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As the low water solubility of gallic acid (GA), its biological activities such as water-based antioxidant effect may
be greatly reduced. Therefore, GA-loaded nanocomposites (F-SiO2@GA) with high water solubility were syn-
thesized via solvent evaporation using food-grade silica (F-SiO2) as carriers in this work. The assessment of
antioxidant capacity revealed that F-SiOo@GA exhibited considerably greater free-radical scavenging ability
than free GA and the physical mixture of F-SiO5 and GA. In the photooxidation experiment of food-grade
gardenia yellow pigment (GYP), F-SiO,@GA showed a notable antioxidant effect on GYP solution. Addition-
ally, in the storage experiment on chilled whiteleg shrimp (Litopenaeus vannamei) treated with F-SiO2@GA, pH,
total volatile basic nitrogen (TVBN), and thiobarbituric acid reactive substance (TBARS) values were effectively
inhibited. In conclusion, the internal encapsulation of GA effectively prevented the self-aggregation phenome-
non, thereby facilitating the exposure of its active phenolic hydroxyl group and significantly enhancing its water-

based biological activity.

1. Introduction

Antioxidants play a pivotal role in food preservation by effectively
retarding or inhibiting food oxidation, thereby enhancing food stability
and extending shelf life (Huang et al., 2023). Propyl gallate, butylated
hydroxyanisole, butylated hydroxytoluene, and tertiary butylhy-
droquinone are commonly used food antioxidants. However, these
synthetic antioxidants have unfavorable consumer acceptance due to
concerns regarding their potential toxicity (Othon-Diaz et al., 2023).
Consequently, an inclination toward the utilization of natural antioxi-
dants in lieu of their synthetic counterparts for food preservation is
emerging (Petcu et al., 2023).

Polyphenols are natural antioxidants with diverse biological activ-
ities (Zhao et al., 2023). GA (3,4,5-trihydroxybenzoic acid) is a repre-
sentative natural phenolic acid that is widely distributed in various fruits
and medicinal plants (Li et al., 2023). It possesses various biological
activities, including antioxidant, antibacterial, and anti-inflammatory
activities, and has been authorized as a safe food additive by the drug
committees of many countries (Wianowska & Olszowy-Tomczyk, 2023).
The active phenol hydroxyl group in GA molecule can act as a hydrogen

donor to eliminate free radicals by providing hydrogen atoms, thus
inhibiting lipid and protein oxidation (Wang et al., 2022). However, the
aromatic ring structure in GA molecule is prone to n-r stacking in
aqueous solutions (Fig. 1) (Song et al., 2021). This behavior reduces the
water solubility of GA at room temperature and low temperature and
further limits the hydrogen supply capacity of GA molecules, eventually
reducing the antioxidant activity in water-based environments consid-
erably (Pinho et al., 2015). Additionally, the antioxidant ability of GA is
highly dose-dependent. Hence, the antioxidant applications of GA in
water-based food systems are severely limited (Dong et al., 2022).
Nanocarriers have recently garnered considerable attention because
of their ability to enhance the water solubility and bioavailability of
insoluble molecules, making them increasingly prevalent in the realm of
food additives and packaging (Li et al., 2022a; Zhang et al., 2023).
Among various nanomaterials, silica nanoparticles (SiO2 NPs) have high
water solubility, specific surface area, and thermodynamic stability as
well as low biotoxicity. These characteristics confer SiOp NP carrier
nanomaterials with great application potential (Cui et al., 2023).
Numerous theoretical studies have been conducted to enhance the
bioavailability of bioactive molecules, such as curcumin, GA, and
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catechol, by loading them into mesoporous silica materials (Rahaman
et al., 2023). However, limited research has been conducted on the
synthesis of edible F-SiO5 loaded with GA nanocomposites and their
applications as water-based antioxidants.

In this study, we prepared F-SiO-loaded GA nanocomposites to
improve the water solubility and water-based antioxidant activity of GA.
F-SiOy-loaded GA nanocomposites were prepared by using two different
loading methods, namely, solvent evaporation and slow adsorption, to
obtain distinct loading forms of GA. These novel nanocomposites were
characterized based on microscopic observation, spectral properties,
and stability. Moreover, their water-based antioxidant activity was
evaluated. Finally, the antioxidant and preservative effects of the
nanocomposites on gardenia yellow pigment (GYP) and fresh L. vanna-
mei were investigated. This work will provide a new idea and solution
strategy for the practical application of GA as a water-based food
antioxidant.

