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ABSTRACT:

Silencing RNA (siRNA) technologies attract significant interest as a therapeutic tool for a
large number of diseases. However, the medical translation of this technology is hampered
by the lack of effective delivery vehicles for siRNAs in cytosol that prevent their
degradation in the bloodstream. The use of molecular complexes based on polyamines have
great potential for sSiRNA delivery as polyamines can protect the siRNA during circulation
and at the same time favor siRNA translocation in cytosol. Here, nanoparticles are prepared
by complexation of poly(allylamine hydrochloride) (PAH) and siRNA varying the ratio of
nitrogen groups from PAH to phosphate groups from siRNA (N/P ratio). Nanoparticles are
characterized by transmission electron microscopy and dynamic light scattering. The
stability of complexes of green rhodamine labelled PAH (G-PAH) and Cy5 labelled sSiRNA
(R-siRNA) at different pHs and in cell media is studied by fluorescence cross-correlation
spectroscopy (FCCS). FCCS studies show that the nanoparticles are stable at physiological
pH and in cell media but they disassemble at acidic pH. An optimal N/P ratio of 2 is
identified in terms of stability in media, degradation at endosomal pH and toxicity. The
intracellular fate of the complexes is studied following uptake in A549 cells. The cross-
correlation between G-PAH and R-siRNA decreases substantially 24 h after uptake, while
diffusion times of sSiRNA decrease indicating that the complexes disassemble, liberating the
SiIRNAs. The release of siRNAs into the cytosol is confirmed with parallel confocal laser
scanning microscopy. Flow cytometry studies show that PAH/SIRNA nanoparticles are
effective at silencing green fluorescent protein expression at low N/P ratios at which

polyethylenimine/siRNA shows no significant silencing.



1. Introduction

Small interfering or silencing RNA (siRNA) technologies are based on the inhibition of
gene expression or translation by siRNAs targeting messenger RNA.[1] siRNA
technologies have great potential for the treatment of a wide variety of diseases,[2] ranging
from cancer[3-6] to viral infections[7,8] and brain disorders.[9,10] Despite their medical
potential, the clinical translation of siRNA technologies has up to now been limited. This
limited progress is due in part to the difficulties of delivering siRNAs in vivo. Unprotected
siRNAs are easily degraded in the bloodstream, and siRNAs alone do not translocate across
cell membranes.[11] In addition, it has been reported that siRNAs can be
immunogenic.[12] Therefore, siIRNAs must be delivered with an appropriate vehicle that
protects siRNAs from nuclease action and at the same time triggers intracellular
uptake.[13,14] Until now, the best agents for siRNA delivery are cationic lipids and
polycations, i.e. polyelectrolytes bearing multiple positive charges.[15,16] The negatively
charged siRNAs associate with the positively charged lipids or polycations through
electrostatic interactions, and in some cases, through hydrogen bonding to form molecular
complexes. Positive charges in both lipids and polycations come from amines that are
usually primary or quaternary.[17] Amines are also responsible for inducing the passage of
the complexes to the cell interior as they easily disrupt cell membranes.[14] When siRNA
complexes have translocated in the endosomes, the complexes should degrade, and the
SiIRNAs should be released to ensure that silencing will take place. It is important to bear in
mind that the efficacy of silencing will not only depend on the uptake of SIRNA complexes
but also on their stability as complexes must disassemble to release the siRNAs following

cellular uptake.[18] The intracellular fate of the liposome/siRNA and polycation/siRNA



complexes is a largely unknown aspect of siRNA delivery, as it is not easy to trace the

individual components, siRNAs and lipids or polymer, individually in cells.

Fluorescence correlation spectroscopy (FCS) and fluorescence cross-correlation
spectroscopy (FCCS) techniques provide a means to trace the fate of both the complexes
and their individual components. FCS is a spectroscopic technique used to study the
diffusion time of fluorescent molecules and objects in different matrixes, including
cells.[19] In FCS, fluctuations in the intensity of fluorescence coming from molecules or
objects in nanomolar concentration are recorded inside a femtoliter confocal volume.
Diffusion times are derived from the correlation analysis of the fluctuations in fluorescence
intensity.[20] FCCS, a variation of FCS, studies the dynamic interactions between two
molecules or objects labeled with spectroscopically different dyes.[21,22] FCCS provides
the time correlation between two fluorescent objects in the confocal volume. The technique
has been widely applied to study protein-protein interactions inside live cells,[23-27] and
to analyze the association of oligonucleotides and polymers both in bulk solution and in

cells.[28-30]

Polyethilenimine (PEI) is probably the most frequently used polycation in gene delivery;
however, other polycations have shown potential for applications in therapy.[31] In a recent
paper we explored the formation of phosphate-poly(allylamine hydrochloride) (PAH)
nanoparticles complexing siRNAs. PAH is a polycation displaying primary amines and
PAH-phosphate nanoparticles carrying siRNAs were successful in silencing green
fluorescent protein (GPF) in GFP-A549 cells.[32] The phosphate ions interact with the
amines of PAH and act as crosslinkers. siRNAs were entrapped in the nanoparticles

following different procedures from complexes of PAH and siRNAs, by adding siRNAs



