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Abstract

The objective of this paper is to study the effects of poly(ethylene glycol)-block-polylactide (PLA–PEG) nanoparticles on hepatic cells
of mouse. Blank PLA–PEG nanoparticles have been successfully prepared and MTT assay suggested that the nanoparticles with HepG2
cell co-culture model did not cause significant changes in membrane integrity in controlled concentration range (0.001–0.1 mg/ml).
Immunohistochemical analysis demonstrated that large dose of PLA–PEG nanoparticles injection (42.04 mg/kg, i.v.) did not induce
hepatic cell apoptosis. From biochemical assay experiments, although the levels of SOD decreased and those of MDA, NOS increased
after treatment with large dose of PLA–PEG nanoparticles injection (42.04 mg/kg, i.v.), they were all not significant (p > 0.05). Then
Kunming mice were treated with large dose of PLA–PEG nanoparticles (42.04 mg/kg, i.v.) and after 4 days total RNA was isolated
to elucidate patterns of gene expression using a mouse cDNA-microarray (SuperArray). Treatment with nanoparticles resulted in
over-expression of a lot of ATP-binding cassette (ABC) transporters, especially two ABC transporters (ABCA8 and ABCC5/MRP5),
and down-regulation of GSTP1, in comparison with the control. ABCA8 could extrude low molecular weight polymers after PLA–
PEG nanoparticles hydrolysis outside the cells. We also discovered that ABCC5 expressed multidrug resistance protein 5 (MRP5) to
pump out conjugate (GS-X) of PLA–PEG nanoparticles with GSH. The results were confirmed by RT-PCR. Results of in vitro accu-
mulation and efflux experiments indicated that about 51–52% (51.5% and 52.0%) intracellular PLA–PEG nanoparticles was expulsed
after mouse primary hepatocytes reached a saturation uptake of nanoparticles during the concentration range of 750–1000 lg/ml.
The results suggested that ABC transporters (especially ABCA8) pump out the polymers after hydrolysis from mouse hepatic cells
and large dose of PLA–PEG nanoparticles make mouse hepatic cells gain drug resistance to PLA–PEG nanoparticles.
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1. Introduction

In recent years, scientists have prepared a lot of colloidal
drug carriers with prolonged blood circulation times.
Among them, PEG-coated biodegradable nanoparticles
have appeared to be particularly promising drug carriers.

Much attention has been paid to the PLA–polyethylene
glycol block copolymer (PLA–PEG), which is a diblock
copolymer with hydrophilic and hydrophobic blocks,
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because it allows the formation of a stable nano-particulate
suspension in an aqueous solvent, where PLA chains form
the core and PEG chains are located outside [1]. The PEG
shell prevents the interaction of PLA core with biomole-
cules, cells and tissues, and can suppress opsonization [2].
Reportedly, PLA–PEG nanoparticles show a particle size
of several dozen to a few hundred nanometers, and possess
a hydrophilic and inactive surface of PEG, leading to a
longer systemic circulation [3,4]. PLA–PEG particles with
a high PEG coating density and a small size were more sig-
nificantly transported than noncoated PLA nanoparticles
and also than PLA–PEG nanoparticles with a lower coat-
ing density [5].

A lot of research suggested that bulk PLA–PEG or
PLA–PEG/hydroxyapatite composite used in bone induc-
tion and bone repair have satisfactory biocompatibility
[6–8]. But properties of PLA–PEG nanomaterials with at
least one dimension of 100 nm or less differ from those of
bulk PLA–PEG materials. There are several unusual phys-
icochemical properties of nanoparticles, of course includ-
ing PLA–PEG nanoparticles. The main property of
nanoparticles is their size, which falls in the transitional
zone between individual atoms or molecules and the corre-
sponding bulk materials. So the uptake and interaction of
nanoparticles with biological tissues increase overwhelm-
ingly. This effect can generate different biological effects
in living cells that would not otherwise be possible with
the same material in larger form. Surface area is another
important characteristic of nanoparticles. The increase in
surface area determines the potential number of reactive
groups on the particle surface. So nanoparticles easily
deposit in target organs, penetrate cell membranes, lodge
in mitochondria. Possible different results of these capabil-
ities are interactions with biological systems. Some studies
suggest that several nanomaterials affect biological behav-
iors at the cellular, subcellular, and protein levels [9–12].

The possible mechanisms for the particles to pass
through the physiological barriers could be endocytosis
uptake – particles absorbed by cell through endocytosis
(particle size < 500 nm) [13]. Confocal microscopy demon-
strated that PLGA nanoparticles were internalized by
human arterial vascular smooth muscle cells (VSMCs) rap-
idly within 1 min after incubation. However, once the
extracellular nanoparticle concentration gradient was
removed, exocytosis of nanoparticles occurred with about
65% of the internalized fraction in 30 min [14]. Poly(ethyl-
ene glycol) (PEG)-coated particles can greatly improve
their adhesion to and absorption into the intestinal cells
(for example Caco-2 cells) as well as the ability to escape
from the multidrug resistance pump proteins by suppress-
ing intestinal P-glycoprotein (P-gp) function [15–17]. P-gp
belongs to the superfamily of ATP-binding cassette
(ABC) transporters.

The ABC transporters belong to the largest known
transporter gene family. These intracellular and extracellu-
lar membrane-spanning proteins translocate a variety of
substrates including sugars, amino acids, metal ions, pep-
tides, proteins, and hydrophobic compounds across cellu-
lar compartments. One largest sub-family of the ATP-
binding cassette (ABC) transporters able to affect drug
disposition is the ABCC (multidrug resistance-associated
protein, MRP) family. The MRPs can transport a large
range of organic anions, including anionic drugs and drugs
conjugated to glutathione (GSH), sulfate, or glucuronate.

