil, and then
sodium caseinate was selected as a stabilizer to fabricate carvacrol-loaded composite nanoparticles.
The results showed that the composite nanoparticles had a high encapsulation efficiency for carvacrol
(71.52-80.09%). Scanning electron microscopy (SEM) indicated that the carvacrol-loaded composite
nanoparticles were spherical and uniformly distributed, with particle sizes ranging from 80 to 220 nm.
First and foremost, the carvacrol-loaded nanoparticles exhibited excellent water-redispersibility,
storage-stability, and antioxidant properties, as well as antibacterial properties against Staphylococcus
aureus and Escherichia coli. Benefiting from the antimicrobial and antioxidative abilities, the films
with carvacrol-loaded composite nanoparticles effectively inhibited food spoilage and prolonged the
shelf-life of cherry tomatoes and bananas. Therefore, carvacrol-loaded composite nanoparticles may
have potential application prospects in the food industry.
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1. Introduction

Numerous safe, active substances extracted from plants have been proven to have
good antibacterial, antioxidant, and anticancer effects, but most of the active substances are
lipophilic, which limits their application in food and pharmaceutical fields. Therefore, it
is necessary to improve the solubility, bioactivity, and bioavailability of lipophilic, active
substances through effective methods [1]. Carvacrol (CA), also known as 2-methyl-5-
isopropylphenol, is a yellowish-to-yellow, oily, scented compound [2], which is widely
found in natural plant essential oils. Due to its excellent antibacterial ability, antioxidant
activity, safety, and anti-aging pharmacological effects [3,4], it has attracted more and more
researchers’ attention. However, the properties of CA, such as its insolubility in water,
volatile nature, and unique odor, limit its application in food preservation [5]. Researchers
have improved the stability and sustained release properties of CA by preparing loading
systems such as liposomes [6], microcapsules, and emulsions [7], or directly adding CA
essential oil into films [8]. By comparing these studies, it was found that reducing the
size of the particles to the nanometer level can effectively improve their active-ingredient
efficacy, redispersibility, and bioavailability [9].

Zein, an abundant and inexpensive resource, has been generally recognized as a safe
food by the US Food and Drug Administration [10]. The zein structure contains a large
number of non-polar amino acids [11] and has a hydrophilic top and a hydrophobic outer
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surface, which exhibits unique solubility properties. It is insoluble in water, but soluble
in 60% to 90% aqueous ethanol [12]. Zein has self-assembly properties and biocompat-
ibility [13]. By using the anti-solvent precipitation method [14], the highly polar water
environment induces the aggregation of zein ellipsoids to form nanoparticles through
hydrophobic interactions. Depending on this property, zein is often used as a delivery
system for biologically active ingredients. However, the nanoparticles made from only zein
have some disadvantages such as a big diameter, aggregation, and insolubility. Usually,
gum arabic (GA), chitosan (CS), tannic acid (TC), and so on were selected as the stabilizer
during an anti-solvent procedure [15-17]. Sodium caseinate (SC) is the sodium salt of
casein, the main protein in milk, and its hydrophobic part can adsorb on zein nanoparticles
through hydrophobic interaction. Meanwhile, the hydrophilic part provides spatial and
electrostatic repulsion to nanoparticles. Notably, the nanoparticles prepared by this method
presented a high redispersibility in water and a high encapsulation efficiency.

The purpose of this study was to form composite nanoparticles that are novel, long-
term stable, and redispersible in water, with high encapsulation, by a simple anti-solvent-
precipitation method. In addition, the prepared nanoparticles mixed with a PVA film
can effectively slow down the rot rate of cherry tomatoes and bananas to prolong their
storage life.

2. Materials and Methods
2.1. Materials

Zein powder with a protein content of 95% (w/w) was purchased from Beijing
Solarbio® Science & Technology, Co. Ltd. (Beijing, China). CA was provided by Marklin
(purity > 99%, Shanghai, China). Sodium caseinate (5C) was purchased from Shanghai
Tixiai Chemical Industry Development Co., Ltd. (purity > 99%, with the total nitrogen from
14.5 to 15.8% after drying, Shanghai, China). Other reagents were sourced from Sinopharm
Chemical Reagent Co., Ltd. (Analytical grade, Shanghai, China). All the solutions used in
the experiments were prepared using ultrapure water, which was obtained from a Millipore
(Millipore, Milford, MA, USA) Milli-Q water purification system.

