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1 | INTRODUCTION

Abstract

Phloretin (Ph) is a natural active ingredient with wide biological properties. However,
its poor water-solubility and low oral bioavailability limit the application significantly
in functional food and drug. This study was to explore the mixed polymer Pluronic®
F127 and P123 modified the different triglycerides (LCT, MCT, SCT) in self-nanoe-
mulsions (SNEs) for enhancing the oral bioavailability and bioefficacy of Ph. The
SNEs were characterized in terms of physical property study, lipolysis study, phar-
macokinetic study, and anti-inflammatory effect. The water-solubility of LCT-Ph-SNE
increased 3000-fold compared with Ph solution. Pharmacokinetic study of SNEs and
other carriers (HP-p-CD, PVP) results indicated that LCT-Ph-SNE was 7.9-fold more
bioavailable compared with unformulated Ph. The anti-inflammatory activity of LCT-
Ph-SNE in vivo represented a 6.8-fold enhancement compared with unformulated
Ph. This novel SNE formulation may also be used for other poorly soluble ingredients
with high loading capacity, which made a significant impact on functional food and

drug.
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and functional food (Crespy et al., 2001). More importantly, reports
revealed that a large amount of orally administered Ph is excreted

Phloretin  (2',4',6'-trihydroxy-3-(4-hydroxyphenyl)-propiophenone,
Ph, Figure 2b) is an important natural dihydrochalcone existing in
apple, pear, and other juicy fruits with wide biological properties
such as anti-inflammatory, antioxidant, anticancer, anti-cardiovas-
cular disease, and anti-aging (Bungaruang, Gutmann, & Nidetzky,
2016; Hardie, 2015). However, the solubility of Ph in water is only
about 0.2 mM, which significantly limits its applications in medicine

in the urine and the feces. The low bioavailability of Ph is due to
the poor oral absorption, rapid metabolism, and clearance from the
human body (Monge, Solheim, & Scheline, 1984).

In the past, there were several kinds of technologies to im-
prove the dissolution, such as solid dispersion technique with
Polyvinylpyrrolidone (PVP) or simple co-evaporation method with
hydroxypropyl-p-cyclodextrin (HP-p-CD), but it was still unable to
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improve the solubility of phloretin effectively (Vo, Park, & Lee, 2013;
Wei, Zhang, Memon, & Liang, 2017). And in recent years, the self-na-
noemulsions (SNEs) have attracted increasing interest in food and
drug research, due to its excellent ability to improve the solubility
of hydrophobic drugs. It was widely used as a significant source of
energy, essential fatty acids (FAs), and fat-soluble vitamins, which is
a beneficial clinical effect for the terminally ill, pediatric, and long-
term parenteral nutrition patients. Though the nanoemulsions were
regarded to be a considerable carrier for the poorly water-soluble
drugs, nevertheless it still has some potentially limiting factors that
must be overcome. It was likely to be degraded in gastrointestinal
(GIT), leading to prompt release and precipitation of encapsulated
drugs, which removed by intestinal mucus, decreasing the delivery
capability of SNEs. So the traditional SNEs need the further im-
provement, enabling them to be resistant to luminal digestion and
capable of traversing the mucus layer rapidly. People have studied
its stability about the oil phase, but few people were aware that
the emulsifiers would significantly influence the drug's absorption,
distribution, metabolism, and excretion in the body. Therefore, we
need to search for an efficient self-nanoemulsion system for the hy-
drophobic compound (phloretin) to improve its bioavailability and
bioefficacy.

In previous papers, it reported that the nanoemulsion with the
F127 coating developed to minimize the degradation clearance by
enzymes in mucus (Song et al., 2018; Yu et al., 2018). In this study,
through the effect of the characteristics on in vitro and in vivo sta-
bilities, we found that the effectiveness of SNEs with F127/P123
mixture coating at inhibiting drug digestion was strongly correlated
to the physicochemical factors of the nanoemulsions. The physico-
chemical factors are including carbon chain length, steric hindrance,
surface tension, concentration, charge, structure, lipid digestion, and
activity of emulsions. Therefore, for more effective drug treatment,
we not only study the function of the physical and chemical proper-
ties of Nanoemulsion, but also the function of how the rats body's
response to the administration of water-soluble drugs. By measuring
the changes in physical and chemical properties of different SNEs,
we could have a better understanding of its interfacial behavior at
oil-water interfaces. It may be altered after nanoemulsion formation
using some approaches. The Ph solution and suspension (PVP-Ph)
was chosen as the reference formulation. An in vitro digestion model
was used to investigate the effect of lipid composition and type of
formulation on drug solubilization and lipid digestion. The bioavail-
ability of the drug from the tested formulations was investigated in
rats. Finally, the comparison of anti-inflammatory effect to further
prove that developed SNE formulations could improve drug solubil-
ity and oral bioavailability.

The purpose of this study was to develop SNE formulations
intended to enhance the solubility and oral bioavailability of Ph
and to compare the performance of different formulations in
pharmacokinetic study. The oils were rapidly surrounded by sur-
factants, which were adsorbed to droplet surface lead to decreas-
ing the interfacial tension; thus, we could found that the F127/
P123 polymeric mixture had highly surface active (Figure 1). The

limited permeability of particles through mucus can further lead
to their clearance from the GIT, resulting in poor absorption (Yu
et al., 2018). It has been reported that nanoparticles (NPs) mod-
ified with polymers, which has a long hydrophilic chain, such as
Pluronic® F127, P123 or polyethylene glycol (PEG) polymers,
could exhibit excellent mucus diffusion ability. Therefore, we hy-
pothesize that SNEs will efficiently overcome both lipases and
mucus barriers if they are decorated with hydrophilic polymers.
In this study, the optimized SNE with improved physicochemical
characteristics provides a more potent formulation of Ph as a ther-
apeutic and functional food ingredient. Moreover, this work has
important implications for the pharmaceutical food by using the

optimized nanoemulsion systems.

