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Background: Gypenosides (GPS) have been used as traditional medicine for centuries with 

various pharmacological effects. However, its therapeutic effects were restricted owing to the 

poor lipid and water solubility and low absorption. This study aimed to develop nanostructured 

lipid carriers (NLCs) containing a bile salt formulation (sodium glycocholate, SGC) for GPS, 

and to evaluate the potential of the GPS-SGC-NLCs as an oral delivery system. 

Methods: The preparation of GPS-SGC-NLCs was investigated using a single-factor test and a 

central composite design of response surface methodology. In vitro release and pharmacokinetics 

studies were used to evaluate the dissolution and bioavailability of GPS. Furthermore, In vivo 

imaging and in situ intestinal perfusion studies were performed to investigate the absorption of 

the preparations in the gastrointestinal tract.

Results: The optimised formulation yielded nanoparticles with an approximate diameter of 

146.7 nm, polydispersity of 0.137, zeta potential of −56.0 mV, entrapment efficiency of 74.22% 

and drug loading of 4.89%. An in vitro dissolution analysis revealed the sustained release of 

contents from GPS-SGC-NLCs over 48 h with 56.4% of the drug released. A pharmacokinetic 

analysis revealed an 8.5-fold increase of bioavailability of the GPS-SGC-NLCs compared with 

GPS powder. In vivo imaging and in situ intestinal perfusion studies showed that SGC-NLCs 

could significantly increase the absorption of GPS in intestinal tract. In vitro cytotoxicity evalu-

ated using Caco-2 cells demonstrated that GPS-SGC-NLCs decrease the cytotoxicity of the drug. 

Conclusion: The SGC-NLC formulation can significantly improve the absorption of GPS, 

which provides an effective approach for enhancing the oral absorption of drugs.

Keywords: gypenosides, nanostructured lipid carriers, bile salt, in vitro release, bioavailability

Introduction
Gypenosides (GPS) are the major components in the extracts of Gynostemma 

pentaphyllum. They are used extensively as a traditional Chinese medicine for a long time. 

GPS is a bioactive component with various pharmacological properties and beneficial 

clinical effects on conditions including hyperlipoproteinemia,1 cancer,2–4 hepatitis,5 and 

cardiovascular disease.6 However, like other saponins, GPS are easily degraded due to 

their sensitivity to environmental factors, such as heat, light, and oxygen and are limited in 

their bioavailability and clinical applications owing to their poor lipid and water solubilities 

and hemolytic properties. Recent studies have focused on strategies to enhance the stabil-

ity and bioavailability of GPS, which include the use of microcapsules and liposomes.7,8
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Nanoparticles composed of biocompatible lipids have 

become an attractive option for the transport of insoluble 

drug.9 Solid lipid nanoparticles (SLNs) and nanostructured 

lipid carriers (NLCs) are typical of lipid nanoparticles. 

SLNs comprise solid lipids; their unique advantages 

include good biodegradability and biocompatibility, high 

bioavailability, improved solubility, good stability, and 

drug-releasing properties.10 NLCs are second-generation 

SLNs that comprise a combination of spatially different 

phospholipids. A mix of solid and liquid lipids in NLCs 

might overcome the limitations of SLNs, allowing the 

packaging of more drug molecules, thereby minimizing 

drug leakage during storage and modulating drug release 

due to the varied lipid matrix.11,12 Nevertheless, the use of 

lipid nanoparticles for oral delivery may be impeded by 

the necessity of passage through the gastrointestinal tract. 

The low pH and presence of lipases and, in particular, bile 

salts can destabilize lipid nanoparticles.13–15 Over the past 

decade, studies have certified the advantage of the inclusion 

of bile salts in promoting the absorption of poorly absorb-

able drugs and enhancing the stability and performance of 

oral drugs.16–18 On the one hand, the addition of bile salts to 

a nanoparticle preparation can stabilize the lipid structure 

and prevent it from being damaged by physiological bile 

salts of the gastrointestinal system.19 On the other hand, 

it can improve the passage of drug molecules across the 

cytoplasmic membrane to enhance the oral bioavailability 

of drugs.20

Therefore, this study was brought out with a purpose to 

optimize the formulation of GPS to enhance its dissolution 

and bioavailability. GPS-loaded lipid nanocarriers contain-

ing a bile salt (sodium glycocholate, SGC) were prepared 

and the preparation conditions for the GPS-SGC-NLCs 

were optimized by single-factor test and response surface 

methodology. Polydispersity index (PDI), particle size, 

encapsulation efficiency (EE), drug loading, and other 

parameters were evaluated. In addition, both dissolution 

in  vitro and pharmacokinetics in  vivo were studied to 

investigate the oral bioavailability of GPS. To demonstrate 

the pharmacokinetic results, in vivo imaging and in vivo 

intestinal perfusion experiments were carried out to observe 

the absorption of preparations in the gastrointestinal tract. 

Finally, the intestinal toxicity was determined by a cell 

viability experiment.

Materials and methods
Materials
GPS (purity .98%) was obtained from Shanghai Yuanye 

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

SGC was provided by Sinopharm Chemical Reagent Co, 

Ltd (Shanghai, People’s Republic of China). Polysorbate 

80 (Tween 80®) and glycerol monostearate (GMS) were 

obtained from the China National Pharmaceutical Group 

Corporation (Shanghai, People’s Republic of China). 