2.2. Preparation of CA Loaded Composite Nanoparticles

According to Littoz’s method [18], with a slight modification, 0.2 g of zeinand 0.1 g
of CA were dissolved in 10 mL of 80% (v/v) aqueous ethanol solutions, and the solutions
were stirred with a magnetic stirrer at 45 °C for 2 h until they were completely dissolved.
Then, 2 mL of the above solution was added dropwise to 8 mL of ultrapure water and
stirred at 400 rpm for 5 min. The residual ethanol in the sample was removed by a rotary
evaporation instrument at 40 °C, and ultrapure water was added to the original volume
(10 mL) to obtain zein—carvacrol dispersions.

A certain amount of SC was dissolved in 10 mL of ultrapure water, and then the equal
volume of above dispersion was dropped into the SC solution, and the pH was adjusted to
6.6. Finally, the CA-loaded composite nanoparticles were formed. In the experiment, the
mass ratios of zein/SC were set to be 4:1, 2:1, 1:1, and 1:2 (w/w), respectively. All samples
were freeze-dried at —50 °C for 48 h (Alphal-4 LD Plus, Christ, Germany). The freeze-dried
powders were collected and stored at —20 °C before further use.

2.3. Characterization
2.3.1. FT-IR Analysis

Infrared spectra of the samples were obtained by using an FT-IR spectrometer (Nicolet
6700, thermo fisher scientific inc, Waltham, MA, USA). The spectra were recorded over
the range of 4000~400 cm 1, with a resolution of 4 cm ™1, by taking 32 scans for each
sample. The spectra were analyzed using the OMNIC 8.2 software package (Thermo Fisher
Scientific Inc., Waltham, MA, USA).
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2.3.2. Measurement of Encapsulation Efficiency (EE)

The measurement of encapsulation efficiency was carried out according to Wang’s
method [13], with a slight modification. The standard curve of CA was first established. A
certain concentration of CA solution (10 ug/mL~50 ug/mL) was prepared with ethanol
as a solvent. UV spectrophotometer (Lambda 35, Perkin Elmer, Waltham, MA, USA) was
used to measure the absorbance at a wavelength of 276 nm. Taking the concentration of
CA as the abscissa and the absorbance value as the ordinate, the equation of the standard
curve is fitted as Y = 0.01439X + 0.0061 (R? = 0.9996).

Afterwards, 4 mL of the fresh composite nanoparticles were mixed with 16 mL of
petroleum ether and stirred well for 10 min. Then, 0.5 mL of the upper organic-solvent
phase was transferred to a 25 mL reagent bottle, and the bottle was left in a fume hood
for 30 min to completely evaporate the petroleum ether. Subsequently, 4 mL of absolute
ethanol was added to dissolve CA in the reagent bottle. The absorbance was measured at
276 nm using a UV spectrophotometer (Lambda 35, Perkin Elmer), and ethanol was used
as the blank control group. The encapsulation efficiency was then calculated using the

following formula:
EE(%) = 22— "2« 100%
mq
where m represents the total mass of CA in the formula and m; represents the dissociative
mass of CA.

2.3.3. Size and Zeta Potential of Composite Nanoparticles

The particle size, average potential, and polydispersity index (PDI) value of CA-loaded
composite nanoparticles were measured by a laser particle-size analyzer (Zetasizer Nano-
7590, Malvern, UK). All samples were diluted with ultrapure water to an appropriate
concentration, and the pH was adjusted to 6.6. Each sample was measured in triplicate at
25 °C, and the data were averaged.

2.3.4. Redispersibility of Composite Nanoparticles

A total of 20 mg of lyophilized nanoparticles were dissolved in 10 mL of ultrapure
water. After standing for a period, redispersibility was observed.

