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Abstract: Nanostructured lipid carriers (NLCs) have been one of the systems of choice for
improving the oral bioavailability of drugs with poor water solubility. In the present study,
lovastatin (LVT)-loaded NLCs (LVT-NLCs) were successfully prepared by hot high-pressure
homogenization method with high entrapment efficiency, drug loading, and satisfactory particle
size distribution. The particles had almost spherical and uniform shapes and were well dispersed
with a particle size of <50 nm (23.5+1.6 nm) and a low polydispersity index (0.17£0.05 mV). The
result of stability showed that the LVT-NLCs dispersion maintained excellent stability without
exhibiting any aggregation, precipitation, or phase separation at 4°C for 6 months of storage.
The LVT release data from all developed solid lipid nanoparticles (SLNs) and NLCs were best
fitted to a Ritger—Peppas kinetic model (0.9832 and 0.9783 for NLCs and SLNs, respectively).
This indicated that the release of LVT from the SLNs and NLCs was due to a combination of
drug diffusion and erosion from the lipid matrix. The pharmacokinetic and pharmacodynamic
results show that LVT-NLCs were better compared to free drug, which could be attributed to
an increase in bioavailability.

Keywords: nanostructured lipid carriers, lovastatin, in vitro release, pharmacokinetic,
pharmacodynamic

Introduction
Lovastatin (LVT), a highly lipophilic drug (log P=4.3) isolated from a fungus of
Aspergillus terreus, belongs to the class of cholesterol-lowering drugs and is the first
clinically used statin.! It is a prodrug which lowers the cholesterol level through reversible
competitive inhibition of 3-hydroxy-3-methyl-glutaryl coenzyme A reductase, an enzyme
involved in biosynthesis of cholesterol. However, LVT exhibits poor oral bioavailability
(<5%) because of its poor water solubility (0.4x10~* mg/mL) and short half-life
(1-2 hours).? In addition, it undergoes extensive first-pass metabolism; hepatic extraction
leads to low and variable availability of the drug to the general circulation.>

Previous researchers have made attempts to improve the aqueous solubility of
LVT by preparing nanocrystals,’ nanomatrix-supported lipid bilayers,” microspheres,®
self-nanoemulsifying drug delivery systems,”!® methylated beta-cyclodextrin,' and
solid lipid nanoparticles (SLNs)."? In a series of investigations carried out in our lab,
LVT-loaded SLN (LVT-SLN) formulations obviously provided sustained release of
LVT with potential for improved therapeutic efficacy. However, SLNs suffer from two
major limitations: limited drug loading and expulsion of drug during storage. There
is a necessity to develop a formulation that would offer rapid dissolution of LVT and
improve its bioavailability and finally therapeutic efficacy.

Nanostructured lipid carriers (NLCs), regarded as the second-generation lipid nano-
particles, are attracting foremost consideration as alternative colloidal drug carriers.'*'
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NLCs have evolved from SLNs and are composed of a
mixture of spatially different lipid molecules; that is, solid
lipid is blended with liquid lipid to overcome the limita-
tions of SLNs. This allows accommodation of more drug
molecules, minimization of drug expulsion during storage,
and modulation of the drug release profile by varying the
lipid matrix."*"'” In this study, we have made efforts to
investigate the feasibility of improving oral bioavailability
of LVT through NLCs.

The objectives of this study were to develop LVT-
loaded NLCs (LVT-NLCs) delivery system. First, both SLNs
and NLCs containing LVT were formulated. Then, the LVT-
NLCs were screened, and the physicochemical characteris-
tics, in vitro drug release properties, pharmacokinetics, and
biodistribution were investigated in detail. All the parameters
of NLCs were compared with the SLNs. Finally, the possible
absorption mechanism of NLC formulation is discussed.

Materials and methods

Materials

LVT was obtained from Meilun Pharm (Dalian, People’s
Republic of China). Labrasol and Cremophor ELP were
donated by Degussa Chemical Co., Ltd. (Hamburg, Germany).
Precirol ATOS5 and soybean lecithin were purchased from
Sinopharm (Shanghai, People’s Republic of China). All
reagents were of high-performance liquid chromatography
(HPLC) (Sigma-Aldrich, Co., St Louis, MO, USA) grade.
Other reagents were of analytical grade. Purified water from
a Milli-Q system (EMD Millipore, Billerica, MA, USA) was
used throughout the experiment.