after particle formation and by mixing PAH with siRNA and phosphate in one step.
However, the PAH/SIRNA complexes themselves form nanoparticles without adding
phosphate ions and could also be used for silencing as an alternative to PEI/SIRNA
nanoparticles. Since PAH displays only primary amines and these interact very strongly
with the phosphate groups of siRNAs at neutral pHs we expected that the ratio of amines
from PAH to phosphate of siRNA (N/P) for the formation of stable and effectively
silencing PAH/sIRNA complexes would be lower than for PEI/SIRNA complexes.
Moreover, the complexation of the primary amines with the phosphate groups should be
weaker at endosomal pH, as phosphate groups lose charges, liberating the siRNA and at the
same time the protonation of the amines groups of PAH at this pH should create an osmotic
swelling in the endosomes, facilitating sSiRNA translocation and ultimately the silencing by
the siRNAs. For these reason PAH/sIRNA nanoparticles could be an interesting alternative

to PEI/siRNA in certain applications, requiring lower N/P for an effective silencing.

In this paper we aimed to study PAH/siRNA nanoparticles focusing on their physical
characterization and their biological fate in vitro. These aspects are fundamental for sSiRNA
delivery and we tackle the potential use of PAH/SIRNA nanoparticles in silencing
strategies. We applied the gel retardation assay, transmission electron microscopy (TEM),
and dynamic light scattering (DLS) to study the formation of PAH/SIRNA complexes and
their structural changes depending on the nitrogen/phosphate molar ratio (N/P ratio). To
gain further understanding of the mechanism of siRNA delivery, we investigated the
complexation and stability of PAH/SIRNA nanoparticles first in vitro and then
intracellularly by FCS and FCCS. Biological fate and intracellular translocation of the

PAH/siIRNA nanoparticles was also studied by FCS/FCCS and confocal laser scanning



microscopy (CLSM). Fate studies revealed that PAH/SiRNA nanoparticles have a dynamic
nature, which is influenced by the ratio of PAH to SiRNA and the environmental
conditions. Free siRNA was detected after 24 h, indicating dissociation of the
nanoparticles. From our results it is possible to estimate the time scale for the disassembly
of PAH/siRNA complexes inside the cell, which is a fundamental component for evaluating
the efficacy of sSiRNA delivery and gene silencing. Finally, we show that PAH/SIRNAs are
effective in silencing GFP expression in A549 cells at low N/P ratios, where PEI/SIRNAS

do not show effective silencing.



2. Experimental Section

2.1. Materials

Poly(allylamine hydrochloride) salt (PAH) (15 x 10° g/mol), Cy5-siRNA, hydrochloric acid
(HCI), and sodium hydroxide (NaOH) were purchased from Sigma-Aldrich, USA. PAH
labeled with green rhodamine (G-PAH) was provided by Surflay AC, Germany. Human
lung adenocarcinoma cell lines (A549 CCL185) were obtained from the American Type
Culture Collection (ATCC), USA. UltraPure DNase/RNase-Free Distilled Water and
Nunc™ Lab-Tek™ Chambered Cover glass were purchased from ThermoFisher Scientific,
USA. RPMI 1640 medium was purchased from Lonza, USA. HyClone™ fetal bovine
serum (FBS) was purchased from ThermoFisher Scientific, USA, and penicillin and
streptomycin from Sigma Aldrich, USA. RPMI medium without phenol red and Leibovitz’s

L-15 medium without phenol red were purchased from ThermoFisher Scientific, USA.

2.2. Methods

2.2.1. Formation of PAH/siRNA Nanoparticles

PAH/siRNA nanoparticles were prepared in a one-step procedure by mixing PAH (17.5 kDa) and
siRNA (13 KDa) at different nitrogen/phosphate (N/P) molar ratios, from 1 to 50, in RNase-free
water at room temperature, Fig. 1A.[33] We refer to the nanoparticles in terms of the N/P ratio,
which is the ratio of protonatable polymer amine groups to nucleic acid phosphate groups.[33,34]
Nanoparticles were prepared over a range of N/P ratios from 1 to 40 using concentrations of 1-10
uM PAH and 0.1-2 uM siRNA. Nanoparticle formation is driven by the electrostatic and hydrogen
bonding interactions between the amines of PAH and the phosphate groups of siRNA.[32]

2.2.2. Fluorescence Cross-Correlation Spectroscopy (FCCS)



FCCS was performed with a Zeiss LSM 880 confocal microscope. Image acquisition and
analysis were controlled by Zen black software. GaASP and PMTr detectors for single
fluorescence molecule detection and dynamic characterization were used. Measurements
were performed with a Zeiss C-Apochromat 40x, numerical aperture 1.2 water immersion
objective. For FCCS in live cells, two simultaneous fluorescence channel detection coupled
with transmission T-PMT was used. Fluorescence emission was detected in the range of
500-560 nm and 650-710 nm. Nunc™Lab-Tek Q5 Chambered Coverglass (Thermo Fisher
Scientific, USA) were used. QuickFit 3.0[35] free software was employed for FCCS data
analysis. To fit data, the global fitting with 1-2 components 3D normal diffusion model was
applied. If a satisfactory fit was not obtained, a 1-component 3D normal diffusion model
was applied only to the FCCS curve, and is specified in the caption of the table reporting
the data. The confocal volume was determined using 25 nM Rhodamine 123 solution.

Hydrodynamic radii were calculated applying the Stoke-Einstein equation:

kyT

D. =
¢ 6mnry

where D. is the diffusion coefficient derived from the FCCS fitting, ks the Boltzmann
constant, T the absolute temperature, n the viscosity and rythe hydrodynamic radius.
Further details on FCCS theory and experimental data are reported in the Supplementary

Information.

