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Isoorientin (Iso) is a natural flavone with multiple activities. In the present study, the partial chemical properties
and activities of Iso were improved by the nanoparticle loading technique. Zein/GA nanoparticles were suc-
cessfully synthesized with the antisolvent precipitation method, and the structure and stability of the Zein/GA
nanoparticles loaded with Iso (Zein/GA-Iso nanoparticles) were characterized by FTIR, UV-vis spectroscopy and
zeta-sizer analysis. Results showed that Zein/GA-Iso nanoparticles possessed greater stability, light stability,

hydrophilicity and antioxidant activity. Furthermore, Zein/GA-Iso nanoparticles exerted notable antibacterial
activity against E. coli, S. aureus, and P. aeruginosa by destroying the permeability and integrity of cell membrane.
On this basis, Zein/GA-Iso nanoparticles do have a bacteriostatic effect on pork. In conclusion, Zein/GA-Iso
nanoparticles had better stability and pork preservation for applications in the food processing field as a new
type of antiseptic and freshening agent.

1. Introduction

Isoorientin (Iso) is a natural flavonoid that has received widespread
attention owing to its excellent biological effects, such as antioxidant
activity (Lim et al., 2007), anti-inflammatory activity (Yuan et al.,
2014), and anti-cancer activity (Lin et al., 2016). Iso possesses a broad-
spectrum antibacterial effect (Ambika & Sundrarajan, 2015) with the
high safety for human consumption. However, its application is limited
due to poor water solubility and chemical instability. To overcome these
shortcomings and enhance the efficacy of natural active substances, a
variety of delivery systems has been designed, including nanoparticles,
hydrogels and liposomes. Among these delivery systems, nanoparticles
offer the unique advantages such as smaller particle size, high safety,
and good slow-release effect. Nanoparticles are defined as particles with
sizes smaller than 1000 nm in the biological sciences (Antonio et al.,
2016). Using nanotechnology, active molecules such as tocopherols,
quercetin curcumin, etc. can be converted into nanoparticles that are
stable across a wide range of pH, temperature, and ionic strength.
Encapsulation Iso in the nanoparticles delivery systems is an effective
way to promote water solubility and stabilization of Iso.

In recent years, because of the strong binding ability with bioactive
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compounds, high safety, simple preparation, and good biocompatibility,
proteins have usually been used as a potential nanocarrier to deliver
natural compounds (Gagliardi et al., 2021), such as wheat gliadin,
bovine serum albumin, and whey protein.

Zein exhibits inherent hydrophobicity because of its higher pro-
portions of hydrophobic amino acid residues (>50%). Zein usually
forms uniform and spherical nanoparticles in water at a certain stirring
rate due to its unique hydrophobicity and self-assembly characteristics
(Zhang et al., 2022). However, Zein nanoparticles have the disadvantage
of poor stability because of its strong hydrophobicity (Gali et al., 2022).
Some studies have found that gum arabic, pectin, chitosan, soybean
polysaccharides (Gao et al., 2021) can crosslink with zein as stabilizers
to improve the stability of Zein nanoparticles.

Gum Arabic (GA) is a complex heteropolysaccharide, which exists in
the form of a neutral or weakly acidic salt, the protein portion accounts
for about 2% of the total gum, and polysaccharides are covalently
bonded to protein peptide chains though hydroxyproline and serine
connection. It has been reported that adding GA to Zein nanoparticles
(compared to pure Zein nanoparticles) significantly enhances their sta-
bility against pH variations (in the range 2-8), ionic strength (in the
range 25-100 mM at pH 4), and heating up to a temperature of 100 °C,
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likely due to the formation of a complex nanoparticle structure. Some
studies have suggested that GA adsorbs onto the surface of Zein nano-
particles through electrostatic and hydrophobic interactions, enhancing
the stability of Zein/GA nanoparticles used for delivering active sub-
stances such as curcumin, tocopherol, thyme essential oil, etc. However,
no delivery system application for Iso has been reported yet.

The purpose of this study is to form Zein/GA nanoparticles by the
classical antisolvent precipitation method as the carrier to load Iso.
Exposure to challenging environmental conditions during food pro-
cessing, storage, cooking or passage through the gastrointestinal tract
could significantly affect nanoparticle size, structure, and charge, and
consequently impact the capacity of bioactive substance. Therefore, the
structural characterization and stability under various conditions
including pH levels, salt solutions, in vitro digestion, temperature, storage
and light exposure of Zein/GA-Iso nanoparticles were investigated in
this study. Besides, the antioxidant properties, cytotoxicity, and anti-
bacterial activity of the Zein/GA-Iso nanoparticles were also evaluated.
The findings of this study will provide valuable references for the uti-
lization of Iso and the delivery systems of natural bioactive compounds.

2. Experimental procedures
2.1. Materials

Iso (purity>98%) was obtained from Pharmaceutical Technology
Co., Ltd. (Jiangsu China). Zein (protein content 91.3%) and GA powder
(99%) were obtained from Fuchen Chemical Reagents Co., Ltd. (Tianjin,
China). Pig bile salts were acquired from Beijing Ao boxing Bio-tech Co.,
Ltd. (Beijing, China). Pepsin (activity 3000-3500 U mg~1), Lipase
(Typell, 100-500 Urng’1 protein, 30-90 Urng’1 protein), Pancreatin(8x
USP specifications), Trypsin (activity 250 USP Umg_l) rom porcine
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pancreas and Mucins (Typelll) from porcine stomach were purchased
from Sigma-Aldrich (Shanghai China) Trading Co. Ltd. Human colo-
rectal adenocarcinoma Caco-2 cells and the human HL-7702 hepatocyte
cells were purchased from the Fourth Military Medical University (Xian,
China).

2.2. Preparation of Zein/GA nanoparticles

Zein/GA nanoparticles were prepared by the antisolvent precipita-
tion method (Song et al., 2020. Fig. 1A). Briefly, at room temperature,
2.0 g of GA was dissolved in 10 mL deionized water with magnetic
stirring at 600 rpm for 1 h to prepare the GA stock solution at room
temperature. 1.0 g of Zein dissolved in 20 mL 70% (v/v) aqueous ethanol
solution with magnetic stirring at 600 rpm for 0.5 h. Then, Zein solution
stock was taken and dispersed in a thin flow in deionized water, and 300
pL of GA stock solution was added to the above-deionized water in a
trickle and stirred with a magnetic stirrer at 600 rpm for 2 h. The pH of
the sample was adjusted to 4 and then centrifuged at 4000g for 10 min.
Finally, the suspensions are for freeze-drying, and the rest are stored at
4°C.

