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Background: Tetrandrine is an active constituent that is extracted from the root tuber of the 

Chinese herb Stephania tetrandra S. Moore. It has shown various pharmacological effects, such 

as antitumor activity, multidrug resistance reversal, and hepatic fibrosis resistance. In clinical 

applications, it has been used to treat hypertension, pneumosilicosis, and lung cancer. However, 

the poor water solubility of tetrandrine has limited its application. In this study, a newly emerging 

oral drug carrier of phospholipid complex loaded lipid nanocapsules was developed to improve 

the oral bioavailability of tetrandrine.

Methods: The phospholipid complex was prepared with the solvent-evaporation method to 

enhance the liposolubility of tetrandrine. The formation of the phospholipid complex was con-

firmed with a solubility study, infrared spectroscopy, and a differential scanning calorimetry 

(DSC) analysis. The tetrandrine-phospholipid complex loaded lipid nanocapsules (TPC-LNCs) 

were prepared using the phase inversion method. Lyophilization was performed with mannitol 

(10%) as a cryoprotectant. TPC-LNCs were characterized according to their particle size, zeta 

potential, encapsulation efficiency, morphology by transmission electron microscopy, and crys-

tallinity by DSC. In addition, the in vitro release of tetrandrine from TPC-LNCs was examined 

to potentially illustrate the in vivo release behavior. The in vivo bioavailability of TPC-LNCs 

was studied and compared to tetrandrine tablets in rats.

Results: The liposolubility of tetrandrine in n-octanol improved from 8.34  µg/mL to 

35.64 µg/mL in the tetrandrine-phospholipid complex. The prepared TPC-LNCs were spherical-

shaped particles with a small size of 40 nm and a high encapsulation efficiency of 93.9%. DSC 

measurements revealed that the crystalline state was less ordered in lipid nanocapsules. The in 

vitro release study demonstrated a fast release of approximately 25% in the first 1 hour, which 

was followed by a sustained release of 70% over 12 hours. The relative bioavailability of TPC-

LNCs compared to that of tablets was 208%, indicating a significant improvement in the oral 

absorption of tetrandrine.

Conclusion: The TPC-LNCs system developed in this study is a promising carrier that improves 

the oral bioavailability of tetrandrine in rats. The phospholipid complex loaded lipid nanocapsules 

have great potential for use as an oral drug delivery system for moderately lipophilic drugs that 

are encapsulated in the lipid nanocapsules.

Keywords: tetrandrine, phospholipid complex, lipid nanocapsules, oral bioavailability, enhanced 

liposolubility

Introduction
Tetrandrine (Figure 1), which is a bisbenzylisoquinoline alkaloid, is the major active 

constituent that is extracted from the root tuber of the Chinese herb Stephania tetrandra 

S. Moore. Tetrandrine has been found to be clinically effective for the treatment of 
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inflammation, hypertension, pneumosilicosis, and lung 

cancer.1 In addition, tetrandrine has exhibited other promising 

pharmacological effects, including antitumor activity,2 revers-

ing multidrug resistance,3 and hepatic fibrosis resistance.4 It is 

also a nonselective calcium channel blocker and calmodulin 

antagonist.5 Although it has potentially considerable value 

clinically, some problems have arisen that have discouraged 

tetrandrine clinical application. In general, a large dose (6 to 

15 tablets per day) is required for the current commercially 

available tablets. In addition, its poor solubility in water 

contributes to its low and variable oral bioavailability. In 

recent years, some investigations have been reported that 

have focused on improving the bioavailability of tetrandrine, 

such as emulsions,6 solid lipid nanoparticles,7 liposomes,8 

and microspheres.9 Most of the reported preparations have 

been administered by injection. Alternative novel oral drug 

delivery systems are of great value in that they contribute to 

the greatest degree of patient compliance, enhance bioavail-

ability, and, thus, result in better therapeutic effects.