2.3.5. Storage Stability of Composite Nanoparticles

Briefly, 20 mg of composite nanoparticles with different zein/SC mass ratios were
dissolved in 10 mL ultrapure water. The particle size, potential, and PDI values of the
dispersions were observed during 15 days of storage.

The release of CA from nanoparticles soluble in water was studied at 25 °C and pH 7.
Then, 0.1 g freeze-dried zein/SC/CA NPs was dissolved in 50 mL distilled water, and
4 mL dispersions were added into 11 centrifuge tubes after the solution was completely
dissolved. At each predetermined time point (1, 4, 9, 18, 21, 24, 36, 45, 48, 56, 60 h), a tube
was taken to measure the free CA mass in the dispersion; the detection method is the same
as in Section 2.3.2.

2.3.6. Field-Emission Scanning-Electron Microscope (FE-SEM)

The micro-morphology of the CA-loaded composite nanoparticles was observed using
a field-emission scanning-electron microscope (Zeiss SIGMA 300, Oberkochen, Germany).
The freeze-dried powder was sprinkled evenly on the conductive plate and then sprayed
with gold. The experiment of FE-SEM was performed at an operating voltage of 200 kV.

2.3.7. Differential-Scanning Calorimetry (DSC) and Thermal-Gravimetric Analysis (TGA)

DSC was applied to characterize the thermal stability of CA-loaded composite nanopar-
ticles. Experiments were performed by using a differential-scanning calorimeter (DSC25,
TA Instrument). Each sample (~5 mg) was sealed in an aluminum box and heated from 25
to 270 °C rate of 10 °C/min. The flow velocity of N, was set at 20 mL/min.
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The LE (Loading efficiency) of CA-loaded composite nanoparticles was characterized
by thermal-gravimetric analysis on TGA-5500 (TA instruments, Peoria, IL, USA) at a heating
rate of 10 °C/min under nitrogen atmosphere. Samples were heated in an aluminum pan
from room temperature to 500 °C. The weight-loss percentages were analyzed using Trios
5.1 software. The mass difference between the total weight loss of CA-loaded and blank
composite nanoparticles was calculated as LE.

2.3.8. Antioxidant Properties of Composite Nanoparticles

The antioxidant activity of CA-loaded composite nanoparticles was determined by
the DPPH method [19]. Then, 3 mL of DPPH-ethanol solution (40 mg/L), and 3 mL of the
dispersions of composite nanoparticles with different mass concentrations (0, 60, 80, 100,
120, and 140 pg/mL) were separately added to 10 mL reagent bottle. After mixing, these
were incubated with shaking for 1 h at room temperature in the dark. The absorbance of
the supernatant was measured at A = 525 nm using a UV spectrophotometer (Lambda 35,
Perkin Elmer). The DPPH-ethanol solution was used as blank control. The antioxidant
activity is indexed by the DPPH-clearance rate, and the calculation formula is as follows:

Ag — Ay
0

DPPH(%) = x 100%
where Ay represents the absorbance of blank control and A represents the absorbance of
the dispersions of CA-loaded composite nanoparticles.

2.3.9. Evaluation of Antimicrobial Activity

The antimicrobial efficiency of CA-loaded composite nanoparticles against E. coli and
S. aureus was studied by the plate counting method. Briefly, the CA nanoparticles were
dissolved in physiological saline with different mass concentrations (0, 2, 6, and 10 mg/mL),
which were sterilized under UV lamp irradiation in advance.

S. aureus and E. coli were, respectively, inoculated into a solid medium and cultured
at 37 °C for 24 h. A single colony of S. aureus and E. coli was selected and cultured in
a liquid media for 24 h, then the concentration of bacterial suspension was diluted to
108 CFU/mL. Afterward, 0.1 mL of the diluted bacterial suspension and 1.0 mL of CA-
loaded composite nanoparticle dispersions were mixed with an 8.9 mL liquid medium. The
mixed liquid underwent continuous shaking for 24 h, and then it was diluted and spread
on the medium plates. The composite nanoparticles without CA were used as a control,
and the antibacterial efficiency (Y) was calculated as follows:

Y = # x 100%

where A and B are the bacterial colonies in the control and CA-loaded composite-nanoparticle
samples, respectively.

