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Purpose: The purpose of this study was to assess the improved absorption and in vivo kinetic 

characteristics of a novel water-in-oil nanoemulsion containing evodiamine–phospholipid 

nanocomplex (NEEPN) when administered orally.

Methods: NEEPN was fabricated by loading an evodiamine–phospholipid nanocomplex into a 

water-in-oil nanoemulsive system. The gastrointestinal absorption of NEEPN was investigated 

using an in situ perfusion method. The modified in vivo kinetic characteristics of evodiamine 

(EDA) in NEEPN were also evaluated.

Results: Compared with EDA or conventional nanoemulsions containing EDA instead of 

evodiamine–phospholipid complex, NEEPN with its favorable in vivo kinetic characteristics 

clearly enhanced the gastrointestinal absorption and oral bioavailability of EDA; for example, the 

relative bioavailability of NEEPN to free EDA was calculated to be 630.35%, and the effective 

permeability of NEEPN in the colon was 8.64-fold that of EDA.

Conclusion: NEEPN markedly improved the oral bioavailability of EDA, which was probably 

due to its increased gastrointestinal absorption. NEEPN also increased efficacy and reduced 

adverse effects for oral delivery of EDA. Such finding demonstrates great clinical significance 

as an ideal drug delivery system demands high efficacy and no adverse effects.

Keywords: nanoemulsive system, evodiamine–phospholipid, nanocomplexes, gastrointestinal 

absorption, oral bioavailability, water-in-oil

Introduction
Evodiamine (EDA) is a major constituent of the plant Evodia rutaecarpa, and is a 

traditional Chinese herbal medicine usually taken orally. EDA plays roles in various 

pharmacological activities,1 such as reducing fat uptake, decreasing tissue inflamma-

tion, and inhibiting cancer cell proliferation.2,3 For EDA, the mechanism of action and 

extended spectrum of activity have always been areas of interest in medical research.4,5 

Unfortunately, the use of EDA in clinical applications has been significantly hampered 

by its reduced bioavailability, mainly due to poor absorption by and availability to 

targeted tissues. There is an urgent need for suitable EDA delivery systems with 

enhanced oral bioavailability. However, only a few EDA delivery systems have been 

reported to date, and most of them were developed for parenteral delivery (such as 

polymeric magnetic nanocarriers for intravenous delivery, cream for topical use, and 

microemulsions for transdermal delivery).6–8

A water-in-oil nanoemulsion (WNE), sometimes also called a water-in-oil micro-

emulsion, refers to a nanosized system containing two immiscible liquids in which 

one liquid (water, internal phase) is dispersed in the form of nanosized globules 

in another liquid (oil, external phase).9 A WNE usually refers to a clear, isotropic, 
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and thermodynamically stable ternary system (water, oil, 

