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Abstract: Caffeic acid phenethyl ester (CAPE) is an important active component of propolis with
many bioactivities. However, its efficiency and practical application are restricted due to its poor
aqueous solubility and storage stability. In this study, a nanocarrier was fabricated to encapsulate
CAPE using self-assembled rice peptides obtained by controllable enzymolysis. The physicochemical
properties, encapsulation efficiency, and loading capacity of rice peptides nanoparticles (RPNs) were
characterized. The storage stability, in vitro release, and interaction mechanisms between CAPE
and RPNs were investigated. The results showed that RPNs, mainly assembled by disulfide bonds
and hydrogen bonds, possessed an effective diameter of around 210 nm and a high encapsulation
efficiency (77.77%) and loading capacity (3.89%). Importantly, the water solubility of CAPE was
increased by 45 times after RPNs encapsulation. Moreover, RPNs encapsulation also significantly
increased CAPE stability, about 1.4-fold higher than that of unencapsulated CAPE after 18-day
storage. An in vitro release study demonstrated that RPNs could delay the release of CAPE, implying
a better CAPE protection against extreme environments during digestion. Hydrogen bond and
van der Waals force are the predominant interaction forces between RPNs and CAPE. Therefore,
the newly developed nanoparticle is a potential delivery system that could effectively improve the
aqueous solubility and stability of CAPE.

Keywords: rice peptides; self-assembly; CAPE; water solubility; fluorescence quenching

1. Introduction

Caffeic acid phenethyl ester (CAPE) is one of the main biologically active compo-
nents in propolis [1]. It is known for its excellent biological activities, including anticancer,
anti-inflammatory, antibacterial, and antioxidation [1,2]. Especially, CAPE has been demon-
strated to have significant cytotoxicity on tumors and carcinoma cells such as the colorectal
cancer (CRC) cell line, breast cancer cell line and human leukemic cell line (HL-60), but has
very low toxicity compared to normal cells [3]. With the increasing emphasis on human
health, CAPE will have broad application prospects in the fields of food and medicine.
However, the low water solubility and poor stability of CAPE greatly limits its practical
application. The benzene ring and acrylate structure of CAPE determines its low water
solubility (<10 µg/mL) [1,4]. Moreover, the phenolic hydroxyl groups on the benzene ring
are easily oxidized, which makes CAPE have poor stability. Therefore, it is necessary to
develop an efficient strategy to improve the water solubility and stability of CAPE for its
better utilization.

The application of micro/nano-encapsulation technology has become science hotspots
in the fields of food, nutrition, medicine, etc. It can protect bioactive compounds against
chemical degradation, increase their water solubility, and achieve a controlled or/and
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targeted release. Several micro or nanoencapsulation systems have been reported for
improving the water solubility and stability of CAPE. Hydroxypropyl-β-cyclodextrin (HP-
β-CD) has been utilized for CAPE encapsulation by forming inclusion complexes with
an increased solubility of about 800 µg/mL [5], but this synthetic polymer has not been
approved in the study field of the food industry. Loading CAPE in composite nanopar-
ticles such as phosphorylated walnut protein/chitosan (PWPI/CS) nanocomplexes and
Ca-casein-NaAlg nanoparticles could effectively reduce the release of encapsulated CAPE
and prevent digestion of CAPE [4,6]. However, the utilization of large amounts of encap-
sulation materials could lead to a decreased loading capacity and organ toxicity during
the metabolism [7]. Meanwhile, the interaction mechanism between CAPE and the carrier
materials was not clarified in previous studies.

In recent years, food protein-based nano-delivery systems have attracted increasing at-
tention because of their advantages in biocompatibility, nutritional value, and self-assembly
capability [8]. Among all food proteins, rice protein has aroused great interest of researchers
because of its unique nutritional value, massive production, hypoallergenic property, sus-
tainability, and health reasons. However, the high content of hydrophobic amino acids
in rice protein leads to a poor water solubility, which limits its application in the field of
nano-delivery. Enzymatic hydrolysis is an effective means to obtain amphipathic peptides,
which can be self-assembled into stable nanomicelles or nanoparticle systems [9,10]. Mean-
while, the obtained peptides or hydrolysates with enzymatic hydrolysis of rice protein
showed higher biological activities such as anti-oxidation, anti-obesity, and anti-cancer
activities [11]. Therefore, enzymatic hydrolysis of rice protein provides a feasible strategy
to fabricate nanoparticles for CAPE encapsulation.

In the current study, rice protein was controlled and hydrolyzed, and the obtained
self-assembled rice peptides were utilized to fabricate nanoparticles. The physicochemical
properties, including the encapsulation efficiency, and loading capacity of rice peptides
nanoparticles (RPNs), were characterized. Thereafter, the storage stability and in vitro
release of RPNs were evaluated. Finally, the interaction mechanisms between CAPE and
RPNs were investigated.

2. Materials and Methods
2.1. Materials

Milled rice grains were provided by Bright Agricultural Development Group (Shang-
hai, China). Caffeic acid phenylethyl ester (CAPE) with a purity of 97% was purchased
from Aladdin (Shanghai, China). Protease from Bacillus licheniformis (P4860) and diges-
tive enzymes including pepsin from porcine gastric mucosa (P7000) and Pancreatin from
porcine pancreas (8 × USP specifications, P7545) were provided by Sigma-Aldrich (Shang-
hai, China). Other chemicals including hydrochloric acid, sodium hydroxide, sodium
dodecyl sulfonate, sodium bicarbonate, urea, and dithiothreitol were of analytical grade
and purchased from Sinopharm Company (Shanghai, China).