2 | MATERIALS AND METHODS
2.1 | Materials

Ph (purity > 98%) was purchased from Xi'an Tongze Biotechnology
Co., Ltd. (Xi'an, China). Glyceryl tributyrate (SCT) was purchased
from Wuhan far Cheng co-Creation Technology Co., Ltd. (Wuhan,
China). Medium-chain triglycerides (MCT) was purchased from Asia
botanicals Sdn. Bhd. (Selangor, Malaysia). MAISINE® 35-1 (LCT)
was donated by Gattefosse S.A (Lyon, France). Carbomer 940,
Cremophor EL, and Pluronic P123 were purchased from BASF AG
(Ludwigshafen, Germany). Pluronic® F127 was supplied by Sigma-
Aldrich, USA. Ethanol, Propylene glycol, and Porcine pancreatic
lipase (1:300) were purchased from Shanghai Aladdin Biochemical
Technology Co., Ltd. (Shanghai, China). IL-6, IL-1p, TNF-a, and
MIP-2 were purchased from Jiangsu Enzyme-Linked Biotechnology
Co., Ltd. (Jiangsu, China). BCA Protein Quantification Kit was pur-
chased from Beyotime Biotechnology Co., Ltd. (Shanghai, China).
Acetonitrile of high-performance liquid chromatography (HPLC)
grade was obtained from Mreda Technologyinc Inc (USA), and other

chemicals were of analytical grade.

2.2 | Preparation of the Ph-loaded self-
nanoemulsions (Ph-SNEs)

Compositions of the Ph-SNEs are given in Table 1. Each SNE con-
sists of ethanol, 1,2-propanediol, oil phase, and surfactant, (1:1: 4:6,
w/w). Briefly, Pluronic P123 (25 mg) and Pluronic F127 (25 mg) was
firstly dissolved in the mixture of co-solvents (50 mg ethanol and
50 mg 1,2-propanediol). Ph (400 mg) was dissolved in the mixture
of oil phase (200 mg, SCT, MCT or LCT) and surfactant (200 mg,
Cremophor EL) under stirring for 20 min at 50°C. The hot oil phase
was dispersed in the water phase (the co-solvents of the ethanol,
1,2-propanediol) at the same temperature. These Ph-SNEs were pre-
pared using emulsification followed by vibrating for 20 min at 50°C
to make it homogeneity. The final concentration of Ph in the nanoe-

mulsion was 275 mg/g.
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FIGURE 1 A schematic diagram for
(a) the design of SNEs and its bioefficacy
study, (b) the transport process of the
normal SNEs and Mixed-SNEs (F127/
P123 mixed polymer modified self-
nanoemulsions) through the mucus layer
and epithelial barrier

FIGURE 2 Nanoemulsion
characterization. (a) schematic diagram
of Ph-SNEs; (b) chemical structure of Ph;
(c) 3D chemical structure of Ph; (d) the
interactional model between SNEs and
pancreatic lipase was established using
AutoDock software
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TABLE 1 Compositions of the Ph-SNEs

Sample Compositions

SCT-Ph-SNE Phloretin, Ethanol, 1,2-propanediol, Glyceryl tributyrate (SCT),
Cremophor EL, Pluronic® P123, Pluronic® F127

MCT-Ph-SNE Phloretin, Ethanol, 1,2-propanediol, Medium-chain triglycerides
(MCT), Cremophor EL, Pluronic® P123, Pluronic® F127

LCT-Ph-SNE Phloretin, Ethanol, 1,2-propanediol, MAISINE® 35-1 (LCT),

Cremophor EL, Pluronic® P123, Pluronic® F127

2.3 | Characteristics of SNEs
2.3.1 | Droplet size, size distribution, and {-potential

The prepared nanoemulsions were diluted to 200 times with deionized
water and mixed well. The particle size, PDI, and zeta potential were
measured by the dynamic light scattering method (Nano ZS, Malvern
Instruments Ltd, UK). The light source was at a fixed scattering angle of
90° at 25°C, with 633 nm and 30 mW power (Fan et al., 2011; Huang,
Wu, Tu, Lai, & Liou, 2015). Meantime, to the evaluation of the stor-
age stability, the samples were analyzed by mean droplet sizes with
Zetasizer Nano after storage during storage (30 days) without light at
room temperature (Yuting, Yuzhu, Wally, & Jiang, 2017).

2.3.2 | TEM morphology analysis

The morphology was observed by transmission electron micro-
scopic (TEM) (HT7700, Hitachi, Tokyo, Japan). Then, it was diluted
with 100 ml of deionized water and mixed well. The 10 pl of diluted
nanoemulsions was stained with 1% phosphotungstic acid (PTA) for
1 min and then dropped on a copper grid for 2-3 min. The specimens
were transferred to the TEM and analyzed at 100 kV after drying in

air at room temperature.

2.4 | Physical properties of emulsions
2.4.1 | Solubility study

To determine solubility, an excess amount of sample was added
into 10 ml distilled water. The samples were placed in a shaker and
shaken for 24 hr at room temperature to attain equilibrium mixture.
The mixture was centrifuged at 10,000 rpm for 10 min and excess
insoluble Ph was filtrated through the microporous membrane (Azzi,
Jraij, Auezova, Fourmentin, & Greige-Gerges, 2018). Then, the 20
ul filtrated sample was subjected to HPLC analysis described in 2.7.

Pharmacokinetic study.

2.4.2 | Optical determination of interfacial tension

The interfacial tensions were measured at the air-water interface of

different nanoemulsions, using the pendant drop technique by a fully

automatic contact angle analyzer (OCA100, Dataphysics, Germany).
An inverted nanoemulsion drop was formed at the tip of the needle fit-
ted to a syringe with a total volume of 100 pl. The continuous droplets
pushed out from the tip of needle between 30 and 10 pl. The video
images of drop shape were captured by camera until the nanoemulsion
drop detached from the tip of the needle due to the decreased interfa-
cial tension. The drop shape in each image was analyzed by the contour
analysis system (SCA22 software), based on the Young-Laplace evalu-
ation of pendant drops (Donsi, Senatore, Huang, & Ferrari, 2010; Shu
et al., 2018; Tran, Guo, Song, Bruno, & Lu, 2014).

2.4.3 | Apparent viscosity

Viscosity measurements (Pa-s) were performed by using a Vibro
Viscometer (SV-10, A&D Company, Tokyo, Japan) vibrating at 30 Hz,
with constant amplitude and working at room temperature. Aliquots
of 10 ml of each nanoemulsion were used for determinations. During
shear rate from 0 to 100 72, apparent viscosity (Pa-s) was recorded
(Lu, Xiao, & Huang, 2018).

2.4.4 | Invitro stability study

The in vitro stability study was measured by monitoring the particle
size and PDI of SNEs in PBS (pH 7.4) and biorelevant media at 37°C
for 24 hr using a water-bath shaker. The biorelevant media included
simulated gastric fluid (SGF) and simulated intestinal fluid (SIF). All
the media were prepared as previously reported (Huang et al., 2015;
Wilde, Garcia-Llatas, Lagarda, Haslam, & Grundy, 2019). The SGF
was composed of 0.2% sodium chloride (NaCl) (w/v) and 0.32% pep-
sin (w/v); then, the pH was adjusted to 1.2 by 0.1 M HCI. The SIF
was composed of 0.68% monobasic potassium phosphate (KH,PO,)
(w/v) and 1% pancreatin (w/v); then, the pH was adjusted to 6.8 by
0.1 M NaOH solution.