Soybean lecithin (Lipoid S 100) was supplied by Lipoid 

GmbH (Ludwigshafen, Germany). Oleoyl macrogolglyc-

erides (Labrafil M1944 CS®) and glyceryl monolinoleate 

(Maisine 35-1®) were obtained from Gattefosse France 

(Gennevilliers, France). 3-(4,5-dimethylthiazol-2-yl)-

2,5-diphenyltetrazoliumbromide (MTT) was provided by 

Shanghai Usen Biotechnology (Shanghai, People’s Republic 

of China). All other chemicals were purchased from Sino-

pharm Chemical Reagent (Shanghai, People’s Republic of 

China) and were high-performance liquid chromatography 

(HPLC) or analytical grade.

Animals and cell lines
Male Wistar rats weighing 250±10 g were used for in vivo 

experiments. The experiments were conducted in accor-

dance with the Principles of the Animal Care, and ethical 

approval was obtained from the institutional review board 

of the Experiment Committee of Ninth People’s Hospital, 

affiliated with Shanghai Jiao Tong University School of 

Medicine before the initiation of the study. All the animals 

were provided by the university’s Laboratory Animal Cen-

ter and were maintained at the hospital’s Animal Research 

Center. The animals were housed in standard cages at 

25°C±2°C and 70%±5% relative humidity under natural 

conditions and were fed with food and water ad libitum 

before the start of the study. The Caco-2 cell line was 

provided by the Chinese Academy of Medical Sciences 

(Beijing, China).

HPLC analysis
GPD quantitative determinations were performed by using 

the HP 1260 HPLC system (Agilent Technologies, Inc., Santa 

Clara, CA, USA) with a reverse-phase Diamonsil® Plus C18 

column, (250×4.6 mm, 5 mm; Dikma Technologies, Foothill 

Range, CA, USA). The mobile phase consisted of acetonitrile 

and pure water (35:65, v/v) at a flow rate of 1.0 mL/min. The 

column temperature was maintained at 30°C and the effluent 

was monitored at 203 nm. Quantified samples were filtered 

through a 0.45-mm filter membrane prior to automatic injec-

tion into the HPLC system.

Preparation of GPS-SGC-NLCs
A hot melting, high-pressure, homogenization method was 

employed for the production of GPS-SGC-NLCs.21,22 In brief, 
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aqueous and oil phases were prepared separately. The lipids 

consisted of a mixture of liquid (Labrafil M1944 CS and 

Maisine 35-1) and solid lipids (GMS) and were maintained 

in a water bath at 65°C to prevent the recrystallization of 

lipids during the process until they were totally melted. The 

same-temperature aqueous phase (GPS, SGC, Tween 80, and 

soybean lecithin in purified water) was then slowly added to 

the oil phase at a constant rate with high-speed mixing using 

an Ultra Turrax T25 device (IKA, Staufen, Germany). This 

pre-emulsion was homogenized using a model NS1001 L 

high-pressure homogenizer (GEA, Parma, Italy). To solidify 

the lipid matrix and form GPS-SGC-NLCs, the obtained 

sample was cooled in an ice bath. For comparison, GPS-

NLCs preparations were prepared using the same method 

with the exclusion of SGC.

Experimental design
The central composite design (CCD), a popular template 

for response surface methodology, was used to explore 

the effects of independent variables on various dependent 

variables using Design Expert software (Version 8.0.6; 

Stat-Ease, Minneapolis, MN, USA). The three independent 

variables were the total lipid concentration (solid and liquid 

lipids, X
1
), the ratio of liquid lipid to total lipid (X

2
), and 

the surfactant concentration (X
3
). The parameters and their 

levels are described in Table 1. Each variable was coded at 

the levels corresponding to the preliminary study results. 

This scheme produced 20 experimental points that were 

characterized by the dependent variables of particle size, 

EE, and drug loading (DL). The relationship between vari-

ables and response was analyzed by the following nonlinear 

quadratic model:

	

Y = + + + + +

+ +

b  b X  b X  b X  b X X b X X  

b X X  b
0 1 1 2 2 3 3 12 1 2 13 1 3

23 2 3 111 1
2

22 2
2

33 32X  b X  b+ + × �
(1)

where Y is the response of dependent variable associated 

with each factor level combination, expressed in terms of 

the particle size, EE, and DL for the formulation variables; 

b
0
 is an intercept; and b

1
 to b

33
 are the regression coefficients 

of respective variables.

The P-values associated with the regression coefficients 

were used to gauge the correlation of the factors on the 

response. Analysis of variance and the predicted R2 value 

were provided to determine the suitability of the model.

Characterization of NLC dispersion
Mean particle size, PDI, and zeta potential of samples were 

determined using a Nano ZS90 Zetasizer (Malvern Instru-

ments Ltd, Worcestershire, UK). NLCs were diluted with an 

appropriate volume of distilled water before measuring. Par-

ticle size was evaluated using volume distribution. The zeta 

potential was calculated using the Smoluchowski equation. 

Each measurement was carried out in triplicate and standard 

deviations were calculated.

Ultrafiltration was used to estimate the EE and DL of 

NLCs by separating the free GPS and lipids from the aqueous 

medium.23 A volume of 0.5 mL of each drug-loaded sample 

was centrifuged in a centrifugal filter tube (10 kDa; Pall 

Corporation, Port Washington, NY, USA) at 10,000 rpm for 

20 minutes to separate the lipid and aqueous phases. The free 

drug was separated from the drug encapsulated in the NLCs 

and collected at the bottom of the centrifuge tube through 

the membrane. The total and separated drug contents were 

measured using HPLC, and the EE and DL were mathemati-

cally calculated using the following equations:

	 EE
W W

W
DL

W W

W
total free

total

total free

lipids

% , %=
−

× =
−

×100 100 �(2)

where W
free

 and W
total

 are the weight of untrapped drug and 

total drug, respectively, and W
lipids

 is the weight of lipids 

in NLCs.