2.2.3. FCCS and pH experiments



PAH/sIRNA complexes were prepared in DNase/RNase-free distilled water pH 7.4 by
mixing a fixed amount of PAH (1 uM) with different amounts of sSiRNA (N/P = 40, 4, 2,
and 1). After equilibration for 30 minutes at room temperature, measurements were
performed. To acidify the medium, 1 M HCI was used, while 1 M NaOH was used to raise
the pH. The solutions were equilibrated for a further 20 min prior to performing

measurements. Data were recorded in 20 runs of 10 s each.

2.2.4. Gel Retardation Assay

The interaction between siRNA and polymer was investigated by electrophoresis on
agarose gel. The agarose gel was prepared by dissolving 1 g of agarose powder in 100 mL
Tris base, acetic acid and ethylenediaminetetraacetic acid (TEA buffer) containing 2 pL
GelRed® 10.000x (Biotium). Nanoparticles were prepared at different concentrations of
PAH keeping the concentration of siRNA constant at 1 umol for N/P ratios = 0.1, 1, 2, 4
and 10. These samples were then vortexed and incubated at room temperature for 20 min.
20 pL sample was mixed with 5ulL gel loading buffer and loaded into the wells of the gel.
Naked siRNA was used as a control and a dsSRNA marker was used to control mobility of
siRNA through the gel. Electrophoresis was performed at 80 V during 30 minutes and
results were visualized under UV. The gel was imaged with a MULTIDOC-IT™ imaging

System by UVP.

2.2.5. Dynamic Light Scattering (DLS)
Dynamic light scattering measurements were carried out with a C-Sizer Malvern Instrument

in backscattering mode. All studies were performed at a 173° scattering angle with



temperature controlled at 25 °C in 1 mL polystyrene cuvettes. Short time measurements

were carried out for a total of 15 min, with 3 consecutive measurements for each sample.

2.2.6. Transmission Electron Microscopy (TEM)

Thirty minutes following PAH/SIRNA nanoparticle assembly, 5 pL nanoparticles was
transferred to ultrathin plasma coated carbon films and incubated for 1 min, then incubated
with 3 pL of 20 mg/mL ammonium molybdate (negative stain) for 1 min and washed 3
times with degassed nanopure water. Imaging was carried out with a JEOL JEM 1010

transmission electron microscope operating at an acceleration voltage of 100 kV.

2.2.7. Cell culture

Lung adenocarcinoma cell line (A549) was cultured in RPMI 1640 medium supplemented
with 10% (v:v) FBS and 1% (v:v) antibiotic solution (100 units/mL penicillin, 100 mg/mL
streptomycin; P/S). Cells were maintained at 37 °C and 5% CO, in a humidified chamber.
GFP-A549 cell lines were cultured with Ham’s F-12K medium supplemented with 10%

FBS, 1% P/S and blastidicin at 10 pg/mL.

2.2.8. Viability Assay

5000 cells per well were seeded in a 96-well plate and allowed to grow for 24 h.
PAH/siIRNA complexes at N/P ratios of 1, 2 , 4 and 10 were formed by mixing appropriate
amounts of polymer and 5 x 10™ umol siRNA in 50 pL RNAse free water. Particles were
stabilized for 30 min at room temperature and then added to the wells in a final volume of

100 pL. Cells were incubated with PAH/SIRNA nanoparticles for 48 h and their viability
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was measured by MTS assay. Briefly, after the 48 h of incubation, cells were washed with
PBS and then 100 uL of fresh medium was added. Then 20 pL of CellTiter 96® AQueous
One Solution Cell Proliferation Assay (MTS) from Promega was added to the wells and
incubated for 2 h at 37 °C 5% CO,. The absorbance at 490 nm of the resulting solution was
measured in a 96-well spectrophotometer microplate reader. Percentage cell mitochondrial
activity was determined by the following formula: (Absorbance of treated cells/Absorbance
of control cells) x 100. Data are represented as a meant standard deviation of 3

measurements.

2.2.9. Cellular Uptake of PAH/R-siRNA nanoparticles.

The cellular uptake of PAH/R-siRNA nanoparticles with different N/P ratios and at
different times was quantified via flow cytometer. Cy-5 siRNa was complexed with
different amount of non labelled PAH to get a final molar ratio of N/P = 2 and 4
respectively. Briefly, A549 cells were cultured on 24 well plates and exposed to
nanoparticles with N/P 2 and N/P 4 for 3 and 24 hours at 5 % CO2 and 37 °C. After
incubation with PAH/R-siRNA nanoparticles cells were washed with PBS and trypsinized.
Fluorescence of the cells was quantified and analyzed with a BD-FACs Canto Il cytometer,
(Becton Dickinson, USA). Measurements were performed in duplicate and approximately
10* events (cells)/ sample were analyzed. A549 cells not exposed to PANs were used as a

control.

