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A B S T R A C T

The development of an efficient small interfering RNA (siRNA) delivery system has held scientists interest since
the discovery of the RNA interference mechanism (RNAi). This strategy gives hope for the treatment of many
severe diseases. Herein, we developed hybrid nanovectors able to deliver siRNA to triple negative breast cancer
cells. The nanovectors are based on PEGylated superparamagnetic iron oxide nanoparticles (SPION) functio-
nalized with gH625 peptide, chitosan and poly-L-arginine. Every component has a key role and specific function:
SPION is the core scaffolding the nanovector; PEG participates in the colloidal stability and the immune steal-
thiness; gH625 peptide promotes the nanovector internalization into cancer cells; cationic polymers provide the
siRNA protection and favor siRNA endosomal escape and delivery to cytosol. The formulation was optimized by
varying the amount of each compound. The efficacy of the siRNA retention and protection were investigated in
the presence of high concentration of serum. Optimized nanovectors show a high uptake by MDA-MB-231 cells.
The resulting down regulation of GFP expression was 73 ± 3% with our nanovector compared to 59 ± 8%
obtained with the siRNA-Oligofectamine™ complex in the same conditions.

1. Introduction

Triple negative breast cancer (TNBC) is classified as one of the most
aggressive forms of breast cancer and is generally associated with high
tumor grade and a poor survival. TNBC is characterized by the absence
of estrogen receptor, progesterone receptor and human epidermal
growth factor receptor 2 [1]. The lack of these receptors deprives the
TNBC of the benefits of specific therapy targeting these proteins [2].
That is one of the reasons why no effective targeted therapy is available
for TNBC and its treatment presents a major clinical challenge [3]. To
combat this disease and to reduce female mortality, novel approaches
have to be developed.

One promising strategy which has provided hope for the treatment
of various severe diseases like cancer is based on the use of small in-
terfering RNA (siRNA) [4–6]. This strategy emerged after the

demonstration of the mechanism of RNA interference (RNAi) in mam-
malian cells in 2001 [7]. SiRNA are double-stranded RNA of 21–25
nucleotides in length, which act with specificity on post-transcriptional
gene extinction. SiRNA have a high ability to recognize complementary
mRNAs and to guide the associated cytosolic RNA-induced silencing
complex (RISC). This association leads to the mRNA degradation and
consequently the inhibition of gene expression [8]. For cancer treat-
ment, this strategy is used to induce the down-regulation of genes
coding for proteins implicated in cancer cells proliferation and tumor
growth [9]. However, when siRNA are administrated in systemic cir-
culation there are some limitations. Indeed, the negative charge of
siRNA limits their ability to cross cell membranes and the presence of
enzymes in the blood, such as ribonucleases, affects siRNA stability and
leads to their rapid degradation [10]. Consequently, it is necessary to
develop a delivery system to protect siRNA, prolong their blood
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circulation time, improve their bioavailability, allow their internaliza-
tion by target cells and intracytoplasmic siRNA release.

One strategy is to associate siRNA with nanocarrier systems to ef-
fectively deliver the therapeutic siRNA towards their target [11,12]. In
this context, superparamagnetic iron oxide nanoparticles (SPION) ap-
pear as a suitable candidate thanks to their safety for in vivo application.
In fact, SPION are already used as contrast agents for magnetic re-
sonance imaging (MRI) [13] and they are prevalently used in the de-
velopment of nanocarriers for siRNA delivery [4,14–16]. In our team,
we previously synthesized fluorescent SPION coated with polyethylene
glycol (PEG) polymer and functionalized with the cell-penetrating-
peptide (CPP) gH625 [17]. In the present paper, we will name these
nanoparticles CS-FNP (as CPP-capped stealth fluorescent nano-
particles). The CS-FNP labeling with Cyanine 5.5 covalently attached to
the SPION core allows to monitor them in cells and tissues using
fluorescence. The PEG shell around SPION improves their colloidal
stability and stealthiness [18,19]. The membranotropic gH625 peptide
[20] conjugated to the PEG shell of the nanoparticles is intended to
promote their uptake into cells. Due to their small size below 100 nm
and their nearly neutral zeta potential, the CS-FNP appeared appro-
priate for intravenous (i.v) injection. CS-FNP showed a prolonged col-
loidal stability in biological medium and an efficient uptake by MDA-
MB-231 cancer cells [17].

In this work, we used the CS-FNP nanoplatform to develop a mag-
netic siRNA nanovector called CS-MSN (as CPP-capped stealth magnetic
siRNA nanovector) for triple negative breast cancer theranosis (Fig. 1).