Table 1 Coded levels and measured responses for the 20 exper­
iment formulation runs

No X1 (%) X2 (%) X3 (%) Size (nm) 
(Y1)

EE (%) 
(Y2)

DL (%) 
(Y3)

1 4 25 3 168.7 68.85 2.81

2 8 25 3 234.8 47.14 3.32
3 4 75 3 245.1 70.13 2.22
4 8 75 3 180.4 47.39 2.73
5 4 25 7 186.2 64.70 2.41
6 8 25 7 257.9 58.12 4.59
7 4 75 7 148.3 62.58 1.81
8 8 75 7 188.4 57.80 3.74
9 2.64 50 5 201.4 67.91 0.85
10 9.36 50 5 197.2 47.85 3.43
11 6 7.96 5 193.4 63.11 4.46
12 6 92.04 5 153.7 64.57 3.75
13 6 50 1.64 158.5 72.40 4.55
14 6 50 8.36 189.0 67.75 3.90
15 6 50 5 136.9 77.20 4.88
16 6 50 5 145.1 76.25 4.85
17 6 50 5 140.2 75.86 4.76
18 6 50 5 141.8 76.02 4.77
19 6 50 5 142.6 76.50 4.82
20 6 50 5 141.7 76.21 4.79

Notes: X1, total lipids concentration; X2, ratio of liquid lipid to total lipid; X3, 
surfactant concentration.
Abbreviations: EE, entrapment efficiency; DL, drug loading.
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Transmission electron microscopy (TEM) was performed 

using a JEM-1230 apparatus (JEOL, Tokyo, Japan) to deter-

mine the shape and physical appearance of the negatively 

stained preparations of NLCs. Initially, each sample was 

diluted with appropriate volume of distilled water and a 

drop was added to a film-coated copper grid (Zhong Jing Ke 

Yi Technology Inc., Beijing, China) and air dried for about 

20 minutes. The sample then received a drop of 2% aqueous 

solution of sodium phosphotungstic acid for contrast enhance-

ment and was allowed to dry before TEM observation.

Differential scanning calorimeter (DSC) (Q2000; New 

Castle, DE, USA) was used to analyze the thermal behaviors 

of the NLCs. Samples (5–10 mg) were accurately weighed 

in a specialized aluminum pan with a pinhole. DSC scans 

were made with a heating rate of 10°C/min and range of 

30°C–300°C. An empty pan was used as the reference.

X-ray diffraction (XRD) analysis of NLCs were per-

formed using a model D8 ADVANCE X-ray diffractometer 

(Bruker, Hamburg, Germany) in which Cu-Ka radiation was 

employed as the source of X-rays at an operating voltage of 

40 kV and electricity setting of 30 mA. Samples were scanned 

over the range of 3°–50° 2θ at a scanning rate of 5°/min and 

a step size of 0.02°.

Accelerated stability studies of NLCs were carried out at 

0, 1, 2, 3, and 6 months to compare the changes in particle 

size and EE over time at a temperature of 40°C±2°C and 

relative humidity of 75%±5%.

In vitro dissolution
Release studies were performed to evaluate the in vitro drug 

release pattern using the dialysis bag technique.24 The dialysis 

bag with a molecular weight cutoff of 14 kDa (Pall Corporation, 

Port Washington, NY, USA) was soaked in release medium for 

12 hours before use. Five milliliters of each test formulation 

was individually put in a dialysis bag that was firmly tied. They 

were then immersed in 100 mL of phosphate buffered solution 

(pH 6.8) containing 20% (v/v) polyethylene glycol 400 and 

maintained at 37°C±0.5°C with stirring at 100 rpm. At each 

sampling time point, 1 mL was withdrawn and the volume was 

replenished with the same volume of fresh medium. The sam-

ples were filtered through a 0.45-mm membrane and analyzed 

using HPLC. All experiments were performed in triplicate.

In vivo pharmacokinetics
Male Wistar rats (250±10 g) were fasted overnight before 

administration. They were allowed drinking water ad libitum. 

Rats were randomly divided into three groups of six rats 

each and randomized to the treatment. One group of rats was 

treated orally with a suspension of GPS powder prepared 

by adding GPS to purified water. The second group was 

treated orally with GPS-NLCs. The third group received 

GPS-SGC-NLCs orally. All rats were administered 20 mg/kg 

GPS equivalent. At predetermined time intervals, blood 

samples (0.4 mL) were collected from the orbit of eyes into 

heparinized tubes. Plasma was separated from each blood 

sample by centrifugation at 5,000 rpm for 10 minutes in a 

microcentrifuge (Eppendorf, Hamburg, Germany) and stored 

at -20°C until analyzed.

Pharmacokinetic parameters were calculated by a model-

independent method, using the DAS 2.1.1 computer program 

(supplied by the State Food and Drug Administration of 

China for pharmacokinetic study). Maximum concentration 

(C
max

), time of C
max

 (T
max

), and mean residence time (MRT) 

were determined from the raw data. Area under the curve to 

the last measurable concentration (AUC
0–t

) was estimated by 

the linear trapezoidal rule.