2.2.10. FCCS experiments in living cells
24 h before FCCS experiments, 4 x 10* A549 cells were seeded in an 8 well glass bottom

plate with 500 pL RPMI with 10% FBS and 1% P/S. Cells were washed 3 times with
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phosphate buffer saline (PBS) and incubated with G-PAH/R-siRNA nanoparticles (N/P =
2) in 200 uL RPMI complete medium. After 1 h of incubation, the non-internalized
complexes were removed by washing 3 times with PBS. Experiments were conducted at
time 0 using serum-free L15 medium to balance the CO, level. For follow-up experiments,
washed cells were incubated at 37 °C with 500 uL RPMI. After 24 h, cells were washed
again twice and kept in L15 medium during the experiment. Data were recorded for at least

3 cells in different locations recording 20 runs of 10 s each.

2.2.11. Confocal Laser Scanning Microscopy (CLSM)

Cells prepared as for FCCS experiments were imaged with a Zeiss LSM 510 laser scanning
microscope. CLSM imaging was performed by exciting at 405, 488, and 561 nm excitation
laser lines, with a 63x objective. Cells were observed at time O (just after incubation with
nanoparticles), and after a further 24 h of incubation in RPMI complete medium.
Co-localization between the red (R-siRNA) and green (G-PAH) signals was determined
using the JACoP plugin[36] of ImageJ. The threshold applied was determined by the Otsu
Thresholding plugin.[37] The indexes considered for evaluating co-localization were the
Pearson's coefficient, r, and the Mander’s coefficients, M1 and M2. Pearson’s coefficient
can assume values from 1 to -1, with 1 indicating total linear correlation between the
intensities in two images and -1 no correlation. M1 and M2 are overlap coefficients based
on the Pearson's correlation coefficient. They can vary from 0 to 1, and reflect the
percentage co-localization between two images. M1 is defined as the ratio of the "summed
intensities of pixels from the green image for which the intensity in the red channel is above
zero" to the "total intensity in the green channel”. M2 is defined the same way, but with

respect to the red channel.
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2.2.12. In vitro Transfection Assay

Briefly, 3 x 10* GFP-A549 cells were placed in a 24 well plate, in medium with 10% serum
and 1% P/S the day before transfection. Before transfection experiments, cells were washed
with medium containing 2% serum and then, 500 pL fresh medium containing 2% serum
was added to each well. The transfection was followed for 96 h. Cells were transfected with
polyplexes made of PAH/sIRNA and PEI/siRNA at different N/P ratios. The concentration
of siRNA was fixed at 0.2 pM in a final volume of 500 pL per well. Lipofectamine
RNAIMAX and PEI/siRNA nanoparticles were used as controls. Silencing efficacy was
quantified by flow cytometry. Cells were washed with PBS, trypsinized, and fixed in 1%
paraformaldehyde in PBS for 15 min at room temperature. Approximately 1 x 10* events
(cells) were analyzed for each sample while untreated GFP-expressing A549 cells were
used as a positive control i.e. the fluorescence intensity value of the cells before silencing.
The percentage of transfected cells was calculated as the number of GFP+ (positive) cells
over the total population of analyzed cells. Experiments were performed with a BD
FACSCalibur™ flow cytometer (BD Biosciences) and data were analyzed with the BD
CELLQuest™ software (BD Biosciences). Experiments were repeated 3 times, n=3 and

data are represented as a mean + standard deviation.

3. Results and Discussion
3.1. Characterization of PAH/SIRNA Nanoparticles
The formation of nanoparticles was characterized by a gel retardation assay, DLS, and

TEM measurements. To evaluate the ability of the polymers to complex with siRNA and
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form nanoparticles, we determined the polymer nitrogen group/siRNA phosphate group
molar ratio (N/P) at which siRNA became completely complexed. The gel retention assay
performed using PAH/sIRNA at different ratios showed that SIRNA is completely bound to

PAH at N/P >2 (Fig. 1B).
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Fig.1. A) Formation of PAH/siRNA nanoparticles. G-PAH (green) and R-siRNA (red)

AN
N/P r%b |

were mixed at a defined stoichiometry determined from the ratio of positively charged
amine groups from PAH and negatively charged phosphate groups from siRNA (N/P ratio).
B) Gel retardation assay of PAH/SiRNA nanoparticles prepared at different N/P molar
ratios and incubated for 15 min at room temperature. Columns above each well indicate the

PAH to siRNA molar ratio. siRNA is completely complexed to PAH at N/P >2.

The hydrodynamic diameter measured by DLS of nanoparticles with N/P =2 is 98 + 4 nm
with a polydispersity index (PDI) of 0.23 + 0.03 calculated by CUMULANT analysis (Fig.
2A). TEM images corroborate the data obtainded by DLS (Fig. 2B); indeed, the size of

nanoparticles for N/P = 2 was calculated to be 80 + 22 nm.
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Fig. 2. A) DLS and B) TEM characterization of nanoparticle formation for PAH/siRNA
complexes prepared at N/P = 2. Scale bar in B) corresponds to 200 nm. The hydrodynamic
diameter determined from DLS (98 £ 4 nm) is corroborated by the diameter determined

from TEM images (80 £ 22 nm).

FCS and FCCS experimentes were carried out using fluorescently labelled green rhodamine
PAH (G-PAH) and Cy5-siRNA (R-siRNA). Nanoparticles were formed at various
PAH/siRNA molar ratios, leading to self-assembled nanoparticles of different composition,
size, and stability.