In recent years, lipid-based nanocarriers have drawn atten-

tion for their potential as drug delivery systems for the oral 

delivery of drugs with poor water solubility.10 The advantages 

of lipid-based nanocarriers include not only the enhanced 

bioavailability of drugs with poor water solubility, but also 

improvements in the uptake and release of drugs and protec-

tion against degradation.11 Various lipid-based nanocarriers, 

such as liposomes, lipid micelles, solid lipid nanoparticles, 

nanoemulsions, lipid nanocapsules (LNCs), and nanosuspen-

sions, have been investigated. Among these, LNCs offer a 

promising pathway for the oral delivery of drugs with poor 

water solubility.12 LNCs were first introduced by Heurtault 

et al who used the phase inversion technique.13 LNCs, which 

are composed of medium-chain triglycerides and polymers/

surfactant, are characterized by a hybrid structure that is 

between polymer nanoparticles and liposomes. Their size 

ranges from 25 nm to 100 nm. Except for their advantages 

that are similar to other lipid carriers, the specific features or 

advantages of LNCs over other lipid nanocarriers include the 

following: they possess a liquid core and a tensioactive and 

cohesive rigid membrane at the body temperature of 37°C;14 

compared to liposomes, they can be prepared using a solvent 

free, soft-energy procedure that utilizes the phase inversion 

principle;15 and less solubilizer agents are used in their 

formulation compared to emulsions or microemulsions.15 

LNCs have been shown to enhance the oral bioavailability 

of the poorly water-soluble drug paclitaxel.16 The proposed 

mechanisms for this include improved solubilization, 

increased lymphatic absorption, P-glycoprotein inhibition, 

and multidrug resistance reversal.

In recent years, LNCs have been investigated for the 

delivery of several poorly water-soluble drugs, such as 

paclitaxel and docetaxel, and they exhibited a high encapsula-

tion efficiency of over 90%.16–18 However, our results have 

shown that tetrandrine loaded LNCs have a low encapsula-

tion efficiency of less than 70%, which may be due to the 

moderate lipophilicity of tetrandrine (logP2.5 [pH 7.0]). 

Encapsulation efficiency is an important parameter of nano-

carrier formulation with respect to clinical application and 

drug cost. Low encapsulation efficiency may result in poor 

therapeutic effects and the requirement of a higher dose of 

the drug. In addition, it has been identified that there are two 

critical quality attributes in the development of lipid-based 

drug delivery systems: one is the drug solubility within the 

lipidic system, and the other is the physiological processing 

of lipid carriers to achieve the desirable drug absorption.19 

The use of more surfactants may facilitate the drug being 

dissolved or encapsulated in lipid carriers by solubilization. 

However, cytotoxicity or irritation to the gastrointestinal tract 

mucus membranes may occur due to an excess amount of 

surfactants.20 Therefore, in order to obtain qualified LNCs, it 

is necessary to seek an efficient and safe strategy to improve 

the affinity between tetrandrine and LNCs and to enhance 

tetrandrine encapsulation efficiency in LNCs.

Previous investigations have shown that the forma-

tion of the drug–phospholipid complex enhanced the 

lipophilicity of the drugs.21,30 Therefore, it may facilitate the 

encapsulation of drug molecules into hydrophobic nanocar-

riers and result in higher encapsulation efficiency and better 

therapeutic effects. In addition, although a drug–phospholipid 

complex has the capacity of improving drug absorption and 

bioavailability,22,23 the low water solubility of the complex 

has limited its application.24 Therefore, loading or combin-

ing drug–phospholipid complex with nanocarriers has been 

introduced in an effort to mitigate some limitations associ-

ated with the complex and nanocarriers. Drug–phospholipid 
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Figure 1 Chemical structure of tetrandrine.
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complex has been successfully used in several drug deliv-

ery systems, such as poly(lactic-co-glycolic acid) nano-

particles,25 self-nanoemulsified drug delivery systems,26 

poly(hydroxybutyrate-co-hydroxyhexanoate) nanoparticles,27 

and mixed micelles.24 To the best of our knowledge, no studies 

of LNCs that are loaded with a drug–phospholipid complex 

have been reported to date.

The objective of this study was to develop tetrandrine-

phospholipid complex loaded LNCs (TPC-LNCs) as a 

carrier in order to facilitate the incorporation of tetran-

drine into LNCs and improve the oral bioavailability of 

tetrandrine. The preparations were evaluated in vitro with 

transmission electron microscopy (TEM) observations, 

differential scanning calorimetry (DSC), and an in vitro 

release study. Furthermore, an in vivo bioavailability 

study after oral administration was performed in order to 

investigate its pharmacokinetic behavior and bioavailability 

enhancement.

Materials and methods
Materials
Tetrandrine (purity  .98%) was purchased from Jiangxi 

Herbfine Hi-Tech Co, Ltd (Nanchang, People’s Republic 

of China). Labrafil® M1944CS (Oleoyl macrogol-6  glyc-

erides) was a gift from Gattefossé (Saint Priest, France). 