Preparation of LVT-NLCs

LVT-NLCs were prepared by hot high-pressure homogeni-
zation method which was based on a preliminary study to
optimize the drug incorporation into NLCs.'®" Briefly, solid
lipid (Precirol ATOS 4.65% and soybean lecithin 1.25%),
liquid lipid (Labrasol 0.82%), and surfactant (Cremophor
ELP 3.2%) were heated at 70°C with continuous stirring to
homogeneously mix the lipids. The drug (LVT 0.1%) was
dissolved in the melted mixture. Then, distilled water heated
to 70°C was poured into the mixture and homogeneously dis-
persed using a homogenizer (IKA 1, RCT, Kassel, Germany) at
2500x g for 10 minutes while maintaining the temperature at
70°C. This pre-emulsion was further homogenized for seven
cycles at 850 bar. The prepared LVT-NLC nanosuspensions
were immediately placed in an ice bath with gentle stirring
for 10 minutes and then cooled down to room temperature.
The LVT-NLCs were stored at 4°C before use.

Measurement of size and zeta potential
The particle size and polydispersity index (PDI) of LVT-
NLCs were measured with a dynamic light-scattering
technique using a Malvern Zetasizer Nano ZS90 (Malvern
Instruments, Malvern, UK) at 25°C and an angle 0of 90°. Zeta
potential was measured with the same instrument. Before
measurement, the preparations were diluted with deionized
water to achieve a suitable scattering intensity. Each sample
was analyzed in triplicate.

Morphology

The morphology of NLC formulations was observed by
transmission electron microscopy (TEM; JEOL Ltd., Tokyo,
Japan) at 160 kV. The samples were placed on air grids and
stained with 2% (w/v) phosphotungstic acid for 10 minutes.
Any excess fluid was then removed, and the grid surface was
air-dried at room temperature.

Encapsulation efficiency and loading
capacity

Drug-loading capacity (DL%) and entrapment efficiency
(EE%) were calculated as described earlier.?* First, LVT was
extracted from the NLCs with water and methanol (24:76,
v/v), and then, the extracted solution was properly diluted
prior to HPLC analysis. The content of LVT in the NLCs
was determined by the HPLC method. Then, DL% and EE%
were calculated according to Equations 1 and 2.

W,
DL% = —M %100 (1)
W+ Wy
W,
EE% = — x100 )
W

F

where W, is the weight of initial feeding polymer, |, is the
weight of drug incorporated in NLCs, and I, is the weight
of initial feeding drug.

The amount of the drug entrapped in the NLCs and the
total drug were determined by HPLC (Shimadzu LC-10A,
Kyoto, Japan) equipped with an ultraviolet detector operated
at 238 nm and a Shim-pack VP-ODS (150 mm x4.6 mm)
column. The mobile phase was methanol/water (76:24), the
flow rate was kept at | mL/min, and the column temperature
was 30°C£0.2°C. Drug and excipients were validated to have
no interference with each other.

Stability study
The physical stability of the formulations was investigated.
Three batches of LVT-NLCs were stored at 4°C in the
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dark for 6 months. Their appearance, particle size, and zeta
potential against storage time were evaluated.

In vitro release

In vitro drug release study of LVT-NLCs was performed by dial-
ysis bag diffusion technique.?'*> LVT-NLC suspensions equiva-
lent to 10 mg LVT were filled in dialysis bag and immersed
in a receptor compartment containing 100 mL of phosphate
buffer solution (pH 7.4), stirred at 250X g, and maintained at
a temperature of 37°C+0.5°C. The receptor compartment was
covered to prevent evaporation of the medium. Five milliliters of
the release medium was removed at predetermined time intervals
(0.5 hour, 1 hour, 2 hours, 4 hours, 6 hours, 8 hours, 10 hours,
14 hours, 18 hours, 24 hours, 36 hours, 48 hours, and 60 hours),
replaced with same volume of fresh dissolution medium, and
diluted appropriately, and concentration was measured by HPLC
at 238 nm. The experiments were performed in triplicate. Free
LVT and LVT-SLNs were the control group (=10 mg LVT).

Animal

The experiments were performed on male Wistar rats weigh-
ing between 22010 g. The animals were kept in cages in a
room at a temperature of 25°C+2°C and with a 12:12 hour
light—dark cycle. Food and water were freely available. All
experiments were performed in strict accordance with the
Guide for the Care and Use of Laboratory Animals as adopted
by the China National Institutes of Health. Ethical approval
was obtained from the institutional review board of the
Zhongshan Hospital, Fudan University, People’s Republic
of China before initiation of the study.