Cationic polymers like chitosan carrying amino groups (NH3
+,

hereafter named N) are often formulated with poly-anionic siRNA
carrying phosphate groups (PO4

3−, hereafter named P), in order to
protect the latter against degradation and promote internalization into
cells [16,21,22]. Moreover, thanks to their buffering capacity and their
action as “proton sponges”, cationic polymers escape from endosomes
and thus can enhance the passage of siRNA to the cytosol [23]. Our CS-
MSN included two cationic polymers: chitosan (hereafter called Cs) and
poly-L-arginine (hereafter called PLR). Cs is known for its large use in
siRNA delivery due to its safety, biocompatibility and biodegradability
[24]. Several studies demonstrated the role of Cs in siRNA delivery and
transfection efficiency [15,21,22]. The ability of polyarginine to bind
anionic siRNA and to complex them with other components of nano-
vectors (such as other polymers and/or iron oxide nanoparticles) has
been also reported and largely exploited in the development of siRNA
delivery nanosystems [16,25].

First, the CS-MSN formulation was optimized by varying the N/P

ratio of the different polymers. Then, the CS-MSN stability in biologi-
cally relevant conditions, their toxicity and the siRNA transfection ef-
ficiency were evaluated.

2. Materials and methods

2.1. Preparation of cell-penetrating peptide stealth magnetic siRNA
nanovector

2.1.1. Synthesis of CPP-capped stealth-fluorescent nanoparticles (CS-FNP)
The synthesis of CS-FNP is based on a protocol previously published

by our group [17]. Briefly, to obtain these nanoparticles, SPION were
silanized, labeled with cyanine 5.5, PEGylated in their surface and then
functionalized with gH625 peptide. After the functionalization we
modified the purification protocol by performing a dialysis (MWCO
300KDa) against PBS at 4 °C and in the dark for around 6 h, while PBS
in the acceptor volume was changed every 1 h. CS-FNP were finally
concentrated by Vivaspin® (cut-off of 30 kDa, Fisher Scientific, Illkirch,
France).

2.1.2. Formulation of CPP-capped stealth-magnetic siRNA nanovectors
(CS-MSN)

The formulation of CS-MSN is based on a protocol developed by
David et al. and previously published by our laboratory [26]. Briefly,
CS-MSN were formulated by loading siRNA and cationic polymers,
chitosan (Cs, MW 110–150 kDa; degree of acetylation: ≤40mol.%) and
poly-L-arginine (PLR, MW 15–70 kDa) (both from Sigma-Aldrich Chimie
GmbH, St. Quentin Fallavier, France) into CS-FNP. On the one hand,
siRNA were precomplexed with PLR, on the other hand CS-FNP were
precomplexed with chitosan and then both precomplexes were mixed
together to obtain CS-MSN. The siRNA loading was defined by the iron/
siRNA w/w ratio (MR) of 10. The cationic polymers loading was de-
fined as N/P ratio, i.e. the molar ratio of the positive charges of poly-
mers and the negative charges of siRNA. In order to optimize the na-
novectors, the Cs/siRNA relative content (hereafter called NCS/P) was
varied from 0 to 100. and the PLR/siRNA relative content (hereafter
called NPLR/P) was varied from 0 to 6.

2.2. Size and zeta potential analysis

The size, the polydispersity index (PDI) and the zeta potential (ZP)
were determined using a Nanosizer apparatus (Zetasizer®, Malvern
Instrument, UK). The measurements of hydrodynamic diameter (HD)

Fig. 1. Scheme of CS-MSN and its components, CS-FNP, siRNA and cationic polymers.
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and zeta potential of CS-FNP (iron concentration of 50mg/l) were
performed in PBS 1X and NaNO3 solution (0.01M), respectively. For
the CS-MSN, the HD and the ZP were obtained after dilution of CS-MSN
in NaNO3 0.01M (1:25 v/v) to fix the ionic strength. These measure-
ments were achieved at 25 °C. The mean values of HD given were based
on intensity. All measurements were made in triplicate and mean
values ± SD were recorded.

2.3. Agarose gel electrophoresis and heparin decomplexation assay

Gel electrophoresis technique was used to verify the complexation
of siRNA. Samples were prepared to deposit a content of 1.2 µM of
siRNA per well. To release siRNA and control their integrity after for-
mulation, heparin (Sigma-Aldrich Chemie GmbH, Steinheim, Germany)
was added at a final concentration of 3mg/ml. A loading buffer
(Agarose gel loading dye 6X, Fisher, Bioreagents®, Illkirch, France) was
added to all the samples before the deposit in wells. An agarose gel (1%
m/v) was prepared containing 0.01% (v/v) ethidium bromide (EtBr) to
visualize free siRNA. After deposition of the samples on the agarose gel,
the migration was conducted in a Tris-acetate-EDTA (TAE) 1X buffer
(Acros Organics, Geel, Belgium) for 15min at 150 V. Free siRNA were
visualized by UV-imaging using the EvolutionCapt software on a
Fusion-Solo.65.WL imager (Vilbert Lourmat, Marne-la-Vallée, France).
The fluorescence intensity of bands was quantified using Image J soft-
ware.