2.3. Preparation of Zein/GA-Iso nanoparticles

0.01 g of Iso was taken and dissolved in 5 mL Zein stock solution (the
ratio of Iso to Zein is 1:10) and heated to 40 °C to fully mix. The sus-
pensions were adjusted to pH 4 and centrifuged at 4000g for 10 min.
Freeze dry and weigh the freshly prepared nanoparticles. Percent Zein/
GA-Iso nanoparticles determination of acquisition efficiency was
determined using the following formula (1):
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Fig. 1. The synthesis pathways and structural characterization of Zein/GA-Iso nanoparticles.

(A) Zein/GA and Zein/GA-Iso nanoparticles synthesis pathways. (B) UV spectra of Iso and Zein/GA-Iso nanoparticles. (C) Water contact angle of zein, GA, Iso, Zein/
GA and Zein/GA-Iso nanoparticles. (D) FT-IR analysis of zein, GA, Iso, Zein/GA and Zein/GA-Iso nanoparticles. (E) XRD of Iso, zein, GA, Zein/GA and Zein/GA-Iso
nanoparticles. (F)SEM and TEM images of Zein/GA and Zein/GA-Iso nanoparticles.
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Yield (%) =[Freeze dried of Zein/GA — Iso (mg)

1
/Sum of weight of zein, GA, and Iso (mg) ] x 100% )

2.4. Iso loading efficiency determination

Zein/GA-Iso nanoparticles were dispersed in an 80% ethanol-water
solution(v/v) and take the same Zein/GA-Iso nanoparticles and
disperse in water at 90 °C through vortex oscillation for 2 min respec-
tively. Each of the samples were centrifugated at a speed of 10,000g for
15 min and the supernatant was collected. Absorbance was measured
with a UV-visible spectrophotometer at 350 nm. The Iso loading effi-
ciency was calculated by following eq. (2):

Iso loaded (%) = (Amount of Iso loaded/Total Iso used) x 100% 2)

2.5. Characterization of Zein/GA nanoparticles and Zein/GA-Iso
nanoparticles

2.5.1. Measurement of average particle size and zeta potential

The mean size and zeta potential of Zein/GA and Zein/GA-Iso
nanoparticles were measured through a zeta sizer (ZEN3690, Malvern
instrument, UK). The concentration of the prepared samples of nano-
particles was diluted 10 times by using water as a dispersant before
detecting at 25 °C.

2.5.2. UV-vis spectroscopy measurement

The Iso and Zein/GA-Iso nanoparticles were dissolved in 70%
ethanol respectively, and 70% ethanol was used as blank control and
scanned in the wavelength range of 0-700 nm.

2.5.3. FTIR and XRD

Fourier transforms spectrophotometer (Shimadzu, Kyoto) was used
to detect the chemical construction of nanoparticles in a range of
400-4000 cm'!. 5 mg sample was weighed and mixed them with 500 mg
KBr (samples: KBr = 1:100). Before being measured, the mixtures were
then pressed into sheets and placed on a sample stand. The XRD patterns
were used through an X-ray diffractometer (Bruker, D8 Advance, Ger-
many) to determine the structure of samples. The scan rate was 4°/min,
and the scanning angle (26) was from 5°to 90°.

2.5.4. SEM and TEM observation

A small amount of freeze-dried sample power was fixed with a
double-sided conductive adhesive. Before imaging, the samples were
coated with a conductive gold layer by a carbon coater for 50 s. Next,
photographs were taken with SEM (FEI, Nava NanoSEM 450, Czech
Republic) at an accelerating voltage of 15.0 kV. Nanoparticles of re-
dissolved solutions were respectively taken to the carbon-coated cop-
per grid. The prepared samples were characterized by TEM (FEI, Tecnai
G2 F20, Japan) after the samples were dried at 20 °C for 24 h.

2.5.5. Contact angle

Samples were pressed into tablets with a tablet press. The samples
were placed on the slide and fixed on the test platform, dropped a drop
of distilled water on the surface of the samples, and at last record the
contact angle data with a contact angle tester (Kruss, KRUSS-DSA100,
Germany).

2.6. Chemical stability assessment

2.6.1. Effect of pH and ionic strength on the stability of nanoparticles
The pH of freshly prepared nanoparticles was about 5, adjusted pH to
2, 4, 6, 8, and 10 with 1 M HCI and 1 M NaOH, respectively. Nano-
particles were dispersed in deionized water with pH 4, 1 M NaCl was
added to obtain samples with different concentrations and measured
after standing at 25 °C for 2 h. The influence of pH and ionic strength on
nanoparticles stability was determined by measuring the mean size and
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zeta (ZEN3690, Malvern instrument, UK) at different pH values and
ionic strength, respectively.

2.6.2. Effects of the simulated digestion system in vitro on the stability of
nanoparticles

Nanoparticles were passed through a three-stage simulated gastro-
intestinal tract model (mouth, stomach, and small intestinal stages), and
were evaluated by measuring the change of the mean size and zeta po-
tential of nanoparticles at different stages.

Initial system: 10.00 mL Zein/GA nanoparticle and Zein/GA-Iso
nanoparticles solution were dissolved in deionized water. 20 mL of the
solution was put into a water bath at 37 °C preheating and placed in a
shaker at 130 rpm with 37 °C for 10 min.

Mouth phase: The nanoparticles solution(0.5 mg/mL)and mucin
solution (0.03 g/mL) were mixed in a volume ratio of 1:1, adjusted to
pH 6.8 and placed in an incubator shaker at 37 °C with 130 rpm for 10
min.

Stomach phase: The artificial gastric juice system was prepared by
adding 0.4 g NaCl and 1.4 mL 1 M HCl in 200 mL deionized water. 20 mL
samples collected after digestion in the mouth phase were mixed with
20 mL simulated gastric fluid and 0.64 g pepsin, adjusted to pH 2 and
reacted in an incubator shaker at 100 rpm with 37 °C for 2 h.

