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Abstract. In this study, an optimized nanostructured lipid carriers (NLCs) were developed
and investigated for improving the solubility and oral availability of 6-Gingerol (6G), an
active and abundant component of ginger with limited applications due to its poor water
solubility plus oral biological availability. The NLCs consisted of a solid lipid (glyceryl
monostearate), another liquid lipid (decanoyl/octanoyl-glycerides) and mixed surfactants
(Tween 80 and Poloxamer 188), and was prepared by high pressure homogenization method.
The optimal 6G-NLC formulation was evaluated through physical properties such as
appearance, mean particle size, zeta potential, encapsulation efficiency, and in vitro drug
release, alongside techniques viz., transmission electron microscopy (TEM), differential
scanning calorimetry (DSC), as well as powder X-ray diffraction (XRD). Pharmacokinetics
were also evaluated in rats. The 6G-NLCs prepared with optimal formulation exhibited a
homogenous spherical shape with mean particle size and zeta potential of 63.59 ± 5.54 nm
and − 12.18 ± 1.06 mV. Encapsulation efficiency and drug loading were 76.71 ± 1.11 and 1.17
± 0.35%, respectively. In vitro release profile of 6G from NLCs was sustained and fitted with
Weibull equation. After oral administration of the 6G-NLCs, drug concentrations in serum,
MRT, and AUC0-t were significantly higher as compared with the free 6G suspension. All
these results indicated that the developed NLC formulation could be effective and promising
drug carriers to improve the water solubility of 6G while sustaining the drug release as well as
prolonging in vivo acting time of the drug coupled with oral bioavailability enhancement.
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INTRODUCTION

Ginger (Zingiber officinale Roscoe, Zingiberaceae) is
known as the dried rhizome of Zingiber and is one of the
important natural medicinal plants in various countries such
as China, India, Mexico, and some other areas [1]. Ginger is
extensively used as a food spice around the world from
early on. The rhizome of ginger and its extracts have also
been widely used as a kind of medicine [2]. Traditional
Chinese Medicine uses ginger to treat many diseases
including wind cold, cough, rheumatism, indigestion,
vomiting, intoxication, infectious diseases, and so on [3–5].

The oleoresins extracted from rhizome of ginger involve
pungent ingredients known as gingerol, shogaol, and
zingerone [6] and have been proved to have all kinds of
pharmacological activities [7]. Among the various ingredi-
ents in ginger, 6-Gingerol (6G) (Fig. 1) is one of the major
pungent and the most abundant components which has been
found to exhibit multiple pharmacological effects namely
antioxidant, anti-inflammation, antitumor, antibacterial,
liver and kidney protection, hypoglycemic as well as
hypolipidemic activities, etc. [8–15]. However, studies in
healthy rats and mice showed that after oral administration,
6G was rapidly absorbed and eliminated with a short half-
life [16]. Previous report by Jiang et al. [17] showed that the
6G absorbed into plasma could be eliminated rapidly with a
short half-life, indicated that the oral bioavailability of 6G
was very low, and this was possibly because of the liver first-
pass effect. Although 6G possesses many pharmacological
activities, the difficulty in extraction and purification and the
low water solubility plus bioavailability have limited its
further clinical applications [17].
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During the past few decades, lipid-based drug delivery
systems have become promising nano-scale drug carriers for
improving solubility and bioavailability of water-insoluble
drugs [18,19]. Among them, nanostructured lipid carriers
(NLCs) are novel second-generation lipid nanoparticle drug
delivery system for sustaining drug release that is developed
from solid lipid nanoparticles (SLNs) [20]. By using mixture
of two lipid matrices (solid and liquid) instead of one single
solid lipid material of SLNs, the NLCs could significantly
overcome the shortcomings of SLNs namely poor stability,
low drug encapsulation efficiency, drug leakage, and excessive
water retention in the system. Meanwhile, NLCs share the
advantages of SLNs, which include but not limited to
desirable biocompatibility, sustained drug release, and the
possibility of large-scale industrial production [21–25]. Tradi-
tional SLNs contain only one single lipid, which would easily
form a compact crystal structure. Drugs are mostly dispersed
on the surface of the lipid sphere structure and these often
lead to low encapsulation efficiency, drug leakage, and burst
release [26]. As for NLCs, with mixed solid lipid and another
liquid lipid in the formulation prescription, cavity structure
with more imperfections in the lipid core could be formed to
pack the lipid-soluble drugs, therefore, obtaining a higher
drug loading capacity as well as reducing drug leakage during
storage [21,27]. Moreover, the combination of liquid and solid
lipids, along with relatively small particle size (usually smaller
than 200 nm), could effectively improve the absorption of the
drug and lead to a passive targeting to certain tissues [21].
NLCs have currently been confirmed to incorporate many
bioactive components to improve solubility, chemical stabil-
ity, and bioavailability [23,26]. Therefore, NLCs are promis-
ing drug carriers for improving water solubility and
bioavailability of poorly water-soluble drugs such as 6G and
also serve as an alternative drug delivery system to bypass the
first-pass metabolism, culminating in prolonging circulation
time of the drug [28].

