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A B S T R A C T

A biodegradable poly(lactic-co-glycolic acid) loading atorvastatin calcium (AC) nanoparticles

(AC-PLGA-NPs) were prepared by probe ultrasonication and evaporation method aiming at

improving the oral bioavailability of AC. The effects of experimental parameters, including

stabilizer species, stabilizer concentration and pH of aqueous phase, on particle size were

also evaluated. The resultant nanoparticles were in spherical shape with an average diam-

eter of 174.7 nm and a narrow particle size distribution. And the drug loading and

encapsulation efficiency were about 8% and 71%, respectively. The particle size and

polydispersion were almost unchanged in 10 days. The release curves of AC-PLGA-NPs in

vitro displaying sustained release characteristics indicated that its release mechanisms were

matrix erosion and diffusion. The pharmacokinetic study in vivo revealed that the Cmax and

AUC0-∞ of AC-PLGA-NPs in rats were nearly 3.7-fold and 4.7-fold higher than that of pure

atorvastatin calcium suspension. Our results demonstrated that the delivery of AC-PLGA-

NPs could be a promising approach for the oral delivery of AC for enhanced bioavailability.

© 2017 Production and hosting by Elsevier B.V. on behalf of Shenyang Pharmaceutical

University. This is an open access article under the CC BY-NC-ND license (http://

creativecommons.org/licenses/by-nc-nd/4.0/).
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1. Introduction

Atorvastatin calcium (AC, Fig. 1), a selective, reversible and com-
petitive inhibitor of hydroxy-methylglutaryl-coenzyme A
reductase (HMG-CoA), is widely applied in the treatment of hy-
perlipidemia and atherosclerosis due to its superiority in
reducing the levels of cholesterol, low-density lipoprotein cho-
lesterol, and triglycerides, as well as the ability to increase high-
density lipoprotein level in plasma [1–5]. Despite the effective
anti-hyperlipidemia therapy, the oral bioavailability of AC is still
restricted by its extremely poor water solubility and exten-
sive first-pass metabolism, which hinders the further clinical
application of AC [5,6].

In order to address these challenges, micronization tech-
nique and supercritical antisolvent (SAS) means were employed
to enhance physicochemical properties and bioavailability
through particle size reduction and generation of amorphous
state [7–9]. Meanwhile, polymeric prodrug approach was also
developed to improve the stability and drug release charac-
teristic by constructing a bioadhesive nano-sized chitosan–
atorvastatin conjugate and its result exhibited nearly 5-fold
increase in bioavailability compared with AC suspension [10].
Recently, the focus to improve oral bioavailability moved on
from AC encapsulation to novel drug delivery systems includ-
ing atorvastatin hydroxypropyl-beta-cyclodextrin complex,
multi-unit floating microcapsules, Eudragit nanoparticles,
nanostructured lipid carriers, and self-nanoemulsifying or self-
microemulsifying tablets [5,11–15]. The limit of the above
methods was mainly attributed to unsatisfied particle size,
non-biodegradable drug carrier and troublesome preparation
process. Currently, poly(lactic-co-glycolic acid) (PLGA) ap-
proved by FDA were intensively investigated because of its
established safety, biodegradation and biocompatibility [16,17].
And there is little available literature about PLGA nanoparticles
encapsulating AC by peroral administration to enhance its
bioavailability.

Based on the above considerations, the study mainly aimed
to enhance oral bioavailability of AC by developing PLGA
nanoparticles, which consisted of biodegradable PLGA and
pure drug AC. AC-PLGA-NPs were prepared by the probe
ultrasonication and evaporation method coupled with pH ad-
justment of aqueous phase at 4. The in vitro characterization
and in vivo evaluation of the AC-PLGA-NPs, including in vitro
stability, drug release and in vivo oral pharmacokinetics, were
evaluated.