2.4. Retention and protection in serum

To study the retention and the protection of siRNA in the presence
of serum, CS-MSN or a solution of siRNA (2 µM) were added to an equal
volume of a solution of Dulbecco’s modified Eagle medium (DMEM)
(Gibco®, Life Technologies, Paisley, UK) containing different percen-
tages of fetal bovine serum (FBS) (Eurobio, Les Ulis, France) to obtain a
final percentage of serum of 5%, 10% and 50%. After 4 h of incubation
at 37 °C, gel retardation assay (as described in section 2.3) was per-
formed.

2.5. Cell culture

Triple negative breast cancer cells MDA-MB-231 (a kind gift from
the team MINT, UMR INSERM 1066 – CNRS 6021, University of Angers,
France) and MDA-MB-231 stably expressing GFP (MDA-MB-231/GFP)
(Euromedex, Souffelweyersheim, France) were maintained in DMEM
supplemented with 10% fetal bovine serum, 1% non-essential amino
acid (HyClone Laboratories, Logan, Utah) and 1% penicillin/strepto-
mycin (Gibco®, Life Technologies, Paisley, UK) at 37 °C in an atmo-
sphere containing 5% CO2. Culture medium was changed every 48–72 h
and the cells were harvested using trypsin/EDTA (0.05%) (Gibco®, Life
Technologies, Paisley, UK) at 80% of confluency.

2.6. Transfection assay

One day before the transfection, MDA-MB-231/GFP cells were
seeded at 3.104 cells/well in 12 well-plates. The day of transfection, CS-
MSN and Oligofectamine™ (Invitrogen, Thermo Fisher Scientific,
Paisley, UK) were prepared with anti-GFP siRNA at a final siRNA con-
centration of 50 nM according to the formulation protocol and the
manufacture recommendation, respectively. Cells were treated with CS-
MSN in equal parts of complete medium and Opti-MEM medium
(Gibco®, Life Technologies, Paisley, UK) (1:1 v/v) and maintained in
normal growth conditions for 30min to 72 h or for 72 h with
Oligofectamine™ (manufacture recommendation). Non-treated cells
and cells transfected with CS-MSN loaded with a non-targeting siRNA
sequence (siRNA Ctrl) were used as a negative control. Cells were re-
moved using trypsin and then analyzed 24, 48 or 72 h after treatment
using a FACSCalibur flow cytometer (BD Bioscience, Franklin Lakes,

NJ). Data was analyzed using FlowJo v10 software. The percentage of
gene silencing was calculated using the FL-1 median (median of the
GFP fluorescence histogram).

2.7. Cytotoxicity

Cell viability was evaluated by a colorimetric assay based on the
measurement of mitochondrial activity in viable cells using a stable
tetrazolium salt WST-1 (Sigma Aldrich Chimie, St. Quentin Fallavier,
France). MDA-MB-231 cells were seeded in 96 well-plate at 4.103 cells/
well. After 24 h, cells were incubated with nanovectors prepared at
different concentrations of siRNA (from 12.5 to 100 nM) for 4, 24 or
48 h. Then, the culture medium was replaced by a fresh complete
medium containing 10% (v/v) WST-1 reagent for 3 h at 37 °C. Non-
treated cells were used as a negative control while cells incubated with
H2O2 at 20mM were used as a positive control. The absorbance was
measured at 450 nm using KC-junior V1.40 software on a BIO-TEK
EL800 microplate reader. The number of viable cells is directly pro-
portional to the absorbance value. The percentage of viable cells was
calculated according to the followed equation:

=
−

−

×Viability
As Apc

Anc Apc
(%) 100

As, Apc and Anc are, respectively, the absorbances of the sample,
the positive control (H2O2) and the negative control (non-treated cells).

2.8. Internalization assay

Cellular internalization of CS-MSN by MDA-MB-231 cancer cells
was evaluated by following the cyanine 5.5 fluorescence of CS-FNP
using flow cytometry. MDA-MB-231 cells were seeded onto 6-well
plates at 106 cells/well and were allowed to adhere for 24 h. CS-MSN
were added to cells for 4 h after replacement of the complete cell cul-
ture medium by an equal part of complete medium and Opti-MEM
medium (1:1 v/v). Non-treated cells were used as a negative control.
Immediately after treatment, cells were washed and were removed
using trypsin.

