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To promote the normal metabolism of human uric acid, high-performance hyaluronic

acid-black rice anthocyanins (HAA) nanocomposite particles were successfully prepared

by a simple crosslinking method as a novel xanthine oxidase inhibitor. Its structure and

properties were characterized by scanning electron microscopy (SEM), transmission

electron microscopy (TEM), Fourier transform infrared spectrometry (FT-IR), and X-ray

diffraction (XRD). SEM and TEM electron microscopy showed an obvious double-layer

spherical structure with a particle size of∼298 nm. FT-IR and XRD analysis confirmed that

black rice anthocyanins (ATC) had been successfully loaded into the hyaluronic acid (HA)

structure. Nanocomposite particles (embedded form) showed higher stability in different

environments than free black rice ATC (unembedded form). In addition, the preliminary

study showed that the inhibition rate of the nanocomposite particles on Xanthine oxidase

(XO) was increased by 40.08%. These results indicate that HAA nanocomposite particles

can effectively improve black rice ATC’s stability and activity, creating an ideal new

material for inhibiting XO activity that has a broad application prospect.

Keywords: uric acid, black rice anthocyanins, hyaluronic acid, xanthine oxidase, inhibition

INTRODUCTION

Uric acid (C5H4N4O3) is the final product of themetabolism of endogenous purines and exogenous
purines in vivo and is a heterocyclic organic compound (1). When the level of uric acid in the
blood is too high, it will accumulate in the form of urate in joints, cartilage, and other body tissues,
causing swelling and deformation of organ tissues, resulting in gout arthritis and eventually the
development of hyperuricemia. Xanthine oxidase (XO) is an important enzyme for regulating
uric acid synthesis and metabolism (2). It is a molybdate protease composed of two completely
symmetrical subunits. The catalytic center includes a molybdenum center, two iron-sulfur centers,
and a xanthine adenine dinucleotide. The molybdenum center is the key site for the catalytic
production of uric acid. The drugs that inhibit the production of uric acid are mainly XO inhibitors,
so they are also one of the most promising therapeutic targets. Allopurinol and other commonly
used traditional therapeutic drugs greatly impact human health due to their long curative effect and
strong side effects (3, 4). Therefore, it is important to search for high efficiency and low toxicity in
nutritional regulatory factors.
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Black rice is a medicinal, edible rice formed by the long-term
cultivation of gramineous plant rice. It has a long cultivation
history and is an ancient and valuable rice variety in China
(5, 6). Modern medicine has confirmed that black rice has
the effects of nourishing the yin and kidney, invigorating the
spleen, warming the liver, improving eyesight, and promoting
blood circulation (7). This is mainly ascribed to the rich
anthocyanins (ATC) in black rice skin. In recent years, the
physiological functions of black rice ATC, such as alleviating
liver injury, lowering blood lipids, acting as an anticancer agent,
controlling diabetes, and preventing myocardial injury (8, 9),
have been widely studied, and related literature reports that ATC
have a strong inhibitory effect on XO activity (10). However,
the instability and low bioavailability of black rice ATC limit
their application in food ingredients. Although ATC can be
directly absorbed by intestinal epithelial cells (11), they are easily
degraded by the digestive environment of the small intestine.
They are usually transferred to the colon with a low absorption
rate (12). Thus, there is a considerable demand to develop a
technology that can effectively improve ATC’s bioavailability and
physiological activity.

Nanoembedding technology has improved ATC stability by
embedding ATC from light, heat, pH, and other environmental
effects (13, 14). Hyaluronic acid (HA) is a polysaccharide in the
extracellular and loose connective tissue of mammalian bone
marrow cells. It is an ideal carrier for preparing nanomaterials
because of its good biocompatibility and biodegradability
(15–17). The hydrophobic drugs doxorubicin and camptothecin
were loaded into HA to improve the water solubility and
bioavailability of the drug (18, 19). Therefore, nanomaterials
combined with HA and black rice ATC could be developed into
a new type of health care substance, effectively improving the
low stability of black rice ATC and enhancing the inhibition of
XO activity.

The commonly used method for synthesizing nanomaterials
is mainly chemical modification (20). Still, this method
is more complicated and usually involves the addition of
organic solvents, which have certain hidden dangers to
human health when applied to food ingredients. Therefore,
based on the group and charge characteristics of HA and
black rice ATC, a simple crosslinking method was used
to prepare hyaluronic acid-black rice anthocyanins (HAA)
nanocomposite particles (21). The method is simple and has
higher safety than the conventional chemical modification
method. The nanocomposite particles were characterized by
a Malven Zetasizer Nano-ZS (Nano-ZS), scanning electron
microscopy (SEM), transmission electron microscopy (TEM),
Fourier transform infrared spectroscopy (FT-IR), and X-ray
diffraction (XRD). Then, the stability, in vitro release, and
in vitro simulated digestion were evaluated to determine the
effectiveness and applicability of HAA. For the first time,
synthetic HAAwas used as an inhibitor to improve the inhibitory
effect on XO. This paper could also provide a reference
for the development of novel enzyme inhibitors related to
nanotechnology and provide a theoretical basis for the research
and application of inhibiting XO activity in the fields of medicine
and functional food.

MATERIALS AND METHODS

Materials
A black rice-derived mixture of anthocyanins with a purity
>25% (mainly containing Cyanidin-3-glucoside) was obtained
from Xi ’an Xiaocao Plant Technology Co., Ltd. (Xi ’an, China).
Hyaluronic acid (HA) (purity>95%) was purchased fromHenan
Sanhua Biological Technology Co., Ltd. (China). Xanthine
oxidase (Cat. NO. X1875, from bovine milk, ≥0.4 units/mg
protein, 5U) and xanthine (purity ≥99%) were purchased from
Sigma–Aldrich Co. Ltd. (St. Louis, USA). Other chemicals
were all analytical grade and were purchased from Sinopharm
Chemical Reagent Co., Ltd. (Shanghai, China). All experimental
water was deionized water.

Preparation of HAA Nanocomposite
Particles
The HA/ATC mass ratio (8–12: 1), reaction pH (2.8–4.8),
and stirring time (1–5 h) were considered as the experimental
factors for the preparation of HAA nanocomposite particles. The
nanocomposite particles were prepared according to a previously
reported method (22) with slight modifications. HA (18mg) was
dissolved in 10mL of deionized water and stirred continuously
until a clear and transparent solution was obtained. Then, under
the action of magnetic stirring, 2mL black rice ATC solution was
slowly added into HA solution with a syringe and mixed evenly.
The pH was adjusted to 4.3 with dilute hydrochloric acid (1.0M).
After ultrasonic treatment for 5min (power 200W, frequency
59 kHz, working for 10 s, intermittent 5 s), magnetic stirring was
performed for 3 h to obtain a uniform pink suspension. Finally,
the suspension was dried in a vacuum freeze to obtain HAA
nanocomposite particles. All the above experiments were carried
out in a dark environment.