2.2. Preparation of Rice Protein and Peptides

Rice protein was extracted according to a previous study [12] with some modifications.
Briefly, the rice sample was grinded into powders and degreased using normal hexane.
The degreased rice powders were dispersed in deionized water (1:10, w:v) and the pH was
adjusted to 12 using 1 M NaOH. The extraction was carried out for 1 h at room temperature,
followed by being centrifugated at 3000× g for 10 min. The pH of the obtained supernatant
was adjusted to 5 using 1 M hydrochloric acid and then was centrifugated at 3000× g for
10 min. The obtained precipitate was washed and freeze dried to obtain the rice protein
isolate. The Kjeldahl method was used to analyze the total nitrogen content of protein
isolate. A nitrogen conversion factor of 5.95 was used to determine the total protein content
of the rice protein isolate [13]. The protein content of rice protein was determined to be
about 92%. To prepare the rice peptides, rice protein (20 g/L, pH 8.0) was mixed with
Alcalase® 2.4 L (1:100, w/w, enzyme to substrate). The enzymolysis was performed at
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50 ◦C for 1.5 h, allowing for the controlled enzymolysis of rice proteins. The self-assembled
peptides were obtained after hydrolysis with a degree of hydrolysis of about 18%. A total
of 4 g/L rice peptides could self-assemble into nanoparticles in deionized water.

2.3. Particle Size and Polydispersity Index (PDI) Analysis

A dynamic light scattering (DLS) instrument (NanoBrook 173Plus, Brookhaven Instru-
ments, Holtsville, NY, USA) was used to analyze the size and PDI of the self-assembled
rice peptides nanoparticles (RPNPs). A total of 2.5 mL of samples with a concentration of
1 mg/mL were dispersed in deionized water. The incident angle of light was 90◦, and the
refractive index of water was set to 1.333. All measurements were performed with three
replicates at 25 ◦C.

2.4. Analysis of Internal Forces of RPNPs

The internal forces of RPNPs were analyzed based on a previous study [14]. In
brief, RPNPs samples were dispersed in different perturbing solvents including distilled
water, 0.5% SDS, 30 mM DTT, and 6 M urea alone or in combination. The particle size
of RPNPs in different perturbing solvents was analyzed with a particle size analyzer
(NanoBrook 173Plus, Brookhaven Instruments, Holtsville, NY, USA). The interactive forces
that maintained the structure of RPNPs were analyzed according to the size change in the
nanoparticles in different perturbing solvents.

2.5. Encapsulation of CAPE by Rice Peptides

Rice peptides with a concentration of 4 mg/mL were mixed with CAPE (10 g/L ethanol
solution) with a volume ratio of 100:1. The obtained mixture was sonicated using a probe
with a tip diameter of 2 mm at 240 W and a constant frequency of 20 kHz in an ultrasonic
homogenizer (JN92-IIDN, Xinzi Biotechnology Instrument Co., Ltd., Ningbo, China). The
processing times were 5 min with pulse durations of 3 s on and 2 s off. The sonication
treatment allowed CAPE incorporation into the RPNPs core during the self-assembly. Then,
the sonication-treated samples were centrifuged at 1000× g for 10 min using a CENCE-
L550 centrifuge (Cence Centrifuge Instrument Corp., Changsha, China) to remove the
unencapsulated CAPE. The concentration of solubilized CAPE in the supernatant was
determined using UV-Vis absorbance measurements at a wavelength of 323 nm. The
encapsulation efficiency (EE) and loading capacity (LC) was determined according to the
following equation:

EE (%) =
amount of encapsulated CAPE

total amount of CAPE
× 100% (1)

LC (%) =
amount of encapsulated CAPE

weight of sorghum peptides
× 100% (2)

2.6. Storage Stability of CAPE-RPNPs

The CAPE-loaded RPNPs (CAPE-RPNPs) were dispersed in deionized water and
then stored under 4 ◦C and 25 ◦C environments for 18 days. Aliquots of the CAPE-RPNPs
suspensions at different time points (0, 1, 3, 7, 12, 18 day) were taken out to analyze particle
size and CAPE concentration using the abovementioned methods. The storage stability
of the CAPE-RPNPs was analyzed according to the change in particle size and remaining
amount of CAPE.

2.7. Release Behavior of CAPE-RPNPs

It is important to understand the release behavior of the encapsulated compounds.
The release profiles of CAPE-RPNPs were investigated using an in vitro gastrointestinal
digestion model according to a previous study [15] with minor modification. Briefly, the
simulated gastric fluid (SGF) and intestinal fluid (SIF) were prepared, respectively. The SGF
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contained 2.0 mg/mL pepsin and had a pH of 2.0. The SIF was composed of 2.0 mg/mL
pancreatin, and its pH value was adjusted to 6.8. For the in vitro gastrointestinal digestion,
CAPE-RPNPs were dispersed with SGF or SIF, and then were transferred into a 10-kDa
dialysis bag. The mixture was gently shaken in a PBS solution, allowing the release of the
encapsulated CAPE. An aliquot of buffer containing the released CAPE was taken out at
0, 15, 30, 60, 90 and 120 min, and was quantified by UV-Vis absorbance measurements at
323 nm. The following formula was used to calculate the cumulative CAPE release:

Cumulative CAPE release (%) =
V0Cn + Vd ∑n−i

1 Ci

mi
× 100% (3)

where V0 is the volume of the release medium, Cn (mg/mL) is the concentration of CAPE
in release medium, Vd is the volume of the medium taken out, mi (mg) is the initial CAPE
amount in RPNPs.

