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A B S T R A C T

Evaluation for biological impact of food emulsions is fundamental for their application. In present study, we
utilized a NaCas-DGMO (sodium caseinate-decylglycerol monooleate) stabilized emulsion to improve resvera-
trol’s (Res) stability, and bioavailability. The in vivo interaction between complex emulsion and gut microbiota
was further explored. Results indicated NaCas-DGMO emulsion achieved a loading rate of 92 % for Res and
significantly enhanced storage and photo stability of Res. In vitro gastrointestinal digestion highlighted a sig-
nificant improvement in Res’s bioaccessibility. In vivo pharmacokinetic tests showed a notable 3.1-fold increase
in oral bioavailability, with a prolonged Tmax of 6 h post-administration. Gut microbiota analysis revealed that
the emulsion promoted beneficial bacteria, like Blautia, which produce short-chain fatty acids. Consequently, the
findings proved potential of NaCas-DGMO stabled emulsion as carriers for bioactive substances in the food in-
dustry. The innovative methodology employed in assessing biological effects provides valuable insights for future
research in related field.

1. Introduction

The application of food-grade emulsions loaded with active in-
gredients to food is a rapidly developing area of interest within the food
industry (Ghorbanzade, Jafari, Akhavan, & Hadavi, 2017; Shang et al.,
2020). It could enhance the stability of active compounds, promote their
bioavailability, improve the flavor and texture of food products, and
extend the shelf life of foodstuffs (Sahraeian, Rashidinejad, & Golma-
kani, 2024; Shi, Chen, He, Zhang, & Lin, 2024). The related products
exhibit considerable potential for application and commercialization. As
a case in point, resveratrol (Res)—a plant-derived polyphenol—has been
demonstrated to exhibit a range of pharmacological effects, including
antioxidant, anti-inflammatory, anti-cardiovascular disease, anti-
cancer, and anti-DNA damage properties (Mora-Gutierrez, Attaie, de
Gonzalez, Jung, & Marquez, 2020; Wenzel, Soldo, Erbersdobler, &
Somoza, 2005). However, its poor water solubility and susceptibility to
oxidative degradation or photolysis during food processing and storage
limit its bioavailability when taken orally (Andres-Lacueva et al., 2012;
Dima, Assadpour, Dima, & Jafari, 2020). A common solution is to use
nanoemulsions to load Res to improve the bioavailability of the latter
(Sahraeian et al., 2024; Silva et al., 2023). Li Wang et al. employed

casein nanoparticles stabled emulsion improved the oral bioavailability
of apigenin by 3 times compared to the raw apigenin(Wang, Jia, Yang,
Cai, & Zhao, 2024). Gausuzzaman et al. utilized self-emulsion drug de-
livery system (SEDDS) for resveratrol. The optimized SEDDS formula-
tion resulted in a 48-fold enhancement in bioavailability compared to
pure resveratrol(Gausuzzaman et al., 2022). Thus, the quality and
characteristics of the nanoemulsion determine the bioavailability of the
loading compounds.

Recently, researchers have mostly evaluated the quality and prop-
erties of emulsions in terms of micro/macro morphological character-
ization of the nanoemulsion systems and the stability of the emulsion
systems under different conditions (Mora-Gutierrez et al., 2020; Sessa
et al., 2014). Accordingly, a variety of emulsion systems (including
protein-based approaches (Lin, Fu, Hu, Zhang, & He, 2024; Yin, Dong,
Cheng, Ji, & Liang, 2022), polysaccharides (Liu et al., 2023), self-
emulsifying micelles/ hydrogel composite (Joseph, Balakrishnan,
Shanmughan, Maliakel,& IllathuMadhavamenon, 2022), protein-small-
molecule surfactant conjugates/complexes (Zhu et al., 2021) (Murray,
2002)) have been demonstrated to be effective in improving the solu-
bility of a range of compounds. The group of Rebeca Peñalva reported
that Res loaded in casein nanoparticles has an oral bioavailability of
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26.5 %, which is 10 times higher than when Res is administered as an
oral solution (Peñalva et al., 2018)(Table 1). The emulsion system was
found to be highly effective in improving bioavailability of Res.
Furthermore, in vitro studies simulating gastrointestinal digestion and
Caco-2 cell models demonstrated that the nanoemulsion system could
effectively control the release of Res and enhance its bioavailability (Ai,
Fang, Zhang,& Liao, 2022; Hu et al., 2023). The findings of these studies
provided a foundation for the application of food emulsions with the aim
of enhancing their bioavailability (Table 1).

Actually, nanoemulsions were digested in the intestines after passing
through the stomach. The digestion of food in the body involved not
only intestinal absorption but also a dynamic metabolic process.
Therefore, the evaluation of food-grade emulsions loaded with active
ingredients depends not only on in vitro or simulated digestion experi-
ments, but also in vivo experiments, to further comprehensively char-
acterize their efficacy and applicability. The interaction between food
and intestinal flora exerts a substantial influence on a range of physio-
logical processes (Wu et al., 2019), including digestion, metabolism, and
the modulation of the host’s immune system (Nicholson et al., 2012).
These interactions have a subsequent impact on the host’s benefits.
Therefore, a combination of in vitro and in vivo experiments is necessary
to fully evaluate the applicability of emulsions in the food field. These
experiments should monitor the bioavailability of the active ingredients
and focus on the response mechanisms of the intestinal metabolism in
vivo. It would provide the necessary biological data for the application of
food grade emulsions.

Our previous studies have reported that sodium caseinate (NaCas)
and DGMO (Decaglycerol Monooleate) could self-assemble in an
aqueous medium to generate emulsions suitable for food products
(CHENG Yingxue, Menglu, & Junbo, 2022). The present study focuses
on the effect of the NaCas-DGMO complex emulsion on intestine. The
emulsion properties and stability of NaCas-DGMO binary complexes of
Res-rice bran oil emulsions were characterized. The digestive behavior

of Res complex emulsions in simulated gastrointestinal fluids and in vivo
intestinal tracts were explored. The in vitro dynamic bioaccessibility and
in vivo bioavailability of Res were also investigated. Furthermore, we
examined the modification of community structure of intestinal micro-
biome induced by emulsion system. The study innovatively explores the
regulatory mechanisms of Res-loaded NaCas-DGMO nanoemulsion on
the intestinal flora of SD (Sprague-Dawley) rats. Moreover, the strategy
of integrating in vitro simulations with in vivo animal experiments to
investigate the biological effects of nanoemulsions, as proposed in this
study, serves as a reference for similar research endeavors. Our findings
contribute crucial foundational data for the prospective application of
emulsion systems within the food industry.