The liver is the largest internal organ in vertebrates,
including human. Hepatic cells carry out more chemical
processes than any other group of cells in vertebrate’s
body. The hepatic cells break down most medicinal prod-
ucts in a process called drug metabolism [18]. PLA–PEG
nanoparticles exhibited increased plasma circulation times
and reduced liver accumulation in mice. But in vivo exper-
iments showed that the concentration of PLA–PEG nano-
particles in mice liver 6 h after intravenous injection of this
nanoparticle solution was still high (9.1%). The PLA–PEG
nanoparticles still exhibited major liver accumulation in
mice [19]. So the mouse liver is very important in PLA–
PEG nanoparticles metabolism.

In this study, we concentrated on examining the effect of
blank PLA–PEG nanoparticles on hepatic cells of mouse.
One goal of the current study was to determine the effect
of PLA–PEG nanoparticles on hepatic cells, gene expres-
sion in mouse, especially gene expression of many ATP-
binding cassette (ABC) transporters. In the present work,
we also found the possible mechanisms of several ABC
transporters on PLA–PEG nanoparticles transport
through hepatic cell membrane. This study may contribute
to a better understanding of the effect mediated by PLA–
PEG nanoparticles.

2. Materials and methods

Poly(ethylene glycol)-block-polylactide (PLA–PEG;
MW 30 kDa), Pluronic F-68 (MW 2000) and MTT were
purchased from Sigma–Aldrich Co. (USA). Acetone (puri-
ty P 99.5%) and 6-coumarin were obtained from Sinop-
harm Chemical Reagent Co., Ltd. (Beijing, China).
In Situ Cell Apoptosis Detection Kit II was purchased
from Wuhan Boster Inc. (Wuhan, China). The assay kits
for MDA, NOS, SOD, and Coomassie brilliant blue pro-
tein were purchased from Jiancheng Biologic Project
Company (Nanjing, China). All other reagents used were
of analytical grade.

2.1. Preparation of blank PLA–PEG nanoparticles and
PLA–PEG nanoparticles containing 6-coumarin as a

fluorescent marker

Blank PLA–PEG nanoparticles were prepared using an
oil-in-water emulsion-solvent evaporation method. We
optimized the nanoparticles preparation method by the
Uniform Design method described in our previously pub-
lished paper [20]. For this method, a U12(26) factorial
design was assessed, where 6 refers to the number of main
factors on nanoparticles preparation, 2 refers to the
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number of levels for each factor, and 12 refers to the num-
ber of experiments. Briefly, 30 mg of PLA–PEG was fully
dissolved in 10 ml acetone by stirring magnetically (Con-
stant Temperature Magnetic Stirring Instrument, Huhua,
China). The organic phase of acetone was added into a vol-
ume of 20 ml of a 0.5% (w/v) Pluronic F-68 aqueous solu-
tion, and the two phases were emulsified for 1.5 min with a
high speed homogenizer (ULTRA-TURRAX T-25 Basic,
IKA, Germany). The organic solvent was then eliminated
by evaporation below 60 �C. Finally, the particles were iso-
lated by centrifugation (3K18, Sigma, Germany,
10,000 rpm, 25 min) and washed three times with water
to give suspension of the particles. The PLA–PEG nano-
particles containing 6-coumarin as a fluorescent marker
were prepared by using the same method as the blank
PLA–PEG nanoparticles preparation, but adding 50 lg
6-coumarin into PLA–PEG acetone solution. The blank
PLA–PEG nanoparticles and PLA–PEG nanoparticles
containing 6-coumarin were then lyophilized (Labconco�,
Kansas, USA) for 48 h to obtain dry powder.

2.2. Physicochemical and morphological characterization of

nanoparticles

The particle sizes, polydispersity and f potential of nano-
particles were determined by Zetasizer� 1000HSA Laser
particle analyzer (Malvern Instruments, UK), in triplicate.
The surface morphology of the nanoparticles was observed
using a JEOL JSM-6360LV scanning electron microscope
(SEM) at 20.0 kV. The samples were mounted onto stubs
by means of quick drying silver paint, and then coated with
gold palladium to a thickness of approximately 25 nm.

2.3. Cell line and animals

Human hepatoma (HepG2) cells were obtained from the
Centralab of the Xiangya hospital, Central South Univer-
sity. Cells were cultured in RPMI-1640 medium (Gibco
Life Technologies) enriched with 10% heat-inactivated fetal
calf serum (Min Hai Co. Ltd., Qinghai, China) and 1%
penicillin/streptomycin (Gibco Life Technologies), and
incubated under standardized conditions (37 �C, 5%
carbon dioxide, 100% humidity). Female Kunming mice
(Animal Center of Central South University, China),
weighing 18–20 g, were housed in a pathogen-free animal
facility and given commercial basal diet.

For the primary culture of mouse hepatocytes, three
Kunming female mice were anesthetized with 1.5 ml/kg of
nembutal sodium solution containing 50 mg/ml of pento-
barbital sodium prior to undergoing liver perfusion. All ani-
mals used in this study were handled in accordance with the
principles and guidelines prepared by our Institutional
Animal Care and Use Committee. Mouse primary hepato-
cytes were isolated by a two-stage collagenase perfusion
process according to the methods described by Seglen and
Kreamer [21]. Primary hepatocytes were suspended in
L-15 medium (Gibco Life Technologies) containing
2 mg/ml BSA, 18 mM Hepes, 3 mg/ml proline, 1 mg/ml
galactose, 0.1% insulin-transferrin-selenite, 10 ng/ml
epidermal growth factor, 50 U/ml penicillin, and 50 lg/ml
streptomycin.

2.4. MTT assay

MTT (tetrazolium salt) assay was applied to evaluate the
effect of PLA–PEG nanoparticles on HepG2 cell viability by
measuring the uptake and reduction of tetrazolium salt to
an insoluble formazan dye by cellular microsomal enzymes
[22]. HepG2 cell suspensions (200 ll; 1 · 105 cells) were dis-
pensed (two wells for each particle type) into 96-well plates
(Helena BioSciences, UK) and incubated overnight (16 h) to
allow for cell adherence. Culture medium was replaced with
200 ll of PEG–PLA particles/culture medium suspensions
with different concentrations of 0.001, 0.005, 0.01, 0.03,
0.06, 0.09, and 0.10 mg/ml and incubated at 37 �C for
24 h. HepG2 cells without nanoparticles were used as the
control. Next, 100 ll of MTT (1 mg/ml) solution was added
into each well and was allowed to react at 37 �C for 4 h. The
solution was removed and 150 ll of dimethylsulfoxide
(DMSO) was added into each well. Then the plate was incu-
bated for 30 min at room temperature. Absorption at
490 nm was measured with Microplate Reader 3550 (Bio-
Rad, USA). The cell viability was calculated by the follow-
ing formula: cell viability (%) = optical density (OD) of the
treated cells/OD of the nontreated cells.