2.3.10. Assay of CA-Loaded Composite-Nanoparticles Application

Bananas and cherry tomatoes after harvest were wrapped in bags prepared with PVA
film or PVA film containing CA-loaded composite nanoparticles, and then they were stored
at 23 °C (50% RH humidity) for 15 or 4 days. Fresh bananas and cherry tomatoes without
packaging were selected as a negative control.

3. Results and Discussion
3.1. FT-IR Analysis

The hydrogen bond can be identified by FI-IR analysis. Generally, the larger the fre-
quency (wavenumber) of the infrared-absorption-peak changes, the stronger the hydrogen-
bond interaction. FT-IR spectra of each component and the composite nanoparticles are
shown in Figure 1. Zein and sodium caseinate showed characteristic peaks at 3440.66 cm ™!
and 3448.51 cm ™!, respectively, which were due to the stretching vibration of the hydroxyl
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group. The infrared spectra of the two proteins showed a similar distribution for the
characteristic peaks of amide groups in the region of 1600~1400 cm~! [20]. There is an
amide I band around 1630 cm~! and an amide II band around 1540 cm !, and a total of
four absorption peaks were determined in these regions that were attributed to the skeleton
vibration of the benzene ring. The absorption peak at 3021.56 cm ! is caused by the unsat-
urated hydrocarbon’s stretching vibration in the aromatic ring. Generally, the absorption
peak of alkyl C-H is a shoulder one, and, therefore, the band of 2960~2869 cm ! is assigned
to the alkyl C-H peak. After the zein reacted with the sodium caseinate, the peak of OH
shifted to 3438.29 cm !, and it further shifted to 3402.24 cm ™! after CA loading. All these
facts indicated that strong hydrogen bonds were formed among these substances, owing to
the interactions between amide groups in the zein and hydroxyl groups in SC and CA [21].
In zein/SC /CA-composite nanoparticles, a vibration peak was observed at 1450.80 cm ™!
due to the benzene ring vibration in CA, which further confirmed that CA was successfully
embedded in the nanoparticles. The peak at 2920 cm~! corresponded to -CHj3 vibration
in the zein. In the composite nanoparticles, the blue vibration peak of -CHj shifted to
2960.43 cm~!, which was caused by the strong hydrophobicity of zein [22]. According to
the above results, the stable composite nanoparticles were formed by zein, SC, and CA,
which were stabilized by the electrostatic interaction and hydrophobic driving force.

1545 SC
2918
3448 1637 Zein
2920 V7
1631
SC/Zein NPs

3440

~ 3438~ e Y

\_ / 869 | V.
3383 (2927 1421 117

4000 3500 3000 2500 2000 1500 1000 500
Wave number (cm™)
Figure 1. FT-IR spectra of SC, zein, SC/zein NPs, CA, and SC/zein/CA NPs.

3.2. Encapsulation Efficiency of CA-Loaded Composite Nanoparticles

Encapsulation efficiency is an important characteristic of capsules, which can reflect the
degree of drug encapsulation. Firstly, the standard curve of CA was fabricated (Figure 2A).
As shown in Figure 2B, the EE of the composite nanoparticles was slightly affected by the
zein/SC ratio. On the whole, all treatments in our study had high EE (above 71%), which
was comparable to or higher than those of zein-stabilized emulsions using an aqueous-
ethanol solution [23-25] (in Liu’s study, the EEnax is 74.2%; in Gali’s study, the EEnax
is 69.9% =+ 2.3%; and in Chen’s study, the EEnax is 26.03% =+ 3.20%). In the formula of
(m(zein):m(SC) = 4:1), the EE is up to 75.8%. Subsequently, the EE value gradually became
bigger with the increase in SC. When the mass ratio of zein to SC was 1:2, the highest EE of
the composite nanoparticles reached 80.1%. This may be due to the synergy of zein and
SC [13]. On the one hand, the hydrophobic region of SC occupies the internal space of
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zein particles, which leads to lower EE values. On the other hand, SC forms a thick film
on the surface of the zein particles, which reduces the outward diffusion rate of carvacrol.
However, the stability and redispersibility of the composite nanoparticles were very poor
when the mass ratio of zein/SC was more than 4:1. A proper amount of SC can be used as
an electrostatic stabilizer on the surface of the composite nanoparticles, which can prevent
the spontaneous aggregation of nanoparticles to form large particles.