2. Materials and methods
2.1. Chemical reagents

F-SiO, was provided by Hubei Huifu Nanomateral Co. Ltd. (Yichang,
China). GA (98 %) was obtained from Energy-Chemical (Shanghai,
China). Absolute alcohol was procured from Sinopharm Chemical Re-
agent Co. Ltd. (Suzhou, China). The free radical assay kits used for
determination of 1,1-diphenyl-2-picrylhydrazyl free radical (DPPH*),
hydroxy free radical (*OH™), superoxide anion free radical (O3 ) were
purchased from Nanjing Jiancheng Biotechnology Co. Ltd. (Nanjing,
China). GYP (98 %) was purchased from Henan Zhongda Bioengineering
Co. Ltd. (Luohe, China). All the chemical reagents were all of analytical
grade. Ultrapure deionized water from a Milli-Q ultrapure system (UPR-
[-5TNZP, Sichuan UPR, China) was used for all analysis, separation and
purification steps.

2.2. Preparation of food-grade silica-loaded gallic acid nanocomposites

A solvent evaporation method with some modifications was utilized
to prepare food-grade silica-loaded gallic acid nanocomposite (He et al.,
2017). Briefly, F-SiO2 (500 mg) was mixed with GA (500 mg) in a round-
bottomed flask containing 20 mL of anhydrous alcohol and then reacted
for 6 h at 50 °C with stirring. After the reaction, ethanol was removed
from the mixture using a rotary evaporator. The mixture was then
washed three times with anhydrous ethanol. Finally, the nanocomposite
labeled as F-SiO2@GA was dried in a vacuum drying oven. Meanwhile,
an adsorption method with some modifications was utilized to prepare
another type of food-grade silica-loaded gallic acid nanocomposite (Eren
et al., 2016). Further, F-SiO5 (500 mg) was mixed with GA (500 mg) in a
round-bottomed flask containing 20 mL of anhydrous alcohol and
reacted for 24 h at 50 °C with stirring. After the reaction, the hybrid
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material was collected through direct centrifugation and washed three
times with anhydrous ethanol. Finally, the nanocomposite labeled as
GA@F-SiO, was collected again and dried in a vacuum drying oven.

The physical mixture comprising equal mass ratios of F-SiO2 and GA
was denoted as F-SiO,/GA.

2.3. Standard curve plotting and loading capacity determination

The maximum UV absorption wavelength of the GA solution was
measured using a UV-Vis spectrophotometer (U-2800, HITACHI, Japan)
at 217 nm. Subsequently, concentration gradient sample solutions were
measured at 217 nm to establish the standard curve for GA concentra-
tion measurement (R2 = 0.9997; C = 0.1327A + 0.002).

The loading capacity of GA was determined by preparing aqueous
solutions of F-SiOo@GA and F-SiO2/GA with specific concentrations and
calculated using Eq. (1) as follows:

Loading capacity(%) = % x 100 @
1

where Cj is the concentration of the sample, and C; is the concentration
of GA in the sample.

2.4. Characterization

2.4.1. Scanning electron microscope (SEM) analysis

Dry samples were fixed to a mental support and sputtered with a
coating of gold under vacuum. SEM (Sigma 300, Zeiss, Germany) was
used to examine the sample’s morphology at an accelerating voltage of
15.0 kV.

2.4.2. Fourier-transform infrared (FT-IR) spectroscopy analysis

The dried samples were co-ground with KBr powder and tableted.
The infrared absorption properties of the samples were examined using
FT-IR spectrometer (Nicolet iS 10, Thermo fisher, USA). The value of
resolution was 4 cm ™!, with 32 scans spanning the wavenumber range of
400-4000 cm 1.

2.4.3. UV-vis spectroscopy analysis

The UV-Vis spectrums of the aqueous sample solutions (15 pug/mL)
were scanned by a UV-Vis absorption and fluorescence spectrometer in
one (Duetta, HORIBA, Japan) from 200-600 nm.

2.4.4. Evaluation of thermal stability

The thermal stability of the solid samples was evaluated by differ-
ential scanning calorimetry (TA, Netzsch, Germany). The sample (10.0
mg) was place in aluminum pans. Thermal analysis procedure from 30°C
to 350°C at rate of 10°C/min under a nitrogen flow of 20 mL/min.

