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ABSTRACT: The use of small interfering RNA (siRNA) to
regulate oncogenes appears as a promising strategy in the
context of cancer therapy, especially if they are vectorized by a
smart delivery system. In this study, we investigated the
cellular trafficking of a siRNA nanovector (called CS-MSN)
functionalized with the cell-penetrating peptide gH625 in a
triple-negative breast cancer model. With complementary
techniques, we showed that siRNA nanovectors were
internalized by both clathrin- and caveolae-mediated endocy-
tosis. The presence of gH62S at the surface of the siRNA
nanovector did not modify the entry pathway of CS-MSN, but
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it increased the amount of siRNA found inside the cells. Results suggested an escape of siRNA from endosomes, which is
enhanced by the presence of the peptide gH625, whereas nanoparticles continued their trafficking into lysosomes. The
efficiency of CS-MSN to inhibit the GFP in MDA-MB-231 cells was 1.7-fold higher than that of the nanovectors without

gH625.

1. INTRODUCTION

The use of small interfering RNA (siRNA) for the treatment or
the improvement of the treatment of serious diseases, such as
cancer, has attracted great attention since the discovery of the
RNA interference (RNAi) mechanism. This strategy is
considered as a powerful alternative for noneffective therapies."
However, the use of these siRNA has some limitations related
to their properties including the sensitivity to enzymatic
degradation, difficulties to cross cell membranes, and
accessibility to the cytoplasm.”’
these difficulties, the development of an effective siRNA

Therefore, to overcome

delivery tool is essential. One promising approach is the
nanovectorization of siRNA, which consists of the complex-
ation of siRNA with other components, leading to the
formulation of nanosized complexes. Nanovectorization of
siRNA is associated with some benefits such as (i) the
protection of loaded siRNA from degradation in the biological
environments, (ii) the gain of access and the accumulation in
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cells, and (iii) the increase of siRNA activity resulting from the
siRNA halflife extension.’

To improve the siRNA nanovector efficacy, many research
groups are interested to enhance cell internalization through
the addition of surface ligands. The use of cell-penetrating
peptides (CPP), also called membranotropic peptides, in
siRNA nanovector development has recently received consid-
erable attention, and it has shown promising results.*”°
Indeed, CPP are a group of short positively charged peptides,
able to cross the cell membrane bilayer both in an energy-
dependent or -independent manner.” This property is well
suitable for siRNA delivery systems to facilitate the passage of
biological barriers. The CPP gH625 is a membrane-interacting
domain of Herpes simplex virus type 1,° which has been shown
to have a great ability to cross the cell membrane and
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biological barriers and to successfully deliver different
cargoes.” ' Associated with siRNA nanovectors, this peptide
could be an addition or an alternative to targeting ligands, to
enhance the efficiency in the treatment of some diseases when
targeted cells do not overexpress any specific receptor or
marker at their surface. A well-known model for such diseases
is triple-negative breast cancer (TNBC). This cancer is defined
by a lack of expression of the estrogen receptor, progesterone
receptor, and human epidermal growth factor receptor 2
(HER2) by cancer cells,"” which prevents the active targeting
and favors the passive targeting by the enhanced permeability
and retention (EPR) effect. The synergy between the EPR
effect and the use of the CPP could offer an effective treatment
for TNBC.

During the last decade, the siRNA nanovectors have made
considerable progress in terms of developing formulation
strategies and in vitro and in vivo assays. Numerous promising
siRNA nanovectors have appeared with high downregulation
efficiency of targeted genes.'*”'® Nevertheless, the internal-
ization mechanisms and the intracellular trafficking of these
siRNA nanovectors are poorly studied. Answering questions
about the entry route of the nanovector, the release of siRNA
inside the cells, the mechanisms of siRNA endosomal escape,
and the monitoring of the components of the nanovector could
provide more information about the improvement of the
nanovector formulation and may explain the obtained
efficiency of gene silencing.

We recently developed a siRNA nanovector based on
fluorescent PEGylated superparamagnetic iron oxide nano-
particles (SPION) functionalized with the CPP gH625."” This
nanoplatform was loaded, by electrostatic assembly, with
siRNA and cationic polymers (chitosan and poly-L-arginine) to
obtain CPP-capped stealth magnetic siRNA nanovectors called
CS-MSN."® In the present study, we investigate the internal-
ization and the intracellular trafficking of CS-MSN in the
MDA-MB-231 TNBC cell line using their imaging properties
thanks to their fluorescent labeling or their iron oxide core. In
parallel, we highlighted the role of the peptide gH62S by
comparing the trafficking and the monitoring of siRNA
nanovectors with and without this CPP.

2. MATERIALS AND METHODS

2.1. Synthesis of gH625. The peptide gH625 with a cysteine at
the C-terminal was synthesized by the standard Fmoc solid-phase
method on a Rink amide resin. The amino acids were attached to the
resin support; the first coupling was conducted in the presence of 4
equiv Fmoc-protected amino acid, 4 equiv DIC, and 4 equiv
OxymaPure, whereas the second coupling was conducted in the
presence of 4 equiv amino acid, 4 equiv HATU, and 8 equiv DIPEA.
The crude peptide was cleaved with an acid solution of trifluoroacetic
acid (TFA), precipitated with ice-cold diethyl ether, and purified by
HPLC. The linear gradient used was 20—80% of acetonitrile in water
(both containing 0.1%TFA) on a Phenomenex Jupiter 4 ym Proteo
90 A 250 X 21.20 mm* column with UV detection at 210 nm. The
pure peptide was analyzed by LC-MS.

2.2. Nanoparticle Preparation. The preparation of labeled and
PEGylated superparamagnetic iron oxide nanoparticles (SPION)
functionalized with the gH62S peptide is based on a previously
published protocol,'” with some modifications. Amino-silanized
SPION were successively functionalized with sulfocyanine S-NHS
ester, NHS-PEG-maleimide, and the cell-penetrating peptide gH625.
We substituted the hydrophobic cyanine 5,5-NHS by the hydrophilic
sulfocyanine 5-NHS to facilitate purification. The resulting function-
alized nanoparticles, further called CS-FNP (as CPP-capped stealth
fluorescent nanoparticles), were purified by size-exclusion chromatog-
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raphy (SEC, detailed in Section 2.3.4). CS-FNP suspension was then
concentrated by a Vivaspin concentrator with a cutoff of 30 kDa. A
control batch of nanoparticles without gH625 peptide, further called
S-FNP (as stealth fluorescent nanoparticles), was synthesized by
replacing the CPP solution by PBS buffer.

