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Drug delivery nanosystems are currently used in human therapy. In preliminary studies we have observed
that Eudragit® RS nanoparticles, prepared by nanoprecipitation or double emulsion techniques, are
cytotoxic for NR8383 rat macrophages. In this study, we expand our previous analysis and suggest
that unloaded Eudragit® RS nanoparticles prepared by nanoprecipitation (NP/ERS) may induce impor-
tant morphological and biochemical cellular modifications leading to cellular death. In NR8383 rat
macrophages cell line exposed to doses varying from 15 to 100 .g/mL, NP/ERS nanoparticles are internal-

ﬁiﬁvgggﬁdes ized inside the cells, reach the mitochondria and alter the structure of these organelles. In addition, the
: exposure to nanoparticles induces cellular autophagy as demonstrated by electron microscopy analysis,

Drug delivery . X .. .

Autophagy microchip array, qRT-PCR and Western blot assays. Although toxicity of nanoparticles has already been

Apoptosis evidenced, it is the first time that results show clearly that the toxicity of polymeric nanovectors may be

Microarray related to an activation of autophagy.

Mitochondria

© 2011 Elsevier B.V. All rights reserved.

1. Introduction

Nano-drug delivery systems (NDDS) based on polymeric bio-
materials have received considerable interest as drug delivery
vehicles, and as nonviral gene delivery systems (Unger et al.,
2007). Nanoparticles used as drug delivery vehicles are gener-
ally <500nm in at least one dimension, and consist of different
biodegradable or non biodegradable materials such as natural or
synthetic polymers, lipids or metals (Hoffart et al., 2006; Suri
et al., 2007). Despite their wide use, their toxicity is seldom eval-
uated and the studies are limited, in most cases, to the effect of
loaded nanoparticles. On the contrary, the toxicity of the unloaded

Abbreviations: CHL, chloroquine; DCFH,-DA, 2',7'-dichlorofluorescin diacetate;
DE, double emulsion; DE/ERS, Eudragit® RS empty nanoparticles prepared by dou-
ble emulsion technique; ERS, Eudragit® RS PO; GO, gene ontology terms; LPS,
lipopolysaccharide; LMWH, low molecular weight heparin; NDA, naphthalene-
2,3 dicarboxyaldehyde; NDDS, nano drug delivery systems; NP, nanoprecipitation;
NP/ERS, Eudragit® RS PO empty nanoparticles prepared by nanoprecipitation tech-
nique; SWCNTSs, single-walled carbon nanotubes; SDS, sodium dodecyl sulfate; SEM,
scanning electron microscopy; TEM, transmission electronic microscopy.
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nanoparticles is not investigated and the mechanisms through
which they might interfere with the cellular metabolism are largely
unknown. Among the numerous available nanoparticles, those pre-
pared from Eudragit® RS (ERS), a non-biodegradable positively
charged copolymer, licensed for clinical use by the major health
authorities of Europe, Japan and USA (Hoffart et al., 2006), are
efficient NDDS. ERS nanoparticles prepared by nanoprecipitation
(NP) or by double emulsion (DE) techniques containing ibupro-
fen (Pignatello et al., 2002), cyclosporin (Pignatello et al., 2002),
indomethacin (Bhardwaj et al., 2010), melatonin (Schaffazick et al.,
2008), DNA plasmid (Gargouri et al., 2009) and low molecular
weight heparin (Jiao et al.,, 2002) (LMWH) have been obtained
and suggested to be used for the treatment of different patholog-
ical conditions. A previous work from our laboratory has already
shown, by using MTT and Trypan blue exclusion tests, that unloaded
NP/ERS nanoparticles, at a final concentrations ranging from 25 to
400 pg/mL, have cytotoxic effects on the rat macrophage cell line
NR8383 (Eidi et al., 2010). Additionally, other studies performed on
ERS nanoparticles toxicity are scarce and often they are limited to
cell survival (Gargouri et al., 2009; Lamprecht et al., 2006). Taking
into consideration that (i) 44% of the total nanoparticles present in
a formulation is empty (Eidi et al., 2010); (ii) as demonstrated in
rabbits, nanoparticles reach the blood stream after oral administra-
tion (Hoffart et al., 2006) and that (iii) macrophages are among the
first cells they interact with, we extended our study on the effect of
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NP/ERS on NR8383 rat macrophages, which evolve in fully activated
macrophages (Nguea et al., 2008), with the aim to better elucidate
the molecular mechanisms that may be responsible of the observed
cytotoxicity and so to further address the safety issues surrounding
nanoparticles use.

