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Although cationic liposomes are efficient carriers for nucleic acid delivery, their toxicity often hampers the
clinical translation. Polyethylene glycol (PEG) coating has been largely used to improve their stability and reduce
toxicity. Nevertheless, it has been found to decrease the transfection process. In order to exploit the advantages of
cationic liposomes and PEG decoration for nucleic acid delivery, liposomes decorated with tetraArg-[G-1]-
distearoyl glycerol (Arg4-DAG) dendronic oligo-cationic lipid enhancer (OCE) and PEG-lipid have been inves-
tigated. Non decorated or OCE-decorated lipoplexes (OCEgce-LPX and OCE-LPX, respectively) were obtained by
lipid film hydration using oligonucleotide (ON) solutions. PEG and OCE/PEG decorated lipoplexes (PEG-OCEfce-
LPX and PEG-OCE-LPX, respectively) were obtained by post-insertion of 2 or 5 kDa PEG-DSPE on preformed
lipoplexes. The OCE decoration yielded lipoplexes with size of about 240 nm, 84% loading efficiency at 10 N/P
ratio, ten times higher than OCEge.-LPX, and prevented the ON release when incubated with physiological
heparin concentration or with plasma. The PEG decoration reduced the zeta potential, enhanced the lipoplex
stability in serum and decreased both hemolysis and cytotoxicity, while it did not affect the lipoplex size and ON
loading. With respect to OCEgee-LPX, the OCE-LPX remarkably associated with cells and were taken up by
different cancer cell lines (HeLa and MDA-MB-231). Interestingly, 2 or 5 kDa PEG decoration did not reduce
either the cell interaction or the cell up-take of the cationic lipoplexes. With siRNA as a payload, OCE enabled
efficient internalization, but endosomal release was hampered. Post-transfection treatment with the lysosomo-
tropic drug chloroquine allowed to identify the optimal time point for endosomal escape. Chloroquine treatment
after 12 to 20 h of LPX pre-incubation enabled siRNA mediated target knockdown indicating that this is the time
window of endo-lysosomal processing. This indicates that OCE can protect siRNA from lysosomal degradation for
up to 20 h, as shown by these rescue experiments.

1. Introduction

Over the last decades, oligonucleotides (ONs) have been emerging as
powerful therapeutic tools to selectively target a variety of genetic dis-
orders including cystic fibrosis, muscular dystrophy, cardiovascular
disorders, infectious diseases and cancer [1]. In 2013, the approval of
the first ON for treatment of hypercholesterolemia, Kynamro® raised

* Corresponding authors.

great enthusiasm for this class of therapeutics. Currently, 15 oligonu-
cleotides have been granted new drug approval (NDA) by U.S. Food and
Drug Administration (FDA) and one by EMA [2,3]. However, while
“gapmers technology” used to develop Kynamro® provides stable ASOs,
efficient delivery of nucleic acid drugs to specific targets and the mini-
mization of side effects, including immune system activation, are still
open challenges.
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In this realm, anticancer ONs have been largely investigated [4] and,
although none has been approved yet, 88 candidates are currently in
clinical phase 1, 2 or 3 (ClinicalTrials.gov). However, ON delivery rep-
resents the major hurdle limiting their clinical translation [5]. There-
fore, there is an unmet need of innovative, and safe delivery strategies
that allow for cancer cell targeting and efficient transfection.

Although viral vectors are efficient nucleic acid delivery systems,
their clinical exploitation suffers from their immunogenicity and acti-
vation of inflammation reactions. Instead, non-viral vectors are poorly
immunogenic carriers with high loading capacity and scalability of
production [6]. Among non-viral vectors, cationic nanoparticles,
including lipoplex forming liposomes, have been the most used carriers
for ON delivery [7,8]. Oligocationic excipients may have a crucial role in
the delivery of nucleic acids, because they combine the nucleic acid
condensing ability (loading and stabilization) with the biobarrier
penetration (typically, intracellular delivery), which is one of the req-
uisites for delivery to the molecular targets of this class of therapeutic
molecules. These effects are expected to depend on their chemical
composition and architecture [9-12]. However, the structure of the
components of the delivery systems may also affect the nucleic acid
endosomal escape, which is a requisite for transfection activity
[13,14,53]. Therefore, the therapeutic performance of these formula-
tions may be correlated to the chemical composition and structure, i.e.
linear or dendronic, of these components. On the other side, cationic
nanosystems display dose-dependent toxicity by inducing cell lysis,
necrosis, immune system activation and systemic release of pro-
inflammatory factors, which can also depend on the chemical compo-
sition and structure of these materials [15]. The combination of oligo-
cationic components with excipients that counterbalance the side effects
stemming from the positive charge of the resulting particles is required.
PEG coating has been found to ameliorate the cytotoxic and stability
profile of cationic liposomes and nanoparticles, reduce their opsoniza-
tion and enhance the in vivo behavior. However, the beneficial effect in
reducing the cell toxicity may contrast with the nucleic acid condensa-
tion and cell penetration of the system [16]. Therefore, it is important to
get information about the nanoparticle composition to establish the
optimal combination of excipients to orchestrate efficient nucleic acid
delivery.

In order to optimize the delivery of ON, cationic carriers must be
designed by fine tuning the surface properties that minimize opsoniza-
tion and cytotoxicity while allowing for cell interaction and uptake
balancing. Accordingly, PEG with selected physicochemical properties
and cationic moieties with double function as ON condensing agents and
cell up-take promoters can be properly combined to yield efficient ON
delivery systems [17].

After cell entry, the endosomal escape represents the last biobarrier
for nanocarriers reaching the cytoplasm. In this regard, small molecules
timely triggering the endosomal escape can be exploited to facilitate the
nanocarrier trafficking towards cytosolic targets [18].

Aimed at investigating the effect of non-linear and non-peptidic
oligocationic materials on ON delivery and transfection, we generated
lipoplexes decorated with a synthetic arginine-rich lipid terminated
oligo-cationic dendronic enhancer (OCE) as ON condensing agent and
cell penetration promoter. The oligo-cationic OCE used in this work was
previously found to enhance intracellular delivery of colloidal carriers
and macromolecules [19,20]. With respect to linear Arg rich peptides,
synthetic cell penetration enhancers have higher stability to proteases
and do not elicit biological effects. A small library of lipoplexes deco-
rated with the OCE and PEG at different molar ratio was produced to
investigate the correlation of the surface composition with the bio-
pharmaceutical performance of the formulations. Furthermore, a fine
tuning of the cell treatment modalities with endosomal escape inducing
agents was conducted to investigate the timeline of intracellular pro-
cessing of the delivered ONs.
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2. Materials

Hydrogenated soy phosphatidylcholine (HSPC) was purchased from
Lipoid GmbH (Ludwigshafen, Germany). 1,2-distearoyl-sn-glycero-3-
phosphoethanolamine-N-[methoxy(polyethylene glycol)-2000] [mPEG
2kpa-DSPE] was obtained from Laysan Bio (Arab, AL, USA) and 1,2-dis-
tearoyl-sn-glycero-3-phosphoethanolamine-N-[methoxy(polyethylene
glycol)-5000] [mPEGskp,-DSPE] was purchased from JenKem Tech-
nology (Plano, TX, USA). All buffer salts, solvents and reagents were
purchased from VWR International PBI (Radnor, PA, USA) and Sigma-
Aldrich (St. Louis, MO, USA).

Cy3-dsDNA and dsDNA (19 bp) were obtained from Biomers GmbH
(Ulm, Germany). All siRNAs used in this work were kindly supplied by
GlaxoSmithKline (GSK, UK): 1) siRNA for gene knockdown of firefly
luciferase (anti-luc siRNA; sense strand sequence 5-CUUACGCUGA-
GUACUUCGAJATAT-3'; two phosphorothioate bonds on the 3' terminus of
sense strand and one on 3' terminus of antisense strand), 2) siRNA
employed as negative or scrambled control (control siRNA; sense strand
sequence 5-AUCGUACGUACCGUCGUAUATAT-3; two phosphor-
othioate bonds on the 3' terminus of both sense and antisense strands),
and 3) fluorescently labelled siRNA (AF647-siRNA; AF647 coupled to 3’
terminus of the sense strand of negative control siRNA).