2.8. Fluorescence Quenching Analysis

The interactions between CAPE and rice peptides were investigated using fluorescence
spectroscopy. Briefly, different amounts of CAPE were dispersed in the solution of rice
peptides. The final concentrations of CAPE were changed from 0 to 100 µmol/L (0, 5, 10,
20, 40, 60, 80, 100 µmol/L). Then, the mixtures were incubated and measured at 298 K and
310 K. The fluorescence spectrum was obtained using an fluorescence spectrophotometer
(RF-5301PC, Shimadzu, Tokyo, Japan) with an excitation wavelength at 280 nm. The
emission range was set with a range of 300 to 450 nm. The slit widths were set as 5 nm. The
obtained fluorescence spectrum was further used to determine the Stern–Volmer quenching
constant (Ksv), quenching rate constant (Kq), binding constant (Ka), binding sites numbers
(n), and thermodynamic parameters (∆H, ∆S, ∆G).

2.9. Statistical Analysis

The values are expressed as the mean ± standard deviation (SD). All experiments
were performed in at least three replicates. When p was <0.05 by analysis of variance and
the Duncan test, difference was considered to be significant.

3. Results and Discussion
3.1. Effective Diameter, Polydispersity Index (PDI), and Internal Forces of Rice Peptide
Nanoparticles (RPNs)

Rice protein has a high nutritional value because of its rich essential amino acids and
proper amino acid pattern [8]. In addition to its use for bioactive peptides preparation [16],
the application of rice protein in nano-delivery systems has received great interest of
researchers [8,17]. However, poor water solubility limits its application in such fields [11].
Enzymolysis of proteins is a promising strategy to develop nano-delivery systems. Some
researchers have reported that amphipathic peptides could be produced from natural
proteins such as α-lactalbumin, egg yolk, and cruciferin by enzymolysis, thereby self-
assembling into nanomicelles or nanoparticles [9,10,18]. In this study, rice protein was
subjected to controllable enzymolysis using Alcalase® 2.4 L. The self-assembled peptides
were produced after hydrolysis with a degree of hydrolysis of around 18%. The particle
size distribution and polydispersity index (PDI) of rice peptide nanoparticles (RPNs) is
presented in Figure 1A. The result indicated that a rice peptide could self-assemble into
nanoparticles with an effective diameter of about 210 nm. The particle size of RPNs
was comparable to that of unfractionated cruciferin peptides nanoparticles [18], but was
much bigger than that of peptides nanomicelles obtained from partial hydrolysis of α-
lactalbumin and egg yolk [9,10]. It has been believed that amino acid sequences and
preparation methods have a significant effect on peptide self-assembly [19], which may
explain the differences in the size of different peptides nanoparticles. The PDI has been
widely used as an indicator for evaluating the size distribution of particles. In general, the
smaller the PDI, the narrower the particle size distribution. When PDI is more than 0.5, the
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system is polydisperse; if PDI is closer to zero, it shows the monodisperse system; and a
PDI of less than 0.5 is considered optimum for nanoparticles [20]. Polydisperse systems
have a greater tendency to aggregate than monodisperse systems. The PDI value of RPNs
was about 0.23, suggesting that RPNs had a good dispersity.
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significant differences (p < 0.05).

We further investigated the internal forces in stabilizing the structure of RPNs. Dena-
turing agents including SDS, DTT, and urea have been widely used alone or in combination
to analyze the interaction forces existing on the proteins or peptides nanoparticles. It is
reported that SDS, DTT, and urea can disrupt the hydrophobic interaction, disulfide bond,
and hydrogen bond, respectively [21]. The particle sizes of RPNs in different denaturing
agents are represented in Figure 1B. When treated with a 0.5% SDS solution, the mean
diameter of RPNs had no significant differences compared to that of RPNs in deionized
water, suggesting that the hydrophobic interaction was not a main force to maintaining
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RPNs structure. In contrast, 30 mM DTT and 6 M urea alone or in combination significantly
increased the mean diameter of PRNs (p < 0.05), implying that the disruption of disulfide
bonds and hydrogen bonds could result in the expansion of RPNs. It is noteworthy that
the increased degree of RPNs diameter treated by urea was greater than that of the RPNs
diameter treated by DTT, indicating that hydrogen bonds exhibited a predominant role for
maintaining the structure of RPNs. Glutelin has been reported to be a dominant protein
fraction in rice proteins, and accounts for 79–83% of the protein in milled rice [22]. Disulfide
bonds exerted an important role in the polymerization of the glutelin subunits and the
formation of macromolecular complexes [22]. Consistent with the previous study, disulfide
bonds also played prominent role in maintaining RPNs structure.

