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Nanostructured lipid carriers (NLCs) made from mixtures of Precirol and squalene were prepared to
investigate whether the bioavailability of lovastatin can be improved by oral delivery. The size, zeta
potential, drug-loading capacity, and release properties of the NLCs were compared with those of lipid
nanoparticles containing pure Precirol (solid lipid nanoparticles, SLNs) and squalene (lipid emulsions,
LEs). Stable nanoparticles with a mean size range of 180-290 nm and zeta potential range of —3 to
—35 mV were developed. More than 70% lovastatin was entrapped in the NLCs and LEs, which was sig-
nificantly higher compared to the SLNs. The in vitro release kinetics demonstrated that lovastatin release
could be reduced by up to 60% with lipid nanoparticles containing Myverol as the lipophilic emulsifier,
which showed a decreasing order of NLCs > LEs > SLNs. Drug release was further decreased by soybean
phosphatidylcholine (SPC) incorporation, with NLCs and SLNs showing the slowest delivery. The oral lov-
astatin bioavailability was enhanced from 4% to 24% and 13% when the drug was administered from NLCs
containing Myverol and SPC, respectively. The in vivo real-time bioluminescence imaging indicated supe-

rior stability of the Myverol system over the SPC system in the gastric environment.

© 2010 Elsevier B.V. All rights reserved.

1. Introduction

Several approaches have been investigated to develop nano-
sized drug delivery systems in recent years. These systems can
generally be divided into two groups: polymeric and lipidic sys-
tems [1]. The number of products based on polymeric nanoparti-
cles in the market is limited because of the toxicity of polymers
and the lack of suitable large-scale production methods. In order
to overcome these problems, a great deal of interest has focused
on lipid-based carriers such as solid lipid nanoparticles (SLNs)
and lipid emulsions (LEs). SLNs and LEs are colloidal systems pre-
pared from solid and liquid lipids, respectively. These systems have
advantages for drug delivery, such as the use of physiologically
tolerated lipids, large-scale production, protection of drugs from
degradation, improved bioavailability, and controlled-release char-
acteristics [2]. Common disadvantages of SLNs include limited drug
loading capacities and drug expulsion during storage [3]. More-
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over, one of the reasons preventing a broad introduction of LEs is
their physical instability which can be exacerbated by the incorpo-
rated drug [4]. Nanostructured lipid carriers (NLCs) composed of a
solid lipid matrix with a certain content of a liquid lipid are a new
generation of lipid nanoparticles. NLCs are considered a smarter
generation of nanoparticles which possess improved properties
for drug loading, modulation of the delivery profile, and stable drug
incorporation during storage [5]. Due to the lipophilic nature of the
matrix produced, NLCs are considered particularly useful for the
administration of lipophilic drugs.

Lovastatin, a cholesterol-lowering agent isolated from a strain
of Aspergillus terreus, is a highly effective and generally well-toler-
ated treatment for patients with moderate hypercholesterolemia
[6]. It is a prodrug and is converted by esterases from its lactone
to the active and open acidic form. Lovastatin also exhibits phar-
macological activities of bone formation and chemoprevention
[7,8]. Lovastatin exhibits poor oral bioavailability of <5% because
of rapid metabolism in the gut and liver [9]. Lovastatin and its ac-
tive B-hydroxyacid metabolite have short half-lives (1-2 h), and
steady-state concentrations are achieved within 2-3 days [10]. A
formulation with a high degree of oral absorption and extended
delivery potential would be highly desirable for lovastatin.
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The aim of the present work was to load lovastatin as a model
drug into NLCs with enhanced oral absorption and controlled
release properties. Precirol and squalene were chosen as the solid
and liquid lipids, respectively. If the obtained blood profile after
oral ingestion is not optimal, it can be modulated by changing
the composition of the nanoparticles, mainly the emulsifiers [11].
A variety of different emulsifiers have been used to prepare NLCs,
including Pluronic F68 (PF68), Myverol 18-04 K, and soybean
phosphatidylcholine (SPC). Nanoparticles with different Precirol/
squalene ratios were prepared in this study and characterized by
the size, zeta potential, drug encapsulation ratio, polarity in a
molecular environment, and drug release behavior. The in vivo
pharmacokinetics of lovastatin-loaded NLCs were evaluated to elu-
cidate their feasibility as oral delivery systems. The biolumines-
cence imaging modality was used to monitor the distribution of
NLCs in the gastrointestinal (GI) tract.

2. Materials and methods
2.1. Materials

Lovastatin with a purity of 99.13% was kindly provided by Syn-
gen Biotech (Tainan, Taiwan). Squalene, Pluronic F68 (PF68), Nile
red, Sephadex G-15, Triton X-100, and sulforhodamine B were pur-
chased from Sigma-Aldrich Chemical (St. Louis, MO, USA). Precirol
ATO 5 was supplied by Gattefossé (Gennevilliers, France). Myverol
18-04 K was obtained from Quest (Naarden, The Netherlands).
Hydrogenated soybean phosphatidylcholine (SPC, Phospholipon
80H®) was from American Lecithin (Oxford, CT, USA).

2.2. Preparation of lipid nanoparticles

The lipid and aqueous phases were prepared separately. The so-
lid lipid/liquid lipid phase consisted of 10% (w/v) Precirol and squa-
lene at different ratios and 0.2% Myverol or SPC as the lipophilic
emulsifier, while the aqueous phase consisted of double-distilled
water (ddH,0) and a hydrophilic emulsifier (2.8% PF68). Lovastatin
(1%) was positioned in the lipid phase. Both phases were heated
separately to 85 °C for 10 min. The aqueous phase was added to
the lipid phase and mixed using a high-shear homogenizer (Pro
250, Pro Scientific, Monroe, CT, USA) at 12,000 rpm for 10 min.
The mixture was further treated using a probe-type sonicator
(VCX600, Sonics and Materials, Newtown, CT, USA) for 10 min at
35 W. The lipid phases consisting of 100% Precirol, 100% squalene,
and the Precirol/squalene mixture were denoted the SLNs, LEs, and
NLCs, respectively.