0.8 100
A B
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e
7 80 |
Y =0.01439X +0.0061 (R>=0.9996) P I
0.6 o
e 5 1 3
Q / =
5 5
Q
g o’ 5 or
S04} g
2 2w}
< &
v Q
02} - =
0’/ 20 +
0.0 1 1 1 1 0 . . . = . . - .
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Concentration of carvacrol (ug/mL) m(zein):m(SC)

Figure 2. Encapsulation efficiency of nanoparticles with different zein/SC mass ratio. (A) The
standard curve of CA. (B) Encapsulation efficiency of nanoparticles with zein/SC mass ratios of 4:1,
2:1,1:1, and 1:2.

3.3. Particle-Size Distribution and Zeta Potential

In Table 1, the particle size of the composite nanoparticles gradually decreased with
the increase in SC content at pH 6.6, and the PDI values of the samples ranged from 0.112
to 0.126. The nanoparticles prepared with a zein/SC mass ratio of 1:2 exhibited the smallest
particle size, of 139.6 nm with a narrow distribution. This is because hydrogen bonds are
easily formed between zein and SC molecules [26], and hence the interaction between SC
and zein in composite nanoparticles becomes stronger with the increase in SC content,
which results in reduced particle size. The broad size distribution of the sample with a
zein/SC mass ratio of 4:1 might be due to the fact that the amount of SC is not sufficient to
saturate the surfaces of the zein nanoparticles and stabilize the nanoparticles. Consequently,
the droplets are prone to aggregate (Figure 3A). As is acknowledged, PDI value is usually
used to characterize the uniformity of particle-size distribution, and a lower PDI indicates
a more uniform particle-size distribution. All samples, except the one prepared with a
zein/SC mass ratio of 4:1, have narrow size distributions with small PDI, which reveals
that the nanoparticles are monodispersed and stable in water.

Table 1. Particle size and PDI values of the CA-loaded nanoparticles with different zein/SC
mass ratios.

Zein/SC
Mass Ratios 4:1 2:1 1:1 1:2
Particle size/nm 235.6 £ 5 150.6 + 0.5 148.8 £ 2.5 139.6 + 2.3

PDI 0.17 £ 0.005 0.112 £ 0.01

Note: Values are expressed as mean =+ standard deviation (n = 3).

0.126 £ 0.02 0.117 £ 0.004

The zeta potential of the composite nanoparticles prepared with different zein/SC
mass ratios is also shown in Figure 3B. The values of freshly prepared nanoparticles ranged
from —31.7 to —38.43 mV. The values are negative because of the carboxylate groups of SC
surrounding the particles. Colloidal particles with a zeta-potential magnitude of <—-35mV
could typically be stabilized by repulsive electrostatic interactions. This may also have
been the case for stable dispersions, as observed later in the research.
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Figure 3. Particle size and zeta potential of the CA-loaded nanoparticles with different zein/SC mass
ratios. (A) Particle-size distribution. (B) the average potential.

3.4. Redispersibility of the Composite Nanoparticles after Drying

The reagent existing in a solid state can be more convenient for transporting than in
other states. Redispersibility of the composite nanoparticles after drying is an important
characteristic of the encapsulated powder. Figure 4 shows the redispersibility performance
of zein/SC/CA nanoparticles, zein/SC nanoparticles, and zein/CA nanoparticles. Ob-
viously, zein/CA nanoparticles without SC showed poor redispersibility, with massive
sediments and stratifications at the bottom of the bottle. Nanoparticles with SC possessed
an excellent redispersibility, forming a clear and uniform solution, which was consistent
with Patel’s report [27]. Furthermore, the prepared zein/SC/CA nanoparticles also pre-
sented an excellent redispersibility. When the mass concentration was less than 25%,
zein/SC/CA nanoparticles were completely dispersed in ultrapure water, but few visible
particles adhered to the wall of the bottle when the mass concentration was above 25%.