Lipoid S75 (soybean lecithin at 69% of phosphatidylcho-

line) from Lipoid Gmbh (Ludwigshafen, Germany) was 

provided by Shanghai Toshisun Biology and Technology 

Co, Ltd (Shanghai, People’s Republic of China). Solutol® 

HS15 (PEG660-12-hydroxystearate) was obtained from 

BASF (Ludwigshafen, Germany). NaCl was obtained from 

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

Republic of China). Deionized water and purified water was 

obtained using a Millipore® Simplicity System (Millipore, 

Billerica, MA, USA). All other solvents were of analytical 

reagent grade or high-performance liquid chromatography 

(HPLC) grade.

Animal models
Male Sprague-Dawley rats (clean grade, 250 ± 20 g) were 

used in the in vivo bioavailability study. The protocol for 

the animal studies was approved by the institutional animal 

ethical committee of the Shanghai University of Traditional 

Chinese Medicine. The rats were bred and maintained for at 

least 1 week as an acclimatization period before the study 

under the standard conditions at the Laboratory Animal 

Center of the Shanghai University of Traditional Chinese 

Medicine.

Preparation of the tetrandrine- 
phospholipid complex
The tetrandrine-phospholipid complex (TPC) was prepared 

with the solvent-evaporation method. Briefly, tetrandrine and 

phospholipids at a molar ratio of 1:1 were dissolved in tetra-

hydrofuran under magnetic stirring at room temperature. The 

obtained mixture was continuously stirred for 24 hours. Then, 

tetrahydrofuran was removed with a rotary evaporator under 

reduced pressure. The sample was vacuum dried for 48 hours. 

The resultant complex was firmly sealed for further use.

TPC characterization
Solubility determination
Excess TPC was added to distilled water and n-octanol. 

The mixture was gently stirred for 24 hours at 25°C. The 

samples were centrifuged at 2,500× g for 20 minutes. The 

supernatant was filtered with a 0.45 µm filter. The contents of 

tetrandrine were analyzed by HPLC. The HPLC analysis was 

performed with an Agilent HPLC system (HP 1200, Agilent 

Technologies, Inc, Santa Clara, CA, USA). The experiment 

consisted of an octadecylsilyl column (Platisil™ C18 [Dikma 

Technologies, Lake Forest, CA, USA], 250 mm × 4.6 mm, 

5  µm). The mobile phase consisted of acetonitrile/water/

triethanolamine (80:20:0.01, volume [v]/v/v) with a flow rate 

of 1.0 mL/minute. The column temperature was 30°C, and 

the detector was 282 nm. The solubility of tetrandrine was 

measured with the same method and compared with that of 

TPC in order to determine the change in solubility that was 

caused by complexation.

DSC
The DSC analysis was performed with a NETZSCH DSC 204 

apparatus (NETZSCH Gerätebau GmbH, Selb, Germany). 

A scan rate of 10°C/minute was employed. The temperature 

range was 30°C–250°C. The analysis was performed under 

a nitrogen purge. An empty aluminum pan was used as a 

reference.

Infrared spectroscopy
Infrared (IR) spectroscopic spectral analyses of tetrandrine, 

phospholipid, TPC, and the physical mixture of tetrandrine 

with phospholipid were performed with a Fourier transform 

infrared spectrometer (AVATAR 330, Thermo Scientific, 

Waltham, MA, USA) in order to confirm the formation of the 

TPC. The measurement was conducted by the conventional 

transmission mode with a KBr pellet. A proper amount of 

each material (1%, weight [w]/w, with respect to KBr) was 

ground and mixed with dry KBr powder, which was followed 
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by compressing it into a KBr disc. The resultant pellet 

was scanned in the range of 400–4,000 cm−1 with a 4 cm−1 

resolution. The results were recorded and analyzed with 

OMNIC (ver 7.1) IR solution software (Thermo Scientific).

Preparation of TPC-LNCs
LNCs were prepared based on slight modification of the 

phase inversion process that has been previously described.13 

Briefly, TPC and phospholipids were totally dissolved in 

Labrafil M1944CS at 70°C by gentle agitation. The prepared 

oil phase was mixed with the aqueous solution that contained 

Solutol HS15, NaCl, and distilled water. The resultant mix-

ture was heated under magnetic stirring from room tempera-

ture to 90°C. Three temperature cycles from 40°C to 90°C 

were performed at the temperature rate of 4°C/min in order 

to reach the phase inversion process. Then, the mixture was 

cooled to 55°C, which was followed by dilution with 0°C 

deionized water and continuous stirring for 10 min at room 

temperature.