2.3. Particle size and zeta potential measurements

The mean particle size (z-average) of the nanoparticles was
measured by photon correlation spectroscopy (Nano ZS90, Mal-
vern, Worcestershire, UK) at 25 °C and a 90° scattering angle. The
zeta potential determination was based on the particle electropho-
retic mobility in aqueous medium. A 1:100 dilution of the systems
was made using ddH,0 before the measurements.

2.4. Drug encapsulation efficiency

Unencapsulated lovastatin was removed by size exclusion chro-
matography on a Sephadex G-15 column using ddH,O as the elu-
ent. The encapsulation efficiency was determined by dissolving
0.5 ml of the lipid nanoparticles obtained from gel chromatography
in 0.5 ml of Triton X-100 (1%) and diluting this with ddH,0 (100x),
followed by measurement by high-performance liquid chromatog-
raphy (HPLC). The HPLC analytical method for lovastatin was de-

scribed previously [12]. In brief, the HPLC system included an
L7100 pump, an L7200 sample processor, and an L7400 UV detec-
tor all from Hitachi (Tokyo, Japan). A Merck LiChrosorb RP18 col-
umn (250 x 4 mm i.d.; particle size 5pum) was used as the
stationary phase. The mobile phase was an acetonitrile: 10 mM
NaH,P04 (60:40) mixture at a flow rate of 1 ml/min. The UV detec-
tion wavelength was 237 nm. The encapsulation percentage (%)
was determined by the following equation:

Encapsulation percentage (%) = Wg/Wa x 100%,

where Wg is the amount of lovastatin in the nanoparticles, and W,
is the amount of lovastatin in the system.

2.5. Molecular environment of lipid nanoparticles

The lipophilic fluorescent marker, Nile red, was used as the
model solute, and the molecular environment (polarity) was deter-
mined by fluorometric spectrophotometry based on the solvato-
chromism of Nile red. The lipid nanoparticles with 1 ppm Nile
red were prepared as described above. Emission fluorescence spec-
tra were determined with a Hitachi F-2500 spectrometer (Tokyo,
Japan). The spectra of NLCs with Nile red were recorded with both
slit widths set to 10 nm. The /ey was fixed at 546 nm, and the emis-
sion spectra were recorded from 570 to 700 nm at a scanning
speed of 300 nm/min.

2.6. Partitioning of the drug between lipids and water

The partition coefficient was determined by equilibration of
lovastatin partitioning between the melted lipid phase and water
phase. Lovastatin (150 pg) was dispersed in a mixture of melted li-
pid (1 g) with various Precirol/squalene ratios and 1 ml of ddH,O.
The mixture was shaken reciprocally in a water bath at 85 °C for
30 min and then centrifuged at 5500 rpm for 10 min. The aqueous
phase was filtered through a polyvinylidene difluoride (PVDF)
membrane with a pore size of 0.45 um. The drug concentrations
in the lipids and water were determined by HPLC. Partitioning
was calculated as logP (log (drug concentration in the lipid
phase/drug concentration in the water phase)).

2.7. In vitro release kinetics of the drug from lipid nanoparticles

The drug released from the carriers was measured using a Franz
diffusion cell. A cellulose membrane (Cellu-Sep® T2, with a molec-
ular weight cutoff of 6000-8000) was mounted between the donor
and receptor compartments. The donor medium consisted of
0.5 ml of vehicle containing lovastatin (1%). The receptor medium
consisted of 5.5 ml of 30% ethanol in pH 7.4 buffer to maintain sink
conditions. The available diffusion area between cells was
0.785 cm?. The stirring rate and temperature were 600 rpm and
37 °C, respectively. At appropriate intervals, 300-pl aliquots of
the receptor medium were withdrawn and immediately replaced
with an equal volume of fresh buffer. The amount of drug released
was determined by an HPLC method.

2.8. Animals

The in vivo experiments were performed on male Sprague-
Dawley rats (200-230 g). The animal experiment protocol was re-
viewed and approved by the Institutional Animal Care and Use
Committee of Chang Gung University. Animals were housed and
handled according to institutional guidelines. The ethical issues
with animal experiments complied with Directive 86/609/EEC
from European Commission. All animals were starved overnight
prior to the experiments.
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2.9. In vivo pharmacokinetics

All rats were anesthetized with intraperitoneal pentobarbital
(50 mg/kg). The body temperature of rats was maintained at 37 °C
with a heating pad. Lovastatin was given orally (100 mg/kg), or the
femoral vein was exposed for a lovastatin injection (10 mg/kg). Oral
formulations were delivered by an oral intubation cannula. A paren-
teral solution was injected through the catheter. An aliquot of a 200-
ul blood sample was withdrawn from a jugular vein into a heparin-
rinsed vial according to a programmed schedule at 10, 30, 60, 90,
120, 180, and 240 min after dosing. Each blood sample was centri-
fuged at 3000g for 10 min. The resulting plasma sample (100 pl)
was vortex-mixed with 150 pul of internal standard (chlorproma-
zine, 2.8 ng/ml) in acetonitrile. The denatured protein precipitate
was separated by centrifugation at 8000g for 10 min. An aliquot
(20 pl) of the supernatant was directly injected into HPLC for analy-
sis. At the range 0.1-100 pg/ml, the concentration of lovastatin was
linearly proportional to their chromatographic peak area/internal
standard area (correlation value of >0.995). The limit of detection
(LOD) of lovastatin was determined to be 25 ng/ml. The intra- and
inter-assay precision and accuracy values were evaluated at the con-
centration range 0.1-100 pg/ml. The overall precision, defined by
the relative standard deviation (RSD), ranged from 2.1% to 7.8% on
average. Analytical accuracy, expressed as the percentage difference
between the mean of measured value and the known concentration,
varied from —5.8% to 7.7%.