2.5 | Invitro lipolysis study

The lipolysis study was performed by an in vitro lipid digestion
model as previously describe (Wilde et al., 2019). Briefly, 100 mg
SNE was dispersed in 19 ml 50 mM Tri-maleate digestion buffer (pH
7.5). Digestion study started by adding 1 ml 10% (w/v) porcine pan-

creatic lipase solution (4,000 tributyrin units/ml). To neutralize the
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fatty acid produced by lipolysis, the pH of the mixture was main-
tained at 7.5 £ 0.05 by adding NaOH solution (1 M) manually. During
the digestion period, the mixture was agitated by using a magnetic
stirring apparatus at 37 £ 0.5°C. The reaction was stopped when the

pH could not drop below 7.45 units for 30 min.

2.6 | Pharmacokinetic study in rats

The pharmacokinetic study was investigated in Sprague Dawley rats
(300-320 g) purchased from the Guangdong Medical Laboratory
Animal Center (Guangzhou, China) and the approval document
is SCXK/2018-0002. The rates were kept for 7 days in the envi-
ronmentally controlled room (12/12 hr dark/light cycle, 25 + 2°C,
50% humidity) before the experiments study for acclimatization to
animal house conditions. All rats were given free access to diet and
water. All animal experimental protocol used in this study was ap-
proved by the Guangdong Medical Laboratory Animal Center and
performed in compliance with the relevant laws and institutional
guidelines.

The rats were randomly divided into six groups (n = 5) and fasted
for 12 hr before drug administration. A single dose of 400 mg/kg
Ph solution, SCT-Ph-SNE, MCT-Ph-SNE, and LCT-Ph-SNE dissolved
in 5% PEG400 solution was oral administration, respectively. The
0.4 ml of blood was taken from the retro-orbital plexus under isoflu-
rane anesthesia and then collected at predetermined intervals (5 min
predose, 0.083,0.25,0.5, 1, 2, 4, 6, 8, and 12 hr postdose) after oral
administration. The blood samples were centrifuged at 5,000 rpm
for 10 min to separate plasma. The plasma samples were stored at
-20°C until analyzed. After treatment, the Ph concentration of the
plasma sample was measured by HPLC.

Before analyzing, plasma was thawed at 37°C. 0.2 ml sample was
added to 0.2 ml acetonitrile and vortexed for 1 min. The mixture
was centrifuged at 12,000 rpm for 5 min, and the upper phase was
collected. Then, 20 pl sample was injected into HPLC for analysis on
Ph concentration of plasma.

All HPLC analyses were performed on a Shimadzu LC-20A HPLC
with DIKMA C18 Reversed-phase column (4.6 mm x 200 mm, 5 pm).
The column temperature was maintained at 30°C, and the mobile
phase was 30% acetonitrile in water with a delivery flow rate of
1 ml/min. PDA detector (detection wavelength 286 nm) was used.
The pharmacokinetic parameters were calculated by the pharmaco-
kinetic software WinNonlin Standard Edition v1.1 (Pharsight Corp.,
Mountain View, CA, USA). The Ph, Blank plasma + Ph, and plasma
sample at 0.083h in rats were analyzed with HPLC based on the
above chromatographic conditions. As shown in the Figure S1, the
retention time of Ph in HPLC is approximately 14.2 min with a good
separation to plasma constituents. The regression equation for Ph
was y = 14885x + 2,780.3 (r = 0.9994), which was a good linear re-
lationship between drug concentration and peak area. The precision
was measured at six different concentrations (0.5, 1.0, 2.0, 5.0, 10.0,
20.0 pg-ml-1). The percent relative standard deviation(RSD%) value
is less than 2%.The mean extraction recovery was 82.02 + 1.2%,

84.67 + 1.5% and 81.51 + 0.85% at 0.5, 10.0, 20.0 pg-ml-1, respec-
tively. The limit of quantization (S/N = 10) was estimated to be
0.3 pg/ml, and the limit of detection (S/N = 3) of phloretin was es-
timated to be 0.1 pg/ml in plasma. It indicated good accuracy and

precision of the developed method.

2.7 | Anti-inflammatory effect

The anti-inflammatory effect was carried out on the
12-O-tetradecanoyl phorbol-13-acetate (TPA)-induced mouse ear
edema model. The male BALB/c rats (20-25 g) were purchased from
the Guangdong Medical Laboratory Animal Center (Guangzhou,
China), and the approval document is SCXK/2018-0002. The ani-
mals were kept for 7 days in the environmentally controlled room
(12/12 hr dark/light cycle, 25 + 2°C, 50% humidity) before the ex-
periments study for acclimatization to animal house conditions. All
rats were given free access to diet and water. All animal experimental
protocol used in this study was approved by the Guangdong Medical
Laboratory Animal Center and performed in compliance with the rel-
evant laws and institutional guidelines.

The BALB/c rats were randomly divided into the control group,
TPA model group, Ph group and SNEs group (n = 5). Rats in each group
were orally administered the Ph solution (suspended in 5% PEG400),
SCT-Ph-SNE, MCT-Ph-SNE, and LCT-Ph-SNE (200 mg-Kg™?), respec-
tively. After one hour, both rat ears of the TPA model group, Ph
group, and SNEs group were topically treated with TPA (0.008 nM
in acetone), while the rat ears of the control group were topically
treated with acetone. Then, the rats were killedafter 6 hr. Finally, ear
punches of 6 mm diameter from rat ears were taken and weighed.
The inhibitory effects (IE) = [(TPA alone) - (test compound plus
TPA)]/[(TPA alone) - (acetone alone)] x 100%.

Rat ears were removed in toto, fixed in 10% formalin, decalcified
in EDTA buffer, subjected to a series progression of dehydration,
and then embedded in paraffin. Samples were serially sectioned into
4 um and processed routinely for hematoxylin and eosin (H&E) stain-
ing. The histological changes were observed under a microscope.

The IL-6, IL-18, TNF-a, and MIP-2 concentrations were deter-
mined by the enzyme-linked immunosorbent assay (ELISA) ac-
cording to the manufacturer's instructions. The results of cytokine
determination were corrected by the amount of tissue protein. The
protein content of tissues was determined by the Bradford method
using the Protein Quantification Kit.