Encapsulation Efficiency (EE) Calculation
Black rice ATC’s EE (%) was determined using the methods
described previously (14, 23). The nanocomposite particles were
centrifuged at 8,000 rpm for 30min, and the free black rice ATC
content in the supernatant was determined by the pH differential
method. The samples were diluted with pH 1.0 (0.025M) and
pH 4.5 (0.4M) buffers, and the absorbance was determined
with distilled water as a blank at 510 and 700 nm, respectively.
The black rice ATC content was calculated by the equivalent of
cyanidin-3-glucoside (C3G) according to the equation (1):

c=
(ApH1.0− ApH4.5) × Mw × DF × 1000

Ma × L
(1)

where ApH1.0 and ApH4.5 are the maximum absorbance of pH
1.0 and pH 4.5 buffer dilution samples, respectively. Mw is the
molecular equivalent (449.2 g/mol) of C3G. DF is the dilution
factor; Ma is the extinction coefficient (26,900 mol/L∗cm); L is
the optical diameter (1 cm); and 1,000 is the conversion factor.

The encapsulation efficiency of the black rice ATC was
calculated according to the equation (2):

EE(%) =
ATC0− ATCt

ATC0
×100 (2)
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where ATC0 is the initial content of black rice ATC in the
nanocomposite particles, and ATCt is the content of free black
rice ATC in the supernatant.

Characterization of HAA Nanocomposite
Particles
The particle size, zeta potential, and polydispersity index
(PDI) of HAA nanocomposite particles were analyzed using
a Malven Zetasizer Nano-ZS (Nano-ZS) (Malvern Inst. Ltd.,
UK) at 25◦C. Scanning electron microscopy (SEM) (SU8010,
Hitachi Ltd., Japan) and transmission electron microscopy
(TEM) (H-7650, Hitachi, Tokyo, Japan) were used to determine
the surface morphology of the samples. X-ray diffractometry
(XRD) (D8 Advance, Brucker, Karlsruhe, Germany) was used
to scan and determine the structure and composition of
the nanocomposite particles at room temperature. The FT-IR
spectra of nanocomposite particles were determined by Fourier
Transform Infrared Spectrometer (FT-IR) (IS50, USA) scanning
in the range from 4,000 cm−1 to 400 cm−1.

Stability Analysis
The nanocomposite particles were stored for 6 days at 25◦C and
protected from light under 0.1, 0.25, 0.5, and 1.0 mg/mL ascorbic
acid (AA) conditions. Samples were taken every day to detect
the retention rate of black rice ATC. Sampling and detecting
the retention rate of black rice ATC at appropriate intervals at
three conventional temperatures of 4◦C (cooling temperature),
25◦C (room temperature), and 40◦C (accelerated heating) (13).
The nanocomposite particles were exposed to light and stored at
25◦C for 10 days, and the retention rate of black rice ATC was
measured every other day. The retention rate of black rice ATC
was calculated by the pH differential method according to the
equation (3, 24):

R(%)=
Ct

C0
×100 (3)

where R represents the black rice ATC retention rate (%) (defined
as the percentage of ATC content change); Ct represents the black
rice ATC content sampled at time t (mg/L); and C0 represents the
initial black rice ATC content (mg/L).

In vitro Simulation Analysis
The in vitro sustained release analysis of nanocomposite particles
referred to a slightly modified version of the previous method
(25). The lyophilized nanocomposite particle powder was
suspended in phosphate-buffered saline (PBS) buffer (0.1M, pH
7.4) to fully dissolve it, transferred to an 8–14 kDa dialysis
bag, sealed and put into a vial containing 50mL PBS buffer,
and shaken at 100 rpm (37◦C). Then, 3mL of the fluid outside
the dialysis bag was removed at a fixed point, and fresh buffer
solution with the same temperature and amount was immediately
added. The drug release amount and cumulative drug release
percentage were calculated, and the sustained release curves of
the nanocomposite particles were plotted in vitro.

The in vitro simulated digestion of nanocomposite particles
was evaluated according to a previous method (26) with slight
modifications. Simulated oral digestion: 1mL of activated saliva

(6.5mg α-amylase and 0.5mg CaCl2 dissolved in ultra-pure
water at pH 6.75) was added to a conical flask containing
a 10mL sample and digested at 100 rpm for 10min (37◦C).
Simulated gastric digestion: After 10min of simulated oral
digestion according to the above steps, the oral digestive juice
was adjusted to pH 2.0 with 6M HCl, and then 1mL of activated
gastric juice (0.3 g of pepsin dissolved in 0.1M HCl at pH
2.0), mixed well, and then shaken for 2 h. Simulated intestinal
digestion: After oral and gastric simulated digestion according to
the above steps, the gastric digestive juice was adjusted to pH 7.5
with 0.9M NaHCO3, and then 10mL of activated intestinal juice
was added (3.8 g of pig bile salt and 0.6 g of trypsin were dissolved
in 0.1MNaHCO3 at pH 7.5) andmixed well, followed by shaking
for 2 h. The retention rate of black rice ATC at different stages
of simulated digestion in vitro was determined according to the
method described in section stability analysis.

Inhibitory Activity of Nanocomposite
Particles on XO in vitro
To compare and analyze the inhibitory activities of
nanocomposite particles on XO in vitro, the inhibition
experiment was carried out according to a previous report
with slight modifications (27). Briefly, a series of mixtures
consisting of a standard concentration of XO (0.012 U/mL), PBS
buffer (0.05M, pH 7.5), and the samples were incubated in a
25◦C constant temperature water bath for 30min. Then, 1mL
xanthine (0.2 mg/mL) was added to start the reaction. Then, the
time/kinetics software UV–Visible spectrophotometer (U3010,
Hitachi Ltd., Japan) was used to determine the absorbance of
uric acid at 290 nm in the reaction system and to determine the
catalytic activity of uric acid produced by XO in the presence
of nanocomposite particles with different concentrations. Then,
the relative inhibition rate of the sample to XO was calculated
according to the equation (4):

I(%)=

(

1−
B

A

)

×100 (4)

where B represents the enzyme reaction activity in the presence
of inhibitor, and A represents the enzyme reaction activity in the
absence of inhibitor.

Statistical Analysis
All data are expressed as the means ± standard deviations
of triplicate determinations. One-way analysis of variance
(ANOVA) and Duncan’s test (P < 0.05) were performed by SPSS
26.0 (IBM Inc., Armonk, NY, USA) to compare the differences
between groups. Origin 8.0 (Origin Lab Inc., Massachusetts,
USA) was used to draw relevant charts.

RESULTS AND DISCUSSION

Preparation and Characterization of HAA
Nanocomposite Particles
Nano-ZS Analysis
HA and black rice ATC will interact when mixed. The Malven
Zetasizer Nano-ZS was used to determine the influence of
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TABLE 1 | Average particle size, zeta potential, PDI, and EE (%) of HAA

nanocomposite particles.