2.5. Animal treatment schedules: nanoparticles intravenous

injection

The experimental procedures and housing conditions
were approved by our Institutional Animal Care and Use
Committee, and all animals were cared for and treated
humanely in accordance with our institutional guidelines
on animal experimentation. Mice were housed in groups
of 4 per cage with free access to food and water for 2 d before
the experiment. Kunming mice were randomized into
groups, as follows. Large dose treatment group: four 18–20 g
Kunming mice received PLA–PEG nanoparticles sterilizing
ddH2O solution injection via the tail vein (42.04 mg/kg, i.v.)
and were killed after 4 days. Control group: another 4 mice
with no treatment were housed to a cage with the same
breeding as the treatment group. The large dose injection
was determined by the LD50 (15.06 mg/kg) of epirubicin
i.v. in mouse and the drug-loaded ratio (8.22%) of epirubi-
cin-loaded PLA–PEG nanoparticles obtained from former
experiment (0.8408 mg PLA–PEG nanoparticles for a 20 g
mouse) [20]. All mice of two groups were sacrificed for the
next experiments after 4 days.

2.6. Immunohistochemical analysis of tissues

Mice were killed and small pieces of liver, heart, and kid-
ney were obtained after they were treated with large dose of
PLA–PEG nanoparticles (42.04 mg/kg, i.v.). Four mice
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receiving 9.43 mg/kg body weight of As2O3 (LD50 of mice)
subcutaneous injection served as control. Small pieces of
liver, heart, and kidney from As2O3 injection mice were also
obtained after 4 days. Small pieces from PLA–PEG nano-
particles treated mice and As2O3 treated mice were fixed
by 10% formalin and then embedded into paraffin, sec-
tioned for 5 lm thick, and mounted on the glass microscope
slides using standard histopathological techniques. Parafor-
maldehyde-fixed tissue sections were dewaxed according to
standard procedures. Slides were presoaked in 3% (v/v)
acetic acid for 10 min, then incubated with protease K
(20 lg/ml) for 15 min at 37 �C. Slides were incubated in
labeling buffer (1 ll TdT + 1 l LDIG-d-UTP per 1 slide)
for 2 h at 37 �C. After the TdT reaction, sections were
soaked in TdT blocking buffer. Actin-DIG-Biotin was add-
ed into slides and incubated for 1 h. Then SABC-AP was
added into slide to react with actin-DIG-Biotin. Then they
were stained with BCIP/NBT. Nuclei were counterstained
with hematoxylin and examined by light microscopy.

2.7. SOD, NOS, and MDA activity assay

Mice from nanoparticles-treated group and control
group were sacrificed after 4 days, blood was drawn by car-
diac puncture into a syringe and removed to a test tube.
Serum was separated by centrifugation at 3000 rpm for
5 min within 2 h of being drawn and was stored at �30 �C
for not more than 2 days before analysis. Whole liver, heart,
and kidney were quickly removed on an ice-plate, and
washed with cold 0.9% saline solution. Three samples were,
respectively, homogenized in 0.9% saline solution using a
motor-driven homogenizer. The homogenate was then cen-
trifuged for 10 min at 3000 rpm at 4 �C in a Sigma centri-
fuge (Model 3K18). The supernatant obtained was used
for assays of SOD, NOS and MDA activities using com-
mercial kits, respectively. The optical density was read on
a Hitachi spectrophotometer (Model U-3000, Japan). Total
(Cu–Zn and Mn) SOD activity was determined according to
the method of Sun et al. [23]. The MDA level was deter-
mined by a method based on the reaction with thiobarbitu-
ric acid (TBA) at 90–100 �C [24]. Protein concentrations
were estimated using the Diagnostic Reagent Kit (Coomas-
sie protein assay dye) [25].

2.8. cDNA gene expression array analysis

GEArray Q series Mouse Drug Metabolism Gene Array
(Cat No: M-011, SuperArray) contains 96 genes critical in
the drug metabolism process. The genes encoding enzymes
that are important for drug transport, phase I metabolism,
and phase II metabolism are represented on the array.
Each GEArray Q Series membranes are spotted with neg-
ative controls (pUC18 DNA and blanks) and housekeeping
genes. A complete gene list is available at website
www.superarray.com. Total RNA of mouse liver was iso-
lated using TRIZOL Reagent (Invitrogen Life Technolo-
gies) and quantified spectrophotometrically (DU1 640,
Beckman, USA). Liver samples from PLA–PEG nanopar-
ticles treated group (4 mice) were mixed together; mixed
sample was homogenized in 1 ml of TRIZOL Reagent
per 50–100 mg of tissue using a power homogenizer
(ULTRA-TURRAX T-25 Basic, IKA, Germany). The
same was done for liver samples from the control group
(4 mice). The biotin-16-dUTP-labeled cDNA probes were
synthesized from 5 lg of total RNA according to instruc-
tion from the manufacturer. After pre-hybridization with
GEAhyb Hybridization Solution (SuperArray) containing
100 lg of DNA/ml of denatured salmon sperm DNA
(Invitrogen) for 2 h at 60�C, the array membrane was
hybridized with denatured cDNA probes overnight at
60 �C. Following washing the membrane twice with
2 · SSC, 1% SDS and twice with 0.1 · SSC, 0.5% SDS
for 15 min at 60 �C each, the membrane was blocked with
GEAblocking Solution Q (SuperArray) for 40 min and
incubated with alkaline phosphatase-conjugated streptavi-
din for 10 min at room temperature. Chemiluminescent
detection was performed using CDP-Star substrate. The
image obtained using desktop scanner was analyzed with
ScanAlyze software. The intensity of each signal was nor-
malized against that of GAPDH on the array. GEArray
Analyzer software was used to background subtraction
and data normalization. We filtered up-regulated genes as
their fold change P 2, and filtered down-regulated genes
as their fold change 6 0.5 (fold change = normalized result
of treatment group/normalized result of the control group).