Pharmacokinetic studies

Eighteen rats were used to investigate the effect of NLCs
formulation on the pharmacokinetics of LVT after oral admin-
istration. Rats were divided into three groups at random and
given a single dose of 10 mg/kg of LVT (free drug, SLNs, and
NLCs) by oral administration. All related formulations were
prepared freshly the day before the treatments. All rats were
fasted for 2024 hours prior to the administration of the formu-
lations and were fed again 4 hours after administration. Blood
samples (0.1 mL) were obtained by individual vein puncture
from the caudal vein at designated time points (predose and
0.5 hour, 1 hour, 2 hours, 4 hours, 6 hours, 8 hours, 10 hours,
12 hours, 16 hours, and 24 hours after administration) and
were transferred into tubes. The plasma was separated by
centrifugation at 1,500x g (10 minutes) and stored at —20°C
until further analysis. In vitro and vivo analysis method was
modified according to the previous reports.?>2*

Pharmacodynamic studies

The anticholesterolemic effects of different LVT formula-
tions were compared by poloxamer-induced hyperlipidemia
model. The animals were divided into four groups of six
animals, each group receiving different formulations. Group I
received plain water which served as control group, group 11
received LVT suspension, group III received LVT-SLNs
formulation, and group 1V received LVT-NLCs formulation.
The drug suspension was prepared by suspending proper LVT
in water containing 0.5% hydroxypropyl methylcellulose.
The rats were fasted overnight prior to study with free access
to water. Hyperlipidemia was induced by intraperitoneal
injection of 1.0 g/kg of poloxamer F-127 solution (20%, w/v).
The rats were orally administered with drug and formulations
once after 12 hours of injection of poloxamer (dose =20 mg/
kg). This procedure was repeated for 7 days. The blood was
withdrawn after 1 day, 2 days, 3 days, 4 days, 5 days, 6 days,
and at the end of 7 days of induction of hyperlipidemia. The
serum was separated and analyzed for total cholesterol (TC)
and high-density lipoproteins (HDLs) using in vitro diagnos-
tic kit (from the Department of Pathology of our hospital).

Statistical analysis

Results were presented as the mean + standard deviation.
Analysis of variance was used to identify the statistical
significance of differences among groups. Statistical signifi-
cance was evaluated using Student’s 7-test for the single or
multiple comparisons of experimental groups.

Results and discussion
Characterization of LVT-NLC

Usually, there are three methods to prepare NLCs: micro-
emulsion, solvent evaporation or diffusion, and high-pressure
homogenization. The advantage of microemulsion method
is that no special equipment is needed, but the preparation
process is relatively complicated; during the solvent diffu-
sion or evaporation method, it is necessary to add a certain
amount of organic solvent, which causes inconvenience
for the quality evaluation later. Therefore, this article used
high-pressure homogenization to successfully make LVT-
NLCs. The morphology of NLCs determined by TEM is
shown in Figure 1. The particles had almost spherical and
uniform shapes and were well dispersed. LVT-NLCs had
a particle size of <50 nm (23.5£1.6 nm) with a low PDI
(0.17£0.05 mV). In the preparations of NLCs, Precirol ATOS5
and soybean lecithin were used as solid lipid of NLCs, and
formed its core. The liquid lipid of Labrasol was reported
to be well entrapped within solid lipid matrix of Precirol
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Figure | Transmission electron microscope photograph of LVT-NLCs: x50,000.
Abbreviation: LVT-NLCs, lovastatin-loaded nanostructured lipid carriers.

ATOS5.% The magnitude of zeta potential is an indication of
the repulsive force that is present in nanoparticles and is a
key factor in predicting the long-term stability of colloidal
dispersion system.?® In general, particles can be dispersed
stably when the absolute value of zeta potential is >30 mV
due to the electric repulsion between particles.?”?* In this
study, the average zeta potential of LVT-NLCs prepara-
tion was approximately —31.2+0.4 mV, indicating that the
NLCs obtained were a relatively dynamic stable system. An
important issue with respect to the use of nanoparticles as
drug carriers is that their capacity for drug loading and drug
entrapment efficiency must be investigated. The entrapment
efficiency and drug-loading capacity of LVT-NLCs were
94.2%+4.3% and 10.7%=2.1%, respectively.