3.2. Encapsulation of CAPE by RPNs

The poor water solubility of CAPE (less than 10 µg/mL) greatly limits its efficacy and
practical applications [23]. In this context, RPNs were utilized to encapsulate CAPE and
improve its aqueous solubility. As shown in Figure 2, CAPE-loaded RPNs (CAPE-RPNs)
had an effective diameter of about 240 nm, which was bigger than that of empty RPNs.
Hence, it was speculated that self-assembled rice peptides encapsulated CAPE inside the
hydrophobic core, resulting in an increase in nanoparticle size. The PDI of CAPE- RPNs was
0.22, suggesting that CAPE-RPNs had a good dispersity. The encapsulation efficiency (EE)
and loading capacity (LC) were found to be 77.77 ± 0.35% and 3.89 ± 0.11%, respectively.
The EE of CAPE-RPNs in this study is higher than that obtained by other researchers
using skim milk microcapsules [1] and asiatic acid nanoparticles [7], but is lower than
that of casein-sodium alginate nanoparticles [4]. In addition, the LC of CAPE-RPNs was
lower than that of skim milk microcapsules [1]. Loading capacity depends mainly on the
compound solubility in the matrix material, which might explain the difference of the
nanocarriers in loading CAPE. Notably, the water solubility of CAPE was increased to
90 µg/mL, which was about 45-fold higher than free CAPE in water (about 2 µg/mL).
These results suggested that RPNs could be used to improve the aqueous solubility of
CAPE.
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3.3. Storage Stability

In practical application, a nanocarrier should remain stable during the desirable shelf
life. Hence, it is important to evaluate the storage stability of CAPE-RPNs. The CAPE-
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RPNs were stored at 4 ◦C and 25 ◦C for 18 days, and their size changes are shown in
Figure 3A. At 25 ◦C, the mean diameter of CAPE-RPNs kept around 250–310 nm in the
first 7 days, but their size was sharply increased to more than 3000 nm. This phenomenon
can be attributed to the aggregate of CAPE released from damaged RPNs due to microbial
contaminations. At 4 ◦C, the size of CAPE-RPNs during the whole storage period was
always around 220 nm, suggesting that CAPE-RPNs had a good stability at 4 ◦C. The
improved storage stability of CAPE-RPNs at a lower temperature was probably attributed
to the significant decrease in molecular aggregation, oxidative degradation, and micro-
bial contaminations [24]. Moreover, no obvious change, including visual flocculation or
aggregation, was observed during storage time.
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The effect of RPNs encapsulation on CAPE stability was also evaluated. Figure 3B
illustrates the remaining quantity of CAPE within an 18-day storage period. At 4 ◦C, the
residual quantity of both encapsulated and free CAPE was decreased with the extension of
storage time. However, it is noteworthy that the remaining amount of encapsulated CAPE
was always higher than that of free CAPE throughout the storage time, suggesting that the
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encapsulated CAPE had a better stability than free CAPE. On the 18th day, the remaining
amounts of free CAPE and encapsulated CAPE were 46.4% and 65.3%, respectively. The
higher stability of the encapsulated CAPE in RPNs could be attributed to the presence of
rice peptides, forming an isolating layer that protected CAPE against destruction. It has
been reported that CAPE is susceptible to oxidative degradation due to its good scavenging
capability for radicals [25]. Encapsulated CAPE exhibited a better storage stability than free
CAPE, which might be attributed to the fact that CAPE was encapsulated in the internal
area or core of RPNs, isolating it from external oxygen and light, thus preventing CAPE
from being oxidized. At 25 ◦C, a similar tendency was observed for the change in the
remaining amounts of free and encapsulated CAPE, and the remaining amounts of free
CAPE and encapsulated CAPE were 41.5% and 59.2%, respectively. It is noteworthy that
the remaining amounts of CAPE at a lower temperature were always higher than that at a
higher temperature, implying that a lower temperature could decrease the degradation of
CAPE. Taken together, the above data indicated that RPNs could be used to increase the
storage stability of CAPE.

3.4. In Vitro Release of CAPE-RPNs

It is necessary to study the release behavior of CAPE-RPNs during the digestion pro-
cess, because their gastrointestinal digestive stability played an important role in protecting
CAPE. The release characteristic of encapsulated CAPE was evaluated by measuring the
cumulative CAPE-release percentage in the gastrointestinal digestion model in vitro, and
the result is shown in Figure 4. In SGF, the cumulated CAPE release of CAPE-RPNs quickly
increased to 49.0% within 30 min and remained constant afterward. The result was similar
to the release of CAPE encapsulated by asiatic acid nanoparticles [7], but was significantly
different compared to that of CAPE encapsulated by Ca-casein-sodium alginate nanopar-
ticles [4]. In SIF, an initial burst release of CAPE was observed during the first 30 min,
and a stable release plateau was reached after 60 min. After a simulation of intestinal
digestion for 120 min, about 50% of CAPE was released. Compared with a previous study,
which reported that 60% of Ca-casein-CAPE-NaAlg nanoparticles were released during SIF
period [4], CAPE-RPNs displayed a lower release amount, suggesting that CAPE-RPNs had
a more stable nanostructure, thereby better protecting CAPE against extreme environments
during digestion.
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3.5. Interaction Mechanism between RPNs and CAPE
3.5.1. Fluorescence Quenching

The interaction mechanism between RPNs and CAPE was investigated by fluorescence
quenching. This method has been widely used to study the interaction between proteins
and small compounds. Due to the presence of fluorescence groups, including tryptophan
and tyrosine, when protein or peptide molecules are excited at 280 nm, they can emit strong
endogenous fluorescence at about 350 nm [26]. However, fluorescence quenching will take
place if proteins or peptide molecules interact with non-fluorescence substance by excitation
state reaction, complex formation, energy transferor, or collision quenching [27]. Some
parameters including binding constants, number of binding sites, and thermodynamic
parameters can be obtained from the analysis of fluorescence quenching spectra, thereby
elucidating the interaction mechanism between RPNs and CAPE.