15%  20%  25%
L

Figure 4. The redispersibility of nanoparticles. (A) Different samples at the same mass concentration
of 0.2%. (B) The redispersibility of zein/CA /SC nanoparticles at mass concentrations of 15%, 20%,
and 25%.

3.5. Storage Stability of Composite Nanoparticles

The storage stability of CA-loaded nanoparticles with different zein/SC mass ra-
tios (4:1, 1:1, 1:2, and 1:4) was observed in Figure 5. The freshly prepared sample (4:1)
was slightly precipitated, and other samples showed good stability at O d storage. After
standing for 15 days, the composite nanoparticles with a zein/SC mass ratio of 4:1 almost
completely precipitated, and those with zein/SC mass ratios of 2:1 and 1:1 displayed a
light-precipitation phenomenon. During the whole storage period, only the composite
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nanoparticles with a zein/SC mass ratio of 1:2 absolutely did not precipitate, and the
solution was much clearer and uniform.

Intensity (%)

Figure 5. Photographs of CA-loaded nanoparticles with zein/SC mass ratios of 4:1, 2:1, 1:1, and 1:2.
(A) Freshly prepared. (B) Standing after 15 storage days.

To deeply understand the storage stability of CA-loaded nanoparticles, the particle-
size distributions on the Oth day and the 15th day were also analyzed. As shown in Figure 6,
it was found that the particle-size distribution of the sample with a zein/SC mass ratio of 4:1
significantly decreased after standing for 15 d, while the others did not obviously change.
The main reason might be a little SC is not enough to stabilize the droplets, so, as a result,
there are some droplet aggregations and precipitates. The particles in the supernatant are
much smaller with a narrow distribution peak.

Furthermore, the zeta potential of all dispersions greatly increased after standing
for 15 d, and the maximum zeta potential value of the composite nanoparticles with
m(zein): m(SC) = 1:2 reached —50.7 mV (Figure 7A), indicating that these had a superior
storage stability compared with the others. By comparing the PDI of all dispersions on
the Oth day and the 15th day (Figure 7B), the uniformity of the composite nanoparticles
deteriorated during the standing process, owing to the agglomeration of some nanoparticles.
In conclusion, the composite nanoparticles with a mass ratio of 1:2 possessed the best
storage stability, while the composite nanoparticles (m(zein): m(SC) = 4:1) could hardly
form dispersions.
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Figure 6. Cont.
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Figure 6. Size distributions of CA-loaded nanoparticles dispersed in water before and after 15 days
(different samples with zein/SC mass ratios of (A) 4:1, (B) 2:1, (C) 1:1, and (D) 1:2; black square line
represents freshly prepared, red spot line represents standing after 15 storage days).
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Figure 7. Zeta potential and PDI of CA-loaded nanoparticles with zein/SC mass ratios of 4:1, 2:1, 1:1,

and 1:2. (A) The zeta-average potential. (B) PDI (black represents freshly prepared; red represents
standing after 15 storage days).

The release rate of the active substances in the composite nanoparticles mainly de-
pends on many factors, such as the pH of the solution, the hydrophilicity and size of the
nanoparticles, the active substances’ loading capacity [28], etc. A good carrier system can
make the encapsulated active substances be released continuously for a period of time. By
analyzing the release of CA from zein/SC/CA NPs soluble in water at 25 °C and pH 7
(Figure 8), it can be found that the release process of CA is mainly divided into two stages:
rapid release (1-24 h) followed by slow and lasting release (24-60 h). In the initial stage, the
cumulative release amounts of CA at4 h, 9 h, 18 h, and 24 h were 10.63%, 16.04%, 22.31%,
and 24.61%, respectively. In the slow-release stage, the cumulative release amounts of CA
at 36 h, 48 h, and 60 h were 26.75%, 28.26%, and 29.37%, respectively. These results indicate
that the nanoparticles formed by the interaction of zein and SC can effectively slow down
the release rate of carvacrol and improve the stability of CA.