2.9. Semiquantitative RT-PCR

We used Robust� I RT-PCR Kit (Finnzymes, Finland)
in this study.

We added the following reaction components into a
nuclease-free PCR tube; 5 ll of 10 · RobusT Reaction
Buffer, 1.5 ll of 50 mM MgCl2, 1 lg of total RNA, 1 ll
dNTP, 10 pmol of down primer, 10 pmol of upstream
primer, 1 ll of M-MLV reaction buffer and 2 ll DyNA-
zyme EXT DNA Polymerase, then added RNase-free
H2O to 50 ll. The thermal cycling parameters consisted
of cDNA synthesis at 45 �C for 40 min, inactivation of
AMV Reverse Transcriptase at 94 �C for 2 min, denatur-
ation at 94 �C for 30 s, annealing at 52 �C for 30 s and
extension at 72 �C for 60 s for 30 cycles followed by exten-
sion at 72 �C for 8 min. After amplification the samples
were separated on a 1% agarose gel containing 0.3 lg/ml
of ethidium bromide and bands visualized and photo-
graphed using a translucent UV source. The stained image
was recorded and the band intensity was quantified using
densitometric analysis by Sigma Gel Software (SPSS).
The mRNA level was expressed as a ratio to actin beta.
The following murine oligonucleotide primers (5 0–3 0

sequences) were used for RT-PCR analysis: ABCA8
sense, TGGAACGCCAGAACATAG; ABCA8 antisense,
GTAAGCCGAAGGGAAGAG; GSTP1 sense, CTGGA
AGGAGGAGGTGGT; GSTP1 antisense, GCATTAG
ATTGGTAAAGGGT; ABCC5 sense, CCTGCCA

http://www.superarray.com


Fig. 1. Scanning electron microscopy (SEM) of PLA–PEG nanoparticles.
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GAATCAAGAAC; ABCC5 antisense, CGTCCCAC
AATGCCTATC; Mouse actin beta sense, GTCCC
TCACCCTCCCAAAAG; Mouse actin beta antisense,
GCTGCCTCAACACCTCAACCC.

2.10. Accumulation and efflux assays

For accumulation studies mouse primary hepatocytes
were plated in triplicate at a density of 5 · 105 cells per well
of a poly (L-lysine)-treated 12-well plate overnight. Cells
were incubated with 0.5 ml of 40, 400, 750, and 1000
lg/ml PLA–PEG nanoparticles containing 6-coumarin
fluorescent marker for 2 h at 37 �C in L-15 medium. After
nanoparticles accumulation, medium was removed, and
cells were washed three times with 2 ml of ice-cold PBS
and then lysed by incubating them with 0.1 ml of 1 · cell
culture lysis reagent (Promega, Madison, USA) for 30 min
at 37 �C. The cell lysates were processed to determine the
nanoparticle levels by high-performance liquid chromatog-
raphy (HPLC) (Shimadzu Scientific Instruments, Colum-
bia, USA) as per J. PANYAM’s method [14,26].

For efflux studies, mouse primary hepatocytes were plat-
ed in triplicate at a density of 5 · 105cells per well of a poly
(L-lysine)-treated 12-well plate overnight. Then cells were
incubated with PLA–PEG nanoparticles (40, 400, 750,
and 1000 lg/ml) containing 6-coumarin fluorescent marker
for 2 h in L-15 medium, followed by washing off of the
uninternalized nanoparticles with PBS for two times. The
cells in wells were then incubated with fresh growth medi-
um. After 2 h, the medium was removed, cells were washed
twice with PBS and lysed, and the intracellular nanoparti-
cle levels were analyzed to obtain the fraction of nanopar-
ticles that were expulsed out of the cells.

2.11. Data analysis

Results are presented as means ± SD (standard devia-
tion). The statistical significance of data from the treated
group compared with the control group was analyzed using
Paired-Samples t test. As usual, the level of significance was
set at p < 0.05.

3. Results and discussion

3.1. Particle size, f potential and morphology of PLA–PEG

nanoparticles

The size, polydispersity and f potential of blank PLA–
PEG nanoparticles and PLA–PEG nanoparticles contain-
Table 1
Physicochemical properties of blank PLA–PEG nanoparticles and PLA–PEG

Nanoparticles Particle size (mean ± SD) (nm)

Blank PP NPa 157 ± 16
PP (6-coumarin)b 165 ± 9

a Blank PP NP: blank PLA–PEG nanoparticles.
b PP (6-coumarin): PLA–PEG nanoparticles containing 6-coumarin.
ing 6-coumarin as a fluorescent marker are presented in
Table 1. The size and f potential of particles containing
6-coumarin as a fluorescent marker were similar to those
of blank particles. The diameter distribution of PLA–
PEG nanoparticles prepared by the emulsification tech-
niques was narrow. This is a direct consequence of the
nanoparticles’ formation process, in the emulsification pro-
cedures, the high energy applied (high speed homogenizer)
generated droplets of a well-controlled diameter, which
became nanoparticles following the solvent evaporation
[5]. Well diameter distribution also contributed to the Uni-
form Design method to plan experiments. The mean f
potential of blank nanoparticles prepared by the emulsion
technique was �20.0 ± 2.1 mV. The low f potential of
PLA–PEG nanoparticles as compared to that of PLA
nanoparticles has been attributed to the shift of the shear
plane of the particles due to the presence of the PEG chains
on the nanoparticle’s surface [27].