Samples Particle size (nm) zeta potential

(mV)

PDI EE (%)

9:1-pH 4.3–3 h 298.56 ± 5.51 −32.51 ± 0.99 0.343 ± 0.02 86.04 ± 0.5

different factors on the particle size, zeta potential and PDI value
of the prepared HAA nanocomposite particles. The effect of the
mass ratio of HA to black rice ATC on HAA nanocomposite
particles is shown in Supplementary Table 1. With the increase
contents of HA, the particle size of HAA decreased first and
then increased gradually, and the zeta potential showed a
downward trend, indicating that a large proportion of HA
did not conform to the basic characteristics of nanocomposite
particles. This may be because: the ionic interactions between
black rice ATC and HA would be strengthened to a certain extent
with the increase contents of HA (14), resulting in a tighter
combination of the two. Further increasing the HA content
exceeded the binding limit with black rice ATC, too much water-
soluble carrier attached to the surface of the nanocomposite
particles or float around, leading to the gradual increase of the
particle size. The effect of pH on the nanocomposite particles is
shown in Supplementary Table 2. With the increase of pH, the
particle size and PDI of the nanocomposite particles decreased
relatively, and zeta potential relatively increased, but as the pH
continued to increase, the zeta potential decreased. This may
be because the small pH (pH < 3) increased the repulsive
force between the positive charge density of black rice ATC
and the -NH2 groups, which destabilized the polymer network
and induced the swelling of the particles. The electrostatic force
between the positive charge of black rice ATC and anionic
polysaccharides at pH values of about 3 and 4 was strong,
resulting in a close binding between the two. As the pH value
continued to increase, the electrostatic force between HA and
black rice ATC weakened, and PDI increased, resulting in
condensation. The effect of stirring time on the nanocomposite
particles is shown in Supplementary Table 3. With the increase
of stirring time, the particle size of the nanocomposite particles
gradually decreased and was evenly dispersed. However, as
the stirring time continued to increase, the particle size and
PDI value increased sharply. This may be due to the dynamic
formation process of HAA nanocomposite particles. Appropriate
stirring time was conducive to the dispersion of solutes and
the uniform particle size of nanocomposite particles. Excessive
stirring destroyed the interaction between HA and black rice
ATC, increasing the frequency of collisions and aggregations in
the system, thus affecting the morphology and homogeneity of
the nanocomposite particles. Further experimental results and
range analysis are shown in Supplementary Tables 4, 5, and the
stirring time had the greatest influence on the particle size and
zeta potential of HAA nanocomposite particles. Based on the
analysis results of particle size and zeta potential, the stirring time
3 h, pH 4.3, and HA:ATC mass ratio 9:1 were considered optimal
conditions for preparing HAA nanocomposite particles.

To further characterize the preparation conditions of the
HAA nanocomposite particles, verification experiments were
carried out, and the results are shown in Table 1. The
prepared nanocomposite particles showed a suitable particle
size. Generally, since 50–500 nm nanocomposites are optimal for
epithelial cells (28), HAA nanocomposite particles are favorable
for absorption by intestinal epithelial cells. In addition, the
PDI value of the nanocomposite particles prepared under the
process conditions was acceptable. The zeta potential value
can reflect nanoparticles’ physical and chemical characteristics
and biological stability in solution. The zeta value of the
nanocomposite particles prepared in this experiment was larger,
indicating that the state of the nanoparticles in the system was
relatively stable. Moreover, the higher encapsulation efficiency
is conducive to improving the utilization of small molecule
active substances. It is speculated that the electrostatic attraction
between the black rice ATC cation and the carboxyl groups on
HA would enhance the encapsulation of black rice ATC. It may
also be because the dense network formed by hydrogen bonds
between black rice ATC and HA contributed to the improvement
of embedding efficiency, which has a better protective effect on
black rice ATC (24).

Morphological Analysis
TEM and SEM were used to evaluate the morphology of
HAA nanocomposite particles, which is helpful to explain
the microstructure and aggregation characteristics of HAA. As
shown in Figures 1A,B, the synthesized HAA nanocomposite
particles had a clear structure without obvious agglomeration
phenomena, which is similar to other biopolymer-based
nanomaterials. As shown in Figures 1C,D, the nanocomposite
particles were evenly dispersed, with a single spherical shape
and an average particle size of 200 nm. However, it should
be noted that there was a difference between the particle
size measured by the Malvern particle size analyzer and the
transmission electron microscope, which may be due to the loss
of water during freeze-drying. In general, the average particle
size determined by the Malvern particle size analyzer is closer to
the size of the nanoparticle in the systemic circulation system,
which is more suitable for the absorption and utilization of the
biological environment (29). In addition, compared with HA
alone (Figure 1E), an obvious double-layer structure could be
found after the nanocomposite particles formed, which could
intuitively reflect that the black rice ATC had been successfully
loaded into the network structure of HA.

Structural Analysis
As shown in Figure 2, the diffraction peaks of black rice ATC
were mostly sharp, and characteristic peaks were observed
at 2θ values of 15.47◦, 23.36◦, 31.71◦, and 45.55◦, which
indicated that black rice ATC was highly crystalline. Two
relatively wide diffraction peaks were detected at 2θ values
of 11.31◦ and 19.73◦, indicating that HA was semicrystalline.
The diffraction peak intensity of the synthesized nanocomposite
particles was significantly reduced, showing the characteristics
of amorphous polymers. The results showed that the crystal
structure of the black rice ATC molecule in the nanocomposite
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FIGURE 1 | SEM images of HAA nanocomposite particles (A,B), TEM images of HAA nanocomposite particles (C,D), and HA (E).

FIGURE 2 | XRD spectra of HA, black rice ATC, and HAA nanocomposite particles.

particles was covered, and that the diffraction peak intensity
was significantly reduced, which may be related to the newly
formed intermolecular hydrogen bond between black rice ATC
and HA.

Spectral Analysis
The averaged and smoothed FT-IR spectra of HA, black rice
ATC, and HAA nanocomposite particles are shown in Figure 3,
and the characteristic peak positions of HA, black rice ATC

and HAA are shown in Supplementary Table 6 (30, 31). The
positions of the characteristic peaks were determined according
to previously methods (23, 32, 33). The peaks of black rice
ATC at 1,641 and 1,444 cm−1 corresponded to the stretching
vibrations of C=C and C=O in the aromatic ring skeleton,
respectively. A band at 1,326 cm−1 corresponded to C-O
angular deformations of phenols (13), and 1,245 cm−1 was the
stretching vibration peak caused by the benzopyran aromatic
ring, which was a typical flavonoid structure peak. The peaks
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FIGURE 3 | The averaged and normalized FT-IR spectra of HA, black rice ATC, and HAA nanocomposite particles.

of HA at 1,633 and 1,417 cm−1 belonged to the -COO−

group of carboxylic acid salt. In the spectral bands of the
synthesized nanocomposite particles, the stretching vibration of
C=O (1,648 cm−1) showed a blueshift absorption peak, and the
stronger stretching vibration at 1,303 cm−1 was attributed to the
introduction of black rice ATC, while the absorption peak at
1,046 cm−1 was stronger than that of HA, indicating hydrogen
bond formation. Moreover, there was a shift in O-H stretching
vibrations from 3,382 to 3,449 cm−1, revealing hydrogen bonding
between black rice ATC and HA (34). The characteristic peak
of ATC disappeared at 1,245 cm−1 in HAA, indicating that
HA had successfully embedded black rice ATC. In addition, the
COO− characteristic peak of HA at 1,417 cm−1 was shifted
to 1,409 cm−1 in HAA, indicating the electrostatic interaction
between -COOH of HA and -OH of black rice ATC. The above
results all confirmed the successful combination of HA and black
rice ATC.