2.8 | Statistical analysis

All data were presented as mean + standard deviation (STD). Data
were compared by independent Student's t test was used to com-
pare the means of two groups. The level of significance was set at
p < .05 and p < .01, which was considered as significant and highly
significant. All the statistical analysis was done by using SPSS soft-
ware (SPSS, Inc., Chicago, IL, USA, version 17.0).
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TABLE 2 The size, size distribution, and {-potential of the Initial SNEs and SNEs after 30 days
Initial SNEs SNEs after 30 days
Mean particle size Polydispersity ¢-potential Mean particle size Polydispersity ¢-potential
Formulation (nm) index (PDI) (mV) (nm) index (PDI) (mV)
SCT-Ph-SNE 29.73+1.30 0.268 +0.035 -3.4+19 31.12+2.20 0.298 £ 0.029 -3.1+1.5
MCT-Ph-SNE 3713 +£3.51 0.202 +0.026 -2.8+1.8 39.28 +2.41 0.240 £ 0.010 -25+1.2
LCT-Ph-SNE 48.96 +2.96 0.189 +0.023 -21+1.6 52.01+1.16 0.221 +£0.030 -21+1.8

Note: Values are mean + standard deviation (n = 3).

3 | RESULTS AND DISCUSSION
3.1 | Characterization of SNEs
3.1.1 | Droplet size, size distribution, and ¢{-potential

The preparation of SNEs was based on a self-emulsifying system,
and Ph was solubilized in the oily core of the nanoemulsion struc-
tures with F127& P123 mixture coating (Figure 2). The optimized
compositions of SNEs are listed in Table 1. The particle size, poly-
dispersity index (PDI), and zeta potential of different SNEs and the
SNEs during 30 days storage are shown in Table 2. All values of par-
ticle size, PDI and zeta potential are not obviously increased, indicat-
ing the SNEs are still fairly stable during 30 days storage.

The size of LCT-Ph-SNE, MCT-Ph-SNE, and SCT-Ph-SNE con-
taining Ph (4%w/w) is 29.73 + 1.30 nm, 37.13 + 3.51 nm, and
48.96 + 2.96 nm. Only a slight increase in the particle size was ob-
served in different SNEs (Figure 3). The SNEs had an average size
of approximately 38.60 nm. It is evident that smaller nanoparticle
could significantly promote penetration and transport through the
mucus layer (Wilde et al., 2019). Therefore, this small droplet size is
considered ideal to result in enhanced absorption and bioavailability
through intestinal mucosal surfaces.

In previous work that the size and zeta potentials of SNEs without
modification were around -20.0 mV (Xia et al., 2017). In this study,
the zeta potentials of SNEs were in the range of -3.4 to -2.10 mV
(close to neutral). The increase of zeta potential showed that the ex-
tension of the hydrophilic polyethylene oxide (PEO) chains of P123/
F127 mixture coated the oil phase surface, which had further in-
creased the hydrophilicity of SNEs and shielding of droplets’ surface
charges. Moreover, PEG-modified nanoparticles with neutral surface
charges undergo more rapid transport than those anionic charges in
mucus (Lai, Wang, & Hanes, 2009). Therefore, we estimated that this

optimized SNEs with near-neutral charge would appear rapid trans-
port and then highly absorption by oral administration.

Ethanol and 1,2-Propanediol: Water phase and solvent. It can
improve the solubility of Phloretin. Medium-chain triglycerides,
Glyceryl tributyrate and MAISINE® 35-1: Qil phase Cremophor EL:
Nonionic surfactants. Pluronic® P123 and Pluronic® F127: Triblock
copolymer surfactants modify self-nanoemulsions. Its hydrophilic
long chain can greatly enhance the diffusion ability of phloretin in
mucus.

3.1.2 | TEM morphology analysis

As shown in Figure 4, the morphology of SNEs observed by a trans-
mission electron microscope (TEM) after 24 hr in distilled water. All
nanoemulsions (Figure 4b-d) loaded Ph were less than 100 nm in
size and the spherical nature in shape. That is almost consistent with
that obtained in the droplet size analysis in Table 2. Furthermore,
the clear spherical shell without the sign of Ph precipitation was ob-
served in the images (Figure 4b-d), indicating that Ph was encap-
sulated into the SNEs and stability of the formed nanoemulsions.
However, the shape of the SNE without mixed polymeric modified is
similarly oval (Figures 4a and 5).

3.2 | Physical properties

3.2.1 | Solubility study, interfacial tension, and
apparent viscosity

The result of the solubility study of Ph in various SNEs has been
shown in Figure 5. The solubility of Ph in SCT-Ph-SNE, MCT-Ph-SNE,
and LCT-Ph-SNE was 50 +4.5,55+ 4.2, 60 + 5.0 mg/ml, respectively.
The Figure 6illustrated that there was a small increase in solubility of

700000 p —— SCT-Ph-SNE (a) 16 = SCT-PSNE (b) FIGURE 3 (a) Size distribution (nm)
, 0 p T \ng::ss\\: Al :‘L'E,’,i’;';t{ and (b) surface zeta potentials (mV) of SNE
§ 500000 § 12 formulations in the water
S w0000 E 10
& 200000 5 ¥

100000 !
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Apparent zeta potential (mV) Size (d.nm)
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FIGURE 4 TEM photographs of (a)
SNE without mixed polymeric modified,
(b) SCT-Ph-SNE, (c) MCT-Ph-SNE and (d)
LCT-Ph-SNE after 24 hr postdilution in
distilled water. Data are mean = SD (n = 3)

FIGURE 5 The solubility of different 100 ~
SNEs formulation (PVP-Ph, SCT-Ph-

SNE, MCT-Ph-SNE, and LCT-Ph-SNE)
compared with Ph. Data are shown as the

means + standard deviations (SDs). (n = 5)
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Formulation

Ph by longer fatty acid chain length in the SNE formulations in vitro
solubility of Ph at room temperature. However, comparing with the
solubility of Ph solution (approximately 0.02 mg/ml), the solubility of
LCT-Ph-SNE had a significant increase up to 3,000-fold. The solubil-
ity study of SNEs was found to be in the following order: Ph solu-
tion < PVP-Ph < SCT-Ph-SNE < MCT-Ph-SNE < LCT-Ph-SNE. It also
showed that hydrophobic drugs had high solubility in lipid-based for-
mulations (Heshmati, Cheng, Eisenbrand, & Fricker, 2013).