The blank PLA–PEG nanoparticles were observed with
SEM (Fig. 1). This image was typical of those obtained for
all the samples, confirming that the PLA–PEG copolymers
form spherical, discrete particles in aqueous media.
3.2. Result of MTT assay

The viability of HepG2 in the presence of PLA–PEG
nanoparticles is shown in Fig. 2. The viability, as deter-
mined with an MTT assay, was normalized to the viability
of cells cultured without nanoparticles, and thus, values
nanoparticles containing 6-coumarin as a fluorescent marker

Polydispersity (mean ± SD) f Potential (mean ± SD) (mV)

0.32 ± 0.05 �20.0 ± 2.1
0.30 ± 0.0 �18.8 ± 1.6



Fig. 2. MTT assay results.
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close to 1 are indicative of nontoxic cell culture conditions.
The results of MTT assays showed PLA–PEG nanoparti-
cles exposure exhibited no obvious cytotoxicity from
Fig. 3. Microphotographs of liver sample (A) (magnification 400·), kidney sam
stained for TUNEL apoptotic cell detection in nanoparticles treated group. Th
which presented yellow brown staining. Figures with positive control inducing
(magnification 400·), kidney sample (E) (magnification 200·) and cardiac samp
in this figure legend, the reader is referred to the web version of this article.)
0.001 to 0.1 mg/ml. More than 90% of cells were viable
after treated with nanoparticles from 0.001 to 0.1 mg/ml.
So PLA–PEG nanoparticles might be recognized as bio-
compatible in a large concentration range. Lin et al.
showed the cytotoxicity in terms of cell viability after treat-
ed with PLA–PEG micelles was insignificant from 0.001 to
0.1 mg/ml [28]. The result suggested that the nanoparticles
with the cell culture model did not cause significant
changes in membrane integrity in controlled concentration
range.

3.3. No apoptotic cells in immunohistochemical slides

Microphotographs of liver sample, kidney sample and
cardiac samples (Fig. 3) stained for TUNEL apoptotic cell,
detection in nanoparticles treated group indicated that
large dose of PLA–PEG nanoparticles injection did not
induce cell apoptosis. Apoptotic cells presented yellow
brown staining after BCIP/NBT coloration in TUNEL
staining. In positive control, TUNEL-positive cells were
detected in liver, kidney, and heart sections of As2O3

LD50 dose treated mice (Fig. 3).
ple (B) (magnification 400·) and cardiac samples (C) (magnification 400·)
e sections were stained with hematoxylin. We did not find apoptotic cells
apoptosis (arrow, yellow brown) after As2O3 injection: liver sample (D)

les (F) (magnification 400·). (For interpretation of the references to colour



274 Y. Zhang et al. / European Journal of Pharmaceutics and Biopharmaceutics 66 (2007) 268–280
3.4. The effects of PLA–PEG nanoparticles on the levels of

superoxide dismutase, malonaldehyde, and nitric oxide

synthase in mice

The effects of large dose injection of PLA–PEG nano-
particles on the levels of superoxide dismutase (SOD),
malonaldehyde (MDA), and nitric oxide synthetase
(NOS) in mice are given in Table 2. Some changes in the
activities of SOD and NOS enzymes and MDA level of liv-
er, kidney, heart, and serum were observed between large
dose treated group and the control group; however, there
was no statistical significance among two groups
(p > 0.05) (Table 2). SOD of liver, kidney, heart, and serum
in the large dose treated group decreased 2.75% (p > 0.05),
2.48% (p > 0.05), 1.49% (p > 0.05), and 1.31% (p > 0.05),
respectively, compared with that of control group. They
were all not significant (p > 0.05). The increases of MDA
of liver, kidney, heart, and serum (4.21%, 3.63%, 4.60%,
and 8.12%, respectively) in the large dose treated group
compared with that of control group were also not signifi-
cant (p > 0.05). NOS of liver, kidney, heart, and serum in
treated group increased 6.97% (p > 0.05), 9.30%
(p > 0.05), 2.62% (p > 0.05), and 9.13% (p > 0.05), respec-
tively, compared with that of control group. Oxygen radi-
cals would harm cells and MDA, as a kind of lipid
peroxidation, would reflect the degree of oxidation in the
body. SOD is a scavenger of free radicals, which has impor-
tant effects in the control of oxidation reactions in the
body. NOS can produce an endothelial-enlarging factor
NO by catalyzing L-arginine. Excessive NO is pathogenic.
From these experiments, although the levels of SOD
decreased and levels of MDA, NOS increased after treat-
ment with large dose of PLA–PEG nanoparticles injection,
they were all not significant (p > 0.05). The results suggest-
ed that large dose of PLA–PEG nanoparticles injection did
not induce cell damage of liver, kidney, heart, and serum.
Table 2
Effects of treatment with PLA–PEG nanoparticles on SOD and NOS activitie

Group MDA (nmol/mgprot for organ,
nmol/ml for serum)

S
U

Heart

Control 0.87 ± 0.06 1
Treated 0.91 ± 0.09* 1

Liver

Control 4.51 ± 0.06 1
Treated 4.70 ± 0.02* 1

Kidney

Control 3.03 ± 0.05 2
Treated 3.14 ± 0.06* 2

Serum

Control 9.85 ± 0.23 1
Treated 9.93 ± 0.46* 1

Mice were dosed with large dose PLA–PEG nanoparticles (treated) and the co
means ± SD (n = 7).

* p > 0.05 as compared to control of each group.
3.5. Results of in vitro accumulation and efflux study

In vitro accumulation studies indicated that nanoparticle
uptake was concentration-dependent (Fig. 4). The PLA–
PEG nanoparticle uptake increased rapidly during the con-
centration range of 40–750 lg/ml, and reached a saturation
uptake rate from 750 to 1000 lg/ml. In the efflux studies,
after the removal of PLA–PEG nanoparticles from the
medium, about 52.0% (466.20/896.5) of the internalized
nanoparticles were expulsed by mouse primary hepatocytes
for 1000 lg/ml dose in 2 h, 51.5% (453.52/880.17), 26.5%
(144.07/544.62), and 21.3% (16.35/76.64), respectively, for
750 lg/ml dose, 400 lg/ml dose, and 40 lg/ml dose. The
results indicated that when mouse primary hepatocytes
reached a saturation uptake of PLA–PEG nanoparticles,
about 51–52% (51.5% and 52.0%) intracellular nanoparti-
cles was expulsed by mouse primary hepatocytes during
the concentration range of 750–1000 lg/ml.