2.3. Physicochemical Characterization of Nanoparticles and
siRNA Nanovectors. 2.3.1. Size and (-Potential Analysis. The
hydrodynamic diameter (HD) and {-potential (ZP) of (C)S-FNP
were measured in PBS 1X and NaNO; solution (0.01 M),
respectively, at an iron concentration of 50 mg/L. For “CPP-capped”
stealth magnetic siRNA nanovector [(C)S-MSN], the HD, the
polydispersity index (PDI), and the ZP were obtained after dilution in
NaNO; (0.01 M) to obtain a constant ionic strength. These
measurements were performed using a Nanosizer apparatus
(Zetasizer, Malvern Instrument) at 25 °C. The mean values of HD
given were based on intensity. Measurements are presented as mean
values + SD.

2.3.2. Atomic Absorption Spectroscopy. Atomic absorption
spectroscopy (AAS) was used to determine iron concentration on
nanoparticle suspension. For that, (C)S-FNPs were digested by
adding concentrated hydrochloric acid (6 M) for at least 2 h and then
diluted with hydrochloric acid (0.12 M). Measurements were
performed at 248 nm, and the concentrations of the samples were
determined using a calibration curve (iron concentrations of 0.25, 0.5,
1, 2, and S mg/L).

2.3.3. High-Performance Liquid Chromatography (HPLC). Th
Ultimate 3000 HPLC apparatus (Dionex, Voisins le Bretonneux,
France) using a mixture of acetonitrile (HPLC gradient grade, Fisher
Chemical, Loughborough, U.K.) with 0.1% TFA (Sigma-Aldrich
Chemie GmbH, Steinheim, Germany) and an aqueous solution of
TFA at 0.1% as a mobile phase at a flow rate of 1 mL/min. The
gradient elution program was set up from 20 to 80% of acetonitrile in
20 min. The injected volume of peptide solutions or nanoparticle
suspensions was fixed at 5 yL. A Kromasil C18 reversed-phase column
(150 X 4.6 mm*) was used for the analysis, and the temperature of the
column was fixed at 25 °C. The peptide was detected with a
fluorescence detector (RF-10AXL Shimadzu) after excitation of the
tryptophan residue (excitation at 280 nm, emission at 350 nm).
Results were acquired and analyzed using the software Chromeleon 7.
The calibration curve was obtained from peak areas of gH625 peptide
solutions in Milli-Q water at concentrations of 0.05, 0.1, 0.2, 0.3, and
0.5 g/L, using the chromatographic conditions described above.

2.3.4. Size-Exclusion Chromatography (SEC). The purification of
nanoparticles by eliminating the free gH625 peptide was performed
by size-exclusion chromatography using an AKTApurifier FPLC
system equipped with a prepacked Superdex 200 pg column (600 X
16 mm?) (GE Healthcare Bio-Science AB, Uppsala, Sweden) and a
PBS 1X solution as the mobile phase (flow rate of 1 mL/min). The
injected volume was S mL at an iron concentration of 0.4 g/L. The
different components of the suspension were detected using a UV/vis
detector at 280 nm. Purified fractions containing either nanoparticles
or the free peptide were collected.

2.3.5. Fluorescence Spectroscopy. The presence of gH62S in CS-
FNP suspension was checked at an iron concentration of 10 mg/L in
DMSO/PBS (3:1, v/v) using an FSS spectrofluorometer (Edinburgh
Instruments, Livingston, U.K.). Fluorescence emission spectra were
recorded in the range of 300—450 nm with excitation of the
tryptophan residue of the peptide at 280 nm.

2.4. Formulation of siRNA Nanovectors. Cell-penetrating-
peptide (CPP)-capped stealth magnetic siRNA nanovectors (CS-
MSN) and stealth magnetic siRNA nanovectors (S-MSN) were
prepared as described in our previous publication.'® Briefly, CS-MSN
and S-MSN were formulated by the electrostatic assembly of siRNA
and cationic polymers with CS-FNP and with S-FNP, respectively.
Cationic polymers were chitosan (Cs, MW 110—150 kDa; degree of
acetylation: <40 mol %) and poly-L-arginine (PLR, MW 15—70 kDa)
(Sigma-Aldrich Chimie GmbH, St. Quentin Fallavier, France). The
content of (C)S-FNP was related to that of iron and was defined by
the iron/siRNA w/w ratio (mass ratio, MR), and that of cationic
polymers was defined by the molar ratio of the positive charges of
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amine groups (NH,*, hereafter named N) of each polymer and the
negative charges of siRNA’s phosphate groups (PO,’”, hereafter
named P) (N/P ratio). siRNA were first precomplexed with PLR at
an Nyp; /P ratio of 2 and then added to the mix of CS-FNP_ chitosan
or S-FNP_ chitosan prepared at an MR of 10 and an N¢/P ratio of 30
to obtain CS-MSN or S-MSN, respectively.

2.5. Gel Retardation Assay and Heparin Decomplexation
Assay. Agarose gel electrophoresis was used to verify the loading of
siRNA in nanovectors. S-MSN and CS-MSN were prepared to
deposit a siRNA concentration of 1.2 M per well. Heparin solution
(Sigma-Aldrich Chemie GmbH, Steinheim, Germany) was added at a
final concentration of 3 mg/mL to release siRNA and control their
integrity after formulation. Before the deposition of samples, a loading
buffer (Agarose gel loading dye 6X, Fisher, Bioreagents, Illkirch,
France) was added. An agarose gel (1% w/v) was prepared containing
0.01% (v/v) ethidium bromide to visualize free siRNA. The migration
was conducted in a Tris—acetate—EDTA 1X buffer (Acros Organics,
Geel, Belgium) for 15 min at 150 V. UV imaging was used to visualize
free siRNA using the EvolutionCapt software on a Fusion-Solo.65.WL
imager (Vilbert Lourmat, Marne-la-Vallée, France).