Unlike the abundant studies focused on its pharmacoki-
netics and pharmacological effects, reports related to the
preparation of 6G to overcome the poorly water solubility
and enhance the oral bioavailability are limited. Previous
studies by Zhang et al. [29] isolated and characterized ginger-
derived exosome-like nanoparticles and examined their
potential use for treating inflammatory bowel diseases.
Manatunga and colleagues [30] also synthesized a novel pH
sensitive sodium alginate, hydroxyapatite bilayer-coated iron
oxide nanoparticle composite, and loaded two anticancer
drugs, Curcumin and 6-Gingerol. Although 6G has been
previously processed into other formulations such as self-
microemulsifying drug delivery system [31] and proliposomes
[32], there still exist minuses such as easily drug leakage and
complex preparation processes. Therefore, studies based on
different drug delivery systems and preparation methods are
worth exploring. As novel lipid-based nano-scale drug

delivery systems, NLCs possess relatively small and uniform
particle size distribution, better storage stability, and prepa-
ration techniques that can be adaptive for production on a
large scale. In a previous study by Rosli and co-experimenters
[33], ginger oil was loaded on to a NLC formulation, and the
particle size, polydispersity index, and encapsulation effi-
ciency were measured. Nonetheless, the ability of NLCs to
increase the bioavailability of 6G has not been studied
further. Therefore, in the present study, we formulated and
assessed NLC drug delivery system for oral delivery of 6G.
The formulation of 6G-NLCs was optimized, while the
physicochemical properties were characterized. Subsequently,
the in vitro drug release profiles and in vivo oral bioavailabil-
ity of 6G-NLCs were evaluated.

MATERIALS AND METHODS

Materials

6-Gingerol (98% purity, standard product) was bought
from Aladdin Corporation (Shanghai, China). 6-Gingerol
(98.15% purity) was extracted and purified from a Ginger
extractive (contains 10% gingerol) by a previous study [32].
Glyceryl monostearate (GMS), curcumin, and Tween 80 were
bought from Sinopharm Chemical Reagent Corporation
(Shanghai, China). Decanoyl/octanoyl-glycerides (MCT) was
obtained from Youchuang Corporation (Shanghai, China).
Poloxamer 188 was obtained from Yuanye Chemical Factory
(Shanghai, China). Other related chemicals and reagents
were all of analytical grade. Healthy male Sprague-Dawley
rats were obtained from Experimental Animal Center of
Jiangsu University (Zhenjiang, China), and the in vivo
experimental procedures all abided by the ethics and
regulations of animal experiments approved by the Ethic
Committee of Jiangsu University.