2.9. Statistics

Values were expressed as means ± standard deviations (SD).
PRISM (GraphPad Prism 7) was used for statistical analysis. Data were
compared among groups using Mann and Whitney test. The difference
between groups was considered significant when p-value < 0.05
(*),< 0.01 (**) or< 0.001 (***).

3. Results and discussion

3.1. Development of an efficient CS-MSN formulation for siRNA delivery

3.1.1. Choice of poly-L-arginine for a complete siRNA complexation
The formulation of CS-MSN was based on the use of synthesized CS-

FNP which had a size of 79 ± 8 nm and a zeta potential of
−6 ± 1mV. The first cationic polymer tested for CS-MSN develop-
ment was chitosan. In order to obtain a CS-MSN formulation with a
high transfection efficiency in cancer cells, we started by varying the
molar ratio between the positive charges of chitosan amine groups and
the negative charges of siRNA’s phosphate groups (NCS/P ratio).
Fernandes and coworkers [27] used chitosan to siRNA weight ratio of
50:1 (the equivalent of NCS/P ratio of 100:1) to completely complex
siRNA with chitosan. In a study by Sun and colleagues [22], siRNA were
complexed efficiently with PEG-chitosan at a weight ratio of PEG-CS to
siRNA of 100:1. According to these results, the NCS/P ratio was varied
from 0 to 100. The second formulation parameter is the mass ratio
(MR= iron mass of CS-FNP/siRNA mass) which was fixed at 10 for the
following experiments, according to previously obtained results [26].
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The formulation of CS-MSN was performed according to the following
protocol: chitosan was firstly mixed with CS-FNP, then siRNA were
added (Fig. 2. A). The siRNA retention in final complexes was evaluated
using agarose gel retardation assay. After applying the electric field,
free siRNA migrate and appear as fluorescent bands, while complexed
siRNA remain in the loading wells. The fluorescence intensity is directly
proportional to the quantity of free siRNA. As shown in Fig. 2B, the
fluorescent bands, indicating free siRNA, were observed in all samples
at different NCS/P ratios. The fluorescence intensity seems to be reduced
at a NCS/P ratio higher than 80, but there is always more than 80% of
free siRNA in the formulation. This result indicates that at these NCS/P
ratios chitosan was not able to promote complete siRNA complexation
with CS-FNP.

In order to improve siRNA complexation, another highly cationic
polymer, poly-L-arginine (PLR, pKa=12) was investigated. PLR, simi-
larly to chitosan, has a high capacity to complex negatively charged
molecules like siRNA. The amount of PLR used in the formulation was
defined, as for chitosan, using the N/P molar ration (NPLR/P ratio).
SiRNA were precomplexed with PLR at different NPLR/P values from 0
to 6 and then added to CS-FNP (Fig. 2C). SiRNA retention was evaluated
using agarose gel electrophoresis. To release siRNA and control their
integrity after formulation, a heparin decomplexation assay was per-
formed. As shown in Fig. 2D, the migration of siRNA was completely
blocked from a NPLR/P ratio of 2. In fact, without heparin, no fluor-
escent band was observed for samples prepared at NPLR/P≥ 2. How-
ever, when heparin was added, siRNA was released from the complexes,
indicating that PLR can successfully complex the siRNA with the CS-
FNP nanoparticles even at a low NPLR/P ratio. In the literature, com-
plexation efficiency of siRNA with polyarginine was already in-
vestigated. Zhao et al. demonstrated that polyarginine complexes siRNA
from a N/P ratio of 10 in a study for the development of nanomicelles
for siRNA delivery [16,25]. In another study, Veiseh et al. succeeded to
completely condense siRNA with iron oxide nanoparticles coated with

polyarginine at a weight ratio of 20 [16]. However, in our case, the
NPLR/P ratio for complete siRNA complexation are much lower than
these reported.

The implication of CS-FNP in CS-MSN composed of CS-FNP, siRNA
and PLR, was checked by performing a gel retardation assay of siRNA/
PLR complexes (without CS-FNP), and it showed a total complexation
of siRNA indicating that PLR is the major component which complex
siRNA. The data for NPLR/P=2 are presented in Fig. S1. A, as at this
NPLR/P ratio all siRNA were complexed. Furthermore, the size and zeta
potential of formulations prepared with siRNA and PLR with and
without CS-FNP at NPLR/P=2 were measured (Fig. S1B and Table S1).
Results indicated that CS-FNP improved the organization of siRNA and
PLR and induced a more homogenous size distribution.

