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Background: Akebia saponin D (ASD) exerts various pharmacological activities but with poor oral 

bioavailability. In this study, a self-nanoemulsifying drug delivery system (SNEDDS) based on the 

drug–phospholipid complex technique was developed to improve the oral absorption of ASD.

Methods: ASD–phospholipid complex (APC) was prepared using a solvent-evaporation method 

and characterized by infrared spectroscopy, differential scanning calorimetry, morphology 

observation, and solubility test. Oil and cosurfactant were selected according to their ability to 

dissolve APC, while surfactant was chosen based on its emulsification efficiency in SNEDDS. 

Pseudoternary phase diagrams were constructed to determine the optimized APC-SNEDDS 

formulation, which was characterized by droplet size determination, zeta potential determination, 

and morphology observation. Robustness to dilution and thermodynamic stability of optimized 

formulation were also evaluated. Subsequently, pharmacokinetic parameters and oral bioavail-

ability of ASD, APC, and APC-SNEDDS were investigated in rats.

Results: The liposolubility significantly increased 11.4-fold after formation of APC, which 

was verified by the solubility test in n-octanol. Peceol (Glyceryl monooleate [type 40]), 

Cremophor® EL (Polyoxyl 35 castor oil), and Transcutol HP (Diethylene glycol monoethyl ether) 

were selected as oil, surfactant, and cosurfactant, respectively. The optimal formulation was 

composed of Glyceryl monooleate (type 40), Polyoxyl 35 castor oil, Diethylene glycol monoethyl 

ether, and APC (1:4.5:4.5:1.74, w/w/w/w), which showed a particle size of 148.0±2.7 nm and 

a zeta potential of -13.7±0.92 mV after dilution with distilled water at a ratio of 1:100 (w/w) 

and good colloidal stability. Pharmacokinetic studies showed that APC-SNEDDS exhibited a 

significantly greater C
max

1 (733.4±203.8 ng/mL) than ASD (437.2±174.2 ng/mL), and a greater 

C
max

2 (985.8±366.6 ng/mL) than ASD (180.5±75.1 ng/mL) and APC (549.7±113.5 ng/mL). 

Compared with ASD, T
max

1 and T
max

2 were both remarkably shortened by APC-SNEDDS. 

The oral bioavailability in rats was enhanced significantly to 183.8% and 431.8% by APC and 

APC-SNEDDS, respectively.

Conclusion: These results indicated that APC-SNEDDS was a promising drug delivery system 

to enhance the oral bioavailability of ASD.

Keywords: Akebia saponin D, phospholipid complex, self-nanoemulsifying drug delivery 

systems, oral bioavailability

Introduction
Akebia saponin D (ASD; Figure 1) is a triterpenoid saponin isolated from the rhizome 

of Dipsacus asper Wall. It has been reported to possess anti-osteoporotic, hepatopro-

tective, neuroprotective, and cardioprotective effects.1–4

However, ASD is poorly absorbed when administrated orally. The oral bioavailability 

of ASD in rats is only 0.13%.5 The poor oral absorption of ASD could mainly result from 
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the low intestinal permeability,6 efflux mediated by MRP,6 

metabolism in the intestine,7 excretion from the bile,8 and 

elimination in the liver. Therefore, it is necessary to develop 

a dosage form to overcome these absorbing barriers.

Some oral drug delivery systems have been employed to 

improve oral absorption of hydrophilic saponins, including 

water-in-oil (W/O) microemulsion9 and oils.10,11 It seemed 

that a W/O microemulsion was suitable for ASD. However, 

phase inversion happened frequently in vivo when the W/O 

microemulsion formulation was diluted with gastrointestinal 

fluid, leading to the leakage of compounds into the aqueous 

media and loss of absorption enhancement.12 In oils, some 

hydrophobic esters and their hydrolysis products by pancre-

atic lipase could significantly promote intestinal absorption 

of poorly absorbed drugs.10,11,13 Nevertheless, emulsions 

would form when these hydrophobic esters are diluted with 

gastrointestinal fluid, leading to a longer release time and a 

delayed absorption of drugs in vivo,10,11 which is undesired 

for any drug.

Until now, some phytochemicals have been loaded 

into oral nanoparticles to improve their aqueous solubility, 

permeation, stability, circulation time, target specificity, 

and bioavailability.14,15 The common biodegradable and 

biocompatible nanoparticles include nanoemulsions, 

nanoliposomes, micelles, lipid nanocarriers, and poly(lactic- 

co-glycolic acid) nanoparticles.16–20 Self-nanoemulsifying 

drug delivery system (SNEDDS) is an anhydrous homog-

enous liquid mixture consisting of oil, surfactant, cosur-

factant, and drug, which spontaneously forms oil-in-water 

nanoemulsion of ,200 nm in size upon dilution with water 

under gentle stirring.21 SNEDDS improves drug delivery by 

improving permeability or transport of poorly permeable 

drugs, attenuating the activity of intestinal efflux transport-

ers, preventing degradation of drugs in physiological milieu, 

and facilitating absorption of drugs via intestinal lymphatic 

pathway.21 Due to these advantages, SNEDDS was applied 

to improve oral absorption of ASD in this study.