Blocking the effective exposure of -OH
and reducing antioxidant activity
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Fig. 1. Molecular structure of GA and its aggregation behavior in aqueous solution.
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2.4.5. Evaluation of saturated solubility

The solubility of the samples was investigated using reported
methods with some modifications (Chen et al., 2020). The saturated
solution was prepared by dissolving a specific quantity of the samples in
a small volume of distilled water. Sub the resulting solution underwent
magnetic stirring for 5 min and was subsequently filtered using 0.22 pm
membrane. Following filtration, 0.2 mL of filtrate was transferred into a
dry sample bottle, which was then subjected to drying and subsequent
weighing. The solubility was calculated using Eq. (2) as follows:

my — ny

Solubility(mg/mL) 0oL
2m

(2)

where m; is weight of sample bottle, and my is the total weight of bottle
and sample after drying.

2.4.6. Dispersion stability

The samples were dispersed in ultrapure water (12 mg/mL, calcu-
lated on the basis of GA content) using ultrasonic treatment to investi-
gate their long-term dispersion stability (0-12 d) in aqueous solutions.

2.5. Antioxidant activity measurements

The sample (GA, F-SiO2@GA, and F-SiO/GA) was configured with a
saturated aqueous solution and then the supernatant was filtered with a
0.22 ym nylon membrane. Afterward, the filtrate was diluted to the test
concentration with ultrapure water. Subsequently, the radical scav-
enging activity of the samples was estimated using an assay kit for free-
radical scavenging capacity (Nanjing Jiancheng Bioengineering Insti-
tute, Nanjing, China).

2.6. Stability determination of GYP

The retention rate of GYP was investigated by using reported
methods with slight modifications (Wu et al., 2022). Briefly, 0.1 g of
GYP was dissolved in 100 mL of NaH;PO4/NaOH buffer solution (0.01
M, pH = 5.5). Subsequently, 0.02 g of GA, F-SiO5/GA, or F-SiO;@GA
(calculated based on GA content) was added to 20 mL of GYP solutions
(0.1 % w/v). The mixture was stirred for 5 min and filtered through a
0.22 pm membrane. Next, the filtrate was diluted to 130 pg/mL with
buffer. A series of transparent sample bottles were filled with 15 mL of
each mixed solution and closed with screw caps. All solutions were
exposed to natural light for 10 h to accelerate the potential degradation
of GYP. The solutions were then collected every 1 h for further analysis.
The stability of GYP was evaluated by measuring the UV-Vis absorbance
values at 440 nm, and the GYP retention rate was calculated using Eq.

3.

A
Retentionrateof GYP(%) = A_l x 100 3)
0

where A; is the absorbance of GYP, and Ay is the initial absorbance of
GYP.

2.7. Experiment of fresh shrimp preservation

Aqueous solutions of GA, F-SiO3/GA, and F-SiO2@GA were prepared
with a final concentration of 5 mmol/L (based on GA content). Fresh L.
vannamei (~20 g) were purchased from a local market in Zhoushan,
China. The shrimp were inactivated using ice slurry and rinsed with
sterile distilled water. The shrimp were then randomly allocated into
four groups and subjected to the following treatments: Control group (1)
(CK)- immersion in deionized water for 30 min. Experimental group (2)
(GA treatment), group (3) (F-SiO2/GA treatment), and group (4) (F-
Si02@GA treatment)- 30 min of immersion in the sample solution. After
soaking, the solution was drained for 5 min at 4°C. Shrimp samples from
each group were then carefully packaged in polyethylene trays and
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refrigerated at 4°C to ensure optimal quality evaluation.

2.7.1. pH measurement

A 2.0 g sample of minced shrimp was homogenized with 18 mL of
distilled water for 1 min and then soaked at 4 °C for 30 min. Subse-
quently, the pH of the filtrate was determined at room temperature.

2.7.2. TVBN measurement

A 10.0 g sample of chopped shrimp was homogenized with 75 mL of
distilled water and impregnated for 30 min in a distillation tube. Sub-
sequently, 1.0 g of MgO was added to the distillation tube, and five drops
of the mixed indicator (bromocresol green—-methyl red ethanol solution)
were placed in a conical flask. A nitrogen determinator (KDN-520,
BANGYES, China) was connected to the distillation tube and conical
flask. The contents of the conical flask were titrated with hydrochloric
acid (0.01 M) after distillation until their color changed from blue to
purple-red. TVBN value was determined by using Eq. (4) as follows:

v 7V2})n><c>< 14>< 100 @

TVBN(mg/100g) =

where V; is the volume of HCI used by the sample (mL), V5 is the volume
of HCI used by the blank (mL), ¢ is the HCI concentration used in this
experiment (0.1 M), and m is the mass of the samples (g).