HPLC Analysis

Contents of 6G in different samples were measured using
a reverse-phase HPLC method. The HPLC system consisted
of a LC-20A pump, a SIL-20A autosampler, and a LC-20AD
detector (Shimadzu, Japan). Chromatographic separations
were performed on a Symmetry C18 column (5 μm, 4.6 ×
150 mm; Waters, Ireland), with mobile phase that consisted of
methanol and water (65/35, v/v) at 1.0 mL min−1. The
detection wavelength was 280 nm and the column
temperature was 30°C. The HPLC condition was applied for
the in vitro detection of 6G with validation of specificity,
accuracy, and sensitivity. The standard curve showed a good
linear within the scope of 1–200 μg mL−1, and the linear
equation was: Y = 10,571X–2326.6 (R2 = 0.9999). The average
recovery and relative standard deviation (RSD) were 99.64
and 3.99%, respectively (n = 3). The limit of detection (LOD)
was 0.5 μg mL−1 and the limit of quantity (LOQ) was
0.2 μg mL−1, while the intra-plus inter-day variations of
RSD were less than 5%.

Optimization of 6G-NLCs

The preparation process of 6G-NLCs was conducted
using high pressure homogenization (HPH) method as

Fig. 1. The molecular structure of 6-Gingerol
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described earlier [34] with some slight modifications. In brief,
an aqueous phase composed of surfactants (Tween 80 and
Poloxamer 188, 1:1, w/w) and double distilled water was
mixed in a conical flask and stirred at 75–78°C. Simulta-
neously, a homogeneous melting lipid phase was obtained by
mixing solid lipid (glycerin monostearate, GMS), liquid lipid
(decanoyl/octanoyl-glycerides, MCT), and lipophilic drug
(6G) alongside stirring in another flask at the same temper-
ature. Subsequently, the hot water phase was slowly added
into lipid phase, followed by constant stirring to form an
emulsion solution. The final step was to homogenize the
formed emulsion by a high-pressure homogenizer (APV-2000,
APV, Germany) for 10 cycles at 1000 bar and the resultant
NLCs were cooled to room temperature.

In the present study, orthogonal design was applied to
screen the optimal formulation of 6G-NLCs. Based on
previous studies [35–37], the main parameters that influence
the characteristics of NLCs were the ratio of lipids and
surfactants and the content of drug. Therefore, the following
items were used as investigation factors: percentage of GMS
(2.5–7.5%, w/v) (A), percentage of MCT (2.5–7.5%, w/v) (B),
percentage of mixed surfactants (half Tween 80 and half
Poloxamer 188, 2–6%, w/w) (C), and ratio of drug to lipid
(1:10–1:30, w/w) (D). Through pre-experiment design, we
chose the mean particle size (PS) of NLCs as the evaluation
index due to its greater difference than other indexes such as
zeta potential and drug encapsulation efficiency, while
relatively smaller PS could efficiently improve the oral
absorption of drug after administration [38]. According to
the factors and levels listed in Table 1, a L9(3

4) orthogonal
experimental design listed in Table 2 was obtained, and nine
experimental conditions were conducted.

Characterization of 6G-NLCs

Particle Size and Zeta Potential

The determination of average particle size (PS), polydis-
persity index (PDI), as well as zeta potential (ZP) of 6G-
NLCs (diluted to 1 mg mL−1) were conducted using a 90 Plus
PALS instrument (Brookhaven, USA). Both measurements
were conducted at 25°C for three times (n = 3).

Transmission Electron Microscopy

6G-NLCs of 50 μL (2.5 mg mL−1) was diluted to optimal
concentration with water and put on a copper grid prior to
analysis. After negatively stained with phosphotungstic acid,
the copper grid was dried in the air and subjected to
transmission electron microscopy (TEM; Tecnai 12, Philips,
Holland) for physical appearance observation.