and a surfactant). Water nanodroplets formed in the bulk oil 

phase act as a reaction medium for the formation of discrete 

nanoparticles. A WNE system differs from a conventional 

emulsive system in its superior features, such as a more 

attractive appearance (translucent versus opaque), higher 

dispersion, and stability.9 A WNE system differs from an 

oil-in-water nanoemulsion (or a self-nanoemulsifying drug 

delivery system, which is essentially an oil-in-water nano-

emulsive system) in its built-in properties, such as higher 

oral absorption, due mainly to higher permeability. In a 

preliminary study, we found that an EDA-loaded WNE had 

higher absorption than an EDA-loaded oil-in-water nano-

emulsion by comparing the absorption parameters obtained 

from in situ gastrointestinal perfusion techniques (data not 

shown). Most WNE systems have been developed for paren-

teral delivery, such as transdermal delivery of recombinant 

anthrax protective antigen vaccine for mucosal immunization, 

intravesical delivery of cisplatin to treat bladder cancer, and 

transdermal delivery of caffeine for the treatment of skin 

cancer.10–12 In recent studies, WNEs have been produced and 

used to enhance stability and absorption of peptide drugs, or 

intestinal permeability of soluble tyrosine kinase inhibitors, 

which eventually improves their oral bioavailability or cancer 

treatment efficacy, respectively.13–15

Recently, phospholipids have become increasingly 

important partly due to their potential in improving oral 

bioavailability and biological efficacy of drugs with low 

aqueous solubility or low membrane permeability, by form-

ing noncovalently bonded drug–phospholipid complexes.16–19 

An EDA–phospholipid nanocomplex (EPN) with higher 

oral bioavailability (∼2.2-fold that of free EDA) has recently 

been developed in our laboratory.20 EPN showed ∼3.5-fold 

higher hydrophilicity than free EDA. Because some for-

mulations with dissolved the drug–phospholipid complex, 

such as hydroxysafflor yellow A–phospholipid oil complex 

and salvianolic acid–phospholipid nanoparticle complex, 

exhibited superior oral bioavailability over the simple drug–

phospholipid complex in our preliminary research,21,22 we 

have since tried to further package an insoluble EPN in a 

WNE nanosystem to achieve added effectiveness.

Although there have been few reports on water-in-oil 

microemulsive systems developed for the oral delivery of 

hydrophilic drugs (such as proteins) to date, this is under-

standable because no water-in-oil nanoemulsive systems have 

yet been developed for oral delivery of hydrophobic drugs 

or hydrophobic drug–phospholipid complexes, either. There-

fore, the purpose of this study was to assess the improved 

absorption and in vivo kinetic characteristics of a novel 

WNE containing evodiamine–phospholipid nanocomplex 

(NEEPN) when administered orally.

Materials and methods
Materials
EDA was provided by Yuancheng Technology  Development 

Co., Ltd., (Wuhan, People’s Republic of China). Soybean 

phospholipid (Lipoid S 75) was purchased from  Phospholipid 

GmbH (Köln, Germany). Ethyl oleate was provided by 

Shanghai Chemical Reagent Co., Ltd.,  (Shanghai, People’s 

Republic of China). Polyethylene glycol 400 (PEG 400) was 

provided by Chengdu Kelong Chemical Co., Ltd., (Chengdu, 

People’s Republic of China). Cremophor EL 35 (CEL 35) 

was purchased from BASF Corporation (Ludwigshafen, 

Germany). All other chemicals and reagents used were of 

analytical or chromatographic grade.

Preparation and characterization  
of NeePN
NEEPN was obtained by titration stirring methods, and EPN 

was obtained by modified solvent evaporation methods as 

described previously.20 Briefly, 312.5 mg EDA was added 

to 250 mL phospholipid ethanol solution, and maintained 

at 60°C for 3 hours while being continuously stirred by a 

magnetic stirrer (Type 85-2; Youyi Instruments Co., Ltd., 

Shanghai, People’s Republic of China). The ethanol was sub-

sequently evaporated to dryness under hypobaric  conditions. 

The residue was further dried under vacuum at 40°C for  

12 hours. After placing the raw product in a desiccation 

chamber for an additional 12 hours, the dried residue 

was crushed in a mortar and sieved with a 100 mesh filter 

(150±6.6 mm). The resulting EPN was stored in a desicca-

tion chamber at ambient temperature until use. To prepare 

NEEPN, EPN was added into a blend of ethyl oleate, CEL 

35 and PEG 400 at a mass ratio of 24:13:10, and maintained 

at 60°C for 6 hours while being magnetically stirred. Subse-

quently, 45 mL of oil phase (mixture containing EPN, ethyl 

oleate, CEL 35 and PEG 400) was cooled to 30°C under 

continuous stirring and added dropwise into 5 mL aliquots 

of distilled water. The resulting mixture was continuously 

stirred until the system became translucent, which indicated 

the formation of NEEPN. A conventional water-in-oil nano-

emulsive system containing EDA (CNE) was prepared in a 

similar way to NEEPN; however, EDA instead of EPN was 

added to produce CNE.

Diluted NEEPN was prepared by diluting 4 mL of 

NEEPN with 16 mL of ethyl oleate. The conductivity of 
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NEEPN and its 4:1 dilution were determined at 25°C by 

an electric conductivity analyzer (DDB-303A; Shanghai 

Precision and Scientific Instrument Co, Ltd, Shanghai, 

People’s Republic of China). The size and zeta potential 

of neat and diluted NEEPN were determined at 25°C by 

dynamic light  scattering (Zetasizer Nano ZS90; Malvern 

Instruments, Malvern, UK). Our studies were performed 

at a refractive index of 1.45, because the refractive index 

for all formulations being studied is approximately this 

value.