Stability Analysis
Affected by its own structure, ATC are often unstable to the
external environment and are easily degraded. The expectation
that HA would stabilize black rice ATC by providing a barrier is
supported by studies examining free black rice ATC and HAA
storage. The stability analysis of free black rice ATC and HAA
nanocomposite particles under different environmental stresses
and storage conditions is shown below.

Effect of Ascorbic Acid Treatment
AA is a common additive in food. Relevant studies have shown
that a certain amount of AA has a degradation effect on ATC,
mainly due to the effect of hydrogen peroxide (H2O2). H2O2

is an auto oxidizing product of AA that opens the ring of
ATC and leads to the oxidation of flavonoid salts into colorless
products, leading to ATC degradation (35–37). As shown in
Figure 4, the retention rates of free black rice ATC at different AA
concentrations gradually decreased with the extension of storage
days, and the retention rates after 6 days were 60.39, 51.08,
32.24, and 24.49%, respectively. However, HAA nanocomposite
particles showed significant protection against ATC degradation
at the same AA concentration. The retention rates were
increased by 32.27, 31.5, 48.42, and 54.84%, respectively, which
was in accordance with previously reported studies (13). The
encapsulation of nanocomposite particles provided a physical
barrier to prevent direct contact between black rice ATC and
AA, thus improving stability. The higher retention rate of
HAA nanocomposite particles was also attributed to the higher
encapsulation efficiency.

Effect of Thermal Treatment
ATC are sensitive to temperature. The stability analysis of
free black rice ATC and HAA under different conventional
temperatures is shown in Figure 5. The black rice ATC retention
rates of HAA nanocomposite particles stored at 4◦C for 18 days,
25◦C for 6 days, and 40◦C for 3 days were 87.18, 73.68, and
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FIGURE 4 | The stability of black rice ATC at different ascorbic acid (AA) concentrations [(A) 0.1 mg/mL AA, (B) 0.25 mg/mL AA, (C) 0.5 mg/mL AA, and (D) 1.0

mg/mL AA]. EN and UN represent HAA nanocomposite particles (embedded form) and black rice ATC (unembedded form), respectively.

71.71%, respectively, while the free black rice ATC stored at 4,
25, and 40◦C for the same time were only 75.09, 44.68, and
33.37%, respectively. The HAA nanocomposite particles showed
better thermal stability than free black rice ATC did. After the
interaction of HA with black rice ATC, black rice ATC was
not reduced to a colorless chalcone structure and methanol
pseudoalkaline form, which prevented the hydration of black rice
ATC and thus maintained thermal stability. Generally, water-
soluble carbohydrates can significantly improve the thermal
stability of ATC by reducing the water activity around ATC (38).
Our experimental results show that the nanocomposite particles
can effectively reduce the degradation of black rice ATC caused
by temperature factors, providing new insight for improving the
stability of black rice ATC at different storage temperatures and
expanding its wide application in food.

Effect of Light Treatment
Light is an important factor affecting the degradation of ATC.
As shown in Figure 6A, after 10 days of light treatment,

the retention rate of free black rice ATC was 23.28%, while
the retention rate of HAA nanocomposite particles increased
by 43.63%, showing an obvious protective effect. ATC are
prone to discoloration and degradation during exposure to
light (39). As shown in Figure 6B, with the prolongation of
light, the color of free black rice ATC changed from pink to
light yellow and finally to dark yellow. In contrast, the color
change of HAA nanoparticles was less obvious, indicating that
HAA effectively protected the degradation of black rice ATC
under light and improved its stability. The color changes of
free black rice ATC and HAA nanocomposite particles were
consistent with the change trend of black rice ATC retention
rate, which indicated that HA embedding can effectively
reduce the degradation of black rice ATC and improve the
light stability.

The above conclusion could be explained from the strong
interaction between HA and black rice ATC observed in XRD
and FT-IR spectra. We believe that the stability of the HAA
nanocomposite particles is due to the high permeability barrier
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FIGURE 5 | The stability of black rice ATC at different temperatures [(A) 4◦C, (B) 25◦C, and (C) 40◦C].

of the HA carrier in the outer layer to polar oxidants (such as
ascorbic acid) and degradation under heat and light.

In vitro Simulation Analysis
Analysis of Sustained Release in vitro
The release characteristics of HAA nanocomposite particles
embedded with black rice ATC are not only affected
by gastrointestinal environment, but also related to the
encapsulation material. Before simulating gastrointestinal
digestive environment, exploring in vitro release characteristics
of HAA nanocomposite particles embedded with HA is crucial
to understand whether the nanocomposite particles can play an
active role in vivo and in vitro, which can reflect the release of
bioactive substances in the human digestive tract. As shown in
Figure 7, free black rice ATC was released rapidly in the first
12 h and reached 60% at 4 h, showing sudden release behavior.
In comparison, the release rate of HAA was faster in the first 12 h
and then leveled off, and the total release reached 60% after 60 h.
Therefore, the nanocomposite particles showed significant in
vitro sustained release characteristics. This phenomenon may be

that the interaction force between black rice ATC and HA made
free black rice ATC not easy to diffuse, or the protective layer
after HA embedded black rice ATC delayed the release of ATC.
Similar studies have also pointed out that sustained release can
reduce the degradation of active compounds, thus increasing the
absorption and bioavailability of more active compounds in the
gastrointestinal tract (40).

Analysis of Simulated Digestion in vitro

Based on the sustained-release characteristics of HAA
nanoparticles in vitro, the effect of the simulated gastrointestinal
digestive environment after the release of the HAA
nanocomposite particles was further analyzed (Figure 8).

In the digestion process, the bioavailability of ATC will be
affected due to factors such as pH value and digestive enzymes.
The stability of the HAA nanocomposite particles and free black
rice ATC was evaluated during the simulated digestion process in
vitro. As a whole, the black rice ATC content was not significantly
affected by oral and gastric simulated digestion environments,
which was similar to the effect of in vitro simulated digestion on
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FIGURE 6 | (A) The stability of black rice ATC under 10 days of light; (B) Photographs of free ATC and HAA under 10 days of light.