Foetal bovine serum (FBS), penicillin (10,000 IU/mL), streptomycin
(10 mg/mL), r-glutamine (200 mM), sterile Dulbecco’s phosphate
buffered saline (PBS), Dulbecco’s Modified Eagle’s Medium-high
glucose, MTT assay, and all other reagents for cell-culture studies
were purchased from Sigma-Aldrich (St. Louis, MO, USA). Wheat Germ
Agglutinin-Alexa Fluor 488 conjugates (WGA-Alexa Fluor 488) TrypLE
Express, Versene, SYBR Safe DNA gel stain and Quant-iT PicoGreen
dsDNA Assay Kit were purchased from Thermo Fisher Scientific (Mad-
ison, WI, USA). Water was purified with a Sartorius AriumPro system
(Germany) for preparing nucleic acid solutions. Passive lysis buffer was
purchased from Promega (Germany).

3. Methods
3.1. Lipoplexes preparation

3-(4-(12,17-diamino-4-(((3-(2-amino-5-guanidinopentanamido)-2-
((2-amino-5-guanidinopentanamido) methyl)-2-methylpropanoyl)oxy)
methyl)-8-((2-amino-5-guanidinopentanamido)methyl)-17-imino-4,8-
dimethyl-3,7,11-trioxo-2,6-dioxa-10,16-diazaheptadecyl)-1H-1,2,3-
triazol-1-yl)propane-1,2-diyl distearate (Args-DAG) was synthesized
using a procedure reported in literature with modifications [20] (Sup-
porting Information: Scheme S1-3, Fig. S1-6). Lipoplexes were prepared
by thin layer hydration technique using a 2:1 hydrogenated soy phos-
phatidylcholine (HSPC)/cholesterol molar ratio and 4 mol% of Argy-
DAG (OCE) with respect to lipids [21]. Briefly, 5 mg of lipids containing
4 mol% of OCE were dissolved in 1.5 mL chloroform and the organic
solvent was then removed under reduced pressure by rotavapor to
generate a lipid film that was then hydrated with 400 pL of 10 mM
HEPES, 0.15 M NacCl at pH 7.4 or 400 pL of dsDNA or siRNA solutions in
the same buffer. The concentration range of dsDNA or siRNA solutions
used for hydration was 16.7-167 pM in order to yield decreasing ni-
trogen to phosphate (N/P) ratio from 10 to 1. The lipoplexes underwent
60 s of sonication with an Ultrasonic Homogenizer (Omi International,
Kennesaw, GA, USA) set at 20% power and extruded 11 times through a
200 nm cut-off polycarbonate membrane. Lipoplexes were then diluted
to the final concentration of 5 mg/mL using the same buffer. The lip-
oplex formulations containing the OCE (OCE-LPX) were incubated at
37 °Cfor 1 h and dialyzed for 24 h against 2 L of 10 mM HEPES, 0.15 M
NaCl at pH 7.4 by using a Float-A-Lyzer® G2 with 300 kDa MWCO to
remove unloaded dsDNA.

OCE-free lipoplexes were also prepared as control formulations using
the same procedure (OCEfy.-LPX). OCE-containing and OCE-free lip-
oplexes loaded with dsDNA or siRNA at 10 N/P ratio were then
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decorated with increasing ratio of PEGoxpa-DSPE (PEGokpa) or PEGsypa-
DSPE (PEGskpa) in the 0-5 mol% range with respect to lipids by 10 min
incubation at 37 °C.

Lipoplexes were also generated by functionalization of liposomes
with OCE using a post-insertion technique to investigate the effect of
complexation with dsDNA on preformed cationic liposomes and the
OCE/dsDNA interaction profile by microcalorimetric analysis. To this
aim, plain liposomes obtained by lipid film hydration of a 2:1 mol/mol
HSPC/Cholesterol mixture were used to prepare formulations in which
4 mol% of OCE with respect to the lipids was post-inserted in the lipid
bilayer by 1 h incubation at 37 °C with liposomes (OCEpos-LIP). To study
the effect of complexation with dsDNA on preformed cationic liposomes,
dsDNA was added in different amounts to the OCE,s; -LIP suspensions
to yield 1-10 N/P ratios and formulations were incubated at 37 °C for
additional 30 min before the dialysis step that was performed to remove
the unbound dsDNA using Float-A-Lyzer® G2 with 300 kDa MWCO
resulting in lipoplexes (OCE,os+-LPX).

Lipoplexes for cell uptake studies were also prepared using a fluo-
rescently labelled Cy3-dsDNA (Biomers, Ulm, Germany) or AF647-
siRNA.

Preliminary studies with ON free liposomes obtained with both
procedures (hydration of lipid mixture containing the OCE and post-
insertion of OCE on plain liposomes) at increasing OCE/lipid ratio in
the 1-10 mol% range generating OCE-LIP and OCEys-LIP, respectively,
were performed.

The quantification of OCE associated to the liposome formulations
after dialysis was performed by Sakaguchi assay [22] upon liposome
disaggregation with a 1% v/v Triton X-100 aqueous solution on the basis
of a calibration line obtained with Arg4-DAG in 1% v/v Triton X-100
aqueous solution (y = 12.4819x + 0.0163, R? = 0.9971). Validation of
the dialysis process of Args4-DAG was performed using a solution of 0.64
mg/mL Args-DAG in 10 mM HEPES, 0.15 M NaCl at pH 7.4.

The quantification of PEG associated to liposomes was performed
after isolation of liposomes (1 mL aliquots) by centrifugation for 30 min
at 14,000 rpm (Sigma 1-14 Microfuge, Newtown, UK). Then, the su-
pernatants were recovered and the PEG concentration was assessed by
iodine assay [23]. The supernatants were also analysed for lipid con-
centration by Stewart assay to evaluate the efficiency of liposome
isolation by centrifugation [24].

3.2. Dynamic light scattering and nanoparticle tracking analysis

Size, polydispersity and zeta potential of liposomes and lipoplexes
was assessed by Dynamic Light Scattering (DLS) using a Malvern
NanoZS Zetasizer (Malvern Panalytical Ltd., Malvern, UK). Liposomes
and lipoplexes were diluted to the concentration of 0.2 mg/mL in 10 mM
HEPES, 0.15 M NaCl, pH 7.4 before the size analysis and in 5 mM HEPES
pH 7.4 for the zeta potential analysis. For nanoparticle tracking analysis
(NTA) measurements, samples were diluted in in 10 mM HEPES, 0.15 M
NaCl, pH 7.4 at a 108-10° particles/mL concentration range, as reported
elsewhere [25] and measured with Nanosight NS500 (Malvern Pan-
alytical, Malvern, UK) equipped with 488 nm laser. The size was
expressed as z-average for DLS measurements and as mean values for
NTA.

3.3. Lipoplexes loading capacity and efficiency

The ON loading in the lipoplexes was quantified by spectro-
fluorimetric analysis upon disaggregation of Cy3-dsDNA-loaded lip-
oplexes with 1% v/v Triton X-100 aqueous solution and dilution with 10
mM HEPES, 0.15 M NaCl at pH 7.4 using a LS 50 B Perkin-Elmer fluo-
rimeter (Waltham, MA, USA) with an excitation wavelength of 554 nm
and emission of 568 nm. The concentration of Cy3-dsDNA in the samples
was derived from a calibration curve obtained by serial dilutions of a
100 pM Cy3-dsDNA solution in 10 mM HEPES, 0.15 M NaCl at pH 7.4 (y
= 64.017x + 1.8557. R® = 0,9993). The Cy3-dsDNA encapsulation
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efficiency in liposomes was reported as the percentage of loaded Cy3-
dsDNA after liposome dialysis with respect to the Cy3-dsDNA used for
lipid film hydration. The liposome loading capacity was reported as the
amount of encapsulated Cy3-dsDNA assessed after dialysis with respect
to lipids (ug Cy3-dsDNA /mg lipids).