Until now, some pharmaceutical excipients, which are com-

monly used in pharmaceutical formulations, have been identi-

fied as potential inhibitors of MRP. For example, Cremophor® 

RH 40 (Polyoxyl 40 hydrogenated castor oil) and Cremophor® 

EL (Polyoxyl 35 castor oil) have been proved to possess inhibi-

tory effects on MRP.22 Polyoxyl 40 hydrogenated castor oil 

and Polyoxyl 35 castor oil are nonionic surfactants which are 

considered as less toxic than other types of surfactants and less 

influenced by ionic strength and pH change. Therefore, these 

two excipients were considered for incorporation in SNEDDS 

to increase the intestinal absorption of ASD.

SNEDDS has been widely employed as a delivery sys-

tem for poorly water-soluble drugs.23–26 As a hydrophilic 

compound, ASD cannot be directly entrapped into SNEDDS 

without any change. Previously, a phospholipid-based 

strategy was established to develop SNEDDS for several 

hydrophilic drugs (matrine and insulin), in which phospho-

lipid complexes were formulated to significantly enhance the 

liposolubility of water-soluble drugs and drastically facilitate 

their incorporation into SNEDDS.12,27 Oral absorption of 

matrine and insulin was significantly improved by this spe-

cial formulation. In this study, a phospholipid complex was 

employed to improve the liposolubility of ASD and facilitate 

the incorporation of ASD into SNEDDS.

Therefore, the objective of the present study was to 

develop a novel SNEDDS based on the phospholipid com-

plex technique to enhance the oral bioavailability of ASD. 

Hopefully, this study could provide not only a promising 

oral formulation of ASD for its clinical application but also 

references for further study of other hydrophilic saponins.

Materials and methods
Materials
ASD (95.23%, high-performance liquid chromatography 

purity) was a pilot product prepared by our laboratory. Its 

purity was calibrated by the standard substance purchased 

from the National Institutes for Food and Drug Control 

(Beijing, People’s Republic of China). Phospholipid (91.4% 

phosphatidylcholine) was purchased from Beijing Yuan 

Hua Mei Lecithin Sci-Tech Co., Ltd. (Beijing, People’s 

Republic of China). Labrafac Lipophile WL 1349, Labra-

fil M 1944 CS, Peceol (Glyceryl monooleate [type 40]), 

Maisine 35-1, Capryol 90, and Transcutol HP (Diethylene 

glycol monoethyl ether) were kindly supplied by Gattefossé 

(Saint-Priest Cedex, France). Olive oil, oleic acid, ethyl 

oleate, polyethylene glycol 400, and 1,2-propanediol were 

purchased from Nanjing Chemical Reagent Co., LTD. (Nan-

jing, People’s Republic of China). Polyoxyl 40 hydrogenated 

castor oil and Polyoxyl 35 castor oil were donated by BASF 

Figure 1 The structure of asD.
Abbreviation: asD, akebia saponin D.
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(Ludwigshafen, Germany). Diazepam (purity $98%) was 

purchased from Aladdin Industrial Corporation (Shanghai, 

People’s Republic of China). All the other chemicals were 

of analytical or chromatography grade.

Preparation of asD–phospholipid complex
The ASD–phospholipid complex (APC) was prepared with 

ASD and phospholipids at a molar ratio of 1:3. Weighed 

amount of ASD (0.6500 g) and phospholipids (1.5750 g) 

was put in a 100 mL conical flask, and 50 mL of ethanol 

was added. The mixture was stirred with a magnetic agitator 

(Wanfeng Instrument Co., Ltd., Jintan, People’s Republic 

of China) at 50°C for 2 hours. The resultant clear solution 

was concentrated to dry under nitrogen at room temperature. 

Later, the residue was dried under vacuum for 36 hours to 

obtain APC, and APC was transferred into a desiccator and 

stored at room temperature.

characterization of aPc
The interactions between ASD and phospholipids were 

studied using Fourier transform infrared (FT-IR) spectros-

copy and differential scanning calorimetry (DSC). The FT-IR 

spectra of ASD, phospholipid, APC, and physical mixture 

of ASD and phospholipids were recorded in the range of 

4,000–400 cm-1 with a resolution of 4 cm-1 using a Bruker 

tensor 27 FT-IR spectrometer (Bruker Corporation, Billerica, 

MA, USA). DSC analyses were carried out on a Netzsch DSC 

204 F1 phoenix differential scanning calorimeter (Netzsch, 

Selb, Germany). The samples were heated from 40°C to 

350°C at a heating rate of 10°C/min under a nitrogen purge 

gas flow of 20 mL/min.