In vivo optical imaging study
Fluorescence (Cy5.5 NHS)-loaded SGC-NLCs were pre-

pared according to the preparation method of GPS-SGC-

NLCs away from light, using Cy5.5 NHS instead of GPS. 

In vivo imaging method was performed to study the drug 

distribution in gastrointestinal tract after oral administration 

of fluorescence solution, NLCs, and SGC-NLCs. BALB/c 

nude mice were orally given 0.1 mL/10 g (concentration 

of 10 mM/mL) Cy5.5 NHS equivalent, and they were then 

anesthetized immediately by inhaling 4% isoflurane-oxygen. 

The in vivo fluorescence images were studied at 0.5, 1, 2, 

4, 6, and 8 hours after oral administration using the Caliper 

IVIS Imaging System (Lumina XR; Perkin Elmer, Waltham, 

MA, USA) with excitation of 678 nm and emission 695 nm 

(Cy5.5 NHS). All fluorescence images were conducted 

with an exposure time of 60 ms and presented at the same 

fluorescent intensity.

Intestinal perfusion study
Male Wistar rats were fasted for 18 hours prior to the start 

of the experiment with free drinking. Rats were then narco-

tized by injecting 3.5% chloral hydrate solution (10 mL/kg) 

into the abdominal cavity and immobilized. All the animals 

were placed on a heated pad at 37°C during the surgery and 

throughout in situ intestinal perfusion. Later, the enterocoelia 

was cut for approximately 3 cm along the ventrimeson, and 

a tube was inserted in the operative incision of both ends 

of the intestinal segment to be investigated, which were 

ligated and fixed. The intestinal segment was washed with 
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homothermal saline to remove the contents at a flow rate of 

5 mL/min and finally the cannula was connected to the per-

fusion instrument. Then, the perfusion solution (37°C) was 

transfused with a flow rate of 0.25 mL/min for 90 minutes. 

The perfusion solution was collected every 15 minutes using 

centrifuge tubes with known weight in the outlet. After the 

experiments were finished, the animals were sacrificed by 

anesthetic (urethane). The intestinal segments were cut off 

and their length and radius were measured.

Apparent absorption coefficient (P
app

) of GPS was cal-

culated from the constant concentration of the preparations 

in the perfusion solution collected after correction for net 

water flux. P
app

 was calculated using the following equation:

	 P
app

out out

in in

Qln
C Q

C Q

rl
=

−










2π � (3)

where Q
in
 and Q

out
 are the volume of the inlet and outlet 

perfusates, respectively; C
in
 and C

out
 are the drug concentra-

tions of the inlet and outlet perfusates, respectively; Q is the 

flow rate; l and r are the length and radius of the intestine, 

respectively.

In vitro cytotoxicity
The human colon adenocarcinoma cell line, Caco-2 cells, have 

features similar to the absorptive intestinal cells, such as micro-

villi, the carrier-mediated transport systems, and paracellular 

transport through the tight junctions.25 Therefore, the Caco-2 

cells were used to study the effect of different concentrations 

of GPS powder suspension, blank NLCs, GPS-NLCs, GPS-

SGC-NLCs, and empty vehicles on cell toxicity. Viability was 

determined using MTT assay.26 Caco-2 cells were seeded at 

4×103 cells/well into 96-well culture plates and incubated at 

37°C for 24 hours before the assay. Cells in the wells were 

treated with various concentrations of test solutions. After a 

24-hour incubation, 20 mL MTT was added to each well and 

the cells were incubated for another 4 hours. After removing 

the culture medium, 200 mL of dimethylsulfoxide was added 

to dissolve the insoluble formazan that had formed. The plate 

was then shaken for 10 minutes in the dark and the absorbance 

was measured at 570 nm using a microplate reader (Biotek 

Synergy HT; Gene Company Limited, Hong Kong, China). 

All determinations were performed in triplicate.

Statistical analysis
Data are expressed as mean ± standard deviation. Statistical 

data were analyzed by multivariate linear regression for uni-

form design experiments, and comparisons were made with 

one-way analysis of variance using SPSS software (v 19.0; 

IBM Corporation, Armonk, NY, USA). A P-value ,0.05 

was considered statistically significant.

Results and discussion
Preparation of the GPS-SGC-NLCs
The stirring power (Watts), stirring time (min), homogeni-

zation pressure (bar), and homogenization cycle were the 

factors that were evaluated to optimize the preparation of 

the GPS-SGC-NLCs, with the particle size and PDI as the 

indexes. Stirring power had no apparent effect on particle 

size and PDI (Figure 1). As stirring time, homogenization 

pressure, and homogenization cycle increased, the particle 

size was initially reduced followed by a slight increase. It was 

previously reported that the stability of the preparation system 

Figure 1 Effect of optimization of the process parameters of high-pressure homogenization method; particle size (A) and polydispersity index (B) are used as the indexes.
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decreases with an increase in the homogenization pressure and 

homogenization cycle, resulting in increased kinetic energy.27 

Therefore, the production parameters were set as follows: 

stirring power, 6,000 Watts; stirring time, 6 minutes; homog-

enization pressure, 800 bar; and eight homogenization cycles.

Design of experiment
Response data for all experiments are given in Table 1 and 

the three-dimensional response surface graphs for the most 

statistically significant variables on the evaluated parameters 

are shown in Figure 2. The polynomial equations that were 

generated explained the individual main effects and interac-

tion effects of independent factors on each dependent variable 

using the aforementioned software.