Small intestinal phase: The pH of Zein/GA nanoparticle solution and
Zein/GA-Iso nanoparticle solution was adjusted to 7.5 by NaOH to stop
gastric digestion. Gastric digestion mixture was mixed with the simu-
lated intestinal digestive juice (0.3 mM CaCly, 30.72 mM NaCl, 5 mg/L
bile salt into 200 mL deionized water) at the volume ratio of 1:1,
adjusted pH to 7, added 8 mg/mL pancreatin. Then, the digestive juice
was placed in a shaker and incubated at 130 rpm (37 °C) for 2 h.

2.6.3. Effect of heating and storage time on the stability of nanoparticles
Nanoparticles were divided into four equal parts and heated in a
water bath to 0 °C, 20 °C, 50 °C, 90 °C for 1 h, respectively, then were
cooled down to 25 °C. For storage time: nanoparticles were stored in a
refrigerator at 4 °C for 12 h, 24 h, 38 h, and 48 h. The mean size and zeta
potential were measured to evaluate the stability of the samples.

2.6.4. Effect of UV light on the stability of Iso and Zein/GA-Iso
nanoparticles

Equal amounts (10 mL) of Iso solution (0.5 mg/mL 70% ethanol) and
Zein/GA-Iso dispersion (0.5 mg/mL 70% ethanol) were placed in
separate petri dishes. The Iso concentrations were measured at 350 nm
with a microplate reader every 15 min after UV light irradiation at 365
nm for 1 h.

2.6.5. Bioavailability of Iso and Zein/GA-Iso nanoparticles

After incubating the nanoparticle solution in a water bath at 37 °C for
15 min, it was fully mixed with simulated gastric fluid in a volume ratio
of 1:1, and the pH was adjusted to 2. Subsequently, the mixture was
simulated digested at 37 °C with 100 rpm for 2 h. Mix the solution
digested in the stomach with intestinal fluid evenly at a ratio of 1:1, and
quickly adjusted the pH to 7. The mixed solution was digested for 3 h at
270 rpm at 37 °C. Preparation of Iso standard curve by HPLC (Agilent,
Shimadzu, Japan). Gadient elution at 25 °C with a flow rate of 1.0 mL/
min, and monitored using UV at 350 nm. ISO standard (purity >98%)
was obtained from Pharmaceutical Technology Co., Ltd. (Jiangsu
China). The concentration of the sample solution taken out from the two
digestions was determined under the same chromatographic conditions,
and the bioavailability of Iso and Zein/GA-Iso nanoparticles were
calculated using formula (3):

Bioavailability (%) = C x V/M x 100% 3)

The C refers to the Iso concentration (mg/mL) obtained by digestive
fluid in stomach and intestinal respectively, the V is volume of digestive
fluid, and M means the mass of Iso in the zein/GA-Iso.
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2.7. Invitro antioxidant assay

2.7.1. DPPH and ABTS" radical scavenging capacity

Iso and Zein/GA-Iso nanoparticles (50 pL) were fully mixed with
freshly prepared DPPH (0.1 mM in absolute ethanol) and then reacted
for 30 min in the dark. The absorbance (A1) was measured at 517 nm
with a microplate reader. The absorbance of deionized water mixed with
DPPH solution was also measured as the blank (Ag). Absolute ethanol
was used instead of DPPH solution as the control group (Az). DPPH
radical scavenging rate according to formula (4):

Scavenging rate (%) = 1-(A;—Ax /Ao x 100% “4)

ABTS was mixed with potassium persulfate (K2S20g) to 7.0 mM and
2.45 mM, respectively. The samples were allowed to react with the
ABTSe " solution for 6 min in the dark, and the absorbance (A;) was
measured at 734 nm. In the blank group (Ay), deionized water was used
instead of sample, and the above operations were repeated. The control
group used deionized water instead of ABTSe" solution as Ay. ABTSe "
radical scavenging rate was calculated according to the formula (5):

Scavenging rate (%) = 1—(A;-Ay /Ay x 100% 5)

Al - absorbance value of the measurement group.
AQ - absorbance value of blank group.
A2 - absorbance value of control group.

2.7.2. Effect on hemolysis of red blood cells and cytotoxicity

The red blood cells were collected from the blood of SPF healthy 6-
week-old male BALB/c mice from the Experimental Animal Center of
Xi ‘an Jiaotong University (Xian, China). The blood of the mouse was
centrifuged at 3000 rpm for 10 min, and the supernatant was discarded
to get a precipitate of red blood cells. Sample solution was added 100.0
pL of 0.5% red blood cell suspension, then HyO» (the solution concen-
tration of 2%) was added. After incubating at 37 °C for 1 h, centrifuged
at 3000 rpm for 5 min, finally, the supernatant was taken to measure the
absorbance at 540 nm. The hemolysis inhibition rate was calculated
according to formula (6):

Inhibition rate (%) =(A control — A sample)/(A control — A blank)
x 100%

(6)

Acontrol - absorbance value of the control group.
Asample - absorbance value of sample group.
Ablank - absorbance value of blank group.

Briefly, 2 x 10° cells were inoculated into 96 well plates, and
cultured in the incubator at 37 °C with 5% (v/v) of CO5 for 24 h. 100 pL
of treated samples which was freshly configured solutions of Iso and
Zein/GA-Iso nanoparticles with different concentrations (25, 50, 100
and 200 pg/mL) were added to the wells. After 12 h of incubation, 10 pL
of CCK-8 solution (Shanxi Bio Bio Biotechnology Co, Ltd., Shanxi, China)
was added and incubated for 1 h. Subsequently, the absorbance was
measured at 450 nm with a microplate reader. Cell viability was
calculated by the formula (7):

Cell viability (%) = [A; — A]/[A2 — Ao] x 100% @

Additionally, after treatment, the fluorescence of intracellular
Reactive oxygen species (ROS) was observed under Fluorescence mi-
croscope (Olympus Optical, Tokyo, Japan) or Flow cytometer (Partec
GmbH, Miinster, Germany).