The morphology and surface characteristics of ASD and 

APC were examined by a Hitachi S-3000N scanning electron 

microscope (Hitachi Ltd., Tokyo, Japan) at an accelerated 

voltage of 20 kV.

Determination of asD content in aPc
The content of ASD in APC was determined by HPLC method. 

The analysis was performed on an Agilent 1260 HPLC sys-

tem equipped with an ODS-C18 column (150×4.6 mm, 5 μm) 

(Agilent Technologies, Santa Clara, CA, USA). The mobile 

phase was acetonitrile:water (35:65, v/v) at a flow rate of 

1 mL/min. Column temperature was maintained at 30°C, 

and detection wavelength was set at 212 nm.

solubility studies
Solubility studies in water and n-octanol were conducted 

to verify whether the liposolubility of ASD was improved 

after formation of APC. Briefly, excess amount of ASD, 

APC, and physical mixture of ASD and phospholipids was 

added to 2 mL water or n-octanol in sealed penicillin bottles 

at 37°C, respectively. The samples were shaken for 24 hours 

and then centrifuged at 10,012× g for 10 minutes. Later, 

the supernatants were collected and diluted with methanol. 

The concentration of ASD was assayed by the aforementioned 

HPLC method.

Solubility studies of APC in eight kinds of oils, two types 

of nonionic surfactants, and three types of cosurfactants were 

carried out to optimize proper excipients with maximum 

solubilization, and to obtain optimum drug loading. Briefly, 

an excess amount of APC was introduced into 1 mL of each 

excipient, and the mixtures were kept in sealed penicillin 

bottles. The samples were shaken for 24 hours at 37°C and 

then centrifuged at 10,012× g for 10 minutes. The concen-

tration of ASD in supernatant was determined by the afore-

mentioned HPLC method.

selection of surfactant
The emulsification efficiency was investigated to select the 

proper surfactant between Polyoxyl 40 hydrogenated castor 

oil and Polyoxyl 35 castor oil. At a certain weight of oil 

(Glyceryl monooleate [type 40]), each of the surfactants was 

mixed with selected cosurfactant (Diethylene glycol mono-

ethyl ether) at ratios of 4:1, 3:1, and 2:1. The experimental 

arrangement of formulations is shown in Table 1. Each for-

mulation was dispersed into the distilled water at a ratio of 

1:100 (w/w) with gentle magnetic stirring. The spontaneous 

self-emulsifying properties, appearance, and dispersibility of 

each formulation were visually assessed based on the five 

grading systems28 presented in Table 2.

construction of pseudoternary phase 
diagram
The pseudoternary phase diagram was used to identify the 

self-nanoemulsifying region of the selected system with 

Table 1 experimental arrangement of formulations

Excipient Formulation (%, w/w)

1 2 3 4 5 6

Peceol (glyceryl 
monooleate [type 40])

20 20 20 20 20 20

cremophor® el (Polyoxyl 
35 castor oil)

52 58.5 62.4 – – –

cremophor® rh 40 
(Polyoxyl 40 hydrogenated 
castor oil)

– – – 52 58.5 62.4

Transcutol hP (Diethylene 
glycol monoethyl ether)

26 19.5 15.6 26 19.5 15.6

grade I I I II II II
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different drug loading. On the basis of studies conducted, 

Glyceryl monooleate (type 40), Polyoxyl 35 castor oil, and 

Diethylene glycol monoethyl ether were selected as the oil, 

surfactant, and cosurfactant, respectively. A series of formu-

lations with varying concentrations of Glyceryl monooleate 

(type 40) (0%–20%, w/w), Polyoxyl 35 castor oil (20%–50%, 

w/w), Diethylene glycol monoethyl ether (20%–50%, w/w), 

and APC (0%–15%, w/w) were prepared. Each sample was 

sonicated until clear liquid mixture appeared and then added 

dropwise into distilled water at a ratio of 1:100 (w/w) with 

gentle magnetic stirring. Through investigating the tendency 

to emulsify and observing the dispersibility and appearance, 

it was easy to differentiate between the nanoemulsion and 

the simple emulsion. The self-nanoemulsifying regions were 

plotted on pseudoternary phase diagrams.

characterization of aPc-sNeDDs
The droplet size (number-weighted) and zeta potential of 

APC-SNEDDS diluted with distilled water (1:100, w/w) 

were measured by dynamic light scattering using a BI-90 Plus 

particle size analyzer (Brookhaven Instruments Corporation, 

Holtsville, NY, USA). These parameters were repeatedly 

measured for three times.