NeePN absorption in stomach  
and intestine
Animal studies were performed in accordance with the 

protocol approved by the Laboratory Animal Committee, 

Chongqing Medical University. Male Sprague Dawley rats 

weighing 230±20 g were all specific pathogen free animals. 

They were obtained from the Animal Center of Chongqing 

Medical University (Chongqing, People’s Republic of China). 

During the experimental period, all animals were raised under 

controlled conditions, and fasted no less than 12 hours before 

drug administration.

Previously described in situ gastrointestinal perfusion 

techniques were applied to investigate NEEPN absorption 

in rats.18,23,24 Parenteral anesthesia (3.5% chloral hydrate) 

was administered to rats at a dose of 560 mg/kg via intrap-

eritoneal injection. In a gastric absorption test, the pylorus 

and cardia of each rat were cannulated with flexible tub-

ing. The stomach was then rinsed with artificial gastric 

juice. Subsequently, the stomach was perfused with 4 mL 

of NEEPN (at the concentration of 400 mg/mL of EDA), 

which remained in situ for 2 hours before it was removed. 

After the perfusion solution was removed, the stomach was 

rinsed with artificial gastric juice, and the rinsing solution 

was mixed with the perfusion. The blend of perfusion and 

rinsing solution was further mixed with a blend of metha-

nol and acetone at a volume ratio of 3:2, vortexed for 2 

minutes, and centrifuged at 12,000 rpm for 10 minutes. 

The resulting supernatant was then available for further 

high performance liquid chromatography (HPLC) analysis. 

The Elite Hypersil ODS2 C18 HPLC column (Dilian Elite 

Analytical Instrument Co., Ltd., Dalian, People’s Republic 

of China; 4.6 mm × 250 mm, 5 µm) was run at a flow rate 

of 1 mL of mobile phase (a mixture of distilled water and 

methanol at a volume ratio of 25:75) per minute. Effluent 

was measured at 225 nm. The linearity, precision, and 

accuracy of the described HPLC method met experimental 

requirements (data not shown).

In the intestinal absorption test, four intestinal segments 

of each anesthetized rat were selected, and one end of the 

chosen enteric sections (each section 10 cm long) was can-

nulated with flexible tubing. The start points for cannulation 

(1 cm distal to the pyloric sphincter, 15 cm distal to the 

pyloric sphincter, 20 cm proximal to the cecum, and 1 cm 

distal to the cecum) were located in the duodenal, jejunal, 

ileal, and colonic segments, respectively. These intestinal 

sections were rinsed with physiological saline after being 

attached to the perfusion assembly, which consisted of a 

BT100-1L peristaltic pump (Baoding Longer Precision Pump 

Co, Ltd, Baoding, People’s Republic of China). The sections 

were then equilibrated with Kerbs-Rings solution (Sigma-

Aldrich)18 at a flow rate of 0.4 mL/minute for 15 minutes. 

Each intestinal segment was perfused with 15 mL of NEEPN  

(at the concentration of 400 mg/mL of EDA) for 1 hour. The 

flow rate of perfusion solution was 0.2 mL/minute. After 

1 hour, each intestinal segment was rinsed with Krebs Ringer 

solution (Sigma-Aldrich), and the rinsing solution was mixed 

with the reserved perfusion. The resulting mixture was pro-

cessed and analyzed by using the HPLC method described 

previously in this section.

The absorption parameters of NEEPN in the gastrointes-

tinal tract, such as absorption rate constant (K
a
), absorption 

percentages (PA), and effective permeability (P
eff

), can be 

calculated in accordance with the following formulas:

 K
a
 = (X

0
 - X

t
)/C

0
 tπr2l, (1)

 PA (%) = (X
0
 - X

t
)/X

0
 × 100%, and (2)

 P
eff

 = R × ln (X
in
/X

out
)/2πrl, (3)

where X
0
 and X

t
 are the EDA amount in perfusate at 0 hours 

and t hours; C
0
 was the EDA concentration in perfusate at 0 

hours, t hours; X
in
 and X

out
 are the EDA amounts in inlet and 

outlet perfusate; R is the perfusion flow rate; t is the perfusion 

time; and r and l are the radius and length of the perfused 

intestinal segment, respectively.18,23,24

In vivo kinetic characteristics of NeePN
These animal studies were also performed in accordance 

with the protocol approved by the Laboratory Animal 

 Committee, Chongqing Medical University (as in the 

“NEEPN absorption in stomach and intestine” section). Rats 

were fasted at least 12 hours before drug administration. 