2.6. Cell Culture. Triple-negative breast cancer cells MDA-MB-
231 (ECACC, Salisbury, U.K.) and MDA-MB-231 stably expressing
GFP (MDA-MB-231/GFP) (Euromedex, Souffelweyersheim, France)
were maintained in Dulbecco’s modified Eagle’s medium (Gibco, Life
Technologies, Paisley, UK.) supplemented with 10% fetal bovine
serum (Eurobio, Les Ulis, France), nonessential amino acid 1X
(HyClone Laboratories, Logan, Utah), and 1% penicillin/streptomy-
cin (Gibco, Life Technologies, Paisley, U.K.) at 37 °C in a humid
atmosphere containing 5% CO,. The culture medium was changed
every 48—72 h, and the cells were removed using trypsin/EDTA
(0.05%) (Gibco, Life Technologies, Paisley, U.K.) at 80% confluency.

2.7. Nanovector Uptake. 2.7.1. Imaging Flow Cytometry
(Amnis ImageStream” Mark Il). MDA-MB-231 cells were seeded at
2 X 10 cells per well in a 6-well plate for 24 h. After cellular adhesion,
cells were incubated with CS-MSN or S-MSN prepared with a
nontargeted siRNA-Atto390 conjugate (Sigma-Aldrich, St. Quentin
Fallavier, France) (50 nM siRNA) in an equal part of complete
medium and Opti-MEM medium (Gibco, Life Technologies, Paisley,
U.K.) (1:1 v/v), further named transfection medium, and maintained
in normal cell culture conditions for 15 min, 30 min, 1 h, 2 h, 4 h, or
24 h. Next, cells were detached using trypsin—EDTA 0.05%, washed
using HBSS 1X solution (HyClone Laboratories, Logan, Utah), and
fixed using 4% paraformaldehyde solution (Electron Microscopy
Sciences, Hatfield, UK.) for 15 min at room temperature. In each
experiment, 10 000 events for each sample were acquired using a 12-
channel Amnis ImageStream™ Mark II (Amnis Corp., part of EMD
Millipore, Seattle, WA) imaging flow cytometer equipped with the
405, 488, and 642 nm lasers. MDA-MB-231 images were captured
with the Inspire imaging flow cytometry software at 60X
magnification and extended depth-of-field (EDF) function. Single-
stained samples of 500 cells were also illuminated by the 405 and 642
nm lasers with the brightfield (BF) and darkfield inactivated to
perform color compensation controls. The spectral compensation
matrix was applied to each of the files. Cells in the best focus were
identified using Gradient RMS of the BF image. Single cells were then
separated from debris and doublets using a plot of the aspect ratio vs
the area of the BF image. The intracellular fluorescence intensity of
siRNA-Atto390 (channel 7) and that of sulfocyanine S (channel 11)
conjugated to CS-FNP or S-FNP were analyzed among double-
positive cells using “erode mask” (Erode (M04, 3)) with IDEAS v6.2
software (Amnis-Merck).

2.7.2. Confocal Microscopy. MDA-MB-231 cells were seeded at 15
X 10° cells per well in a poly-D-lysine-coated Ibidi 8-well plate and
were allowed to adhere for 48 h. The cell culture medium was
replaced by the transfection medium, and then CS-MSN or S-MSN
prepared with the siRNA-Atto390 conjugate (SO nM siRNA) was
added for 4 h. After that, cells were washed, incubated or not for
additional 20 h, and then stained with Wheat germ agglutinin-Alexa
Fluor 488 (WGA-AF488) (Invitrogen by Thermo Fisher Scientific,
Life Technologies Corporation, Eugene). For the staining of the cell
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membrane with WGA-AF488 conjugate, the transfection medium was
replaced with WGA-AF488 solution (1.25 pg/mL) for 10 min. Next,
cells were washed with DPBS 1x (HyClone Laboratories, Logan,
Utah) and fixed with 4% paraformaldehyde solution for 15 min.
Finally, cells were washed and mounted with Fluoromount-G
(Invitrogen by Thermo Fisher Scientific, San Diego, CA). Cells
were visualized and imaged with a confocal microscope Nikon AIR
using X60/1.4 objective and NIS elements software. Images were
acquired with a resolution of 0.21 ym/px and were constructed using
Image] software.

2.8. CS-MSN Internalization Pathway Determination.
2.8.1. Chemical Inhibitors of Internalization Pathways. MDA-
MB-231 cells were seeded at 85 X 10° cells per well in a 12-well plate
for 24 h. After cellular adhesion, cells were incubated with chemical
inhibitors of known endocytic pathways for 1 h in serum free medium,
then CS-MSN or S-MSN (50 nM siRNA) were added for 4 h.
Dynasore (100 uM, EMD, Millipore Corp) was used to inhibit
dynamin, which is implicated in the formation of vesicles of many
endocytosis processes. The combination between sodium azide
(Sigma-Aldrich, Steinheim, Germany) and 2-deoxy-p-glucose (Alfa
Aesar, Thermo Fisher GmbH, Erlenbachweg, Germany) (S0 mM for
both) was used to inhibit the energy-dependent internalization.
Chlorpromazine (10 pg/mlL, Sigma Life Science, Sigma-Aldrich, St
Louis) and pitstop 2 (30 M, Sigma Life Science, Sigma-Aldrich, St
Louis), were used to disrupt clathrin-mediated endocytosis. Methyl-f-
cyclodextrin (MfCD) (2.5 mM, Sigma Life Science, Sigma-Aldrich,
St Louis) and nystatin (S0 ug/mL, Sigma Life Science, Sigma-Aldrich,
St Louis) were used to block caveolae-mediated endocytosis.
Dimethyl amiloride (DMA) (200 mM, Sigma Life Science, Sigma-
Aldrich, St Louis) was used to inhibit the internalization of
nanovectors mediated by macropinocytosis. After incubation, cells
were detached and fixed with 4% paraformaldehyde solution for 15
min. Finally, intracellular sulfocyanine S fluorescence was measured
using a flow cytometer (Gallios flow cytometer, Beckman Coulter)
equipped with a 642 nm laser and acquired by Gallios software. Data
were analyzed by FlowJo v10 software.