To choose the NPLR/P ratio, the size and the surface charge of CS-
MSN were measured as these parameters are two other important cri-
teria to characterize when developing nanovector for siRNA delivery.
As shown in Table 1, the addition of PLR increases the hydrodynamic
diameter (HD) of the complexes to exceed 200 nm at NPLR/P ratio of 6.
The zeta potential remained lower than or equal to 0mV up to NPLR/P
ratio of 6. It was previously reported that cellular uptake and biodis-
tribution of nanoparticles is strongly affected by nanoparticles size.
Indeed, large nanoparticles with diameters higher than 200 nm could
stimulate immune system by activating the complement system [28]. As

Fig. 2. Formulation of CS-MSN and detection of free siRNA in formulated CS-MSN. (A) Formulation scheme of CS-MSN prepared with CS-FNP, siRNA and chitosan.
(B) Gel retardation assay to detect free siRNA in CS-MSN prepared with CS-FNP, siRNA and chitosan. (C) Formulation scheme of CS-MSN prepared with CS-FNP,
siRNA and PLR. (D) Gel retardation assay to detect free siRNA in CS-MSN prepared with CS-FNP, siRNA and PLR, with (+) or without (−) heparin.

Table 1
Hydrodynamic diameter (HD), polydispersity index (PDI) and zeta potential
(ZP) of CS-MSN prepared with CS-FNP, siRNA and PLR.

HD (nm) PDI ZP (mV)

NPLR/P=1 78 ± 7 0.34 ± 0.05 −7.3 ± 0.4
NPLR/P=2 143 ± 12 0.33 ± 0.04 −4.6 ± 0.3
NPLR/P=4 172 ± 9 0.26 ± 0.01 −2.1 ± 0.3
NPLR/P=6 255 ± 15 0.35 ± 0.01 0.3 ± 0.2
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the size of complexes at NPLR/P= 6 is higher than 200 nm, this NPLR/P
ratio was excluded from our choice. At NPLR/P= 1, siRNA are not well
complexed and to limit the quantity of PLR, we fixed the NPLR/P at 2 for
the following experiments. However, at this NPLR/P ratio, the zeta po-
tential of CS-MSN was rather negative, which could limit the inter-
nalization into cells. It was shown that positively charged nanoparticles
are more internalized than negatively charged nanoparticles [29] and
this could be explained by the increased electrostatic attraction be-
tween positive charges of nanoparticles and negative charged cell
membrane.

3.1.2. Addition of chitosan for an efficient siRNA delivery
To add supplementary positive charges, which could promote the

cellular entry of CS-MSN, we added chitosan (Fig. 3A), but we had to
verify that it did not lead to an increase in the size beyond 200 nm. The
size and the zeta potential of formulated CS-MSN formulated with NCS/
P ratios from 0 to 60 were measured (Fig. 3B) and the siRNA com-
plexation was checked using gel electrophoresis (data not shown). Re-
sults indicate that the addition of chitosan to the formulation increased
the hydrodynamic diameter of CS-MSN up to 170–190 nm. The poly-
dispersity index (PDI) was around 0.3 for all formulations which is

quite usual for formulations using electrostatic self-assembly. More-
over, the zeta potential increased gradually with the NCS/P ratio up to
28mV because of the increased amount of amino groups. Additionally,
gel electrophoresis results show a total siRNA complexation at all tested
NCS/P ratios indicating that the addition of chitosan does not disturb
the siRNA complexation with PLR and CS-FNP.