3.6. Microarray analysis of mice liver treated with blank

PLA–PEG nanoparticles

3.6.1. Gene expression change
Fig. 5 shows the results of the array experiment and

Table 3 shows the genes that were induced significantly
(fold change P 2 or fold change 6 0.5, p < 0.05) by the
nanoparticles. Function groups included ATP-binding cas-
sette (P-gp), P450 Gene Family (Table 3). The b-actin gene
was included on the array in row 17, columns 7 and 8. No
increase in b-actin gene expression was observed in the
nanoparticles treated liver.

3.6.2. Efflux of polymers after nanoparticles hydrolysis by

ATP-binding cassette (ABC) transporters

ATP-binding cassette (ABC) transporters are an extend-
ed family of membrane proteins defined by a highly
s and MDA level of tissue and serum in control and treated mice

OD (U/mgprot for organ,
/ml for serum)

NOS (U/mgprot for organ,
U/ml for serum)

92.27 ± 4.75 4.97 ± 0.25
89.39 ± 3.61* 5.10 ± 0.68*

74.40 ± 9.78 6.46 ± 0.15
71.60 ± 7.67* 6.91 ± 0.16*

05.93 ± 2.79 5.57 ± 0.56
02.81 ± 2.06* 5.97 ± 0.89*

21.48 ± 1.60 10.19 ± 1.58
19.88 ± 1.07* 11.12 ± 2.12*

ntrol as described in the experiment details section. Data are expressed as



Fig. 4. Dose-dependent uptake of PLA–PEG nanoparticles. Mouse
primary hepatocytes were incubated with different doses of nanoparticles
for 2 h (A), and cells reached a saturation uptake rate from 750 to
1000 lg/ml. Efflux of nanoparticles from hepatocytes after nanoparticles
containing medium removed (B). After cells reached a saturation uptake
of nanoparticles, about 51–52% of internalized nanoparticles were
expulsed from cells. Data as means ± SD, n = 3.
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conserved domain, the ATP-binding cassette. They mediate
the ATP-dependent transport of a wide variety of com-
pounds across cellular membranes [29,30]. The gene expres-
sion resulting from array experiment showed a lot of
up-regulated genes expressed ATP-binding cassette (ABC)
transporter proteins (ABCA2, ABCA7, ABCA8, ABCC9,
ABCD1, ABCD3, ABCD4, ABCF1, and ABCF3). The
genes of ATP-binding cassette significantly overexpressed
(fold change P 2) are shown in Table 3. In these genes,
ABCA8 showed the highest difference (fold change =
269.70).

After mice received large dose of PLA–PEG nanoparti-
cles solution injection (42.04 mg/kg, i.v.) a lot of PLA–
PEG nanoparticles were internalized by hepatic cells rapid-
ly. At the same time more and more PLA–PEG nanoparti-
cles were still internalized by mouse hepatic cells endlessly
as the PLA–PEG nanoparticles exhibited long blood circu-
lation. In vitro accumulation experiments also indicated
that the uptake of PLA–PEG nanoparticles by mouse liver
cells increased rapidly as the concentration of nanoparticles
in culture medium increased. The cells could reach a satu-
ration uptake of nanoparticles in certain concentration
range (750–1000 lg/ml). Degradation of PLA or PLA–
PEG occurs by autocatalytic cleavage of the ester bonds
through spontaneous hydrolysis into oligomers and D,
L-lactic acid. Lactate converted into pyruvate enters the
Krebs’ cycle to be degraded into CO2 and H2O [31]. Form-
er studies found that after intravenous administration of
14C-PLA18,000 radiolabeled nanoparticles to rats, the 14C-
labeled polymer was rapidly captured by liver, the PLA
nanoparticles spontaneously hydrolyzed into oligomers,
and then proceeded to lactic acid which is rapidly convert-
ed into CO2 and H2O via the Krebs’ cycle, 80% of the
recovered 14C as CO2 was eliminated [32]. PEG–PLA
nanoparticles have similar degradation behaviors [33].
In vivo experiments of PLA/PLA–PEG membrane nano-
artificial red blood cells indicated that these polymers were
degraded into lactic acid and then water and carbon diox-
ide [34,35]. The Krebs’ cycle reactions take place in the
matrix of the mitochondria. The mitochondrial matrix con-
tains pyruvate dehydrogenase and enzymes of Krebs’ cycle.
Intracellularly delivered polymer nanoparticles must be
degraded in targeted cells in order to release incorporated
drug. Internalized PLA–PEG nanoparticles were hydro-
lyzed into oligomers by cleavage of the ester bonds in order
to release loaded drug. Hepatic cells would be filled with
low molecular weight polymers after hydrolysis as mouse
hepatic cells reached saturation uptake of PLA–PEG nano-
particles. A part of polymers proceeded to lactic acid which
was converted into pyruvate by the catalysis of cytoplasmic
lactate dehydrogenase (LDH), as cytoplasm of mouse liver
cells contains a lot of LDH [36]. Then pyruvate entered
into mitochondrial matrix and proceeded into the Krebs’
cycle. But a lot of polymers after hydrolysis must be
pumped out of hepatic cells in order to maintain normal
physiologic function of cells. Microarray analysis showed
that after large dose of PLA–PEG nanoparticles adminis-
tration, a lot of ATP-binding cassette (ABC) transporters
over-expressed, especially ABCA8. We suggested that these
ABC transporters (especially ABCA8) were responsible for
the efflux of polymers after nanoparticles hydrolysis from
the cells. Model (Fig. 6) depicted ABC transporters trans-
port polymers after nanoparticles hydrolysis across mouse
hepatic cell membrane.