Stability study

The LVT-NLCs dispersion maintained excellent stability
without exhibiting any aggregation, precipitation, or phase
separation at 4°C for 6 months of storage. No significant
changes in appearance, PDI, particle size, or zeta potential
were found over the storage period. The zeta potential is a key
factor that can predict the stability of a colloidal dispersion.
The zeta potential of the NLC formulations remained in the
high negative values (>30 mV) during the storage period,
which could be considered to be stable dispersion due to the
electric repulsion between the particles.?’*

In vitro drug release

The in vitro LVT release profiles of free drug, SLNs, and
NLCs are shown in Figure 2. The in vitro release profiles of
the NLCs and SLNs were different from the reference for-
mulation (LVT free drug suspensions). In the control group,
suspensions showed quick release of LVT, with a cumulative

Cumulative release
(%)

0
0 5 10

15 20 25 30 35 40 45 50 55 60

Time (hours)

Figure 2 In vitro release profiles of different LVT formulations.

Notes: Release experiments were carried out in phosphate buffer solution
(pH 7.4) at 37°C+0.5°C. Each point represents the mean value of three different
experiments * SD. <: free LVT; A: LVT-SLNs; O: LVT-NLCs.

Abbreviations: LVT, lovastatin; SD, standard deviation; LVT-SLNs, LVT-loaded
solid lipid nanoparticles; LVT-NLCs, LVT-loaded nanostructured lipid carriers.

release of more than 90% within only 5 hours. On the other
hand, LVT from the SLNs and NLCs formulations exhibited
a sustained release up to 60 hours in the release medium.
In contrast, only 20%-30% of LVT was released from SLNs
or NLCs in the first 5 hours. LVT was gradually released
from the nanoparticles as time lapsed (~50% released in
10 hours, ~60% released in 35 hours, and ~70% released in
60 hours), suggesting that LVT release profile was promi-
nently prolonged by the lipid nanoparticles encapsulation.
However, no significant changes were observed in terms of
release characteristics between SLNs and NLCs. In order to
develop a prolonged-release system, it is vital to understand
the release mechanism and kinetics. The LVT release data
from all developed SLNs and NLCs were best fitted to a
Ritger—Peppas kinetic model (0.9832 and 0.9783 for NLCs
and SLNs, respectively). This indicated that the release of
LVT from the SLNs and NLCs was due to a combination of
drug diffusion and erosion from the lipid matrix.

Pharmacokinetic studies

The pharmacokinetic parameters in rats after oral adminis-
tration of LVT in either the aqueous suspension or SLNs
or NLCs at same dose are summarized in Table 1. Plasma
concentrations vs time profiles are shown in Figure 3.
As shown in Table 1, the half-life of LVT suspensions
(1.82 hours) was shorter than that of LVT-SLNSs (3.65 hours)
and LVT-NLCs (7.21 hours), suggesting that LVT suspen-
sions were taken up by other tissues more rapidly than LVT
lipid nanoparticles. In comparison to the suspension, the C
of LVT administered as SLNs or NLCs was significantly
increased. A greater AUC, (area under curve) was obtained
from the NLC (4.73-fold) and the SLN (three-fold), than
from the suspensions group, and indicated that there was
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Table | Pharmacokinetic parameters of the three formulations (n=6)

Parameter Formulations

LVT suspensions LVT-SLNs LVT-NLCs
t,, (h) 1.8210.21 3.65+0.87* 7.214£2. 4%+
C... (ng/mL) 112.318.7 421.3+82.2* 216.3+14.5%*%
AUC_ , (ng-h/mL) 71251233 2,141.5+246.5* 3,370.8+289.2*
AUC_ _ (ng-h/mL) 925.1£129.7 2,54].3+267.1* 3,722.7£296.3*%
MRT (h) 3.310.8 4.9£1.2% 10. 1 £4.3%%*
CL (L/h) 0.88+0.09 0.4310.06* 0.26+0.07*

Notes: *P<<0.05, vs LVT suspensions. **P<<0.05, vs LVT-SLNs. Data are represented as mean * SD.
Abbreviations: LVT, lovastatin; LVT-SLNs, LVT-loaded solid lipid nanoparticles; LVT-NLCs, LVT-loaded nanostructured lipid carriers; h, hours; AUC, area under curve;
MRT, mean residence time; CL, clearance; SD, standard deviation; C__, peak plasma concentration; t, ,, biological half-life.

a significantly improved systemic exposure to LVT. The
clearance (CL) of LVT-SLNs and LVT-NLCs was 0.43 L/h
and 0.26 L/h, respectively, smaller than that (0.88 L/h) of
the LVT suspensions.