2. Materials and methods

2.1. Materials

Res (Resveratrol, Trans-isomer, purity ≥98.0 %), NaCas (Casein so-
dium salt, from bovine milk), Nile Red and fluorescein isothiocyanate
(FITC) were purchased from Sigma Aldrich Co. (St. Louis, MO, USA).
Decaglycerol Monooleate (DGMO), characterized by an HLB value of
12.9 and designated as food-grade quality, was acquired from Shandong
Binzhou GIN&ING New Material Technology Co., Ltd. (Bingzhou,
China). The rice bran oil was bought from a local supermarket inWuhan,
China. For enzyme preparations, pepsin from porcine gastric mucosa
(P7125, >400 units/mg protein), bile extracts porcine (B8631), and
pancreatin from porcine pancreas (P3292, meeting 4*USP specifica-
tions) were all sourced from Sigma-Aldrich (MO, USA). Methanol of
HPLC grade was procured from Fisher Scientific (NJ, USA), and Milli-Q
water (Millipore, Bedford, MA) served as our primary solvent
throughout the study. All other chemicals, reagents, and solvents were
obtained from Sinopharm Chemical Reagent Co., Ltd. (Shanghai, China)
and were of analytical grade or higher.

2.2. Preparation of Res-loaded NaCas-DGMO emulsions

The fabrication of NaCas-DGMO complex dispersion followed a
previously reported method with minor modifications, as described in
our earlier publication (CHENG Yingxue et al., 2022; Shi, Chen, et al.,
2024). The pH of the stock solutions was adjusted to 7 by the addition of
0.1 mol/L HCl solution. To obtain the NaCas-DGMO complex dispersion
(w/w = 1), 100 mL of NaCas stock solution was mixed with 100 mL of
DGMO stock solution, followed by stirring for 1 h at room temperature.
To prevent microbial growth, 0.01 % (w/v) sodium azide was added to
the dispersion. The particle size, polydispersity index (PDI), micromor-
phology, physical properties, and stability data of the NaCas-DGMO
complex dispersion were previously reported in our earlier paper.
(CHENG Yingxue et al., 2022).

The preparation of the oily phase involved the following well-
defined steps: Initially, a stock solution of Res, with a concentration of
22 mg/mL, was meticulously prepared in ethanol. Subsequently, 1 mL of
this Res solution was individually mixed with 2 g and 4 g of rice bran oil,
respectively. These mixtures were subjected to stirring for 30 min at
85 ◦C to facilitate the complete evaporation of ethanol. Importantly, it
should be noted that the density of rice bran oil (about 0.9 g/mL) is
lower than that of water (1 g/mL). For the creation of the Res-loaded
NaCas-DGMO emulsion, with a targeted 5 % oil weight proportion,
precisely 41.8 mL of the NaCas-DGMO dispersion was combined with 2 g
of the Res oily phase. Subsequently, this mixture underwent homoge-
nization at 8000 rpm for 1 min, utilizing a high-speed blender (XHF-DY,
Ningbo Xinzhi Tech. Co., Ningbo, China). Following this initial ho-
mogenization step, the resulting emulsion was subjected to further
enhancement through three additional homogenization cycles. This
process was carried out using a Nano DeBEE30–4 high-pressure ho-
mogenizer (Nano Debe, USA) operating at a pressure of 10,000 psi.

Similarly, the 10 % oil (w/w) Res-loaded emulsion was prepared

Table 1
A summary of previously published studies about active compound-delivery and
their biological effect evaluation.

Author Year Delivery and
Active

Compound

Improvement of
Bioavailability

Biological Effect
Evaluation

Peñalva et al.
(2018)

2018
Casein
nanoparticles
for resveratrol

The
encapsulation of
resveratrol in
casein
nanoparticles
resulted in a
26.5 % relative
oral
bioavailability,
which was 10
times higher
than the oral
solution of
resveratrol.

The sustained
plasma levels of
resveratrol and its
major metabolite
were observed for
at least 8 h.

Gausuzzaman
et al. (2022)

2022

Self-
Emulsifying
Drug Delivery
System
(SEDDS) for
resveratrol

The optimized
SEDDS
formulation
resulted in a 48-
fold
enhancement in
bioavailability
compared to
pure resveratrol.

In vivo
pharmacokinetic
study in rats

Wang et al.
(2024)

2024

Casein
nanoparticles
for the
delivery of
apigenin

The oral
bioavailability
of apigenin was
improved by 3
times compared
to the raw
apigenin

In vivo
pharmacokinetic
studies;
Gastrointestinal
stability and
hypoglycemic
activity
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following the identical procedure, except that 39.6 mL of NaCas-DGMO
dispersion was blended with 4 g of the Res oily phase. The final volume
and concentration of Res in the two groups of complex emulsions were
kept constant. Control samples were prepared for comparative analysis,
including high-speed high-pressure homogenization-treated emulsions
devoid of Res, Res-loaded complex dispersions lacking oil, and Res/
NaCas/DGMO suspension.

2.3. Confocal laser scanning microscopy (CLSM)

The dispersion and interfacial structure of emulsion and digesta
droplets were observed with CLSM (FV10, Olympus, Japan) through the
previously described method (Zhu et al., 2021). Briefly, 1 mL samples
were mixed with 300 μL Nile red (0.01 mg/mL) and 300 μL FITC (0.01
mg/mL). After vortex mixing, the samples were stored for 12 h away
from light. Then, 10 μL mixtures were deposited on concave confocal
microscope slides with a coverslip covered. The protein particles and oil
droplets were dyed with FITC (excitation with a helium‑neon laser at
543 nm) and Nile red (excitation with an argon krypton laser at 488 nm),
respectively. The resolution of the objective lens was set at 40×.

2.4. Effect of pH, ionic strength, and temperature on emulsion stability

The impact of environmental conditions was assessed through
several parameters, including the Z-average mean diameter and poly-
dispersity index (PDI), employing a Zetasizer Nano ZS90 instrument
(Malvern Instruments Ltd., Worcestershire, UK).

pH The pH levels of Res-loaded emulsions containing 5 % and 10 %
oil were adjusted to specific values of 2.0, 3.0, 6.0, and 7.0, utilizing
either sodium hydroxide (NaOH) or hydrochloric acid (HCl). The par-
ticle size and PDI of the emulsions were determined following an
equilibration of 30 min.

Ionic Strength The freshly prepared 5 % and 10 % oil Res-loaded
emulsions were mixed with varying amounts of NaCl powder and stir-
red until completely dissolved. The final NaCl concentrations in the
different emulsions were adjusted to 10, 25, 50, 100, 200, 300, 400, and
500 mM. After an incubation of 30 min, the droplet size and poly-
dispersity index (PDI) of the emulsions were measured.

Temperature The freshly prepared 5 % oil and 10 % oil Res-loaded
emulsions were subjected to a controlled temperature in a water bath at
temperatures of 40, 50, and 60 ◦C, maintained for a 30-min duration.
Following this incubation period, the emulsions were cooled down to
25 ◦C and settled for an additional 30min. Subsequently, the droplet size
and polydispersity index (PDI) were measured.

Storage Stability Two groups of emulsions loaded with Res and
containing 5 % and 10 % oil, respectively, were prepared and stored.
The first group was stored in a refrigerator set at 4 ◦C, while the second
group was stored in a thermostatic chamber at 25 ◦C. The droplet size
and PDI were recorded.