To develop the model, the coefficients related to the 

independent variables with significant t-values (P,0.05) 

were used. A lower P-value indicated a higher significant 

effect of the independent variables on the responses.28 The 

model was further developed with only significant items. The 

predicted R2 value of Y
1
, Y

2
, and Y

3
 were 0.8559, 0.9632, 

and 0.9537, respectively. This indicated that 85.6%, 96.3%, 

and 95.4% of the variation were attributed to the independent 

variable. The predicted optimum ranges of the independent 

variables (Table 2) showed that the experimental values were 

very close to the predicted values, with low percentage bias, 

suggesting that the optimized formulation was reliable and 

reasonable.

According to the regression coefficients calculated for the 

experimental data, the relationship between the variables and 

particle size (Y
1
) was represented by the following equation:

	

Y X X X

X X X X X
1 1 2 3

1 2 1 3

140 85 7 77 11 14 0 23

20 3 13 8 16 17

. . – . .

– . . – .

= + +

+
22 3

1
2

2
2

3
223 97 14 86 14 94

X

X X X+ + +. . . . �

(4)

Figure 2 Response surface models showing the influence of the factors on the responses.
Notes: Three-dimensional response surface plots showing the effects of (X1) total lipids concentration (%), (X2) ratio of liquid lipid to total lipid (%), and (X3) surfactant 
concentration (%) on the responses of Y1 (A), Y2 (B), and Y3 (C). Y1 is the response of the mean particle size, Y2 of entrapment efficiency, and Y3 of drug loading.

Table 2 Comparison of experimental and predicted values under 
optimal conditions for final formulation

Measured responses Predicted Experimental Bias (%)

Particle size (nm) 140.2 146.7 -4.64

% Entrapment efficiency 76.90 74.22 3.49

% Drug loading 4.76 4.89 -2.73

Note: Bias was calculated as (predicted value - experimental value)/predicted 
value × 100%.
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As represented in Figure 2A and as calculated by the Y
1
 

equation, the effect of the factor levels on particle size was 

significantly influenced by the total lipid concentration (X
1
) 

and the ratio of liquid lipid to total lipid (X
2
), with large coef-

ficients (7.77 and -11.14). This suggested that the particle size 

increased as the lipid concentration increased. The result could 

be due to the fact that molecule dispersing rate was reduced by 

raising the viscosity of system.29 Furthermore, with the increase 

of lipid concentration, the collision and aggregation of particles 

would add which led to the increase of particle size.30 However, 

the system has an optimum range of lipid concentration. At low 

concentrations, particle sizes decrease with increasing lipid 

concentration until attaining a minimum limit. In addition, the 

particle size decreases with an increase in the ratio of liquid lipid 

to total lipid. This may have occurred due to the low viscosities 

of Labrafil M1944 CS and Maisine 35-1, which can control the 

rising viscosity of the lipid phase. Thus, increasing the liquid 

lipid content decreased the inner viscosity of the particles.

The model that describes the relationship between the 

independent variables and EE (Y
2
) can be represented by 

equation (4):

	

Y X X X

X X X X X X
2 1 2 3

1 2 1 3 2 3

76 45 6 56 0 11 0 14

0 096 4 14 0 5

. – . . .

. . – .

–

= + +

+ +

77 28 5 18 2 97
1
2

2
2

3
2. – . – .X X X

�

(5)

From this equation and Figure 2B, it is evident that the 

total lipid concentration (X
1
) had a negative coefficient 

(-6.56) with a primary influence, with a higher lipid con-

centration leading to a lower EE. In contrast, EE increased 

with increasing surfactant concentration. Similar results have 

been reported by other researchers.31,32 The findings have been 

attributed to the efficient loading retention of drug molecules 

within the lipid matrix or at the surface of NLCs at higher 

surfactant concentration.

The equation in term of independent variables for 

responses DL (Y
3
) is given in equation (5):

	

Y X X X

X X X X X X
3 1 2 3

1 2 1 3 2 3

4 83 0 69 0 28 0 028

0 031 0 39 0 034

= + +

+

. . . .

. . .

−

− −

−− − −1 04 0 35 0 3
1
2

2
2

3
2. . .X X X �

(6)

From this equation and Figure 2C, it is evident that DL of 

NLCs was strongly influenced by the total lipid concentration 

and ratio of liquid lipid to total lipid, indicating the impor-

tance of lipid in determining drug loading. As the total lipid 

concentration increased, the DL also increased initially and 

then decreased with further increase in the concentration of 

the lipids. This might be because when the concentration of 

lipids is low, more drugs would be packaged with increasing 

lipid concentrations, while a high concentration of lipid might 

reduce the ratio of drug to lipids. The ratio of liquid lipid to 

total lipid positively influenced DL (0.28). This implies that 

the addition of liquid lipid to the solid lipid in NLCs causes 

distortion of crystalline structure of the lipid, which favors 

higher DL.31

Particle size and zeta potential
Particle size and zeta potential data of the optimized formula-

tion are shown in Figure 3. GPS-SGC-NLCs were nanometric 

and unimodal with a relatively narrow size distribution 

(PDI =0.137±0.011) and an average diameter of 146.7±6.8 

nm (Figure 3A). Lower particle size of nanoparticles could 

make the suspension clearer, which is considered as an 

advantage of oral liquid formulations. Furthermore, smaller 

particles and lower PDI would decrease settling rate which 

could remain suspended in a solution.33 Zeta potential could 

reflect the stability of a colloidal system to some extent. GPS-

SGC-NLCs possessed a high zeta potential (-56.0±3.4 mV), 

which indicated that the nanoparticles were very stable 

Figure 3 Particle size (A) and zeta potential (B) of GPS-SGC-NLCs.
Abbreviation: GPS-SGC-NLCs, gypenosides-loaded nanostructured lipid carriers containing a bile salt.
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(Figure 3B). This is likely because particles repel each other, 

thereby lessening the tendency of aggregation.34

Morphological imaging
TEM revealed that most of the GPS-SGC-NLCs were 

spheroidal with uniform distribution (Figure 4), which cor-

roborated the particle size measurements.