2.10. Data analysis

Pharmacokinetic calculations were performed on each set of
data using the pharmacokinetic software WinNonlin Standard Edi-
tion Version 1.1 (Pharsight, Mountain View, CA, USA) using a non-
compartmental method. The maximum concentration, Cy.y, and
the time to reach Chax (tmax) Were determined by observing indi-
vidual animal concentrations versus time curves. The area under
the plasma concentration curve from the time of administration
to infinity (AUCy_, ) was calculated using the trapezoidal rule with
extrapolation to infinity. The absolute bioavailability (F) of the oral
formulations was estimated as the AUCy_, ., ratio of the oral dosage
form to the parenteral solution after dose calibration. The mean
residence time (MRT) was estimated by MRT = AUMCg_, ../AUCq_, o
The elimination half-life (t;2) was calculated from the elimination
rate constant (k.) estimated by a linear-square regression on the fi-
nal plasmatic concentrations of lovastatin. The volume of distribu-
tion (V,/F) was calculated according to dose/ke x AUCq_, .

2.11. In vivo bioluminescence imaging

In vivo bioluminescence imaging was performed with an IVIS®
200 imaging system (Xenogen, Alameda, CA, USA) linked to Living

Table 1

Image® 3.1 software (Xenogen). This system provides high signal-
to-noise images of fluorescence signals emerging from within liv-
ing animals. Sulforhodamine B as the fluorescence dye was added
to NLCs at a concentration of 0.92 mg/ml. A 1 ml/kg control solu-
tion (propylene glycol:ethanol = 9:1) or NLCs was given by oral ga-
vage. Animals were placed prone in a light-tight chamber, where a
controlled flow of 1.5% isoflurane in air was administered through
a nose cone via a gas anesthesia system. A gray-scale reference im-
age was obtained under low-level illumination. The images were
monitored 10 min after oral administration. Optical excitation
was carried out at 605 nm, and the emission wavelength was de-
tected at 680 nm. All experimental results were repeated on at
least three different animals, and representative pictures are
shown.

2.12. Statistical analysis

The statistical analysis of differences among various treatments
was performed using unpaired Student’s t-test. A 0.05 level of
probability was taken as the level of significance. An analysis of
variance (ANOVA) test was also used if necessary.

3. Results
3.1. Particle size and zeta potential measurements

Lipid nanoparticles were produced by hot homogenization fol-
lowed by ultrasonication. Precirol, a glyceryl palmito-stearate,
was used as a solid matrix for the nanoparticles. Squalene as the
liquid matrix was mixed with Precirol to form NLCs. Squalene is
an all-trans-isoprenoid containing six isoprene units and is a natu-
rally occurring substance found in humans. Nanoparticles with dif-
ferent Precirol/squalene ratios from 10:0 to 0:10 were prepared.
The mean diameters of the resulting products are reported in Table
1. Myverol and SPC were used as lipophilic emulsifiers of nanopar-
ticles in different systems (M1-M5 and S1-S5, respectively). The
results showed that ratio of Precirol/squalene was a critical param-
eter governing the particle size. The mean size of all formulations
was between 180 and 290 nm, and the polydispersity was <0.25.
When increasing the squalene percentage in the lipid matrix from
0% to 80% (M1-M4 and S1-S4), the mean particle size decreased.
The size again increased when the squalene percentage reached
100% (LEs, M5, and S5). There were no large discrepancies between
the mean diameters of the Myverol and SPC systems. After loading
lovastatin within the developed nanoparticles, the size signifi-
cantly increased (p <0.05) except in the SPC system with pure
Precirol (S1) as shown in Table 1. Polydispersity with lovastatin
loading remained at <0.25, except for the SPC system with pure
squalene (S5), for which the polydispersity increased from 0.22
to 0.34. This suggests the instability of LEs after drug incorporation.

The characterization of the lipid nanoparticles by particle size, zeta potential, and lovastatin encapsulation percentage.

Code Lipophilic emulsifier Precirol:squalene Mean diameter (nm) Mean diameter with drug (nm) Zeta potential (mV) Encapsulation (%)
M1 Myverol 10:0 286.5£3.7 320.1+3.9 -16.5+0.3 728 +2.1
M2 Myverol 8:2 276.4+17.8 3359+23 -30.3+£1.0 87.6+2.8
M3 Myverol 5:5 2509+1.6 278.8+0.6 -324+04 83.8+2.5
M4 Myverol 2:8 2104 5.6 270.7 £ 8.1 —312+1.6 793 2.7
M5 Myverol 0:10 246929 282.1+48 -2.7+05 81.4+9.2
S1 SPC? 10:0 292.6+£3.0 295.5+4.5 -251+1.7 64.6+7.7
S2 SPC 8:2 256.7 £5.4 312.0+3.7 -20.5+15 76.4+25
S3 SPC 5:5 220.8+7.3 245.1£0.7 —23.7+0.6 71.4+2.7
S4 SPC 2:8 183.2+0.5 331.2+164 —34.5+09 68.2+4.8
S5 SPC 0:10 262.5+3.6 306.6 £5.2 -114+03 735+53

Each value represents the mean + SD (n = 3).
@ SPC, soybean phosphatidylcholine.
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Results of the zeta potential measurements are reported in Ta-
ble 1. The surface charge of the different samples was consistently
negative. There was no linear correlation between the zeta poten-
tial and Precirol/squalene ratios. It was noted that LEs (M5 and S5)
showed lower surface charges (p < 0.05) compared to formulations
with Precirol (SLNs and NLCs). No significant effect of the lipid core
of SLNs and NLCs on the zeta potential was observed. The incorpo-
ration of lovastatin into the lipid nanoparticles had no influence
(p>0.05) on the zeta potential of any of the carriers (data not
shown).