2. Materials and methods

2.1. Materials

Atorvastatin calcium was provided by Zhejiang New Donggang
Pharmaceutical Co., Ltd. (China). PLGA (50/50, Mr38000) was pur-
chased from Jinan Daigang Biological Engineering Co., Ltd.
(China). F-68 was obtained from BASF Co., Ltd. (Shanghai, China).
PVA, glucose, lactose, sucrose, maltose and PEG400 were sup-
plied by Tianjin Bodi Chemical Co., Ltd. (China). Tween 80 was
acquired from Hunan Erkang Pharmaceutical Co., Ltd. (China).
Glucan setting G50 was purchased from Regal Biotechnology
Company (Anhui, China). Hydrochloric acid, calcium chlo-
ride, citric acid, ammonium citrate, ammonia water, and
potassium dihydrogen phosphate were of analytical grade and
used without further purification.

2.2. Preparation of the atorvastatin calcium PLGA
nanoparticles formulation

Atorvastatin calcium PLGA nanoparticles were prepared by
probe ultrasonication and evaporation method. Briefly, AC dis-
persed in PEG400 was mixed with PLGA solution which was
dissolved in acetone to form organic phase. And 1.5% w/v F-68
solution (pH 4.0) was utilized as water phase. Then the organic
phase was added to the water phase by stirring, and the mixture
was ultrasound using probe-type sonifier (JY92-2D, Scientz,
China) for 5 min in ice bath. Next, acetone was removed by
rotary vacuum evaporation. Then the initial nanoparticles so-
lution was centrifuged (13,500 rpm, 5 min) to obtain AC-PLGA-
NPs. Blank nanoparticles were prepared in the same way except
AC [18].

2.3. Characterization of AC-PLGA-NPs

2.3.1. Size distribution and zeta potential
Size distribution and zeta potential of AC-PLGA-NPs were mea-
sured by dynamic light scattering (DLS) method with a Zetasizer
instrument (Nano ZS, Malvern Co., UK) [19].

2.3.2. Morphology observation
The morphological images of AC-PLGA-NPs were obtained by
transmission electron microscope (TEM) (H-600, Hitachi, Japan).
A drop of AC-PLGA-NPs solution was deposited on a carbon-
coated copper grid and excess solution was tapped with filter
papers. Then the thin-film solution was dried at room tem-
perature, stained with 0.2% phosphotungstic acid aqueous
solutions for 1 min before observation under TEM [20].

2.4. Drug loading and encapsulation efficiency

Entrapment efficiency of AC-PLGA-NPs was determined by high
performance liquid chromatography (HITACHI L2000) equipped
with a C18 column kept at 35 °C (Phenomene Ultremex C18

250 mm × 4.6 mm, 5 μm) at an absorption wavelength of 244 nm.
In brief, SephadexG-50 was swelled overnight and packed in
a 5 mL syringe with filter paper in the bottom to obtain gel
column. Then 200 μL AC-PLGA-NPs was added onto the gel
column and centrifuged (13,000 rpm, 20 min) to collect theFig. 1 – Chemical structure of atorvastatin calcium (AC).
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elution. Next, the eluent and 200 μL AC-PLGA-NPs were dis-
solved in a 25 mL volumetric flask with acetonitrile to determine
the content of AC in nanoparticle and total AC weight in the
nanoparticles formulation, respectively. The entrapment effi-
ciency and drug loading were calculated as:

Drug loading
the drug encapsulated in nanoparticles

the 
%( ) =

ttotal weight of nanoparticles
× 100%

Encapsulation efficiency
the drug encapsulated in nanop

%( )

= aarticles
the total drug of nanoparticles

× 100%

2.5. Stability of AC-PLGA-NPs

The stability study of AC-PLGA-NPs was evaluated at 37 °C for
10 days. And the changes in particle size were selected to assess
the stability of nanoparticles.

2.6. In vitro releasing

An in vitro release study was estimated in pH 7.4 PBS by di-
alysis method. Briefly, 1.5 mL atorvastatin calcium suspension
containing PEG400 as suspending agent and atorvastatin
calcium nanoparticles solution were sealed in a dialysis bag
(MWCO = 14 kDa, Spectrum Laboratories, USA) and incu-
bated in 100 mL of release medium at 37 °C under orbital
shaking (100 rpm). At designated intervals, 2 mL samples were
removed for analysis and replaced with the same volume of
fresh medium.The AC content was determined under the same
HPLC conditions as described above. And the drug release pro-
files were evaluated by zero-order, first-order, Higuchi, Weibull
and Ritger–Peppas model, respectively [21].