2.8. Antibacterial activity of nanoparticles

The single colonies of Escherichia coli (E. coli), Pseudomonas
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aeruginosa (P. aeruginosa), Staphylococcus aureus (S. aureus) was cultured
on a constant temperature shaker for 24 h (37 °C, 110 rpm). Dilute the
bacterial suspension to 10® -107 CFU/mL with sterile physiological
saline.

2.8.1. Bacteriostatic circle and bacteriostatic rate assay

Prepare sterile 6 mm diameter filter paper and place it in the
configured sample solution for 12 h. Evenly coat the bacterial suspen-
sion on the solid culture medium. Place the prepared drug-sensitive
paper pieces on the solid culture medium, sterile water as the blank
control, and culture them in a constant temperature incubator at 37 °C
for 24 h. The obtained of bacteriostatic circle whose size was measured
by a vernier caliper. Calculate the bacteriostatic rate using the following
formula (8):

Bacteriostatic rate (%) = (Lsample — Lcontrol) /Lsample x 100% ®

Lsample- diameter of the circle of inhibition of the sample group.
Lcontrol-diameter of the inhibition circle of the controlm group.

2.8.2. Minimal inhibition concentration

The minimum inhibitory concentration (MIC) of the samples was
determined by the evaluated double dilution method (Wiegand et al.,
2008). Dilute the sample solution with LB liquid (Tianjin Tianli Reagent
Co., Ltd., Tianjin, China) medium as follows 800, 400, 200, 100, 50 pg/
mL. 100 pL of the bacterial suspension (103—104 CFU/100 pL) was added
to the diluted samples and were incubated at 37 °C for 15 h in a ther-
mostatic incubator with a vibration rate of 110 r/min. After it was
continuously cultured for 15 h was inoculated on LB solid medium by
scribing and observing.

2.8.3. Growth curve

2.0 mL of Iso, Zein/GA nanoparticle and Zein/GA-Iso nanoparticle
solutions were added to 12 mL of LB liquid medium respectively to
adjust their concentration to the MIC. And then 100.0 pL of the bacterial
suspension was connected. Culture for 24 h continuously (37 °C,110
rpm), and take samples every 2 h to measure the absorbance at 600 nm.

2.8.4. Membrane permeability of bacterial cells

The sample suspension was adjusted to the concentration of MIC by
LB liquid medium. And then 100.0 pL of the bacterial suspension was
connected. The samples were incubated at 37 °C, 120 r/min for 10 hin a
constant temperature oscillating incubator, and the control group used
sterile secondary water instead of sample solution. The samples were
taken at an interval of 2 h each time. After centrifugation at 3500 g for
15 min, the protein content of supernatant was determined by the BCA
kit (Xi'an Aorui Jingchuang Biotechnology Co. Ltd. Shaanxi, China). The
absorbance of the supernatant was measured at 260 nm and the mem-
brane permeability of bacterial cells was determined by the conductivity
of bacterial solutions.

2.8.5. Imaging of bacteria by SEM

Iso and Zein/GA-Iso nanoparticles were prepared in LB liquid me-
dium with the concentration of MIC, and then 200.0 pL of bacterial
suspension (2 x 10%-2 x 10* CFU/100 pL) was added, then incubated in
a constant temperature shaking incubator for 10 h (37 °C, 120 r/min),
and then centrifuged at 3500 g for 10 min, the supernatant was dis-
carded, the precipitate was retained and washed with PBS repeatedly.
The washed bacterial precipitate was pelleted and fix the bacteria on the
conductive carbon adhesive, gold-coated with an ion sputter for 30 s,
and observed at the 3.0 kV instrument voltag.

2.9. Preservation effect of Zein/GA-Iso nanoparticles on chilled meat

2.9.1. Sample pretreatment
Fresh pork was bought in the supermarket of Shaanxi normal
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Table 1
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The mean size, PDI, and Zeta potential of zein/GA and zein/GA-Iso with the % Iso loading efficiency.

Groups Mean size (nm) Index of polydispersion Zeta potential (mV) Yield of nanoparticles Iso load rate
(PDD) (%) (%)

Zein/GA 122.21 + 0.87 0.29 £+ 0.01 —36.57 £ 0.72 75.56

Zein/GA-Iso 149.31 + 2.13 0.31 £ 0.01 —55.21 + 0.64 78.89 67.56

University (Xian, China). First of all, remove the fat and connective
tissue from the surface of chilled meat, cut it into uniform blocks (3 cm
x 3 cm x 2 cm) and divide it into four parts. The samples were soaked in
aseptic secondary water, 0.05% Iso, zein/GA nanoparticles and zein/
GA-Iso nanoparticles, respectively, and the experiments were repeated
three times in each group. The treated samples were drained, wrapped in
plastic film and stored at 4 °C. The pH, juice loss rate, texture, color
difference, volatile saline nitrogen content, and total colony indexes of
samples in each group were detected and observed on
0,2,4,6,8,10,12,14 days respectively.

2.9.2. Determination of pH

According to GB 5009.237-2016 “Food pH determination”. Fresh
pork was pulverized into homogeneous meat samples using a grinder,
and added 10 times KCL solution while mixing and homogenizing. The
pH of the samples was determined using a hand-held pH meter.

2.9.3. Determination of juice loss rate

The pork was packaged and weighed in groups, labeled W1, and the
package was slowly opened before the index determination, and the
liquid on the surface of the meat sample was drained with sterile filter
paper, labeled Wj. The juice loss rate (%) of pork is calculated according
to the following formula (9):
W, - W,

=W ©)]

Juice loss rate(%)
2.9.4. Determination of color difference

The color difference of meat samples after treatment was determined
by a color difference meter (Shenzhen SUNSHI Technology Co., Ltd.,
Shenzhen, China). The black and white standard block of the colorim-
eter was used to correct equipment. Samples were randomly collected
from 3 locations on the surface of meat samples, and L* (brightness), a*
(red) and b* (yellow) values of the blank control group, Iso and zein/GA-
Iso nanoparticle groups were determined.