2.5. Measurement of the encapsulation efficiency (EE)

The Res-loaded NaCas-DGMO emulsions were subjected to centri-
fugation at 10,000 rpm for 30 min using an ultracentrifuge (H1750,
Xiangyi Li. Co., Changsha, China). The resulting supernatants were
subsequently diluted 50-fold with ethanol to facilitate the quantification
of encapsulated Res. The diluted samples underwent ultrasonic extrac-
tion for 30 min, followed by centrifugation at 3000 rpm for 10 min. The
quantification of Res was performed using an Agilent 1260 Infinity
HPLC system (Agilent Technologies, Inc., Santa Clara, United States). To
establish the standard calibration curve, a series of Res concentration
standard solutions were meticulously prepared in ethanol. Chromato-
graphic separation was accomplished utilizing a Venusil XB C18 column
(150 mm × 4.6 mm, 5 μm). The mobile phase employed consisted of an
isocratic elution comprising 40 % acetonitrile and 60 % purified water
(v/v). The column temperature was precisely maintained at 25 ◦C, with

a constant flow rate of 1 mL/min. For the quantification of Res, the
detection wavelength was set at 306 nm. The encapsulation efficiency
(EE) of Res was calculated using the following eqs. (1):

EE(%) =
mass of encapsulated Res(mg)

total mass of Res added in encapsulation(mg)
×100 (1)

2.6. Transmission electron microscopy (TEM)

The 10 % oil Res-loaded emulsion, along with a NaCas solution used
as a control, were subjected to further characterization using trans-
mission electron microscopy (TEM). For TEM imaging, the diluted
samples were carefully placed on a 400-mesh copper grid and subse-
quently stained with 2 % uranyl acetate for a duration of 2 min. The
stained samples were then imaged using a HT7700 TEM instrument
(HITACHI, Japan) operating at an acceleration voltage of 80 kV.

2.7. The effect of light on the retention rates of Res in emulsions for 21-
day storage

A fresh 0.5 mg/mL Res-loaded NaCas-DGMO emulsion (referred to as
RE) containing 10 % oil (v%) was prepared. In parallel, a corresponding
Res/NaCas/DGMO/oil suspension (designated as RC), containing 10 %
oil but not having undergone high-speed high-pressure treatment, was
formulated. Additionally, solutions with an equal Res concentration in
both aqueous form (referred to as saline, RW) and oil form (using rice
bran oil, designated as RO) were prepared. Each of these samples was
systematically divided into two equal portions. One portion was trans-
ferred into transparent glass vials and exposed to ambient light condi-
tions, while the other portion was placed within brown vials and
covered with aluminum foil, thus simulating a dark environment.

The experiment was carried out over a period of 21 days, with
measurements of Res retention rate being recorded at 7-day intervals.
The objective of this retention rate measurement was to evaluate the
stability and long-term resilience of Res within the different sample
formulations over time.

The measurement of Res-retention rate 50 μL samples were
diluted 50-fold with anhydrous ethanol. The resulting mixture under-
went ultrasonic treatment at 50 kHz and 25 ◦C for 30 min to ensure the
complete release of Res from emulsion droplets. Following this, the
mixture was subjected to centrifugation at 3000 rpm for 20 min, and the
resulting supernatant was filtered through a 0.22 μm organic phase fil-
ter. Subsequently, the concentration of Res in the filtered supernatant
was determined using high-performance liquid chromatography (HPLC)
and denoted as ‘C.’ The Res concentration of the newly prepared sample
was expressed as ‘C0.’ The retention rate was calculated as Eqs. (2):

Retention rate (%) =
C
C0

×100 (2)

2.8. In vitro simulated gastrointestinal digestions

Four sample groups (RE, RC, RW, RO) were freshly prepared to
investigate the digestion behavior and bioaccessibility of Res during in
vitro digestion using simulated gastric fluid (SGF) and simulated intes-
tinal fluid (SIF), following a previously reported method(Huang et al.,
2020). The Res concentration in all four groups of samples was
standardized.

The SGF (pH 2.0) was prepared by combining 3.2 mg/mL pepsin
with 0.15 M NaCl. During the gastric digestion stage, 10 mL of each
sample was mixed with an equivalent volume of SGF and incubated at
37 ◦C for 2 h with continuous stirring. Subsequently, the pH of the
resulting 20 mL digesta was adjusted to 7.0 to simulate intestinal
digestion. The digesta was then mixed with 20 mL of SIF, comprising 10
mg/mL bile salts, 1 mg/mL pancreatin, and 10 mM CaCl2. This mixture
was incubated at 37 ◦C for 4 h.

H. Lin et al.
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During the gastric digestion phase, 200 μL of samples were collected
at 0 min, 10min, 20min, 30min, 60min, and 120min. For the intestinal
digestion phase, samples were collected at 0 min, 10 min, 20 min, 30
min, 60 min, 120 min, 180 min, and 240 min. At each collection time
point, the samples were supplemented with an equal equivalent of SGF
or SIF, depending on the corresponding stage of digestion.

The bioaccessibility of Res The bioaccessibility of Res was evalu-
ated by determining the solubilized Res in mixed micelles, which rep-
resents the in vitro bioaccessible fraction of Res in gastrointestinal fluid.
To separate the mixed micelle layer, the collected digesta samples ob-
tained at different time intervals during the digestion phase were
centrifuged at 12,000 rpm for 30 min at 4 ◦C, utilizing an H1750
centrifuge (Xiangyi Li. Co., Changsha, China). Subsequently, the mixed
micelle fraction was diluted with acetonitrile and subjected to centri-
fugation at 8000 rpm for 3 min. The resulting supernatants were then
filtered through a 0.22 μm syringe filter. The quantification of Res was
carried out using high-performance liquid chromatography (HPLC), as
outlined in Section 2.3.

The in vitro bioaccessibility of Res was calculated using the following
eq. (3):

Bioaccessibility (%) =
cumulative amount of Res in mixed micelles

amount of Res before digestion
×100

(3)

2.9. In vivo animal experiment

Animal experiment design Twenty-eight male specific pathogen-
free (SPF) SD rats, aged 8 weeks, were obtained from Hubei Beiente
Biotechnology Co., Ltd. (Permission number: 110324210106340764)
The rats were housed in a suitable facility and provided with standard
chow and water ad libitum. After a two-week acclimatization period
under SPF conditions, with a temperature maintained at 24± 0.5 ◦C and
a relative humidity of 50–60%, the rats were randomly divided into four
groups (n= 7). RE-treated, RC-treated, RW-treated, and RO-treated. The
study involved four groups of rats. Each group received intragastric
administration of a 0.5 mg/mL Res-loaded emulsion (RE), 0.5 mg/mL
Res-loaded coarse emulsion (RC), 0.5 mg/mL Res’s saline (RW), and 0.5
mg/mL Res oily (RO) solution, respectively, following a 12-h fasting
period. This study received animals and protocols approval from the
Animal Research Ethics Application at the Wuhan Polytechnic Univer-
sity and followed the national ethical guidelines for laboratory animals.