2.7.3. Thiobarbituric acid reactive substance (TBARS) measurements
TBARS in shrimp meat was determined according to Abbasi (2023).
The TBARS value was expressed as mg MDA/kg shrimp meat.

2.8. Cytotoxicity of the nanocomposites

Raw264.7 macrophages cells (KeyGEN BioTECH, Nanjing, China)
were used to evaluate the cytotoxicity of GA, F-SiOy/GA, and F-
SiO2@GA through methyl tetrazolium (MTT) method. Briefly, the cells
were seeded in 96-well plates at a density of 5 x 10* per well and were
maintained in DMEM containing 10 % fetal bovine serum, supplemented
with 100 U/mL penicillin and 100 pg/mL streptomycin, and incubated
at 37 °C in a humidified cell culture incubator with 5 % CO atmosphere
for 24 h. The cells were washed three times with PBS, and 200 pL sample
solution with the concentration of 0, 0.05, 0.10, 0.25, and 0.5 mg/mL
(GA content) was added to each well for incubation. After being incu-
bate for another 12 h, the cells were subjected to MTT assay by micro-
plate reader (Multiskan FC, Thermo scientific, USA).

2.9. Data analysis

The statistical evaluation was conducted using SPSS 13.0. The sig-
nificant differences between different treatments were determined using
the Duncan’s test method, and a P-value under 0.05 showed that the
means were significantly distinct. The nonlinear regression model of
GraphPad Prism 9.0 was used for obtaining the ICsg values. Results were
provided as the mean and standard deviation (SD) of three parallel
experimental measurements.

3. Results and discussion
3.1. Characterization of the hybrid material

3.1.1. SEM micrographs

SEM was utilized to investigate the surface morphology of the pre-
pared nanocomposites (Fig. 2). As depicted in the partially enlarged
image in Fig. 2A, F-SiO, nanoparticles exhibited regular spherical par-
ticles and a uniform distribution state. Two distinct solid components
were clearly observed in Fig. 2B, with F-SiO, marked by the red arrow
and pure GA crystals marked by the yellow arrow. Notably, solvent
evaporation yielded F-SiO2@GA with a uniform distribution that did not
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Fig. 2. SEM images of solid samples (A) F-SiO,, (B) F-SiO5/GA, (C) F-SiO2,@GA, and (D) GA@F-SiO».
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Fig. 3. (A) UV-Vis and (B) FT-IR spectra of F-SiO,, GA, F-SiO5/GA, F-SiO>,@GA, and GA@F-SiO,. (C) DSC curves of solid samples GA, F-SiO,/GA, F-SiO>,@GA, and
GA@F-SiO,. (D) The solubility of GA, F-SiO,/GA, F-SiO,@GA in water. Data are expressed as the mean of three different measurements + SD.
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have the typical crystal structure of GA (Fig. 2C). Therefore, the majority
of GA molecules were speculated to have loaded within silica pores, with
only a small amount existing in interparticle gaps. In contrast to sample
F-SiO2/GA, F-SiO2@GA did not show agglomeration. The lack of
agglomeration was beneficial for maintaining the optimal hydrophilicity
of F-SiO,. No remarkable difference in surface states was observed be-
tween F-SiO2@GA and F-SiO,. As presented in Fig. 2D, typical crystal
particles of GA appeared on the surface of GA@F-SiO, and almost
completely masked the typical morphology of F-SiO. Therefore, GA@F-
SiO4 was prepared via the adsorption method, resulting in the surface
adsorption of GA rather than its internal incorporation.