2. Materials and methods
2.1. Materials

Eudragit® RS PO (ERS; MW =150,000Da) was a gift of Evonik
polymers (Darmstadt, Germany). CAS number: 33434-24-1, chem-
ical/I[UPAC name: poly(ethyl acrylate-co-methyl methacrylate-co
trimethylammonioethyl methacrylate chloride) 1:2:0.1. INCI
name: Acrylates/Ammonium Methacrylate Copolymer, molecular
weight: 32 g/mol. Eudragit® RS PO was described in the following
monographs: (i) European pharmacopoeia: Ammonio Methacry-
late Copolymer, Type B; (ii) USA pharmacopoeia: Ammonio
Methacrylate Copolymer, Type B - NF; (iii) Japanese phar-
macopoeia: Aminoalkyl Methacrylate Copolymer RS. Pluronic®
F68 [CAS number: 11104-97-5] (Saint-Quentin Fallavier, France)
was used as surfactant for particle preparations. Reduced
glutathione (GSH), naphthalene-2,3- dicarboxyaldehyde (NDA),
2',7'-dichlorofluorescin diacetate (DCFH,-DA) and dichlorofluores-
cein (DCF) were purchased from Sigma-Aldrich (France).

2.2. Methods

2.2.1. Nanoparticle preparation

Nanoparticles were prepared by nanoprecipitation as previ-
ously described (Bodmeier et al., 1991; Fessi and Puisieux, 1989).
Briefly, 300 mg of polymer were dissolved in 15 mL of acetone
(organic phase). The solution was poured in a glass syringe, and
flowed slowly under stirring, in 40 mL of a Pluronic® F68 (0.5%, w/v)
aqueous solution. The solvent was removed by rotary evaporation
under vacuum at 40°C (Heidolph, Schwabach, Germany) and the
solution concentrated to 15 mL.

2.2.2. Particle size measurement

Particle sizes were estimated by photon correlation spec-
troscopy (PCS) using a Zetasizer™ (Malvern Instruments Worces-
tersher, UK). Each sample was diluted with filtrated bidistilled
water until the appropriate concentration of particles was achieved
to avoid multiscattering events. Using cumulative analysis soft-
ware and exponential sampling method, particle size (z-average)
and polydispersity index of equivalent hydrodynamic spheres were
determined using the results of three determinations.

2.2.3. Zeta potential measurement

Particle electrophoretic mobility was determined three times
for each sample by laser Doppler anemometry in a microelec-
trophoresis cell of Zetasizer™.,

2.2.4. Scanning electron microscopy (SEM)

Briefly, nanoparticles deposited on a plastic coverslip (Ther-
manox, 174950, Merck Eurolab, Strasbourg, France) were dehy-
drated by increased ethanol concentrations (25°, 50°, 70°, 90°,
and 100°) and treated with hexamethyldisilazane for 10 min at
room temperature. The coverslips were coated with gold. Prepa-
rations were observed under SEM (Stereoscan 240 S/N, Léo,
Rueil-Malmaison, France) at less than 20 kV.

2.2.5. Cells and cell culture
The NR8383 rat alveolar macrophage cell line was purchased
from the American Type Culture Collection (CRL-2192, ATCC,

Manassas, VA). Cells were grown as 50% adherent and 50% float-
ing cells in Dulbecco’s modified Eagle’s medium (DMEM: GIBCO
Invitrogen, Cergy Pontoise, France) supplemented with 15% fetal
calf serum (FCS, Eurobio, Les Ullis, France), 200 mM L-glutamine
(G7513, Sigma-Aldrich, Saint Quentin Fallavier, France) and antibi-
otic (A5955, Sigma-Aldrich, Saint Quentin Fallavier, France)at 37 °C
under 5% CO,. Cells were treated with nanoparticles using this cul-
ture medium in all the following experiments.

2.2.6. Transmission electron microscopy (TEM)

Briefly, NR8383 cells were treated with 15 and 25 pg/mL of
NP/ERS for 2 h, then they were immediately fixed with ice-cold 3%
glutaraldehyde for 3 h. Cells were then post-fixed in 1% 0sO4 for
1h at 4°C, progressively dehydrated by increasing concentrations
of ethanol and finally treated with propylene oxide and included in
resin semi-fine (1.5 wm) and ultra-fine sections (70-90 nm) were
prepared with an ultra-microtome (Reichert-Yung) and examined
with the electron microscope Philips CM12 (FEI Electron Optics,
Eindhoven, The Netherlands).

2.2.7. Total RNA extraction

Total RNA was extracted from cells, treated with 15 and
100 pg/mL of NP/ERS for 24 h, using RNeasy Mini Kit (QIAGEN,
Courtaboeuf, France) following manufacturer instructions. RNA
purity and concentration were determined spectrophotometrically
using a NanoDrop ND-1000 (NanoDrop Technologies, Wilmington,
DE).