To select the NCS/P ratio for an efficient siRNA delivery, a trans-
fection assay was carried out. Therefore, MDA-MB-231/GFP cells were
treated with CS-MSN containing anti-GFP siRNA (50 nM) and for-
mulated at NCS/P ratio from 0 to 60. Cells were analyzed using flow
cytometry to measure the fluorescence intensity of GFP (Fig. 3C).
Successful transfection of anti-GFP siRNA would result in reduced GFP
fluorescence compared to non-transfected cells and would therefore
indicate successful siRNA delivery. Without chitosan, no reduction in
the GFP fluorescence intensity was observed compared to non-treated
cells, indicating that CS-MSN failed to inhibit the GFP expression. When
the NCS/P ratio increased up to 30, the GFP fluorescence intensity de-
creased compared to non-treated cells indicating that the down reg-
ulation efficiency increased up to 73%. For higher NCS/P ratios, the GFP
fluorescence intensity seems to decrease less than for NCS/P ratio of 30,
indicating a decreased down regulation. Thus, the most efficient CS-
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MSN were formulated at NCS/P ratio of 30. These results indicate that
even if chitosan is not involved in the complexation of siRNA into CS-
MSN (Fig. 2B), it seems to be important to obtain a size less than
200 nm with a slightly positive zeta potential. Furthermore, flow cy-
tometry result highlights the importance of chitosan for an efficient
siRNA transfection. That suggest that chitosan plays a key role in the
intracellular trafficking of the CS-MSN. Martens and coworkers de-
monstrated that chitosan has an important role in the endosomal escape
[30] which is a crucial step for siRNA intracellular delivery. It was
previously noted that the use of chitosan at a relatively high N/P ratio
promote the compactness of the nanovector structure and led to smaller
size compared to low N/P ratio [31]. Moreover, Liu et al. showed that a
poor transfection efficiency is correlated to low N/P ratios. The greater
knockdown efficiencies were observed with nanovectors formulated
with chitosan at N/P ratios higher than 30, however cytotoxicity was
recorded with formulations prepared at N/P ratios higher than 70 [32].
In this study, it appears that both polymers are complementary: PLR
enables complete siRNA complexation (Fig. 2D) thanks to its high po-
sitive charge density, and chitosan improves the siRNA delivery and the
transfection efficiency of CS-MSN (Fig. 3C). Taken these results to-
gether, we defined the optimal formulation parameters of CS-MSN with
adequate characteristics and a high transfection efficiency in cancer
cells at MR ratio of 10, NPLR/P ratio of 2 and NCS/P ratio of 30.

3.2. Characterization of the optimized CS-MSN formulation

3.2.1. Implication of CS-FNP in the CS-MSN formulation
To check if CS-FNP are included in final CS-MSN, the size of for-

mulations prepared with siRNA, PLR and chitosan at NPLR/P= 2 and
NCS/P=30 were measured and compared with formulations including
CS-FNP. Without CS-FNP, the complexes showed sizes higher than
200 nm, with a high standard deviation (36 nm). The addition of CS-
FNP to the formulation reduced the size of the final complexes and their
standard deviation to 175 ± 7 nm. Additionally, the polydispersity
index, representing the size distribution within the sample, diminishes
(Table 2) and the shape of the peak changed from a large peak to a well-
defined peak with a maximum at 175 nm when CS-FNP are included
(Fig. 4A and B). It seems that the presence of CS-FNP improved the
organization of CS-MSN and induced a more homogenous size dis-
tribution. Moreover, the zeta potential decreased from +30.7mV to
+14.2 mV after the addition of CS-FNP, indicating also an implication
of CS-FNP in the final CS-MSN. Furthermore, the implication of CS-FNP
on the down regulation of GFP was checked by transfecting MDA-MB-
231/GFP cells with these complexes (Fig. 4C). CS-MSN, including CS-
FNP, appeared more efficient to transfect cells and to reduce the GFP
expression, indicating the importance of CS-FNP in the formulation.

3.2.2. Retention and protection of siRNA in the presence of serum
The principal roles of the nanovector are the retention and the

protection of siRNA in biological medium. Before moving to in vitro
experiments, the ability of CS-MSN to provide these two needs, was
studied in presence of cell culture medium containing different amount
of serum (5–50%) and compared to non-formulated (naked) siRNA and
CS-MSN or naked siRNA in water (Ctrl) (Fig. 5). Gel retardation assay
shows that the fluorescence intensity of naked siRNA incubated with

5% and 10% of serum was reduced at 4 h compared to 0 h and Ctrl.
Moreover, after 4 h of incubation in 50% of serum, the fluorescent band
disappeared indicating that all siRNA are degraded (Fig. 5A). For CS-
MSN, regardless of the serum amount and incubation time, no fluor-
escent band was observed in absence of heparin. In presence of heparin,
fluorescent bands of CS-MSN incubated with serum were observed at a
similar intensity to that of CS-MSN in water and to that of naked siRNA
in water (Fig. 5B) demonstrating that siRNA were not degraded by
enzymes in presence of serum. In the literature, the effect of chitosan
and poly-L-arginine to protect siRNA loaded in nanocarriers has already
been shown. For example, Sun and coworkers showed a good retention
and protection of siRNA complexed with chitosan-PEG conjugate after
incubation with 50% of serum for up to 12 h, even if there was a visible
degradation between 8 h and 12 h [22]. Our results show a high serum-
protection and siRNA retention in CS-MSN even after incubation for 4 h
with a high concentration of serum (50%), which is largely superior to
the one used in the following in vitro experiments (5%). Moreover, the
complete release of siRNA by optimized CS-MSN observed immediately
after the addition of heparin, reflects a good balance between serum-
protection and siRNA release which present a desirable trait for siRNA
transfection.