ATC content from other extracts (14) and was also related to the
better stability of ATC under acidic conditions (41). In addition,
oral digestive enzymes and gastric digestive enzymes did not
exert significant metabolic activity on ATC (42). In contrast,
simulated intestinal digestion resulted in a sharp decrease in the
ATC content of free black rice ATC and HAA nanocomposite
particles. After 2 h of intestinal digestion, the ATC content of free
black rice ATC and nanocomposite particles decreased to 16.46
and 24.73%, respectively. This phenomenon may be related to

the effect of the intestinal pH value on the structural integrity

of black rice ATC. Also, bile salts in intestinal juice gradually

replaced the polysaccharides adsorbed on the surface, destroying
the structure of HAA, and rapidly degrading black rice ATC (43).
The retention rate of black rice ATC in HAA nanocomposite
particles was always higher than that of free black rice ATC
during the whole simulated digestion process in vitro, which
may be because the black rice ATC was embedded in HA, which
modified the degradation of black rice ATC in the simulated
gastrointestinal tract. The results showed that nanoembedding
technology could reduce the degradation of active compounds

and improve the bioavailability of more active compounds in
gastrointestinal digestion and absorption. However, the actual
human digestive process is much more complicated, and its
digestion and absorption mechanisms still need further study.

Evaluation of XO Activity in vitro
XO is a key enzyme that produces uric acid in the human
body and is a common drug target. Inhibiting XO activity
becomes the main way to reduce the production of uric acid.
ATC has a strong inhibitory effect on XO activity in vitro (10).
To further test whether the synthesized HAA nanocomposite
particles improved the inhibitory effect on XO activity, the
activity of producing uric acid catalyzed by XO in the reaction
system was detected in vitro. According to the mass ratio of
HA and black rice ATC of 9:1, the inhibitory effects on XO
activity were detected, and the results are shown in Figure 9.
The in vitro inhibitory rate of black rice ATC (0.2 mg/mL) was
16.34%, indicating that black rice ATC had a certain inhibitory
effect on XO. The inhibitory rate of HA (1.8 mg/mL) on XO was
40%, indicating that HA also had a certain inhibitory effect on
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FIGURE 7 | In vitro sustained-release diagram of black rice ATC and HAA

nanocomposite particles.

FIGURE 8 | ATC content changes of free black rice ATC and HAA

nanocomposite particles during simulated digestion in vitro.

XO.When HAA nanocomposite particles were used as inhibitors
to inhibit XO activity, the inhibitory rate of HAA nanocomposite
particles (2.0 mg/mL) on XO activity in vitro reached 56.42%,
the inhibitory effect improved with increasing concentration.
HA and black rice ATC have a synergistic effect of inhibiting
XO activity effectively. Although the inhibitory effect of HAA
on XO was not as strong as that of allopurinol, our results
suggested that HAA is a promising XO inhibitor. In addition,
many studies have found that allopurinol has strong toxicity and
side effects, which can cause symptoms such as inflammatory cell
infiltration of the renal interstitium and renal duct dilatation.

FIGURE 9 | The inhibitory effect of black rice ATC, HA, and HAA

nanocomposite particles on XO.

The above results confirmed the effectiveness and applicability
of HAA nanocomposite particles prepared by a simple cross-
linking method in inhibiting XO, which provided a new idea for
inhibiting the production of uric acid.

DISCUSSION

The pH effect and molecular groups during simple crosslinking
are a reasonable explanation for the preparation of HAA
nanocomposite particles. Hyaluronic acid is a unique negatively
charged acidic mucopolysaccharide, which differs from other
acidic mucopolysaccharides in that the acid group is carboxyl
instead of sulfuric acid (44). The surface of ATC is positively
charged at pH 3 and 4 (45), and the presence of carboxyl
functional groups in polysaccharides ensures strong electrostatic
interaction and hydrogen bonding with ATC. The particle size
of the nanocomposite particles increased with the increase of
polysaccharide (Supplementary Table 1). With the increase of
HA, too much water-soluble carrier adhered and aggregated,
resulting in a gradual increase of the particle size. In addition,
the free NH3+ in the polysaccharide structure increased, resulting
in greater repulsion and larger diameter of nanoparticles (46).
The surface of ATC is positively charged when the pH value
is about 3 and 4, and the electrostatic force closely bound
with HA. The electrostatic force weakened as the pH increased,
resulting in intermolecular repulsion, particle size dispersion
and agglomeration (Supplementary Table 2). The interaction
between HA and black rice ATC groups was well-reflected in
XRD and FT-IR spectra. The intensity of the characteristic
absorption peaks of HA and black rice ATC and the changes
of functional groups are attributed to the combination between
the phenolic hydroxyl group of black rice ATC and COO- on
HA, resulting in hydrogen bond formation and electrostatic force
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generation, which makes the formation of black rice ATC load
HA nanocomposites possible. However, the structural interaction
form between HA and black rice ATC and the cross-linking
mechanism still need to be further studied in the future.

ATC are easily affected by external environment and undergo
degradation, which affects bioavailability. HA improved the
environmental stress and storage stability of black rice ATC
by providing a covering layer and weakening environmental
damage, and significantly inhibited AA, heat, and light-induced
degradation of ATC. This also benefits from the stabilizing force
formed between HA and black rice ATC. Therefore, HA is a
good candidate material to study the inhibition of black rice ATC
degradation. This study improves the stability of black rice ATC
in different environments and expands their wide application
in food.

ATC are also easily degraded in vivo, and their bioavailability
in vivo is affected not only by gastrointestinal digestive
environment, but also by encapsulation materials (40). Some
encapsulation materials can affect the utilization of encapsulated
active compounds in vivo, affect their effective release ability in
the gastrointestinal tract, and limit their absorption (47). The
nanocomposite particles formed by HA-encapsulated black rice
ATC had significant slow-release properties, which would not
affect the release of black rice ATC, but also reduced the effect
of black rice ATC on the environment in vivo and avoided rapid
degradation. Excluding the effect of embedding materials, free
black rice ATC were rapidly degraded during the entire digestion
process, and HAA nanocomposite particles significantly reduced
the effect of black rice ATC on gastrointestinal digestive
environment due to their good barrier ability, confirming the
embedding protective effect of nanocomposites. This conclusion
also confirmed the previous results that ATC could improve
the stability of the external environment. In conclusion, the
encapsulation of nanocomposite particles not only enhances
the stability of black rice ATC in vitro, but also improves
its absorption and bioavailability in vivo to a certain extent,
indicating that the biological function of black rice ATC
may be enhanced. Compared with free black rice ATC,
HAA nanoparticles had a synergistic effect on XO in vitro.
However, the binding characteristics of HA and black rice ATC
synergistically inhibiting XO and their respective contributions
to XO need further study. Moreover, the scope and limitations
of the synergistic effect of HA and ATC still need to be
further studied.