2.9.5. Determination of volatile base nitrogen content

According to GB5009.228-2016 “Determination of volatile base ni-
trogen in food under National Food Safety Standard”. Briefly, 20 g of
pork samples were stirred and placed in a conical flask, added 100 mL of
sterile deionized water, then were shaken for 30 min, filtered, the res-
idue was discarded and the filtrate was collected. The content of TVB-N
in pork was determined by an automatic Kjeldahl nitrogen analyzer.

2.9.6. Determination of total number of colonies

Method Refer to GB 4789.2-2010 “Determination of Total col-
onies”.10 g of meat samples were mixed well in 100 mL of sterile saline,
1 mL of suspension was diluted according to the results of the pre-
experiment, evenly coated, incubated for 48 h and observed the plate
and counted in log cfu/g.

2.10. Statistical analysis

All experiments were repeated at least three times, and the results
were presented as the mean =+ standard deviation (SD). The GraphPad
Prism version 6.0 software was used to analyze the statistical signifi-
cance with one-way ANOVA, and p < 0.05 was considered as a signifi-
cant difference.

3. Results
3.1. Synthesis of Zein/GA and Zein/GA-Iso nanoparticles

The yield of Zein/GA and Zein/GA-Iso was 75.6% and 78.9%,
respectively, and the loading efficiency of Iso in Zein/GA nanoparticles
was 67.6% (Table 1). As shown in Fig. 1B, the UV visible spectrum
analysis confirmed that the maximum absorption wavelength of Iso was
mainly at 350 nm. However, the decrease in the peak intensity of Zein/
GA-Iso complexes indicated the formation of the amorphous complexes,
suggesting an intermolecular interaction occurred between Zein/GA and
Iso.

3.2. Structural characterization of nanoparticles

As shown in Fig. 1C, the contact angles of zein, GA, and zein/GA
nanoparticles are 90.6°, 36°, and 33.5°, respectively. These results
indicated that the hydrophilicity of zein/GA nanoparticles is signifi-
cantly improved after electrostatic interaction. The contact angle of Iso
and Zein/GA-Iso nanoparticles was 38.9° and 27.3°, respectively, indi-
cating that the hydrophilicity of Iso was significantly improved by
loading on Zein/GA nanoparticles.

In FTIR curve (Fig. 1D), the first characteristic peak of Iso appeared
at 3334.53 cm ™}, and the peak of Zein/GA-Iso nanoparticles showed a
red shift (from 3299 cm ™' to 3209 cm ™)) compared with Zein/GA-Iso
nanoparticles, suggesting that the hydrogen bonds may be formed be-
tween amide groups of the glutamine in Zein and hydroxyl groups in GA
(Li et al., 2019). Hydrogen bonds as a driving mechanism may be
responsible for the formation of Zein/GA nanocomposites. The second
characteristic absorption peak was stretching vibration at 1500-1700
cm L. These stretching vibration peaks of Zein were at 1642.73 cm™!
and 1531.52 cm ™ representing amide I (C=O stretching), and amide II
(C—N stretching) bonds, respectively. For the spectrum of GA, the band
at 1599.43 cm ™! was considered as stretching of C=C. The character-
istic peaks of Iso were 1650.61 cm ™! and 1579.48 cm™!, which were
attributed to the stretching vibration of C=0 and C=C. The peaks of
Zein/GA nanoparticles shifted to 1606.64 cm ™! and 1548.34 cm ™. As
compared to the peak of Zein, the stretching vibration peaks of amide I
red-shifted, and the peaks of amide II blue-shifted, which revealed the
hydrophobic force and electrostatic interactions occurred between Zein
and GA. However, for Zein/GA-Iso nanoparticles, two peaks of amide I
and II band were shifted to 1644.67 cm™! and 1495.60 cm™!, which
indicated the electrostatic interactions and hydrophobic force existed in
the formation of Zein/GA-Iso nanoparticles. The possible explanation
was that the assembly behavior of zein molecules is determined by the
associative hydrophobic interactions, which can be altered by the po-
larity of the solvent (Wang & Padua, 2010).

As shown in Fig. 1E, some characteristic peaks of free Iso were at
11.21°, 13.15°, 14.30°, 16.21°, 19.87°, 26.3°, 28.7°, representing that
Iso was a crystal structure. Two characteristic peaks of Zein were at
9.31° and 20.71°, which verified that the protein was amorphous.
Further, Zein/GA nanoparticles were also observed to be amorphous,
while Zein/GA-Iso nanoparticles only detected a wide characteristic
peak at 22.35°, indicating that the characteristic peak of the crystal
disappeared after the successful loading of Iso onto Zein/GA
nanoparticles.

As shown in Table 1, the mean size of the Zein/GA nanoparticles was
122.21 £ 0.87 nm with (Polydispersity Index) PDI = 0.29 + 0.01, and
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Zein/GA-Iso nanoparticles was 149.31 + 2.31 nm with PDI = 0.31 +
0.01. Both the mean size and PDI increased after loading Iso. The zeta
potential of Zein/GA and Zein/GA-Iso nanoparticles was around
—36.57 mV and — 55.21 mV, respectively. Similarly, the zeta potential
of Zein/GA-Iso nanoparticles was lower than that of Zein/GA nano-
particles, indicating that Zein/GA-Iso nanoparticles were more stable
than Zein/GA. Additionally, both Zein/GA and Zein/GA-Iso nano-
particles were spherical with a smooth surface (Fig. 1F), and the mean
size of Zein/GA-Iso nanoparticles was slightly larger than that of Zein/
GA nanoparticles.

3.3. Nanoparticles stability

3.3.1. Effect of pH and NaCl solution on nanoparticles stability

As shown in Fig. 2A, the average particle size of Zein/GA nano-
particles did not change significantly compared with that of Zein/ GA-
ISO nanoparticles at pH 6-8. At pH 2, the potential of nanoparticles
was the highest, indicating that the stability of nanoparticles was low. At
pH 4-8, the zeta potential of the Zein/GA-Iso nanoparticles increases
significantly and tends to be stable. Importantly, the zeta potential of
Zein/GA-Iso nanoparticles is higher than that of Zein/GA, indicating
that Zein/GA-Iso has better stability.