Encapsulation Efficiency and Drug Loading

A HPLC method as mentioned in a previous work [39]
was conducted to determine the encapsulation efficiency
(EE) of 6G in our study. Briefly, the 6G-NLCs were dissolved
in methanol to disrupt its structure and then injected to RP-
HPLC to measure the total concentration of 6G in NLCs.
Meanwhile, 1 mL of the prepared 6G-NLCs was filtered
through a 0.22-μm filter in order to remove unencapsulated

6G. The obtained filtrate was diluted with methanol and then
analyzed by RP-HPLC to obtain the concentration of 6G
encapsulated in NLCs. The drug loading (DL) was calculated
by dividing the content of encapsulated drug to total vehicle
(w/w). The equation for the EE (1) and DL (2) was as
follows:

EE% ¼ Cencapsulated

Ctotal
� 100% ð1Þ

DL% ¼ Cencapsulated � V
Wlipids

� 100% ð2Þ

where Cencapsulated means the concentration of 6G incorpo-
rated in the NLCs, Ctotal means the theoretical concentration
of 6G in the NLCs recipe. V represents the volume of
formulated 6G-NLCs in one recipe, and Wlipids represents the
weight of the vehicle.

X-Ray Diffraction Analysis

The 6G-NLC dispersion was lyophilized with a cryopro-
tectant of glucose by a FreeZone 6 plus freeze dryer
(Labconco, USA) prior to scanning. X-ray diffraction analysis
(XRD) of the samples (GMS, glucose (cryoprotectant),
freeze-dried blank-NLCs, mixture of 6G and free-dried
blank-NLCs, and 6G-NLCs powder) was performed by a D8
Advance X-ray diffractometer (Bruker, Germany) equipped
with a Cu-Kα radiation. In brief, the samples were scanned
over a range of 5° to 80° and the scanning rate was 5° min−1.
The diffraction curves were recorded.

Differential Scanning Calorimetry

Differential scanning calorimetry (DSC) analysis was
conducted by a STA 449 C thermal analysis (Netzsch,
Germany). Samples (6G, solid lipid (GMS), blank-NLCs,
and 6G-NLCs) were weighted accurately then placed in
aluminum pans and sealed. DSC thermograms of different
samples were measured at 25–300°C in a nitrogen environ-
ment, and the heating speed was 10°C min−1.

In Vitro Drug Release

In vitro drug release studies were conducted using
dialysis method to simulate the in vivo biological conditions
in different release media, including HCl (pH 1.2), double
distilled water (pH 7.0), and PBS (pH 7.4). Briefly, 6G
solution (5 mg mL−1, 1 mL) and 6G-NLCs (the same 6G
content) were put into dialysis bags separately, then placed in
conical flask, and added with 100-mL different release
medium, respectively. The test was performed on a 37 ± 1°C
digital water-bath shaker with a speed of 100 rpm. An aliquot
of 1 mL was sampled at intervals of 0.25, 0.5, 1, 2, 4, 6, 8, 10,
12, 24, 36, 48 h and promptly replaced with 1 mL of fresh 37 ±
1°C medium to maintain constant volume. The samples were
centrifuged (10,000 rpm for 10 min) and then injected into
RP-HPLC to determine the amount of 6G released.

36636-Gingerol-Loaded Nanostructured Lipid Carriers



Pharmacokinetic Studies in Rats

Eight male Sprague-Dawley rats (200 ± 20 g) were fed
individually under normal laboratory environments and
divided randomly into two groups before experiment. The
two groups were separately administered 6G-NLCs along-
side 6G suspension (6G dispersed in 4% sodium carboxy-
methylcellulose (CMC-Na) solution) through oral gavage at
a dose of 200 mg kg−1. At 0.083, 0.25, 0.5, 0.75, 1, 1.5, 2, 3, 4,
6, 8, 10, and 12 h after administration, 0.5 mL of blood
samples was drawn from the suborbital vein using
capillaries, then centrifuged at 3700 rpm for 10 min to
separate the serums. To extract the drug in the serum, 50 μL
of Curcumin (10 μg mL−1; internal standard) and 500 μL of
ethyl acetate were added to 200 μL of serum and vortexed,
then centrifuged at 3000 rpm for 5 min. The ethyl acetate
layer was carefully transferred to a new tube and volatilized
under a stream of nitrogen at 37°C. The residue was re-
dissolved with 400 μL of 65% methanol-water (v/v) and
centrifuged at 10,000 rpm for 10 min after vortexing. The
supernatant was injected into RP-HPLC for determination
of 6G in serum. The HPLC apparatus included a LC-20A
High Performance Liquid Chromatography (Shimadzu,
Japan) with a LC-20A pump (Shimadzu, Japan) and an
UV detector (Shimadzu, Japan). A column of Symmetric
C18 (5 μm, 4.6 mm × 150 mm; Waters, Ireland) was used for
chromatographic separation at a detection wavelength of