3.2. Drug encapsulation efficiency

An important issue with respect to the use of lipid nanoparticles
as drug carriers is their capacity for drug loading. As summarized
in Table 1, lovastatin demonstrated encapsulation percentages of
73% and 65% in SLNs with Myverol (M1) and SPC (S1), respectively.
The incorporation of squalene (NLCs and LEs) resulted in higher
trapping efficiencies (p < 0.05) compared to formulations with pure
Precirol. The encapsulation percentages of NLCs and LEs (M2-M5
or S2-S5) were comparable to each other (p > 0.05). It was ob-
served that the Myverol system showed greater entrapment than
the SPC system (p < 0.05) when compared at the same Precirol/
squalene ratios.

3.3. Molecular environment of the lipid nanoparticles

Nile red is a dye with absorption bands which vary in shape, po-
sition, and intensity with the nature of the nanoparticulate envi-
ronment. Nile red is very soluble in a lipophilic environment and
shows strong fluorescence. The emission spectra of Nile red in
the Myverol system with varying ratios of Precirol/squalene are de-
picted in Fig. 1. Decreasing the Precirol percentage reduced emis-
sions of Nile red at 580 nm, corresponding to an increase in
environmental polarity. The formulations with no or little Precirol
(M4 and M5) also exhibited a spectral shift to longer wavelengths.

3.4. Partitioning of the drug between lipids and water

The partition coefficients of lovastatin between the lipids and
water are given in Table 2. All log P values were >3, indicating
extensive partitioning of lovastatin into the lipid phase. Log P val-
ues obtained from pure Precirol/water and squalene/water were
3.44 and 3.63, respectively. A higher partition coefficient was gen-
erally observed with the lipid phase containing higher squalene
contents (p <0.05), although the lipid phases of 80% and 100%
Precirol showed approximately equal values.

Precirol 100%

10000- »
9000
8000-
7000-
6000-
5000-
4000-
3000
2000

Table 2
The partition coefficient (log P) between Lipids (Precirol and squalene) and water of
lovastatin.

Precirol:squalene Log P

10:0 3.44+0.01
8:2 3.42+0.01
5:5 3.48 +0.01
2:8 3.57+0.03
0:10 3.63 £ 0.02

Each value represents the mean + SD (n =5).

3.5. In vitro release kinetics of the drug from lipid nanoparticles

In order to develop a prolonged release system with general
applicability, it is of great importance to understand the release
mechanism and kinetics. The levels of in vitro lovastatin release
from nanoparticles of different compositions are shown in Fig. 2.
The amount of lovastatin released from each system was plotted
as a function of time. Because of the low solubility of lovastatin
in water, a mixture of propylene glycol/ethanol (9:1) was selected
as the control group. The free control showed quick release of lov-
astatin, with a cumulative 43% released at 24 h. The inclusion of
the drug into lipid nanoparticles significantly reduced (p < 0.05)
the release. Release percentages from the Myverol system varied
from 3% to 17% at 24 h depending upon differences in the Preci-
rol/squalene ratios (Fig. 4A). Pure Precirol (M1) exhibited the
smallest release, followed by pure squalene (M5), 80% Precirol
(M2), 50% Precirol (M3), and 20% Precirol (M4).

Fig. 2B shows the release-time profiles of lovastatin from the
SPC system. The trend of release from lipid nanoparticles with
SPC greatly differed from that of the Myverol system. SLNs and
NLCs (S1-S4) revealed an approximately equal drug release with-
out statistical significance (p > 0.05). LEs (S5) provided more-rapid
drug delivery compared to SLNs and NLCs. The SPC system exhib-
ited slower release than the corresponding Myverol system.

3.6. In vivo pharmacokinetics

Fig. 3A shows the concentration-time profiles of lovastatin in
circulation after intravenous injection. Lovastatin was rapidly de-
graded after injection. Almost no drug concentration was detected
at 4 h after administration. The AUCy_, ., of the intravenous lova-
statin was 1770.53 + 386.84 g h/ml. Fig. 3B illustrates the concen-
tration versus time profiles of lovastatin with the administration of
a single oral dose to three groups, including the free control and
NLCs with a Precirol/squalene ratio of 5:5 (M3 and S3). Animals
receiving lovastatin gavage exhibited a concentration-time profile

550 600

I nm
650 700

Fig. 1. Fluorescence emission spectra of Nile red (1 ppm) in lipid nanoparticle systems with different Precirol percentages of 0-100%. (For interpretation of the references to

colour in this figure legend, the reader is referred to the web version of this article.)
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Fig. 2. In vitro release percentage (%)-time profiles of lovastatin (1% w/v) across a
cellulose membrane from lipid nanoparticulate systems containing Myverol (A) or
soybean phosphatidyl choline (SPC) (B) as the lipophilic emulsifier. Each value
represents the mean and SD (n = 4).
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Fig. 3. Mean plasma concentration of lovastatin-time curves after oral adminis-
tration of lovastatin to rats at a dose of 100 mg/kg from a control solution and
nanostructured lipid carriers (NLCs). Each value represents the mean and SD (n = 9).