CONCLUSIONS

This study proposed a novel and efficient simple cross-linking
method to prepare HAA nanocomposite particles to inhibit XO

activity. Compared with the conventional chemical modification
method, this method is simple to operate and does not require
the addition of any organic solvents. The introduction of
HA enhanced the stability of black rice ATC under different
environmental stress (AA) and storage conditions (thermal and
light). It delayed the release of black rice ATC in vitro (the total
release amount of black rice ATC reached 60% at 60 h, with
significant, sustained-release characteristics). The bioavailability
of active compounds in in vitro digestion and absorption was
improved. In addition, compared with free black rice ATC, the
inhibition rate of XO activity was increased by 40.08%. This
discovery indicates that HAA nanocomposite particles have the
potential to stabilize and enhance the physiological activity of
black rice ATC, which is of great significance for the development
of novel nanocomposite materials for inhibiting XO activity.
However, in this study, the preparation and characterization
of the nanocomposite particles and the inhibition of XO were
verified in vitro. Whether the black rice ATC and the HAA
nanocomposite particles can play a good role in inhibiting XO
activity and lowering uric acid in vivo remains to be further
determined, which needs to be analyzed by animal experiments
in later experiments.

DATA AVAILABILITY STATEMENT

The original contributions presented in the study are included
in the article/Supplementary Material, further inquiries can be
directed to the corresponding authors.

AUTHOR CONTRIBUTIONS

YL: conceptualization, methodology, data curation, formal
analysis, writing—original draft, and writing—review and
editing. BP: resources, writing—original draft, writing—review
and editing, supervision, project administration, and funding
acquisition. All authors contributed to the article and approved
the submitted version.

FUNDING

This research was financed by the National Natural Science
Foundation of China (Grant No. 31972063).

SUPPLEMENTARY MATERIAL

The Supplementary Material for this article can be found
online at: https://www.frontiersin.org/articles/10.3389/fnut.2022.
879354/full#supplementary-material

REFERENCES

1. Tung YT, Chang ST. Inhibition of xanthine oxidase by Acacia confusa

extracts and their phytochemicals. J Agric Food Chem. (2010) 58:781–

6. doi: 10.1021/jf901498q

2. Yee HS, Fong NT. A review of the safety and efficacy of acarbose

in diabetes mellitus. Pharmacother J Hum Pharmacol Drug Ther. (1996)

16:792–805.

3. Hare JM, Mangal B, Brown J, Fisher C Jr, Freudenberger R, Colucci WS,

et al. Impact of oxypurinol in patients with symptomatic heart failure.

Frontiers in Nutrition | www.frontiersin.org 11 April 2022 | Volume 9 | Article 879354

https://www.frontiersin.org/articles/10.3389/fnut.2022.879354/full#supplementary-material
https://doi.org/10.1021/jf901498q
https://www.frontiersin.org/journals/nutrition
https://www.frontiersin.org
https://www.frontiersin.org/journals/nutrition#articles


Liu and Peng Preparation and Properties of Novel-Nanocomposites

Results of the OPT-CHF study. J Am Coll Cardiol. (2008) 51:2301–

9. doi: 10.1016/j.jacc.2008.01.068

4. Stamp LK, Haslett J, Frampton C, White D, Gardner D, Stebbings S, et al. The

safety and efficacy of benzbromarone in gout in Aotearoa New Zealand. Intern

Med J. (2016) 46:1075–80. doi: 10.1111/imj.13173

5. Ito VC, Lacerda LG. Black rice (Oryza sativa L.): a review of its historical

aspects, chemical composition, nutritional and functional properties,

and applications and processing technologies. Food Chem. (2019)

301:125304. doi: 10.1016/j.foodchem.2019.125304

6. Kong S, Lee J. Antioxidants in milling fractions of black rice cultivars. Food

Chem. (2010) 120:278–81. doi: 10.1016/j.foodchem.2009.09.089

7. Ling WH, Wang LL, Ma J. Supplementation of the black rice outer layer

fraction to rabbits decreases atherosclerotic plaque formation and increases

antioxidant status. J Nutr. (2002) 132:20–6. doi: 10.1093/jn/132.1.20

8. Hu C, Zawistowski J, Ling WH, Kitts DD. Black rice (Oryza sativa L. indica)

pigmented fraction suppresses both reactive oxygen species and nitric oxide in

chemical and biological model systems. J Agric Food Chem. (2003) 51:5271–

7. doi: 10.1021/jf034466n

9. Hui C, Bin Y, Xiaoping Y, Long Y, Chunye C, Mantian M, et al.

Anticancer activities of an anthocyanin-rich extract from black rice against

breast cancer cells in vitro and in vivo. Nutr Cancer. (2010) 62:1128–

36. doi: 10.1080/01635581.2010.494821

10. Yang Y, Zhang ZC, Zhou Q, Yan JX, Zhang JL, Su GH. Hypouricemic effect

in hyperuricemic mice and xanthine oxidase inhibitory mechanism of dietary

anthocyanins from purple sweet potato (Ipomoea batatas L.). J Funct Foods.

(2020) 73:104151. doi: 10.1016/j.jff.2020.104151

11. Liu YX, Zhang D, Wu YP, Wang D, Wei Y, Wu JL, et al.

Stability and absorption of anthocyanins from blueberries subjected

to a simulated digestion process. Int J Food Sci Nutr. (2014)

65:440–8. doi: 10.3109/09637486.2013.869798

12. Gonzalez-Barrio R, Borges G, Mullen W, Crozier A. Bioavailability of

anthocyanins and ellagitannins following consumption of raspberries by

healthy humans and subjects with an ileostomy. J Agric Food Chem. (2010)

58:3933–9. doi: 10.1021/jf100315d

13. Ge J, Yue PX, Chi JP, Liang J, Gao XL. Formation and stability

of anthocyanins-loaded nanocomplexes prepared with chitosan

hydrochloride and carboxymethyl chitosan. Food Hydrocoll. (2018)

74:23–31. doi: 10.1016/j.foodhyd.2017.07.029

14. He B, Ge J, Yue PX, Yue XY, Fu RY, Liang J, et al. Loading of

anthocyanins on chitosan nanoparticles influences anthocyanin degradation

in gastrointestinal fluids and stability in a beverage. Food Chem. (2017)

221:1671–7. doi: 10.1016/j.foodchem.2016.10.120

15. Choi KY, Saravanakumar G, Park JH, Park K. Hyaluronic acid-

based nanocarriers for intracellular targeting: interfacial interactions

with proteins in cancer. Colloids Surf B Biointerfaces. (2012)

99:82–94. doi: 10.1016/j.colsurfb.2011.10.029

16. Guo CJ, Yin JG, Chen DQ. Co-encapsulation of curcumin and resveratrol

into novel nutraceutical hyalurosomes nano-food delivery system based on

oligo-hyaluronic acid-curcumin polymer.Carbohydr Polym. (2018) 181:1033–

7. doi: 10.1016/j.carbpol.2017.11.046

17. Toole BP. Hyaluronan: from extracellular glue to pericellular cue. Nat Rev

Cancer. (2004) 4:528–39. doi: 10.1038/nrc1391

18. Camacho KM, Kumar S, Menegatti S, Vogus DR, Anselmo AC, Mitragotri

S. Synergistic antitumor activity of camptothecin-doxorubicin combinations

and their conjugates with hyaluronic acid. J Control Release. (2015) 210:198–

207. doi: 10.1016/j.jconrel.2015.04.031

19. Zhu MQ, Ge LU, Qiu LP. Preparation and characterization of hyaluronic

acid copolymeric micelles. Chem Ind Eng Prog. (2016) 35:283–6.

doi: 10.16085/j.issn.1000-6613.2016.s2.048

20. Chytil M, Pekar M. Effect of new hydrophobic modification of hyaluronan

on its solution properties: evaluation of self-aggregation. Carbohydr Polym.