2.2.8. Microarray

Microarray experiments were performed following the MIAME
(Minimal Information About a Microarray Experiment) criteria
(Brazma et al., 2001). Briefly, RNA samples were extracted from
NR8383 cells and melted at 65 °C. cDNA was then synthesized using
M-MLV reverse transcriptase (RT) (EC 2.7.7.6.9, Invitrogen, Cergy
Pontoise, France). The cDNA was transcripted to cRNA using T7
RNA polymerase and labeled with fluorescent Cyanine 3-CTP. The
cRNA (350 ng) was amplified and labeled using One-Color Gene
Amp Labeling Kit (Agilent Technologies, Massy, France) follow-
ing manufacturer’s instructions, then purified using RNeasy Mini
Kit (QIAGEN, Courtaboeuf, France) and quantified spectrophoto-
metrically using a NanoDrop ND-1000 (NanoDrop Technologies,
Wilmington, DE). The One-Color Spike-In Kit (Agilent Technolo-
gies, Massy, France) was used to provide positive controls. Before
the hybridization step, 1.65 pg of cRNA was fragmented using the
Gene Expression Hybridization Kit (Agilent Technologies, Massy,
France) by incubation with fragmentation buffer and 10x blocking
agent for 30 min at 60 °C. Fragmented cRNA was hybridized to Agi-
lent 4x 44 K Whole Rat Genome Microarray (Agilent Technologies,
Massy, France) using hybridization chambers (Agilent Technolo-
gies, Massy, France) and hybridization oven (Agilent Technologies,
Massy, France) for 20 h at 65 °C. One-minute wash was performed
twice using wash solution 1 and 2, respectively (Agilent Tech-
nologies, Massy, France). Microarrays were stabilized and dried by
acetonitrile (Sigma-Aldrich, Saint Quentin Fallavier, France). The
slides were scanned with the Agilent Microarray Scanner (Agilent
technologies, Palo Alto, CA, USA) and the scanned images were
extracted using Feature Extraction Software version 9.5.3 (Agilent).
Analysis was performed with Genespring GX10 (Agilent Technolo-
gies, Palo Alto, CA, USA).

2.2.9. RNA reverse transcription and quantitative RT-PCR
(qRT-PCR)

Total RNA (1 wg) from control or treated cell samples were
reverse-transcripted with 50nmol of oligo (dT) using M-MLV
reverse transcriptase (RT) [EC 2.7.7.4.49, Invitrogen, Cergy Pon-
toise, France] following manufacturer’s protocol. qRT-PCR was
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Table 1
Primers sequences used in qRT-PCR experiments.

Primers Sens Anti sens

s18 5'-CGCCGCTAGACGTAGAATTCT-3'  5'CATTCTTGGCAAATGCTTTGC-3'
nfkb2  5-TTCGGAACTGGGCAAATGTT-3'  5'-ACACGTAGCGGAATCGAAAT-3’
opal 5-TCCTGTGCATTCAAGATGGA-3"  5'-GAGCTTTCATTGGGAAGAGC-3'
tnf 5-TAGCCCACGTCGTAGCAAAC-3'  5-TGGTATGAAATGGCAAATCG-3'
bcl2l13 5-TGGGATGCCTTTGTGGAACTAT-3' 5'-GGTCTGCTGACCTCACTTGT-3’
casp8  5-GGTTTCTGCCTACAGGGTTA-3'  5-TCGTAATCGTCGATCCTTCC-3’
pdcd4  5'-GGTGTGCCCGTGTTGGCAGT-3'  5-GGCCCACCAATCGTGGTGCT-3'
ncfl1 5-TTCACAACTACGCAGGTGAA-3"  5-TTATCTCCTCCCCAGCCTTC-3'
atg16l1 5-CTTGTAATTCCCGCATTGCT-3’ 5-GCCTCGTATGTCTTTGATGC-3’

performed with a Stratagene Mx3000p system and Mesa Green
gPCR MasterMix Plus for SYBR® (RT-SY2X-03-WOULR, Eurogen-
tec, Belgium). Briefly, 100 ng of reverse-transcripted RNA from each
sample were mixed with appropriate concentrations of tested gene
primers (Table 1) and the Mesa Green qPCR MasterMix. MRPSI8A
(s18) was used as internal control gene. PCR amplifications were
carried out as follows: 5 min at 95 °C; 45 cycles (15sat95°C, 40s at
60°C and 40s at 72°C). A standard curve was made for each gene
and the subsequent slope was used to calculate the PCR reaction
efficiency (E=10(-1/slope)) For each sample, the gene expression
level was calculated from the threshold cycle (C;), which is the
number of cycles necessary for the first detection of a PCR product.