2.8.2. Transmission Electron Microscopy Imaging. MDA-MB-231
cells were cultured in cell culture tubes at a concentration of 2 X 10°
cells per tube. Thereafter, cells were incubated with S-MSN or CS-
MSN (750 nM siRNA, equivalent of 100 mg/L of iron) for 4 h in a
humidified atmosphere with 5% CO, at 37 °C and under constant
agitation using a Stuart SB2 tube rotator (Bibby Scientific Ltd, U.K.).
Nontreated cells were used as a negative control. After incubation,
cells were washed three times with DBPS 1X, then fixed with Trump’s
solution consisting of 0.1 M phosphate buffer and 4% paraformalde-
hyde (Sigma, Steinheim, Germany) and 1% glutaraldehyde (EMS,
Hatfield, PA). Cells were postfixed with 2% osmium tetroxide (EMS,
Hatfield, PA), dehydrated with a series of increasing ethanol solutions,
and embedded in Epon resin (Sigma, Steinheim, Germany). Ultrathin
sections (90 nm) were stained with 2% aqueous uranyl acetate and
1% lead citrate (Merck, Darmstadt, Germany). Images were acquired
using a JEOL 1011 transmission electron microscope operating at 100
kv.

2.9. Intracellular Trafficking of S-MSN and CS-MSN.
2.9.1. Confocal Microscopy. MDA-MB-231 cells were seeded at 15
X 10® cells per well in a poly-D-lysine-coated Ibidi 8-well plate and
were allowed to adhere for 48 h. The cell culture medium was
replaced by the transfection medium, and then S-MSN or CS-MSN
prepared with the siRNA-Atto390 conjugate (S0 nM) siRNA were
added for 4 h. After that, cells were washed, incubated or not for
additional 20 h, and then stained with WGA-AF488, anti-EEA-1-Alexa
Fluor 488 (Abcam, Cambridge, U.K.) or anti-Lamp1-Alexa Fluor 488
(eBiosciences, Thermo Fisher Scientific, San Diego, CA) antibodies.
For the staining with antibodies, cells were fixed using 4%
paraformaldehyde solution for 15 min. A solution of Triton X-100
at 0.1% was added for 15 min to permeabilize cells. A solution of 5%
BSA was used for 30 min to block unspecific interaction sites. Then,
cells were incubated with antibody solutions of anti-EEA-1-AF488 (10
pug/mL) or anti-Lampl-AF488 (1.25 ug/mL) antibodies in 1% BSA
for 30 min and then washed with DPBS 1X. The staining of the cell
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membrane with WGA-AF488 was done as described in Section 2.7.2.
After the staining, cells were mounted with Fluoromount-G. Cells
were visualized and imaged with a confocal microscope Nikon AIR
using X60/1.4 objective and NIS elements software. Images were
acquired with a resolution of 0.21 ym/px and were constructed using
Fiji software (Image]).

2.9.2. Imaging Flow Cytometry (Amnis ImageStream” Mark Ii).
MDA-MB-231 cells were seeded at 2 X 10 cells per well in a 6-well
plate for 24 h. After cellular adhesion, cells were incubated with CS-
MSN or S-MSN prepared with the siRNA-Atto390 conjugate (S0 nM
siRNA). The fluorescence of the siRNA-Atto390 conjugate and
sulfocyanine S conjugated to CS-FNP or S-FNP was monitored in
early endosomes and lysosomes after incubation with CS-MSN or S-
MSN, respectively. MDA-MB-231 cells were incubated with CS-MSN
or S-MSN prepared with the siRNA-Atto390 conjugate for 4 h, then
the cell culture medium was changed, and cells were incubated or not
for additional 20 h. After that, cells were stained with anti-EEA-1-
AF488 (channel 2) or anti-Lamp1-AF488 (channel 2) antibodies as
described in Section 2.8.1. In each experiment, 10 000 events for each
sample were acquired with Inspire imaging flow cytometry software
using Amnis ImageStream® Mark II. MDA-MB-231 images were
captured at 60X magnification and EDF. Single-stained samples of
500 cells were also illuminated by the 40S nm (70 mW), 488 nm (100
mW), and 642 nm (150 mW) lasers with the brightfield (BF) and
darkfield inactivated to perform color compensation controls. The
spectral compensation matrix was applied to each of the files. Cells in
the best focus were identified using Gradient RMS of the BF image.
Single cells were then separated from debris and doublets using a plot
of the aspect ratio vs the area of the BF image. The internalization
scores (IS) of siRNA-Atto390 (channel 7) and that of sulfocyanine S
(channel 11) conjugated to CS-FNP or S-FNP were analyzed in early
endosome and lysosomes using “fluorescent intracellular compart-
ment mask” [Erode (M02, 4)] and calculated using the internalization
feature provided by IDEAS V6.2 software.

2.9.3. Structured Illumination Microscopy (SIM). Cells were
prepared and stained with anti-EEA-1-Alexa Fluor 488 antibody as
described in Section 2.8.1. After that, cells were analyzed and imaged
with a structured illumination microscope Nikon N-SIM using X100/
1.49 objective and NIS elements software. Images were acquired with
a resolution of 0.03 ym/px and were constructed by Fiji software.

2.9.4. Downregulation of GFP Protein and Inhibition of
Endosomal Acidification. After 24 h of the seeding of MDA-MB-
231/GFP (Euromedex, Souffelweyersheim, France) at 30 X 10° cells
per well in a 12-well plate, cells were pretreated or not for 1 h with an
inhibitor of endosomal acidification, bafilomycin Al (S uM, Enzo Life
Science, Villeurbanne, France), then a transfection assay was carried
out as described in our previous publication.'® Briefly, S-MSN and
CS-MSN were prepared according to the formulation protocol with
anti-GFP siRNA. S-MSN or CS-MSN formulation (50 nM siRNA)
was added to cells after replacement of the complete cell culture
medium by the transfection medium. After 4 h, the transfection
medium was replaced with the complete cell culture medium and then
cells were incubated in normal growth conditions until 72 h.
Nontreated cells were used as a negative control, and cells treated
with the commercial transfection agent Oligofectamine (Invitrogen,
Thermo Fisher Scientific, Paisley, UK.) were used as a positive
control (cells were transfected with Oligofectamine according to the
manufacturer’s recommendations). Cells were removed using 0.05%
trypsin—EDTA, gene silencing was evaluated using Gallios flow
cytometry, and data were analyzed by FlowJo v10 software.

2.10. Statistics. PRISM (GraphPad Prism 7) was used for
statistical analysis. Data were compared among groups using the
Mann—Whitney test. The difference between groups was considered
significant when p-value <0.05 (*) or <0.01 (**). # is the reference
value for statistics.