For siRNA quantification, picogreen based assay was used as both
luciferase siRNA (luc siRNA; for knockdown of luciferase gene) and
scrambled negative control siRNA (NC siRNA; with scrambled non-
coding sequence) were not fluorescently labelled. Luc and NC siRNA
were diluted in TE buffer (10 mM Tris HCl and 0.1 mM EDTA, pH 7.4) to
generate concentrations in the 0.001-1 pg/mL range to create calibra-
tion curves via picogreen assay, which were then employed to estimate
the siRNA loading in tested lipoplex formulations. To investigate the
interference from Triton X-100, calibration curves were prepared with
and without Triton X-100. The readout was done in a black F-bottom 96-
well plate by employing Infinite 200 pro Tecan plate reader with exci-
tation wavelength of 480 nm and emission wavelength of 532 nm. The
siRNA encapsulation efficiency in liposomes was reported as the per-
centage of loaded siRNA after liposome dialysis with respect to the
siRNA used for lipid film hydration. The liposome loading capacity was
reported as the amount of encapsulated siRNA assessed after dialysis
with respect to lipids (ug siRNA/mg lipids).

3.4. Isothermal titration calorimetry

The thermodynamics of the interaction between dsDNA and OCE
coated liposomes, prepared by post-insertion procedure, was investi-
gated by isothermal titration calorimetry (ITC) using a Malvern Micro-
Cal, LLC VP-ITC microcalorimeter system (Malvern - UK). For each set of
measurements, a 20 pM dsDNA solution in Milli-Q water was placed in
the syringe and used to titrate 1.5 mL of an aqueous suspension of 2.7
mg/mL OCEp,s-LIP (corresponding to 172.7 pM of OCE) or OCEfrec-LIP.
The titration was performed in order to span a 227-8 N/P ratio range.
The reference cell was filled with 1.5 mL of Milli-Q water. The analysis
was performed at 25 °C, with an agitation speed of 351 rpm, by 28 re-
petitive dsDNA injections of 10 s at intervals of 200 s. The analysis was
also performed in 10 mM HEPES pH 7.4, in 10 mM HEPES pH 7.4 with
0.15 M NaCl and in 10 mM HEPES pH 7.4 with 0.3 M NacCl in order to
elucidate the dsDNA/OCE electrostatic interaction in the presence of
salts. All measurements were replicated three times and data processing
was performed with the Microcal Origin 3.5 software.

3.5. Heparin displacement assay

The displacement of dsDNA from lipoplexes by heparin was inves-
tigated by polyacrylamide gel electrophoresis. Ten pL of OCE-LPX and
OCEfce-LPX formulations loaded with dsDNA at 10 N/P ratio containing
30 pmol of dsDNA were mixed with 2 pL of aqueous heparin solutions at
increasing concentrations (0.15-10 Ul/mL). The samples were incu-
bated for 15 min and then added of 3 pL of loading buffer containing
0.25% xylene cyanol in a 50% v/v glycerol/water mixture. The equiv-
alent of 30 pmol free dsDNA and lipoplexes without heparin (0 Ul/mL)
were used as controls. The samples were loaded in 12% polyacrylamide
gel and run for 1 h at 100 V with 100 mM Tris, 100 mM boric acid, 2 mM
EDTA (TBE) buffer, pH 7.8. Afterwards, the gel was gently shaken for 30
min in a staining medium containing GelRed® Nucleic acid Gel Stain
10,000 X (Biotium, Fremont, CA). Finally, the gel was imaged by using a
Perkin Elmer UV-Transilluminator Geliance 600 Imaging System (Perkin
Elmer, Shelton, CT, USA).

3.6. Lipoplexes stability study

The colloidal stability of dsDNA loaded OCE-free lipoplexes (OCEfre-
LPX) prepared at 10 N/P ratio, OCE-LPX at 5 and 10 N/P ratio, and OCE-
LPX at 10 N/P ratio decorated with 2.5 or 5 mol% of mPEGyp,-DSPE or
MPEGskpa-DSPE (OCE-LPX/2.5PEG kpq, OCE-LPX/5PEG2okpe, OCE-LPX/
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2.5PEGs5kpg, OCE-LPX/5PEGskpg) was tested by incubation in buffer (10
mM HEPES, 0.15 M NaCl, pH 7.4) at 37 °C and in cell culture media
supplemented with 10% foetal bovine serum (DMEM+10%FBS) at 37 °C
by measuring the size with DLS analysis at scheduled time points.

3.7. Stability in rat plasma

The stability of the OCE-LPX/5PEGskp, formulation loaded with
dsDNA at 10 N/P ratio was tested in rat plasma by gel electrophoresis.
Ten pL of lipoplexes at 5 mg/mL concentration in 10 mM HEPES, 0.15 M
NaCl pH 7.4 were incubated at 37 °C with 10 pL of whole rat plasma for
24 h. At scheduled timepoints, 10 pL of these mixtures was added of 3 pL
of water. After 15 min of incubation at 37 °C the samples were added of
3 pL of a 0.25% xylene cyanol solution in a 50% v/v glycerol/water
mixture and loaded on 12% acrylamide gel. The gel was run for 1 h at
100 V in TBE buffer, pH 7.8 and stained by 30 min gentle shaking in
Milli-Q water with GelRed® Nucleic acid Gel Stain 10,000 X (Biotium,
Fremont, CA). The images were recorded using a Perkin Elmer UV-
Transilluminator Geliance 600 Imaging System (Perkin Elmer, Shel-
ton, CT, USA). A control sample was generated by adding 10 pL of the
OCE-LPX/5PEGs p, formulation of 3 pL of a 500 IU/mL heparin
aqueous solution and tested as reported above to confirm the dsDNA
displacement.

3.8. Cell culture and transduction

MDA-MB-231 (ATCC, VA, USA), MCF7 and HeLa (ECACC, UK) cells
were grown at 37 °C in DMEM medium supplemented with 10% of heat-
inactivated fetal bovine serum (FBS), 2 mM Lr-glutamine, 100 IU/mL
penicillin and 100 pg/mL streptomycin, under 5% CO, atmosphere. The
cells were sub-cultured at about 70-80% confluency by 5 min treatment
with a 0.05% (w/v) trypsin, 0.02% (w/v) EDTA solution (Sigma Aldrich,
St. Louis, MO, USA) in PBS or TrypLE™ express at 37 °C and seeded at
the appropriate cell concentration. To obtain tumor model cell lines for
siRNA knockdown studies, cells expressing EGFP-Luciferase fusion
protein under a constitutively active phosphoglycerol promoter PGK
from three different cell types were lentivirally transduced with PGK-
EGFP-Luc, as reported previously [26], and were designated as MDA-
MB-231-PGK-EGFP-Luc, MCF7-PGK-EGFP-Luc and HeLa-PGK-EGFP-
Luc respectively.

3.9. Cytotoxicity MTT assay

MDA-MB-231 cells were seeded on a 96-well plate at a density of 1 x
10* cells per well. After 24 h, the cell culture medium was discarded, the
cells washed twice with PBS and then incubated with 200 pL of lipoplex
suspensions in complete medium. Three dsDNA concentrations (50, 125
and 250 nM) were tested for each liposomal formulation. After 24 h of
incubation, the medium was removed, the cells washed three times with
PBS and then 200 pL of complete medium containing 20 pL of a 5 mg/mL
MTT solution in PBS was added per well. After 3 h of incubation at 37 °C,
the medium was discarded and 200 pL of DMSO was added to each well.
The plate was maintained under gentle stirring for 30 min before spec-
trophotometric absorbance was measured at 570 nm using a microplate
reader (Bio-Teck Instrument, Winooski, VT, USA). The results were re-
ported as percentage of cell viability with respect to untreated cells.