The morphology of APC-SNEDDS was observed by a 

Hitachi H-600 transmission electron microscope (Hitachi 

Ltd.). Briefly, APC-SNEDDS was diluted with distilled 

water at a ratio of 1:100 (w/w), and a drop of sample was 

placed on a copper grid. After removal of excess liquid, the 

sample was negatively stained by 2% phosphomolybdic 

acid and then subjected to observation under a transmission 

electron microscope.

aPc-sNeDDs stability analysis
The influences of pH and volume of the diluents on the 

droplet size of APC-SNEDDS were evaluated by diluting 

with deionized water, pH 1.2 simulated gastric fluid (0.1 M 

HCl), and pH 6.8 simulated intestinal fluid (phosphate-

buffered saline) to 50-, 100-, and 1,000-fold, respectively. 

The droplet size was measured using a BI-90 Plus particle 

size analyzer (Brookhaven Instruments Corporation) after 

10 minutes of dilution.

The thermodynamic stability of APC-SNEDDS was 

evaluated using a heating–cooling test at 40°C and -4°C for 

48 hours and six refrigerator cycles. The formulation was 

assessed for the changes in particle size, cracking, creaming, 

and phase separation.

All these experiments were repeated for three times.

Pharmacokinetic studies in rats
The animal studies were approved by the Animal Ethics 

Committee of China Pharmaceutical University (Nanjing, 

People’s Republic of China). Sprague Dawley rats (body 

weight 200–220 g, n=18) were obtained from the Zhejiang 

Animal Breeding Center (Hangzhou, People’s Republic of 

China). All rats were divided randomly into three groups 

(half male and half female in each group) and fasted for 

12 hours but granted free access to water prior to experi-

ment. ASD, APC, and APC-SNEDDS at a dose equivalent 

to 90 mg/kg of ASD were dispersed in distilled water 

and orally administrated to the three groups of rats (n=6), 

respectively.

Blood samples (250 μL) were collected from the eye 

ground veins pre-dose and at the predetermined time points 

(0.167, 0.333, 0.5, 1, 3, 5, 7, 9, 11, 14, 18, 24, 30, and 36 hours 

post-dosing). The plasma samples were collected after 

centrifugation (1,112× g, 10 minutes) and stored at -20°C 

until analysis.

An aliquot of 100 μL rat plasma was mixed with 280 μL 

methanol and 20 μL internal standard (IS; diazepam, 

700 ng/mL). The mixture was vortex-mixed for 5 minutes and 

then centrifuged at 10,012× g for 10 minutes. The supernatant 

(300 μL) was transferred to a centrifuge tube and evaporated 

to dryness. The obtained residue was reconstituted in 150 μL 

methanol, and an aliquot of 8 μL was used for HPLC–tandem 

mass spectrometry (MS/MS) analysis.

The HPLC–MS/MS analysis was carried out on an Agilent 

1260 liquid chromatograph (Agilent Technologies) with an 

Agilent 6420 triple quadrupole mass spectrometer (Agilent 

Technologies) equipped with an electrospray source (model 

G1956B). Chromatographic separation was performed on 

a Hedera ODS-2 column (2.1×150 mm, 5 μm) (Hanbon 

Science and Technology, Huaian, People’s Republic of 

China) with a security Guard-C18 column (4.6×12.5 mm, 

5 μm) (Agilent Technologies). The mobile phase, consisting 

Table 2 Visual assessment of efficiency of self-emulsification

Grade Dispersibility and appearance Time of self-
emulsification 
(minutes)

I rapidly forming nanoemulsion which is clear 
or slightly bluish in appearance

,1

II rapidly forming, slightly less clear emulsion 
which has a bluish white appearance

,2

III Bright white emulsion (similar to milk in 
appearance)

,3

IV Dull, grayish white emulsion with a slight 
oily appearance that is slow to emulsify

.3

V Exhibits poor or minimal emulsification with 
large oil droplets present on the surface

.3
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of methanol–10 mM ammonium acetate buffer solution 

containing 0.05% acetic acid (76:24, v/v), was delivered 

at a flow rate of 0.39 mL/min. The column temperature 

was maintained at 30°C. The electrospray ionization-MS/

MS operation parameters were set as follows: positive ion 

electrospray; drying gas (N
2
) temperature, 350°C; drying gas 

(N
2
) flow rate, 8 L/min; capillary voltage, 4.0 kV; nebulizer 

pressure, 15 psig; fragmentor voltage, 156 V for ASD and 

140 V for the IS; and collision energy, 20 eV for ASD and 

30 eV for the IS. Multiple-reaction monitoring used the tran-

sitions of m/z 946.4→455.3 for ASD and m/z 285.1→192.9 

for the IS.

The pharmacokinetic parameters were analyzed with a 

non-compartmental model (DAS, Version 2.1.1; Chinese 

Pharmacological Association, Shanghai, People’s Republic 

of China). The relative bioavailability (F) was calculated by 

the following equation:

 F (%) = AUC
test

/AUC
ASD

 ×100 (1)

where AUC is the area under the plasma concentration–time 

curve from 0 to 36 hours.

statistical analysis
Statistical analyses were performed using Student’s t-test, 

and a value of P,0.05 was considered to be significantly 

different.