Based on the results reported in Figure 6, we fund that the inter-
facial tension of SNEs was in the following order: SCT-Ph-SNE (30.7
mN/m) < MCT-Ph-SNE (40.8 mN/m) < LCT-Ph-SNE (53.5 mN/m) <
water (73.7 mN/m). Obviously, compared with water, the interfacial
tension of SNEs decreased steeply from 73.7 to 30.6 mN/m. In gen-
eral, the surfactants could decrease the particle size and have an im-

pact on the interfacial tension and apparent viscosity (McClements

N‘Cﬁ_“\s@ CT_?\\—SSE
\

Formulation

& Rao, 2011). As anticipated, the F127/P123 polymeric mixture had
high mobility at the interface, which significantly decreased the sur-
face tension and promoting droplets’ disruption. On the other hand,
though the SNEs stabilized by the same interfacial surfactant layer,
the interfacial tension increased with longer length of fatty acid
chain in the oils.

Moreover, the surfactants not only influenced the interfacial
tension, but also the apparent viscosity. The rheological properties
of the SNEs were studied (Figure 7). With increasing in shear rate,
the viscosity of emulsions decreased due to typical shear thinning
behavior. The viscosity of SNEs in following order: Water (approx-
imately 0.0) < SCT-Ph-SNE (from 0.20 + 0.05 to 0.12 + 0.01 Pa-s) <
MCT-Ph-SNE (from 3.04 = 0.15 to 0.38 + 0.02 Pa:s) < LCT-Ph-SNE
(from 5.79 + 0.05 to 0.55 + 0.11 Pa-s). As previously reported, the

emulsions were more physically stable in terms of smaller droplet
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size and higher viscosity (Yesiltas et al., 2018). Due to the long chain
in the oil phase, the SNEs with higher apparent viscosity improved
physically stable.

3.2.2 | Invitro stable study

Before conducting in vivo studies, it was necessary to ensure the sta-
bility of SNE nanoparticles. In this study, we used all kinds of buffers
and biorelevant medias such as PBS, SGF, and SIF to investigate the
stability of SNEs. As shown in Figure 8a-d, there were no significant
changes in particle size and PDI observed in PBS and SGF buffers in
24 hr. This suggested that the structure of SNEs particles did not un-
dergo obviously damaged; thus, it could make more resistance to the

acidic conditions in the intestinal fluid (SIF). Nevertheless, particle size

6.5 —a— Water
—e— SCT-Ph-SNE

5 —a— MCT-Ph-SNE

—v— LCT-Ph-SNE

3.9+

2.6

Apparent viscosity (Pa-s)

Shear rate (1/s)

FIGURE 7 Apparent viscosity of different SNEs formulation
(SCT-Ph-SNE, MCT-Ph-SNE and LCT-Ph-SNE) from O to 100 s7*
shear rate

and PDI of SCT-Ph-SNE had increased dramatically in SIF (Figure 8e-
f), which meant that the structure of particles had damaged and then
the mixed F127/P123 polymeric membrane had been broken down.
The SCT-Ph-SNE digested much easier than other SNEs by lipase in
the intestinal environment, which was likely because of the short-
chain oil. Hereby, it showed that the digestion rate was relying on
the length of the fatty acid chains, the longer the fatty acid chains,
the more efficient in delaying the digestion rate. Finally, we found the
LCT-Ph-SNE was the most stable in vitro stable study.

Based on the above results, the SNEs were selected as a study

subject to evaluate its pharmacokinetic study and bioefficacy study.

3.3 | Invitro lipolysis study

To simulate in vivo lipid biodegradation, in vitro lipolysis study com-
monly used by the alkaline compensation method (Han et al., 2009)
though it is just an accelerated process. As shown in this study
(Figure 9), all SNEs decorated with F127/P123 polymeric mixture can
be completely degraded in vitro within 20 min. Comparing various
SNEs, we could found that SCT-Ph-SNEs were the most rapid deg-
radation rate, while LCT-Ph-SNE digested slowest owing to the long
fatty acid chainin the oil. The results indicated that the LCT-F127-SNE
could have a better capacity for resisting digestion than other SNEs.
Also, the longer the fatty acid chains of SNEs, the slower the diges-
tion rate. As previously reported that smaller nanoemulsions contrib-
uted to faster digestion due to their significantly extended specific
surface area (Tan, Colliat-Dangus, Whitby, & Prestidge, 2014). As
shown in Supplementary Table 1, the Ph was all released from SNEs
and then distributed between the aqueous phase and the precipitate
phase after 40 min digestion by using an in vitro lipid digestion model.
Approximately 24.6%, 16.6%, and 4.2% of drug (Ph) precipitated
from SCT-Ph-SNE, MCT-Ph-SNE, and LCT-Ph-SNE, respectively. The
LCT-Ph-SNE (96.6% in digestion) was not completely lipolyzed after
40 min digestion, compared with the SCT-Ph-SNE and MCT-Ph-SNE.
The least drug precipitation from LCT-Ph-SNE illustrated that the
LCT-Ph-SNE was highly effective in inhibiting lipid digestion.

3.4 | Pharmacokinetic study

The principal goal of oral drug delivery is to improve the bio-
availability of poorly water-soluble agents. For this purpose,
plasma pharmacokinetics were evaluated after oral adminis-
tration (400 mg-kg'l) in the rat. Plasma samples of Ph solution,
HP-B-CD-Ph (solution), PVP-Ph (suspension), SCT-Ph-SNE, MCT-
Ph-SNE, and LCT-Ph-SNE were analyzed at preset time points. As
shown in Figure 10, after oral administration of different samples,
the plasma concentration of Ph gradually increased within 1 hr
(C

eters are shown in Table 3.

max) @nd then declined within 12 hr. The pharmacokinetic param-

The AUC,,, , and C__  of all SNE formulations were much
higher than that of the Ph solution, HP-p-CD-Ph and PVP-Ph (Ph
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FIGURE 8 The particle size and PDI of SNEs in phosphate-buffered saline (PBS) (a-b), simulated gastric fluid (SGF) (c-d), and simulated

intestinal fluid (SIF) (e-f)

suspension). The AUC, ,, .. of Ph from the LCT-Ph-SNE was signifi-
cantly greater than that from Ph solution (7.9-fold), HP-B-CD-Ph
(6.0-fold), and PVP-Ph (4.9-fold), respectively. Similarly, the LCT-Ph-
SNE had the best C_ . in all samples. The T__ comparison suggests
that the SNE formulations took a longer time (1.5 hr) to reach C,__,
compared with Ph solution (0.25 hr). The Ph solution concentration
in plasma decreases abruptly, but the self-nanoemulsions system
could help to postpone the release of Ph. Rapidly distributed and
quickly metabolized of Ph results in less T, ,,. Additionally, we found
that the Ph aqueous suspension displayed low drug bioavailability
due to the low aqueous solubility of Ph and then the Ph would be

easy to precipitate from the suspension. Take together the in vitro
data, we could observe that the oral bioavailability is closely inter-
related to the stability and physical properties of SNEs such as sol-
ubility study, interfacial tension, apparent viscosity and so on. That
is consistent with previous researches about the emulsion (Arshad &
Andreas, 2018; Yuting et al., 2017).