3.6. FE-SEM Analysis

The microstructure of the composite nanoparticles was characterized by FE-SEM. In
Figure 9, the CA-loaded composite nanoparticles displayed a spherical structure [29]. The
particle size of the composite nanoparticles with m(zein):m(SC) = 1:2 was about 80~120 nm,
and the nanoparticles were evenly distributed. This was mainly because a proper amount
of SC interacted with proteins, forming negatively charged COO™ on the surface of the
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particles, which increased the electrostatic repulsion to prevent aggregation. However, the
particle size of the composite nanoparticles with m(zein):m (SC) = 4:1 was uneven, with
values of ~240 nm. Such a phenomenon was greatly attributed to the absence of SC, which
led to the instability of the composite nanoparticles. Then, their agglomeration formed

large particles.

40

[ 5]
W

—
W

Carvacrol release (%)
[
[

10

0 1 1 1 1 1

0 12 24 36 48 60 72
Time (h)

Figure 8. The release of CA from zein/SC/CA nanoparticles soluble in water at 25 °C and pH 7.

Figure 9. FE-SEM image of CA-loaded nanoparticles prepared with a zein/SC mass ratio of 4:1
(above) and 1:2 (below).

3.7. DSC and TGA Analysis

DSC was carried out to characterize the thermal properties of samples [30]. DSC of
zein, SC, zein/SC NPs, and zein/SC/CA NPs are shown in Figure 10A. Considering the
volatile nature of CA, all samples were subjected to a single heating. The wide endothermic
peaks of zein and SC at about 90 °C and 105 °C, respectively, are mainly caused by the
evaporation of bound water in the samples. However, the endothermic peaks of zein/SC
NPs and zein/SC/CA NPs appear at about 82 °C and 67 °C, respectively, which may be
due to the free water. In addition, it is easier for the free water to evaporate. Ty values
of zein and SC were about 160 °C and 207 °C, respectively, which was consistent with
Pereira’s report [31]. In the zein/SC NPs, there are two Tg values (177 °C and 199 °C).
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The possible reason is that weak hydrogen and hydrophobic bonds between zein and SC
occur during composite-nanoparticle formation. Compared with the blank nanoparticles,
zein/SC/CA NPs showed a new absorption peak at about 180 °C, which is mainly caused
by the evaporation of CA. In Figure 10B, a strong absorption peak appeared from 150 °C
to 200 °C, which was caused by the evaporation of CA. So, it can be confirmed that CA is
successfully embedded in the nanoparticles.

Endo —
/
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Zein/SC NPs

e
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\
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Figure 10. DSC curves of (A) zein, SC, zein/SC NPs, and zein/SC/CA NPs. (B) Pure CA.

In this study, TGA method was employed to further verify the loading efficiency of
CA-loaded composite nanoparticles. Figure 11 illustrates the TGA curve of zein, SC, CA,
CA-loaded, and blank composite nanoparticles. The mass loss of zein and SC was 1.36%
and 4.01%, respectively, at about 127 °C, mainly due to the presence of a small amount
of water in the two substances [32]; in addition, from 127 °C to 200 °C, zein and SC have
almost no mass loss. From 200 °C to 400 °C, both zein and SC showed a large mass loss
of 59.14% and 57.75%, respectively. This is mainly due to the decomposition of the amino
acids and peptide bonds in proteins [33]. At 500 °C, the mass of zein and SC is only
27.49% and 30.29%, respectively, which may be the thermally stable residue CxHyNz under
nitrogen. These results show that zein and SC are almost stable below ~200 °C. When CA
was heated to about 210 °C, it was absolutely volatilized. The blank zein/SC nanoparticles
was taken as a control, and about 18% mass loss was regarded as CA-loading efficiency in
the zein/SC/CA nanoparticles.

100 e e == —————— Zein
i ——SC
: i —CA
804 - _ ________ ------ Zein/SC NPs
i : Zein/SC/CA NPs

20

| 1 I T
100 200 300 400 500
Temperature (°C)

Figure 11. TGA curves of zein, SC, CA, zein/SC NPs, and zein/SC/CA NPs.