2.7. Preparation of calibration, plasma samples and
quality control (QC) samples

The stock solution of AC (1.0 mg/mL) was prepared in metha-
nol and then diluted to achieve a series of in vitro working
solutions at concentrations of 10, 20, 60, 200, 600, 400, 800, 1600
and 2000 ng/mL with methanol, and IS at concentration of
500 ng/mL. The plasma samples spiked with different concen-
trations of AC were processed by liquid–liquid extraction to
prepare calibration standards. Briefly, a 50 μL aliquot of the IS
solution (500 ng/mL), 50 μL of HCl solution (1 mmol) and 50 μL
of different concentrations of AC were added to 100 μL of blank
plasma sample.The mixture was vortex mixed for 2 min.Then,
a 3 mL aliquot of the methyl tert-butyl ether (MTBE) was added
and vortex mixed for another 5 min. After centrifuging at
3000 rpm for 10 min, the upper organic layer was transferred
to test tube and dried with a gentle stream of nitrogen at 30 °C.
The residue was resolved with 100 μL dilute solution (aceto-
nitrile: water – 70:30) and vortexed for 3 min. A 5 μL aliquot
of the solution was injected into the UPLC-MS/MS system
[22,23]. Plasma samples were prepared in the same way except
the addition of different concentrations of AC.

QC samples were prepared in the same way with three con-
centrations of AC at 800 ng/mL (high), 100 ng/mL (medium) and

10 ng/mL (low). All working solutions were stored at 4 °C until
the analysis. And the method employed to determine the con-
centration of AC was validated before the study of bioavailability.

2.8. Pharmacokinetic study

The animal studies were approved by the Shenyang Pharma-
ceutical University Animal Care and Use Committee. Wistar rats
weighing 220 ± 20 g were randomly separated into 2 groups and
fasted overnight prior to the experiment. Two groups were ad-
ministrated orally with atorvastatin calcium PLGA nanoparticles
formulation and AC suspension mentioned-above separately
at a single dose of 5 mg/kg. Blood samples (0.3 mL) were col-
lected, centrifuged at 13,000 rpm for 10 min, and then plasma
were frozen at −20 °C. The concentration of AC in the blood
samples was determined by UPLC-MS/MS method, with
gliclazide as internal standard. The chromatographic separa-
tions were acquired on an ACQUITY UPLCTM system (Waters
Corp., Milford, MA) and BEH C18 column (50 mm × 2.1 mm,
1.7 μm; Waters Corp.) with a mobile phase consisting of 70%
acetonitrile and 30% water (containing 0.1%, v/v formic acid).
The compounds were analyzed by multiple reaction monitor-
ing (MRM) of the transitions of m/z 559.0→440.0 for atorvastatin
calcium and m/z 324.0→127.0 for gliclazide. The concentra-
tion of each sample was calculated and referred to a calibration
curve with a concentration range from 5 to 1000 ng/mL, with
a correlation coefficient of 0.998. The related pharmacoki-
netic parameters were achieved using DAS 2.0 software [18].

2.9. Statistical data analysis

The results were listed as mean or mean ± standard devia-
tion (SD). Statistical data analysis was carried out using one-
way ANOVA. Difference was set as significance at a level of
P < 0.05, and a high significance was considered as P < 0.01.