2.2.10. Western blot

Total proteins (25 g) from NR8383 cells either exposed (25
and 100 pg/mL of NP/ERS for 4, 10, 24, 36, 48 and 72h) or not
to nanoparticles were run on SDS-polyacrylamide gels (10%) as
previously described (Corcelle et al., 2006; Laemmli, 1970) and
transferred onto a PVDF membrane, followed by immunoblot anal-
ysis using monoclonal antibodies directed against anti-cleaved
PARP (cat #552596, BD Biosciences Pharmingen, France), anti-p65
(cat #sc7178, Santa Cruz Biotechnology, France), mouse anti-OPA1
(cat #612606, BD Transduction Laboratories, France), anti LC3-II
(clone 5F10; Nanotools, France), anti-actin (cat #C-11, Santa Cruz
Biotechnology, France) or anti-tubulin (Santa Cruz Biotechnology,
France) at the optimized dilutions. Bands were detected using an
IgG polyclonal anti-mouse antibody conjugated to peroxidase (EC
1.11.1.7; Sigma) after addition of a chemiluminescent substrate
(Roche).

2.2.11. Immunofluorescence

Cells were treated with either NP/ERS (0, 25, 50 and 100 p.g/mL
for 4h) or chloroquine (CHL) CAs # [58175-87-4] as a positive
control of autophagy (30 wM, 4 h). Cells deposited on a glass cov-
erslip were fixed for 15min in 4% paraformaldehyde in PBS at
4°C and washed in PBS. Nonspecific binding was blocked with 1%
bovine serum albumin-PBS for 15 min. Anti-LC3 antibody (1/100)
was applied overnight at 4°C. After two washes with PBS, sec-
tions were incubated with FITC-conjugated anti-mouse secondary
antibody for 1 h at room temperature. The preparations were exam-
ined under a confocal laser-scanning microscope (Zeiss LSM510
Meta™) fitted with a 405 and 488 krypton/argon laser for simul-
taneous detection of DAPI and FITC fluorescence.

2.2.12. Intracellular reduced glutathione (GSH) measurement
Reduced glutathione measurements were performed as previ-
ously described (Lewicki et al., 2006), with some modifications.
Briefly, cells were dispensed (5 x 10° cells/well) into a 6-well
microplate. Cells were incubated with 25 and 100 p.g/mL of NP/ERS
for 24 h. Then, cells were washed three times with PBS solution
(pH 7.4), and 1 mL of lysis solution [0.5 M perchloric acid, 0.1 M HCI
and 2 mM EDTA] was added to cells. In order to remove the pre-
cipitated protein, cell lysates were centrifuged at 10,000 x g at 4°C

Fig. 1. SEM observation of NP/ERS nanoparticles.

for 15min. 60 pL of supernatant, 120 pL of borate buffer (0.4 M,
pH 9.2) and 20 p.L of naphthalene-2,3- dicarboxyaldehyde (NDA)
solution in ethanol were mixed in a 96-black well microplate and
incubated in the dark at 4 °C for 25 min. Fluorescence intensity was
then measured at 485-nm excitation and 528-nm emission using
a microplate reader (Biotek Synergy). Results were expressed as
nmol of GSH per mg of protein. Total protein quantity in cell lysate
was determined by the Lowry method (Lowry et al., 1951).

2.2.13. Intracellular ROS measurement

The production of intracellular reactive oxygen species (ROS)
was measured using an oxidation-sensitive fluorescent probe, 2/,7'-
dichlorofluorescin diacetate (DCFH,-DA) (Wang and Joseph, 1999).
DCFH,-DA passively enters the cell where it reacts with ROS to
form a highly fluorescent compound, namely the dichlorofluores-
cein (DCF). Briefly, cells were dispensed (5 x 10° cells/well) into a
6-well microplate. Cells were exposed to 25 and 100 pg/mL for 24 h
of NP/ERS. Lipopolysaccharide (LPS) was used as a positive con-
trol of ROS production (1 pg/mL for 24 h). Cells were washed three
times with PBS solution (pH 7.4), resuspended in 1mL of 4 uM
DCFH,-DA solution and incubated for 40 min at 37 °C. Cells were
lysed using a lysis buffer (0.5 M Tris-HCl, 1.5 M Nacl, 3.5 mM SDS,
16 mM Triton X-100 and 1x protease inhibitor cocktail). The con-
version of DCFH to the fluorescent product (DCF) was measured
using a microplate reader (Biotek Synergy) with 485-nm excitation
and 528-nm emission. ROS production was quantified from a DCF
standard curve and results were expressed as DCF concentration
(nM).