Fig. 3 reports cross-correlation curves from FCCS for PAH/SIRNA nanoparticles at N/P =
2. The correlograms corresponding to the FCS autocorrelation functions from red and green
channels resulting from the fluorescence fluctuations of R-siRNA and G-PAH,
respectively, are shown in Fig. S1. For the relative cross-correlations FCCS/ACF_R-siRNA
and FCCS/ACF_G-PAH, the normalized cross-correlation amplitude at time zero can be
used with some simplifications to express the fraction of siRNA and PAH in the

nanoparticles and can assume values from 0 to 1, with 0 indicating no association of the
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two species and 1 indicating complete association. The amplitude of the cross-correlation at
time zero is directly related to the amount of the two labeled species, R-siRNA and G-PAH,
present in the confocal volume.[38] Nanoparticles were prepared with different N/P ratios:
with an excess of amines to phosphates (N/P >1), with aproximetaly equal amounts of
amines and phosphates (N/P ~ 1), or with an excess of phosphates to amines (N/P <1). The
composition of the complexes is different in each case as implied by the different relative
cross-correlations observed (Fig. S1). When there was a slight excess of phosphates to
amines such as N/P = 0.6, small complexes are formed with a hydrodynamic diameter (Ry)
of 7.5 £ 0.1 nm. In complexes with N/P = 1.2 all the siRNA is associated in nanoparticles
with a hydrodynamic diameter, Ry = 22.6 £ 0.2 nm, and there is an excess of free PAH
(FCCS/ACF_R-siRNA = 1 and FCCS/ACF_G-PAH = 0.1 (Fig. S1, Table S1). The free
PAH diffuses with a diffusion coefficient R; = 48.5 + 6..1 um?/s, which is about 10 times
faster than the double-labeled species, which has a R. = 4.75+ 0.05 pm?/s. For N/P = 2.4 the
complexation of PAH and siRNA was confirmed with FCCS (Fig. 3A). These
nanoparticles show a diffusion coefficient R, = 2.6 + 0.05 um%s and normalized cross-
correlations of 0.2 for FCCS/ACF_R-siRNA and 0.4 for FCCS/ACF_G-PAH, indicating
that the nanoparticles are in equilibrium with free siRNA (R = 22.55 + 2.05 pm?/s) and
PAH molecules (Table S1). At N/P = 2.4 the nanoparticles have an hydrodynamic diameter
Ry =41.3 £ 0.8 nm, about twice as large as that observed for nanoparticles with N/P = 1.2.
The same trend was confirmed by DLS (data not shown). N/P ratios with an excess of
amines to phosphate such as N/P = 4 and N/P = 50, did not result in stable polymer

complexes (Figure S1, Table S1).
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Fig. 3. FCCS correlation functions of PAH/siRNA complexes at N/P = 2. A) Nanoparticles
were formed in RNAse free water equilibrated at room temperature for 30 minutes before
the measurements. B) Nanoparticles formed by mixing G-PAH and R-siRNA at N/P = 2
were diluted with RPMI complete medium. The samples were equilibrated for 30 minutes
and measured up to 1 h after equilibration. Data are reported in Table S2 together with
those from single molecules tested in RPMI (Fig. S2). Red circles indicate the
autocorrelation function in the red channel (ACF_R A& = 633 nm) of Cy5-siRNA, and
green circles indicate the autocorrelation function in the green channel (ACF_G ¢ = 488
nm) of PAH labelled with rhodamine green. Black circles show the cross-correlation

function (FCCS). Solid lines are the fittings.

3.2. Stability studies of PAH/siRNA nanoparticles

The stability of PAH/SiRNA nanoparticles was tested in RPMI 1640 complete medium,
commonly used for in vitro experiments (with 10% fetal bovine serum, and 1%
penicillin/streptomycin). The stability of the nanoparticles was evaluated at three different
ratios: N/P < 2, N/P = 2 and N/P > 2. The nanoparticles were added to the RPMI full media

and left to equilibrate for 30 minutes at room temperature. Measurements were performed
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up to 1 h after equilibration. Nanoparticles with N/P = 2 retain cross-correlation (Fig. 3B).
However, the size of the nanoparticles approximately doubles (D¢ = 2.1 + 0.1 pm?/s and Dy
= 204.4 £ 9.8 nm), while the relative cross-correlations FCCS/ACF_G-PAH and
FCCS/ACF_R-siRNA remain almost unaltered, both with values of 0.3 (Table S2),
indicating that the complexes are stable in medium. Nanoparticles with N/P > 2 and N/P <
2 form aggregates with diffusion times exceeding the technique limit (Fig. S2C and S2D,
and Table S2).

This difference may be attributed to the presence of proteins forming a protein corona or
the association of several nanoparticles through interaction with proteins.[39,40] It could
also result from conformational changes in PAH molecules[41] due to the increased ionic
strength (~150 mM NacCl); or to the presence of phosphate ions in the RPMI medium
interacting with PAH, which may lead to nanoparticle reorganization.[32] There is ~5 mM
sodium phosphate dibasic in RPMI. Phosphate ions could easily interact with PAH amine
groups and cause nanoparticle reassembly by replacing the phosphate ions of the siRNAs.
However, such colloidal instability is not observed for nanoparticles with N/P = 2, meaning
that they have a more stable structure. When we consider PAH and siRNA individually, G-
PAH was affected more by the change of environment (D; = 12.9 + 0.6 um?%/s compared to
Dc=97.1 + 12.2 pm?/s in water) while the R-siRNA was not altered (D¢ = 43.0 + 2.6 pm?/s
compared to D¢ = 45.1 + 4.1 um?/s in water). This result is expected as PAH is a flexible
polyelectrolyte, which can easily change conformation in response to changes in ionic
strength and pH (Fig. S3 and Table S2).[42]