DSC study
DSC is a basic method to investigate the crystallization or 

amorphous state of drugs and NLCs by confirming the change 

of energy and temperature at phase transformation.35 DSC 

thermogram data (Figure 5) revealed that the cryoprotectant 

(mannitol) reached an endothermic peak with a high inten-

sity of approximately 167.13°C, which was exactly the 

same melting point of mannitol. GPS and GMS reached 

endothermic peaks at 166.67°C and 57.15°C, respectively. 

SGC displayed a melting point of 257.62°C. The DSC 

analysis revealed no relocation of the peaks in the physical 

mixture (composed of mannitol, GPS, SGC, and GMS), 

where the characteristic melting points of the samples were 

almost unchanged, except for the increase or decrease of the 

endothermic peak areas. This may have been due to the rise 

in the molten state of the partial bulk drug in the solid lipids 

as the temperature rose, which would have led to changes 

in the crystalline structure. However, the endothermic peaks 

of GPS and SGC were not observed in NLCs, which sug-

gested that the drug was dispersed in the nanoparticles in a 

noncrystalline state.

XRD study
XRD was carried out with the support of DSC to verify the 

reduction in the crystalline nature of GPS in the prepared for-

mulation. XRD of cryoprotectant, GPS, SGC, GMS, the physi-

cal mixture, and the GPS-SGC-NLCs is shown in Figure 6. 

There were several diffraction peaks associated with the dif-

fraction pattern of cryoprotectant (10.329°, 14.816°, 18.867°, 

and 23.735°), SGC (14.769° and 15.728°), and GMS (5.593°, 

19.686°, 22.618°, and 23.694°). The characteristic main 

peaks for these were absent in the XRD pattern of the formed 

NLCs. The findings indicated partial recrystallization with the 

Figure 4 Transmission electron micrograph of GPS-SGC-NLCs.
Abbreviation: GPS-SGC-NLCs, gypenosides-loaded nanostructured lipid carriers 
containing a bile salt.

Figure 5 Differential scanning calorimetry curves of (A) GMS, (B) SGC, (C) GPS-SGC-NLCs, (D) physical mixture, (E) GPS, and (F) cryoprotectant.
Abbreviations: GMS, glycerol monostearate; SGC, sodium glycocholate; GPS, gypenosides; GPS-SGC-NLCs, gypenosides-loaded nanostructured lipid carriers containing 
a bile salt.
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formation of less-ordered crystals. GPS displayed intensely 

sharp peaks at 2θ values of 13.873°, 17.457°, 19.941°, 20.826°, 

and 21.688°, indicating the crystalline nature of GPS. How-

ever, these peaks disappeared in NLCs, suggesting that drug 

in NLCs may occur in an amorphous state. For the physical 

mixtures, the XRD pattern showed a number of different peaks 

that were retained from cryoprotectant, GPS, SGC, and GMS. 

These XRD results agreed with the DSC results.

Accelerated stability studies
The results of stability studies are depicted in Table 3. The 

particle size and EE of GPS-NLCs and GPS-SGC-NLCs 

did not change significantly following storage for 6 months, 

which indicated that they existed in the stable state. In addi-

tion, the larger change of GPS-SGC-NLCs compared with 

GPS-NLCs may due to the presence of SGC, which could 

slightly affect the structure of NLCs with a few drug leak-

age. On the whole, it showed a very little effect on stability.

In vitro dissolution
The release profiles of drug powder suspension, GPS-NLCs, 

and GPS-SGC-NLCs through the dialysis bag in phosphate 

buffered solution (pH 6.8) are presented in Figure 7. The 

release in the GPS powder group was much faster than that 

in the GPS-NLCs and GPS-SGC-NLCs with 29.4% of drug 

released within 6 hours. In contrast, only 25.6% and 23.1% 

of GPS were released from GPS-NLCs and GPS-SGC-NLCs 

within 6 hours, respectively. After 48 hours, more than 50% 

of drug was released from GPS-NLCs and GPS-SGC-NLCs 

into the dissolution medium, while only 32.2% of GPS was 

released from the drug powder suspension.

The slower rate of drug release from NLCs was due to 

the lipid layer that inhibits the diffusion of GPS out of the 

NLCs. The higher cumulative dissolution rate of NLCs was 

most likely due to the disordered crystalline state of the 

drug that exhibited higher solubilization and was selected 

for nanoparticle formation.36 Furthermore, GPS-SGC-NLCs 

were more soluble than GPS-NLCs due to the solubilization 

effect of the bile salt. Thus, GPS-SGC-NLCs enhanced the 

sustained and efficient release of GPS compared to GPS 

powder suspension and GPS-NLCs.

Pharmacokinetics
The pharmacokinetic parameters in rats after oral adminis-

tration of GPS powder suspension, GPS-NLCs, and GPS-

SGC-NLCs at same dose are summarized in Table 4. The 

plasma concentration–time profiles are illustrated in Figure 8. 