Samples collection Baseline blood samples were extracted from the
rats’ tail vein at the 0-h time point before any administration. Subse-
quent blood samples were collected at predefined time intervals of 0.5,
1, 2, 4-, 6-, 8-, and 12-h post-administration. All collected blood was
transferred into heparinized centrifuge tubes and subjected to centri-
fugation at 10,000 rpm for 15min at 4 ◦C to isolate serum. Subsequently,
all animals were humanely euthanized using carbon dioxide asphyxia-
tion followed by cervical dislocation at 0.5 h after blood collection. In
addition to blood samples, the contents of the small intestine, cecum,
and colon were collected for further analysis. All bio-samples were
preserved at − 80 ◦C until subsequent analyses.

Sample preparation 50 μL of serum was mixed with 150 μL of
acetonitrile and vortexed for 3 min. The protein was removed by
centrifugation at 10,000 rpm for 10 min using a high-speed centrifuge.
Then, 30 μL of the supernatant was collected for Res-quantitative HPLC
analysis. For the intestinal content, 15 mg was mixed with 100 μL of
acetonitrile and homogenized for 1 min. The mixtures were centrifuged
at 10,000 rpm for 10 min, and the supernatant was selectively collected
for Resveratrol quantification via HPLC analysis.

2.10. Colonic microbiota profiling

Intestinal bacterial DNA were extracted from colonic content using
an E.Z.N.A. Stool DNA Kit (D4015, Omega, Inc.) under the instructions.

PCR Amplification and Pyrosequencing were entrusted Shanghai
Majorbio Bio-pharm Technology Co.,Ltd. DNA were amplified with
338F (5′- ACTCCTACGGGAGGCAGCAG-3′) as forward primer and 806R
(5′- GGACTACHVGGGTWTCTAAT-3′) as the reverse primer specifically
for V3 - V4 regions of the 16S rRNA. The libraries were sequenced and
performed on the MiSeq PE 250 platform. Bioinformatic analysis were
carried out as our previous report (Lin, An, Hao, Wang, & Tang, 2016).

2.11. Statistical analysis

All experiments were performed in triplicate at least. Statistical
analysis was conducted using SPSS software (IBM SPSS statistic 19). The
significant level (p) was set at 0.05. The data were displayed as mean ±

standard deviation (SD), and plotted using OriginPro 2021 (OriginLab,
Northampton, MA 01060 UNITED STATES). The pyrosequencing data
was plotted with R package.

3. Results and disscussion

3.1. The CLSM of Res-loaded NaCas-DGMO emulsions

Based on our previous research, NaCas-DGMO nanoparticle showed
favorable performance in stabilizing emulsions. In this study, the
application and the biological of NaCas-DGMO nanoparticle in Res’s
delivery was explored and evaluated. To characterize the Res-loaded
complex emulsions, the microstructure of the Res-loaded NaCas-
DGMO complex nanoemulsion was observed using CLSM. As depicted in
Fig. 1, oil droplets stained red by Nile Red and sodium caseinate stained
green by FITC in Res emulsion system. From Fig. 1, it was observed that
oil droplets were dispersed in emulsion system in all of three groups, that
is, 5 % oil NaCas-DGMO emulsion, 0.5 mg/mL Res-loaded NaCas-DGMO
emulsion with 5 % oil (v%) and 0.5 mg/mL Res-loaded NaCas-DGMO
emulsion with 10 % oil (Fig. 1A, C, E). Notably, the addition of Res into
the complex emulsion exerts minimal influence on droplet dispersion, as
demonstrated in the comparison of Fig. 1C with Fig. 1A. Moreover, the
dispersion of droplets in the Res-loaded 10 %-oil emulsion is remarkably
uniform. Under higher magnification, as depicted in Fig. 1B, D and E, it
is apparent that the dispersed droplets assume a spherical configuration,
with the red-stained oily droplets enveloped by the green-stained NaCas-
DGMO complex. Therefore, three emulsion groups were oil-in-water

Fig. 1. Confocal laser scanning microscopy (CLSM) images of (A, D) 5 % oil (v
%), (B, E) 0.5 mg/mL of Res-loaded 5 % oil (v%), and (C, F) 0.5 mg/mL of Res-
loaded 10 % oil (v%) NaCas-DGMO emulsions. The oil droplets stained red by
Nile Red and sodium caseinate was not stained in A-C; The oil droplets stained
red by Nile Red and sodium caseinate stained green by FITC in D–F. The
measurements were repeated three times. (For interpretation of the references
to colour in this figure legend, the reader is referred to the web version of
this article.)

H. Lin et al.
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emulsions. Furthermore, the droplet size of the Res-loaded 5 % oil
emulsion was smaller compared to that of the 10 % oil emulsion, indi-
cating that droplet size within the Res complex emulsion scales pro-
portionally with the oil phase content. The results of the laser confocal
observations are consistent with previous particle size measurements
(CHENG Yingxue et al., 2022). Comparatively, the NaCas-HGMO (hex-
aglycerol monooleate) complex was reported had good effect on stabi-
lization of O/W emulsions that loaded curcumin (Shi et al., 2024). The
results also supported our findings.

3.2. The pH, ionic strength, temperature and storage stability of Res-
loaded NaCas-DGMO complex emulsion.

The pH value has been an important environmental factor in the
practical application of food emulsions, as it significantly influences
their stability and functional properties. Here, the pH stability of Res-

loaded complex emulsion was evaluated, with particle size and poly-
dispersity index (PDI) as indicators. Res-loaded NaCas emulsions (5 %
and 10 % oil content) were used as the control groups. As illustrated in
Fig. 2A, the incorporation of DGMO to NaCas narrowed down the par-
ticle size range of the Res-loaded emulsions at pH 2, 3, 6, 7 from 262.0
± 1.34 nm~533.8± 7.49 nm to 248.4± 4.12 nm~ 382.1± 1.68 nm. It
suggested that the combination of DGMO to NaCas mitigated the pH-
dependent variations in the particle size distribution of Res-loaded
emulsions. PDI serves as an essential indicator for assessing the unifor-
mity of size distribution, with values below 0.3 indicating a more uni-
form distribution (Tamjidi, Shahedi, Varshosaz, & Nasirpour, 2013).
The Res-loaded complexes had lower particle size and PDI under all pH
conditions, including pH 2, 3, 6 and 7, compared to the NaCas-groups. It
probably ascribed to that the increased surface hydrophobicity of
NaCas-DGMO complex nanoparticle improved the dispersion of emul-
sion (Acharya, Sanguansri,& Augustin, 2013; Chen et al., 2023; CHENG

Fig. 2. The effect of (A) pH, (B&C) NaCl concentration and (D) temperature on the average particle size and polydispersity index (PDI) of Res-loaded emulsions
stabilized by NaCas or NaCas-DGMO complex containing 5 % or 10 % rice brain oil (v/v). The 15-day storage stability of NaCas-DGMO complex stabilized emulsions
with 5 % and 10 % oil at (E) 4 ◦C and (F) 25 ◦C. Data were expressed as mean ± SD (n = 3).