The stability of PAH/siRNA nanoparticles at biologically relevant pHs was studied to
assess their potential for intracellular delivery of siRNA. An ideal vector should be stable

during circulation, i.e. at pH 7.4, and only degrade in the endosomal compartments after
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cellular uptake at a pH close to 5.[11,43] FCCS experiments were performed at pH 7.4, 6,
5,2 and 8. Lowering of the pH caused a gradual rearrangement of the complexes that ended
in nanoparticle dissociation (Fig. 4 and Table S3). The amplitudes of both the
autocorrelation curves of PAH and siRNA, and the cross-correlation curves decreased
progressively when the pH was decreased from 7.4 to 5 and finally to 2 (Fig. 4). This trend
for the autocorrelation curves is associated with an increase in the number of single-labeled
species in the confocal volume, likely due to nanoparticle dissociation. This hypothesis is
supported by the amplitude decrease in the cross-correlation curves, which is directly
related to the number of complexes displaying two labels. The nanoparticles progressively
decrease in size with decreasing pH (Fig. 4). The hydrodynamic diameter at pH 7.4 is 82.6
+ 1.6 nm, at pH 5 is 57.2 + 2.2 nm and at pH 2 is 22.2 + 0.4 nm. The corresponding
diffusion coefficients are D, = 5.2 + 0.1 um?s, 7.5 £ 0.3 pm?%s, 19.3 + 0.3 um?s
respectively. The sudden increase in the pH up to 8 from acid pHs results in an increase of
the cross-correlation amplitude (Fig. 4C). The autocorrelation functions of the siRNA and
PAH also increased (Fig. 4A and 4B), indicating less free diffusing fluorescent species and
more association between PAH and siRNAs for nanoparticle formation with a slightly
larger hydrodynamic diameter than the starting nanoparticles at pH 7.4, (107.4 £ 2.6 nm vs.
82.6 + 0.4 nm). Conversely, the diffusion times of the single species of G-PAH and R-
siRNA were not affected by the pH change (Figure S3). DLS measurements confirmed
these trends (data not shown). These experiments show that the nanoparticles have a
dynamic nature, which is highly sensitive to pH. Changes in pH can cause re-assembly to
produce nanoparticles with different hydrodynamic sizes. At acid pH we can assume that
the phosphate groups of the siRNAs lose their charge, which affects their interaction with

PAH, resulting in nanoparticle disassembly. At moderate basic pH, amines in PAH
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probably retain enough charges to remain assembled with siRNA, but the electrostatic
repulsion between PAH chains of the same charge decreases, which allows the
nanoparticles to grow in size. Switching from acid to basic pH results in the reassembly of
nanoparticles from single components. However, the most important message from these
experiments is that the nanoparticles are stable at neutral pH and should therefore be stable
during circulation. The nanoparticles start to degrade at moderately acidic pH, suggesting a
priori that the siRNAs will be released only when they are inside endosomes. To prove this,
we conducted intracellular FCCS and CLSM experiments. Since nanoparticles with N/P =2
are more stable in RPMI, these nanoparticles were chosen for further FCCS experiments at

different pH and intracellularly.
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Fig. 4. Autocorrelation functions ACF_R-siRNA (A) and ACF_G-PAH (B) and cross-

correlation (C) of PAH/SIRNA nanoparticles at different pH. PAH/SIRNA nanoparticles

(N/P = 2) were characterized at neutral pH (pH 7.4, red circles), pH 6 (grey circles), pH 5

(green circles), pH 2 (pink circles) and after addition of NaOH 1 M to bring the pH from 2

to 8 (pH 8, blue circles). Solid lines correspond to the fittings. The table on the right reports

data from the displayed fitting at meaningful pH values. Full data are reported in Table S3.
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3.3. Intracellular trafficking of PAH/SiRNA nanoparticles

3.3.1. Cell viability

Before studying cell fate and SiRNA transfection, cell viability of PAH/sIRNA
nanoparticles was evaluated in the A549 cell line up to 48 h employing a N/P molar ratio in
the range of 1 — 10, that corresponds to a PAH concentration of 10 — 10™ mg/mL, or 0.01
— 1.1 mM in terms of PAH monomers (monomer molecular weight: 94). Cell viability
assays show between 80 and 100% viability for N/P ratios up to 4 but when reaching an
N/P ratio of 10 viability decreases to less than a 10% (Fig. 5). This result means that up to
N/P = 4, nanoparticles can be considered non-cytotoxic. Therefore values of N/P < 4 were

used for the following in vitro experiments.
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CTRL N/P 1 N/P 2 N/P 4 N/P 10

Fig. 5: Percentage of cell viability of A549 cells after 4, 24 and 48 h exposure to
PAH/siRNA nanoparticles at different N/P ratios. Error bars represent the standard

deviation of duplicate samples.

3.3.2. Cellular uptake
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Cellular internalization of PAH/Cy5-siRNA was quantified via flow cytometry at two time
points, 3 and 24 h. Fluorescent siRNA was used to quantify the cellular uptake of
PAH/siIRNA nanoparticles at two different ratios, N/P = 2 and 4. The fluorescence intensity
increased as the incubation time of the nanoparticles increased (Fig. 6). No significant
differences in uptake are observed for the two N/P ratios within the time frame of the

measurements.

