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Chitosan has been indicated as a promising carrier for the preparation of small interfering RNA (siRNA) delivery
systems due to its remarkable properties. However, its weak interactions with siRNA molecules makes the con-
densation of siRNA molecules into nanoparticles difficult. In this work, a non-viral gene delivery system based on
diethylaminoethyl chitosan (DEAE-CH) derivatives of varied Mw (25-230 kDa) having a low degree of substitu-
tion of 15% was investigated. The presence of secondary and tertiary amino groups strengthened the interaction
of siRNA and DEAE-CH derivatives of higher Mw (130 kDa to 230 kDa) and provided the preparation of spherical
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siR};‘\IAjA nanoparticles at low charge ratios (N/P 2 to 3) with low polydispersities (0.15 to 0.2) in physiological ionic
Chitosan strength. Nanoparticles prepared with all derivatives exhibited remarkable silencing efficiencies (80% to 90%)
Derivatives on different cell lines (HeLa, MG-63, OV-3) by adjusting the charge ratios. A selected PEG-folic acid labeled deriv-
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ative (FA-PEG-DEAE15-CH,30) was synthesized and its nanoparticles completely inhibited the mRNA expression
level of TNF-ax in RAW 264.7 macrophages. The study demonstrates that the insertion of DEAE groups provides
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improved physical properties to chitosan-siRNA nanoparticles and holds potential for in vivo applications.

© 2018 Published by Elsevier B.V.

1. Introduction

There has been increased interest in non-viral gene therapy based on
siRNA delivery in recent years, especially due to advances achieved in
the synthesis and specificity of these molecules [1-3]. The intracellular
delivery of siRNAs remains as an ongoing challenge due to their intrinsic
limitations, such as their sizes and negative charges, which makes them
too large to cross the cellular membranes and susceptible to degrada-
tion by endogenous enzymes [4]. In order to provide the necessary pro-
tection and specific delivery of siRNA molecules to targeted cells,
nanoparticles based on polycations are promising delivery carriers due
to their ability to complex and deliver short double-stranded RNAs. In
this respect, chitosan has been indicated as a potential candidate for
nucleic acid delivery owing to its low toxicity, biodegradability and
non-immunogenic character [5]. A great effort has been made to adjust
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the chitosan properties to achieve a more efficient release from
endosomes and to circumvent other inherent limitations of its nanopar-
ticles (NPs) such as their aggregation and interaction with biologic com-
ponents, which in turn leads to a decreased bioavailability and poor
delivery into the targeted tissues [6].

The physicochemical properties of chitosan-siRNA nanoparticles
and their delivery into cytosol are critically controlled by the molar
mass (Mw). Several studies indicated that chitosans having low molar
mass (Mw < 10 kDa) form unstable NPs [7] and the best gene silencing
efficiencies have been reported with either intermediate (50-to-
140 kDa) [8] or high molar mass chitosans [9]. Under specific conditions,
good in vitro transfection efficiencies have been reported with chitosans
of high Mw, e.g. nanoparticles encapsulating siRNA prepared with chito-
san 470 kDa, in the presence of polyguluronate mediated silencing effi-
ciencies near 50% with HEK 293FT and Hela cells [10]. However,
transfection efficiencies of low Mw chitosan nanoparticles may be ad-
justed by increasing the amino to phosphate N/P ratios and recent stud-
ies have indicated that an excess of free or weakly associated polycation
chains plays an important role on the uptake process and transfection
efficiency [11-13]. Chitosans having low and high Mws, (2 kDa to
500 kDa) are used in large charge excess to siRNA, and N/P ratios in
the range of 10 to 200 are commonly found in the literature [14-16].
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The excess of polycations is needed to promote an efficient condensa-
tion of siRNA and also to provide positively charged surfaces for the
nanometric particles. However, recent results based on the field-flow
fractionation technique revealed that most of the polycation chains
may remain free in solution, which could affect polydispersity, cellular
uptake and cytotoxicity of the formations [17].

One possible approach to avoid the excess of polycations is to grad-
ually increase the strength of interaction between siRNA molecules and
the polycation chain, hence, the tuning of parameters such as Mw and
the charge density is a promising strategy. The insertion of positively
charged quaternary ammonium moieties and the presence of tertiary
amino groups both aiming to improve nanoparticles properties have re-
ceived great attention in the field [18-21]. Engineered systems contain-
ing tertiary amino groups such as linear poly(amido amine)s [22] and
linear cationic polyurethanes [23] containing varied amounts of tertiary
amino residues, have demonstrated improved capacity for condensa-
tion of nucleic acids. Moreover, tertiary amino groups play an important
role on the transfection efficiencies of poly(3-amino esters) [24] and hy-
brid metallic-based nanoparticles [25], being crucial to the endosomal
escape of the carriers.