H. Lin et al.
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Yingxue et al., 2022). The PDI of 5 % and 10 % oil complex emulsion
groups at pH 7 were <0.3, as well as particle size distribution at the
nanoscale (256.5 ± 2.39 nm, 269 ± 5.93 nm, respectively), showing
Res-loaded complex emulsions exhibited best stability and uniform
dispersion at pH 7. Additionally, the average particle size of Res-loaded
10 % oil complex emulsion was always higher than 5 %-oil group. The
correlation between oil content and particle size were consistent with
the CLSM observation.

NaCl is commonly used to improve the flavor and extend the shelf life
of food products, but it also alters the electrostatic interaction at the
protein interface thereby affecting the stability of the emulsion. The
ability of NaCl to modify the electrostatic interactions is crucial as it can
either enhance or disrupt the emulsion’s stability, depending on the
concentration and the specific proteins involved. As shown in Fig. 2B,
the particle size distribution of Res-loaded NaCas-DGMO emulsions at
relatively low NaCl concentration (10–100 mM) ranged from 220 to
268.3 nm, yet those of NaCas-groups were from 236.7 to 288.2 nm. The
smaller particle size in Res complex emulsion indicated that DGMO
changed the surface charge properties of NaCas to avoid aggregation,
improving the droplet’s resistance to salt ionic strength. It was exhibited
that the particle size and PDI values of different emulsions changed little
as the increase of NaCl concentration from 10 mM to 100 mM. This
observation suggested that within this specific concentration range,
changes in ionic strength exerted little influence on the stability of Res-
loaded NaCas-DGMO emulsions. The presence of DGMO in the Res-
loaded NaCas emulsions appears to confer a degree of salt tolerance,
as indicated by the minimal changes in particle size and polydispersity
index (PDI) across the tested NaCl concentrations, suggesting a potential
for improved emulsion stability under varying ionic conditions(Zhang,
Zhang, Wang, & Wu, 2023).

Fig. 2C illustrated the effect of relatively high NaCl concentrations
(100–500 mM) on the particle size and PDI of Res-loaded complex
nanoemulsions. The particle size of the emulsions generally enlarged
with the further increase of NaCl concentration, especially in 10
%-group. It was probably due to the electrostatic shielding effected of
salt ions weakened the electrostatic repulsion between the droplets
resulting in the aggregation (Kharat, Zhang, & McClements, 2018).
Consistently, the PDI of Res-loaded complex emulsions generally above
0.3, suggesting the instability of both 5 % and 10 % emulsions. There-
fore, the resistance to ionic strength of 5 %- and 10 %-oil emulsion were
similar. Both were stable at relatively low concentration of NaCl
(10–100 mM), while destabilized as the concentration of NaCl exceeded
100 mM.

Heat treatment is a typical process in the food industry. Food
emulsions are subjected to a wide range of temperature environments
during processing. Consequently, it was necessary to evaluate the sta-
bility of emulsions fabricated at varying temperatures. The effect of
temperature on the stability of different emulsions was displayed in
Fig. 2D. Generally, the particle size of both Res-loaded NaCas-DGMO
and NaCas emulsions prepared at 40, 50 and 60 ◦C were in nanoscale
with range of 250.4 ± 2.89 nm to 359.8 ± 11.63 nm. Compared with
NaCas emulsions, the particle size of complex emulsions exhibited more
pronounced variations in response to changes in the preparation tem-
perature. Furthermore, the PDI of complex emulsions were slightly
higher than that of NaCas emulsions, though they exhibited minimal
fluctuations as the temperature increased from 40 ◦C to 60 ◦C. The re-
sults indicated that NaCas-DGMO emulsions displayed instability at
relatively high temperatures.

Both emulsions (5 % and 10 % oil) were stored at 4 ◦C and 25 ◦C for
15 d, during which the particle size and PDI changed less (Fig. 2E and
Fig. 2F). Among them, the particle size and PDI of emulsions were
smaller at 4 ◦C than 25 ◦C. Generally, the smaller the particle size and
the PDI, the better the emulsion stability. It showed that the low tem-
perature conditions were more favorable for the storage of emulsions,
although at 25 ◦C emulsions can still be stored stably. Consequently, the
NaCas-DGMO emulsions were suitable for application at common

temperature.

3.3. The encapsulation efficiency (EE) and micromorphology of NaCas-
DGMO emulsions

Encapsulation efficiency (EE) is an important indicator for evalu-
ating the performance of carrier systems. Res-loaded NaCas emulsions
have been reported to achieve excellent emulsification and stability due
to the formation of a stable interfacial layer where 90 % of the Res was
loaded at the oil-water interface (Gong et al., 2022). It was speculated
that the high EE was associated with large droplet size, which had an
extensive oil-water interface. The EE of NaCas-DGMO complex emul-
sions with 0 %, 5 % oil and 10 % (v%) were 37 %, 72 %, and 92 %
respectively as shown in Table 2. Indeed, the EE of the complex emul-
sions increased with the gradual increase of the oil volume. The EE
values for the 5 % and 10 % oil NaCas-DGMO emulsions were higher
than the EE of Res previously reported for NaCas and NaCas-dextran
conjugates, which were 68 % and 83 %, respectively (Peñalva et al.,
2018). The EE of the 10 % oil NaCas-DGMO complex emulsion reached
92 %, indicating that the emulsion system was a favorable and desirable
carrier for Res delivery. Therefore, the subsequent morphological
characterization, light stability, and biological evaluation were focused
on the advantage of Res-loaded 10 % oil NaCas-DGMO emulsion. In
subsequent discussions, these NaCas-DGMO complex emulsions are
referred to as NaCas-DGMO emulsions with an oil content of 10 %. The
TEM image in Fig. S1 depicted that the droplets were spherical and
uniformly dispersed in the Res-loaded 10 % oil NaCas-DGMO emulsion,
with particle size of approximately 200–300 nm. The results were
consistent with the measurements of CLMS.

3.4. The photostability of Res-loaded emulsions

Res is a polyphenol with a conjugated double bond, rendering it
susceptible to oxidation when exposed to light, ultimately compro-
mising its biological activity. To address this, we investigated the pho-
tostability of Res in a NaCas-DGMO emulsion. A series of comparative
experiments were conducted to assess the retention rate of Res within
the NaCas-DGMO emulsion and control emulsions, both under light and
dark conditions, over an extended period of time. The control groups
included RC, RW, and RO, as detailed in the “Materials and Methods”
section.

Fig. 3A presented the trends in the retention rates of Res in various
media, including saline solution, rice bran oil, complex suspension, and
NaCas-DGMO nanoemulsion, during a 21-day storage period at 4 ◦C
under dark conditions. After this duration, the retention rates stood at
85.82 %, 94.80 %, 74.91 %, and 95.54 %, respectively. Notably, the
NaCas-DGMO emulsion exhibited a significantly higher retention rate of
Res compared to other groups, indicating that the addition of DGMO
improved the protective effect of Res in emulsions. This might resulted
from the NaCas-DGMO complex forming a superior interfacial protec-
tive layer on oil-water interface, effectively loading more Res though its
photo-oxidation mainly occurred at the oil-water interface in the
emulsion (Acharya et al., 2013; Gong et al., 2022), as well as shielding
Res in the inner oil phase from the lighting environment (Puligundla,
Mok, Ko, Liang,& Recharla, 2017). Comparatively, the retention rates of

Table 2
The encapsulation efficiency of Res-loaded NaCas-DGMO emulsion with 10 %, 5
%, and 0 % oil (v%). The measurements were repeated three times. Data were
represented as mean ± SD.