characterized by an early peak concentration followed by a contin-
uous decay in the plasma concentration. This is consistent with fast
and complete absorption of the bioavailable drug fraction. At all
times, the mean plasma concentrations were higher in rats treated
with NLCs than in those treated with the control solution. Pharma-
cokinetic parameters obtained by a non-compartmental analysis
after the oral administration of lovastatin are listed in Table 3. Fol-
lowing oral ingestion of the control group, Myverol system (M3),

Table 3
Pharmacokinetic parameters of lovastatin (100 mg/kg) after oral administration of
control solution and nanostructured lipid carriers (NLCs) with Myverol or SPC to rats.

Parameter Control NLCs with NLCs with SPC (S3)
Myverol (M3)

Cinax (pg/ml)? 2.32+1.69 5.88+1.74 3.36 £2.69

Tinax (Min)® 37.50 £ 8.66 38.08 +7.48 61.50 + 16.66

AUCo_ ., (ngh/ml)* 66.11+50.28 423.83 £144.18 222.81 +124.16

F (%) 3.73+2.84 23.94+8.14 12.58 +7.01

MRT (min)® 53.73+3.89 82.15+19.15 73.22+19.25

t1j2 (min)f 32.00+9.92 84.68 +46.32 32,54 +14.12

V,IF(1) 8 93.46 +35.40 30.71 +18.51 44.25 +27.46

Each value represents the mean + SD (n=9).
2 Cmax Maximum plasma concentration.
P T ax time to reach Crmax.
¢ AUCy_, ., area under the plasma concentration-time curve.
4 F, absolute bioavailability.
MRT, mean residence time.
f t1)2, elimination half-life.
& V,/F, apparent volume of distribution.

e

and SPC system (S3), the average peak plasma concentrations
(Cmax) were 2.32, 5.88, and 3.36 pug/ml at 37.50, 38.08, and
61.50 min, respectively. The AUCy_, ., value of lovastatin after oral
gavage of the Myverol system was respectively 6.4- and 3.4-fold
higher than those obtained with the free control and SPC system.
It is clear that a significantly higher (p < 0.05) bioavailability (F)
was found when administered as the Myverol system compared
to the SPC system and the control. The MRT was significantly long-
er (p <0.05) for NLCs with Myverol, followed by the SPC system
and free control. The Myverol system showed the highest elimina-
tion t;, of 84.68 min. The t;, values of the SPC system and control
solution were roughly equivalent (p > 0.05).

3.7. In vivo bioluminescence imaging

The residence of nanoparticles in the GI tract was evaluated by
bioluminescence imaging following the oral delivery of sulforhoda-
mine B-labeled NLCs. Because of a low intrinsic bioluminescence in
mammalian tissues, a high signal-to-noise ratio can be achieved
with in vivo optical imaging. Fig. 4 shows bioluminescence images
of representative animals treated with the control solution, Myver-
ol system (M3), and SPC system (S3) (left to right). Fluorescence

32 ae?

pisecom st
[cokr Bar

b = 2,737
Max = 3.46e7]

Fig. 4. Bioluminescence imaging of representative animals at 10 min following oral
administration of sulforhodamine B in a control solution, nanostructured lipid
carriers (NLCs) with Myverol, and NLCs with soybean phosphatidyl choline (SPC)
(left to right). (For interpretation of the references to colour in this figure legend, the
reader is referred to the web version of this article.)
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signals in the abdominal region were evident after deducting the
auto-fluorescence of the animal itself. Immediately following
administration for 10 min, the signal was clearly visualized in the
abdominal region of Myverol system-treated rats. However, no sig-
nal was detected in groups treated with the solution and SPC sys-
tem. This indicates that a higher accumulation of sulforhodamine B
was observed following the administration of NLCs with Myverol
than the free form or NLCs with SPC.

4. Discussion

Poor oral bioavailability in patients and a short half-life of lov-
astatin therapy remain clinical issues. Lovastatin preparations with
a long-acting effect are particularly desirable. The purpose of this
work was to develop novel delivery systems that can be used to
administer oral lovastatin for enhanced and prolonged efficacy. A
further aim included modulating the physicochemical characteris-
tics and release rate by changing the solid lipid/liquid lipid ratios of
the nanoparticles. The experimental results showed that lovastatin
loading in NLCs offered benefits in terms of increased oral absorp-
tion and sustained drug release. The selection of optimal emulsifi-
ers is important to facilitate these advantages.

It is known that using two emulsifiers, with respective hydro-
philic and lipophilic natures, yields better stabilization of the
dispersive system [13]. The results showed that lovastatin nanop-
articulate dispersions were obtained with quite-different stabilizer
systems. Pure Precirol (SLNs) led to a larger particle size than for-
mulations containing squalene (NLCs and LEs). Precirol is a fatty
ester with different alkyl chains. Distances between fatty acid
chains can be increased by using glycerides composed of different
fatty acids [14], resulting large spaces among the particles. Another
possibility is the influence of viscosity since the trend for an in-
creased particle size may be due to an increasing viscosity [15].
The addition of squalene to the inner phase may have tended to
promote the formation of a small-particle population as a result
of higher molecular mobility and lower viscosity [16]. However,
pure squalene of 100% (LEs, M5, and S5) did not produce the small-
est particle size. According to the results of the molecular environ-
ment, the polarity of nanoparticles was well controlled by the ratio
of Precirol/squalene. The emulsifier system with a determined
hydrophile-lipophile balance (HLB) may well have stabilized the
NLCs which had a moderate polarity, resulting in a smaller size
compared to SLNs and LEs. It was suggested [17] that surface-ac-
tive partial glycerides such as Precirol and Compritol facilitate
emulsification and form rigid interfacial films. The absence of Prec-
irol from the nanoparticles should tend to increase the size distri-
bution due to insufficient emulsification. The zeta potential is
known to be predictive of the stability of nanoparticles [18]. LEs
(M5 and S5) with lower zeta potential values compared to NLCs
may be unstable, resulting in a rapid aggregation among particles.
Nevertheless, this explanation is not a universal rule, since SLNs
(M1 and S1) with the largest size had moderate surface charges.