When RPNs were present with CAPE (its final concentration varied from 0 to 100µmol/L),
their fluorescence quenching spectra at 298 K and 310 K are shown in Figures 5A and 5B, re-
spectively. The results showed that CAPE could dose-dependently quench the fluorescence
of RPNs, demonstrating that an interaction existed between RPNs and CAPE. Meanwhile,
a successive red shift was also observed when the concentration of CAPE was increased. A
greater hydrophobicity of the environment could lead to a higher fluorescence intensity,
which was indicative of the changes in tryptophan and tyrosine of RPNs toward a more
hydrophilic microenvironment. Consistent with this result, Wei et al. also reported that the
interaction between CAPE and casein generated an environment with more hydrophily [4].
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Figure 5. (A,B), Fluorescence quenching spectra of rice peptides nanoparticles (RPNs) in the presence
of CAPE at 298 K and 310 K, respectively. (C) Stern−Volmer plot for the interaction of RPNs and
CAPE at 298 K and 310 K. (D) The log [(F0 − F)/F] and log C double logarithmic plots for the
interaction of RPNs and CAPE at 298 K and 310.
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3.5.2. Binding Constants and Number of Binding Sites

The mechanism of CAPE quenching fluorescence of RPNs was further analyzed. It has
been reported that fluorescence quenching is divided into static quenching and dynamic
quenching [28]. Dynamic quenching means physical collision or energy transfer between
fluorescent molecules and quenching agents, while static quenching refers to the formation
of complexes between ground state fluorescent molecules and quenching agents by weak
bonds [28]. The value of static quenching constant decreases, while dynamic quenching
constant increases when the temperature is increased [28]. The following Stern–Volmer
equation could be used to determine the type of quenching mechanism by calculating the
Stern–Volmer quenching constant (Ksv):

F0

F
= Ksv[Q] + 1 = Kqτ0[Q] + 1 (4)

where F0 and F are the fluorescence intensities of RPNs when CAPE is absent or present,
respectively. Ksv and Kq represent the Stern–Volmer quenching constant and quenching
rate constant, respectively. [Q] and τ0 are the total concentration of CAPE and average
fluorescence lifetime of RPNs (10−8 s), respectively.

The F0/F and [Q] in the Stern–Volmer plots obtained at 298 K and 310 K exhibited
a linear correlation, as shown in Figure 5C. The Ksv values were obtained by calculating
the line slope and are summarized in Table 1. It was found that the Ksv value decreased
when the temperature was increased. This result indicated that a static quenching existed
between RPNs and CAPE, leading to the formation of complexes. Based on the result, it is
reasonable to believe that rice peptides encapsulated CAPE in the core by self-assembly,
thus forming the CAPE-RPNs. We further calculated the number of binding sites (n) and
binding constant (Ka) between CAPE and RPNs with the following equation:

lg
F0 − F

F
= lgKA + nlg[Q] (5)

Table 1. The Stern–Volmer quenching constant (Ksv), quenching rate constant (Kq), binding constant
(Ka), binding sites numbers (n), and thermodynamic parameters (∆H, ∆S, ∆G) for CAPE interaction
with rice peptides (RPs) at 298 K and 310 K.

Temperature
(K) Ksv (L·mol−1) Kq

(L·mol−1·s−1) Quenching Type Ka (L·mol−1) n ∆G
(kJ·mol−1) ∆H (kJ·mol−1) ∆S

(J·mol−1·K−1)

298 1.42 × 104 1.42 × 1012 static quenching 0.44 × 103 0.62 −20.79 −41.65 −70
310 1.15 × 104 1.15 × 1012 static quenching 0.23 × 103 0.56 −19.95 −41.65 −70

The double logarithmic curve of the interaction between RPNs and CAPE is presented
in Figure 5D. It shows a significant positive linear correlation at both 298 K and 310 K. The
Ka and n, which were calculated from the slope and intercept, respectively, are summarized
in Table 1. It clearly shows that the values of Ka and n decreased with the increase in
temperature, suggesting that the binding affinity of RPNs and CAPE was weakened when
the temperature was increased.

3.5.3. Thermodynamic Parameters

The following formulas were used to calculate the thermodynamic parameters, thereby
determining the types of interaction force between RPNs and CAPE:

lnKA = −∆H/RT + ∆S/R (6)

∆G = −RTLnKA (7)

∆G = ∆H − T∆S (8)
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where ∆G is Gibbs free energy change, ∆H is enthalpy change, ∆S is entropy change, and
R is gas molar constant, 8.314 J·mol−1·K−1.

Table 1 summarizes the data of the thermodynamic parameters. It has been widely
reported that four types of interaction forces exist between proteins/peptides and small
molecules, including hydrophobic interactions, hydrogen bonds, electrostatic interactions,
and van der Waals forces [29]. Thermodynamic parameters could be used to determine
the type of interaction force. When ∆H < 0 and ∆S < 0, hydrogen bond and van der Waals
force are predominant forces; when ∆H > 0 and ∆S > 0, hydrophobic interaction is the main
force; when ∆H < 0, ∆S > 0, the electrostatic interactions are the main forces [30]. As shown
in Table 1, both ∆H and ∆S are negative values, indicating that hydrogen bond and van
der Waals force are the predominant forces between RPNs and CAPE. CAPE structurally
contains two hydroxyl groups, which might explain the interaction forces between RPNs
and CAPE, and the formation of CAPE-RPNs because these phenolic hydroxyl groups could
form hydrogen bonds with amino acids with hydroxyl groups in RPNs [31]. Consistent
with our study, Li et al. also reported that the hydrogen bonds and van der Waals forces
were the main interaction forces between CAPE and human serum albumin [32]. However,
other researchers found that the main interaction between CAPE micellar casein was
hydrophobic force [33]. In addition, we found that the formation of CAPE-RPNs occurred
spontaneously, which was demonstrated through the negative value of ∆G. Meanwhile, the
absolute value of ∆G indicated that CAPE-RPNs formation was easier at the temperature
of 298 K, which agreed with the result as reflected by Ka and n.