Among all up-regulated ATP-binding cassette genes,
ABCA8 showed the highest difference. This protein is a
member of the ABC1 subfamily. The function of this pro-
tein has not been clear. Wakaumi et al. investigated the
roles of this transporter ABCA8 of mouse; the results sug-
gested that ABCA8 plays a role in digoxin metabolism in
the liver. It was found that mouse ABCA8 was mainly
expressed in the liver and heart of mouse, similar to human
ABCA8 [37]. The up-regulation of the ABCA8 mRNA
expression in the liver 4 days after injection was further
confirmed by quantitative reverse transcription-PCR
(Fig. 7, Table 4). The results suggested that ABCA8
over-expressed after large dose of PLA–PEG nanoparticles



Fig. 5. Pictures of cDNA membrane analyzing gene expression of mouse liver. (A) The control. (B) Mouse treated with large dose of PLA–PEG
nanoparticles. (C) Gene expression (only genes modulated by factors of P2 or 60.5-fold) fold changes histogram of mice treated with PLA–PEG
nanoparticles (42.04 mg/kg, 4 days) and the control.
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administration. ABCA8 may play an important role in
blank PLA–PEG nanoparticles metabolism in mouse liver.

3.6.3. Efflux of PLA–PEG nanoparticles by ABCC5

(MRP5)

Unlike P-glycoprotein, MRPs are organic anion trans-
porters; they transport anionic drugs, exemplified by meth-
otrexate, and neutral drugs conjugated to acidic ligands,
such as glutathione (GSH), glucuronate, or sulfate. But
the physiologic function of MRP5 is not known [38,39].
The location of ABCC5 (MRP5) in the canalicular mem-
brane of the hepatocytes helps to clear drugs from the body
[39]. MRP5 actively transported conjugated organic anions
such as the endogenous glutathione conjugate cysteinyl leu-
kotriene C4 and glutathione-conjugated aflatoxin B1 [40].
Wijnholds et al. reported that human multidrug resistance
1 (MRP5) P-glycoprotein could mediate the cellular
extrusion of xenobiotics from normal cells. They found
resistance against the thiopurine anticancer drugs, 6-mer-
captopurine (6-MP) and thioguanine, and the anti-HIV
drug 9-(2-phosphonylmethoxyethyl) adenine (PMEA) in
MRP5-transfected 293 Human Embryonic Kidney
(HEK) cells [38]. Confocal imaging of HEK293 cells
expressing a green fluorescent protein-ABCC5 construct
displayed highest fluorescence at the plasma membrane,
overexpression of pABC11 (ABCC5) resulting in anionic
fluorochromes’ efflux from HEK293 cells [41]. Rappa
et al.’s observations provided evidence that: baseline
MRP5 expression protects cells from the xenobiotics by
effluxing the xenobiotics and GSH by a co-transport
mechanism [42]. Some drugs can be conjugated to GSH
by glutathione S-transferase (GST) and are then transport-
ed by MRP5.

In f potential studies, we found that the f potential of
blank PLA–PEG particles was �20.0 ± 2.1 mV. High
amount of negative charge PLA–PEG nanoparticles was
internalized by mouse hepatic cells. A part of negative char-
ge nanoparticles were recognized by cells as xenobiotics and



Table 3
Gene expression (only genes modulated by factors of P2 or 60.5-fold) profiling of mice treated with PLA–PEG nanoparticles (42.04 mg/kg, 4 days) and
the control

Gene name GenBank The control Nanoparticles treated group Fold change

Drug transporters: ATP-binding cassette (P-gp)

ABCA2 NM_007379 0.00522 0.01841 3.53
ABCA7 NM_013850 0.00049 0.00973 19.53
ABCA8 NM_013851 0.00002 0.00707 269.70

ABCB2 NM_013683 0.00181 0.02955 16.33
ABCA1 NM_013454 0.04981 0.01575 0.31
ABCB11 NM_021022 0.04774 0.02325 0.49
ABCB7 U43892 0.21296 0.07137 0.34
ABCB9 NM_019875 0.01681 0.00738 0.44
ABCG2 NM_011920 0.04575 0.01414 0.31
ABCB8 AF213391 0.00123 0.00684 5.55
ABCC5 NM_013790 0.00133 0.12301 92.48

ABCC9 NM_011511 0.01432 0.04112 2.87
ABCD1 NM_007435 0.01004 0.03760 3.74
ABCD2 NM_011994 0.00233 0.02212 9.48
ABCD3 NM_008991 0.00015 0.01411 89.65

ABCD4 NM_008992 0.00002 0.0016 80

ABCF1 XM_128626 0.00724 0.02650 3.66
ABCF3 NM_013852 0.00666 0.02689 4.04

Phase II: glutathione S-transferases

CHST1 NM_023850 0.08887 0.02998 0.34
CHST4 NM_011998 0.04060 0.01555 0.38
CHST5 NM_019950 0.02198 0.00957 0.44
CHST3 NM_016803 0.00650 0.01778 2.73

Phase I: P450 Gene Family

CYP19 NM_007810 0.00212 0.01669 7.86
CYP40 XM_125908 0.00899 0.01821 2.02
CYP7b1 NM_007825 0.00089 0.00300 3.37
CYP8b1 NM_010012 0.00175 0.03037 17.28
CYP17 NM_007809 0.02442 0.01012 0.41
CYP2a4 NM_009997 0.00802 0.00363 0.45
CYP4b1 NM_007823 0.03074 0.01219 0.40