3.2.3. Absence of cytotoxicity in the presence of non-targeted siRNA
The low cytotoxicity of CS-MSN is another parameter to be con-

sidered for a future biological application. In fact, we should ensure the
safety of CS-MSN and show that the cell death effect is only due to the
target siRNA. For that, a WST-1 viability test was carried out on MDA-
MB-231 cells treated for different time periods (4–48 h) with CS-MSN
prepared with different concentrations (12.5–100 nM) of a non-targeted
control siRNA (Fig. 6). Non-treated cells and cells treated with H2O2

were used as controls. After 4 h and 24 h of treatment, the cell viability
remained higher than 90% for all tested concentrations. A slight de-
crease of cell viability was observed at high CS-MSN concentration
(100 nM) after 48 h of treatment. However, cell viability remained
above 80% for this condition indicating a limited cytotoxic effect. This
result proves the safety of the use of CS-MSN (up to 100 nM). Moreover,
it also confirms that the previously observed decrease of cell fluores-
cence after siRNA transfection using CS-MSN (Fig. 3C) was not due to
cellular mortality but it was a siRNA specific down regulation of GFP
expression. The slight cytotoxicity observed at high siRNA concentra-
tion can be explained by the high density of positive charge of PLR.
Thus, many studies highlighted the toxic effect of strongly cationic
polymers (poly-lysine, poly-ethylenimine, poly-arginine, …) and
showed that it is dose-dependent and it can be reduced by the asso-
ciation with chitosan or polyethylene glycol [33,34]. Herein, PLR is
used at low N/P ratio and is associated to chitosan and PEGylated na-
noparticles which provide to CS-MSN a high safety.

3.3. Transfection efficiency of CS-MSN

3.3.1. Determination of treatment and analysis times for an efficient siRNA
transfection

To obtain an efficient siRNA transfection, it is important to consider
i) a sufficient contact duration of nanovectors with cells, for their in-
ternalization (treatment time) and ii) a time period between treatment
and analysis, long enough for the inhibition of the target protein
(analysis time). To define these optimal conditions, first, MDA-MB-231/
GFP cells were treated with CS-MSN prepared with anti-GFP siRNA for
different treatment times (30min – 72 h) and then analyzed after 72 h
by flow cytometry. The GFP down regulation efficiency increased up to
4 h of contact between CS-MSN and cells. After 72 h of treatment, the
down regulation efficiency is similar to that of 4 h (Fig. 7A), demon-
strating the quick internalization of CS-MSN into cells. This result was
confirmed by the analysis of the cyanine 5.5 fluorescence of CS-FNP.
Indeed, after 4 h of treatment with CS-MSN, all cells express cyanine 5.5
fluorescence, which indicates the internalization of CS-MSN by MDA-

Table 2
Hydrodynamic diameter (HD), polydispersity index (PDI) and zeta potential
(ZP) of complexes formed with siRNA, PLR and Cs and that of CS-MSN prepared
with CS-FNP, siRNA, PLR and Cs.

HD (nm) PDI ZP (mV)

SiRNA/PLR/Cs polyplex (NPLR/P=2,
NCS/P=30)

213 ± 36 0.43 ± 0.05 30.7 ± 1.4

CS-MSN (MR=10, NPLR/P= 2,
NCS/P=30)

175 ± 7 0.34 ± 0.04 14.2 ± 0.4
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MB-231 cancer cells (Fig. 7B). In a second stage, MDA-MB-231/GFP
cells were treated for 4 h with CS-MSN and analyzed after different
analysis time (24–72 h) using flow cytometry. The inhibition of the GFP
expression in cells was more pronounced after 72 h than after 24 or 48 h
(Fig. 7C). This indicates that even if the internalization of CS-MSN was
fast, the inhibition of protein expression required more time (72 h). This
relatively slow action of CS-MSN could be explained by the time needed
to reach cytoplasm (intracellular trafficking and endosomal escape), for
RNA interference mechanism and especially for the degradation of al-
ready produced GFP in target cells (half-life time of GFP). In fact, the
GFP protein is known by its stability in cells which explain its large use
as reporter in gene expression. It was reported that the stability of GFP
depends highly on many factors like cell line and culturing conditions
[35,36]. For the following experiments on MDA-MB-231 cells, the
treatment time with CS-MSN and the analysis time by flow cytometry
were fixed at 4 h and 72 h, respectively.