10 % oil Res-
loaded NaCas-
DGMO emulsion

5 % oil Res-loaded
NaCas-DGMO

emulsion

0 % oil Res-loaded
NaCas-DGMO

emulsion

Encapsulation
efficiency

92% ± 2.1% 72% ± 0.4% 37% ± 0.59%
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Res in saline, rice bran oil, coarse emulsion, and NaCas-DGMO emulsion
after 21-day storage under light condition were 78.80 %, 73.32 %, 68.59
%, and 86.32 % (Fig. 3B), respectively, lower than the values at dark.
The results indicated that light avoidance protected the Res in both
solutions and emulsions from photochemical degradation (Fig. 3C).
Furthermore, NaCas-DGMO emulsions enhanced photostability of Res
and prolonged shelf-life of Res, even under light exposure (Fig. 3D).

3.5. Simulated gastrointestinal digestion

To further elucidate the potential digestive behavior and dynamic
Res bioavailability of NaCas-DGMO emulsions, we employed an in vitro
simulated gastrointestinal digestion model. Fig. 4A displayed the par-
ticle size and PDI of the original Res-loaded complex emulsion, digesta
after simulated gastric fluid (SGF), and digesta after intestinal fluid (SIF)
treatment. The original NaCas-DGMO emulsion showed relatively small
particle size with the DPI value was <0.3, indicating the stability and
uniform of emulsion. Afetr gastric digestion, there was minimal change
in particle size, with a slight increase in PDI. This observation suggested
that the presence of DGMO in combination with NaCas partially hin-
dered the hydrolysis of NaCas by pepsin, thereby preserving the integ-
rity of Res emulsion droplets during gastric digestion. Upon intestinal
digestion, a significant increase in both particle size and PDI was
observed (as depicted in Fig. 4A), indicating the destabilization of the
NaCas-DGMO complex emulsion during the SIF stage. This destabiliza-
tion can be attributed to the digestion of lipid droplets by lipase.
Notably, this instability during intestinal digestion facilitated the release
of Res in the intestine.

CLSM images supported these findings. As shown in Fig. 4B, Res-
loaded NaCas-DGMO emulsion droplets, stained with Red Nile, were
surrounded by a thin green layer after gastric digestion. This green layer
likely represents FITC-stained protein, suggesting that the droplets
remained partially intact after gastric digestion in the Res-emulsion (RE)
group. In contrast, the droplets in the Res-NaCas-DGMO solution in the
Res-control (RC) group appeared solely red, indicating complete hy-
drolysis of NaCas by pepsin during the 2-h gastric digestion. Conse-
quently, the formation of NaCas-DGMO nanoparticles, absorbed onto

the oil droplets, impeded the hydrolysis of NaCas by pepsin and slowed
down the release of Res (Zeng et al., 2023). After intestinal digestion,
both the particle size of the Res-emulsion group significantly increased
(Fig. 4A) and droplet flocculation occurred (Fig. 4B). This phenomenon
maight be attributed to the emulsification of bile acids with oil and the
aggregation of digesta caused by lipase digestion of oil droplets,
consistent with previous research findings (Zeng et al., 2023).

The bioaccessibility of Res was difined as the proportion of Res
released from the Res-contained food matrix into the aqueous phase in
the intestinal lumen during ingestion and was available for absorption
through intestinal membranes (Hu et al., 2023). Res-bioaccessibility
were dertermined by collecting all mixed micelles at different diges-
tive stage to calculate the percent of cumulative amount of Res in mi-
celles to the total Res (Fig. 4C). As shown in Fig. 4C, during the
simulated gastric fluid (SGF) stage, both the Res-containing NaCas-

Fig. 3. The retention rates of Res in saline solution (RW), rice bran oil (RO),
coarse emulsion (RC), and 10 % oil NaCas-DGMO nanoemulsion (RE) for 0, 7,
14, 21-day storage at 4 ◦C under (A) dark condition and (B) light condition. (C)
The effect of light on the retention rates of Res in four groups after 21-day
storage. (D) The discrepancy of the Res-retention rates from four groups after
21-day storage under light and dark condition. Data was represented as mean
± SD. All measurement were repeated at least three times. * Indicated statis-
tically significant differences between RW, RO, RC and RE with one-way
ANOVA (p < 0.05).

Fig. 4. (A) The particle size and PDI of Res-loaded NaCas-DGMO complex
emulsion (n = 3). (B) CLSM images of Res-loaded NaCas-DGMO complex
emulsion and Res/NaCas/DGMO/oil suspension after gastric and intestinal
phase. (C) In vitro bioaccessibility of Res in different formulations after simu-
lated gastrointestinal digestion (n = 3; SGF: Simulated gastric fluid SIF: Simu-
lated intestinal fluid), including RE (0.5 mg/mL Res-loaded NaCas-DGMO
emulsion), RW (0.5 mg/mL Res’s water solution), RC (0.5 mg/mL Res/NaCas/
DGMO/oil suspension), RO (0.5 mg/mL Res oil solution).
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DGMO emulsion (RE) and NaCas-DGMO solution (RC) consistently
exhibited higher bioaccessibility compared to free Res, whether in oil
(RO) or water (RW) solutions. This was likely attributed to the limited
solubility of Res in both water and oil (Walle, 2011). These findings were
in line with recent research demonstrating that complex emulsions
could enhance Res bioaccessibility during in vitro simulated gastroin-
testinal digestion models (Zhang et al., 2023). Moreover, the NaCas-
DGMO emulsion showed slightly lower bioaccessibility than the
NaCas-DGMO solution, suggesting that the release of Res from the
complex emulsion during the SGF stage was more controlled when
compared to the complex solution group. After 2-h simulated gastric
digestion, the Res-bioaccessibility of NaCas-DGMO emulsion was 32.11
%, while the NaCas-DGMO dispersion was 36.68 %. In the subsequent
phase, when the digesta were mixed with simulated intestinal fluid (SIF)
and incubated for an additional 4 h, the NaCas-DGMO emulsion group
consistently maintained the highest Res bioaccessibility at all sampling
points (Fig. 4C). By the end of the SIF stage, the Res bioaccessibility for
RE had reached 99.11 %, whereas it was 67.2 % for RC, 47.88 % for RO,
and 83.26 % for RW.