3. RESULTS AND DISCUSSION

3.1. Nanoparticle Characterizations. To eliminate the
nongrafted gH62S peptide, suspensions of CS-FNP and the
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control S-FNP were purified by size-exclusion chromatography
(SEC). The SEC chromatogram of S-FNP showed only one
peak, which corresponds to the absorbance of SPION (Figure
1A). However, the SEC chromatogram of CS-FNP showed
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Figure 1. (A) Chromatograms of the purification of S-FNP and CS-
FNP by SEC. (B) HPLC chromatograms of S-FNP and CS-FNP
before and after SEC purification for the detection of free gH62S. (C)
Fluorescence profiles of the tryptophan-based gH625 peptide in S-
FNP and CS-FNP after excitation at 280 nm.

two peaks. According to their respective sizes, the first one
corresponds to SPION (at 50 mL) and the second one
corresponds to the free gH62S peptide (at 75 mL). Thereafter,
high-performance liquid chromatography (HPLC) was used to
check and quantify the presence of the free peptide in purified
CS-ENP suspensions and to determine the grafting efliciency
on nanoparticles. Only free gH625 is detected with this
technique as an identifiable peak (Figure S1). Therefore,
HPLC was used to check and quantify the fractions of the free
gH62S5 peptide collected from SEC purification. The
chromatograms show that no gH625 peak was observed in
purified CS-FNP contrary to nonpurified CS-FNP (Figure 1B).
This indicates that SEC is an efficient method to eliminate
nongrafted peptides. The amount of the free peptide collected
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from SEC purification represented 9.75 + 1.38% of the total
amount of peptides used for the grafting. Subsequently, the
presence of the gH62S peptide grafted on nanoparticles was
assessed by detecting the fluorescence of its tryptophan
residue. The presence of gH625 on the surface of CS-FNP
was confirmed by the strong fluorescence signal of tryptophan
under excitation at 280 nm and with a maximum emission at
340 nm (Figure 1C). Control nanoparticles (S-FNP) showed
no fluorescence at 340 nm because of the absence of peptides.

The physicochemical properties of synthesized nanoparticles
with or without gH625 were then determined. The hydro-
dynamic diameters (HD) were 73 + 6 and 86 + 6 nm,
respectively, for S-FNP and CS-FNP with a polydispersity
index below 0.2 (Table 1 and Figure S2). No significant

Table 1. Hydrodynamic Diameter (HD), Polydispersity
Index (PDI), and ¢-Potential (ZP) of S-FNP and CS-FNP

HD (nm) PDI ZP (mV)
S-FNP 73+ 6 0.19 + 0.05 -6+ 1
CS-ENP 86 + 6 0.18 + 0.02 -7 +2

difference between the {-potential of S-FNP and CS-FNP was
observed. Therefore, the presence of gH62S at the surface of
our nanoparticles did not perturb their physicochemical
properties, no significant increase of the HD was observed,
and the surface of SPION remained almost neutral. Taking all
of these results together, we successfully grafted the gH625
peptide at the surface of PEGylated SPION at a grafting
efficiency of almost 90% and with suitable colloidal properties
for injectable nanoformulations.

3.2. Formulation and Characterization of siRNA
Nanovectors. Subsequently, S-FNP and CS-FNP were used
as a nanoplatform for the formulation of siRNA delivery
nanovectors called S-MSN and CS-MSN denoting stealth
magnetic siRNA nanovector and CPP-capped stealth magnetic
siRNA nanovector, respectively (Figure 2). The formulation of

gH625

Superparamagnetic Iron Oxide Nanoparticles

ROV SiRNA
labelled with Sulfocyanine 5

Chitosan

~\_ Polyethylene glycol
/" Poly-L-arginine

\Aa~mi gH625 peptide

Figure 2. Schematic illustration of CS-MSN with the gH625 peptide
sequence.

S-MSN and CS-MSN was performed according to our
previously optimized protocol.'® The size values of S-MSN
and CS-MSN were 155 and 150 nm, respectively, with a
polydispersity index of almost 0.3. The {-potentials of S-MSN
(+16 mV) and CS-MSN (+13 mV) were slightly positive
thanks to the presence of cationic polymers (Table 2 and
Figure S3). These results showed that no significant differences
were observed in the physicochemical characteristics of the
nanovectors formulated with S-FNP and CS-FNP. Moreover,
the loading of siRNA in S-MSN and CS-MSN was checked
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Table 2. Hydrodynamic Diameter (HD), Polydispersity
Index (PDI), and ¢-Potential (ZP) of S-MSN and CS-MSN

HD (nm) PDI ZP (mV)
S-MSN 155 + 15 0.30 + 0.05 +16 + 2
CS-MSN 150 + 13 0.29 + 0.04 +13 + 1

using a gel retardation assay. As shown in Figure 3, no
fluorescence was detected in the case of S-MSN and CS-MSN.

Naked

siRNA CS-MSN S-MSN

Heparin

- + -

+ - +

Figure 3. Gel retardation assay to detect free siRNA in S-MSN and
CS-MSN.

However, in the presence of heparin, fluorescent bands appear
at the same fluorescence intensity as the control free siRNA.
This result showed that siRNA are completely complexed in
both nanovectors, as it was shown for CS-MSN in our
previously published results.'® Therefore, the presence of the
peptide gH62S did not affect the complexation of siRNA with
cationic polymers and with the nanoplatforms (S-FNP and CS-
FNP).

3.3. Internalization Mechanisms and Intracellular
Trafficking of siRNA Nanovectors. 3.3.1. Cell Uptake.
The internalization of CS-MSN and S-MSN in cells was
investigated using confocal microscopy by detecting the
fluorescence of the sulfocyanine S-labeled (C)S-FNP or
siRNA-Atto390 conjugate at a concentration of 50 nM
(siRNA equivalent). The labeling of the cell membrane
appears in green in images. The fluorescence related to
nanovectors [pink or red spots corresponding to (C)S-MSN or
(C)S-FNP] was found inside the cell, showing that nano-
vectors were internalized by the cells and were more abundant
in the condition CS-MSN, i.e., when the siRNA nanovectors
were functionalized with the CPP gH62S (Figure 4).

The uptake kinetics of siRNA nanovectors (S-MSN and CS-
MSN) in triple-negative breast cancer cells was performed up
to 4 h by monitoring the fluorescence of the sulfocyanine S-
labeled (C)S-FNP or siRNA-Atto390 conjugate. As shown in
Figure SA, the fluorescence intensity of sulfocyanine increased
up to 4 h for both nanovectors, CS-MSN and S-MSN (Figure
5B). The presence of the peptide gH62S enhances the entry of
CS-MSN in cells starting from 2 h compared to S-MSN, and
this entry is approximately 2.5-fold higher for CS-MSN after 4
h of incubation. The same kind of results was found when
monitoring the fluorescence of Atto390 conjugated to siRNA
(PFigure S4).