Results
characterization of aPc
The interactions between ASD and phospholipids were 

studied using FT-IR spectroscopy (Figure 2A–D) and DSC 

(Figure 3A–D). There were some differences between the 

ASD FT-IR spectrum (Figure 2A) and APC FT-IR spec-

trum (Figure 2D). The characteristic absorption peak of 

ASD at 3,406.7 cm-1 (for O–H stretch vibration) shifted to 

3,333.2 cm-1 in the spectrum of APC, and the characteristic 

absorption peak of ASD at 2,944.7 cm-1 (for C–H stretch 

vibration) could not be found in the spectrum of APC, 

indicating interactions between ASD and phospholipids. 

Moreover, no new peaks were observed in the spectra of 

APC and physical mixture (Figure 2C).

DSC is a reliable method to explore the possible inter-

actions between drug and excipients.27 In DSC, a possible 

interaction can be concluded by appearance of new peak, 

elimination of endothermic peak, changes in peak shape and 

its onset, melting point, and relative peak area or enthalpy.27 

Thermogram of ASD (Figure 3A) exhibited two endother-

mic peaks with onset temperature at 59.4°C and 198.8°C, 

respectively. The second peak (198.8°C) might have been 

caused by melting of ASD. Thermogram of phospholip-

ids (Figure 3B) showed two endothermic peaks (50.2°C 

and 167.7°C) and one exothermic peak (310.4°C). The 

physical mixture of ASD and phospholipids (Figure 3C) 

showed three endothermic peaks (49°C, 164.8°C, and 

266.6°C) and one exothermic peak (315.4°C). When the 

thermograms of ASD and phospholipids were compared, 

we noted that the endothermic peak (198.8°C) caused by 

melting of ASD was missing, and found a new endothermic 

peak (266.6°C) in the thermogram of mixture. This might 

have been due to the speculation that when temperature 

increased, phospholipids melted and then ASD dissolved 

in the phospholipids partly forming the complex. The 

formation of phospholipid complex changed the melting 

temperature of ASD from 198.8°C to 266.6°C. The ther-

mogram of APC (Figure 3D) was in accordance with the 

thermogram of physical mixture.

The morphologies of ASD and APC under scan-

ning electron microscope are shown in Figure 4. ASD 

(Figure 4A) appeared as an irregular granule with edges 

and corners. APC (Figure 4B) did not show the appear-

ance of ASD but appeared to be spherical with a smooth 

surface.

The content of ASD in the phospholipid complex 

determined by HPLC was 26.8%±0.52%. The value 

was concordant with the reactant ratio of ASD and 

phospholipids.

Figure 2 Infrared spectra.
Notes: (A) asD. (B) Phospholipids. (C) Physical mixture of asD and phospholipids. 
(D) aPc.
Abbreviations: asD, akebia saponin D; aPc, akebia saponin D–phospholipid 
complex.
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solubility studies
The change of liposolubility was studied by the solubility 

tests in water and n-octanol. As shown in Table 3, APC 

exhibited much higher solubility in n-octanol and water com-

pared with ASD and physical mixture. The results indicated 

that the hydrophilicity and liposolubility of ASD were both 

significantly enhanced after the formation of APC.

In order to obtain a large drug loading, solubility stud-

ies in various carriers were carried out. Figure 5A shows 

that Glyceryl monooleate (type 40) had the maximum drug 

solubility (6.53±0.22 mg/mL) among the oils tested. Glyceryl 

monooleate (type 40), a readily dispersible and lymphotropic 

solubilizing agent composed mainly of a mixture of mono- 

and diglycerides of oleic acid, had been used in the self-

emulsifying drug delivery system by other researchers.29,30 

Moreover, Diethylene glycol monoethyl ether showed the 

largest solubility (236.29±21 mg/mL) as compared with the 

other cosurfactants (Figure 5B). Diethylene glycol monoethyl 

ether, a highly purified diethylene glycol monoethyl ether, 

was often employed in the SNEDDS formulation as a co-

emulsifier or solubilizer for actives.31 Therefore, Glyceryl 

monooleate (type 40) and Diethylene glycol monoethyl 

°

°

°
°

°

°

°

°

°
°

°

°
°

°
Figure 3 Dsc thermograms.
Notes: (A) asD. (B) Phospholipids. (C) Physical mixture of asD and phospholipids. (D) aPc.
Abbreviations: Dsc, differential scanning calorimetry; asD, akebia saponin D; aPc, akebia saponin D–phospholipid complex; exo, exothermic.