3.10. Hemolysis assay

Ten mL of rat blood were centrifuged in a BD Vacutainer tube with
sodium citrate (BD, Franklin Lakes, NJ, USA) at 2,250 rpm for 5 min.
The plasma was discharged and replaced with 0.9% NaCl solution. Then,
after three washing-centrifugation cycles of the red blood cells (RBCs),
the supernatant was replaced with PBS, pH 7.4. OCE-LPX, OCE-LPX/
2.5PEGokps, OCE-LPX/5PEGokpe, OCE-LPX/2.5PEGskps, OCE-LPX/
5PEGskpq loaded with dsDNA at 10 N/P ratio and the control OCE-free
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formulations (OCEgee-LPX/2.5PEGokps, OCEgree-LPX/5PEGokp,, OCE-
free-LPX/2.5PEGskpa, OCEfeLPX/5PEGskp,) Were incubated with RCBs
at liposome concentrations in the 0.05-0.3 mg/mL range. The test was
also performed by using 1% v/v Triton X-100) as positive control (100%
hemolysis) and PBS as negative control. All the samples were incubated
for 1 h at 37 °C and then centrifuged for 5 min at 2,250 rpm. One
hundred pL of supernatant was transferred on a 96-wells plate and the
absorbance of released hemoglobin was spectrophotometrically
measured by a microplate reader at 570 nm (Bio-Teck Instrument,
Winooski, VT, USA).

3.11. Flow cytometric analyses

Cell association of lipoplexes was investigated in MDA-MB231 and
HeLa cells by flow cytometry. Cells were seeded into a transparent 24-
well plate at a density of 100,000 cells/well for HeLa and 50,000
cells/well for MDA-MB231 and incubated for 24 h before lipoplex
treatment at 37 °C, 5% COs. Lipoplexes loaded at 10 N/P ratio were
prepared as previously described, but encapsulating AF647-labelled
siRNA for tracking via flow cytometry. Cells were treated with
different lipoplex formulations at siRNA concentration of 50 nM (cor-
responding to 10 pmol siRNA per well) either for 1 h or 24 h and then the
treatment medium was removed, and the cells were washed three times
with warm PBS. Cells were then detached with 60 pL of TryPLE and
harvested in two steps for high cell recovery. In the first step, the
resulting cell suspension was transferred into a 96-well plate. After-
wards, in the second harvesting step, the wells were washed with 100 pL
of PBS (containing Versene solution) to recover all the remaining cells,
and the suspension was transferred in the corresponding well of the
plate. The cell suspension was then carefully suspended and analysed
through flow cytometry by MACSQuant Analyzer 10 (Miltenyi Biotech,
Germany). Cells were stained with DAPI for live-dead analysis (V1-A
channel, exc.A 405 nm, em. A 450/50 nm band pass filter). AF647-siRNA
fluorescence was measured in the R1 channel (exc. A 635 nm, em. A 693/
38 nm band pass filter). During the whole measurement, cells were
maintained at 4 °C. Post-acquisition, data analysis was performed with
FlowJo software v. 10.8.1.

3.12. Confocal microscopy

Twelve mm diameter confocal microscopy round coverslips (Thermo
Fisher Scientific, Madison, WI, USA) placed on a 24-well plate were
treated for 1 h with 300 pL each of a 0.2 mg/mL sterile solution of poly-
p-lysine in Milli-Q water at room temperature. Wells were rinsed three
times with PBS and then MDA-MB-231 cells were seeded at a density of
1.5 x 10° cells/well in complete medium. The cells were grown for 24 h
and then the medium was discarded and replaced with 200 pL of lip-
oplexes in complete medium at the concentration of 125 nM of Cy3-
dsDNA or AF647-siRNA. After 1 h incubation, cells were gently
washed twice with 200 pL of PBS added of 10% FBS and then twice with
200 pL of PBS and fixed by 20-min treatment with 200 pL/well of 4 w/v
% paraformaldehyde in PBS. The staining of the cell nucleus was per-
formed by a 10 min incubation with a 200 pL/well of DAPI solution in
PBS (5 pg/mL), whereas cell membranes were fluorescently labelled by a
10 min incubation with 200 pL of a 5 pg/mL Wheat Germ Agglutinin-
AlexaFluor 488 conjugate solution in PBS. The coverslips were moun-
ted on glass slides using Mowiol® (Sigma Aldrich, St. Louis, MO, USA) as
mounting medium. Cell samples were imaged with a Zeiss LSM 800
confocal microscope (Jena, Germany) using an immersion lens with a
magnification of 63x. Lasers with excitation wavelengths at 405, 488,
and 561 or 640 nm were used to detect DAPI, WGA-AlexaFluor 488, and
Cy3-dsDNA or AF647-siRNA, respectively.

3.13. Release studies

A 1.5 mL volume of lipoplexes loaded with Cy3-dsDNA at 10 N/P
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ratio (1 pM Cy3-dsDNA) was transferred in a Float-A-Lyzer with a cut-off
of 300 kDa and dialyzed against 2 L of 10 mM HEPES, 150 mM NaCl, pH
7.4 at 37 °C over 12 days. The release medium was changed twice a day.
Aliquots (20 pL) of each sample were withdrawn from the Float-A-Lyzer
and diluted fifty times with 0.1% (v/v) Triton X-100 solution in Milli-Q
water; after 10 min incubation at room temperature to disaggregate the
lipoplexes, the Cy3-dsDNA concentration was measured by spectro-
fluorimetric analysis using an LS 50 B Perkin-Elmer fluorimeter (Wal-
tham, MA, USA) with an excitation wavelength of 554 nm and emission
of 568 nm. The concentration of Cy3-dsDNA in the samples was derived
from a titration curve performed using dilutions of Cy3-dsDNA in 0.1%
(v/v) Triton X-100 in Milli-Q water.

3.14. Gene knockdown studies

To study the ability of selected lipoplex formulations for functional
siRNA delivery, two model tumor cell lines constitutively expressing
luciferase transgene (namely MDA-MB-231-PGK-EGFP-Luc and HeLa-
PGK-EGFP-Luc, as described above) were employed. These cells were
treated with lipoplex formulations loaded at 10 N/P ratio with either
Luc-siRNA (specific siRNA targeting luciferase mRNA) or NC-siRNA
(sequence scrambled negative control siRNA) and subjected to firefly
luciferase assay for quantifying luciferase enzyme expression. Cells were
seeded into a white 96-well plate at a density of 10,000 cells/well for
HelLa cell line and 20,000 cells/well for MDA-MB231 cell line, based on
their growth differences. After 24 h from seeding, cells were treated with
different lipoplex formulations at siRNA concentration of 50 nM (cor-
responding to 10 pmol siRNA per well). Cells were treated with lip-
oplexes loaded with either Luc-siRNA or NC-siRNA in HBS buffer. All
lipoplex formulations were directly added in the complete cell culture
medium i.e. with 10% serum and at same siRNA dosage of 10 pmol per
well, based on picogreen assay quantification mentioned above. As
positive control, cells were treated with lipofectamine at siRNA con-
centration of 5 nM (corresponding to 1 pmol Luc-siRNA or NC-siRNA per
well), according to manufacturer’s protocol. After 48 h of incubation
with lipoplexes, media was discarded, and cells were washed with 200
pL of PBS and then lysed in 30 pL of passive lysis buffer (1x PLB per
well) by incubation at room temperature under shaking at 500 rpm for
30 min. Out of the 30 pL cell lysate, 10 pL was used for firefly luciferase
assay and 20 pL was analysed for protein amounts by bicinchoninic acid
assay (BCA), as per the reported method [27]. siRNA knockdown for
each lipoplex formulation is plotted as % RLU (relative light units) as
described below:

RLU Luc siRNA lipoplexes

%RLU =
’ RLU NC siRNA lipoplexes

where RLU Luc siRNA lipoplexes is the RLU from cells treated with Luc-
siRNA-lipoplexes and RLU NC siRNA lipoplexes is the RLU from cells
treated with exactly same lipoplex formulation but loaded with NC-
siRNA i.e. NC-siRNA-lipoplexes.