With further increase in the salt concentration, the mean size of
Zein/GA-Iso nanoparticles increased significantly (p < 0.01) and the
stability decreased (Fig. 2B). In addition, the zeta potential also showed
the same conclusion. With the increase in salt solution concentration,
the zeta potential always showed a negative value, but its absolute value
was getting smaller and smaller.

3.3.2. Effect of the simulated gastrointestinal conditions on nanoparticles
stability
Fig. 2C reflected a significant approximate 476 nm and 865 nm of
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increase in the mean size of both Zein/GA and Zein/GA-Iso, respec-
tively, at the oral phase which was in low pH of 6.8. Next, when the
orally digested sample solution was mixed with the simulated gastric
fluid, the mean size of Zein/GA and Zein/GA-Iso nanoparticles increased
to 725 nm and 765 nm, respectively, about 5 times the initial mean size.
Finally, when nanoparticles were transferred to the simulated small
intestinal conditions, the mean size of nanoparticles was greatly
increased, and the mean size of Zein/GA-Iso nanoparticles (1230 nm)
was significantly smaller than that of Zein/GA nanoparticles (1760 nm)
(p < 0.05). In addition, during the simulated digestion process, the ab-
solute value of the zeta potential of Zein/GA and Zein/GA-Iso nano-
particles also decreased, which may be due to gastric juice and intestinal
juice promoting the decomposition of zein, thereby reducing stability.

3.3.3. Effect of temperature and storage time on nanoparticles stability

In general, the zeta potential of Zein/GA and Zein/GA-Iso nano-
particles has little change, indicating that they have certain stability in
the range of 1-90 °C. and the mean size did not change much about 131
nm-155 nm and 150 nm-168 nm, respectively, showing that nano-
particles were insensitive to temperature (Fig. 2D).

It can be observed from Fig. 2E that with the increase in the storage
time, the mean size of nanoparticles increased at first and then
decreased. Initially, the mean sizes of the Zein/GA and Zein/GA-Iso
nanoparticles were about 124 nm and 149 nm, respectively. The mean
size of Zein/GA-Iso reached maximum 1250 nm at 12 h, while that of
Zein/GA reached the maximum at room temperature for 24 h, about
725 nm. After 48 h, the mean size of the two nanoparticle types grad-
ually declined. The zeta potential of the two nanoparticles decreased at
first and then stabilized at a level, that is, they remained stable after 24 h
of storage in a refrigerator at 4 °C.
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3.3.4. Effect of the ultraviolet exposure on Iso in the Zein/GA-Iso
nanoparticles

After ultraviolet light irradiation, the retention rate of Iso in Zein/
GA-Iso nanoparticles remained 100.00%, while the retention rate of
Iso in free Iso solution decreased to 76.10% (Fig. 2F), suggesting that the
encapsulation of Iso in Zein/GA nanoparticles could improve the light
stability of Iso.

Furthermore, both Iso and Zein/GA-Iso showed a rapid release
behavior after simulating gastric digestion for 30 min, 57.5% of Iso was
rapidly released into gastric juice, about 63.2% of Iso in Zein/GA-Iso
nanoparticles was released into gastric juice (Fig. 2G). After 300 min,
the total amount of Iso released accounted was about 95.35% and
72.32% of the Iso alone solution and Zein/GA-Iso nanoparticles,
respectively. These results showed that the release behavior of Zein/GA-
Iso nanoparticles to its loaded Iso was controllable, and the bioavail-
ability of Zein/GA-Iso nanoparticles was significantly higher than that of
Iso (Fig. 2H, p < 0.01).

3.4. Invitro antioxidant capacity

The DPPH and ABTS ' radical scavenging capacities increased with
the increase in concentration. When the concentration reached 200 pg/
mlL, the scavenging efficiencies of Zein/GA-Iso nanoparticles on DPPH
radicals was 8.3% higher than that of Iso (Fig. 3A, p < 0.05), and at 40
ug/mL, there was no significant difference between the ABTS™ radical
scavenging activity of Iso and Zein/GA-Iso nanoparticles (Fig. 3B).

From Fig. 3C, the inhibition rate of Zein/GA-Iso nanoparticles on
erythrocyte hemolysis gradually increased with increasing concentra-
tion. At a concentration of 200 pug/mL, the inhibition rate of red blood
cell hemolysis by Zein/GA-Iso nanoparticles was significantly stronger
at 40.2% compared to Iso (p < 0.05). Treatment with HoO5 resulted in
dents and damages to the red blood cells, due to the lipid peroxidation
destruction of cell membrane structure. The red blood cells in the con-
trol group, Zein/GA-Iso nanoparticles group showed smooth spherical
surface with intact cell membranes and almost no hemolysis (Fig. 3D),
indicating that Zein/GA-Iso nanoparticles were friendly towards the red
blood cell.
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3.5. Cytotoxicity

25 mM of Bap resulted in a notable decrease in cell viability. After
incubation with Iso, the cell viability of Caco-2 and HL-7702 cells
markedly increased (p < 0.01) by 27.35% and 47.26%, respectively, and
Zein/GA-Iso nanoparticles enhanced Caco-2 and HL-7702 cell viability
by 30.2% and 56.3%, respectively (Fig. 3E-H). Additionally, it can be
seen from Fig. 4 that compared with control group, the amount of ROS in
cells treated with Bap significantly increased, while Zein/GA-Iso nano-
particles could decrease ROS. These results showed that Zein/GA-Iso
nanoparticles had little cytotoxicity, and had intracellular antioxidant

capacity.
3.6. Antibacterial activity

The bacteriostatic circle and bacteriostatic rate of Iso and Zein/GA-
Iso nanoparticles against E. coli, S. aureus, and P. aeruginosa were
shown in Table S1. At a concentration of 2 mg/mL, the inhibition rates of
Iso on E. coli, S. aureus, and P. aeruginosa were 57.20%, 51.06%, 58.39%,
while the inhibition rates of Zein/GA-Iso nanoparticles were 72.73%,
69.47%, 75.31%, respectively. However, neither the control group nor
the Zein/GA nanoparticles group showed any bacteriostatic effect,
revealing that Zein/GA nanoparticles had negligible antibacterial ac-
tivity. At the same mass concentration, both Iso and Zein/GA-Iso
nanoparticles exhibited stronger inhibitory effects on E. coli and
P. aeruginosa compared to S. aureus. Iso had a MIC for E. coli and
P. aeruginosa at 1000 pg/mL, while it was higher at 1250 pg/mL for
S. aureus. The MIC of Zein/GA-Iso nanoparticles for E. coli and
P. aeruginosa was lower at 750 pg/mL, compared to about1000 pg/mL
for inhibiting growth of S. aureus (Table S2). These results implied that
both Iso and Zein/GA-Iso have better inhibitory effects on Gram-
negative bacteria than Gram-positive bacteria; moreover, the inhibi-
tory effect of Zein/GA-Iso nanoparticles is notably better than that of Iso
alone.