3.1.2. Spectroscopy analysis

Next, the UV-Vis spectra of the samples were measured (Fig. 3A).
GA, F-SiO5/GA, and F-SiO;@GA exhibited remarkable GA absorption
peaks near 263 nm caused by the n-system of the benzene ring (Zhang
et al., 2020). Calculation revealed that the GA contents of F-SiO5/GA, F-
SiO2@GA, and GA@F-SiO2 were 50 %, 46.78 %, and 1.44 %, respec-
tively. Furthermore, consistent with the order of GA content, the ab-
sorption intensities of the samples decreased in the order of GA > F-
Si03/GA > F-SiOo@GA > GA@F-SiO; > F-SiO;. The samples were
characterized based on their FT-IR spectra (Fig. 3B) to further analyze
the weak interaction between GA and F-SiO2. GA had the following
infrared characteristic peaks: —OH stretching of the benzene ring at 3495
and 3282 cm ™!, C—O stretching of carboxy groups at 1634 cm™}, C—C
stretching of the aromatic ring at 1481 and 1612 cm™!, C—0/C—C
stretching vibrations at 1200-1300 cm !, and aromatic C—H defor-
mation at 1026 cm ! (Liu, 2021a). F-SiO; exhibited the following major
characteristic peaks: the symmetrical stretching and bending vibration
peaks of Si-O-Si at 812 and 470 cm ™, respectively; the bending vi-
bration peak of Si-OH at 970 ¢cm™); and the asymmetric contraction
vibration peak of Si-O-Si at 1094 em~! (Hu et al., 2022). The charac-
teristic peaks of GA were observed in the spectra of F-SiO2/GA. More-
over, the infrared characteristic peaks of F-SiO5 were partially obscured
by GA. This result indicated that F-SiOy/GA was simply a physical
mixture (Liu et al., 2021b). After solvent evaporation, the characteristic
peak (1026 cm ™) of GA disappeared from the spectrum of F-SiO,@GA,
indicating that GA was coated with F-SiO,. This finding, along with the
SEM observations above, demonstrated that GA in F-SiOo@GA was
loaded into F-SiO,. Notably, almost no characteristic peaks of GA were
found in GA@F-SiO;. The loading measurement results illustrated that
GA was poorly coated or adsorbed via the adsorption method, limiting
its practical application as an antioxidant.

3.1.3. DSC analysis

Further, the thermal stability of the solid samples was evaluated
through DSC (Fig. 3C). GA presented a typical sharp melting endo-
thermic peak at 261.42 °C that was associated with the melting point of
GA (252 °C) and indicated an anhydrous crystalline state (Aydogdu
et al., 2019). The DSC curve of F-SiO2/GA showed the superimposed
heating distributions of GA and F-SiO,. Given that F-SiO, lacked an
endothermic peak and was in a noncrystalline state, F-SiO2/GA had only
one melting endothermic peak. In contrast, F-SiO;@GA lacked a
remarkable endothermic peak, indicating that GA had been completely
dispersed in F-SiOy through solvent evaporation and existed in an
amorphous state. Compared with the crystalline state, the amorphous
state had a lower lattice energy, thereby showing improved bioavail-
ability and dissolution rates. However, the melting point of GA@F-SiO,
decreased sharply, indicating that the crystalline transition greatly
reduced thermal stability. This result might be due to the reduction in
the melting point caused by the increase in the free energy of GA
adsorbed on the surface of F-SiO,. Notably, GA@F-SiO, would require a
considerably higher dosage than F-SiO»@GA to obtain the same bio-
logical activity as F-SiO2@GA due to its low GA content (1.44 %). The
utilization of GA@F-SiO2 at high doses as a food antioxidant may
potentially exacerbate its inherent toxicity. Consequently, further
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experimental investigations will not incorporate GA@F-SiOs.

3.1.4. Saturated solubility evaluation

Poor water solubility may result in a substantial reduction in the
water-based antioxidant activity and bioavailability of antioxidants (Li
et al., 2022a). The water solubility of GA, F-SiO»/GA, and F-SiO@GA
was evaluated. Fig. 3D showed that F-SiOo@GA exhibited good solubi-
lity in water (26.58 + 0.69 pug/mL) and was considerably higher than
that of GA (11.44 + 0.19 pg/mL) and F-SiO3/GA (22.08 + 1.47 pug/mL).
The solubility of F-SiOo@GA increased by 232 % and 120 %, respec-
tively, compared with that of GA and F-SiO3/GA. In F-SiO,@GA, the
increase in water solubility could be attributed to the loading of GA into
F-SiO. This phenomenon preserved the hydrophilic surface properties
of F-SiO,. However, in F-SiO5/GA, the mechanical interaction of GA
with F-SiO, was restricted to the surface of F-SiO, and the nonuniform
adherence of GA to the surface of F-SiO5 resulted in a reduction in water
solubility. Therefore, adopting F-SiO; as a carrier and employing solvent
evaporation could effectively improve the solubility of GA.