The results might be attributed to the protective effect of NaCas-
DGMO composite particles in the RE group, allowing Res to undergo
continuous and efficient emulsification due to the combined action of
lipase and bile acid salts. In contrast, in the RC group where the NaCas-
DGMO composite was absent, a portion of lipase and bile salts from SIF
participated in the emulsification of the oil droplets, in which the sol-
ubility of Res was lower compared to water. Consequently, the content
of Res in the mixed micellar layer was lower in the RC group than in the
RE group, resulting in lower dynamic bioaccessibility. The RO group
exhibited the lowest bioaccessibility due to limited solubility of Res in
oil. On the other hand, the RW group showed relatively higher Res
bioaccessibility at the end of simulated digestion (83.26 %), possibly
because the process of simulated gastrointestinal digestion was accom-
panied by continuous dissolution of the Res powder.

3.6. In vivo experiment

Although in vitro simulated digestion has been a classical approach
for evaluating the impact of food substrates, it falls short in accurately
representing the complex nature of biological digestion. Digestion in
living organisms is a dynamic process involving continuous metabolic
communication between the intestine and the gut microbiome. This
communication is facilitated by various entities, such as hormones,
signaling molecules, and metabolites. Therefore, to investigate the ef-
fects of NaCas-DGMO complex nanoparticle encapsulation on the in-
testinal release and absorption of Res, as well as its impact on the gut
microbiome, an in vivo digestive experiment on Sprague-Dawley (SD)
rats was conducted.

3.6.1. In vivo pharmacokinetic study of Res
To evaluate the oral bioavailability of Res in different formulates, we

performed a pharmacokinetic study with a dose of 10 mg/kg Res. The
mean serum concentration-time curves of Res were presented in Fig. 5A,
and the corresponding pharmacokinetic parameter, analyzed using
Origin software, were summarized in Table 3. As shown, the Res-loaded
NaCas-DGMO emulsion group exhibited a longer time to reach
maximum concentration (Tmax) compared to the free Res groups (RW
and RO), as well as the RC group. This observation suggested that the
combined delivery of NaCas-DGMO effectively retards the intestinal
release of Res. Furthermore, the area under the curve from time 0 to 12 h
(AUC0–12) for Res in the emulsion group (6.38± 0.62 μg⋅h/mL, p<0.05)
was significantly greater than that in the RW, RO, and RC groups (4.79
± 0.55, 1.73 ± 0.2, 2.06 ± 0.42 μg⋅h/mL, respectively), resulting in a
1.33-fold, 3.69-fold, and 3.1-fold increase in oral bioavailability,
respectively. RW group exhibited the highest peak in Res’s serum con-
centration at 0.5 h post-administration. This could be attributed to the
rapid, uncontrolled release of Res from the water-based formulation

compared to Res in oil, the complex suspension, and the emulsion.
Similar findings have been reported in recent research regarding the
time of Res serum peak concentration and the low bioavailability of oral
Res-water solutions (Li et al., 2021; Peñalva et al., 2018; Wang et al.,
2024). It would be due to the action of UDP-glucuronosyltransferase and
sulfotransferases on Res, which primarily occurs in the liver and small
intestine.

In the present study, the encapsulating of NaCas-DGMO complex
nanoparticles prolonged Res plasma levels. The relatively high-Res’s
plasma levels were sustained for 6 h post administration in RE group,
and the oral bioavailability increased 1.33 times than RW group. It was
noteworthy that our findings surpassed those of previous research ef-
forts in extending the time to reach the maximum serum concentration

Fig. 5. (A) Mean serum concentration − time curves of Res after oral admin-
istration of RW, RO, RC and RE to rats at a dose of 10 mg/kg; (B) The Res
concentration of varied intestinal segment, including small intestine, cecum and
colon. The unit was μg per mg dried weight (μg/mg); (C) The total Res con-
centration of intestinal content. Data were represented as mean ± SD, n = 7.
The lowercase letters represent statistical differences at the 0.05 level with one-
way ANOVA between groups of RW, RO, RC and RE.

Table 3
Pharmacokinetic parameters for the oral administration of Res at a dose of 10
mg/kg. AUC, Area under the curve; Cmax, Peak plasma concentration (The
highest or peak level of a drug or medication that is observed in the plasma after
it has been administered); Tmax, Time to maximum plasma concentration. All
values are expressed as mean ± SD (n = 7). *p < 0.05 versus RW.

AUC0–12 Cmax(μg/mL) Tmax(h)

RWa 4.79 ± 0.55 3.22 ± 0.5 0.5
RO 1.73 ± 0.2 0.44 ± 0.01 0.5
RC 2.06 ± 0.42 0.6 ± 0.25 6
RE 6.38 ± 0.62* 2.19 ± 0.31 6

a RW refers to a solution with 0.5 mg/mL Res in saline, and RO refers to a
solution with 0.5 mg/mL Res in rice brain oil. RE refers to the 0.5 mg/mL Res-
loaded NaCas-DGMO emulsion containing 10 % oil (v%), RC refers to a 0.5 mg/
mL Res-loaded NaCas-DGMO suspension with 10 % oil (v%).
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(Tmax). The Tmax decreased to 55 % with Res/GA-PC prepared by
Yingchao Li (Li et al., 2021), though the AUC0–10 of Res in the Res/GA-
PC group showed an increase of 2.49-fold. Rebeca Peñalva reported oral
Res Tmax increased to 1.8 h after encapsulation in Casein nanoparticles
(Peñalva et al., 2018). Thus, Res loaded NaCas-DGMO emulsion delivery
effectively control the intestinal release of Res, so that the serum con-
centration of Res kept at a relatively high level over a longer term, which
further increase the absorption of Res.

3.6.2. In vivo intestinal tract residuals of Res
In order to visually elucidate the intestinal release and absorption of

Res in different formulates. We quantified Res in the intestinal contents
of different intestinal segments in four groups of rats at 12.5 h post oral
administration. As shown in Fig. 5B, in four groups, the amount of Res in
small intestinal contents was higher than that in the cecal contents and
colonic contents, indicating that the release of Res from the food matrix
occurred mainly in the small intestine. Further, we analyzed the total
amount of Res in the intestinal contents of rats (Fig. 5C). It was found

Fig. 6. Shannon curves (A), community composition analysis on phylum(B) and genus level (D) for gut microbiota within the colonic content samples from four
experimental groups: RW (Resveratrol saline), RO (Resveratrol oil), RE (Resveratrol loaded complex emulsion), and RC (Resveratrol complex suspension). Signifi-
cantly varied bacteria on phylum (C) and genus (E) when comparing the four aforementioned groups. p values were obtained through Kruskal-Wallis H test. n = 3,
*0.01<p ≤ 0.05, ** 0.001 <p ≤ 0.01, *** p ≤ 0.001.
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that the total amount of Res in the intestinal contents of the rats orally
administrated Res’s emulsion (RE) was significantly lower than that of
the other three groups. This suggested that the proportion of unabsorbed
Res in the intestinal tract of the RE group was the lowest after 12.5 h post
oral administration, and conversely, the amount of Res absorbed into the
body circulation was the highest. This was in accordance with the results
of serum Res. Therefore, the NaCas-DGMO emulsion delivery system can
effectively achieve the controlled intestinal release of Res and enhance
the bioavailability of Res.