Figure 4 scanning electron micrographs.
Notes: (A) asD (×500 magnification). (B) aPc (×500 magnification).
Abbreviations: asD, akebia saponin D; aPc, akebia saponin D–phospholipid complex.
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ether were selected as the oil and cosurfactant, respectively. 

Both nonionic surfactants (Polyoxyl 40 hydrogenated cas-

tor oil and Polyoxyl 35 castor oil) had very less solubility 

(,0.6 mg/mL), so further study is needed to select the proper 

surfactant.

selection of surfactant
Emulsification efficiency is more important than the ability 

to solubilize the drug during the selection of surfactants 

for using in an SNEDDS formulation.26 Grade of differ-

ent weight ratios of surfactant/cosurfactant is shown in 

Table 1. The results clearly indicated that Polyoxyl 35 

castor oil was more effective in making a grade I nano-

emulsion, and it was preliminarily chosen as the surfactant 

in the system.

Development of aPc-sNeDDs
The pseudoternary phase diagram was widely used to opti-

mize the formulation during the development of SNEDDS.23,24 

The self-nanoemulsifying regions of the selected SNEDDS 

with varying drug loading (from 0% to 5%) were present on 

the pseudoternary phase diagrams. Through observation, the 

self-nanoemulsifying region was found to decrease when the 

drug loading increased. The droplet size of the SNEDDS 

determined the bioavailability and stability of the formulated 

drugs,32,33 so it was adopted as a key criterion to select the 

proper formulation. Emulsion with a higher zeta potential 

will be more stable,21 so zeta potential was another important 

selection criterion. Table 4 shows that particle size increased 

and zeta potential decreased with the increase in drug loading. 

Although larger drug loading was preferred, the formulation 

with 5% drug loading had the smallest self-nanoemulsifying 

region, lowest zeta potential, and largest particle size, indi-

cating an unstable drug delivery system. To obtain a good 

balance between drug loading and efficient emulsification, 

the formulation composed of Glyceryl monooleate (type 40), 

Polyoxyl 35 castor oil, Diethylene glycol monoethyl ether, 

and APC (1:4.5:4.5:1.74, w/w/w/w) with a drug loading 

of 4% (w/w) was selected as the best one of its kind. The 

pseudoternary phase diagram of the selected SNEDDS is 

shown in Figure 6.

characterization of aPc-sNeDDs
The prepared APC-SNEDDS exhibited a mean particle size 

of 148.0±2.7 nm and a zeta potential of -13.7±0.92 mV as 

shown in Table 4. As shown in Figure 7, APC-SNEDDS 

had a uniform and spherical morphology with a narrow size 

distribution.

aPc-sNeDDs stability
Nanoemulsions, colloidal dispersions of nanosized oil 

droplets in aqueous mediums, are thermodynamically 

unstable and kinetically stable systems.34 It is necessary to 

evaluate their robustness to dilution and thermodynamic 

stability. In this study, APC-SNEDDS showed no significant 

changes of the droplet size in different pH diluents (Table 5). 

Additionally, heating–cooling cycles also had no significant 

Table 3 solubility of asD, physical mixture, and aPc in water and 
n-octanol (n=3)

Sample Solubility in  
water (mg/mL)

Solubility in  
n-octanol (mg/mL)

asD 10.70±0.51 2.38±0.12
Physical mixture 4.36±0.20 2.84±0.36
aPc 20.96±1.21 29.58±1.69

Abbreviations: asD, akebia saponin D; aPc, akebia saponin D–phospholipid complex.

Figure 5 solubility of aPc in various carriers.
Notes: (A) Oils. (B) surfactant and cosurfactant (n=3). Peg 400, Diethylene glycol monoethyl ether, and 1,2-propanediol were tested for surfactant. Polyoxyl 40 hydrogenated 
castor oil and Polyoxyl 35 castor oil were tested for cosurfactant.
Abbreviations: aPc, akebia saponin D–phospholipid complex; Peg 400, polyethylene glycol 400.
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Figure 6 Pseudoternary phase diagram of the sNeDDs formulation composed of 
glyceryl monooleate (type 40), Polyoxyl 35 castor oil, Diethylene glycol monoethyl 
ether, and aPc with a drug loading of 4%.
Abbreviations: sNeDDs, self-nanoemulsifying drug delivery system; aPc, akebia 
saponin D–phospholipid complex.

Figure 7 Transmission electron microscope image of aPc-sNeDDs formulation 
(×12,000 magnification).
Note: The sNeDDs was composed of Peceol (glyceryl monooleate [type 
40]), cremophor® el (Polyoxyl 35 castor oil), Transcutol hP (Diethylene glycol 
monoethyl ether), and aPc with a drug loading of 4%.
Abbreviations: aPc, akebia saponin D–phospholipid complex; sNeDDs, self-
nanoemulsifying drug delivery system.