3.15. Endosomal escape kinetics studies

Endosomal escape kinetics of OCE-lipoplexes was indirectly inves-
tigated via knockdown of luciferase gene expression in presence or
absence of lysosomotropic agent chloroquine, which destabilizes endo-
somal vesicles intracellularly [28]. MDA-MB-231-PGK-EGFP-Luc cells,
constitutively expressing luciferase transgene, were used for studying
the kinetics of endosomal escape of selected lipoplex formulations.
Different conditions for chloroquine-treatment and lipoplex-uptake
were investigated and include a) pre-treatment, b) co-treatment, c)
pre-co treatment and d) post-treatment methods. For all treatment
conditions, chloroquine was added at 100 pM and duration for
chloroquine-treatment was 4 h, as this is the most routinely used
treatment profile from a tolerable cytotoxicity standpoint. Pre-treatment
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method involved pre-incubation of the cells with chloroquine for 4 h and
then media was changed before addition of lipoplexes for 44 h, followed
by firefly luciferase assay. Pre-co-treatment method involved pre-
incubation of cells with chloroquine for 1 h and then lipoplexes were
added for 3 h (without medium change as in co-treatment with chlo-
roquine), followed by media change and then firefly luciferase assay was
performed 45 h later. In co-treatment method, both chloroquine and
lipoplexes were added to cells for 4 h and then medium was changed,
which was followed by an incubation step of 44 h and then firefly
luciferase assay was performed. Within post-treatment method, first
lipoplexes were added for different durations (12, 20 or 32 h) and then
chloroquine was added for 4 h, followed by medium change and incu-
bation for different durations so that firefly assay was performed 48 h
after initial lipoplex addition.

Lipoplex formulations used for this study included lipoplexes based
on either Luc-siRNA (specific siRNA targeting luciferase mRNA) or NC-
siRNA (sequence scrambled negative control siRNA), as for the knock-
down study described above and data was plotted similarly for per-
centage knockdown but as a function of presence or absence of
chloroquine.

3.16. Statistical analysis

The data were expressed as mean + SD calculated from at least three
independent experiments. Statistical analysis was determined by the
two-tailed Student’s t-test using GraphPad 5 software.

4. Results and discussion

Cationic liposomes were obtained by introducing the oligo-cationic
tetraArg-[G-1]-distearoyl glycerol (Args-DAG) agent into the lipid
bilayer. Arg4-DAG was previously shown to promote the cell uptake of
colloidal systems paving the way to its exploitation for delivery of
nucleic acids [19,20]. According to its oligoarginine composition, Argy-
DAG represents a bioinspired macromolecule that recapitulates the
condensing features of the arginine-rich protein protamine, which is
reported to efficiently condense and deliver nucleic acids while pro-
moting their cell-uptake [29]. Additionally, cationic end tipped den-
dronic structures offer high surface charge density, which allow for
efficient nucleic acid binding [30].

OCE decorated lipoplexes were prepared according to two strategies:
(i) OCE inclusion in the lipidic mixture followed by lipid film hydration
with water or aqueous solution of the nucleic acids to obtain OCE-LIP
and OCE-LPX, respectively (Fig. 1A); (ii) OCE post-insertion on lipo-
somes (OCE,,t-LIP) followed by association with nucleic acids, OCEpost-
LPX (Fig. 1B). In the first case (i, OCE-LPX), the nucleic acid was ex-
pected to be localized either inside the vesicle or on the surface, while in
the second case (ii, OCEpos-LPX) the nucleic acid was expected to be
only on the surface. OCE-free liposomes and lipoplexes (OCEgec-LIP and
OCEfree-LPX, respectively) were prepared by film hydration and used as
control. All formulations are summarized in Suppl. Fig. S7 and S8.

The OCE association to liposomes obtained by lipid film hydration
with OCE included in the lipid film was preliminarily assessed in the
absence of nucleic acids (OCE-LIP). The Sakaguchi assay [22] revealed
that >90% of OCE was associated to liposomes formulated with 0-8 mol
% OCE (OCE/lipids molar ratio) while association efficiency decreased
to 75% with 10 mol% OCE. The liposome zeta potential was found to
logarithmically increase with the OCE content (Suppl. Fig. S9A and
S9Q), from —0.6 + 0.3 mV for 0 mol% OCE to +34.7 + 2.1 mV for 10
mol% OCE liposomes, indicating that OCE inclusion slowly undergoes to
saturation. OCE association was not found to alter the liposome size
(176-192 nm) and the polydispersity (PdI < 0.1). The OCE post-
insertion on preformed liposomes (OCE,os:.LIP) yielded >90% of OCE
association to liposomes formulated with 0-4 mol% OCE that decreased
to 40% with 10 mol% OCE. Accordingly, the zeta potential was found to
rapidly increase to reach a plateau of +28.1 £ 1.7 mV at 4 mol% OCE
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Fig. 1. Incorporation of non-peptidic oligocationic enhancer into liposomal nanocarrier for ON encapsulation.

Schematic representation of lipoplex assembly via two approaches: A) inclusion of oligocationic enhancer (OCE) within lipidic mixture followed by hydration with
ON solution to get OCE-LPX lipoplexes and B) post-insertion of OCE on preformed liposomes followed by complexation with nucleic acids to get OCEp,s-LPX lip-
oplexes. Size and zeta-potential characterization of OCE-LPX (C) and OCE,os-LPX (D) lipoplexes loaded with dsDNA at increasing N/P ratios. Loading efficiency (%;
E), and loading capacity (w/w %; F) of OCE-LPX (m), OCEos-LPX (m) and OCEg..-LPX (m) at increasing N/P ratios. Statistical analysis: ** p < 0.01; *** p < 0.001.

(Suppl. Fig. S9B and S9D). This result is consistent with the saturation of
the liposome surface when OCE is post inserted to preformed liposomes.
OCE-LIP and OCEps-LIP showed similar size (177-188 nm) (Suppl.
Fig. SOD).

OCE-LIP and OCE,os-LIP obtained with 4 mol% OCE that showed
similar features were selected for comparative nucleic acid encapsula-
tion evaluation (Fig. 1 A-B). Nucleic acid loaded lipoplexes (OCE-LPX
and OCEpes-LPX) were prepared at different N/P ratios by employing
two oligonucleotides (ONs), dsDNA and siRNA, with similar structure
(double strand) and size (19 and 21 bp, respectively, and 11 and 13 kDa,
respectively). The more stable dsDNA was used as model ON to set-up
the formulation and select the system with suitable ON delivery prop-
erties. On the other hand, siRNA was used as bioactive model ON, to
investigate the delivery and transfection efficiency of the selected
lipoplexes.

Control OCE-free liposomes obtained by lipid film hydration yielded
low ON loading regardless the ON feeds. Furthermore, size and zeta
potential were not found to be affected by the ON feed (Suppl. Fig. S10).

In the case of OCE-LPX, the ON loading was found to affect both size
and zeta-potential. Fig. 1C shows that the size increases significantly as

the ON feed increases (N/P ratio decreases) suggesting that OCE-LPX
undergo aggregation. This is probably due to the remarkable charge
quenching (zeta potential decrease), which reaches near neutrality at 1
N/P. Low ON feeds (high N/P ratios) produce small OCE-LPX (233 and
243 nm with 7 and 10 N/P ratio, respectively) where the zeta potential
(+17.3 and + 18.3 mV with 7 and 10 N/P ratio, respectively) is only
slightly lower than that of OCE-LIP (4-22.7 mV).