Preparation of lyophilized TPC-LNCs
TPC-LNCs were lyophilized using the following cryopro-

tectants: lactose, sucrose, glucose, and mannitol. In order to 

screen the cryoprotectants, the cryoprotectant was dissolved 

in the TPC-LNC dispersion to the predetermined concentra-

tion of 2%, 5%, or 10% (w/v). The obtained mixture was 

frozen at −70°C for 5 hours. Then, freeze-drying was con-

ducted with a freeze dryer (Christ Epsilon 2–4 LSC, Martin 

Christ Gefriertrocknungsanlagen GmbH, Osterode am Harz, 

Germany) for 24  hours until complete solidification. The 

lyophilized LNCs were evaluated and compared to those 

before lyophilization by appearance, reconstitution testing, 

droplet size, and polydispersity measurement. For the recon-

stitution test, a proper amount of distilled water was added 

to the dried sample to its initial volume, and the redispersion 

rate and extent was recorded. Droplet size and polydispersity 

measurements were conducted according to the following 

described method.

Characterization of TPC-LNCs
Determination of encapsulation efficiency
The encapsulation efficiency of tetrandrine in LNCs was 

determined with slight modification of a previously reported 

method.16 Briefly, the preparations were filtered with a 

0.45 µm filter in order to remove the tetrandrine precipitation. 

Then, the filtrate was dissolved with a methanol/tetrahydro-

furan (96:4, v/v) solution, which was followed by filtration 

through a 0.2-µm Minisart® high-flow filter (Sartorius AG, 

Göttingen, Germany) in order to remove the residuals in the 

LNCs. A 20 µL aliquot of the obtained filtrate was used in the 

tetrandrine analysis by HPLC. The encapsulation efficiency 

was calculated as follows:

	 Encapsulation efficiency (%) = (W
1
/W

2
) × 100%	 [1]

where W
1
 represents the drug amount that was encapsulated 

in the LNC postformulation, and W
2
 represents the drug 

amount that was added in the formulation process.

Determination of droplet size and zeta potential
After the preparations were diluted with distilled water 

(1:100 v/v), the droplet size and zeta potential of the sample 

were determined with a Nano ZS90 Zetasizer (Malvern 

Instruments Ltd, Malvern, UK). Each sample was analyzed 

in triplicate.

TEM observation
The morphology of TPC-LNCs was observed by TEM 

(JEM-1230; JEOL Ltd, Tokyo, Japan). TPC-LNCs were diluted 

with distilled water and gently mixed. Then, a drop of mixture 

was placed on copper grids, which was followed by drawing off 

the excess with filter paper. Subsequently, it was stained in 1% 

phosphotungstic acid solution for 30 seconds. The specimen 

was air-dried for approximately 2 hours before observation.

DSC analysis
The DSC analysis of the TPC-LNCs was performed with the 

same method that was described for TPC characterization.

In vitro release
Tetrandrine release from TPC-LNCs was conducted with a 

dialysis method in 100 mL of phosphate-buffered saline (pH 

6.8) containing 0.5% Tween 80 at 37°C.28 Two milliliters of 

the sample was placed in a dialysis bag (molecular weight cut-

off, 14,000). The bag was then firmly tied and immersed in 

medium in a shaker bath (100 strokes/min). At a defined time 

interval, 200 µL of the sample was withdrawn and replaced 

with the same volume of fresh medium. The tetrandrine 

concentration was measured by HPLC. Tetrandrine release of 

free drugs and TPC were performed using the same method, 

respectively.

In vivo bioavailability
The bioavailability of the TPC-LNCs was compared to that 

of the tetrandrine tablets. The rats were fasted for 12 hours 

before dosing. Water was available throughout the study period. 
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The rats were divided into two groups with five animals in each 

group. One group received TPC-LNCs and one group received 

tetrandrine tablets by oral gavage (dose of 2.4 mg/kg). The 

tablets were crushed gently, and then diluted using distilled 

water before administration to rats. Approximately 0.5 mL of 

blood was taken from the retroorbital plexus and placed into 

heparinized tubes before administration and at 10 minutes, 

30 minutes, 45 minutes, 1 hour, 1.6 hours, 5 hours, 8 hours, 

12 hours, and 24 hours after dosing. The plasma was separated 

by centrifugation at 2,000× g for 10 minutes. Plasma was stored 

at −20°C until the analysis, as described below.