Figure 6 X-ray diffraction analyses of (A) cryoprotectant, (B) GPS, (C) physical mixture, (D) GPS-SGC-NLCs, (E) SGC, and (F) GMS.
Abbreviations: GMS, glycerol monostearate; SGC, sodium glycocholate; GPS, gypenosides; GPS-SGC-NLCs, gypenosides-loaded nanostructured lipid carriers containing 
a bile salt.

°

Table 3 Accelerated stability studies for NLCs

Time 
(months)

GPS-NLCs GPS-SGC-NLCs

Particle 
size (nm)

EE (%) Particle 
size (nm)

EE (%)

0 141.2±3.9 78.6±2.8 146.7±6.8 74.2±1.9
1 141.8±3.7 78.1±3.9 147.2±4.9 73.7±3.8
2 143.1±4.2 77.9±4.1 148.8±6.2 72.9±3.1
3 144.2±5.1 77.5±3.4 150.9±3.4 72.3±4.6
6 146.5±4.9 76.6±3.7 152.6±5.5 71.2±4.2

Abbreviations: GPS, gypenosides; SGC, sodium glycocholate; NLCs, nanostructured 
lipid carriers.
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Figure 7 In vitro release of GPS, GPS-NLCs, and GPS-SGC-NLCs in phosphate buffered solution (pH =6.8).
Abbreviations: GPS, gypenosides; GPS-NLCs, gypenosides-loaded nanostructured lipid carriers; GPS-SGC-NLCs, gypenosides-loaded nanostructured lipid carriers 
containing a bile salt.

Table 4 Pharmacokinetic parameters of the three formulations (n=6)

Parameters Formulations

GPS powder GPS-NLCs GPS-SGC-NLCs

Tmax (h) 0.792±0.102 1.417±0.276* 2.250±0.212*,**
Cmax (mg/mL) 0.455±0.080 0.671±0.073* 0.859±0.113*,**
AUC0–∞ (mg/mL·h) 1.355±0.407 4.591±0.668* 11.491±0.707*,**
MRT0–∞ (h) 6.224±0.341 11.832±1.413 21.589±1.267*,**

Notes: *P,0.05, vs GPS powder. **P,0.05, vs GPS-NLCs. Data are represented as mean ± SD.
Abbreviations: GPS, gypenosides; SGC, sodium glycocholate; NLCs, nanostructured lipid carriers. Tmax, time peak plasma concentration; Cmax, peak plasma concentration; 
AUC0–∞, area under the plasma concentration-time curve; MRT0–∞, mean retention time.

As shown in Table 4, the absorption of GPS powder suspen-

sion (T
max 

=0.792 hour) was shorter than that of GPS-NLCs 

(T
max 

=1.417 hour) and GPS-SGC-NLCs (T
max 

=2.250 hour), 

suggesting that GPS powder suspension was absorbed more 

rapidly than NLCs, with GPS-SGC-NLCs displaying the lon-

gest absorption. A similar variation trend was also observed in 

MRT (GPS powder =6.224 hour, GPS-NLCs =11.832 hour, and 

GPS-SGC-NLCs=21.589 hour). Compared to the GPS powder 

formulation, the GPS-NLCs increased the C
max

 by 1.5-fold and 

the AUC by 3.4-fold, while GPS-SGC-NLCs increased the C
max

 

and AUC by approximately 1.9- and 8.5-fold, respectively.

The results of T
max

 and MRT indicate that the drug in GPS-

SGC-NLCs remains in circulation for a significantly longer 

period of time. This may be due to the nanosized architecture 

of the bile salt–containing carrier system that features the slow 

release of GPS. Other possible mechanisms include that the 

incorporation of bile salts in lipid structure could stabilize the 

NLCs against the detrimental effects of physiological bile acids 

in the gastrointestinal tract. The stabilizing effect might extend 

the resident time of GPS-SGC-NLCs in the gastrointestinal 

tract,18 resulting in longer T
max

 and MRT compared with that 

of GPS powder suspension and GPS-NLCs. The data of C
max

 

and AUC revealed that both the GPS-NLCs and GPS-SGC-

NLCs have enhanced the oral absorption of GPS compared 

with GPS suspension. However, the GPS-SGC-NLCs have 

a better effect in improving the bioavailability of GPS. The 

improved oral bioavailability of GPS with GPS-SGC-NLCs 

may be attributed to the NLCs containing a bile salt. It was 

reported that the oral absorption occurred from the interaction 

with bile acid transporter (ASBT) in the intestine as well as 

the increased transcellular activity throughout the enterocytes. 

Bile acid–based enhancers reversibly bind and form a complex 

with the drug, which could enhance the transport of drugs 

across Caco-2 cell monolayer as in the case of rat intestine.37–41

In vivo optical imaging study
Based on the results of pharmacokinetics, we investigated 

the distribution of the preparations in gastrointestinal tract by 

in vivo imaging. The persistence at different times of various 

preparations in the gastrointestinal tract was shown in Figure 9. 

Each group was given the same dose of fluorescent agent. The 

retention effect of the NLCs groups in the gastrointestinal tract is 

much better than that of the Cy5.5 solution, among which SGC-

NLCs presented the strongest signal and longest persistence in 
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Figure 8 In vivo plasma concentration–time profiles. Levels of GPS following oral administration of GPS powder suspension, GPS-NLCs, and GPS-SGC-NLCs (n=6).
Note: The data for the drug-time curve within first two hours shown in the blue dashed line box is presented in the inset.
Abbreviations: GPS, gypenosides; GPS-NLCs, gypenosides-loaded nanostructured lipid carriers; GPS-SGC-NLCs, gypenosides-loaded nanostructured lipid carriers 
containing a bile salt.