2.2.14. Statistical and data analysis

Microarray data and statistics were analyzed using GeneSpring
GX10 software. Regarding qRT-PCR and array results, genes which
showed more than a 2-fold or less than 0.5-fold intensity as
compared to control, were considered respectively as up- or down-
regulated (Lin et al., 2003). In our study, the differences between
the control and the experimental group were evaluated with the
one-paired t-test. p-Values <0.01 were considered as significant.

3. Results
3.1. Nanoparticle characterization

NP/ERS nanoparticles were positively charged (+40.6+5mV)
owing to the quaternary ammonium groups of the polycationic
ERS polymer. In addition, these nanoparticles had a mean nomi-
nal diameter value of 54.2 + 6 nm and a weak polydispersity index
(0.5 £ 0.04). Particle size results obtained by Zetasizer™ were com-
parable to those measured by SEM analysis (Fig. 1).
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Endocytosis

Fig. 2. Nanoparticle uptake by NR8383 macrophages. Macrophages exposed for 2 h to nanoparticles at a final concentration of 25 pg/mL (a) and 15 pwg/mL (b and c). Arrows
indicate internalized nanoparticles (a).

Mitochondria

S D00 N

e NFkB (P65)

100 pg/mL of NP/ERS
0 24 36 48 72 (h) Mg/fmL of NP/ERS: /24 h
0 25 100

P85

Loading control

Loading control

Fig. 3. Mitochondria are the intracellular target of NP/ERS nanoparticles. (a) Macrophages exposed to 15 pwg/mL of nanoparticles for 1h. Arrows indicate internalized
nanoparticles into the cells and present on the border or inside the mitochondria. (b and c) Particle in an endosome and disorganization of cristae structure of mitochondria,
cells were treated with 15 and 50 pg/mL of NP/ERS for 1 and 6 h, respectively. (d) and (e) Western blotting: (d) time-dependent down regulation of OPA1, (e) effect of
nanoparticle concentration on the down regulation of NfkB (loading control is stained with Red Ponceau).
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Autophagy

100 pg/mL of NP/ERS-

b c DNA LC3-I1

0 4 10 (h)

LC3-II Control

10pm

Fig. 4. Autophagy induced by NP/ERS particles. (a) Cells exposed to 50 pg/mL of nanoparticles for 6 h. Arrows indicate accumulation of double- and multi-membrane
phagophores as well as lamellar autophagosomes. Note the dense aspect of mitochondria. (b) LC3-II protein levels obtained by Western blotting. No LC3-II protein was
evidenced in control cells. Cells were exposed to 100 wg/mL of nanoparticles for 4 and 10 h, respectively. a-Tubulin was used as loading control. (c) In vitro accumulation
of LC3-positive vesicles in NR8383 cells treated with NP/ERS observed by confocal fluorescence microscopy. Arrows indicate LC3-positive vesicles (green fluorescence). The
blue fluorescence corresponds to DNA (stained with DAPI). (For interpretation of the references to color in the figure caption, the reader is referred to the web version of the

article.)

3.2. TEM observations

Uptake of particles occurred in NR8383 macrophages upon incu-
bation for 2 h with nanoparticles at a final concentration of 15 and
25 pg/mL. The particles were inside endosomes, free in the cyto-
plasm (Fig. 2a—c) or in contact with mitochondria. Some particles
were inside those organelles, associated to their inner membrane
(Fig. 3a). Alteration in the structure of mitochondria and disorgani-
zation of the cristae were also noted (Fig. 3b and c). When exposed
to higher doses, namely 50 p.g/mL for 6 h, cells displayed additional

Table 2

modifications characteristic of autophagy such as phagophore and
autophagosome formation (Fig. 4a).

3.3. Microarray result analysis

Cells exposed to 25 pg/mL or 100 pwg/mL nanoparticles had 56
and 427 transcripts significantly and differentially expressed as
compared to unexposed cells. Several down or up regulated genes
were associated with autophagy, G-protein signaling pathway, apo-
ptosis and oxidative stress (Table 2). The effect was dose dependent

Incidence of nanoparticles on gene expression as measured by microarray analysis. Only genes showing a significant up or down regulation are noted (p <0.01).