The potential of CPP to enhance the internalization of
conjugated nanovectors has already been demonstrated,'”™*'
as well as that of gH625 peptide.'”"" In a previous study, we
demonstrated an increase of the cell uptake of doxorubicin-
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Figure 4. Confocal images of MDA-MB-231 cells treated with CS-
MSN (left image) or S-MSN (right image) for 4 h and stained with
wheat germ agglutinin-Alexa Fluor 488 as a membrane stain (green).
Red fluorescence: Sulfocyanine 5 conjugated to CS-FNP or S-FNP;
blue fluorescence: Atto390 conjugated to siRNA. The scale bar is 20
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Figure S. Uptake kinetics of CS-MSN and S-MSN in MDA-MB-231
cells. Intracellular fluorescence intensity of sulfocyanine 5 conjugated
to CS-ENP or S-FNP was monitored by imaging flow cytometry after
the incubation of nanovectors for 15, 30, 60, 120, and 240 min: (A)
intracellular fluorescence intensity and (B) representative brightfield
images of cells containing intracellular fluorescent nanovectors (red
spots) derived from the imaging flow cytometry data collection.

loaded liposomes by conjugating the peptide gH625 on the
surface of the liposomes."” In another study, Valiante and co-
workers showed the success of the peptide gH62S to cross an
in vitro model of the blood—brain barrier and the ability to
deliver a conjugated cargo into neuron and astrocyte cells.'"
The enhanced internalization of the nanovectors in the
presence of gH625 can be supported by the presence of
both hydrophobic and hydrophilic amino acids in the sequence
of this CPP.** The correct balance of this characteristic enables
the local and temporary destabilization of the membrane
bilayer favoring a direct crossing of the membrane. Apart from
the presence of both hydrophobic and hydrophilic residues,

several other structural features are responsible for the gH625
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cell internalization mechanism such as the ability to change
from a random to an amphipathic a-helical structure when in
contact with membrane bilayers, the ability to oligomerize in
membrane bilayers, and the presence of a histidine residue at
the N-terminus.”® In the present study, the increase of the cell
internalization of CS-MSN by gH62S shows that this
nanovector may be an efficient system for the delivery of
siRNA in cancer cells.

3.3.2. Internalization Pathway. The pathway used to enter
cells could determine the intracellular trafficking of nano-
vectors and affects their efficiency to deliver their contents. To
determine the internalization pathway of S-MSN and CS-
MOSN, the fluorescence intensity of sulfocyanine 5 conjugated
to S-FNP or CS-FNP was measured after incubation with
chemical inhibitors. As shown in Figure 6A, the incubation of
cells with the combination of sodium azide and 2-deoxy-D-
glucose (energy inhibitors) or with dynasore (dynamin
inhibitor) resulted in an evident reduction of the sulfocyanine
S fluorescence intensity in treated cells. Indeed, in the cells
pretreated with energy inhibitors, the fluorescence intensity
decreased from 100 to 26 + 11 and 24 + 16% for S-MSN and
CS-MSN, respectively, and to 30 + 7 and 33 + 7% in cells
incubated with dynasore. These decreases in fluorescence
intensity indicate a reduction of S-MSN and CS-MSN cell
uptake and therefore an inhibition of nanovector internal-
ization by the cells. Nevertheless, there is no significant
difference between the two kinds of nanovectors. This result
implies that the entry of S-MSN and CS-MSN was energy- and
dynamin-dependent; thus, the internalization process may be
an endocytosis phenomenon. Moreover, the analysis of MDA-
MB-231 cells treated with the nanovectors and stained with the
membrane marker (WGA-AF488), by confocal microscopy,
shows highly fluorescent intracellular spots (Figure 6B)
representing the colocalization of fluorophores conjugated to
nanovectors (sulfocyanine S and Atto390) and fluorophore
conjugated to the membrane marker (AF488). These bright
spots look like vesicles formed from the cell membrane, as they
were stained with Alexa Fluor 488 conjugated to WGA,
containing nanovectors (Figure 6B, white arrows), such as
endosomes. This result confirms the hypothesis of an
endocytic pathway for the internalization route of (C)S-
MSN into MDA-MB-231 cells. In addition, to specify the used
endocytic pathway, we evaluated the internalization of
nanovectors in the presence of some chemical inhibitors of
endocytic pathways. Figure 6B shows a significant reduction of
the intracellular fluorescence intensity of both nanovectors
after incubation for cells with caveolae-mediated endocytosis
inhibitors, methyl-f-cyclodextrin (MBCD) and nystatin. The
effect of pitstop 2, a clathrin inhibitor, in the internalization of
S-MSN and CS-MSN was investigated, and results show a
significant decrease of cell uptake. In contrast, no effect was
observed after the cell incubation with chlorpromazine, a
clathrin inhibitor, and dimethyl amiloride (DMA), an inhibitor
of macropinocytosis. Thus, one concludes that the internal-
ization occurs via endocytosis mediated by clathrin and
caveolae.

Furthermore, MDA-MB-231 cells were analyzed by trans-
mission electron microscopy (TEM) after their incubation
with S-MSN or CS-MSN to visualize their localization in the
cells. TEM images showed the presence of nanovectors in
clathrin-coated and caveolae vesicles (Figure 6D). Thus, these
images confirmed the endocytic mechanism and the internal-
ization of S-MSN and CS-MSN via both clathrin- and
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Figure 6. Mechanism and pathway of entry of the siRNA nanovectors: (A) Fluorescence intensity of sulfocyanine S conjugated to S-FNP or CS-
FNP measured by flow cytometry in MDA-MB-231 cells incubated with nanovectors with or without sodium azide and 2-deoxy-p-glucose or
dynasore. (B) Confocal microscopy image of MDA-MB-231 cells treated with CS-MSN for 4 h and stained with WGA-AF488. (C) Fluorescence
intensity of sulfocyanine 5 conjugated to S-FNP or CS-FNP measured by flow cytometry in MDA-MB-231 cells incubated with nanovectors with or
without chlorpromazine, methyl-f-cyclodextrin (MSCD), pitstop 2, nystatin, or dimethyl amiloride (DMA). (D) Transmission electron
microscopy images of MDA-MB-231 cells incubated with S-MSN or CS-MSN for 4 h. The scale bar is 500 nm.