As the emulsion delivery system holds the potential to enhance the
bioavailability of Res, what effect does the NaCas-DGMO complex
nanoparticles have on the intestinal metabolome of rats? We subse-
quently investigated the intestinal metabolite composition of four
groups of rats basing on NMR technique. Fig. S2 were typical NMR
spectra of colonic contents from four groups of rats. Initially, we
analyzed the metabolic profiles of small intestine, cecum, and colonic
contents from each group of rats using a multivariate approach. As
illustrated in Fig. S3, the principal component analysis (PCA) score plots
demonstrated that there was no noticeable distinction in the nuclear
magnetic resonance (NMR)-based metabolic profiles of the small intes-
tine, cecum, and colon contents. This indicated that there was no sig-
nificant intergroup differentiation. This suggested that single dose of
varied formulated Res did not induce changes of rat intestinal meta-
bolism post oral administration 12.5 h, which may be due to the low
dose of Res intervention. To further explore the changes in rat intestinal
metabolism induced by varied formulated Res, we listed relative
amounts of several metabolites based on NMR peak area such as,
butyrate acid, formic acid in the intestinal contents of different intestinal
segments (Fig. S4). It was found that the amount of butyric acid in the
small intestinal contents of rats in the RE group was significantly higher
than that in the other groups. Butyric acid in the intestine is metabolized
by intestinal flora, and butyric acid not only provides energy for intes-
tinal epithelial cells, which maintained the integrity of the intestinal
barrier, but also improves intestinal immune function (Tan et al., 2014).
The elevated butyric acid content in the intestines of rats orally
administered with Res complex emulsion was likely due to the action of
butyric acid-producing intestinal flora (den Besten et al., 2013; Tan
et al., 2014).

3.6.3. Modification of gut microbiota
To elucidate the alterations in gut microbiota induced by the

different Res formulations, we analyzed the microbial composition of
colonic contents. Particularly, the impact of emulsion and non-emulsion
formulations on gut microbial in vivo regulation was focused, so the
groups of RE and RC were chosen in this section. As depicted in Fig. 6A,
the Shannon rarefaction curve for all samples exhibited a flat profile,
signifying that sequencing data coverage was sufficient to encompass
nearly all microbial information, indicating our data robust and reliable.
While no significant disparities were observed in the OTU-level richness
and α-diversity of colonic contents among the four experimental groups
(results not shown), a noteworthy finding emerged concerning the
Firmicutes-to-Bacteroidetes ratio, two dominant phyla (Fig. 6B). The
Res-oil and Res-emulsion groups exhibited a significantly higher
Firmicutes-to-Bacteroidetes ratio compared to the other two groups
(Fig. 6C). The high Firmicutes-to-Bacteroidetes ratio in terms of their
abundance were closely relative with the obesity risk caused both by
internal and external factors in vast previous reports (Nicholson et al.,
2012), which played a key role in regulating lipid and glucose meta-
bolism. The elevated F/B ratio could potentially be attributed to the
dietary oil intake by rats in the RO and RE groups, with a notable
emphasis on the RE group, where the oil was encapsulated within
complex nanoparticles, facilitating its absorption by intestinal epithelial
cells. From Fig. 6D, the Lactobacillus was the dominant bacterial com-
munity at the level of genus as prior research reported. (Zeng et al.,
2023) No significant variations in Lactobacillus abundance were
detected among the different treatment groups. Nevertheless,

encapsulation of Res resulted in a significant increase in the abundance
of several bacterial genera, including Ruminococcus_gauvreauii_group (p
= 0.038), Ruminococcus UCG-005 (p = 0.048), Fusicatenibacter (p =

0.024) (Fig. 6E). Among these, Ruminococcus_gauvreauii_group, Rumino-
coccus UCG-005 have been linked to intestinal acetate production in
previous research. (Lin et al., 2016) Fusicatenibacter was also a kind of
short fatty acids producing bacterial genus (Samuel et al., 2008). The
results showed that the encapsulation shifted the bacterial community
towards a more health-promoting profile.

Having discussed the variations in intestinal flora induced by the
four different treatments (including Res’s suspensions in water and oil,
composite nanoemulsions of Res, and Res-NaCas-DGMO-oil suspen-
sions), we further explored the effects of CaNas-DGMO nanoparticle
encapsulation on intestinal flora by specifically comparing the abun-
dance of intestinal flora between the latter two groups at different
taxonomic levels.

It was noteworthy that the abundance of Erysipelotrichaceae and
Lachnospiraceae in the RE group was significantly higher than that of the
RC group at the family level (Fig. 7A). Erysipelotrichaceae was a butyric
acid-producing bacterium that produced butyric acid, which was the
main energy donor for intestinal epithelial cells and improved the im-
mune function of the intestine. In a recent Spinal cord injury study,
elevated levels of family-level bacterial Erysipelotrichaceae were posi-
tively correlated with the treatment of Res (He et al., 2022). Elevated
levels of Erysipelorichaceae in the RE group indicated that NaCas-
encapsulation of Res by DGMO composite nanoparticles enhanced the
in vivo bioactivity of Res and promoted intestinal health. Moreover,
Lanchnoapiraceae was thought as an essential member of the heathy
fecal microbiota in the human intestine and was benefit to the human
health (Reeves, Koenigsknecht, Bergin, & Young, 2012).

As illustrated in Fig. 7B, at the genus level, bacteria such as Blautia,
Feacalibaculum, and Ruminococcaceae exhibited significantly higher
abundances in the RE group compared to the RC group. Notably, Blautia
is known to produce acetate, serving as a secondary energy source for
intestinal epithelial cells while also inhibiting pathogenic bacteria,
thereby exerting anti-inflammatory effects (Kimura et al., 2013; Li et al.,
2022). Conversely, the relative abundance of certain genera, including
Corynebacterium and Jeotgalicoccus, significantly decreased. Of these,
Corynebacterium was highly pathogenic and could lead to diphtheria
(Kalt et al., 2018). The above analysis showed that Res-encapsulation
increased the proportion of beneficial bacteria and shifted the bacte-
rial community to health for host.

4. Conclusion

The research aimed to investigate the impact of the NaCas/DGMO
complex emulsion on the stability, bioaccessibility, and bioavailability
of resveratrol, as well as its potential modulation of the gut microbiota.
The emulsion exhibited an 92 % encapsulation efficiency and demon-
strated remarkable stability against pH variations, ionic strength, and
light exposure. In vitro digestion studies demonstrated that the emulsion
enhanced the bioaccessibility of resveratrol. This finding was also sup-
ported by in vivo rat pharmacokinetics, which indicated improved
bioavailability and a prolonged Tmax of 6 h post-treatment. The study
also examined the impact of encapsulation on intestinal metabolism and
microbiota, observing a beneficial shift in gut microbiota despite no
significant changes in metabolism detected by NMR. It indicated that
further investigation over an extended period may elucidate additional
insights into the emulsion’s metabolic effects. Collectively, the research
demonstrated the potential of nano-emulsions as a valuable tool for the
food industry, offering a protective and targeted delivery system for
bioactive ingredients, and proposed a novel methodology for evaluating
the biological efficacy of such systems.
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