230 nm. The mobile phase contained 65% methanol and
35% water with a flow rate of 1 mL min−1, and temperature
was at 37°C. Meanwhile, the main pharmacokinetic
parameters were determined. The peak concentration of
serum drug (Cmax) and time to achieve the peak
concentration (Tmax) could be directly derived from the
serum drug concentration-time curve, while the area under
the concentration-time curve (AUC) as well as mean
residence time (MRT) and other related indices were
calculated by a Drug and Statistics (DAS) 2.0 software.

Statistical Analysis

In the present paper, data were expressed as means ±
standard deviation (SD). Statistical significance was assessed
using Student’s t test by SPSS 22.0 software and p < 0.05 was
considered as significant.

RESULTS AND DISCUSSION

Optimized Formulation

In this research, the formulation of 6G-NLCs was
optimized through an orthogonal design and the calculation
was conducted using the software SPSS 22.0. The orthogonal
results are shown in Table 2, while the variance analysis result
is indicated in Table 3. Intuitively, the ranged analysis in
Table 2, the values represented the influence order of the
factors. Therefore, according to the range values, influence
order of four factors was A >B > C >D. As shown in Table 3,
through the variance analysis, only factor A had an influence
(p < 0.05) on the mean PS of the prepared NLCs. Meanwhile,
the smallest mean PS was obtained with factor A in level 1
(Table 2); thus, the mean PS ranges from 73.21 to 92.43 nm.
However, the other three factors had no statistical influence
on the mean PS of the prepared NLCs (p > 0.05). According
to the results of visual and variance analyses via the
orthogonal experimental design, the optimal formulation of
6G-NLCs was obtained as follows: GMS 2.5% (w/w), MCT
2.5% (w/w), mixed Tween 80 and Poloxamer 188 6% (w/w),
with the drug to lipid ratio being 1:10 (w/w).

Morphology, Particle Size, and Zeta Potential of 6G-NLCs

The 6G-NLCs prepared showed a transparent appear-
ance with slightly light blue opalescence. The average PS of
6G-NLCs was 63.59 ± 5.54 nm (Fig. 2, right) with PDI of
0.243 ± 0.039, and the ZP was − 12.18 ± 1.06 mV. The PS
showed a small value and a normal distribution with a

Table 1. The Factors and Levels of Orthogonal Design

Levels Factors

A (GMS, %) B (MCT, %) C (Tween 80/Poloxamer 188 (1:1), %) D (6G/Lipids, w/w)

1 2.5 2.5 2 1:10
2 5 5 4 1:20
3 7.5 7.5 6 1:30

GMS glycerin monostearate, MCT decanoyl/octanoyl-glycerides, 6G 6-Gingerol

Table 2. The Design and Results of Orthogonal Table

No. Levels Mean PS (nm)

A B C D

1 2.5 2.5 2 1:10 83.59
2 2.5 5 4 1:20 92.43
3 2.5 7.5 6 1:30 73.21
4 5 2.5 4 1:30 97.93
5 5 5 6 1:10 108.79
6 5 7.5 2 1:20 133.11
7 7.5 2.5 6 1:20 118.29
8 7.5 5 2 1:30 145.71
9 7.5 7.5 4 1:10 160.39
K1/3 83.08 99.94 120.80 117.59
K2/3 113.28 115.64 116.92 114.61
K3/3 141.46 122.24 100.10 105.62
R 58.39 22.30 20.71 11.97