3.1.5. Dispersion stability

The long-term dispersion stability of F-SiOo@GA in water was
evaluated to further validate its potential as a water-based antioxidant.
GA had poor water solubility. And particles that were poorly dispersed
in the solvent were prone to collision, resulting in the formation of large
agglomerates. Fig. 4 showed that GA underwent considerable precipi-
tation in a short time, indicating that it has poor dispersion stability in
aqueous solutions. Given that F-SiO2/GA was a mechanical mixture of
GA and hydrophilic F-SiO,, the white precipitate was identified as un-
dissolved GA. Moreover, the dispersion stability of GA and F-SiO3/GA
gradually deteriorated with increasing standing time due to intermo-
lecular aggregation caused by the n—r accumulation of the aromatic ring
structures in GA molecules. F-SiO2@GA showed no obvious precipita-
tion after 12 days of storage, thereby demonstrating its excellent water
solubility and dispersion stability. These characteristics were due to the

0d
F-Si0,/GA F-SiO,@GA

Fig. 4. Dispersion stability images of GA, F-SiO»/GA, and F-SiO,@GA at
different storage times.
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loading of GA in F-SiOy without affecting the surface hydrophilic
properties. The experiments showed that F-SiO2@GA prepared through
solvent evaporation substantially enhanced the dispersion stability of
GA in aqueous solutions.

3.2. Antioxidant activity measurements

Next, we evaluated the antioxidant capacity of GA, F-SiO2/GA, and
F-SiO2@GA against DPPH’, *OH, and O3 . Fig. 5 showed that the scav-
enging ability of the three samples for the three types of free radicals
showed concentration-dependent characteristics. Specifically, the
DPPH' scavenging rate of the three samples increased rapidly as their
concentrations increased from 1 to 6 pg/mL and increased slowly when
their concentration reached 6 ug/mL. However, F-SiO,@GA showed an
inhibitory ability as high as 90 % at a concentration of 8 pg/mL, indi-
cating that GA loaded in F-SiOy did not lose its antioxidant activity.
DPPH radical scavenging is contingent on the hydrogen-donating ability
of the compounds. The ICsg value was selected to reflect the antioxidant
strength of the different antioxidants. Low ICso values indicated high
free-radical scavenging activities. The ICsy values (DPPH’) of GA, F-
SiO2/GA, and F-SiOo@GA were 2.910, 2.745, and 2.357 pg/mL
(Fig. 5D), respectively. The *OH scavenging curves provided in Fig. 5B
illustrated that F-SiO2@GA had higher scavenging ability than samples
GA and F-SiO5/GA (P < 0.05). The ICsq values of GA, F-SiO,/GA, and F-
SiO,@GA for *OH were 294.1, 333.2, and 323.8 pg/mlL (Fig. 5D),
respectively. The O3 scavenging activity of F-SiO2@GA was also high
(Fig. 5C). The ICsg values of GA, F-SiO2/GA, and F-SiO,@GA for O3
were 20.81, 12.19, and 7.042 mg/mL (Fig. 5D), respectively.
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GA has limited hydrogen supply capacity due to its poor water sol-
ubility, leading to considerable impairment of its antioxidant potential
in aqueous environments. F-SiO>@GA not only improved water solubi-
lity but also improved antioxidant activity likely because GA was
dispersed inside F-SiO, to avoid molecular accumulation, thereby
inhibiting the reduced hydrogen supply capacity due to molecular
aggregation.

3.3. Oxidation resistance test on GYP

Food-grade pigments have the potential to enhance the sensory at-
tributes of food. However, food-grade pigments, such as GYP, are highly
susceptible to photofading due to photo-oxidative decomposition (Tang
et al., 2022a; Tang et al., 2022b). The utilization of antioxidants during
food processing and storage represents an effective strategy for solving
the photostability problem of food-grade pigments. Therefore, the effect
of F-SiOo@GA on the photostability of GYP was investigated. As shown
in Fig. 6A, the GYP solution (CK group) experienced severe photofading
after 10 h of natural light irradiation, presenting an absorbance reten-
tion rate of only 20.92 % (Fig. 6B). The GYP solutions added to GA, F-
SiO2/GA, and F-SiO,@GA showed considerably improved photostability
compared with the GYP solution added to CK group (P > 0.05) and
exhibited retention rates of 43.55 %, 36.77 %, and 45.71 %, respec-
tively. F-SiO2@GA had the best ability to inhibit photofading. The
phenolic group in GA could donate H-atoms to scavenge free radicals
generated by pigments after light irradiation, thereby effectively
inhibiting the photo-oxidation and degradation of pigments (Wu et al.,
2022). Additionally, the nonpolar microenvironment within the silica
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matrix served as a protective barrier for H-atoms provided by GA, pre-
venting their quenching by water molecules (Jiao et al., 2020). These
combined factors ultimately contributed to the superior anti-photo-
oxidation effect of F-SiO,@GA on GYP.