A total of 100 µL of plasma was transferred into a tube 

and mixed with an equal volume of acetonitrile. Samples 

were vortexed for about 1  minute. After centrifugation at 

13,201×g for 15 minutes at 4°C, the supernatant was taken 

for HPLC analysis. The HPLC assay of the tetrandrine 

plasma concentrations was performed with an Agilent 1200 

HPLC system (Agilent Technologies). The conditions were as 

follows: a column flow rate of 1.0 mL/minute, a mobile phase 

of acetonitrile/water/triethanolamine (80:20:0.01, v/v/v), and 

a detector wavelength of 282 nm. The linear calibration curve 

was obtained between 0.02 µg/mL and 8.00 µg/mL with a 

correlation coefficient of 0.9995.

Data analysis
A pharmacokinetic analysis was performed on the data of the 

tetrandrine plasma concentration versus time with DAS 2.0 soft-

ware (Mathematical Pharmacology Professional Committee of 

China, Shanghai, People’s Republic of China). The main phar-

macokinetic parameters, including peak concentration (C
max

), 

peak time (T
max

), and the area under the curve (AUC), were 

obtained. The relative bioavailability (F) of the LNCs to the 

tablets was calculated using the following equation:

	 F = ×
AUC

AUC
test

reference

100%

	

[2]

The results were expressed as the mean ± standard 

deviation. The statistical analysis was conducted with a one-

way analysis of variance (ANOVA) in order to determine 

the significance of the differences. A P-value less than 0.05 

was considered statistically significant.

Results and discussion
TPC: preparation, solubility,  
and characterization
In recent years, LNCs have been reported to be a promising 

nanocarrier for the delivery of poorly water-soluble drugs.12 

In our preliminary study, tetrandrine loaded LNCs were first 

designed and formulated. The formulation composition and 

results of the characterization are shown in Table 1.

It was clear that tetrandrine loaded LNCs possessed a 

qualified droplet size and polydispersibility. However, the 

encapsulation efficiency of tetrandrine in LNCs was lower 

than 70%. Compared to the high encapsulation rate of 

paclitaxel or docetaxel in LNCs,16,17 the low encapsulation 

efficiency in this study may have been due to the moderate 

lipophilicity of tetrandrine (logP 2.5 [pH 7.0]). As described 

above, the formation of a drug–phospholipid complex has 

proved to be an efficient and safe strategy that improves the 

lipophilicity of a drug. In this study, TPC was prepared in 

order to improve the affinity between tetrandrine and LNCs 

and to obtain a higher encapsulation efficiency. The solubility 

of TPC and tetrandrine in water and n-octanol is presented 

in Table 2.

Compared to tetrandrine, TPC showed a much higher 

solubility both in water and in n-octanol. The solubility 

in n-octanol increased from 8.34 µg/mL to 35.64 µg/mL, 

indicating an improvement in lipophilicity. The enhanced 

solubility in the complex may have been due to the solubiliza-

tion of the drug and the amorphous features of the complex,29 

which was shown by the DSC analysis in this study, and the 

complex may exhibit higher bioavailability in vivo.

DSC measurements were used to obtain distinct informa-

tion on the polymorphism and crystallinity of the interaction 

between the drug and phospholipids from DSC thermograms 

that provide information, such as the elimination of endo-

thermic peaks, the appearance of new peaks, and changes 

in peak shape and onset, peak temperature, or enthalpy.30 

In this study, a DSC analysis was performed in order to 

study the association of tetrandrine with phospholipids. 

Figure  2 presents the DSC thermograms of tetrandrine, 

the phospholipids, the physical mixture of tetrandrine and 

phospholipids, and TPC. Tetrandrine showed 1 sharp peak 

at 225.7°C. The thermogram of the phospholipids exhibited 

double peaks. The front gentle peak was from the thermal 

Table 1 Results of measurements of droplet size, polydispersity, 
and encapsulation efficiency (n=3)

Formulation Droplet  
size (nm)

Polydispersity Encapsulation 
efficiency (%)

Tetrandrine  
loaded LNCs

30.75 ± 1.2 0.083 ± 0.05 66.4 ± 2.7

TPC-LNCs   40.0 ± 3.5 0.155 ± 0.08 93.9 ± 1.5

Note: Values are mean ± standard deviation.
Abbreviations: LNCs, lipid nanocapsules; TPC, tetrandrine-phospholipid complex; 
TPC-LNC, TPC loaded LNCs.
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Figure 2 Differential scanning calorimetry spectra of (A) tetrandrine, (B) phospholipids, (C) the physical mixture of tetrandrine and phospholipids, and (D) the tetrandrine-
phospholipid complex.
Abbreviations: DSC, differential scanning calorimetry; mW, milliwatt; exo, exothermal.