3. Results and discussion

3.1. Preparation and characterization of AC-PLGA-NPs

The AC was encapsulated into AC-PLGA-NPs by probe
ultrasonication and evaporation method. Surfactants or poly-
mers were widely applied as stabilizers for their superiority
in preventing spontaneous particle aggregation, decreasing the
potential interactions between drug and PLGA, as well as neu-
tralizing the acidity generated during the polymer degradation
[24].Therefore, the preliminary study, including the kind of sta-
bilizer, the concentration of stabilizer and pH of water phase,
was also optimized. As shown in Fig. 2, the stabilizer F68 could
form a smaller particle size compared with PVA and Tween 80.
Next, the investigation of F68 concentrations coating on PLGA
nanoparticles (Fig. 3) demonstrated that a bell shape of size
change with F68 concentration in the range from 0.5% to 2.0%
(w/v). Table 1 illustrates the equilibrium solubility of atorvastatin
calcium in a medium of different pH at 37 °C, which might in-
dicated that pH may be an influential factor to AC-PLGA-NPs
size and encapsulation efficiency. Expectedly, Fig. 4 exhibited
that AC-PLGA-NPs size was immune from pH of the aqueous
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phase at pH 6 or below, but the performance of encapsula-
tion efficiency in different pH revealed that the aqueous phase
of pH 4 or below could significantly improve encapsulation ef-
ficiency compared with pH 6 (about 71.5% to 17.1%). The high
encapsulation efficiency might result from the insolubility of
AC entering into the hydrophobic internal core of PLGA
nanoparticles when pH was below 4. However, when pH was
2 or below, the extensive acidity contributed to unstable
lactonization of AC [25]. Based on the results, the concentra-
tion of 1.5% F68 and pH 4 water phase were selected in our next
study.

The characterization of size and zeta detailed that blank
nanoparticles were 193.0 ± 2.7 nm with zeta potential of
−4.55 ± 0.14 mv, while the size of AC-PLGA-NPs were smaller
(about 174.7 ± 3.0 nm) with reduced zeta potential (-8.64 ± 0.34
mv). As shown in Fig. 5, blank nanoparticles and AC-PLGA-NPs
were in good spherical shape. Then, the drug loading content
and encapsulation efficiency were 8.30 ± 0.10 and 71.49 ± 0.10,

respectively. Meanwhile, stability study indicated that AC-PLGA-
NPs were stable at room temperature for 10 days. As implied
in Fig. 6, the size of AC-PLGA-NPs had almost no change due
to the protection of PLGA shell and stabilizer F68.

3.2. Releasing tests in vitro

The releasing profiles of AC suspension and AC-PLGA-NPs in
pH 7.4 phosphate buffer were presented in Fig. 7. In contrast
with the AC suspension, there was a sustained release char-
acteristic that approximates 88.3% of AC released from the AC-
PLGA-NPs after 24 h. Furthermore, the burst release of AC
suspension was lower at only 22.6% in AC-PLGA-NPs at the
initial 2 h. Many factors including polymer–drug interac-
tions, drug–drug interactions and water absorption could have
influenced the rate of drug diffusion and PLGA degradation ki-
netics [26]. Table 2 illustrated the release kinetics of AC
suspension and AC-PLGA-NPs. Both the release data were best
fitted to first order model. According to the Ritger–Peppas model,
the release mechanism of AC suspension was Fickian diffu-
sion, while that of AC-PLGA-NPs might involve a combination
of Fickian diffusion and matrix erosion [21,27].

3.3. Pharmacokinetic study in vivo

Two groups of rats were orally administrated with pure AC sus-
pension and AC-PLGA-NPs at a dose of 5 mg/kg. The
methodology of AC by UPLC-MS/MS conformed to standards,
with excellent extraction recovery and matrix effects, and the
tested linearity ranged from 5 to 1000 ng/mL with correlation
coefficient of 0.9979 and standard curve of Y = 0.1252X + 0.4234.
Moreover, the acceptable precision, accuracy, selectivity and sta-
bility were also achieved with the determined method [28,29].