Fig. 1D shows that ON feed has stronger effect on size and of zeta
potential OCE,os-LPX compared to OCE-LPX. OCE,s-LPX obtained
with 10 N/P ratio yielded a zeta potential decrease of about 20 mV with
respect to the OCEos-LIP zeta potential.

The different effect of ON feed on zeta potential of the formulations
obtained with the two OCE insertion procedures is ascribable to the
different OCE localization in OCE-LPX and OCE,x-LPX. Indeed,
although OCE-LPX and OCEp,s-LPX obtained with 4 mol% OCE possess
similar OCE/lipid molar ratio, in OCE-LPX the OCE is partially distrib-
uted in the internal compartment of liposomes while in OCEpqs-LPX
OCE is distributed only on the vesicle surface. When same ON feed is
used to produce the two formulations, ON is only associated to the
OCEpost-LPX surface while in the case of OCE-LPX prepared by film
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hydration, it is partially distributed in the liposome core.

The results summarized in Fig. 1E and F show that OCE-LPX possess
significantly higher loading efficiency and capacity in comparison to
OCEfree-LPX counterparts at all N/P ratios. Interestingly, also OCEost-
LPX showed higher loading efficiency and capacity than OCEg.e-LPX,
although the latter were prepared by film hydration that incorporates
the ON in hydrating solution. Furthermore, as expected, except OCE-LPX
and OCEos-LPX obtained at 1 N/P ratio that were found to undergo
aggregation, the loading efficiency of OCE-LPX increased as the ON feed
decreased (N/P ratio increased). These results all together indicate that
OCE has a remarkable ability to associate with ONs.

The thermodynamic contribution to the OCE/ON interaction (Suppl.
Fig. S11) was investigated by isothermal microcalorimetric titration of
OCEost-LIP and OCEggee-LIP with ONs. OCE,s-LIP were used to guar-
antee the complete access of the ON to OCE associated onto the
liposomes.

Isothermal microcalorimetry did not show interactions between
OCEfee-LIP and ON (Suppl. Fig. S12), while OCE-LIP titration with
ON showed an exothermic profile fitting one binding site behavior. The
association was found to occur by an enthalpy-driven process (AH =
~11.8 + 0.4*10* cal/mol) with entropy decrease (AS = —361 cal/
mol*K) resulting in a strong association constant (K,, 4.03 + 1.03*107
M™!) (Suppl. Fig. S11A). It should be noted that the association pa-
rameters are similar to those obtained with other cationic liposomes
reported in the literature [31-34].

The calorimetric titration profiles obtained in 10 mM HEPES and in
10 mM HEPES/NacCl (0.15 and 0.3 M NaCl) showed that the OCE/ON
association decreases as the ionic force increases (Suppl. Fig. S11 B—D).
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In the presence of 0.3 M NaCl, the OCEpos-LIP/ON calorimetric profile
(Suppl. Fig. S11D) almost overlapped the ones of the OCEgee-LIP/ON
(Suppl. Fig. S11 E-G). At physiological ionic strength of 0.15 M NaCl
(Suppl. Fig. S11 C), the OCE/ON K, is 1.78 + 0.29%10” M}, which is 2.3
times lower than the K, measured in Milli-Q water. These results indi-
cate that the OCE/ON association is dictated by ionic interactions.

Heparin displacement studies were performed by gel electrophoresis
to further investigate the OCE/ON association stability under physio-
logical conditions. OCEgee-LPX yielded bands corresponding to free ON
at all tested heparin concentrations (Suppl. Fig. S13 A). On the contrary,
gel electrophoresis of OCE-LPX did not show bands corresponding to
free ON up to 6 IU/mL heparin incubation (Suppl. Fig. S13 B) indicating
that at physiological heparin concentration (0.15 IU/mL) ON is associ-
ated to OCE [35].

According to the ON loading results reported above, 5 and 10 N/P
ratio OCE-LPX were selected as the best candidates for ON delivery.
However, in physiological buffer at 37 °C, 5 N/P ratio OCE-LPX was
found to undergo aggregation in few hours (Suppl. Fig. S14) while 10 N/
P OCE-LPX were stable over 7 days. Therefore, 10 N/P OCE-LPX were
selected for further studies.

Aimed at investigating the effect of PEG on biopharmaceutical and
transfection properties of OCE decorated lipoplexes, OCE-LPX and
OCEfce-LPX were decorated with PEG by post-insertion of PEGaypa-
DSPE or PEGskp,-DSPE at increasing PEG-DSPE/lipid ratios to obtain
PEG-OCE-LPX. Lipoplexes were loaded at 10 N/P dsDNA or siRNA
(scrambled siRNA and Luc-siRNA) as models for comparison with pre-
vious data and for biological investigations.

Dynamic light scattering (DLS) analysis reported in Fig. 2A-B show
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Fig. 2. Comprehensive characterization of PEGylated ON loaded oligo-cationic enhancer functionalized lipoplexes (OCE-LPX) by light scattering techniques.
Dynamic light scattering-based size (m) and Zeta potential (m) of dsDNA loaded OCE-LPX at 10 N/P ratio and decorated with increasing mol % of mPEGayp,-DSPE (A)
or mPEGsyp,-DSPE (B). NTA-based size population distribution of OCE-LPX at 10 N/P ratio without and with 5 mol% of mPEGykp,-DSPE (C) or mPEGsyp,-DSPE

(D) coating.
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that, as expected, the zeta potential of PEG-OCE-LPX formulations
decreased as the molecular weight of PEG and the PEG-DSPE/lipid
molar ratio increased while control OCEgee-LPX showed no change in
zeta potential and size upon PEGylation (Suppl. Fig. S15). Nearly neutral
surfaces of PEG-OCE-LPX were obtained with 5 mol% PEGoyp, (+ 2 mV)
and 1.25 mol% PEGskp, (—1 mV). High surface density PEGkp, (5 mol%
PEGgkpa) decoration yielded slight size decrease while slight size
decrease was observed also with low surface PEGsyp, density (1.25 mol
% PEGskpa), Which is in agreement with observations reported in the
literature [36]. The nanoparticle tracking analysis (NTA) reported in
Fig. 2C-D shows that both PEGokp, and PEGskp, coated OCE-LPX have
narrower size distribution than the non-PEGylated counterparts. The 2D
plots of scattering-intensity vs size (Suppl. Figs. S16) confirmed that the
whole nanoparticle size population shifts to smaller size after post-
insertion PEGylation. Also, here the effect of PEGskp, seems to shift
the nanoparticle population towards smaller distribution (Suppl.
Fig. S16B), in comparison to PEGykp, (Suppl. Fig. S16A).

We also tested lipoplexes loaded with biologically active siRNA.
Hence, first we optimized a precise quantification of siRNA by using
picogreen dye for preparing calibration lines with Luc-siRNA and the
negative-control scrambled siRNA (Suppl. Fig. S17 A-D) and also tested
if any interference from Triton-X used to disassemble lipoplexes before
siRNA-quantification occurs (Suppl. Fig. S17 E-F). Both Luc-siRNA
(Suppl. Fig. S17-A, S17—C) and scrambled siRNA (Suppl. Fig. S17—B,
S$17—D) showed a very good linear correlation of siRNA estimation at
increasing concentration. Indeed, Triton-X interfered slightly with
siRNA estimation (Suppl. Fig. S17 E-F). Thus, optimized picogreen assay
with Triton-X was employed to reliably quantify siRNA load in lipoplex
formulations as a function of OCE and PEGylation (Suppl. Fig. S18). The
ON loading in PEGylated and non-PEGylated OCE-LPX and OCEge.-LPX
was determined by picogreen using Luc-siRNA loaded polyplexes. The
results showed that neither capacity nor efficiency were affected by the
PEG molecular weight and coating density (Suppl. Fig. S18) indicating
that the PEG post insertion neither displaced the ON associated on the
lipoplex surface nor induced lipoplex leaking and ON release.