(2009) 76:443–8. doi: 10.1016/j.carbpol.2008.11.003

21. Jeong SH, Sun JY, Kim HE. Dual-crosslinking of hyaluronic acid-

calcium phosphate nanocomposite hydrogels for enhanced mechanical

properties and biological performance. Macromol Mater Eng. (2017)

302:1700160. doi: 10.1002/mame.201700160

22. Xiong Q, Wang YW, Wan JY, Yuan P, Chen HL, Zhang LK. Facile

preparation of hyaluronic acid-based quercetin nanoformulation

for targeted tumor therapy. Int J Biol Macromol. (2020) 147:937–

45. doi: 10.1016/j.ijbiomac.2019.10.060

23. Cui HJ, Si X, Tian JL, Lang YX, Gao NX, Tan H, et al. Anthocyanins-

loaded nanocomplexes comprising casein and carboxymethyl cellulose:

stability, antioxidant capacity, and bioaccessibility. Food Hydrocoll. (2022)

122:107073. doi: 10.1016/j.foodhyd.2021.107073

24. Jeong D, Na K. Chondroitin sulfate based nanocomplex for enhancing

the stability and activity of anthocyanin. Carbohydr Polym. (2012) 90:507–

15. doi: 10.1016/j.carbpol.2012.05.072

25. Liang HS, Zhou B, He L, An YP, Lin LF, Li Y, et al. Fabrication of

zein/quaternized chitosan nanoparticles for the encapsulation and protection

of curcumin. RSC Adv. (2015) 5:13891–900. doi: 10.1039/C4RA14270E

26. Faller ALK, Fialho E, Liu RH. Cellular antioxidant activity of feijoada whole

meal coupled with an in vitro digestion. J Agric Food Chem. (2012) 60:4826–

32. doi: 10.1021/jf300602w

27. Zhang C, Zhang GW, Pan JH, Gong DM. Galangin competitively inhibits

xanthine oxidase by a ping-pong mechanism. Food Res Int. (2016) 89:152–

60. doi: 10.1016/j.foodres.2016.07.021

28. Liang TS, Zhang ZT, Jing P. Black rice anthocyanins embedded

in self-assembled chitosan/chondroitin sulfate nanoparticles

enhance apoptosis in HCT-116 cells. Food Chem. (2019)

301:125280. doi: 10.1016/j.foodchem.2019.125280

29. Zhu KK, Ye T, Liu JJ, Peng Z, Xu SS, Lei JQ, et al. Nanogels fabricated by

lysozyme and sodium carboxymethyl cellulose for 5-fluorouracil controlled

release. Int J Pharm. (2013) 441:721–7. doi: 10.1016/j.ijpharm.2012.10.022

30. Ren ZY, Li ZM, Chen ZZ, Zhang YY, Lin XR, Weng WY, et al. Characteristics

and application of fish oil-in-water pickering emulsions structured with tea

water-insoluble proteins/κ-carrageenan complexes. Food Hydrocoll. (2021)

114:106562. doi: 10.1016/j.foodhyd.2020.106562

31. Yang Z, Yang HJ, Yang HS. Effects of sucrose addition on the rheology

and microstructure of κ-carrageenan gel. Food Hydrocoll. (2018) 75:164–

73. doi: 10.1016/j.foodhyd.2017.08.032

32. Lan S, Wu XM, Li LL, Li MM, Guo FY, Gan SC. Synthesis and

characterization of hyaluronic acid-supported magnetic microspheres for

copper ions removal. Colloids Surf A Physicochemical Eng Aspects. (2013)

425:42–50. doi: 10.1016/j.colsurfa.2013.02.059

33. Sow LC, Yang HS. Effects of salt and sugar addition on the physicochemical

properties and nanostructure of fish gelatin. Food Hydrocoll. (2015) 45:72–

82. doi: 10.1016/j.foodhyd.2014.10.021

34. Cai XR, Du XF, Cui DM, Wang XN, Yang ZK, Zhu GL. Improvement

of stability of blueberry anthocyanins by carboxymethyl starch/xanthan

gum combinations microencapsulation. Food Hydrocoll. (2019) 91:238–

45. doi: 10.1016/j.foodhyd.2019.01.034

35. Chung C, Rojanasasithara T, Mutilangi W, Mcclements DJ. Enhanced

stability of anthocyanin-based color in model beverage systems

through whey protein isolate complexation. Food Res Int. (2015)

76:761–8. doi: 10.1016/j.foodres.2015.07.003

36. Guldiken B, Gibis M, Boyacioglu D, Capanoglu E, Weiss J. Impact

of liposomal encapsulation on degradation of anthocyanins of black

carrot extract by adding ascorbic acid. Food Funct. (2017) 8:1085–

93. doi: 10.1039/C6FO01385F

37. Chung C, Rojanasasithara T, Mutilangi W, Mcclements DJ. Enhancement of

colour stability of anthocyanins in model beverages by gum arabic addition.

Food Chem. (2016) 201:14–22. doi: 10.1016/j.foodchem.2016.01.051

38. Sadilova E, Stintzing FC, Kammerer DR, Carle R. Matrix dependent

impact of sugar and ascorbic acid addition on color and anthocyanin

stability of black carrot, elderberry and strawberry single strength and from

concentrate juices upon thermal treatment. Food Res Int. (2009) 42:1023–

33. doi: 10.1016/j.foodres.2009.04.008

39. Sari P, Wijaya CH, Sajuthi D, Supratman U. Colour properties,

stability, and free radical scavenging activity of jambolan (Syzygium

cumini) fruit anthocyanins in a beverage model system: natural

and copigmented anthocyanins. Food Chem. (2012) 132:1908–

14. doi: 10.1016/j.foodchem.2011.12.025

40. Oliveira A, Pintado M. In vitro evaluation of the effects of

protein–polyphenol–polysaccharide interactions on (+)-catechin

and cyanidin-3-glucoside bioaccessibility. Food Funct. (2015)