PF68 is a non-ionic species. The negative charge shown by
nanoparticles is believed to have resulted from the presence of
lipophilic emulsifiers. Some free fatty acids derived from the
hydrolysis of monoglycerides in Myverol (palmitic acid monogly-
cerides) may have occurred [19]. Anionic fractions such as phos-
phatidylserine, phosphatidic acid, phosphatidylglycerol, and
phosphatidylinositol in SPC with 80% phosphatidylcholine are
responsible for the negative surface charges of the SPC system
[20]. Formulations with Precirol (SLNs and NLCs) showed a higher
negative charge compared to those without it (LEs). The glyceride
structure in Precirol may liberate anionic fatty acids, the same as
the phenomenon with Myverol. Hence Precirol contributed to the
negative charge of SLN and NLC interfaces. Pure squalene, on the

other hand, is a non-ionic species. However, it should be men-
tioned that greater amounts of Precirol did not produce higher neg-
ative charges. The incorporation of lovastatin in systems did not
affect values of the zeta potential. This indicates that most of the
lovastatin molecules resided in the lipid core, not in the nanopar-
ticle shell.

Carriers of NLCs and LEs, but not of SLNs, promoted the lova-
statin encapsulation yield. Colloidal dispersions made of mixtures
of solid and liquid lipids were described as overcoming the poor
drug-loading capacity of SLNs [5,14]. Precirol forms highly crystal-
line particles with a perfect lattice which leads to drug expulsion.
The incorporation of a liquid and solid lipid can lead to massive
crystal order disturbances, and the matrix shows great imperfec-
tions in the crystal lattice creating sufficient space to accommodate
drug molecules [15,21]. Our previous study [19] demonstrated the
fact that SLNs produced an inner phase which was crystalline. As
examined by differential scanning calorimetry (DSC), the inner
phase of NLCs was solid not crystalline. The partitioning nature
of lovastatin between the lipid and aqueous phases can provide
clues about its entrapment in the nanoparticles. The log P results
indicated that an increase in the amount of squalene increased lov-
astatin partitioning in the lipid phase. This is reasonable since the
solubility of drugs is basically higher in liquid than solid lipids [14].

The replacement of Myverol by SPC contributed to a reduction
in lovastatin encapsulation. It was assumed that the amphiphilic
nature of the emulsifier would facilitate the orientation of the lipid
part towards the lipid core and the hydrophilic group towards the
external aqueous phase. The crystallization tendency of the inner
core decreased with the addition to the interface of phospholipids,
which possess two hydrophobic chains in the structures [22].
Moreover, the presence of phospholipids at the interface contain-
ing PF68 caused a rearrangement of the monolayer membrane to
a disordered form [23]. Some free fatty acids can be derived from
Myverol according to the negative zeta potential of the Myverol
system. Alkali fatty acids are thought to yield mixed films with a
higher packing density of interfacial film-forming components
[24,25]. The tight structure of this membrane may prevent the loss
of lovastatin across the interface during emulsification.

The polarity (molecular environment) of lipid nanoparticles can
be investigated by the fluorescence emission of Nile red. The inten-
sity of Nile red is quenched in more-hydrophilic environments
[26]. The high polarity also leads to a spectral shift to longer wave-
lengths. The results showed that the polarity of nanoparticles gen-
erally decreased following an increase in Precirol contents,
indicating the lipophilic character of Precirol. Crystallization of
the solid lipid reduced the accommodation capacity for foreign
molecules and caused considerable expulsion and aggregation of
Nile red, thus reducing the fluorescence intensity [27]. However,
that was not the case in the present study. This indicates the lim-
ited role of expulsion with Precirol. This inference was confirmed
by the encapsulation efficiency, since the discrepancy in the
amount of lovastatin entrapment between the systems with pure
Precirol (SLNs) and squalene (NLCs and LEs) was finite, although
SLNs showed a lower drug-loading capacity.

The amount of lovastatin released from the free control was
limited, with ~40% of the drug being released over 24 h. This
may have been due to the use of the Franz cell assembly. Since a
drug is released to a definitive space in the receptor (5.5 ml) and
diffusion area (0.785 cm?), drug loading in the receptor compart-
ment is limited. There might be only a small concentration gradi-
ent between the donor and receptor compartments. Nevertheless,
this setup is still useful for differentiating the relative release
capabilities of various formulations [28,29]. The slower release of
lovastatin from nanoparticles suggests that lovastatin was
homogeneously dispersed in the lipid matrix. The drug is stably re-
tained in the lipid core for a determined duration, followed by its
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slow release into the external phase. The sustained release of an
incorporated drug in a delivery system is an important character-
istic quite often correlated with improved pharmacokinetics and
efficacy.