6x10° -
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Fluorescence Intensity (a.u.)

3 hours 24 hours

Fig. 6. Mean Fluorescence intensity (a.u.) measured by flow cytometry, of A549 cells at 3
and 24 hours after internalization of PAH/R-siRNA nanoparticles at N/P = 2 and N/P = 4.
Cells not exposed to nanoparticles were used as a control. Cell cultures were always
exposed to the same concentration of R-siRNA used in the transfection experiments and
different amount of PAH. The error bars represent the standard deviation of duplicate

samples.

3.3.3. Intracellular trafficking in live cells

The intracellular trafficking of internalized PAH/SIRNA nanoparticles at N/P = 2 was
followed by FCCS and CLSM after 1 h and after 24 h of incubation in controlled
conditions. Data were also collected at intermediate time-points, including 6 h and 12 h

after incubation, but did not show any significant difference with respect to time zero and
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are not shown here. FCCS measurements were taken at different locations inside the cells.
Each measurement involved 20 repetitions of 10 seconds each. Initial bleaching was
frequent especially after one hour of incubation. When bleaching happened in one of the
three channels or in all of them, the first 20 seconds were reported separately from the rest
of the averaged data (solid and empty dots in Fig. 7 respectively). After 1 h of incubation,
PAH and siRNA were associated with big cell machineries and/or fixed structures that
prevented their free diffusion in cell compartments.[44] This observation is supported by
the detection of many events of fluorescence bleaching (Fig. 7). Since the large and slow-
diffusing complexes remain longer in the confocal volume, they are irradiated longer and
experience bleaching. Once these large aggregates are bleached, the fluorescence intensities
in the confocal volume are significantly lower, making it possible to detect fluorescence
fluctuations from fast-diffusing species.[45] Only a small part of these “fast” species
showed cross-correlation (7% of the total of the measures). A total of 79% of the fast-
diffusing species were G-PAH (Fig. S4). After 24 h, bleaching events were significantly
reduced and individual PAH and siRNAs are detected (Fig. 7). This observation suggests a
decrease in co-localization of siRNAs and PAH. Interestingly, at this time-point, 83% of
the individually diffusing species is R-sSiRNA molecules. The diffusion times of these
molecules varied significantly from 300 ps to 10* ps (Fig. S5 and Table S4). The wide
distribution of diffusion times can be ascribed to the R-SiRNAs interacting with several
cellular proteins or machineries, or experiencing environments of different viscosity inside
the cells.[46] It is plausible that R-siRNAs showing diffusion times of ~300 us might be
localized in the cytoplasm where the viscosity is similar to that of RPMI cell medium (see

Table S2).[44]
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Fig. 7. Representative cross-correlation experiment in live cells. A549 cells were imaged in
transmission mode and cross-correlation was measured at specific locations inside the cell
(white cross). Cells were incubated with the nanoparticles (N/P = 2) in RPMI complete
medium. The cells were imaged just after incubation with the nanoparticles (Time 0), and
after incubation for a further 24 h in complete medium under controlled conditions (37 °C
and 5% COy). The autocorrelation function in the red channel (ACF_R Aex = 633nm, red
markers) is associated with R-siRNA, and the autocorrelation function in the green channel
(ACF_G Aex = 488nm, green markers) is associated with G-PAH. The cross-correlation
curve is represented by black markers (FCCS) and is associated with PAH/sIRNA
nanoparticles. Each location was measured in 20 runs of 10 s each. Average curves are

reported after 20 s (runs 1-2) and 180 s (runs 3-20).
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Co-localization experiments were performed at different time points to corroborate our
FCCS findings confirming a significant decrease in the co-localization between the red and
green channels after 24 h (Fig. 8). Both Pearson’s coefficient, r, and Mander’s coefficients,
M1 and M2, decrease by about 50% after 24 h. While Pearson’s coefficient indicates the
degree of linear correlation between red and green channels, Mander’s coefficients give the
percentage of co-localization. The decrease in co-localization corroborates FCCS results
and is due to the intracellular disassembly of the PAH/SIRNA complexes. The fate of the
nanoparticles inside cells is sketched in Scheme 1. After cellular uptake, complexes are
translocated in endosomal compartments displaying acidic pH that favours their

spontaneous dissociation and the diffusion of sSiRNA in the cytoplasm ().

Green: G-PAH RED: R-siRNA Merged

B short time (1h) M Long time (24h)

Fig. 8. CLSM micrographs showing co-localization between red (R-siRNA) and green (G-

Short time (1h)
0.41
0.24
0.18
0.09
0.58
0.35

Long time (24 h)

PAH) channels. Cells not exposed to nanoparticles (CTRL) and naked siRNA were used as
controls. Images were taken after incubating cells with nanoparticles for 1 h and 24 h.

Confocal micrographs collected in different areas of the samples were analyzed using the
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JACOP plugin for ImageJ. Co-localization by time is demonstrated by Pearson’s coefficient

(r) and Mander’s coefficients (M1 and M2) reported in the histogram.