Acetyltransferases

N-Acetyltransferase NM_008673 0.03457 0.01622 0.47

Phase II: glutathione S-transferases

GSTP1 NM_013541 0.04851 0.00534 0.11

GSTT1 NM_008185 0.03538 0.00617 0.17
GSTT2 NM_010361 0.03245 0.00777 0.23
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anion. The results of in vitro accumulation and efflux exper-
iments indicated that when mouse primary hepatocytes
reached a saturation uptake of PLA–PEG nanoparticles
during the concentration range of 750–1000 lg/ml, about
51–52% (51.5% and 52.0%) intracellular nanoparticles was
expulsed by mouse primary hepatocytes. We suggested that
a part of nanoparticles may form a compound (GS-X) with
GSH molecules, and this compound be pumped out by
MRP5 in order to protect normal physiologic function of
cells. Cells showed resistance to excessive PLA–PEG nano-
particles via one or more of several mechanisms. After high
amount of PLA–PEG nanoparticles was internalized by
hepatic cells, a part of nanoparticles were hydrolyzed into
oligomers, and these polymers after hydrolysis were
pumped out by some ABC transporters (especially ABCA8)
using the energy of ATP hydrolysis. Other PLA–PEG nano-
particles conjugated with glutathione (GSH) would be
transported out of cells by MRP5 (Fig. 6).
In the result of gene expression analysis, expression of
ABCC5 in treated group increased as 92.48-fold change
compared with that of control group. In contrast, despite
its general up-regulation in cancer cells, GSTP1 which cat-
alyzes the conjugation of glutathione to drugs was signifi-
cantly down-regulated in liver of mouse. We next sought
to determine whether the differential expression of ABCC5
(MRP5) and GSTP1 could be confirmed by RT-PCR. The
results showed that ABCC5 (MRP5) was over-expressed
and GSTP1 was down-regulated in the nanoparticles
treated mouse (Fig. 7, Table 4). Annereau et al. also
demonstrated that ABC transporters (ABCB1/MDR1
and ABCC2/MRP2, respectively) showed dramatic overex-
pression, whereas the glutathione S-transferase gene
GSTP1 showed the strongest expression decrease in the
study of RCO.1 cell line’s multidrug resistance to campto-
thecin analogs [43]. Model (Fig. 6) depicted MRP5-medi-
ated transport of PLA–PEG nanoparticles across the cell



Fig. 6. ABC transporters pumped out low molecular weight polymers (small arrow) after nanoparticles hydrolysis and MRP5 (ABCC5) expulsed a part of
PLA–PEG nanoparticles from mouse hepatic cells.
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membrane. The contrary reduction of GSTP1 in hepatic
cells of mouse was the most striking of the seemingly par-
adoxical changes that we observed. So we next consider
this unexpected phenomenon.
Fig. 7. Kunming mice received PEG–PLA nanoparticles solution injec-
tion via the tail vein (42.04 mg/kg, i.v.), after 4 days mice were killed. Total
RNA of liver was isolated and subjected to RT-PCR analysis. (A) The
PCR products of ABCA8 (401 bp), Actin (266 bp), GSTP1 (120 bp) and
ABCC5 (161 bp) were visualized by electrophoresis on an agarose gel
containing ethidium bromide: lane 1, marker; lane 2, ABCA8 (401 bp) of
moderate dose treated mice; lane 3, ABCA8 (401 bp) of untreated mice;
lane 4, ABCC5 (161 bp) of large dose treated mice; lane 5, ABCC5
(161 bp) of untreated mice; lane 6, GSTP1 (120 bp) of untreated mice; lane
7, GSTP1 (120 bp) of large dose treated mice.

Table 4
Densitometric analysis of RT-PCR products

Group ABCA8 ABCC5 GSTT1

Large dose treated 0.2 4.3 0.13
Control 0 0.02 1.6

Each value of mRNA level was normalized with actin beta mRNA level.
3.6.4. Gene expression differences in GSTP1
GSTP1 is one member of glutathione S-transferase

(GST) family that catalyze the conjugation of glutathione
with a number of electrophilic compounds [44]. GSTP1
was markedly suppressed in hepatic cells of mouse (large
dose treated/control = 0.13 by Microarray; 0.081 by RT-
PCR). GSTP1 protects cells against apoptosis induced by
oxidative stress or DNA damaging drugs [45]. Therefore,
the markedly reduced GSTP1 mRNA level in hepatic cells
was in the contrary direction.

In our experiment, mice were injected with large dose of
PLA–PEG nanoparticles, accumulation of PLA–PEG
nanoparticles in mouse liver took place. Like RCO.1 cells
gained resistance to camptothecin by maintaining with pas-
sage in camptothecin-containing medium [43,46]. Mouse
hepatic cells exposed to PLA–PEG nanoparticles chroni-
cally had resistance to these nanoparticles by suppressing
GSTP1 expression, as PLA–PEG nanoparticles had long
blood circulation. Former papers suggest that an AP-1 site
of the GSTP1 promoter can be activated by Fra-1: c-Jun
heterodimer [47]. Thus, the reduced GSTP1 mRNA level
may have been attributable in part to lower Fra-1 mRNA.
Fra-1 has a transactivation domain that can be activated
through phosphorylation by ERK [46,48].
4. Conclusions

This work reported the effect of blank PLA–PEG
nanoparticles on hepatic cells of mouse. Diameter
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well-controlled PLA–PEG nanoparticles could be prepared
by emulsion solvent evaporation technique. MTT assay
showed that PLA–PEG nanoparticles had low cytotoxicity
in controlled concentration range (0.001–0.1 mg/ml). Bio-
chemical analysis of MDA level, NOS activity and SOD
activity demonstrated that large dose of PLA–PEG nano-
particles injection did not induce cell damage of liver, kid-
ney, heart, and serum. Immunohistochemical analysis of
liver, heart, and kidney suggested that large dose of
PLA–PEG nanoparticles injection could not induce cell
apoptosis. In vitro accumulation and efflux experiments
showed that about 51–52% (51.5% and 52.0%) intracellular
nanoparticles was expulsed by mouse primary hepatocytes
after the cell reached a saturation uptake of PLA–PEG
nanoparticles during the concentration range of 750–
1000 lg/ml. Microarray analysis of gene expression of
mouse liver showed overexpression of ABCA8, ABCC5/
MRP5 and down-regulation of GSTP1. ABCA8 protein
was very important in efflux of polymers after nanoparti-
cles hydrolysis from mouse hepatic cells which reached sat-
uration uptake of these nanoparticles. ABCC5 expressed
multidrug resistance protein 5 (MRP5) to extrude conju-
gate GS-X outside mouse hepatic cells. The results were
confirmed by RT-PCR. The overcoming of mouse hepatic
cell multidrug resistance to PLA–PEG nanoparticles will
be investigated in our further studies.
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