Overall, we observed that the optimizing SNEs system was quite
effective to enhance oral bioavailability, compared with other carriers
(HP-B-CD-Ph, PVP-Ph). And the oral bioavailability of HP-8-CD-Ph
is just a little better than that of the PVP-Ph. Among these sam-
ples, the oral bioavailability is in the order PVP-Ph > HP-3-CD-Ph»
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TABLE 3 Pharmacokinetic (PK)
Formulation C (ug/L) z;'sa" AUC. .. (h-pg/L) F (%) parameters of Ph following oral
max (H8 0-24 "HE ° administration of Ph suspensions and

Ph 1,149.26 £ 11.26 0.25 3,017.65 + 476.65 100.00% SNEs formations in rates
HP-p-CD-Ph 1,177.43 + 124.86*** 0.50 3,906.65 + 869.48*** 129.46%

PVP-Ph 1,204.70 + 95.43*** 0.50 4,819.82 + 366.76*** 159.72%

SCT-Ph-SNE 1796.75 £ 193.68*** 1.00 11,469.10 £ 1,239.35*** 380.07%

MCT-Ph-SNE 2,838.70 + 136.07*** 1.00 17,018.83 + 2025.41*** 563.98%

LCT-Ph-SNE 3,534.90 + 367.36*** 1.00 23,703.54 + 2,276.77*** 785.50%

Note: C__ : maximum plasma concentration; T : time at C__ ; AUC0-24 hr, area under the
concentration-time curve from time 0-24 hr; F: relative oral bioavailability (%) = [AUC (test)/AUC
(control)] x [Dose(control)/Dose (test)] x 100% (Nazari-Vanani, Moezi, & Heli, 2017). Data are
shown as the means + standard deviations (SDs). (n = 5).

*okok

p <.001 compared with the Ph group.

SCT-Ph-SNE > MCT-Ph-SNE > LCT-Ph-SNE. And the increase in 3.5 | Anti-inflammatory effect
bioavailability of the SNEs system is more likely to inhibit digestion

by enzyme and promoted mucus penetration, which led to high To further prove that the above-mentioned data were good esti-
oral bioavailability (Song et al., 2018). It could be used as a possi- mations in bioefficacy of the SNEs system, we observed the anti-
ble formulation for poorly water-soluble agents to improve its oral inflammatory effect of optimized SNEs compared with Ph solution

bioavailability. after oral administration in a dose equivalent to 200 mg/kg. Lots of
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literature demonstrated that phloretin had excellent anti-inflamma-
tory in various inflammation diseases (Kim et al., 2014; Song et al.,
2018; Wei et al., 2017). The experimental evidence has shown that
exposure of skin to 12-O-tetradecanoyl-phorbol acetate (TPA). TPA
would induce a pleiotropic tissue response encompassing a strong
inflammatory reaction (Adami et al., 2012; Oliveira et al., 2017).
Then, the anti-inflammatory effect was evaluated in a TPA-induced
rat ear edema model. It has been proved that increased skin edema
is the first hallmark of skin inflammation including the process of
increased vascular permeability and proliferation of epidermal ke-
ratinocytes (Nickoloff, Ben-Neriah, & Pikarsky, 2005). It can be
seen from Figure 11 that TPA topical treatment alone results in a

. . | 3555
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rat ear erythema and edema, and then, the average weight of TPA-
treated ear punches increased from 8.0 to 22.5 mg, increased by
281% after 6 hr. The oral administration of all SNE formulations
could potently suppress TPA-induced ear swelling compared with
Ph solution. Oral treatment of Ph solution caused an 8.0% decrease
in the weight of the ear punches, which is similar to that of HP--
CD-Ph (8.5%). The suppression rates of SCT-Ph-SNE and MCT-Ph-
SNE were 28.8% and 44.7%, respectively. Notably, LCT-Ph-SNE
topical pretreatment resulted in a decrease of 54.7%, which is about
6.8-fold than that of Ph solution. As the previous result in pharma-
cokinetic study, the anti-inflammatory activity of the Ph and HP-§-
CD-Ph was very poor effective than that of the SNEs. And the most
obvious enhancement of anti-inflammatory effect is the LCT-Ph-
SNE compared with three kinds of SNEs. The reason should be due
to the more oral bioavailable through the SNEs system in pharma-
cokinetic study. Therefore, we continue studying for these SNEs by
the below histological analysis.

Histological appearance evaluation has always been the appro-
priate way to assess the disorders of inflammatory tissue (Liu, Li,
Zheng, Zhang, & Du, 2015). Then, we observed the effect of the Ph
solution and the SNEs on histological appearances of rat ear. The his-
tological appearances of the ear sections showed in Figure 12a that
the normal group treated with water displayed the normal appear-
ance in the epidermal layer without any obvious lesion. In contrast,
the TPA topical treatment caused an obvious inflammation response
with clear evidence of ear edema and inflammatory cell infiltration
(Figure 12b). As the suppression rate above, all SNEs could signifi-
cantly suppress the signs of inflammatory responses (Figure 12d-f).
Nevertheless, in comparison with the inhibitory effects of these SNE
formulations, the LCT-Ph-SNE showed the most decreased inflam-
matory cell infiltration and its effect is better than that of SCT-Ph-
SNE and MCT-Ph-SNE (Figure 12f).

FIGURE 12 The anti-inflammatory effects of nanoemulsions on histopathological changes stained with H&E stain. (a) Normal group
(treated with water); (b) TPA (100 pg/ml); (c) Ph; (d) SCT-Ph-SNE; (e) MCT-Ph-SNE; (f) LCT-Ph-SNE. Data are expressed as mean + S.D. (n = 5).