PS particle size
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relatively low PDI, which could affect the uptake by
reticuloendothelial system, and thereby increase the oral
absorption alongside bioavailability of the drug, leading to
passive accumulation in tissues [40]. The value of ZP was
often used to evaluate the physical stability of nano-
formulations during storage [41]. In this study, the ZP value
of 6G-NLCs was − 12.18 mV, which could be considered as a
stable system. The TEM imaging (Fig. 2, left) showed
homogeneous spherical shapes with smooth surface, as well
as no alignment of particles. The mean size of particles
through the TEM figure was in the range of 50–70 nm,
which was consistent with the mean PS result. These results
indicated that the optimized formulation was suitable for
preparing 6G-NLCs, as the prepared formulation was
homogeneous and stable.

Encapsulation Efficiency and Drug Loading

The NLCs often possess higher drug EE as compared
with SLNs due to the addition of liquid lipid which could
change the inner structure of particles [42]. In this study,
the samples were measured by RP-HPLC method as
mentioned before. The average EE and DL of optimized
6G-NLCs were 76.71 ± 1.11 and 1.17 ± 0.35%, respectively.
The possible reason for high EE of 6G in NLCs could be
ascribed to the hydrophobic character of 6G, which led to
high solubility of 6G in the lipids and thus could evenly
disperse into the matrix of particles [43].

X-Ray Diffraction Analysis

Phase identification of a crystalline material can be
obtained through rapid analytical technique, XRD which
could subsequently provide information on unit cell dimen-
sions. In order to assess the crystal form of solid lipid and the
drug after formulation into NLCs, the XRD technique was
employed. As displayed in Fig. 3, the diffraction peaks of
GMS appeared around the 2θ values of 5.38°, 19.49°, 20.48°,
and 23.38°. However, the characteristic peaks of GMS were
vanished or reduced in the curve of NLCs, which indicated a
less ordered crystalline state of lipid in NLCs. In addition, no
more peaks appeared in the NLCs curves other than the
peaks that appeared in GMS and glucose curves, which
suggested that the drug was successfully incorporated in the
formulation. The diffraction curve of mixture of 6G and
freeze-dried blank-NLCs showed more peaks as compared
with the freeze-dried blank NLC curve, which could be
attributed to the diffraction peaks of 6G. However, most of
these peaks disappeared in the curve of freeze-dried 6G-
NLCs, suggesting that the drug was incorporated into the
NLCs. These results demonstrated that the mixture of solid
and liquid lipids led to a disordered crystal structure in NLCs.
This result could be illustrated further by DSC analysis.

Differential Scanning Calorimetry

In this study, DSC analysis was conducted to analyze the
melting and crystallizing process of drug and lipid in the

Table 3. Variance analysis results

Source of variance Sum of square of deviations Degree of freedom Mean square F Sig.

A 5115.53 2 2557.77 21.94 *
B 787.46 2 393.73 3.38
C 726.79 2 363.39 3.12
D (error) 233.12 2 116.56

*p < 0.05
Note: The effect of D (6G/lipids) on mean PS of NLCs could be neglected, and its range value in Table 2 was minimum, so the factor D was
chosen as error term

Fig. 2. TEM image (left) and mean particle size distribution (right) of optimized 6G-NLCs
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NLCs. Figure 4 shows the DSC curves of GMS, 6G, physical
mixture of 6G and GMS, and 6G-NLCs under setting
conditions. The curve of 6G exhibited a melting peak at
about 242.74°C, while for GMS, the melting peak appeared at
62.98°C. The individual peaks of 6G and GMS all appeared in
the thermogram of physical mixture with nearly same values.
However, in the thermogram of 6G-NLCs, the melting peak
of 6G around 240°C disappeared, and the peak of GMS
shifted to a low temperature. The change of peaks between
raw materials and NLCs suggested that the drug was
uniformly dispersed in the NLCs in an amorphous phase.