EARLY ENDOSOMES

LATE ENDOSOMES
pH<5.5

CYTOSOL
pH7.4

Scheme 1. Uptake and intracellular fate of PAH/SIRNA nanoparticles. The scheme
describes the uptake and degradation of the nanoparticles into endosomes. The degradation
of the nanoparticles is shown by the presence of free PAH (red) and siRNA (green) at low
endosomal pH. The translocation of the siRNAs from the endosomes to the cytoplasm is

indicated by the presence of free siRNA outside endosomal compartments.

3.3.4. Silencing efficiency of PAH/siRNA nanopatrticles

The GFP-A549 cell line was used for silencing experiments because it has a stable
expression of GFP that can be knocked down by the delivery of specific sSiRNAs. Flow
cytometry analysis was carried out to quantify the efficacy of siRNA delivered by

PAH/siRNA nanoparticles compared with PEI/SIRNA as a control. PEI is the most
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frequently used polycation for gene delivery. Flow cytometry allows evaluation of the
efficacy of GFP silencing by measuring the fluorescence intensity per cell after transfection
(Fig. 9). Transfections were performed using different N/P ratios. The efficacy of
PAH/siRNA for silencing was compared with siRNA delivered by PEI, which is known to
effectively silence GFP.[47] The expression level of GFP in GFP-A549 cells, decreased by
~55% in cells treated with N/P = 2 compared to untreated cells. For N/P = 4, the
fluorescence intensity of the cells decreased by up to 75%, indicating good silencing
efficiency of PAH/SIRNA nanoparticles. When naked-siRNA was used as a control, no

inhibition of GFP expression was observed.

2,0x10" -

1,5x10°

1,0x10" 1
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Fluorescence Intensity (a.u.)

0,04

Fig. 9. Mean Fluorescence intensity (a.u.) of GFP-A549 cells treated with PAH/SIRNA at
N/P = 2 and N/P = 4. The silencing efficacy of PAH/siRNA at N/P = 2 (orange bar) and
N/P = 4 (red bar) are reported. As a control, data from GFP-A549 cells treated with naked
SIRNA (white bar) and from untreated cells (grey bar) are reported. All samples were
treated with the same concentration of sSiRNA. Error bars represent the standard deviation

of duplicate samples.
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Results from GFP silencing show that the silencing by PAH/sSiRNA is effective at low N/P
values at which PEI/siIRNA nanoparticles do not show effective silencing. For N/P = 2,
silencing by PEI/siRNAs is not more than a 10% (Fig. S6). The higher efficacy shown by
PAH/siIRNA could probably be attributed to the better complexation by PAH, a linear
polymer with only primary amines, to siRNA with a relatively small excess of amine
groups to phosphate. PAH/siRNA nanoparticles have the advantage of being highly stable
in neutral environments and disassembling at endosomal pH 5.5, which favors the
liberation of the siRNAs. At this pH, PAH molecules protonate and can induce endosomal

breakage, which can also trigger the translocation of siRNAs into cytosol.

4. Conclusion
We studied the complexation of PAH and siRNAs, and nanoparticle formation by gel
retardation, TEM, DLS and FCS/FCCS. By FCCS, we obtained detailed information on the
complexation of PAH and siRNA, which showed that the complexation, formation and
stability of PAH/siRNA nanoparticles is dependent on the ratio of charged amines in PAH
to charged phosphate groups in siRNA (N/P), and on environmental conditions such as pH,
and the presence of phosphates and/or proteins in media. With FCCS we showed that the
most stable nanoparticles are formed by complexation of PAH and siRNA in water with
N/P = 2. PAH/siRNA nanoparticle reorganization is triggered by variations in pH. The
nanoparticles disassemble in moderately acid pH similar to that found in the endosomal
environment, around 5.5. PAH/siIRNA nanoparticles have a dynamic nature, being able to
reassemble from molecular components into nanoparticles when increasing the pH from

acid to moderately basic pH. Intracellular studies by FCCS and FCS revealed that at early
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stages, PAH/siRNA nanoparticles rearrange inside cells forming large aggregates, probably
by interacting with cell structures and proteins, but later they disassemble liberating the
siRNAs. Cytosol translocation of SiRNAs is confirmed by CLSM imaging. Our
experiments demonstrate a time-scale for the endocytic release of SiRNAs from the
nanoparticles: association between PAH and siRNA in the form of slow-diffusing species
could be detected for up to 12 h (early and late endosomes). After 24 h, a significant
decrease in PAH and siRNA co-localization was observed, and free siRNA (characterized
by faster diffusion times), could be detected, indicating an effective endosomal escape in
the cytoplasm. The combined use of FCS and FCCS enabled us to analyze the
reorganization and compositional changes of nanoparticles in different environments,
including in cell media and inside cells, and to demonstrate nanoparticle degradation
intracellularly. Moreover, FCS/FCCS allowed us to trace the molecular components PAH
and siRNA individually both in bulk and intracellularly, which cannot be assessed with
other experimental techniques.

PAH/sIRNA nanoparticles with N/P = 4 showed no cellular toxicity and result in the
silencing of GFP expression in cells overexpressing this protein to approximately 50%;
cells treated with PEI/SIRNA nanoparticles at the same N/P ratio only resulted in a 10%
decrease in GPF expression at most. These results hint at the potential advantages of
PAH/siRNA complexes for silencing therapies at low N/P ratios where particles are not
cytotoxic.

Our work also brings insight into the translocation process of the nanoparticles and the
mechanism by which the siRNAs are delivered in the cytosol, which is fundamental for

designing effective delivery systems for nucleic acids based on charged polymers.
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