Each male rat was orally administered NEEPN at a dose 

of 100 mg/kg. Ophthalmic venous blood samples were col-

lected under ether anesthesia and centrifuged at 3,000 rpm  
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NEEPN consists of distilled water (water phase), ethyl oleate

(oil phase), CEL 35 (emulsifier), PEG 400 (coemulsifier), 

EPN (EDA-phospholipid nanocomplex, a drug–phospholipid complex).

CNE consists of distilled water (water phase), ethyl oleate

(oil phase), CEL 35 (emulsifier), PEG 400 (coemulsifier), 

EDA (drug).

Emulsifier and coemulsifier
Emulsifier and coemulsifier

EDA–phospholipid nanocomplex

EDA

Water
Water

EDA

Oil

A B

Oil

CNE

EDA

NEEPN

Figure 1 schematic diagram and the visual appearance of NeePN.
Notes: Visual appearance of NeePN (A) in comparison with cNe (B).
Abbreviations: NeePN, a water-in-oil nanoemulsive system embedding an evodiamine–phospholipid nanocomplex; cNe, a conventional water-in-oil nanoemulsive system; 
eDa, evodiamine; cel 35, cremophor el 35; Peg 400, polyethylene glycol 400.
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for 10 minutes immediately after collection. EDA concen-

trations in the plasma samples were determined according 

to the HPLC method of Tan et al.20 Honokiol was chosen as 

the internal standard material. Some experimental data, such 

as the peak concentration (C
max

) and peak time (T
max

), were 

directly recorded. Primary in vivo kinetic  parameters, such 

as the area under the concentration–time curve (AUC), mean 

residence time (MRT) and clearance (Cl) were obtained with 

DAS 2.0 statistical software (Drug and Statistics, Math-

ematical Pharmacology Professional Committee of China, 

Shanghai, People’s Republic of China). Bioequivalence of 

NEEPN and EDA (or CNE) was also assessed by running 

DAS software. Relative bioavailability (RBA) was deter-

mined by comparing AUC values after oral administration 

of equal doses of NEEPN and free EDA (or CNE).

statistical analysis
All data are shown as mean ± standard deviation unless oth-

erwise described. Comparisons between paired groups were 

performed by using Student’s paired t-test. Statistical signifi-

cance was established at probability value (P-value) 0.05. 

The P-values of the t-tests were used to compare measure-

ments obtained from reference and experimental methods, 

establishing statistical differences at a confidence interval 

of 95%. In vivo kinetic and bioequivalence analyses were 

conducted using DAS statistical software.

Results and discussion
Design illustration and visual NeePN
A detailed description of the appealing features of EPNs has 

been previously reported by our research group.20 Briefly, 

EPNs show enhanced water solubility (∼3.5-fold) and 

oral bioavailability (∼2.2-fold) compared with free EDA. 

 Differential scanning calorimetry, ultraviolet spectroscopy, 

Fourier transformed infrared spectroscopy, proton nuclear 

magnetic resonance spectroscopy, and matrix-assisted laser 

desorption/ionization time-of-flight spectroscopy indicate that 

EPN is formed by combining EDA and phospholipid through 

noncovalent bonding. As shown in Figure 1, NEEPN poten-

tially consists of distilled water (water phase), ethyl oleate 

(oil phase), and interface components (CEL 35, PEG 400 

and EPN).20 CEL 35, which is amphipathic, has a hydrophilic 

head and a hydrophobic tail. CEL 35 is a common excipient 

for injectable and oral use. The manufacturer’s material safety 

data sheet, describes CEL 35 as a low toxicity substance.

In this research, CEL 35 was used as an emulsifier of 

NEEPN. PEG 400 is soluble not only in water, but also in 

ethyl oleate. PEG 400 therefore acted as a coemulsifier. Simi-

lar to CEL 35, EPN has both hydrophilic and hydrophobic 

groups. This suggests that in the NEEPN system, EPN might 

exist in a similar way to CEL 35. The high volume ratio of 

oil to water phase (9:1) facilitated formation of stable WNEs. 