DLS analyses were carried out to evaluate the protein association to
PEGylated OCE-LPX when incubated with 10% FBS medium. Fig. 3 re-
ports the lipoplex size after 8 h incubation. OCEe.-LPX were found to be
stable either in buffer or in FBS medium, while OCE-LPX were stable in
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Fig. 3. PEGylation negates serum-induced increase in hydrodynamic diameter
of lipoplexes.

DLS based hydrodynamic diameter of dsDNA loaded lipoplexes at 10 N/P ratio:
OCEfee-LPX and OCE-LPX without PEG, OCE-LPX/PEGyyp, with 2.5 or 5 mol%
PEGokpa, OCE-LPX/PEGsyp, with 2.5 or 5 mol% of PEGsypa,, when incubated for
8 h in either complete DMEM with 10% FBS (CM-10%FBS) or 10 mM HEPES,
150 mM NacCl pH 7.4 buffer (HBS) at 37 °C.
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protein free buffer medium but underwent rapid and remarkable size
increase (>1 pm) in FBS medium forming large aggregates at 8 h of
incubation and beyond. Although 2.5 and 5% PEGop, coating was
found to prevent the formation of large aggregates in FBS medium, some
size enlargement (~400 nm) was observed at 8 h, whereas no further
size increase was observed at 24 h of incubation. With PEGsyp, coating
of OCE-LPX less size increase was observed at both mol % pointing at a
better shielding effect.

The stability of the best performing formulation, PEGskp, coated
OCE-LPX, was tested in whole rat plasma. The electrophoresis analysis
of samples incubated with rat plasma at different times did not show
bands corresponding to the ON indicating that ON was stably associated
into the lipoplexes (Suppl. Fig. S19 A). The electrophoresis of samples
obtained by lipoplex co-incubation with rat plasma and heparin as
positive control yielded the ON bands with increasing intensity over 24
h incubation indicating that ON was released from the lipoplexes (Suppl.
Fig. S19 B).

The lipoplex cytotoxicity was determined by incubation with MDA-
MB-231 cells. Fig. 4A shows that PEGylated and non-PEGylated OCE-
free-LPX do not affect cell viability. Fig. 4B shows that the cell viability
assessed by incubation with all tested doses of non-PEGylated and 2.5
mol% PEGakp, coated OCE-LPX was lower than that of OCE-free coun-
terparts, while OCE-LPX coated with 5 mol% PEGykp,, 2.5 and 5 mol%
PEGskp, did not elicit significant cyototoxicity even at high doses.

Fig. 5 reports the hemolytic behavior of 10 N/P ON loaded lip-
oplexes. All formulations under the tested conditions showed low he-
molytic activity even at high doses (<5%) with respect to control
samples (Suppl. Fig. S20) indicating that neither OCE nor PEG had a
negative effect on lipoplex biocompatibility.

Flow cytometry and confocal microscopy studies were carried out to
investigate the effect of PEG and OCE on cell interaction and uptake of
lipoplexes. Majzoub et al. [37] reported in fact that PEGylation reduces
the cell penetration of a variety of cationic nanoparticles, while OCE was
found to enhance the cell interaction and up-take of nanovesicles [20].
The studies were performed by incubating HeLa and MDA-MB-231 cells
for 1 h and 24 h with 10 N/P fluorescent AF-647 labelled ON loaded
lipoplexes.

The cytofluorimetric profiles reported in Fig. 6 (Suppl. Fig. S21)
show that after 1 h incubation with HeLa cells yielded little percentage
of OCEge-LPX associated cells while after 24 h incubation showed an
increased number of lipoplexes associated cells, which was only slightly
affected by the PEG coating.The histogram plots and MFI profiles (Suppl.
Fig. S21 and S22, respectively) show lower overall lipoplex association
at 24 h incubation for all OCEgee-LPX samples (PEGylated and non-
PEGylated lipoplexes), in comparison to the OCE-LPX counterparts.
After 1 h incubation, the OCE-LPX associated at higher percentage and
extent with HeLa cells with respect to the OCEgee-LPX and the cell
interaction of the former was found to be affected by the PEG coating
(Fig. 6). After 1 h incubation the MFI data (Suppl. Fig. S22) show that the
extent of association of OCE-LPX coated with 5 kDa PEG was more than
double than the one of non-PEGylated and 2 kDa PEG coated formula-
tions. The higher association of PEGylated OCE-LPX with respect to the
non-PEGylated counterparts may be ascribed to the higher colloidal
stability of the former in the presence of serum. To note that the cyto-
fluorimetric data (Fig. 6 and Fig. S21) show that after 24 h incubation
the differences among PEGylated OCE-LPX are less relevant, indicating
that the PEG composition on the lipoplex surface strongly affects the
association kinetics rather than the overall association.

The results obtained by incubation of OCE-LPX with MDA-MB-231
and HeLa cells reported in Fig. 6 (Suppl. Fig. S23 and S24) show
similar association behaviors. OCEgee-LPX underwent much lower cell
association compared to the OCE-LPX. The higher OCEg..-LPX associa-
tion obtained with HeLa cells at 24 h with respect to MDA-MB-231 cells
may be due to surface differences of cell membranes and differences in
endocytic profiles, as also observed by other studies [38,39]. The zeta
potential of HeLa and MDA.MB-231 cells are —13 mV [40] and — 25 mV
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Fig. 4. Effect of oligocationic enhancer and PEGylation on cell viability profile.
MTT assay-based viability of MDA-MB-231 cells incubated for 24 h with lipoplexes loaded at 10 N/P ratio: OCEge.-LPX (A) and OCE-LPX (B) decorated with different
molar ratio and different molecular weight of PEG. Liposomal formulations were tested at treatment concentrations of 50 (), 125 (m) and 250 (=) nM of dsDNA.
Statistical analysis versus the equimolar OCEge.-LPX formulation: * p < 0.05; *** p < 0.005.
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Fig. 5. Effect of oligocationic enhancer and PEGylation on lipoplex induced hemolysis.
Hemolytic profiles of dsDNA loaded lipoplexes at 10 N/P ratio based on OCEg.-LPX (A) and OCE-LPX (B) decorated with PEG at different molar ratio and different
molecular weight. Lipoplex formulations were tested at treatment concentrations of 0.05 (=), 0.1 (m), 0.2 (m) and 0.3 (m) mg/mL of lipids.

[41], respectively while the OCEg.e-LPX zeta potential is —2.5 mV.
Therefore, lower electrostatic repulsion are expected to take place be-
tween OCEg.-LPX and HeLa cells with respect to OCEfee-LPX and MDA-
MB-231 resulting in higher OCEg..-LPX association to HeLa cells with
respect to MDA-MB-231 in the long time incubation.

The confocal microscopy images reported in Fig. 7 show that neither
PEGylated nor non-PEGylated OCEge.-LPX are internalized after 1 h
incubation with MDA-MB-231 cells. In contrast, both PEGylated and
non-PEGylated OCE-LPX show visible fluorescent red spots in the
cytosol. Similar results have been obtained with AF647-siRNA or Cy3-
dsDNA loaded lipoplexes (Suppl. Fig. S25). The magnified images re-
ported in Fig. 7E and F show large intracellular spots of non-PEGylated
and PEGylated OCE-LPX, indicating successful intracellular delivery of
siRNA via the OCE functionalization and even in presence of 5% PEG. It
is noteworthy that 5% PEGsyp, leads to considerable stability in serum
but also allows successful intracellular siRNA delivery because of the
presence of OCE.
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According to the evidence that the OCEge.-LPX were not efficiently
taken up by cells, the lipoplex ability to release and deliver biologically
active ONs was carried out with OCE-LPX and PEGylated OCE-LPX using
Cy3-dsDNA and Luc-siRNA loaded lipoplexes, respectively.