4. Conclusions

In conclusion, rice peptides were used for CAPE encapsulation to enhance the solubil-
ity and stability of CAPE in this study. Rice peptides could self-assemble into nanoparticles
(RPNs) with a diameter of around 210 nm with disulfide bonds and hydrogen bonds. RPNs
exhibited a high encapsulation efficiency (77.77%) and loading capacity (3.89%) for CAPE,
and greatly increase the water solubility (45 times) and storage stability (1.4-fold) of CAPE.
The interaction between RPNs and CAPE was mainly driven by van der Waals forces and
hydrogen bonds. RPNs were a promising delivery system to improve the water solubility
and stability of CAPE.

Author Contributions: X.W.: investigation, formal analysis, methodology, data curation, original
draft writing, writing—review and editing. S.F.: Investigation, formal analysis, validation. H.S.:
conceptualization, methodology, data curation, funding acquisition, supervision, original draft
writing, writing—review and editing. All authors have read and agreed to the published version of
the manuscript.

Funding: This research was funded by National Natural Science Foundation of China (32302086;
32172247) and Natural Science Foundation of Shanghai (23ZR1444500).

Data Availability Statement: The original contributions presented in the study are included in the
article, further inquiries can be directed to the corresponding author.

Conflicts of Interest: The authors declare no conflicts of interest.

References
1. Wang, A.Y.; Leible, M.; Lin, J.; Weiss, J.; Zhong, Q.X. Caffeic Acid Phenethyl Ester Loaded in Skim Milk Microcapsules:

Physicochemical Properties and Enhanced In Vitro Bioaccessibility and Bioactivity against Colon Cancer Cells. J. Agric. Food
Chem. 2020, 68, 14978–14987. [CrossRef]

2. Nai, X.; Chen, Y.R.; Zhang, Q.; Hao, S.Y.; Xuan, H.Z.; Liu, J. Interaction between caffeic acid phenethyl ester and protease:
Monitoring by spectroscopic and molecular docking approaches. Luminescence 2022, 37, 1025–1036. [CrossRef]

3. Chen, H.Q.; Guan, Y.G.; Baek, S.J.; Zhong, Q.X. Caffeic Acid Phenethyl Ester Loaded in Microemulsions: Enhanced In Vitro
Activity against Colon and Breast Cancer Cells and Possible Cellular Mechanisms. Food Biophys. 2019, 14, 80–89. [CrossRef]

4. Wei, X.L.; Dai, J.; Zhong, Y.; Zhang, D.; Liu, L.; Wang, L.J.; Huang, Y.K.; Chen, P.F.; Zhou, Z.; Chen, X.G.; et al. Caffeic acid
phenethyl ester loaded in nano-targeted delivery system with casein: Physicochemical characterization, in vitro release, and
binding mechanisms. LWT-Food Sci. Technol. 2021, 150, 10. [CrossRef]

https://doi.org/10.1021/acs.jafc.0c05143
https://doi.org/10.1002/bio.4262
https://doi.org/10.1007/s11483-018-9559-y
https://doi.org/10.1016/j.lwt.2021.111938


Foods 2024, 13, 755 12 of 13

5. Garrido, E.; Cerqueira, A.S.; Chavarria, D.; Silva, T.; Borges, F.; Garrido, J. Microencapsulation of caffeic acid phenethyl ester and
caffeic acid phenethyl amide by inclusion in hydroxypropyl-β-cyclodextrin. Food Chem. 2018, 254, 260–265. [CrossRef]

6. Ling, M.; Xu, Y.F.; Huang, X.; He, C.W.; Zhou, Z. Phosphorylated walnut protein/chitosan nanocomplexes as promising carriers
for encapsulation of caffeic acid phenethyl ester. J. Sci. Food Agric. 2023, 103, 5770–5781. [CrossRef]

7. Liu, Y.Q.; Liu, K.K.; Wang, X.L.; Shao, Y.W.; Li, X.; Hao, L.M.; Zhang, X.M.; Yi, J.J.; Lu, J.K. Co-assembling nanoparticles of Asiatic
acid and Caffeic acid phenethyl ester: Characterization, stability and bioactivity in vitro. Food Chem. 2023, 402, 8. [CrossRef]

8. Mo, H.R.; Chen, X.W.; Cui, B.; Chen, Y.L.; Chen, M.L.; Xu, Z.; Wen, L.; Cheng, Y.H.; Jiao, Y. Formation and Characterization of
Self-Assembled Rice Protein Hydrolysate Nanoparticles as Soy Isoflavone Delivery Systems. Foods 2023, 12, 1523. [CrossRef]

9. Bao, C.; Li, Z.K.; Liang, S.; Hu, Y.L.; Wang, X.Y.; Fang, B.; Wang, P.J.; Chen, S.N.; Li, Y. Microneedle Patch Delivery of Capsaicin-
Containing α-Lactalbumin Nanomicelles to Adipocytes Achieves Potent Anti-Obesity Effects. Adv. Funct. Mater. 2021, 31, 10.
[CrossRef]