6:3444–53. doi: 10.1039/C5FO00799B

Frontiers in Nutrition | www.frontiersin.org 12 April 2022 | Volume 9 | Article 879354

https://doi.org/10.1016/j.jacc.2008.01.068
https://doi.org/10.1111/imj.13173
https://doi.org/10.1016/j.foodchem.2019.125304
https://doi.org/10.1016/j.foodchem.2009.09.089
https://doi.org/10.1093/jn/132.1.20
https://doi.org/10.1021/jf034466n
https://doi.org/10.1080/01635581.2010.494821
https://doi.org/10.1016/j.jff.2020.104151
https://doi.org/10.3109/09637486.2013.869798
https://doi.org/10.1021/jf100315d
https://doi.org/10.1016/j.foodhyd.2017.07.029
https://doi.org/10.1016/j.foodchem.2016.10.120
https://doi.org/10.1016/j.colsurfb.2011.10.029
https://doi.org/10.1016/j.carbpol.2017.11.046
https://doi.org/10.1038/nrc1391
https://doi.org/10.1016/j.jconrel.2015.04.031
https://doi.org/10.16085/j.issn.1000-6613.2016.s2.048
https://doi.org/10.1016/j.carbpol.2008.11.003
https://doi.org/10.1002/mame.201700160
https://doi.org/10.1016/j.ijbiomac.2019.10.060
https://doi.org/10.1016/j.foodhyd.2021.107073
https://doi.org/10.1016/j.carbpol.2012.05.072
https://doi.org/10.1039/C4RA14270E
https://doi.org/10.1021/jf300602w
https://doi.org/10.1016/j.foodres.2016.07.021
https://doi.org/10.1016/j.foodchem.2019.125280
https://doi.org/10.1016/j.ijpharm.2012.10.022
https://doi.org/10.1016/j.foodhyd.2020.106562
https://doi.org/10.1016/j.foodhyd.2017.08.032
https://doi.org/10.1016/j.colsurfa.2013.02.059
https://doi.org/10.1016/j.foodhyd.2014.10.021
https://doi.org/10.1016/j.foodhyd.2019.01.034
https://doi.org/10.1016/j.foodres.2015.07.003
https://doi.org/10.1039/C6FO01385F
https://doi.org/10.1016/j.foodchem.2016.01.051
https://doi.org/10.1016/j.foodres.2009.04.008
https://doi.org/10.1016/j.foodchem.2011.12.025
https://doi.org/10.1039/C5FO00799B
https://www.frontiersin.org/journals/nutrition
https://www.frontiersin.org
https://www.frontiersin.org/journals/nutrition#articles


Liu and Peng Preparation and Properties of Novel-Nanocomposites

41. Woodward G, Kroon P, Cassidy A, Kay C. Anthocyanin stability and recovery:

implications for the analysis of clinical and experimental samples. J Agric Food

Chem. (2009) 57:5271–8. doi: 10.1021/jf900602b

42. Huang HZ, Sun YJ, Lou ST, Li H, Ye XQ. In vitro digestion combined

with cellular assay to determine the antioxidant activity in Chinese bayberry

(Myrica rubra Sieb. et Zucc.) fruits: A comparison with traditional methods.

Food Chem. (2014) 146:363–70. doi: 10.1016/j.foodchem.2013.09.071

43. Feng J, Wu YH, Zhang LX, Li Y, Liu SB, Wang H, et al. Enhanced

chemical stability, intestinal absorption, and intracellular antioxidant activity

of cyanidin-3- O-glucoside by composite nanogel encapsulation. J Agric Food

Chem. (2019) 67:10432–47. doi: 10.1021/acs.jafc.9b04778

44. Gupta RC, Lall R, Srivastava A, Sinha A. Hyaluronic acid: molecular

mechanisms and therapeutic trajectory. Front Vet Sci. (2019)

6:192. doi: 10.3389/fvets.2019.00192

45. Lee JY, Jo YU, Shin H, Lee J, Chae SU, Bae SK, et al. Anthocyanin-

fucoidan nanocomplex for preventing carcinogen induced

cancer: enhanced absorption and stability. Int J Pharm. (2020)

586:119597. doi: 10.1016/j.ijpharm.2020.119597

46. Tan C, Selig MJ, Abbaspourrad A. Anthocyanin stabilization

by chitosan-chondroitin sulfate polyelectrolyte complexation

integrating catechin co-pigmentation. Carbohydr Polym. (2018)

181:124–31. doi: 10.1016/j.carbpol.2017.10.034

47. Robert P, Gorena T, Romero N, Sepulveda E, Chavez J, Saenz C.

Encapsulation of polyphenols and anthocyanins from pomegranate (Punica

granatum) by spray drying. Int J Food Sci Technol. (2010) 45:1386–

94. doi: 10.1111/j.1365-2621.2010.02270.x

Conflict of Interest: The authors declare that the research was conducted in the

absence of any commercial or financial relationships that could be construed as a

potential conflict of interest.

Publisher’s Note: All claims expressed in this article are solely those of the authors

and do not necessarily represent those of their affiliated organizations, or those of

the publisher, the editors and the reviewers. Any product that may be evaluated in

this article, or claim that may be made by its manufacturer, is not guaranteed or

endorsed by the publisher.

Copyright © 2022 Liu and Peng. This is an open-access article distributed under the

terms of the Creative Commons Attribution License (CC BY). The use, distribution

or reproduction in other forums is permitted, provided the original author(s) and

the copyright owner(s) are credited and that the original publication in this journal

is cited, in accordance with accepted academic practice. No use, distribution or

reproduction is permitted which does not comply with these terms.

Frontiers in Nutrition | www.frontiersin.org 13 April 2022 | Volume 9 | Article 879354

https://doi.org/10.1021/jf900602b
https://doi.org/10.1016/j.foodchem.2013.09.071
https://doi.org/10.1021/acs.jafc.9b04778
https://doi.org/10.3389/fvets.2019.00192
https://doi.org/10.1016/j.ijpharm.2020.119597
https://doi.org/10.1016/j.carbpol.2017.10.034
https://doi.org/10.1111/j.1365-2621.2010.02270.x
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
https://www.frontiersin.org/journals/nutrition
https://www.frontiersin.org
https://www.frontiersin.org/journals/nutrition#articles

	A Novel Hyaluronic Acid-Black Rice Anthocyanins Nanocomposite: Preparation, Characterization, and Its Xanthine Oxidase (XO)-Inhibiting Properties
	Introduction
	Materials and Methods
	Materials
	Preparation of HAA Nanocomposite Particles
	Encapsulation Efficiency (EE) Calculation
	Characterization of HAA Nanocomposite Particles
	Stability Analysis
	In vitro Simulation Analysis
	Inhibitory Activity of Nanocomposite Particles on XO in vitro
	Statistical Analysis

	Results and Discussion
	Preparation and Characterization of HAA Nanocomposite Particles
	Nano-ZS Analysis
	Morphological Analysis

	Structural Analysis
	Spectral Analysis
	Stability Analysis
	Effect of Ascorbic Acid Treatment
	Effect of Thermal Treatment

	Effect of Light Treatment
	In vitro Simulation Analysis
	Analysis of Sustained Release in vitro
	Analysis of Simulated Digestion in vitro

	Evaluation of XO Activity in vitro

	Discussion
	Conclusions
	Data Availability Statement
	Author Contributions
	Funding
	Supplementary Material
	References