The NEEPN system appeared as a translucent, light yellow 

color. When NEEPN was diluted with four or nine times the 

volume of ethyl oleate (oil phase), it remained translucent 

and in one layer, which further suggests NEEPN is a WNE. 

There was no significant difference between NEEPN and 

CNE in appearance and color. NEEPN was stored at 4°C 

until use. No obvious changes in appearance and conduc-

tivity were observed when NEEPN was maintained at 4°C 

for 30 days (data not shown). The parameters (such as the 

appearance, color and conductivity) were evaluated to 

determine the stability of the formulation. The translucent 

NEEPN system was light yellow all the time. No obvious 
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Table 1 The conductivity of NeePN and other eDa formulations

Formulation Conductivity (µs/cm)

Before dilution After dilution

Free eDa in water 759.33±8.50
Free eDa in ethyl oleate 0.37±0.07
cNe without eDa 12.18±0.31 0.23±0.05
cNe 12.98±0.39 0.23±0.05
NeePN without eDa 16.26±0.53 0.11±0.02
NeePN 16.22±0.27 0.17±0.05

Notes: a dilution consisted of one part formulation and four parts ethyl oleate. 
Data presented as mean ± standard deviation (n=3).
Abbreviations: NeePN, a water-in-oil nanoemulsive system embedding an 
evodiamine–phospholipid nanocomplex; eDa, evodiamine; cNe, a conventional 
water-in-oil nanoemulsive system.
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changes were observed when NEEPN was placed at 4°C 

for 30 days.

As seen in Table 1, the conductivity of NEEPN was much 

higher than that of free EDA in ethyl oleate (oil phase) and 

slightly higher than that of CNE. However, after dilution 

as described in the “Preparation and characterization of 

NEEPN” section, the conductivity of NEEPN decreased to 

less than half that of CNE. The difference between the con-

ductivities of NEEPN and other EDA formulations indicates 

the evolving properties of EDA.

NEEPN was diluted with ethyl oleate prior to  determining 

its properties for two reasons: 1) NEEPN is a water-in-

oil nanoemulsive system embedding an evodiamine– 

phospholipid nanocomplex. The external phase is an oil 

phase, ie, ethyl oleate; 2) When NEEPN (which appears as 

a translucent, light yellow color) was mixed with four times 

the volume of ethyl oleate (oil phase), the mixture remained 

translucent; when NEEPN was mixed with four times the 

volume of water (water phase), the mixture soon became 

very turbid and white.

When the sample cell made of quartz (Malvern 

 Instruments) was used to measure the mean size and zeta 

potential of the NEEPN dilution (4:1), values were 554.1 

nm and 8.16 mV, respectively; when the control sample cell 

made of general purpose polystyrene (Malvern Instruments) 

was used, the mean size and zeta potential of NEEPN were 

2,789 nm and 26.3 mV, respectively. The reason why the 

determined size values of the translucent NEEPNs were so 

high was not clear. In context, there has been no report on 

the size diameter of a water-in-oil nanoemulsive system 

used for oral delivery of hydrophobic drug to date, because 

no water-in-oil nanoemulsive system has been developed 

for oral delivery of hydrophobic drugs as yet. To the best 

of our knowledge, few research papers describing WNEs 

have been  published; among them, two research papers 

describe WNE particle size determination. One report 

describes the size of a water-in-oil nanoemulsive system 

used for intravesical delivery of a hydrophobic drug (cis-

platin);11 the range of the mean size was 30–90 nm. The 

mean vesicle size of the nanoemulsions were measured by 

photon correlation spectroscopy (Nano ZS® 90; Malvern 

Instruments) using a helium-neon laser with a wavelength 

of 633 nm. The formulations were diluted five-fold with 

soybean oil (oil phase of  formulation) before measure-

ment. A second report described the droplet diameter of 

a water-in-oil nanoemulsive system used for transdermal 

delivery of another hydrophobic drug (caffeine);12 the mean 

droplet size of caffeine nanoemulsions was found to be in 

the range of 20.14–105.25 nm. Droplet size distribution 

of the nanoemulsion was determined by photon correla-

tion spectroscopy using a Zetasizer 1,000 HS (Malvern 

Instruments).