Additionally, Zein/GA nanoparticles did not significant influence the
growth of bacteria. Within the time frame from 4 to 10 h, E. coli
(Fig. 5A), S. aureus (Fig. 5B), and P. aeruginosa (Fig. 5C) were in the
logarithmic growth phase with a significantly accelerated growth rate.
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Fig. 4. Effect of Zein/GA-Iso nanoparticles on Bap-stimulated ROS of Caco-2 cells and HL-7702 cells.
ROS were examined by Flow cytometer (A, C) and Fluorescence microscope (B, D), MFI refers to the mean fluorescence intensity in flow cytometry analysis.
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However, in Iso and Zein/GA-Iso nanoparticles group, the growth rate of
these bacteria remained suppressed, indicating that Iso and Zein/GA-Iso
nanoparticles inhibited or disrupted the growth cycle of bacteria. After
10 h of culture, the bacterial growth rates in Zein/GA nanoparticles
group were still at a low levels, and the number of bacteria also was
lower than that of Iso group.

Furthermore, damage to the cell membrane structure of microor-
ganisms results in a large number extravasation of intracellular protein,
and they are detected in cell culture or tissue extracts. There was no
significant difference in the soluble protein leak of bacteria between
control and Zein/GA nanoparticles group. Compared with control
group, the content of protein leakage was significantly increased by Iso
and Zein/GA-Iso nanoparticles. However, the amount of protein leakage
in Iso group was always lower than that in Zein/GA-Iso nanoparticles
group (Fig. 5D-F). The same results were observed in the nucleic acid
leakage (Fig. 5G-I) and conductivity (Fig. 5J-L) in the bacterial
suspension.

As shown in Fig. 6, both E. coli and P. aeruginosa exhibited a rod
shape, while S. aureus showed a grape string shape in the control and
Zein/GA group. After Iso treatment, certain wrinkle and damage to the
cell membranes of E. coli and P. aeruginosa were observed, with the
surface of S. aureus appearing rough and partially sunken inward. Zein/
GA-Iso nanoparticles caused more severe unevenness and damaged to
the surface of E. coli, while S. aureus and P. aeruginosa displayed sticki-
ness with noticeable surface holes. These results suggested that loading
Iso onto Zein/GA-Iso nanoparticles significantly enhanced the antibac-
terial ability of Iso.

3.7. Preservation effect of Zein/GA-Iso nanoparticles on chilled meat

To further evaluate the antibacterial effect of Zein/GA-Iso nano-
particles, they were used for soaking treatment of chilled pork. As shown
in Fig. 7A, with increasing storage time, the color of pork changed from
bright red to dark and dull, however, no discernible change was
observed in the zein/GA-Iso nanoparticles treated group. The color
difference meter also revealed that the a* and L* values of the samples
treated with zein/GA-Iso nanoparticles were significantly higher than
those in the control group during 2-4 days, whereas b* value remained
consistently lower throughout (Fig. 7B). Simultaneously, pH value of
pork in the zein/GA-Iso nanoparticles treated group was constantly

Control

E. coli|

S. aureus

P, aeruginosa
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lower than that in the control group, this difference became significant
after 4 days. During storage period, the drip loss decreased for pork
samples treated with Iso or Zein/GA-Iso nanoparticles compared to
control group, however it still remained higher than that in control
group. Similarly, after day 4, TVB-N value as was as the total number of
colonies were significantly lower for Zein/GA-Iso nanoparticles group
compared to control group, (Fig. 7C, D). In conclusion, these findings
indicated that stronger bacteriostatic potential possessed by Zein/GA-
Iso nanoparticles.

4. Discussion

The construction of nano-nutrient delivery carriers for proteins and
polysaccharides is an effective means of enhancing the efficacy of
bioactive, such as Zein/Chitosan-a-tocopherol (Luo et al., 2011), Zein/
Chitosan-resveratrol (Guo et al., 2015). In this experiment, the anti-
solvent precipitation method was used to prepare small-size Zein/GA
nanoparticle, and the loading efficiency of Iso in Zein/GA-Iso nano-
particles was 67.6%, indicating that the nanoparticle synthesis method
and flavonoid loading proportion used in this study were effective.

The mean size and zeta potential are critical to the nanocarrier sys-
tem, as they not only affect the activity of the loaded components but
also impact the stability of the system in vitro or in vivo. The mean sizes of
Zein/GA nanoparticles and Zein/GA-Iso nanoparticles were 122 nm and
142 nm, respectively, both exhibiting a spherical shape. When electro-
static interaction occurs during the formation of Zein/GA nanoparticles,
zeta shows a negative charge, implying that GA fully wraps Zein and
forms a protective shell on the surface of zein (Wang et al., 2021).
Consistent with this description, the zeta potential of Zein/GA nano-
particles was —25.3 mV, while Zein/GA-Iso nanoparticles showed a
lower zeta potential (—30.1 mV), which may be attributed to enhance
the stability of nanoparticles due flavonoid presence (Li et al., 2019).
Hydrogen bond interactions along with electrostatic force and hydro-
phobic force play key roles in synthesizing Zein/GA nanoparticles and
Zein/GA-Iso nanoparticles. Iso exhibits hydrophobic properties. Sur-
prisingly, the contact angle of Zein/GA-Iso nanoparticles (27.3°) was
higher than that of Iso (38.9°). The possible reason was attributed to GA
adsorbing onto the Zein's surface, wrapping Zein with poor hydrophi-
licity inside, resulting in enhanced hydrophilicity of nanoparticles. In
addition, the hydrophilicity of Zein/GA-Iso was stronger than that of

Fig. 6. Inhibitory effects of nanoparticles on bacteria and structural characteristics of bacteria.
Effects of Iso and Zein/GA-Iso nanoparticles on bacterial colony and morphological structure of E. coli, S. aureus and P. aeruginosa.
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Zein/GA nanoparticles, indicating successfully embedding of Iso in
Zein/GA nanoparticles and distribution of GA with good hydrophilicity
in the outer shell of nanoparticles, theybe improving the hydrophilicity
of Iso and Zein/GA nanoparticles. This improvement in solubility pro-
vides a solid foundation for the application of Iso.