Approved gene symbol

Fold change in gene expression 4+ SD HUGO approved gene name

25 pg/mL 100 pg/mL
G02:0006915, apoptosis pdcd4 —2.46+0.08 -4.16 + 0.09 Programmed cell death 4 (neoplastic
transformation inhibitor)
bcl2l13 - -2.18 +£ 0.05 BCL2-like 13 (apoptosis facilitator)
bfar - -2.13 £ 0.04 Bifunctional apoptosis regulator
casp8 - —2.00 + 0.03 Caspase 8
rtkn - +2.08 + 0.07 Rhotekin
opal - -2.23 £ 0.03 Optic atrophy 1 (autosomal dominant)
tnfrsf5 - +2.26 + 0.09 Tumor necrosis factor receptor
superfamily, member 5
tnf - —2.53 +£ 0.06 Tumor necrosis factor (tnf superfamily,
member 2)
G0:0007165, signal transduction arhgap22 - +2.07 £ 0.8 Rho GTPase activating protein 22
rhov - +2.17 £ 0.05 ras homolog gene family, member V
G0:0003824, catalytic activity atg16l1 - +2.30 £ 0.03 atg16 autophagy related 16-like 1
G0:0001664, G-protein coupled receptor binding apln - +2.20 £+ 0.09 Apelin
G0:0003700, transcription factor activity nficb2 - -2.61 + 0.04 Nuclear factor of kappa light
polypeptide gene enhancer in B-cells 2
(p49/p100)
GO: response to oxidative stress gcle - +2.53 £+ 0.04 Rattus norvegicus glutamate-cysteine

ligase, catalytic subunit

2 Gene ontology terms.
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Incidence of nanoparticles on gene expression as measured by RT-qPCR (p < 0.01).

Approved gene symbol Fold change + SD
NP/ERS (25 pg/mL) NP/ERS (100 g/mL)

pdcd4 -1.22 + 0.07 —2.10 £ 0.08
bcl2 -1.29 + 0.06 —-2.00 + 0.05
casp8 —0.85 + 0.04 —-1.90 + 0.03
opal —-1.35 £ 0.05 —2.45 +0.04
tnf —1.00 + 0.02 —1.80 + 0.08
nficb2 -1.76 + 0.07 —2.28 £ 0.05
atg16l1 +19.20 + 0.92 +17.45 + 0.68
ncf1 +4.78 + 0.14 +9.82 £ 0.29

— and + indicate under- and up-expression, respectively as compared to untreated
cells.

and more pronounced in 100 pg/mL treated cells. The exposure of
cells to nanoparticles at a concentration of 100 pg/mL resulted in
the down regulation of the opal gene, of the two anti-apoptotic
genes bcl2113 and nfkb2 and of the bifunctional apoptosis regula-
tor (bfar) as well as of the pro-apototic genes casp8 and pdcd4. On
the contrary, the tnfrsf5 genes (TNF receptor superfamily member
5 and cd40), the anti-apoptotic genes [rhov and arhgap22 (a rho
GTPase activating protein), rtkn (the rho effector rhotekin) and apin
(apelin related to G-proteins)] as well as atg16l1 a pro-autophagic
gene encoding for a protein belonging to a large protein complex
necessary for autophagy (Saitoh et al., 2008), were up regulated.
The gene of the glutamate-cysteine ligase (a key gene in the glu-
tathione homeostasis) catalytic subunit (gclc) was also up regulated
in cells treated with 100 pg/mL NP/ERS (Table 2).

3.4. qRT-PCR

qRT-PCR confirmed the microarray data indicating a down-
expression of opal, bcl2113, pdcd4, casp8, tnfand nfkb2in 100 pwg/mL
particle-treated cells (Table 3). Our results showed also a significant
up regulation of atg16l1 in cells treated with 25 and 100 p.g/mL of
NP/ERS (Table 3). Additionally, a dose-dependent up regulation of
ncfl (neutrophil cytosolic factor 1), an O,*~ generating enzyme,
was evidenced (Table 3)

3.5. Western blot

Western blot showed a time- and dose-dependent decrease of
OPA1 and NFkB protein content in cells exposed to 100 p.g/mL NP
(Fig. 3d and e). In agreement with up regulation of the autophagy
atg16l1 gene, above reported, the conversion of microtubule-
associated protein 1 light chain 3 (LC3) into the LC3-II isoform,
a common autophagy marker (Asanuma et al., 2003), was also
detected in nanoparticle exposed cells (Fig. 4b). Additionally, no
poly(ADP-ribose) polymerase (PARP) protein fragmentation was
detected in the NP/ERS-treated cells whatever the nanoparticle
concentration (data not shown).

3.6. Immunofluorescence assay

Treatment of NR8383 with NP/ERS at a final concentration of 25,
50 and 100 p.g/mL for 4 h induced a dose-dependent accumulation
of LC3-positive vesicles (Fig. 4c).

3.7. Intracellular GSH

Our data showed a significant decrease of intracellular reduced
GSH (~52%) in cells treated with the higher concentration of
NP/ERS, 100 p.g/mL for 24 h, as compared to control (Fig. 5).

20

- -
e N ]

GSH (nmol/mg of protein)

IS

I I +

Control NP/ERS (25 pg/mL) NP/ERS (100 pg/mL)

o

Fig. 5. The decrease of intracellular reduced GSH level in NR8383 cells exposed to
25 and 100 pg/mL of NP/ERS for 24 h. Data were expressed as nmol of GSH per mg
of protein. Dagger indicates a significant difference at p <0.01.
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Fig. 6. Intracellular ROS level increase in NR8383 cells after a 24h exposure to
NP/ERS. LPS (1 pg/mL) is used as a ROS inducer. Dagger indicates a significant dif-
ference at p <0.01.