3.4. Shrimp preservation

We subsequently assessed the overall preservation effect of F-
SiO2@GA on chilled L. vannamei using pH, TVBN, and TBARS values as
characteristic indices to explore the multifunctional application poten-
tial of F-SiO2@GA. It could be observed from Fig. 7A that the heads of
shrimp in CK group began to show obvious red changes after 6 days of
storage, which was due to the combined effect of oxidative denaturation
of pigment protein and release of red pigment molecules, as well as the
oxidation of astaxanthin into astaxanthin. In contrast, GA, F-SiO5/GA,
and F-SiO,@GA could inhibit the phenomenon of shrimp head redness
to a certain extent. Especially for F-SiO2@GA, the shrimp head did not
appear red after 8 days of storage, and the appearance of the whole
shrimp was still slightly transparent with luster.

Fig. 7B illustrated the pH variations observed in shrimp treated with
different samples during refrigeration. The initial pH value of CK group
was 6.8 + 0.03, which was consistent with previously reported findings
(Chen et al., 2019). The low initial pH value (6.60 + 0.05) observed in
the treatment groups might be related to the slight acidity of GA (Wu
et al., 2016). During the subsequent 8 days of storage, the pH value of CK
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group increased considerably faster than that of the treated groups (P <
0.05). The pH value of CK group approached 7.8 after 5 days, indicating
that the shrimp were unsuitable for consumption (Chen et al., 2019).
Endogenous enzymes and exogenous microorganisms catalyzed the
breakdown of proteins, resulting in the production of alkaline sub-
stances, such as ammonia and trimethylamine, which were primarily
responsible for the increase in pH levels (Olatunde et al., 2021). After 8
days of refrigeration, the pH values of each group reached 7.95, 7.88,
7.75, and 7.60. These findings indicated that the pH value of shrimp in F-
SiO2@GA treatment group was effectively controlled throughout
refrigerated storage at 4 °C. The inhibitory effect on pH value could be
attributed to the combined effect of protein antioxidation and partial
antibacterial effects of GA (Peng et al., 2022). The TVBN values of
shrimp subjected to different treatments for 8 days were presented in
Fig. 7C. The initial TVBN values of the samples were 2.56 + 0.21 mg/
100 g (less than 10 mg/100 g), indicating that the raw materials were
freshness (Olatunde et al., 2021). During the initial stage of storage, the
TVBN values of all four sample groups gradually increased. With the
extension of storage time, the rapid proliferation of microorganisms and
acceleration of protein decomposition led to a rapid increase in TVBN
values in each group, especially in CK group (Chaijan et al., 2020).
However, the TVBN values of the shrimp in the treatment groups were
considerably lower than those in CK group (P < 0.05). No notable dif-
ference was found between the TVBN values of the shrimp in GA and F-
SiO2/GA groups (P > 0.05), whereas the lowest TVBN value was
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Fig. 7. Preservation effect of GA, F-SiO»/GA, and F-SiO>@GA on L. vannamei during refrigerated storage at 4 °C. (A) Visual appearance, (B) pH variations, (C) TVBN
variations, (D) TBARS value, and (E) cytotoxicity on Raw264.7 macrophages cells. Results are shown as mean + SD (n = 3).
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observed in F-SiO2@GA group (P < 0.05). The TVBN values of CK, GA,
and F-SiO2/GA groups on day 6 exceeded the acceptable upper limit
(30-35 mg/100 g) and were 34.21, 31.65, and 30.71 mg/100 g,
respectively (Chen et al., 2019). In contrast, the TVBN value of F-
SiO,@GA group remained below the permissible limit (29.03 mg/100 g)
after 7 days, indicating that F-SiOo@GA had a sustained antibacterial
effect. Previous studies had reported that GA exhibited potent inhibitory
activity against common foodborne pathogens and spoilage bacteria (Li
et al., 2022b). Furthermore, TBARS value is an important indicator to
evaluate lipid oxidation in seafood muscles (Shi et al., 2021). As shown
in Fig. 7D, the TBARS value in CK group continuously increased and
significantly higher than that of the treatment groups (P < 0.05)
throughout the storage period. After 8 days of storage, F-SiO,@GA
exhibited the lowest TBARS value, indicating its remarkable capacity in
scavenging free radicals. As we know, free radicals, metal ions, lip-
oxygenases, peroxidases, and microbial enzymes could induce lipid
oxidation in aquatic products (Li et al., 2022b). Therefore, GA molecules
in the nanocomposites could effectively donate electrons or hydrogen
atoms to neutralize free radicals, thereby effectively terminating lipid
oxidation (Ahmad Shiekh & Benjakul, 2020). As a result, the water-
soluble F-SiO,@GA effectively controlled the increase in pH, TVBN,
and TBARS values to extend the shelf life of shrimp.