The stability of Zein/GA-Iso nanoparticles greatly influences their
application in food processing, storage, cooking, or passage through the
gastrointestinal tract. We found high stability of both Zein/GA and Zein/
GA-Iso nanoparticles at pH 4 (Fig. 2A), presumably due to the low net
charge on the surface of Zein. When the pH of system approached the
isoelectric point (pH = 6.5) of Zein, electrostatic repulsion between
nanoparticles decreased, leading to an increasing tendency for aggre-
gation and larger mean size (Tokle et al., 2010). Moreover, as salt so-
lution concentration increased to 75-150 M, there was a gradual
increase in the mean size for both types of nanoparticle (Fig. 2B). This
could be attributed to an increase in counterions wihtin the solution,
which neutralized the charge of nanoparticles and weakened the elec-
trostatic force between them through electrostatic shielding, resulting in
some degree of aggregation of nanoparticles. These findings suggest that
while proteins and polysaccharides can resist low concentrations of salt
ions through their electrostatic interaction force, this force is relatively
wea (Yuan et al., 2023).

Iso was prone to photolysis under UV light, which led to a decrease in
activity. After loading Iso on Zein/GA nanoparticles, the exposure
amount of Iso under UV light decreases, and no photolysis of Iso was
found (Fig. 2F). It can be speculated that was the influence of light
scattering and absorption effects and the slow release of a small part of
Iso from Zein/GA-Iso nanoparticles under UV light (Iris, Gabriel, &
David, 2015).

Furthermore, the mean size of nanoparticles significantly increased
during the oral phase, which may be attributed to the electrostatic
shielding effect and the presence of mucin-promoting protein bridging
and flocculation, and the decrease in the absolute value of nanoparticles
potential was attributed to mucin binding through electrostatic inter-
action (Chang and McClements, 2016). In the simulated gastric and
small intestinal digestive juices, there was a significant increase in mean
size and a decrease in the absolute value of zeta potential. This could be

10

due to the gastrointestinal tract pH (pH = 7) being close to the isoelectric
points of Zein (PI = 7), as well as neutralization of surface charge by
NaCl and CaCly, resulting in electrostatic shielding. In addition, pepsin
and trypsin continuously hydrolyze part of Zein, leading to an increase
in mean size of nanoparticles. The higher release rate during the gastric
digestion stage may be attributed to a fact that Zein/GA-Iso nano-
particles having better hydrophilicity than Iso, allowing for rapid
dissolution in gastric juice, which was consistent with water contact
angle. The release rate of Zein/GA-Iso nanoparticles during the intesti-
nal phase was higher than that of Iso, due to the dissolution of GA under
neutral pH conditions facilitating Zein hydrolysis by trypsin. The higher
release rate may also result from complexation between digestive en-
zymes and peptides present in gastrointestinal juice (Wu et al., 2020).

The significant enhancement observed in the antioxidant capacity of
Zein/GA-Iso nanoparticles may be due to their improved hydrophilicity.
That was because when the surface of the nanoparticles become more
hydrophilic, containing more (-OH) or other polar groups, they are
better able to interact with water molecules, which helps to absorb and
transfer oxygen around them, theybe enhancing their antioxidant
properties (Chen et al., 2021). It was reported that nanoparticles have
low toxicity and safety (Anwar et al., 2019). This study also found that
Zein/GA-Iso nanoparticles obviously inhibited erythrocyte hemolysis,
and there was no significant cytotoxicity of Zein/GA-Iso nanoparticles
on Caco-2 cells and HL-7702 cells, possessing a good bio-safety (Fig. 3E-
H).

Furthermore, the antibacterial ability of Iso was enhanced by loading
it onto Zein/GA nanoparticles. Zein/GA-Iso nanoparticles achieved a
bacteriostatic effect by disrupting the integrity of bacterial cell mem-
brane, leading to extravasation of intracellular materials such as pro-
teins, DNA, Nat, and K", which resulted in an imbalance of osmotic
pressure inside and outside the cell membrane, causing the cell to shrink
or swell (Yi et al., 2019). SEM images also confirmed that Zein/GA-Iso
nanoparticles exhibited better antibacterial effects than Iso alone, due
to their small size. Zein/GA-Iso nanoparticles could create pores on the
surface of bacterial cell membrane and penetrate into the bacteria. Some
studies have shown that treatment with silver nanoparticles can destroy
cellular integrity of Pseudomonas aeruginosa, causing some bacteria to
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become swollen or atrophied, while experiencing deformation or
rupture of their cell membrane and release of cellular contents (Liao
et al., 2019; Pan et al., 2019). In addition, the present study discovered
that Zein/GA-Iso nanoparticles significantly delayed increase in pH
value, TVB-N levels and the colony count in chilled pork, while main-
taining continuous color protection properties, suggesting that Zein/GA-
Iso nanoparticles have strong bacteriostatic effect.

5. Conclusion

Zein/GA-Iso nanoparticles were successfully prepared using the
classical antisolvent precipitation method. They exhibited a spherical
shape with uniform distribution, and had the smallest mean size (149
nm) at pH 4, and possessed excellent stability in salt solution ranging
from 0 to 30 M as well as temperatures up to 90 °C. Importantly, Zein/
GA-Iso nanoparticles showed good solubility in water and strong anti-
bacterial capacity with no significant cytotoxicity. Nanoparticles
encapsulation could improve the antioxidant and antibacterial activity
of Iso in vitro, and exhibit a better fresh-keeping effect on cold meat.
These results provided references for expanding the application of Iso,
especially in the application of food preservation.
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