Table 2 Solubility of tetrandrine and TPC in water and n-octanol 
at 25°C (n=3)

Sample Solubility in  
water (μg/mL)

Solubility in  
n-octanol (μg/mL)

Tetrandrine 0.46 ± 0.11   8.34 ± 0.52
TPC 8.28 ± 0.37 35.64 ± 0.46

Note: Values are mean ± standard deviation.
Abbreviation: TPC, tetrandrine-phospholipid complex.

motion of the polar group of the phospholipids, while the 

sharp peak occurred due to the phase transition from the gel 

phase to the liquid crystalline phase, which may be related 

to the melting of the hydrocarbon chain, isomerization, or 

the change of the crystal shape.31 The thermograms of the 

physical mixture showed three peaks at 192.6°C, 206.2°C, 

and 221.4°C from the phospholipids (the former two peaks) 
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and tetrandrine. The phospholipids melted during the 

programmed heating, and a portion of the tetrandrine inter-

acted with the phospholipids. Because of the limited heating 

time, some tetrandrine remained. These results are similar to 

those of a previous study.28 The TPC thermogram was clearly 

different from those of tetrandrine, the phospholipids, and 

the physical mixture. The peak of tetrandrine disappeared 

in the TPC thermogram, which indicated that tetrandrine 

may interact with phospholipids and form a complex. The 

reason for the disappearing peaks of tetrandrine was that 

the drug–phospholipid complex that formed were a special 

solid dispersion, which indicated that tetrandrine lost its 

crystallinity.32

The prepared TPC was characterized by IR spectroscopy. 

The IR spectra of tetrandrine, phospholipid, the TPC, and 

the physical mixture of tetrandrine and phospholipids are 

shown in Figure 3.

The IR spectra results showed that the pattern of the 

physical mixture of tetrandrine and phospholipids was simi-

lar to their overlaid patterns, and no new peaks appeared in 

the spectrum of the physical mixture. The physical mixture 

showed a broad peak, which was like that of phospholipid, at 

3,409.51 cm−1, and sharp peaks of tetrandrine that were lower 

than 2,000 cm−1, indicating no chemical interaction between 

the phospholipids and tetrandrine. The complex spectrum 

was markedly different from that of the physical mixture and 
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of the individual spectra for tetrandrine and phospholipids. 

The tetrandrine spectrum showed characteristic peaks at 

3,448.05 cm−1 and 1,163.36 cm−1. The phospholipid spectrum 

presented several characteristic peaks, such as the broad 

peak at 3,415.90  cm−1 and sharp peaks at 2,925.01  cm−1, 

2,853.72 cm−1, and lower than 2,000 cm−1.

For the spectra of the TPC, the characteristic peak of tet-

randrine at 1,163.36 cm−1 (the stretching vibration absorption 

of C−O) disappeared in the spectrum of the TPC complex. 

In addition, the peak of the polar head of phospholipids 

at 1,647.36  cm−1 (−C=O) shifted to 1,637.07  cm−1 and 

1,234.55  cm−1 shifted to 1,232.74  cm−1 (−P=O), while 

no significant change was found for the nonpolar side of 

phospholipids (2,925.01  cm−1 and 2,853.72  cm−1 for the 

CH structure). Therefore, it was deduced that the interac-

tion between the C−O of tetrandrine and the polar side of 

phospholipids may be responsible for complex formation by 

a secondary bond, van der Waals forces, and other actions. 

After the interaction of tetrandrine with phospholipids by 

polar side, the nonpolar side may move freely and enclose 

the polar side. The IR spectra revealed that the basic chemi-

cal structure of tetrandrine in complex was not markedly 
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Figure 3 Fourier transform infrared spectra of (A) tetrandrine, (B) phospholipids, (C) the physical mixture of tetrandrine and phospholipids, and (D) TPC.
Abbreviation: TPC, tetrandrine-phospholipid complex.
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changed, and no new compound was formed. Furthermore, it 

was not a physical mixture of tetrandrine and phospholipids. 