As shown in Table 3 and Fig. 8, the Cmax and AUC0-∞ of NPs
were significantly increased approximately 3.7-fold and 4.7-
fold than that of reference suspensions. Moreover, the RSD of
AUC0-∞ of AC-PLGA-NPs was around 27.1%, a decrease in com-
parison with commercial capsules (about 70.0%). Therefore, it
might be inferred that AC-PLGA-NPs can improve oral
bioavailability of AC and reduce the variability of gastrointes-
tinal absorption, which might lie in gastrointestinal pH, shell
protection of PLGA nanoparticle and endocytosis pathways [30].
AC belongs to Class II of the Biopharmaceutical Classification

Fig. 2 – The influence of surfactants on the size of
AC-PLGA-NPs.

Fig. 3 – The influence of concentration of surfactant on the
size of AC-PLGA-NPs.

Table 1 – The equilibrium solubility of atorvastatin
calcium in a medium of different pH at 37 °C
(mean + SD, n = 3).

Medium 0.1M HCl pH 4.0 pH 7.4

Sapp (μg/mL) 0.25 ± 0.07 1.40 ± 0.14 716.30 ± 41.29

Fig. 4 – The influence of pH of aqueous phase on the size of
AC-PLGA-NPs.
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System (BCS); it possesses high permeability in intestinal tract
and is reported to be insoluble at pH 4 and below, leading to
most drug precipitation in the stomach, which might fail to
provide sufficient dosage for absorption in the intestine when
administrated by oral route [31,32]. Meanwhile, the AC absorp-
tion might be also lowered by the lactonization of AC caused
by the gastric juice acid catalysis [25]. Compared with AC sus-
pension, the presence of protective shells composed of F68 and
PLGA polymer might minimize the destruction of drug
nanoparticles that resulted from gastrointestinal pH and
enzymes. Moreover, AC-PLGA-NPs might be endocytosed
through nanoparticle endocytosis pathways on account of in-
volvement in the active endocytosis in intestinal tract.

4. Conclusion

The aim of our investigation was to improve the oral
bioavailability of atorvastatin calcium (AC) by loading AC in
poly(lactic-co-glycolic acid) (PLGA) nanoparticles (NPs).The AC-
PLGA-NPs were prepared by probe ultrasonication and
evaporation method and characterized by evaluating the size,
drug loading and encapsulation efficiency. The resultant
nanoparticles displayed a mean size about 174.7 nm, and a drug

Fig. 5 – Intensity-size distribution of blank nanoparticles (A) and AC-PLGA-NPs (B), and transmission electron microscopy
(TEM) images of blank nanoparticles (C) and AC-PLGA-NPs (D), respectively.

Fig. 6 – Size and encapsulation efficiency changes of AC-
PLGA-NPs at 37 °C for 10 days (n = 3).

Fig. 7 – The cumulative release rate curve of AC-PLGA-NPs
in pH 7.4 PBS (n = 3).
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loading and encapsulation efficiency about 8% and 71%, re-
spectively. The release curves of AC-PLGA-NPs in vitro display
sustained release characteristics due to its matrix erosion and
diffusion release mechanism.The pharmacokinetic study in vivo
revealed that the Cmax and AUC0-∞ of AC-PLGA-NPs in rats were
nearly 3.7-fold and 4.7-fold higher than that of pure atorvastatin
calcium suspension, separately. Therefore, it is reasonable to
demonstrate that AC-PLGA-NPs facilitated to enhance the oral
bioavailability of AC. The mechanism of the improved oral
bioavailability of AC-PLGA-NPs is unclear, which will be in-
vestigated in our next study continuously.
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Table 3 – Pharmacokinetic parameters of AC in rats after oral administration of AC suspension and AC-PLGA-NPs at a
dose of 5 mg/kg (mean + SD, n = 5).

Preparations t1/2 (h) Cmax (ng/mL) Tmax (h) AUC (ng/mL*h)

AC suspension 0.68 ± 0.29 49.37 ± 26.05 0.30 ± 0.14 45.32 ± 30.80
AC-PLGA-NPs 1.08 ± 0.34 183.81 ± 77.28** 0.37 ± 0.14 214.04 ± 58.02***

Fig. 8 – Mean plasma concentration−time curves of AC in
rats after oral administration of AC suspension and AC-
PLGA-NPs at a dose of 5 mg/kg AC (mean + SD, n = 5).
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