The cytotoxicity of the nanocomposites should be ultimately
considered (Zhang et al., 2022). Therefore, the cytotoxicity of F-
SiO,@GA was assessed using Raw264.7 macrophages cells. As could be
seen from Fig. 7E, the cells co-incubated with nanocomposites did not
exhibit any significant cytotoxic effects, even at a high concentration of
500 pg/mL. The low toxicity of nanocomposites mainly attributed to the
non-toxic properties of F-SiO,. This was an important reason why F-SiO5
was chosen as the carrier for GA in this study.
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3.5. Strengthening mechanism of water solubility and water-based
biological activity

During the preparation of F-SiO2@GA, the introduction of GA mol-
ecules into the nanoporous channels of F-SiO, via thermal diffusion
followed by gradual solvent evaporation resulted in a uniform and stable
distribution of GA within the nanoporous channels (Fig. 8). The absence
of -t accumulation in the nanoporous channels allowed the exposure of
phenol hydroxyl groups, increasing the number of active phenol hy-
droxyl groups. Based on its photosensitization ability, GYP underwent a
transition and intersystem crossing under light irradiation to generate a
triple excited state (T;). Through the type I mechanism, the excited
pigments donated electrons or hydrogen atoms to surrounding Oy mol-
ecules, leading to the formation of oxygen-containing free radicals that
were rapidly quenched by GA. The water-soluble F-SiO,@GA exhibited
strong permeability, effectively protecting the protein and fat of shrimp
from free radical oxidation. This effect, in conjunction with the anti-
bacterial properties of GA, effectively prolonged the preservation period
of fresh shrimp.

4. Conclusions

F-SiO2@GA was successfully prepared through solvent evaporation.
SEM, DSC, FT-IR, and UV-Vis characterization techniques revealed that
in F-SiO2@GA, active GA molecules were loaded into the nanopores of F-
Si0;,. The GA molecules inside F-SiO; exhibited distinct shifts in their
morphological characteristics, displaying a uniform distribution and
transitioning from a crystalline state to an amorphous form. Further-
more, the water solubility of F-SiO2@GA considerably increased. This
effect further enhanced the antioxidant activity in vitro because the
active phenolic hydroxyl groups of the uniformly loaded GA were
effectively exposed. In the application experiment on pigment
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Fig. 8. Preparation of F-SiO,@GA via solvent evaporation and its strengthening mechanism of water solubility and water-based biological activity.
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antioxidants, the addition of F-SiO>@GA effectively mitigated the pho-
todegradation of GYP in solution states. Furthermore, in the experiment
on fresh shrimp refrigeration, treatment with F-SiO2@GA outperformed
that with CK in controlling the freshness indicators pH, TVBN and
TBARS values. The enhancement in the water-based biological activities
of F-SiO2@GA was attributed to the presence of GA in the non-n-rn ag-
gregation state, which exposed active phenol hydroxyl groups and
further enhanced antioxidant activities. Moreover, owing to the strong
hydrophilicity of F-SiO, the nanocomposites could effectively interact
with pigment or fresh shrimp, leading to further improvement in their
bioactive function. The strategy of loading bioactive molecules in F-SiOy
presented a novel approach for enhancing the antioxidant or antibac-
terial properties of natural bioactive compounds.
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