3.8. ROS production

Asignificant increase of ROS production ratio, expressed by DCF
concentration (nM), was evidenced in cells incubated with 25 (~1.9
times) and 100 pg/mL (~2.1 times) of NP/ERS for 24 h as compared
to unexposed cells (Fig. 6).

4. Discussion

4.1. NP/ERS uptake by NR8383 macrophages and mitochondria
targeting

It has been reported that endocytosis pathway plays a funda-
mental role in a wide range of cellular function; in particular it
affects the functions of mitochondria (Polo and Di Fiore, 2006).
Uptake of particles by endocytosis depends primarily on their size
and ionic charge (Xia et al., 2006). It has been documented that
cationic and small diameter nanoparticles, such as 60 nm NH;-
labeled nanospheres, are internalized into the cells and gain access
to cellular organelles and may damage mitochondria. On the con-
trary, anionic and larger nanoparticles of 200 nm diameter do not
(Xiaetal., 2006, 2008). In addition, it has been reported that single-
walled carbon nanotubes (SWCNTSs), which are known to induce
cytotoxicity, target the mitochondria (Yang et al., 2010). In line with
these evidences, in our study we observed numerous NP/ERS in the
vicinity of the inner mitochondria membrane. Among the genes
responsible of mitochondria functions, opal gene plays a major role
in the maintenance of the mitochondrial network morphology and
dynamics and in the regulation of the signal pathways of cellular
death (Chen et al., 2003). In fact, opal was reported to play this
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role along with mfn1 and mfn2 genes, of which respective products
mitofusinl and 2, are mediators of mitochondrial fusion. In reti-
nal ganglial cells, a down regulation of opal has been reported to
promote the aggregation of the mitochondrial network and to alter
the structure of the mitochondrial inner membrane (Kamei et al.,
2005). In particular the disorganization of the cristae, the release
of cytochrome c and the induction of intrinsic apoptosis has been
observed (Arnoult et al., 2005; Olichon et al., 2003). In our study,
opal down regulation as well as electron microscopy observations
suggest that NP/ERS cytotoxicity in macrophages is triggered by
their effect on mitochondria. However, it is difficult to determine
whether nanoparticles induce the mitochondrial decay by altering
gene expression or by a mechanical impairment, e.g. by abolishing
transmembrane proton gradient.

4.2. Oxidative stress induction by ERS nanoparticles

Damage to the mitochondrial inner membrane, caused by opal
down expression, increases ROS production that causes further
lysosomal disruption (Arnoult et al., 2005). This disruption could
liberate nanoparticles enclosed in endocytic vesicles which even-
tually reach their target, namely the mitochondria and penetrate
them triggering the autophagy process. These data suggest that
crosstalk between the lysosome and mitochondria could play an
important role in determining cell death type. Intracellular reac-
tive oxygen species (ROS) production as well as oxidative stress
occurs in NP/ERS-treated cells. In fact, by using qRT-PCR assays we
observed the over expression of both ncfl1, a gene encoding a sub-
unit of NADPH oxidase (Dika Nguea et al., 2008), and of gclc, one
of the key genes responsible for GSH homeostasis (Dickinson et al.,
2004). In agreement with these data, in NP/ERS-treated cells we
evidenced a significant decrease of the cellular concentration of
reduced glutathione (GSH) and an increase of ROS production.

4.3. Apoptosis inhibition by NP/ERS

Treatment of NR8383 cells with NP/ERS nanoparticles does not
induce apoptotic cellular death. In our previous work, we have
shown the absence of apoptotic processes that was ascertained
by the facts that neither the poly(ADP-ribose) polymerase (PARP)
fragmentation nor the formation of DNA laddering was observed.
However, histochemical assays indicate the activation of caspase
3 and caspase 7 (Eidi et al., 2010). Although many reports indi-
cate that tnf expression was elevated by nanoparticle treatment
(Chen et al., 2006; Minematsu et al., 2007), there are contradic-
tory data on its expression due to the use of different experimental
cell models (Niu et al., 2007). TNF receptor superfamily member 5
(tnfrsf5), known as a potent inhibitor of nfkb2 gene expression in
dendritic cells (Mann et al., 2002) affecting the extrinsic apoptosis
pathway (Wallach etal., 1997), was up regulated in our experiment.
It has been proved also that tnf is able to induce extrinsic apopto-
sis through the casp8 activation pathway that was under expressed
in our study (Bhattacharyya et al., 2010). Evidence of suppression
of the cellular signaling pathway leading to extrinsic apoptosis was
obtained in our study by the down regulation of proapoptotic genes,
e.g. pdcd4 (Vikhreva et al., 2010), casp8 and bcl2L13 (Talotta et al.,
2009). Furthermore, genes involved in extrinsic apoptosis inhibi-
tion were up regulated like rhov, arhgap22, rtkn and apin. Those
data are not in favor of an underlying extrinsic apoptosis process
triggered by nanoparticles and we explored further the intrinsic
apoptosis. In fact, a possible activation of intrinsic apoptosis is sup-
ported by microarray and qRT-PCR assays which show the down
regulation of opal, nfkb2, bcl2. Indeed, some reports have indi-
cated that nfkb2 induced bcl2 expression and promoted cell survival
(Oberdorster et al., 2005; Viatour et al., 2003). Furthermore, the
bifunctional apoptosis regulator (bfar), an inhibitor of BAX-induced