10. Du, Z.Y.; Li, Q.; Li, J.G.; Su, E.Y.; Liu, X.; Wan, Z.L.; Yang, X.Q. Self-Assembled Egg Yolk Peptide Micellar Nanoparticles as a
Versatile Emulsifier for Food-Grade Oil-in-Water Pickering Nanoemulsions. J. Agric. Food Chem. 2019, 67, 11728–11740. [CrossRef]

11. Amagliani, L.; O’Regan, J.; Kelly, A.L.; O’Mahony, J.A. The composition, extraction, functionality and applications of rice proteins:
A review. Trends Food Sci. Technol. 2017, 64, 1–12. [CrossRef]

12. Song, H.D.; Wang, Q.Y.; Shao, Z.W.; Wang, X.Y.; Cao, H.W.; Huang, K.; Sun, Q.Q.; Sun, Z.L.; Guan, X. In vitro gastrointestinal
digestion of buckwheat (Fagopyrum esculentum Moench) protein: Release and structural characteristics of novel bioactive peptides
stimulating gut cholecystokinin secretion. Food Funct. 2023, 14, 7469–7477. [CrossRef] [PubMed]

13. Jiang, L.J.; Song, J.L.; Qi, M.M.; Suo, W.J.; Deng, Y.X.; Liu, Y.; Li, L.X.; Zhang, D.L.; Wang, C.J.; Li, H.J. Modification mechanism
of protein in rice adjuncts upon extrusion and its effects on nitrogen conversion during mashing. Food Chem. 2023, 407, 135150.
[CrossRef]

14. Zou, Y.; Zheng, Q.W.; Chen, X.; Ye, Z.W.; Wei, T.; Guo, L.Q.; Lin, J.F. Physicochemical and emulsifying properties of protein
isolated from Phlebopus portentosus. LWT-Food Sci. Technol. 2021, 142, 8. [CrossRef]

15. Song, H.D.; He, A.J.; Guan, X.; Chen, Z.Y.; Bao, Y.Z.; Huang, K. Fabrication of chitosan-coated epigallocatechin-3-gallate (EGCG)-
hordein nanoparticles and their transcellular permeability in Caco-2/HT29 cocultures. Int. J. Biol. Macromol. 2022, 196, 144–150.
[CrossRef]

16. Zaky, A.A.; El-Aty, A.M.A.; Ma, A.; Jia, Y. An overview on antioxidant peptides from rice bran proteins: Extraction, identification,
and applications. Crit. Rev. Food Sci. Nutr. 2022, 62, 1350–1362. [CrossRef]

17. Zhang, X.X.; Zuo, Z.Y.; Yu, P.B.; Li, T.; Guang, M.; Chen, Z.X.; Wang, L. Rice peptide nanoparticle as a bifunctional food-grade
Pickering stabilizer prepared by ultrasonication: Structural characteristics, antioxidant activity, and emulsifying properties. Food
Chem. 2021, 343, 128545. [CrossRef]

18. Hong, H.; Akbari, A.; Wu, J.P. Small amphipathic peptides are responsible for the assembly of cruciferin nanoparticles. Sci. Rep.
2017, 7, 13. [CrossRef]

19. Chen, H.M.; Cai, X.X.; Cheng, J.; Wang, S.Y. Self-assembling peptides: Molecule-nanostructure-function and application on food
industry. Trends Food Sci. Technol. 2022, 120, 212–222. [CrossRef]

20. Song, H.D.; Wang, Q.Y.; He, A.J.; Li, S.; Guan, X.; Hu, Y.W.; Feng, S.Y. Antioxidant activity, storage stability and in vitro release of
epigallocatechin-3-gallate (EGCG) encapsulated in hordein nanoparticles. Food Chem. 2022, 388, 8. [CrossRef]

21. Wang, R.H.; Zhang, L.Y.; Chi, Y.J.; Chi, Y. Forces involved in freeze-induced egg yolk gelation: Effects of various bond dissociation
reagents on gel properties and protein structure changes. Food Chem. 2022, 371, 9. [CrossRef]

22. Amagliani, L.; O’Regan, J.; Keny, A.L.; O’Mahony, J.A. Composition and protein profile analysis of rice protein ingredients. J.
Food Compos. Anal. 2017, 59, 18–26. [CrossRef]

23. Lee, H.Y.; Jeong, Y.I.; Kim, E.J.; Lee, K.D.; Choi, S.H.; Kim, Y.J.; Kim, D.H.; Choi, K.C. Preparation of Caffeic Acid Phenethyl
Ester-Incorporated Nanoparticles and Their Biological Activity. J. Pharm. Sci. 2015, 104, 144–154. [CrossRef]

24. Xie, H.J.; Liu, C.Z.; Gao, J.; Shi, J.Y.; Ni, F.F.; Luo, X.; He, Y.; Ren, G.R.; Luo, Z.S. Fabrication of Zein-Lecithin-EGCG complex
nanoparticles: Characterization, controlled release in simulated gastrointestinal digestion. Food Chem. 2021, 365, 8. [CrossRef]

25. Göçer, H.; Gülçin, I. Caffeic acid phenethyl ester (CAPE): Correlation of structure and antioxidant properties. Int. J. Food Sci. Nutr.
2011, 62, 821–825. [CrossRef]

26. Zhang, Y.Y.; Lu, Y.C.; Yang, Y.; Li, S.Y.; Wang, C.; Wang, C.N.; Zhang, T.H. Comparison of non-covalent binding interactions
between three whey proteins and chlorogenic acid: Spectroscopic analysis and molecular docking. Food Biosci. 2021, 41, 11.
[CrossRef]