Tetrandrine and phospholipids may exist in a state of interac-

tion by intermolecular forces.32,33

Preparation and characterization  
of TPC-LNCs
In order to obtain the optimal formulation, an experimental 

design method,34 which was a central composite design, was 

employed with two variables (oil percentage and surfactant 

percentage) and two responses (droplet size and encapsula-

tion efficiency). The data for the formulation screening and 

optimization are not shown here. The obtained formulation 

composition was Labrafil M1944CS (2.8 g), Solutol HS15 

(1.9 g), phospholipid (84 mg), TPC (70 mg), deionized water 

(5.3 g), and NaCl (0.2 g). The TPC-LNCs were characterized 

by droplet size, polydispersity measurement, encapsulation 

efficiency determinations, and TEM observations. The TPC-

LNCs had an average size of 40.0 nm with a polydispersity 

index of 0.155. The small droplet size with a large interfacial 

surface area is advantageous for intestinal absorption and 

transport, as has been illustrated previously.16,35 Encapsulation 

efficiency is also an important parameter that is used to evalu-

ate nanocarriers because a higher encapsulation may improve 

therapeutic effects and lower the dose of drug required.36,37 

The TPC was efficiently encapsulated in LNCs, and an 

encapsulation efficiency as high as 93.9% was achieved. 

The factors influencing the encapsulation efficiency include 

the encapsulation process, the affinity of the drug with the 

carrier, and the nature of other formulation compositions. 

The high encapsulation that was found in this study may 

have been due to the formation of a drug–phospholipid 

complex, which enhanced the lipophilicity of tetrandrine, 

as was shown in the solubility study and in the affinity of 

tetrandrine with LNCs.

The morphological characterization of TPC-LNCs was 

conducted by TEM in order to obtain more information about 

droplet size and shape. The image is shown in Figure  4. 

Spherical-shaped droplets were observed.

Preparation and evaluation  
of lyophilized TPC-LNCs
In our preliminary study, the prepared TPC-LNCs were only 

stable for approximately 1 month at 37°C, which was simi-

lar to a previously reported result.13 The presence of water 

may accelerate the degradation of lipids in formulation.38 

Therefore, the freeze-drying process was performed in this 

study in order to ensure high stability and ease in storage 

and handling. Each cryoprotectant was added to the LNCs 

in the predetermined concentration. The redispersibility, 

including the redispersion time, the droplet size, and the 

polydispersity after redispersion, were used to screen the 

cryoprotectants. The lyophilized sample with lactose as 

the cryoprotectant was not capable of quickly dispersing in 

30 seconds, and it was not able to attain its initial state of 

appearance before freeze-drying. Samples with other cryo-

protectants were quickly redispersed, and their effects on 

droplet size and polydispersity were evaluated. These results 

are shown in Figure 5.

Figure 5 shows that the droplet size of lyophilized LNCs 

was larger compared to that before lyophilization of 40.0 nm. 

The effect of the preservation of the droplets was not cor-

related with the concentration of the cryoprotectant. For the 

concentrations of 2% and 5%, no significant differences were 

found in droplet size (variation from 125 nm to 135 nm) 

after redispersion, except that of 2% glucose. Increasing the 

concentration of cryoprotectant to 10% improved the appear-

ance and redispersion for all cryoprotectants. Combining the 

results of droplet size, redispersion time, and the appearance 

of the lyophilized product, mannitol (10%) was selected as 

the cryoprotectant because of its loose and smooth appear-

ance and fast redispersion with a droplet size of 145.0 nm.

DSC
TPC-LNCs were further characterized by a DSC analysis in 

order to investigate the influence of TPC entrapment on the 

Figure 4 Transmission electron microscopic photo of TPC loaded lipid nano
capsules (×100,000).
Abbreviation: TPC, tetrandrine-phospholipid complex.
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physical state of LNCs. Figure 6 shows the DSC thermo-

grams of tetrandrine, blank LNCs, the physical mixture of 

tetrandrine and LNCs, and TPC-LNCs.

Tetrandrine showed one sharp peak with an onset of 

225.7°C. The physical mixture of tetrandrine and LNCs 

showed the same peak as tetrandrine. In the case of TPC-

LNCs, no tetrandrine peak appeared, indicating that tetran-

drine existed in LNCs in a noncrystal state.

In vitro release
The cumulative release profile of tetrandrine free drugs, from 

TPC and from TPC-LNCs is shown in Figure 7.