The results of lovastatin release suggest that it is possible to
modify the release profiles as a function of the lipid matrix and
emulsifier type. As observed with the Myverol system, the formu-
lation with 100% Precirol (SLNs, M1) exhibited the slowest release
of lovastatin. Precirol has a crystalline state. Therefore, the mobil-
ity of the incorporated drug was reduced due to decreased diffu-
sion out of the inner phase [22]. Precirol showed high
lipophilicity according to the determination of polarity. Precirol
may strongly interact with the lipophilic lovastatin, thus retard-
ing the release capability. Another possibility is that the viscosity
is related to the strength of the interfacial film [19,30]. The re-
lease of lovastatin increased following an increase in the squalene
percentage to 80%. The liquid oil is soft and possesses consider-
ably higher solubility for lipophilic drugs [15], in which the drugs
can be easily released by drug diffusion and matrix erosion. How-
ever, 100% squalene (LEs, M5) in the lipid core did not produce
the highest release. Lovastatin released from LEs of the Myverol
system was lower than that from NLCs. The factor contributing
to the retarded release rate of LEs may have been the smaller sur-
face area due to the larger particle size. A decrease in release
would therefore be expected because of the insufficient total sur-
face area to release the drug [22,31]. This hypothesis can also ex-
plain the slowest drug release of SLNs, which had the largest size.
The release results suggest that controlled adjustment of release
can be achieved by modifying the nature of the lipid matrix. No
linear relation between the Precirol/squalene ratios and lovastatin
release was observed. Thus, each ratio leads to a distinguishable
lipid-based formulation. The inner phases of SLNs, NLCs, and
LEs may present a state of an ordered crystal, imperfect solid,
and liquid, respectively.

SPC was shown to exert a quite different release behavior com-
pared to nanoparticles with Myverol. The mechanisms predomi-
nating lovastatin delivery should differ in the Myverol and SPC
systems. The replacement of Myverol by SPC further retarded lov-
astatin release. The release profiles from SLNs and NLCs containing
SPC were approximately the same. This indicates that the interfa-
cial membrane with SPC might act as a rate-limiting barrier. The
effect of release modulation by the inner phase of the Myverol sys-
tem was diminished by SPC replacement. The phenomenon seems
to be correlated with specific interactions between phospholipids
and the solid lipid matrix. A strong binding of phospholipids to
the solid triglyceride matrix may have occurred to immobilize
the interfacial film [32,33]. This immobilization allowed the re-
tarded release of lovastatin across the SPC barrier. This effect was
not observed for LEs, since this carrier exhibited greater drug re-
lease. This may have been because phospholipids are preferentially
adsorbed by the triglyceride nanocrystals rather than by the emul-
sion droplets [32].

In general, a higher load of the drug into nanoparticles allows a
slower and more prolonged release. However, this was not the case
in this study since the SPC system showed lower lovastatin encap-
sulation and slower drug release compared to the Myverol system.
Although Myverol provided a rigid interfacial structure as indi-
cated by the encapsulation profiles, it is possible that glycerides
undergo degradation to fatty acids during incubation, which can
compete with formulation emulsifiers for positioning on the inter-
face. Fatty acids can form mixed micelles that might enhance the
partitioning of the drug out of the lipid nanoparticles [34]. Lova-
statin can easily escape from the nanoparticles during the
in vitro release period. This phenomenon was not detected in the
carriers with SPC, which demonstrates that lovastatin was stably
and restrictedly retained in the SPC system for a longer time, once

the drug was already included in the inner matrix. Further work is
needed to elucidate the mechanisms.

The oral bioavailability of lovastatin from the control solution
was 3.73% and highly variable. The results were similar to those
in a human study [35], which showed a bioavailability of ~5%.
After oral administration of NLCs to rats, the bioavailability of lov-
astatin increased considerably, especially with the system contain-
ing Myverol (M3). The variability of bioavailability values was
smaller with NLCs than with the free control, indicating less in-
ter-subject variation using nanoparticles. Since lovastatin was
completely dissolved in the control solution, enhancement of the
solubility and dissolution rate could be ruled out for explaining
the higher oral absorption of NLCs. The ability of the lipid nanopar-
ticles to enhance the transport of the drugs across the GI tract was
attributed to different mechanisms including: (i) lymphatic trans-
port, (ii) mucoadhesion, (iii) sustained drug release, and (v) drug
protection efficiency [36,37].

Lovastatin is considered to be a reasonable substrate for intesti-
nal lymphatic transport [34]. The inclusion of lipophilic drugs into
lipid nanoparticles can enhance targeting to the lymph system
[38]. Nanoparticles are composed of a lipid core that can stimulate
chylomicron formation, which ultimately carries the carrier along
with the drug by following the classical transcellular mechanism
of lipid absorption [39]. The efficiency is directly correlated with
the specific surface area of the particles. Compared to a simple lipid
vehicle, incorporation of the drug in the lipid phase of NLCs in-
creased the lipid surface area and subsequently the bioavailability.
Another mechanism is that nanoparticles in general possess adhe-
sive properties. The absorption-enhancing effect of orally adminis-
tered nanoparticles was attributed to the adhesion of the particles
to the gut wall [11]. The adhesion of lipid nanoparticles to the mu-
cus can improve the residence time and contact of the drug with
the underlying epithelium, thus increasing the concentration gra-
dient [37]. Another observation is a decrease in V,/F after the incor-
poration of lovastatin into nanoparticles. This means a reduction of
the distribution to peripheral tissues. It is beneficial for lovastatin
to lower cholesterol in circulation system. It may also infer the pos-
sible permeation of intact nanoparticles across GI membrane. Fur-
ther works are necessary to explore this possibility.