NeePN absorption in stomach  
and intestine
NEEPN displayed better absorption by the entire gastro-

intestinal tract, compared to free EDA. The comparison of 

determined K
a
, P

eff
, and PA values between different portions 

of the gastrointestinal tract (ie, duodenum, jejunum, ileum, 

and colon), and comparison of those values in different EDA 

formulations (ie, NEEPN, CNE, and free EDA) are presented 

in Figures 2 and 3, respectively.

Absorption of free EDA occurred in the stomach at a 

very low level (PA was less than 5%). There was as much 

as a 1.5-fold (or two-fold) increase in gastric absorption for 

EDA in NEEPN (or CNE) nanosystems.

Recently, intestinal absorption has been recognized as 

a critical factor affecting the bioavailability of oral drugs.25 

Unsurprisingly, in our study the intestine was mainly respon-

sible for absorbing EDA. The intestinal absorption of EDA 

was clearly increased by loading EDA into NEEPN or CNE 

nanosystems. Furthermore, sites where maximum PA of EDA 

occurred also changed: among the four intestinal segments, 

the maximum absorption of free EDA occurred in the duo-

denum, while for NEEPN, in the jejunum; and for CNE, in 

the ileum. It should be noted that these differences were not 

statistically significant. For example, for free EDA, absorp-

tion in the duodenum was not statistically different from the 

jejunum, ileum, or colon. Similar statements could be made 

about the data for NEEPN and CNE. However, NEEPN had 

significantly higher K
a
 (or P

eff
) values than free EDA in every 

corresponding intestinal section. For ease of comparison, the 

K
a
 (or P

eff
) value of free EDA in the duodenum was set to 
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Figure 2 The determined (A) Ka, (C) Peff, and (E) Pa values comparison between different portions of the gastrointestinal tract. The calculated (B) Ka percentages, (D) Peff 
percentages, and (F) Pa percentages of NeePN, cNe and free eDa, compared with that of eDa in the duodenum, respectively.
Notes: Data presented as mean ± standard deviation (n=6). **P0.01.
Abbreviations: NeePN, a water-in-oil nanoemulsive system embedding an evodiamine–phospholipid nanocomplex; cNe, a conventional water-in-oil nanoemulsive system; 
eDa, evodiamine; Ka, absorption rate constant; Pa, absorption percentage; Peff, effective permeability; s, second.

Figure 3 The determined (A) Ka, (C) Peff, and (E) Pa values comparison among NeePN, cNe, and free eDa. The calculated (B) Ka percentages, (D) Peff percentages, and 
(F) Pa percentages of NeePN, cNe and free eDa, compared with that of eDa in the duodenum, respectively.
Notes: Data presented as mean ± standard deviation (n=6). *P0.05; **P0.01.
Abbreviations: NeePN, a water-in-oil nanoemulsive system embedding an evodiamine–phospholipid nanocomplex; cNe, a conventional water-in-oil nanoemulsive system; 
eDa, evodiamine; Ka, absorption rate constant; Pa, absorption percentage; Peff, effective permeability; s, second.
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100%; the mean K
a
 (or P

eff
) values of NEEPN in the duode-

num, jejunum, ileum, and colon were found to increase by 

285.71% (or 624.22%), 297.42% (or 443.17%), 278.69% 

(or 474.10%), and 262.30% (or 863.79%), respectively. 

In  previous research,20 mean K
a
 (or P

eff
) values of EPN 

increased by 231.62% (or 252.29%) in one intestinal seg-

ment  (including duodenum, jejunum, and ileum). Clearly, 

there was no statistical difference in the absorption rates 

of NEEPN between intestinal segments, while there were 

significant differences between the effective permeabilities 

of NEEPN in different intestinal segments. The superiority of 

effective  permeabilities of NEEPN in colonic segments was 

notable. The K
a
 (or P

eff
) values of CNE were also superior to 

those of free EDA to a slightly lesser extent in the duodenum 

and jejunum; to a slightly higher extent in the ileum; and to 

a much lesser extent in the colon.