caveolae-dependent endocytosis pathways. From these results,
we showed that the presence of gH62S was able to enhance the
internalization (Figure S) but did not affect the entry route of
our siRNA nanovectors. We can, therefore, conclude that even
if gH62S is known for its ability to translocate directly into the
cytosol, the CPP-conjugated nanovectors follow an endocytic
pathway. Without polyplex loading, nanoparticles CS-FNP
have been shown to be endocytosed by MDA-MB-231 cells."”
In their study, Carberry et al. showed that the functionalization
of a dendrimer with the peptide gH62S leads to cell
internalization involving both direct translocation and
endocytosis.” In the same context, Madani et al. reported, in
their review, that the conjugated cargo could modify the
internalization pathway of the CPP.>* In the present study, we
demonstrated that the presence of gH62S at the surface of the
nanovector did not modify the entry pathway of CS-MSN and
that siRNA nanovectors were internalized by both clathrin-
and caveolae-mediated endocytosis.

3.3.3. Intracellular Trafficking of siRNA Nanovectors. The
intracellular trafficking of siRNA nanovectors was investigated
using intracellular compartments markers. Therefore, cells
were incubated with S-MSN or CS-MSN, then stained with an
anti-EEA-1 antibody as an early endosome marker (Figure 7A)
or an anti-Lamp1 antibody to label the lysosomes of the cells
(Figure 7B). Images of cells treated with the siRNA
nanovectors after endosomal staining show both nanovector
fluorophores [sulfocyanine S conjugated to (C)S-FNP (red)
and Atto390 conjugated to siRNA (blue)] inside green vesicles
(AF488 conjugated to the endosomal marker) at 4 h (Figure
7A). Therefore, these images indicate the presence of S-MSN
and CS-MSN in early endosomes after 4 h of incubation.
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However, after 24 h of incubation, the colocalization of
nanovector dyes and fluorophore conjugated to EEA-1
antibody seems to be reduced as we can observe more red
spots alone (Figure 7A). That indicates either a progression
toward lysosomes or the escape of nanovectors from
endosomes. Moreover, images of cells treated with nanovectors
after lysosomal staining show at 4 h a low colocalization of
sulfocyanine 5 (red) and Atto390 (blue) nanovector
fluorophores with AF488 conjugated to the lysosomal marker
(green) (Figure 7B). This colocalization increased after 24 h
mainly with sulfocyanine S (red) conjugated to nanoparticles
(S-FNP and CS-ENP). That indicates that the accumulation of
nanoparticles in lysosomes was higher than that of siRNA.
To confirm this tendency, treated cells were also analyzed by
imaging flow cytometry and the internalization scores (IS) of
sulfocyanine S and Atto390 in endosomes or lysosomes were
determined (Table 3). The IS measure the relative amount of a
signal inside versus outside endosomes or lysosomes. The
higher the score, the greater the quantity of nanovectors found
in the organelle. In this study, we especially investigated the
variation of the IS between 4 and 24 h in early endosomes and
lysosomes for the nanovectors with or without gH62S. For S-
MSN, the internalization scores of siRNA and S-FNP in early
endosomes largely increased after 24 h compared to 4 h, which
indicates an accumulation of S-MSN in early endosomes (0.4
vs 1.3 and 0.5 vs 1.6, respectively). On the contrary, the
internalization scores of siRNA and CS-FNP of CS-MSN in
early endosomes did not change so much (0.6 vs 0.5 and 0.4 vs
0.7, respectively). This result suggests that the presence of the
gH62S peptide in the nanovector promotes the endosomal
escape. In lysosomes, the internalization score of nanovector
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Figure 7. Intracellular trafficking of S-MSN and CS-MSN in MDA-MB-231 cells. Colocalization of siRNA-Atto390 (blue) and CS-FNP or S-FNP
conjugated with sulfocyanine S (red) with (A) anti-EEA-1-AF480 antibody and (B) anti-Lamp1-AF488 antibody (green) after 4 h of contact. The
staining and cell fixation were made immediately (4 h) or 20 h later (24 h), followed by confocal imaging.

Table 3. Variation of the Internalization Score (IS) between 4 and 24 h of siRNA or (C)S-FNP of S-MSN or CS-MSN in Early
Endosomes and in Lysosomes

early endosomes (anti-EEA-1 antibody) lysosomes (anti-Lamp]l antibody)
siRNA (C)S-ENP siRNA (C)S-ENP
incubation time 4h 24 h 4h 24 h 4h 24 h 4h 24 h
S-MSN 0.4 1.3 0.5 1.6 1.1 1.3 0.6 1.7
CS-MSN 0.6 0.5 0.4 0.7 1.2 1.5 0.7 1.7
3083 DOI: 10.1021/acs.biomac.9b00637
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cores (S-FNP and CS-FNP) increased strongly, showing
progressive accumulation in lysosomes. However, the internal-
ization score of siRNA of both nanovectors (S-MSN and CS-
MSN) did not increase significantly. This could suggest that
siRNA were freed before reaching the lysosomes.

In this part of the study, some discrepancies between
confocal microscopy and imaging flow cytometry results were
observed. For example, in the case of S-MSN, the increase of
the internalization score of siRNA or S-FNP in early
endosomes after 24 h was not detected in confocal microscopy.
On the contrary, a reduction of the colocalization of the
fluorescence of Atto390 or sulfocyanine 5 conjugated to siRNA
or S-ENP, respectively, and that of AF488 conjugated to the
endosomal marker was observed. This discrepancy could be
explained by a hypothesis reported by Selby and co-workers in
their review. With the presence of endosomal and lysosomal
markers in the vesicular membrane, an enclosed part of the
nanovectors can be missed.”” Indeed, the analysis of the cells
with confocal microscopy can illustrate this limitation as it is
based on the fluorescence colocalization. However, the
calculation of the IS in intracellular compartments considers
even enclosed nanovectors. Therefore, the analysis of the
colocalization in images and the internalization score were
complementary.