27. Koppal, V.V.; Melavanki, R.; Kusanur, R.; Patil, N.R. Analysis of Fluorescence Quenching of Coumarin Derivative under Steady
State and Transient State Methods. J. Fluoresc. 2021, 31, 393–400. [CrossRef]

28. Wu, X.C.; Zhao, X.J.; Deng, Z.A.; Liang, X.R.; Fang, S. Investigation of interactions between zein and natamycin by fluorescence
spectroscopy and molecular dynamics simulation. J. Mol. Liq. 2021, 327, 8. [CrossRef]

29. Ribeiro, M.; de Sousa, T.; Poeta, P.; Bagulho, A.S.; Igrejas, G. Review of Structural Features and Binding Capacity of Polyphenols
to Gluten Proteins and Peptides In Vitro: Relevance to Celiac Disease. Antioxidants 2020, 9, 463. [CrossRef]

30. Wang, B.L.; Pan, D.Q.; Zhou, K.L.; Lou, Y.Y.; Shi, J.H. Multi-spectroscopic approaches and molecular simulation research of the
intermolecular interaction between the angiotensin-converting enzyme inhibitor (ACE inhibitor) benazepril and bovine serum
albumin (BSA). Spectroc. Acta Part A-Molec. Biomolec. Spectr. 2019, 212, 15–24. [CrossRef]

https://doi.org/10.1016/j.foodchem.2018.02.007
https://doi.org/10.1002/jsfa.12652
https://doi.org/10.1016/j.foodchem.2022.134409
https://doi.org/10.3390/foods12071523
https://doi.org/10.1002/adfm.202011130
https://doi.org/10.1021/acs.jafc.9b04595
https://doi.org/10.1016/j.tifs.2017.01.008
https://doi.org/10.1039/D3FO01951A
https://www.ncbi.nlm.nih.gov/pubmed/37489980
https://doi.org/10.1016/j.foodchem.2022.135150
https://doi.org/10.1016/j.lwt.2021.111042
https://doi.org/10.1016/j.ijbiomac.2021.12.024
https://doi.org/10.1080/10408398.2020.1842324
https://doi.org/10.1016/j.foodchem.2020.128545
https://doi.org/10.1038/s41598-017-07908-z
https://doi.org/10.1016/j.tifs.2021.12.027
https://doi.org/10.1016/j.foodchem.2022.132903
https://doi.org/10.1016/j.foodchem.2021.131190
https://doi.org/10.1016/j.jfca.2016.12.026
https://doi.org/10.1002/jps.24278
https://doi.org/10.1016/j.foodchem.2021.130542
https://doi.org/10.3109/09637486.2011.585963
https://doi.org/10.1016/j.fbio.2021.101035
https://doi.org/10.1007/s10895-020-02663-3
https://doi.org/10.1016/j.molliq.2020.114873
https://doi.org/10.3390/antiox9060463
https://doi.org/10.1016/j.saa.2018.12.040


Foods 2024, 13, 755 13 of 13

31. Nai, X.; Chen, Y.R.; Hao, S.Y.; Liu, M.; Zhang, Q.; Liu, J.; Li, M.Y.; Kong, J. Temperature, pH and additives effects on the binding of
Caffeic acid phenethyl ester to the native state of bovine serum albumin. J. Chem. Thermodyn. 2022, 168, 10. [CrossRef]

32. Li, H.L.; Wu, F.; Tan, J.; Wang, K.; Zhang, C.P.; Zheng, H.Q.; Hu, F.L. Caffeic acid phenethyl ester exhibiting distinctive binding
interaction with human serum albumin implies the pharmacokinetic basis of propolis bioactive components. J. Pharm. Biomed.
Anal. 2016, 122, 21–28. [CrossRef]

33. Qin, J.J.; Yang, M.; Wang, Y.C.; Wa, W.Q.; Zheng, J. Interaction between caffeic acid/caffeic acid phenethyl ester and micellar
casein. Food Chem. 2021, 349, 10. [CrossRef]

Disclaimer/Publisher’s Note: The statements, opinions and data contained in all publications are solely those of the individual
author(s) and contributor(s) and not of MDPI and/or the editor(s). MDPI and/or the editor(s) disclaim responsibility for any injury to
people or property resulting from any ideas, methods, instructions or products referred to in the content.

https://doi.org/10.1016/j.jct.2022.106724
https://doi.org/10.1016/j.jpba.2016.01.040
https://doi.org/10.1016/j.foodchem.2021.129154

	Introduction 
	Materials and Methods 
	Materials 
	Preparation of Rice Protein and Peptides 
	Particle Size and Polydispersity Index (PDI) Analysis 
	Analysis of Internal Forces of RPNPs 
	Encapsulation of CAPE by Rice Peptides 
	Storage Stability of CAPE-RPNPs 
	Release Behavior of CAPE-RPNPs 
	Fluorescence Quenching Analysis 
	Statistical Analysis 

	Results and Discussion 
	Effective Diameter, Polydispersity Index (PDI), and Internal Forces of Rice Peptide Nanoparticles (RPNs) 
	Encapsulation of CAPE by RPNs 
	Storage Stability 
	In Vitro Release of CAPE-RPNs 
	Interaction Mechanism between RPNs and CAPE 
	Fluorescence Quenching 
	Binding Constants and Number of Binding Sites 
	Thermodynamic Parameters 


	Conclusions 
	References