apoptosis (Zhang et al., 2000), was down-regulated in our exper-
iment. Interestingly, our data showed that neither extrinsic nor
intrinsic apoptotic cell death pathways are activated in NR/ERS-
treated cells. Instead NR/ERS seem to lead the cells toward the
autophagic cell death.

4.4. ERS nanoparticles induce autophagy

An inverse relationship between the activation of the genes
involved in the apoptosis and those involved in the autophagy,
which may corresponds to a switch from apoptosis to autophagy,
has been described (Luo and Rubinsztein, 2007; Shimizu et al.,
2004). In particular a decrease in the expression of the apoptotic
bcl family genes and the activation of the autophagic atg family
genes has been reported. In our system we observe a decreased
expression of bcl2, an efficient autophagy inhibitor (Sasi et al.,
2009) and an over expression of atg16l1 as well as the conver-
sion of the microtubule-associated protein 1 light chain 3 (LC3)
into the LC3-II isoform, a common marker of autophagy (Asanuma
et al,, 2003). Moreover, we report the down regulation of proau-
tophagic gene, namely casp8 that was reported to induce autophagy
cell death in U937 macrophages (Yu et al., 2004). Furthermore,
we observed cellular alterations characteristic of autophagic cell
death: phagophores, autophagosomes and “mitophagy”. Such mor-
phological modifications have been described recently in cells
treated with gold nanoparticles (Li et al., 2010), soluble fullerenes
(Yamawaki and Iwai, 2006), viruses (Sir and Ou, 2008), quantum
dots (Seleverstov et al., 2006) and SWCNTs (Yang et al., 2010).
Through autophagy, cells not only recycle intracellular components
and compensate for nutrient deprivation but also they elimi-
nate selectively damaged organelles/proteins and maintain cellular
homeostasis. Non-selective autophagy degrades all organelles and
long-lived proteins to provide the energy required for cell survival.
By contrast, mitophagy selectively eliminates mitochondria to reg-
ulate their number as well as to remove specifically the damaged
ones (Youle and Narendra, 2011). Our results demonstrate that
NP/ERS-mediated cell toxicity occurs via organelle, notably mito-
chondrion, autophagy which amplifies a physiological process. In a
future work, it would be interesting to study the cytotoxicity and
cell morphological modifications occurring after longer exposure
of macrophages with lower doses.

5. Conclusion

Nanotechnology has attracted increasing interest among almost
all fields of research. Notable improvements in our knowledge
about metallic nano-objects or carbon nanotubes toxicity and
their influence on the expression of genes and the impairment
of the oxidant/antioxidant cellular balance have been obtained.
Nevertheless, data on the toxicity of drug delivery nanoparticles
remain extremely scarce. To the best of our knowledge, this arti-
cle is the first to report that polymeric nanoparticles designed for
drug delivery, upon their enclosure into macrophages by endocy-
tosis, are able to cross the mitochondrial membranes and enter
inside these organelles. This process induces a cascade of events
such as the unbalance of the oxidant/antioxidant homeostasis and
the modification of the expression of genes and proteins, espe-
cially those implied in macrophages activation and autophagy. As
a consequence, a mitochondrial decay through phagophore and
autophagosome formation and eventually mitophagy occurs. How
immune cells deal with nanoparticles is an interesting issue as
this process presents some analogy with viral infections. Further-
more, the identification of the early cellular markers described and
discussed in this article may serve as a conceptual scaffold for
designing experiments for a better understanding of the cellular
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toxicity of loaded and unloaded nanoparticles. The evaluation of
cytotoxic effects in term of autophagy is a rather new concept but
it should be investigated for every type of carrier to be used for
drug delivery. As we have used a model of rat macrophages, human
derived cell lines as well as in vivo models should be also tested to
confirm these results.
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