A previous study [40] suggested increased oral bioavailability
and prolonged efficacy with a lovastatin extended-release tablet.
The release of lovastatin from the tablet was controlled by osmotic
pressure. This allows the release of the drug at a constant and con-
trolled rate. Our release experiment indicated a controlled manner
of lovastatin release from NLCs at a determined rate. Hence, the en-
hanced efficacy of NLCs may have been the result of continuous
and more sustained delivery of lovastatin to the circulation. This
could be confirmed by the longer MRT of NLCs compared to the
control solution. Lovastatin is largely metabolized in the GI tract
to its major metabolites, and the generated metabolic pattern is
similar to that in the liver [9,34]. Lovastatin should be protected
from the harsh gastric and intestinal environments. The advantage
of nanoparticles over a solution is the protection of the drug by the
lipids from chemicals and enzymatic degradation, thereby delaying
in vivo metabolism [41,42]. The same effect was observed in a
study of Ge et al. [43], which utilized a dry emulsion to protect
lovastatin against intestinal metabolism and improved the
bioavailability.

Although NLCs can improve the oral absorption of lovastatin,
there was a difference in the pharmacokinetics between the NLCs
containing Myverol and SPC. The bioavailability and half-life in rats
treated with the Myverol system were ~2-fold higher than those
treated with the SPC system. In order to explore the effect of the
lipophilic emulsifier on oral lovastatin delivery, in vivo biolumines-
cence imaging was examined. Bioluminescence imaging is a nonin-
vasive and real-time technique for performing an in vivo diagnostic
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Table 4
The particle size of nanostructured lipid carriers (NLCs) with Myverol or SPC after
incubation in double-distilled water and 0.1 N hydrochloric acid solution at 5 min and
60 min.

Formulation Double-distilled water 0.1 N HCl solution

5 min 60 min 5 min 60 min

NLCs with Myverol 275.1+1.4 2985+04 644.6+19.8 1313.5+413.0

(M3)

NLCs with SPC (S3) 269.5+1.0 331.3+5.0 2413.8+81.0 4844.8+452.4

Each value represents the mean = SD (n = 3).

study on animal subjects. It is a high-throughput and sensitive
imaging modality [44]. The excitation and emission wavelengths
used in this study to detect abdominal accumulation were
>600 nm. Longer wavelengths of bioluminescence in the red and
near-infrared regions of the spectrum are transmitted through
mammalian tissues more efficiently than are shorter wavelengths
of light [45]. A significant fluorescence signal was observed in
the abdominal region of rats treated with NLCs containing Myverol
(M3). It was surprising that there was no signal detected in the
abdominal region with the SPC system (S3). This suggests poor sta-
bility and retention of the SPC system in the GI tract. To understand
the behavior of NLCs in the GI tract, the size stability of Myverol
and SPC systems was determined in ddH,O and a 0.1 N HCl solu-
tion at a 1:100 dilution. As shown in Table 4, both systems exhib-
ited instantaneous and massive aggregation following incubation
in ddH,O and an HCI solution for 5 and 60 min. A significantly
greater aggregation (p <0.05) was observed in the HCI solution
compared to ddH,0. The size of the SPC system increased from
221 to 2414 nm after only a 5-min incubation. At the same time,
the Myverol system increased from 251 to 645 nm. A progressive
increase in particle size was observed from 5 to 60 min. The results
indicate significant instability of NLCs with SPC in the gastric
environment.

The microclimate of the stomach favors particle aggregation
due to its acidity and high ionic strength [1]. Particle aggregation
can result in breakdown of the lipid formulations. Miiller et al.
[11] revealed that the emulsifier layer controls the anchoring of
the lipase/co-lipase complex. In the case of phospholipids as a sta-
bilizer, the anchoring of the complex leads to rapid degradation.
This can result in lower bioavailability and bioluminescence inten-
sity of the SPC system compared to the Myverol system. However,
oral absorption with the SPC system was still greater than that of
the free solution. This can be attributed to the steric hindrance of
the anchoring by PF68 [11,46], which is a hydrophilic emulsifier
used in this study. Carriers with Myverol were able to protect
the drug and produced sustained release of the drug. This is bene-
ficial with lovastatin since the extended release effect can produce
significantly greater cholesterol reduction than an equal dose of
lovastatin of the immediate-release form [6]. These results also
indicated that the composition of NLCs can affect the physico-
chemical characteristics and also the behaviors of oral absorption.
A well-defined study protocol is further required to elucidate the
mechanisms of oral lovastatin delivery by NLCs.

5. Conclusions

The purpose of this study was to assess the feasibility of using
NLCs to promote the oral absorption of lovastatin. The physicochem-
ical properties and release rate showed that each nanoparticulate
system (SLNs, NLCs, or LEs) had distinguishable characteristics.
The controlled adjustment of drug release was achieved by modify-
ing the lipid matrix with various Precirol/squalene ratios. The results
exhibited that the lipophilic emulsifiers influenced the drug release

and the stability of NLCs, which affected the in vivo performance of
the nanoparticles. An oral pharmacokinetic study was conducted in
rats, and the results showed that NLCs produced a significant
improvement in the bioavailability compared to the free solution.
The types of emulsifier had an important influence on the oral
absorption of lovastatin, and NLCs with Myverol were found to be
more stable in the gastric environment compared to those with
SPC. Lovastatin administration from Myverol-containing NLCs led
to plasma concentrations which were greater, less variable, and
more prolonged than when the drug was given in the free form.
The changes in pharmacokinetic parameters with NLCs can improve
the clinical efficacy of lovastatin.
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