3.3.2. Comparison of the transfection efficiency of CS-MSN with that of
oligofectamine™

The last step of the proof-of-concept is to check that the transfection
efficiency of CS-MSN is at least comparable to that of a commercial
transfection agent, such as Oligofectamine™. Therefore, cells were
treated with CS-MSN prepared with anti-GFP siRNA (siGFP) and the
fluorescence intensity was measured using flow cytometry. Non-treated

cells, Oligofectamine™-siRNA complexes and non-targeted vectorized
siRNA (siCtrl) were used as controls (Fig. 8). With the non-targeted
siRNA, transfection efficiency was comparable to non-treated cells in-
dependently of the nanovector (CS-MSN, Oligofectamine™-siRNA
complexes). However, in presence of siGFP, the GFP down regulation
efficiency of cells treated with CS-MSN (73 ± 3%) was significantly

Fig. 4. Implication of CS-FNP in the CS-MSN formulation (A) Size distribution profile of complexes prepared with siRNA, PLR at NPLR/P=2 and Cs at NCS/P= 30
measured by DLS. (B) Size distribution profile of CS-MSN prepared with CS-FNP (MR=10), siRNA, PLR at NPLR/P= 2 and Cs at NCS/P= 30 measured by DLS. (C)
Down regulation efficiency of GFP fluorescence in MDA-MB-231/GFP cells treated with CS-MSN (MR=10, NPLR/P= 2 and NCS/P= 30), siRNA/PLR (NPLR/P= 2)
and siRNA/PLR/Cs complexes (NPLR/P= 2, NCS/P= 30).

Fig. 5. Gel retardation assay to monitor siRNA degradation after incubation with serum. (A) Naked siRNA in water (Ctrl) or cell culture medium with FBS (5–50%).
(B) Naked siRNA or CS-MSN in water (Ctrl) and CS-MSN in cell culture medium with FBS (5–50%), with (+) or without (−) heparin.
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Fig. 7. Determination of treatment and analysis
times for an efficient siRNA transfection in
MDA-MB-231 cells. (A) Inhibition efficiency of
GFP fluorescence with CS-MSN for different
treatment times (30min – 72 h). (B) Cyanine
5.5 fluorescence intensity of cells treated (lower
figure) or not (upper figure) with CS-MSN for
4 h. (C) Inhibition efficiency of GFP fluores-
cence with CS-MSN for different analysis times
(24–72 h).
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more pronounced than that of cells treated with Oligofectamine™
(59 ± 8%) (p=0.0026) (Fig. 8A). That means, that the observed re-
duction in the GFP fluorescence intensity was due to the specific effect
of the used siRNA. Fig. 8B shows differences in the fluorescence profile
obtained by flow cytometry for cells treated with Oligofectamine™ and
CS-MSN. Indeed, an efficient transfection is correlated either to a shift
of the curve of the fluorescence to the left (CS-MSN) or to the appear-
ance of a novel population of cells at lower fluorescence intensity
(Oligofectamine™-siRNA complexes). The inhibition efficiencies of the
transfected cell population were calculated and showed that Oligo-
fectamine™ reduce the GFP expression by 91% in about 59% of cells
without affecting the fluorescence of the other 41% of cells. For CS-
MSN, the GFP expression was reduced by 82% in 73% of cells. These
results indicate that even if our nanovector was a little bit less efficient
in the transfected population than Oligofectamine™, it was able to affect
more cells in an analogous manner. This explains the higher down
regulation efficiency of GFP in treated cells with our nanovectors
compared to Oligofectamine™. In the literature, the most effective
siRNA nanovector have an efficiency between 60 and 88% [6,15,37]
but, it is difficult to find the corresponding fluorescence profiles. These
experiments prove the concept of CS-MSN as an efficient siRNA nano-
vector.

4. Conclusion

In view of a future application in theranosis of triple negative breast
cancer, we successfully developed a novel siRNA delivery nanosystem,
CS-MSN, which is based on PEGylated SPION functionalized with the
cell-penetrating peptide gH625. The polymers poly-L-arginine and
chitosan were added to the formulation to complex siRNA and to effi-
ciently transfect breast cancer cells. CS-MSN exhibit a high ability to
complex and protect siRNA against degradation in complete cell culture
medium containing up to 50% of serum. In addition, CS-MSN showed a
fast internalization (4 h) and a high siRNA transfection efficiency
(73 ± 3%) in MDA-MB-231 cancer cells, while remaining non-toxic
using a control siRNA at concentrations up to 100 nM. In contrast to
Oligofectamine™, CS-MSN transfected almost all MDA-MB-231 cells
with siRNA anti-GFP. Although CS-MSN were optimized using a model
siRNA, they can be loaded with any siRNA sequence and thus are ex-
pected to allow a successful silencing of anti-apoptotic genes and on-
cogenes. The next step of this work will be the investigation of the role
of the cell-penetrating peptide gH625 in the intracellular trafficking of
CS-MSN and the in vivo application in a triple negative breast cancer
mouse model.
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