Figure 9 Luminescence imaging of gastrointestinal tract at different time following oral administration of Cy5.5 solution, Cy5.5-NLCs, and Cy5.5-SGC-NLCs.
Abbreviations: Cy5.5-NLCs, Cy5.5-loaded nanostructured lipid carriers; Cy5.5-SGC-NLCs, Cy5.5-loaded nanostructured lipid carriers containing a bile salt.

the gastrointestinal tract, manifesting more Cy5.5 retaining in 

the gastrointestinal tract. The Cy5.5 signal increased steadily 

until reaching a peak at 2 hours and then slowly decreased. 

However, the fluorescence intensity of the Cy5.5 solution 

group immediately increased but rapidly decreased after oral 

administration. The results suggest a higher accumulation of 

Cy5.5 encapsulated by SGC-NLCs was achieved than that of 

free Cy5.5 in the gastrointestinal tract. It may be attributed to 

the protection mechanism of SGC-NLC, which had advantages 

in extending retention time and maintaining drug activity.42,43
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Intestinal perfusion study
The intestinal absorption of GPS suspension, GPS-NLCs, and 

GPS-SGC-NLCs in different intestinal segments of the rat 

was measured using the in situ single-pass perfusion method. 

As shown in Figure 10, the main absorption area of GPS 

was the jejunum. In general, if the P
app

 of drug is less than 

1.8×10-4 cm⋅min-1, it can be considered as poor absorption.44 

The P
app

 value of GPS indicated a low permeability and bio-

availability. In this study, the administration of both the kinds 

of GPS-NLCs and GPS-SGC-NLCs resulted in significant 

enhancement of P
app

 in each segment. Taking the example 

of drug absorption in the jejunum, the P
app

 values of GPS-

NLCs and GPS-SGC-NLCs were 2.24- and 5.11-fold higher, 

respectively, compared with GPS suspension (P,0.05). The 

high molecular weight of GPS may reduce its transmembrane 

transport, which would limit the absorption process of GPS 

in the intestine.45 The SGC-NLCs could significantly enhance 

the absorption of drugs with the excellent biocompatibility 

of NLCs and by promoting the transmembrane transporta-

tion of SGC, which would result in a greater improvement 

of drug bioavailability.

In vitro cytotoxicity
To determine the activity of different formulations on 

cells, the percent survival of Caco-2 cells was determined 

using MTT/cell cytotoxicity assay. Figure 11 presents the 

percentage cell survival at different concentration ranges 

after 24 hours of posttreatment. The viability of Caco-2 

cells decreased with an increase in the concentrations of all 

the formulations. Moreover, blank NLCs had no significant 

toxicity on cells, because the cell viability rates of the blank 

NLCs in different concentrations exceeded 95%. The findings 

suggested that GPS exhibited a cytotoxic effect. At the same 

dose, the viability of cells treated with GPS-SGC-NLCs was 

slightly lower than that of the cells treated with GPS-NLCs 

without significant difference, but it was markedly higher 

than the viability of cells treated with GPS powder (P,0.05), 

which proved the lack of cytotoxicity of the SGC bile salt. 

Figure 10 Papp of GPS powder suspension, GPS-NLCs, and GPS-SGC-NLCs (n=6). 
(Compared with GPs powder, *P,0.05; compared with GPS-NLCs, #P,0.05).
Abbreviations: GPS, gypenosides; GPS-NLCs, gypenosides-loaded nanostructured 
lipid carriers; GPS-SGC-NLCs, gypenosides-loaded nanostructured lipid carriers 
containing a bile salt.

×

Figure 11 Results of the MTT assay with Caco-2 cells. Data were given as mean ± SD (n=6). *P,0.05, **P,0.01 compared with GPS powder.
Abbreviations: GPS, gypenosides; SGC, sodium glycocholate; NLCs, nanostructured lipid carriers; MTT, 3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazoliumbromide.
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GPS-SGC-NLCs greatly decreased the cytotoxicity of the 

drug, and the percentage of cell viability of GPS-SGC-NLCs 

at 5 mg/mL, 50 mg/mL, and 100 mg/mL was approximately 

94.5%, 91.0%, and 86.7%, while that of the GPS powder was 

85.8%, 78.3%, and 70.9% at the corresponding concentra-

tions. These findings suggested that the GPS-SGC-NLCs 

were biocompatible with Caco-2 cells and well tolerated by 

the gastrointestinal tract.

Conclusion
We successfully fabricated GPS-loaded NLCs containing a 

bile salt using a hot melting, high-pressure, homogenization 

method. Optimization by CCD helped to improve our under-

standing of the factors involved and to predict the relationships 

between various independent and dependent variables associ-

ated with GPS-SGC-NLCs system, promoting the preparation 

of a formulation capable of optimal performance. GPS incor-

porated into NLCs was in an amorphous form as confirmed 

by DSC and XRD analyses. In vitro and in vivo study showed 

that GPS-SGC-NLCs could remarkably enhance the dis-

solution and bioavailability of GPS and GPS-NLCs. In vivo 

imaging and in vivo intestinal perfusion studies had further 

demonstrated that SGC-NLCs could promote the absorption 

of drugs in the intestine, which indicated that SGC-NLCs are 

superior to conventional NLCs in improving the oral bioavail-

ability and are a promising system for oral delivery of GPS.
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