Magnification 200x
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FIGURE 13 The proinflammatory mediators (IL-6, IL-1, TNF-a and MIP-2) were measured 6 hr in mouse ears. (n = 5), NOR: Normal
group (treated without TPA); TPA group (100 pg/ml); Ph group (Ph + TPA); SCT-Ph-SNE group (SCT-Ph-SNE + TPA); MCT-Ph-SNE group
(MCT-Ph-SNE + TPA); LCT-Ph-SNE group (LCT-Ph-SNE + TPA); p < .05 (4), p < .01 (44) and p < .001(44)

As we known, the proinflammatory mediators (IL-6, IL-18, TNF-
a, and MIP-2) play a significant role in the inhibition of inflamma-
tion and cartilage destruction, which could slow down the arthritis
progression (Liu et al., 2015). The Figure 13 showed that the SNEs
formulations had significantly diminished the proinflammatory me-
diators of IL-6, IL-1p, TNF-«, and MIP-2 generation in the ears com-
pared with the TPA group and Ph group, indicating that SNEs may
exert an anti-inflammatory effect by suppressing macrophage func-
tion. Among these proinflammatory mediators, the TNF-a values
are the highest and MIP-2 values are the lowest. The anti-inflamma-
tory effect of the SNEs was found to be in the following order: Ph «
SCT-Ph-SNE < MCT-Ph-SNE < LCT-Ph-SNE.

Taken together with data of inhibition on ear edema and
proinflammatory mediators, these results specify the best an-
ti-inflammatory of LCT-Ph-SNE compared with the unformulated
Ph. Additionally, in all SNEs samples, the LCT-Ph-SNE has the
best anti-inflammatory activity, which may be a potential treat-
ment of inflammation-associated diseases such as rheumatoid
arthritis. And it should deserve more investigation because
it may be a beneficial food for further development in clinical

application.

4 | CONCLUSION

In this study, we reasonably designed and investigated multifunc-
tional SNE formulations for the oral delivery of hydrophobic com-
ponents. The LCT-Ph-SNE had nearly neutral surface charge and
better stability in different biorelevant media. The presence of
a mixed hydrophilic group (F127/P123) on the surface of the oil
droplet generated a steric hindrance, which is more likely to reduce
enzymatic degradation in the gastrointestinal tract. Furthermore,
efficient oral absorption of Ph was achieved by the LCT-Ph-SNE,
with 6.8-fold higher AUCO-24 hr values compared with those of Ph.
Overall, we demonstrated that our SNEs were able to effectively
enhance the oral bioavailability and bioefficacy of hydrophobic
drug phloretin by the SNEs, while the mucus-penetrating ability of
this formula needs further investigations based on current results.
Also, this novel SNE formulation may be used for other poorly
soluble drugs, which will be a promising platform for oral delivery.

ACKNOWLEDGMENTS
Financial support was provided by Department of Science and
Technology of Jiangmen (No: 2016350100170008351), Jiangmen



WANG ET AL.

ProgramforInnovative Research Team (No:2018630100180019806)
and Foundation from Department of Education of Guangdong
Province (No: 2016KCXTDO0O05 and 2017KSYS010).

CONFLICT OF INTEREST
The authors declare no conflicts of interest.

ORCID

Yiling Wang https://orcid.org/0000-0001-5380-6022

REFERENCES

Adami, M., da Silveira Prudente, A., Mendes, D. A. G. B., da Silva
Horinouchi, C. D., Cabrini, D. A., & Otuki, M. F. (2012). Simvastatin
ointment, a new treatment for skin inflammatory conditions. Journal
of Dermatological Science, 66(2), 127-135.

Arshad, M., & Andreas, B.-S. (2018). SEDDS: A game changing approach
for the oral administration of hydrophilic macromolecular drugs.
Advanced Drug Delivery Reviews, 142, 91-101.

Azzi, J., Jraij, A., Auezova, L., Fourmentin, S., & Greige-Gerges, H. (2018).
Novel findings for quercetin encapsulation and preservation with cy-
clodextrins, liposomes, and drug-in-cyclodextrin-in-liposomes. Food
Hydrocolloids, 81, 328-340.

Bungaruang, L., Gutmann, A., & Nidetzky, B. (2016). p-cyclodextrin im-
proves solubility and enzymatic C-Glucosylation of the flavonoid
phloretin. Advanced Synthesis & Catalysis, 358(3), 486-493.

Crespy, V., Aprikian, O., Morand, C., Besson, C., Manach, C., & Demigné,
C. (2001). Bioavailability of phloretin and phloridzin in rats. The
Journal of Nutrition, 131(12), 3227-3230.

Donsi, F., Senatore, B., Huang, Q., & Ferrari, G. (2010). Development of
novel pea protein-based nanoemulsions for delivery of nutraceuti-
cals. Journal of Agriculture and Food Chemistry, 58(19), 10653-10660.

Fan, Y., Li, X., Zhou, Y., Fan, C., Wang, X., Huang, Y., & Liu, Y. (2011).
Improved intestinal delivery of salmon calcitonin by water-in-oil mi-
croemulsions. International Journal of Pharmaceutics, 416(1), 323-330.

Han, S. F, Yao, T. T,, Zhang, X. X., Gan, L., Zhu, C., Yu, H. Z,, & Gan, Y.
(2009). Lipid-based formulations to enhance oral bioavailability
of the poorly water-soluble drug method trithione: Effects of lipid
composition and formulation. International Journal of Pharmaceutics,
379(1), 18-24.

Hardie, D. G. (2015). Amps: Positive and negative regulation, and its role
in whole-body energy homeostasis. Current Opinion in Cell Biology,
33,1-7.

Heshmati, N.,Cheng, X., Eisenbrand, G., &Fricker, G.(2013). Enhancement
of oral bioavailability of E804 by self-nanoemulsifying drug delivery
system (SNEDDS) in rats. Journal of Pharmaceutical Sciences, 102(10),
3792-3799.

Huang, W. C., Wu, S. J., Tu, R. S., Lai, Y. R., & Liou, C. J. (2015). Phloretin
inhibits interleukin-1p-induced cox-2 and icam-1 expression through
inhibition of MAPK, Akt, and NF-kappa B signaling in human lung
epithelial cells. Food & Function, 6, 1960-1967.

Kim, M. S., Park, S. H., Han, S. Y., Kim, Y. H,, Lee, E. J,, Yoon Park, J. H,,
& Kang, Y. H. (2014). Phloretin suppresses thrombin-mediated leu-
kocyte-platelet-endothelial interactions. Molecular Nutrition & Food
Research, 58(4), 698-708.

Lai, S. K., Wang, Y. Y., & Hanes, J. (2009). Mucus-penetrating nanopar-
ticles for drug and gene delivery to mucosal tissues. Advanced Drug
Delivery Reviews, 61(2), 158-171.

Liu, W., Li, Y., Zheng, X., Zhang, K., & Du, Z. (2015). Potent inhibitory
effect of silibinin from milk thistle on skin inflammation stimuli by
12-O-tetradecanoylphorbol-13-acetate. Food & Function, 6(12),
3712-3719.