Table 4 Droplet size, polydispersity index, and zeta potential of sNeDDs formulations with different drug loading after dilution with 
distilled water at a ratio of 1:100

System Drug  
loading (%)

Particle size,  
mean ± SD (nm)a

Percent polydispersity,  
mean ± SD (%)b

Zeta potential,  
mean ± SD (mV)

Peceol (glyceryl monooleate [type 40])/
cremophor® el (Polyoxyl 35 castor oil)/ 
Transcutol hP (Diethylene glycol monoethyl 
ether)/aPc

0 13.6±0.4 3.19 -28.5±1.3

1 38.2±3.2 1.47 -26.2±1.45

2 84.7±1.1 0.576 -22.9±1.21

3 120.6±0.6 0.436 -18.6±0.85

4 148.0±2.7 0.378 -13.7±0.92

5 256.0±3.1 0.273 -4.9±0.57

Notes: areported as number-weighted size. bcalculated by the following equation: (polydispersity/[mean hydrodynamic radius]) ×100%. glyceryl monooleate (type 40)/
Polyoxyl 35 castor oil/Diethylene glycol monoethyl ether =1:4.5:4.5 (w/w/w); n=3.
Abbreviations: sNeDDs, self-nanoemulsifying drug delivery system; sD, standard deviation; aPc, akebia saponin D–phospholipid complex.

effect on the droplet size (Table 5) and physical appearance 

of APC-SNEDDS.

Pharmacokinetic results
The pharmacokinetic data were processed using a 

non-compartmental model. The plasma concentration–time 

curves obtained after oral administration are shown in Figure 8. 

The main pharmacokinetic parameters are listed in Table 6.

Compared with ASD group, T
max

1 was found to be 

significantly shortened from 2.0±1.1 to 0.195±0.068 and 

0.195±0.068 hours for the APC and APC-SNEDDS groups, 

respectively. Meanwhile, C
max

2 significantly increased 

from 180.5±75.1 to 549.7±113.5 and 985.8±366.6 ng/mL 

for the APC and APC-SNEDDS groups, respectively. 

APC-SNEDDS group’s C
max

1 was significantly higher and 

T
max

2 was significantly shorter compared with ASD group. 

The relative bioavailability of APC and APC-SNEDDS 

was 183.8% and 431.8% with ASD group as control group, 

respectively.

Compared with APC group, C
max

1 and C
max

2 of APC- 

SNEDDS group were found to be significantly improved.  

AUC
0–36 h

 increased from 5,551.1±1,357.4 to 13,038.4± 
5,121.7 ng⋅h/mL with statistical difference. The results 

indicated that the oral absorption was further improved by 

the formation of SNEDDS compared with phospholipid 

complex.
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Figure 8 Plasma concentration–time profiles of ASD after oral administration of 
asD, aPc, and aPc-sNeDDs formulation at a dose of 90 mg/kg (mean ± sD, n=6).
Abbreviations: asD, akebia saponin D; aPc, akebia saponin D–phospholipid 
complex; sNeDDs, self-nanoemulsifying drug delivery system; sD, standard deviation.

Figure 9 Proposed schematic diagram of aPc-sNeDDs dissolved in distilled water.
Abbreviations: aPc, akebia saponin D–phospholipid complex; sNeDDs, self-
nanoemulsifying drug delivery system.

Table 5 effects of aqueous phase ph, dilution factor, and heating–
cooling cycles on droplet size of aPc-sNeDDs (mean ± sD, n=3)

Dilution  
factor

Water  
(nm)

pH 1.2  
(nm)

pH 6.8  
(nm)

After heating– 
cooling test

50 150.1±3.8 149.6±3.3 147.1±5.1 –
100 148.0±2.7 148.9±4.5 149.7±4.5 148.3±5.2
1,000 147.3±4.1 151.2±4.7 148.3±4.2 –

Abbreviations: aPc, akebia saponin D–phospholipid complex; sNeDDs, self-
nanoemulsifying drug delivery system; sD, standard deviation.

In conclusion, the oral absorption of ASD was pro-

foundly increased by APC-SNEDDS with an outstanding 

F of 431.8%.

Discussion
Many naturally occurring hydrophilic saponins exert 

various pharmacological effects but with unsatisfied oral 

absorption.35,36 Poor bioavailability has been the major 

challenge in developing hydrophilic saponins as clinically 

useful drugs. In this study, an SNEDDS based on phospho-

lipid complex technique was designed to improve the oral 

bioavailability of ASD.