Results of the intracellular trafficking suggest an escape of
siRNA from endosomes, which is enhanced by the presence of
the peptide gH62S, whereas nanoparticles (S-FNP and CS-
FNP) continue their trafficking into lysosomes. However, this
traffic is possible only if endosomes are not destroyed. Previous
studies reported that, in the presence of cationic polymers, the
complete rupture of the endosomal membrane is highly
unlikely.”"** One hypothesis is that the endosomal escape
occurs by local endosomal membrane destabilization provoked
by the increase of the positive charge density of the cationic
polymers. This destabilization results in the permeabilization of
the membrane and the formation of transient “nanoscale
holes”.”” Thus, to complete this study and to verify this
hypothesis, the investigation of the endosomal escape of CS-
MSN is needed.

3.3.4. Endosomal Escape of siRNA and Down-regulation
Efficiency of CS-MSN. To achieve their mission, nano-
vectorized siRNA need to be released from the nanovectors
and must be found in the cytosol. For that, the endosomal
escape represents a major step for siRNA delivery. To
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investigate the capability of siRNA loaded in CS-MSN to
escape endosomes, MDA-MB-231 cells incubated with nano-
vectors prepared with fluorescent siRNA (siRNA-Atto390)
and stained with conjugated anti-EEA-1 antibody were imaged
using structured illumination microscopy (SIM) and the
intensity of CS-MSN’s fluorophores, conjugated to siRNA
and CS-FNP, was measured by imaging flow cytometry.

SIM images show the breaking of endosomes (green) and
the escape of siRNA (blue) in the cytosol (Figure 8A). The
measurement of the fluorescence intensity of the fluorophores
conjugated to siRNA (Atto390) and CS-FNP (sulfocyanine S)
in cells treated with CS-MSN for 4 and 24 h shows a significant
decrease of the fluorescence intensity of Atto390 conjugated to
siRNA after 24 h compared to 4 h, whereas that of
sulfocyanine S conjugated to CS-FNP remained constant
(Figure 8B). The reduction of the siRNA fluorescence
intensity could be explained by the dispersion of siRNA in
the cytosol, which suggests (1) the endosomal escape of
siRNA or (2) their degradation. To invalidate the second
hypothesis, a downregulation experiment was performed on
MDA-MB-231/GFP cells.

Cells were alternatively treated with the commercial
transfection agent Oligofectamine, with S-MSN or CS-MSN
formulated with an anti-GFP siRNA for 4 h, and the
fluorescence intensity of GFP was measured using flow
cytometry after 72 h of the treatment. As shown in Figure 9,
the cell GFP expression was reduced using both siRNA
nanovectors. This could be explained by the ability of cationic
polymers (chitosan and poly-L-arginine) to deliver siRNA in
cells.*”*" Furthermore, the efficiency of CS-MSN to inhibit the
GFP in cells was 1.7-fold higher than that of S-MSN. This
difference of transfection efliciency for the nanovectors with
and without the CPP gH625 could be explained by the
increased internalization of CS-MSN and by the enhanced
endosomal escape in the presence of gH62S. In the literature,
many virus-derived peptides are known for their ability to
escape endosomes and were used as endosomal escape agents
or to enhance the endosomal escape of some molecules. These
peptides use various mechanisms to pass through the
endosomal membrane such as membrane fusion, pore
formation, and proton sponge mechanisms. Oliveira and
colleagues used a lipid-based nanovector with influenza-
derived peptide diINF-7 for siRNA delivery to silence the
epidermal growth factor receptor and the K-ras oncogenes.
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Figure 9. Quantification of GFP downregulation efficiency in MDA-
MB-231/GFP cells pretreated or not with bafilomycin Al and treated
with Oligofectamine, CS-MSN, or S-MSN for 4 h and analyzed after
72 h of the treatment using flow cytometry.

The presence of this peptide efliciently enhances the
endosomal escape of this complex.”* This peptide is known
to be able to fuse with the membrane of endosomes to
facilitate the passage of associated cargo toward the cytosol.*
For gH62S, the mechanism of endosomal escape is not well
understood, but based on our SIM results (Figure 8A), the
hypothesis of transient pore formation in the endosomal
membrane is highly likely. This hypothesis was supported by
results presented by Guarnieri et al. where they showed that
nanoparticles decorated on their surface with gH625 were able
to escape the endo/lysosomal compartment by local and
temporary destabilization of the membrane.”* This ability of
the gH625 peptide to escape endosomes results in improving
the delivery of therapeutics, which was confirmed in the
literature by Galdiero’s team using different delivery systems.””
For example, the conjugation of this peptide to liposomes
enhanced the delivery of loaded doxorubicin in doxorubicin-
resistant A549 cells and results in an induction of cell death,
significantly more pronounced than liposomes without gH62S
or free doxorubicin.'’

Moreover, the pretreatment of cells with an inhibitor of
endosomal acidification, bafilomycin A1, blocked the inhibition
of the GFP fluorescence and reduced the transfection
efficiency of both nanovectors with and without gH62S. This
result could be explained by the dependence of the endosomal
escape mechanism on the acidification of this compartment. In
fact, the inhibition of the acidification of endosomes affects the
mechanisms of the proton sponge effect and the umbrella
effect and blocks the transfer of siRNA to the cytosol.
Furthermore, in a previous study, we proved that in a solution
of trifluoroethanol, that mimics the environment of cellular
membranes, the CPP gH625 changes its conformation to a-
helix, which favors the membranotropic properties of this
peptide.'” However, by blocking the umbrella effect of
polymers, the contact between the peptide gH625 and the
cell membrane can be reduced. Thus, the inhibition of the
acidification of endosomes preserved the integrity of the
endosomal membrane and prevented the endosomal escape.

4. CONCLUSIONS

In this study, we highlighted the role of a cell-penetrating
peptide gH625 in the internalization and the intracellular
trafficking of siRNA magnetic nanovectors (CS-MSN). We
showed that the cellular uptake of CS-MSN was increased 2.5-
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fold in the presence of gH625 in a triple-negative breast cancer
cell line. Moreover, this peptide appears to play a major role in
the endosomal escape. In fact, the functionalization of our
siRNA nanovectors with this peptide enhances their passage
into the cytosol. In addition to the induction of the endosomal
escape with cationic polymers, we suggested that the peptide
gH625 may interact with the endosomal membrane and
probably promotes transient pore formation, which enhances
the escape of siRNA from endosomes. The enhanced entry and
the endosomal escape offered by CS-MSN result in high
transfection efficiency, 1.7-fold higher than the same nano-
vector without gH62S peptide.
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