In Vitro Release

The dialysis method was the most common method for
measuring the in vitro release of nano-formulations. In the
present study, the release profiles of free 6G from 6G-NLCs
in different media at 37 ± 1°C are shown in Fig. 5. The release
curves of free 6G were only displayed within 12 h because
there was no more free drug release after that, while the

unload of 6G from NLCs was sustained and continued till
48 h. The release of 6G from 6G-NLCs in different media
were fitted to Weibull kinetics model and the fitted equations
were as follows: lnln(1/(1-Q/100)) = 0.6313lnt-1.73543, r =
0.9652 (water), lnln(1/(1-Q)) = 0.586lnt-1.931, r = 0.9517
(pH 1.2), lnln(1/(1-Q/100)) = 0.7064lnt-1.96717, r = 0.9929
(pH 7.4). The accumulated release of free 6G in different
media reached the maximum at the first 12 h, which was
about 60–80%. In contrast, the release of free 6G from 6G-
NLCs showed a controlled and continuous release, the
release ratio of 6G-NLCs was observed in water, pH 1.2
HCl and pH 7.4 PBS with about 65, 55, and 60% at first 12 h,
followed by a relatively slower release over 48 h. The
accumulated drug release rates after 48 h were about 75.35,
60.21, and 83.69% in water, pH 1.2 HCl, and pH 7.4 PBS,
respectively. Meanwhile, the cumulative release of 6G in
pH 7.4 PBS was higher than the other two media. This might
be ascribed to the higher solubility of 6G in alkaline condition
due to the phenolic hydroxyl groups in the molecular
structure [10]. The solubility of 6G in three different release

Fig. 3. X-ray diffraction (XRD) patterns of GMS (a), glucose (b),
blank-NLCs (c), physical mixture of 6G and blank-NLCs (d), and 6G-
NLCs (e)

Fig. 4. Differential scanning calorimetric (DSC) thermograms of 6G
(a), GMS (b), physical mixture of 6G and GMS (c), and 6G-NLCs (d)

Fig. 5. In vitro release profiles of free 6G and 6G-NLCs in pH 1.2
HCl solution (a), pH 7.4 PBS (b), and water (c) at 37 ± 1°C (mean ±
SD, n = 3)
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medium was measured in a pre-experiment and the solubility
values were 252.31 μg mL−1 (water), 226.24 μg mL−1 (pH 1.2
HCl), and 258.87 μg mL−1 (pH 7.4 PBS), respectively. The
maximum solubility was in pH 7.4 PBS, which was in
agreement with the accumulate release rate. The differences
between the release profile of pH 1.2 HCl and pH 7.4 PBS
might suggest that the successful incorporation of 6G in NLCs
could protect the drug from the strong acid environment of
the gastric, which seems to suggest that the 6G-NLCs reached
the small intestinal and subsequently undergoes intestinal
absorption process. There was no burst release pattern
observed in any of the medium (as shown in Fig. 5), which
indicated that the formulation prepared was homogenous and
the drug was successfully loaded into the inner of NLCs. In
addition, the sustained release might be due to the loading of
6G into the cavities of two different mixed lipids in the lipid
core of NLCs, as this was considered to provide more space
for drug incorporation in NLCs [36]. Thus, the sustained
in vitro release property might lead to an effective and
continuous treatment in vivo and enhance the bioavailability.

In Vivo Pharmacokinetics Study

The chromatographic conditions mentioned before was
confirmed as a feasible tool for accurate quantitative analysis of
6G in serum. The endogenous substances in serum did not
interfere with the determination of 6G and IS under the
condition. The regression equation in the range of 0.125–
25 μg mL−1 was as follows: A= 0.3346C+ 0.0521, with r2 =