There were two major obstacles in the development of 

APC-SNEDDS formulation. The first one was to entrap 

hydrophilic ASD into SNEDDS which was widely employed 

for poorly water-soluble drugs.24–26 Previous studies 

demonstrated that phospholipid complexes could improve 

the liposolubility and oral absorption of the hydrophilic 

drug.10,12,27 Thus, APC was prepared, and the liposolubility 

significantly increased 11.4-fold after formation of APC, 

which was verified by the solubility test in n-octanol. Differ-

ent from other studies, the hydrophilicity increased ~0.96-fold 

compared with ASD. This result might have been caused by 

the transformation of polymorphs37 or solubilization by lipo-

some micelles formed by APC after dissolving in water.38 The 

exact mechanism(s) needs to be further studied. In addition, 

different hydrophilic drug-loaded phospholipid complexes 

had different lipid solubility,10,27 so it was difficult to select 

appropriate absorption-enhancing oils which could dissolve 

a large amount of APC. In this study, Glyceryl monooleate 

(type 40) was found to have the largest dissolving capacity for 

APC among the oils tested. Moreover, Glyceryl monooleate 

(type 40) was a readily dispersible and absorbable solubiliz-

ing agent which could provide a triglyceridogenic substrate 

for efficient chylomicron synthesis and subsequent lymphatic 

transport.29 Thus, Glyceryl monooleate (type 40) was selected 

as the oil phase for the APC-SNEDDS to obtain an optimum 

drug loading and improve lymphatic transport of ASD.

Table 6 Bioavailability and pharmacokinetic parameters of 
asD after oral administration of asD, aPc, and aPc-sNeDDs 
(mean ± sD, n=6)

Parameter ASD APC APC-SNEDDS

Cmax1 (ng/ml) 437.2±174.2 342.3±154.2 733.4±203.8*,##

Cmax2 (ng/ml) 180.5±75.1 549.7±113.5** 985.8±366.6**,#

Tmax1 (hours) 2.0±1.1 0.195±0.068** 0.195±0.068**
Tmax2 (hours) 9.8±2.4 8.0±1.1 6.667±0.82*,#

aUc0–36 h 
(ng⋅h/ml)

3,019.4±963.5 5,551.1±1,357.4** 13,038.4±5,121.7**,#

aUc0–∞ 
(ng⋅h/ml)

3,491.9±1,227.7 5,967.8±1,397.0** 13,528.1±5,468.3**,#

F (%) – 183.8 431.8

Notes: *P,0.05 and **P,0.01 compared with asD group. #P,0.05 and ##P,0.01 
compared with aPc group.
Abbreviations: asD, akebia saponin D; aPc, akebia saponin D–phospholipid 
complex; sNeDDs, self-nanoemulsifying drug delivery system; sD, standard deviation; 
Cmax, maximum plasma concentration; Tmax, time to maximum plasma concentration; 
aUc, the area under the plasma concentration–time curve; F, relative bioavailability.
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According to the characterizations of APC-SNEDDS 

and definition of SNEDDS, a schematic diagram of APC-

SNEDDS after diluting with distilled water is proposed 

in Figure 9. Based on the studies conducted, we propose 

that APC could be completely embedded into the oil phase 

(Glyceryl monooleate [type 40]) and cosurfactant phase 

(Diethylene glycol monoethyl ether) to form an aggregate. 

Polyoxyl 35 castor oil mainly aided in the formation of fine 

droplets and improved the stability of the nanoemulsion 

through reducing the interfacial tension. The APC-SNEDDS 

with such a structure was proved to improve oral absorption 

of ASD via the pharmacokinetic studies in rats.

ASD was an amphipathic saponin which could self-

assemble as micelles in gastrointestinal fluid with a large 

aggregate size.11 The formation of self-micelles might reduce 

the absorption rate and amount of ASD absorbed from 

gastrointestinal tract.11 APC and APC-SNEDDS were likely 

to prevent ASD from aggregation and increase its absorption 

rate and absorbed dose. This might be the reason that T
max

 

was significantly shortened by the two new preparations. 

The oral absorption enhancement of APC probably resulted 

from the increase of liposolubility, effect on the biological 

membrane by phospholipids as a surfactant, and destruction 

of the self-micelles formed by ASD in gastrointestinal fluid.39 

It was supposed that APC-SNEDDS enhanced the oral bio-

availability of ASD via increasing intestinal permeability, 

inhibiting MRP-mediated efflux, preventing degradation by 

intestinal bacteria, and enhancing the lymphatic transport of 

ASD. The definite absorption mechanisms are rather com-

plicated, and further investigations are in need.

Although APC-SNEDDS could significantly improve the 

oral absorption of ASD, the drug loading is limited. Screen-

ing for new absorption-enhancing oils which could dissolve 

more APC and adopting different technologies to entrap 

hydrophilic ASD into SNEDDS are promising strategies.

Conclusion
The present study demonstrated that hydrophilic ASD was 

successfully loaded into SNEDDS using the phospholipid 

complex technique. The oral absorption of ASD was sig-

nificantly improved by APC and APC-SNEDDS. The exact 

absorption mechanisms were complicated and would be 

investigated in future studies. This study provided a new 

strategy to enhance the oral bioavailability of highly water-

soluble but poorly absorbed saponins.
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