The low oral bioavailability of LVT could be attributed
to a number of reasons. In addition to its poor water solu-
bility (0.4x107° mg/mL), it has weakly polarity and short
half-life (1-2 hours). Also, it undergoes extensive first-pass
metabolism; hepatic extraction leads to low and variable
availability of the drug to the general circulation. So in this
study, we have made efforts to investigate the feasibility
of improving oral bioavailability of LVT through NLCs.
Mainly, the significantly smaller particle sizes of the NLCs
that occupied a larger surface area than larger particles (eg,
SLN), a higher dispersibility, and prolonged residence time
provided more amounts of and longer time for the drug to
adhere at the absorptive site of the intestinal epithelium.*
Apart from the effects of physical characteristics and the
oil used in the NLCs, the lipid used in the formulations was
structurally similar to the fat in daily food. It could entrap

500
450
400
350
300
250
200
150
100

50

—— LVT suspensions
—— LVT-SLNs
—— LVT-NLCs

Concentration (ng/mL)

0 2 4 6 8 10 12 14 16 18 20 22 24
Time (hours)

Figure 3 Mean plasma concentration—time profiles of LVT after oral administration
of a single 10 mg/kg dose of suspensions, SLNs, and NLCs to rats.

Note: Each point represents the mean * SD of six rats.

Abbreviations: LVT, lovastatin; SLNs, solid lipid nanoparticles; NLCs,
nanostructured lipid carriers; SD, standard deviation; LVT-SLNs, LVT-loaded SLNs;
LVT-NLCs, LVT-loaded NLCs.

the LVT in the particles and stimulate bile secretion, and
thus enhance the uptake of intact particles by the gut wall
and facilitate its draining into the lymphatic system. This is
called an absorptive promotion effect of the NLCs.*!

Pharmacodynamic studies

From the results of pharmacodynamic studies (Figure 4A
and B), it was observed that after 24 hours of poloxamer
injection, there was a fivefold increase in the TC level of
the control group (1.5 mg/mL). Similar rise was observed in
case of LVT treatment groups, which showed around fivefold
increase in the TC levels. LVT suspension produced a drop
in TC (from 1.48 mg/mL to 1.28 mg/mL) and rise in HDLs
(from 0.16 mg/mL to 0.27 mg/mL), whereas LVT-SLN and
LVT-NLC formulations produced a significant decrease in
serum cholesterol (from 1.51 mg/mL to 1.19 mg/mL and
1.48 mg/mL to 1.08 mg/mL), and a marked increase in HDLs
level (from 0.16 mg/mL to 0.36 mg/mL and 0.16 mg/mL
to 0.48 mg/mL). The anticholesterolemic activity of lipid
nanoparticles of LVT was significantly higher (P<<0.05) than
that of LVT suspensions. Thus, the higher lipid-lowering
activity of the NLCs formulation can be explained by the
fact that the NLCs formulation resulted in complete disso-
lution of LVT, which could have increased absorption and
thereby led to higher plasma drug concentration (higher
bioavailability).

Conclusion

NLCs have been one of the systems of choice for improving
the oral bioavailability of drugs with poor water solubility. In
the present study, LVT-NLCs were successfully prepared by
hot high-pressure homogenization method with high EE%,
drug loading, and satisfactory particle size distribution. The
particles had almost spherical and uniform shapes and were
well dispersed with a particle size of <50 nm (23.5+1.6 nm)
and a low PDI (0.17+0.05 mV). The result of stability showed
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Figure 4 Changes in biochemical index in rats after given LVT suspensions and other LVT lipid nanoparticles for 7 days.
Notes: (A) Total cholesterol. (B) High-density lipoproteins. Group |, control group; group I, LVT suspension; group lll, LVT-SLNs formulation; group IV, LVT-NLCs

formulation.

Abbreviations: LVT, lovastatin; NLCs, nanostructured lipid carriers; SLNs, solid lipid nanoparticles.

that the LVT-NLCs dispersion maintained excellent stability
without exhibiting any aggregation, precipitation, or phase
separation at 4°C for 6 months of storage. The LVT release
data from all developed SLNs and NLCs were best fitted to
a Ritger—Peppas kinetic model (0.9832 and 0.9783 for NLCs
and SLNs, respectively). This indicated that the release of
LVT from the SLNs and NLCs was due to a combination
of drug diffusion and erosion from the lipid matrix. The
pharmacokinetic and pharmacodynamic results showed that
LVT-NLCs were better compared to free drug which could
be attributed to an increase in bioavailability.
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