The possible causes for superior absorption of NEEPN 

are: 1) solubilization of EDA by complexing with amphiphilic 

phospholipid and embedding into the nanoemulsion system; 

2) high dispersibility of EDA in the phospholipid nanocom-

plex and nanoemulsive  system; 3) protection from enzymatic 

oxidation (EDA is the substrate of the CYP3A enzyme);26 

4) prevention of permeability glycoprotein (Pgp)-mediated 

EDA efflux (water-insoluble EDA is a Pgp substrate) by 

embedding EDA into the nanoemulsive system containing 

constituents such as surfactants and oil phase, which can 

act as Pgp/CYP450 inhibitors; 5) surfactant-induced or 

phospholipid-induced membrane fluidity and thus perme-

ability improvement; and 6) the occurrence of intestinal 

lymphatic transport for drug–phospholipid nanocomplexes 

and nanoemulsion systems.18,27 The reason for the notable 

superiority of NEEPN absorption in the colon was unclear; 

however, lymphatic transport might provide an explanation 

due to the high amounts of lymph fluid in the colon.

In vivo kinetic characteristics of NeePN
The typically high performance of lipid chromatograms is 

presented in Figure 4. A suitable HPLC method to determine 
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Figure 5 In vivo kinetic profiles (ie, plasma concentration–time curves) of NEEPN and other EDA formulations after oral administration at equal EDA doses of 100 mg/kg, 
from 0 to 72 hours, and from 0 to 3 hours (inset). 
Note: Data presented as mean ± standard deviation (n=6).
Abbreviations: NeePN, a water-in-oil nanoemulsive system embedding an evodiamine–phospholipid nanocomplex; cNe, a conventional water-in-oil nanoemulsive system; 
eDa, evodiamine; h, hours.
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the plasma EDA concentrations has been described in detail 

in the literature.20 It was not clear what exactly eluted at 

10 minutes in Figure 4C, but because similar peaks appeared 

at 9.2 minutes and 9.4 minutes in the blank plasma obtained 

from control rats (Figure 4A) and the blank plasma spiked 

with EDA and internal standard honokiol (Figure 4B), 

respectively, the peak at 10 minutes in Figure 4C might be the 

background signal produced by the processed blank plasma. 

The in vivo kinetic curves of NEEPN, CNE, and free EDA 

(at equal doses of 100 mg/kg of EDA given orally to rats) 

are depicted in Figure 5. After administration with NEEPN 

or CNE, EDA concentrations showed two peaks: one peak 

was at 0.5 hours and the other peak was at 1 hour. Peak EDA 

concentrations of CNE were higher than that of NEEPN at the 

Table 2 Bioequivalence evaluation of NeePN and other eDa formulations after oral administration at the same eDa dose of 100 mg/kg

Formulation 1  
and 2

Parameter Calculated 90%  
confidence interval

Calculated  
P-value

Bioequivalence 
standard

Bioequivalence

NeePN 
and eDa

aUc 2,083.5%–3,005.5% – 80%–125% No

cmax 32.5%–62.5% – 70%–143% No
Tmax – 0.05 0.05 No

Total bioequivalence 
evaluation

– – – No

NeePN 
and cNe

aUc 107.2%–171.1% – 80%–125% No

cmax 156.0%–262.6% – 70%–143% No
Tmax – 0.05 0.05 Yes

Total bioequivalence 
evaluation

– – – No

cNe 
and eDa

aUc 1,319.6%–2,338.8% – 80%–125% No

cmax 7.7%–37.6% – 70%–143% No
Tmax – 0.05 0.05 No

Total bioequivalence 
evaluation

– – – No

Notes: Data presented as mean ± standard deviation (n=6). – denotes no data or calculations available.
Abbreviations: NeePN, a water-in-oil nanoemulsive system embedding an evodiamine–phospholipid nanocomplex; eDa, evodiamine; cNe, a conventional water-in-oil 
nanoemulsive system; aUc, area under the concentration–time curve; cmax, peak concentration; Tmax, peak time.
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corresponding time points, within 2 hours of administration. 

Two hours after administration, the EDA concentrations of 

NEEPN were much higher than those of CNE and free EDA 

until 48 hours had elapsed since administration (the last time 

point when EDA was detectable). Compartmental analysis 

showed that the EDA concentration–time courses of NEEPN 

and free EDA could be described by a two-compartment 

model and a one-compartment model, respectively. In other 

words, when a rat was given NEEPN, the plasma EDA was 

considered to be distributed into some organs (with a better 

blood supply) more rapidly and into other organs (with a 

lower blood flow) more slowly; when a rat was given free 

EDA, EDA moved rapidly from blood plasma into other body 

fluids and tissues.