3.8. Oxidation-Resistance Property

The DPPH free-radical-scavenging rate was used to investigate the antioxidant activity
of CA-loaded composite nanoparticles. As illustrated in Figure 12, the antioxidant capacity
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of CA-loaded composite nanoparticles significantly increased, reaching a maximum of
about 54% with an increase in their mass concentration from 60 ug/mL to 140 ug/mL.
When the mass concentration of the nanoparticles was 80 pg/mL, the corresponding
DPPH scavenging was about 25%. The results showed that the prepared CA-loaded
composite nanoparticles had outstanding antioxidant activity at the appropriate mass
concentration, and the higher the content of CA was, the better the antioxidant activity of
the nanoparticles [34].
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Figure 12. DPPH-scavenging rates of CA-loaded composite nanoparticles with different mass con-
centrations.

3.9. Antimicrobial Activity

The antimicrobial activity of the CA-loaded composite nanoparticles against S. aureus
and E. coli is demonstrated in Figure 13. As the content of nanoparticles increased, the
number of viable colonies gradually decreased, indicating that the CA-loaded composite
nanoparticles exhibited a certain antimicrobial efficiency on S. aureus and E. coli. When
the mass concentration of nanoparticles were 2 mg/mL, 6 mg/mL and 10 mg/mL, the
antibacterial rates were 40%, 66%, and 80% against S. aureus and 33%, 40%, and 66.7%
against E. coli, respectively. Notably, the CA-loaded composite nanoparticles were more
sensitive to S. aureus than E. coli.

3.10. Assay of CA-Loaded Composite-Nanoparticles Application in Food

It is well-known that bacteria and oxygen are the main causes of food spoilage. To
verify the ability of CA-loaded composite nanoparticles to keep food fresh, PVA films and
PVA films containing CA-loaded composite nanoparticles were fabricated. Bananas and
cherry tomatoes were, respectively, wrapped in those films and stored at 23 °C with a
relative humidity of 50%. In Figure 14, the fresh bananas and cherry tomatoes were brightly
colored with a rigid texture (left). For banana samples, there were mostly brown spots on
the surface when they were stored in air for 4 days. However, the brown spots became
smaller when they were sealed in film. Especially in the PVA films containing CA-loaded
composite nanoparticles, the brown spots were barely observed because the CA-loaded
composite nanoparticles do have an antioxidative ability. The cherry tomatoes were severely
decomposed after 15 days without any packaging films. The ones wrapped in the PVA
films had some mildew and became soft. However, the cherry tomatoes wrapped in the
PVA films containing CA-loaded composite nanoparticles maintained the preferable color
and texture as a result of the antibacterial effect of the CA-loaded composite nanoparticles
(Figure 15). In addition, some scholars have found that the film-matrix containing CA
also has an obvious antioxidative and antibacterial effect on chicken, meat, beef, and so
on [35-37]. Therefore, it is concluded that CA-loaded composite nanoparticles have great
potential to be applied for food preservation.
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against S.aureus

Figure 13. Antibacterial efficiency of CA-loaded composite nanoparticles against S. aureus and E. coli
(from left to right, the mass concentration of nanoparticles is 0%, 2%, 6%, and 10%).

Fresh |

Figure 14. Assay of CA-loaded composite nanoparticles application in bananas and cherry tomatoes
(left, fresh bananas and cherry tomatoes; (A) storage in air; (B) wrapped in PVA film; (C) wrapped in
PVA film containing 0.25 wt% CA-loaded composite nanoparticles).
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{ )+ — . . )
PVA film Zein/SC/CANPs PVA film containing Zein/SC/CA NPs
o CA L. SC Zein

Figure 15. Schematic illustration of films containing CA-loaded composite nanoparticles for keeping
food fresh.

4. Conclusions

In this study, the CA-loaded composite nanoparticles were prepared by the reverse-
solvent-precipitation method. When the mass ratio of zein/SC was 1:2, the composite
nanoparticles had a narrow particle-size distribution, high encapsulation efficiency, excel-
lent redispersibility, and storage stability after drying and possessed outstanding antioxi-
dant and antibacterial properties. The CA-loaded composite nanoparticles would have a
broad application prospect in food preservation and shelf-life extension.
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