CWILEY->¥

Lu, X., Xiao, J., & Huang, Q. (2018). Pickering emulsions stabilized by me-
dia-milled starch particles. Food Research International, 105, 140-149.

McClements, D. J.,, & Rao, J. (2011). Food-grade nanoemulsions:
Formulation, fabrication, properties, performance, biological fate,
and potential toxicity. Critical Reviews in Food Science and Nutrition,
51(4), 285-330.

Monge, P., Solheim, E., & Scheline, R. R. (1984). Dihydrochalcone me-
tabolism in the rat: Phloretin. Xenobiotica, 14, 917-924. https://doi.
org/10.3109/00498258409151490

Nazari-Vanani, R., Moezi, L., & Heli, H. (2017). In vivo evaluation of a
self-nanoemulsifying drug delivery system for curcumin. Biomedicine
& Pharmacotherapy, 88, 715-720.

Nickoloff, B. J., Ben-Neriah, Y., & Pikarsky, E. (2005). Inflammation and
cancer: Is the link as simple as we think? The Journal of Investigative
Dermatology, 124(6), x-xiv.

Oliveira, A. S., Cercato, L. M., de Santana Souza, M. T., de Oliveira Melo,
A. J.,, dos Santos Lima, B., Duarte, M. C,, ... Camargo, E. A. (2017).
The ethanol extract of Leonurus sibiricus L. induces antioxidant,
antinociceptive and topical anti-inflammatory effects. Journal of
Ethnopharmacology, 206, 144-151.

Shu, G., Khalid, N., Chen, Z., Neves, M. A., Barrow, C. J., & Nakajima,
M. (2018). Formulation and characterization of astaxanthin-enriched
nanoemulsions stabilized using ginseng saponins as natural emulsi-
fiers. Food Chemistry, 255, 67-74. https://doi.org/10.1016/j.foodc
hem.2018.02.062

Song, W,, Yang, Y., Yu, M., Zhu, Q., Damaneh, M. S., Zhong, H., & Gan,
Y. (2018). Enhanced digestion inhibition and mucus penetration of
F127-modified self-nanoemulsions for improved oral delivery. Asian
Journal of Pharmaceutical Sciences, 13(4), 326-335. https://doi.
org/10.1016/j.ajps.2018.03.001

Tan, A., Colliat-Dangus, P., Whitby, C. P., & Prestidge, C. A. (2014).
Controlling the enzymatic digestion of lipids using hybrid nanostruc-
tured materials. ACS Applied Materials & Interfaces, 6(17), 15363~
15371. https://doi.org/10.1021/am5038577

Tran, T. H., Guo, Y., Song, D., Bruno, R. S., & Lu, X. (2014). Quercetin-
containing self-nanoemulsifying drug delivery system for improving
oral bioavailability. Journal of Pharmaceutical Sciences, 103(3), 840-
852. https://doi.org/10.1002/jps.23858

Vo, C. L., Park, C., & Lee, B. J. (2013). Current trends and future per-
spectives of solid dispersions containing poorly water-soluble
drugs. European Journal of Pharmaceutics and Biopharmaceutics, 85,
799-813.

Wei, Y., Zhang, J., Memon, A. H., & Liang, H. (2017). Molecular model
and in vitro antioxidant activity of a water-soluble and sta-
ble phloretin/hydroxypropyl-B-cyclodextrin inclusion complex.
Journal of Molecular Liquids, 236, 68-75. https://doi.org/10.1016/j.
molliq.2017.03.098

Wilde, P.J., Garcia-Llatas, G., Lagarda, M. J.,Haslam, R. P., & Grundy, M.
M. L. (2019). Oat and lipolysis: Food matrix effect. Food Chemistry,
278, 683-691. https://doi.org/10.1016/j.foodchem.2018.11.
113

Xia, F,, Fan, W., Jiang, S., Ma, Y., Lu, Y. I, Qi, J., ... Wu, W. (2017). Size-
dependent translocation of nanoemulsions via oral delivery. ACS
Applied Materials & Interfaces, 9(26), 21660-21672. https://doi.
org/10.1021/acsami.7b04916

Yesiltas, B., Sarensen, A.-D., Garcia-Moreno, P. J., Anankanbil, S., Guo, Z.,
& Jacobsen, C. (2018). Combination of sodium caseinate and succi-
nylated alginate improved stability of high fat fish oil-in-water emul-
sions. Food Chemistry, 255, 290-299. https://doi.org/10.1016/j.foodc
hem.2018.02.074

Yu, M., Xu, L. U,, Tian, F,, Su, Q., Zheng, N., Yang, Y., ... Gao, H. (2018).
Rapid transport of deformation-tuned nanoparticles across biolog-
ical hydrogels and cellular barriers. Nature Communications. 9(1).
https://doi.org/10.1038/s41467-018-05061-3


https://orcid.org/0000-0001-5380-6022
https://orcid.org/0000-0001-5380-6022
https://doi.org/10.3109/00498258409151490
https://doi.org/10.3109/00498258409151490
https://doi.org/10.1016/j.foodchem.2018.02.062
https://doi.org/10.1016/j.foodchem.2018.02.062
https://doi.org/10.1016/j.ajps.2018.03.001
https://doi.org/10.1016/j.ajps.2018.03.001
https://doi.org/10.1021/am5038577
https://doi.org/10.1002/jps.23858
https://doi.org/10.1016/j.molliq.2017.03.098
https://doi.org/10.1016/j.molliq.2017.03.098
https://doi.org/10.1016/j.foodchem.2018.11.113
https://doi.org/10.1016/j.foodchem.2018.11.113
https://doi.org/10.1021/acsami.7b04916
https://doi.org/10.1021/acsami.7b04916
https://doi.org/10.1016/j.foodchem.2018.02.074
https://doi.org/10.1016/j.foodchem.2018.02.074
https://doi.org/10.1038/s41467-018-05061-3

3558

WANG ET AL.

Yuting, F., Yuzhu, Z., Wally, Y., & Jiang, Y. (2017). Endocytosis of
corn oil-caseinate emulsions in vitro: Impacts of droplet sizes.
Nanomaterials, 7(11), 349. https://doi.org/10.3390/nano7110349

SUPPORTING INFORMATION
Additional supporting information may be found online in the
Supporting Information section.

How to cite this article: Wang Y, Li D, Lin H, et al. Enhanced
oral bioavailability and bioefficacy of phloretin using mixed
polymeric modified self-nanoemulsions. Food Sci Nutr.
2020;8::3545-3558. https://doi.org/10.1002/fsn3.1637



https://doi.org/10.3390/nano7110349
https://doi.org/10.1002/fsn3.1637