The comparison of the main in vivo kinetic parameters 

of NEEPN, CNE, and free EDA are presented in Figure 6. 

Compared with free EDA, the mean AUC, MRT, C
max

, T
max

, 

and Cl values of NEEPN (or CNE) increased to 630.35% 

(or 389.14%) for AUC, 344.35% (or 319.18%) for MRT, 

371.53% (or 691.65%) for C
max

, or decreased to 38.25% 

(or 46.08%) for T
max

, and 24.99% (or 31.27%) for Cl, 

 respectively. By comparing AUC values, the RBA of NEEPN 

to free EDA was calculated to be 630.35%, while the RBA 

of NEEPN to CNE was 161.99%. The RBA of EPN to 

free EDA has previously been reported as 218.82%.20 As 

has been proven,20 bioequivalence of two formulations is 

acceptable only when their 90% confidence intervals of AUC 

and C
max

 are within the acceptable bioequivalence range of 

0.80–1.25 limits and 0.70–1.43 limits, respectively, and their 

T
max

  values are not significantly different (P0.05) when 

using the Wilcoxon rank sum test. As shown in Table 2, 

paired EDA delivery systems, ie, NEEPN and CNE, NEEPN 

and free EDA, CNE and free EDA, were not bioequivalent. 

NEEPN had the highest bioavailability. MRT represented 

the average time an EDA molecule stayed in a rat, and the 

Cl value was a measurement of the renal excretion ability. 

We suggest that NEEPN, with its longer MRT and lower Cl 

values, has prolonged drug action compared to free EDA 

and CNE. It should be noted that the differences observed 

between NEEPN and CNE for both MRT and Cl are not sta-

tistically significant. Oral delivery remains the most preferred 

and common route of medication administration. NEEPN 

is capable of efficient oral delivery of EDA. Compared to 

free EDA and CNE, NEEPN with its higher bioavailability 

clearly indicates better therapy efficacy, shorter treatment 

duration, as well as less undesirable adverse effects. The 

markedly superior bioavailability of NEEPN was most likely 

due to enhanced gastrointestinal absorption (mainly due to 

Table 2 Bioequivalence evaluation of NeePN and other eDa formulations after oral administration at the same eDa dose of 100 mg/kg

Formulation 1  
and 2

Parameter Calculated 90%  
confidence interval

Calculated  
P-value

Bioequivalence 
standard

Bioequivalence

NeePN 
and eDa

aUc 2,083.5%–3,005.5% – 80%–125% No

cmax 32.5%–62.5% – 70%–143% No
Tmax – 0.05 0.05 No

Total bioequivalence 
evaluation

– – – No

NeePN 
and cNe

aUc 107.2%–171.1% – 80%–125% No

cmax 156.0%–262.6% – 70%–143% No
Tmax – 0.05 0.05 Yes

Total bioequivalence 
evaluation

– – – No

cNe 
and eDa

aUc 1,319.6%–2,338.8% – 80%–125% No

cmax 7.7%–37.6% – 70%–143% No
Tmax – 0.05 0.05 No

Total bioequivalence 
evaluation

– – – No

Notes: Data presented as mean ± standard deviation (n=6). – denotes no data or calculations available.
Abbreviations: NeePN, a water-in-oil nanoemulsive system embedding an evodiamine–phospholipid nanocomplex; eDa, evodiamine; cNe, a conventional water-in-oil 
nanoemulsive system; aUc, area under the concentration–time curve; cmax, peak concentration; Tmax, peak time.

the improved colonic absorption) and decreased clearance 

from systemic circulation in vivo.

Conclusion
This study assessed the in vivo absorption and kinetic 

characteristics of an orally administered nanoemulsion 

containing EPN. Our study indicated that NEEPN has 

remarkably enhanced in vivo kinetic characteristics and 

facilitates improved absorption of EDA. Our study also 

confirmed that NEEPN had the highest bioavailability 

compared to free EDA and CNEs, which was most likely 

due to increased colonic absorption. NEEPNs are there-

fore promising carriers for oral delivery of EDA as they 

exhibited improved bioavailability, increased efficacy and 

reduced adverse effects. Moreover, because no WNEs have 

been developed for oral delivery of hydrophobic drugs (free 

drugs, or drug–phospholipid nanocomplexes) to date, this 

study might suggest clinical applications for NEEPN.
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