Free tetrandrine showed a rapid release behavior, more 

than 30% of tetrandrine was released in the first hour, and 

approximately 78% was released in 4 hours. Compared to 

tetrandrine free drugs, the release rate of tetrandrine from 

TPC was slower, and approximately 40% was released in 

4 hours. With respect to TPC-LNCs, more than 20% of 

the tetrandrine was released in the first hour. The initial 

first release was possibly due to the part of tetrandrine 

that was located at or near the interface of the nanocap-

sules, which may facilitate drug release from the LNCs. 

In addition, the small particle size may have contributed 

to the faster drug release as well. In the following hours, 
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the release rate slowed, and approximately 80% of the 

tetrandrine was released in 8 hours. This may be attrib-

uted to the increased hydrophobicity of tetrandrine by the 

formation of the complex, which results in tetrandrine 

molecules interacting in the lipophilic domain of LNCs 

and the slow diffusion of tetrandrine into aqueous media.35 

Furthermore, the release rate of tetrandrine from TPC-

LNCs was faster than from TPC. This may be due to the 

high dispersibility of TPC-LNCs, which overcame the 

slower dissolution of TPC.

In vivo bioavailability study
The in vivo pharmacokinetic behavior of tetrandrine with 

LNCs and tablets was studied and compared. The plasma 

concentration-time profiles of tetrandrine in rats following 

the oral administration of TPC-LNCs and tetrandrine tablets 
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are shown in Figure 8. Both preparations showed two peaks 

in Figure  8, which was possibly caused by enterohepatic 

circulation.

The administration of TPC-LNCs resulted in a signifi

cant improvement in drug absorption compared to that of 

tablets. The relevant mean pharmacokinetic parameters are 

shown in Table 3.

There was a signif icant difference between LNCs 

and tablets in the AUC, which were 1,540.2 µg ⋅ h/L and 

740.5 µg ⋅ h/L, respectively (P,0.05). No significant differ-

ence was observed in T
max

 and C
max

. The relative bioavail-

ability of the LNCs was approximately 2.1-fold compared to 

the tablets, indicating that the bioavailability of tetrandrine 

was significantly improved by LNCs.

There are several possible reasons for the improvement. 

First, phospholipids may play an important role in drug 

absorption. After the formation of the TPC, the lipophilicity 

of tetrandrine was significantly increased, which may facili-

tate the absorption of tetrandrine into the intestinal mucosa. 

Moreover, phospholipids, which are an important component 

of the cell membrane, may improve the drug passage across 

the lipid-rich biological membranes.39,40 In addition, the 

lipidic nature of the nanocapsules may have contributed to 

the improvement of bioavailability to similar levels as other 

lipid formulations. From this aspect, the possible mechanisms 

include the presence of lipids and surfactants that facilitate 

the dissolving of the drug and dissolution, improved drug 

permeability by enhancing uptake through various routes or 

by inhibiting the efflux of drugs due to some excipient in for-

mulation, and/or absorption through the intestinal lymphatic 

transport system.16 Another possible reason is that, upon 

entering the gastrointestinal tract, the formation of numer-

ous liquid droplets of LNCs that are nanosized could greatly 

expand the contact area with the gastrointestinal tract. The 

exact absorption mechanism of phospholipids in this study 

will be investigated in our future work.

It is worth noting that the number of blood taking may 

be of concern when studying drug–phospholipid complex 

loaded LNCs. An excess of blood taking in rats may result in 

the decreased blood flow rate. Larger animals, such as rabbits 

or dogs, may be more preferable models. The influence of 

the animal model on the bioavailability of LNCs still needs 

further investigation.

Conclusion
The current study showed the potential use of a drug–

phospholipid complex for the preparation of LNCs in order 

to enhance the oral bioavailability of a drug with moderate 

lipophilicity. TPC-LNCs that were produced by the phase 

inversion method were spherical-shaped particles with a 

small size. High encapsulation efficiency was achieved 

due to the formation of TPC. TPC-LNCs were lyophilized 

with mannitol (10%) as a cryoprotectant exhibited a loose 

and smooth appearance, and fast redispersion. The in vitro 

release study showed fast release in the first hour which was 

followed by a sustained release over 12 hours. In addition, 

the TPC-LNCs significantly improved the bioavailability 

of tetrandrine compared to that of the tablets. These results 

suggested that formulating TPC into LNCs may efficiently 

enhance the encapsulation efficiency of the moderately lipo-

philic drug and may further improve its oral bioavailability.
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