Release studies showed that the ON is released slowly in several days
from non-PEGylated and PEGylated lipoplexes (Fig. 8). In both cases, the
release takes place according to a bimodal behavior: a faster release of
about 25% of loaded ON in the first 8 h followed by very slow release of
about 60% in 6 days. The initial faster release can be due to ON fraction
associated to the lipoplex surface. The presence of either 2 kDa or 5 kDa
PEG on lipoplexes surface had a limited impact on the ON release
showing that it does not interfere with the association of the ON to the
lipoplexes over time..

The siRNA delivery was investigated by using Luc-siRNA loaded
lipoplexes and three cancer cell types constitutively expressing the
luciferase reporter gene: Hela-PGK-EGFP-Luc, MCF7-PGK-EGFP-Luc and
MDA-MB-231-PGK-EGFP-Luc. Scrambled-siRNA loaded formulations
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Fig. 6. Effect of oligocationic enhancer and PEGylation on cell association of lipoplexes to cancer cells.

Percentage of positive cells for AF647 fluorescence signal after HeLa and MDA-MB-231 cells were treated for 1 h or 24 h with lipoplexes loaded with AF647-siRNA at
10 N/P ratio: OCEgee-LPX (red bars) and OCE-LPX (blue bars) decorated with PEG at different ratio and different molecular weight. Data were analysed with t-test
statistics, p < 0.05 (*); p < 0.01 (**); p < 0.001 (***); p < 0.0001 (****). Data shown is average of three experiments, with each experiment including 10,000 single

cell events: mean + SD.

were used as negative control while Luc-siRNA loaded lipofectamine
formulations were used as positive control. The transfection data re-
ported in Suppl. Fig. S26 show that the tested lipoplex formulations did
not display silencing effect on the breast cancer cell lines MCF-7 and
MDA-MB-231 cells, while in HeLa cells, some luciferase gene expression
inhibition was found when treated with PEGskp,-OCE-LPX. Actually, it is
well known that cell lines have different endocytic profile including
differences in endocytic uptake, endo-lysosomal localization, trafficking
and recycling, which affects the intracellular fate of colloidal drug de-
livery systems and their therapeutic outcome [38]. The knockdown
activity results suggests that the PEG on the lipoplex surface could play
some role in favoring the ON escape from lysosomes, which seems to
depend on a combination of PEG density and molecular weight. This
aspect may be of particular relevance in designing efficient lipoplexes
and additional sophisticated studies must be performed to elucidate the
role of PEG in the transfection process. Although with PEGylated
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lipoplexes some knockdown can be achieved, the overall performance is
low, despite the very efficient uptake (see above). The oligo-arginine
like structure in the OCE headgroup has similarities with certain
arginine-rich peptides termed cell penetrating peptides (CPP). Like
CPPs, OCE-LPX are very efficiently internalized by cells, with or without
PEGylation, but both have shortcomings in endosomal release [42]. In
order to pinpoint the reasons for the lack of target knockdown and if
hampered endosomal release is indeed the main bottleneck, studies were
carried out by using chloroquine, a known lysosomotropic agent with
the ability to buffer endosomal vesicles thus promoting the endosomal
escape of nanocarriers induced by osmotic effects [18,28,43]. Within
preliminary studies carried out to set-up the experimental conditions to
evaluate the transfection efficiency of OCE-lipoplexes in the presence of
chloroquine, pre- and co-incubation with chloroquine did not induce
any knockdown activity (data not shown). This can be at least in part
explained by the fact that chloroquine negatively interferes with clathrin
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Fig. 7. Intracellular localization of fluorescently-labelled formulations in MDA-MB-231 cells.

Confocal microscopy images of MDA-MB-231 cells incubated for 1 h with AF647-siRNA (red) loaded lipoplexes (10 N/P ratio). OCEgee-LPX (A), OCEgee-LPX with 5
mol% PEGsyp, (B), OCE-LPX (C), OCE-LPX with 5 mol% of PEGsyp, (D). Magnification of the white squares of panel C and D are reported in panels E and F (with Z-
projections), respectively. Cell nuclei were stained with DAPI (blue) and cell membranes with WGA-AlexaFluor 488 (green).
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Fig. 8. Release of fluorescently-labelled ON from lipoplexes.

Release of Cy3-dsDNA from OCE-LPX (e), 5 mol% PEGayp, coated OCE-LPX ()
and 5 mol% PEGsyp, coated OCE-LPX (e) in 10 mM HEPES, 150 mM NacCl, pH
7.4 at 37 °C. Diffusion profile of non formulated Cy3-dsDNA (e) through
dialysis membrane under the same conditions.

mediated endocytosis [44] (reviewed in [45]), thereby negatively
affecting lipoplex uptake. Hence, we applied a post-treatment strategy,
ensuring that liposomes are already internalized at the onset of chlo-
roquine treatment.

Surprisingly, both OCE-LPX and PEGylated OCE-LPX showed
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significant reduction of the luciferase signal by 50-60% when cells were
incubated with lipoplexes for 12 or 20 h and a subsequent chloroquine
treatment for 4 h (Fig. 9A-B). This shows that there is still functional
siRNA present in the endolysosomal compartment for 12-20 h, which is
then released to the cytoplasm due to the endosomolytic activity of the
drug [28]. Thus, it is available for the knockdown machinery as evident
by the specific reduction of luciferase activity. Apparently, OCE-LPX can
protect siRNA from lysosomal degradation during this 12-20 h time
window, also in the presence of PEG. This is also supported by data
showing OCE-LPX and PEGylated OCE-LPX are already inside the cells
after one hour of incubation and remain there (Fig. 7 and Fig. 6). In a
related study, we could demonstrate protection of plasmid DNA inside
lysosomes for at least 12 h by using the polycation linear poly-
ethylenimine (LPEI). Here we treated cells with a photosensitizer, which
after membrane association and subsequent activation by a laser pulse
enabled triggered release of nucleic acid payload from intracellular
vesicles [46]. For our LPX study we have employed a chemically stabi-
lized Luc-siRNA with two phosphorothioate bonds on the 3’ terminus of
the sense strand and one 3’ terminal phosphorothioate bond on the
antisense strand [47]. This can additionally slow down degradation by
exonucleases [48]. On the other hand, after a 32 h incubation period
with lipoplexes and subsequent chloroquine treatment, a reduction in
luciferase signal was not observed (Fig. 9C). This indicates at a possible
siRNA degradation after this extended period of incubation with
lipoplexes.

Endosomal processing times are crucial for successful nucleic acid
delivery: Sayers and colleagues have identified a rather narrow time
window for endosomal release before lysosomal degradation [49]. In
our present work we identify the residence time of lipoplexes containing
stabilized siRNA in the endo-lysosomal compartment. With this
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Fig. 9. Endosomal escape kinetics study: gene knockdown of OCE-LPX for-
mulations in absence or presence of lysosomotropic agent after different extent
of cell uptake of lipoplexes.

MDA-MB-231-PGK-EGFP-Luc cells were incubated with Luc-siRNA or NC-siRNA
loaded OCE-LPX formulations prepared at N/P ratio 10 for A) 12 h, B) 20 h C)
32 h followed by 4 h-chloroquine treatment. Data shown is average of two-three
independent experiments: mean + SD.

knowledge, approaches can be designed where extracellular, physical
stimuli can be applied for timely activation [46,50].

5. Conclusions

Taken together, we present here a liposomal delivery platform for
nucleic acid-based drugs representing high loading capacity, biocom-
patibility and cellular delivery efficiency. By combining an OCE with
permanent cationic charge and optimized PEG-lipid coating, cellular
uptake could be maximized. With the lysosomotropic drug chloroquine
endosomal release was unambiguously identified as a bottleneck, but
also demonstrating that OCE-LPX can efficiently protect siRNA from
degradation.
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