0.9995. The serum concentration-time curves of free 6G suspen-
sion and 6G-NLCs in rats following oral gavage are shown in
Fig. 6, and the relevant pharmacokinetic parameters are listed in
Table 4. As shown in Fig. 6, the serum concentrations of 6G were
higher in 6G-NLC group as compared with free 6G suspension
group at every time point. TheCmax value of 6G inNLCs (7.467 ±
1.079 μg mL−1) was significantly higher (p < 0.05) than 6G
suspension (1.869 ± 0.176 μg mL−1). Moreover, T1/2 and MRT
values were also delayed in the NLC group from 1.971 and
1.510 h to 5.156 and 4.478 h. Twelve hours after oral
administration of 6G-NLCs, the 6G serum concentration was
still more than 0.5 μg mL−1, whereas the drug concentration was
under the limit of detection after 4 h in rats treated with 6G
suspension. These results indicated that the formulatedNLCs had
sustained release characteristics, which correlated well with the
in vitro release results. The AUC(0→ t) of 6G after administration
of 6G suspension was 2.742 ± 0.318 h μg mL−1, while that of 6G-
NLCs was 5.86 times greater (16.059 ± 1.519 h μg mL−1). The
bioavailability of 6G was low probably due to its poor water
solubility and the excessive elimination in the liver [17]. As for
NLCs, the encapsulation of drug into the lipid core could largely
avoid the first-pass effect [44], and the use of surfactants in the
formulationsmight have increased the epithelial permeability and
resulted in an improvement of absorption [45]. On the other
hand, the small PS (less than 100 nm) could also increase the
surface area of the formulation particles, which coupled with the
high dispersity could result in sufficient and steady intestinal
absorption after administration [46]. There was no difference
between the Tmax value of 6G and 6G-NLCs group as other
parameters were significantly increased. This might be due to the
readily absorption andwidely distribution of 6G influenced by the
increased permeability and small particle size of the NLCs. The
smaller particle size could improve drug permeation across the
intestinal membrane due to enhanced drug solubility as well as
enlarged surface area of drug contacting [47]. These results
suggested that the formulation of NLCs could significantly
improve the oral absorption of 6G. The prepared 6G-NLCs
showed enormous potential for increasing thewater solubility and
oral bioavailability of the drug.

CONCLUSIONS

In the present study, 6-Gingerol-loaded nanostructured
lipid carriers (6G-NLCs) were successfully developed through
high pressure homogenization method and optimized by a
four-factor three-level orthogonal design. The optimized
NLCs had a homogeneous spherical shape with small mean
PS and negative ZP. The XRD and DSC results displayed
amorphous or less ordered forms of 6G and lipids in NLCs.
In vitro release study revealed that 6G-NLCs possessed a

Fig. 6. In vivo serum concentration-time curves of 6G after oral
administration of 6G suspension and 6G-NLC at a dosage of
200 mg kg−1 to rats (mean ± SD, n = 4)

Table 4. Pharmacokinetic Parameters of 6G After Oral Administration of 6G Suspension and 6G-NLCs to Rats (Mean ± SD, n = 4)

Groups Cmax/μg mL−1 Tmax/h T1/2/h AUC0-t/h μg mL−1 MRT0-t/h

6G 1.869 ± 0.176 0.25 1.971 ± 0.165 2.742 ± 0.318 1.51 ± 0.041
6G-NLCs 7.467 ± 1.079* 0.25 5.156 ± 0.791* 16.059 ± 1.519* 4.478 ± 0.204*

*p < 0.05, compared with free 6G suspension group
Cmax peak concentration in plasma, Tmax time to attain peak concentration, T1/2 half-life, AUC area under curve, MRT mean residence time,
6G 6-Gingerol, 6G-NLCs 6-Gingerol-loaded nanostructured lipid carriers
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sustained release profile, and in vivo pharmacokinetic study
showed that the AUC0-t of 6G-NLCs formulation was 5.86-
fold as compared to 6G suspensions after oral administration.
All the results indicated that the optimized NLC formulation
could availably improve the water solubility and enhance the
oral bioavailability of 6G. Therefore, this study provides
useful references for further research and applications of 6G,
as well as numerous other water-insoluble pharmacological
compounds.
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