It has previously been shown that the pDNA delivery could be im-
proved by insertion of tertiary amine groups on the chitosan chain
[26]. One hypothesis was that the improvement of chitosan transfection
was related to the higher buffering capacity and it could be controlled
by varying the degree of substitution which, in turn, would also affect
the strength of interaction between the pDNA and the polycation. In
this study, derivatives of varied molecular weight (25-240 kDa) having
diethylaminoethyl groups at a density of 15% were prepared to evaluate
their potential as an siRNA delivery system. A selected derivative was
subsequently modified to insert poly (ethylene glycol) chains, end-
labeled with folic acid (FA), and used to prepare labeled and unlabeled
siRNA-polycation nanoparticles, which were tested for in vitro transfec-
tion with HeLa, MG-63, OV3 and RAW 264.7 cell lines (Fig. 1a).
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2. Experimental part
2.1. Materials

Starting deacetylated chitosans (Mws, 129.4 and 236.7 kDa) were
prepared as described previously by Tiera et al. [27] from commercial
chitosan (degree of deacetylation (DD) 86%) purchased from Polymar
(Fortaleza, Brazil). 2-Chloro-N,N-diethylethylamine hydrochloride
(DEAE), folic acid, sodium acetate, acetic acid, dicyclohexyl
carbodiimide (DCC), N-hydroxylsuccinimide (NHS), dimethylsulfoxide
(DMSO) were purchased from Aldrich Chemical Co. All solvents were
reagent grade and used as received. Spectra/Pore membranes (Spec-
trum) were employed for dialysis. Sjogren syndrome antigen (SSB,
GenBank accession number NM_009278)-targeted siRNA was provided
by Merck and Co, Inc., (West Point, USA). TNF-a-targeted siRNA
(GenBank accession number: NM- 000594.3, cat No: 4457308, siRNA
ID No: s202295) was purchased from Ambion Applied Biosystems
(Carlsbad, USA). Dulbecco's modified Eagle Medium (DMEM), 0.25%
trypsin-EDTA solution, penicillin-streptomycin (PS) mixture, fetal bo-
vine serum (FBS) and agarose were purchased from Invitrogen Canada
Inc. (Burlington, Canada). Water was deionized using a Milli-Q water
purification system (EMD Millipore, Millerica, USA).

2.2. Preparation of deacetylated chitosans and synthesis of the
diethylaminoethy! chitosan derivatives (DEAE;s-CH) of varied molecular
weight (Mw)

Chitosan derivatives were synthesized as previously described by
Oliveira et al. [26]. Commercial chitosans from Polymar (Fortaleza,
Brazil) (338.5 kDa) and Fluka™ (Honeywell, Morris Plains, USA) (Mw
400 kDa) were deacetylated to obtain highly deacetylated samples
with a degree of deacetylation of 98%. These samples were subsequently
modified with diethylaminoethyl groups by controlling the pH in a
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Fig. 1. a) Structure of diethylaminoethyl chitosans (DEAE-CH) and its selected derivative, peg-labeled with folic acid. b) Buffering capacity and c) lonization degree as a function of pH for

DEAE-CH550.
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reaction with DEAE to obtain a degree of substitution of about 15%
(DEAE;5-CH) [26]. Next, DEAE5-CH was degraded by oxidation with so-
dium nitrite to obtain DEAE;sCH of varied molecular weights [28]. Three
samples of 1.0 g (6.17 mmol) of DEAE;sCH (129.4 kDa) were solubilized
in 50 mL of acetic acid solution (2% v/v). The solutions were purged with
N; for 1 h under constant stirring and cooled to 4 °C. Then, 1.8 mL of so-
lutions containing 11.5 mg, 23.0 mg and 46.0 mg of sodium nitrite were
added to the DEAE;5sCH solutions. Stirring was stopped and the flasks
were kept at 4 °C for 18 h protected from light. The degraded polymers
were dialyzed on the first day against deionized water, on the second
day against 0.05 mol L™! sodium hydroxide solution, and three days
against deionized water until neutral pH, and finally recovered by
lyophilization.

2.3. Gel permeation chromatography analysis

Gel permeation chromatography analyses were carried out on an LC-
20A HPLC with an RID-10A refractive index detector (Shimadzu, Kyoto,
Japan). Solutions for GPC analysis were prepared by dissolving the sam-
ples in an acetic acid buffer solution (0.3 mol L™')/sodium acetate
(0.2 mol L™") at pH 4.5, to achieve a concentration of 5.0 mg.mL™". So-
lutions were kept under stirring for 3 days until complete solubilization
and then filtered using a 0.45 um membrane before analysis. Two col-
umns in series: SB-803 HQ and SB-805-HQ (Shodex, Tokyo, Japan)
with sizes of 8 mm x 300 mm and flow rate of 0.8 mL min~' were
used for the analysis of the samples. Standards of pullulan with molec-
ular weight in the range of 6.2 kDa to 805 kDa were used to build the
calibration curve.

2.4. Synthesis of the diethylaminoethyl chitosan derivative labeled folate-
PEG-DEAE-CH

The DEAE-CH derivative (Mw 237.5 kDa) was labeled with folic acid
using a heterobifunctional poly(ethylene glycol) 2-aminoethyl ether
acetic acid (Mw 3000 kDa) [29]. First, 300 mg of folic acid (FA) was dis-
solved in 12 mL of dry DMSO containing 93 mg of NN’
dicyclohexylcarbodiimide and 77 mg of N-hydroxysuccinimide (NHS).
The reaction medium was kept under magnetic stirring for 6 h at 25
°C. Then the solution was filtered to separate the byproduct. Next, the
activated folic acid was precipitated into acetone (100 mL), filtered
and washed with acetone, ethanol and dried under vacuum at room
temperature. The folic acid NHS-ester (FA-NHS) was added under stir-
ring to a solution of 400 mg of heterobifunctional PEG (NH,PEGCOOH,
3500 Da) in 100 mL of pyridine at room temperature protected from
light. The PEG-folic acid conjugate (FA-PEG) was dried under reduced
pressure, dissolved in 20 mL of water and purified by dialysis (MWCO
1 kDa), first against PBS buffer 10 mM pH 7.4 for two days, then against
deionized water for two more days and recovered by lyophilization. The
labeling of diethylaminoethyl-chitosan (DEAEs-CH) with FA-PEG was
performed by activating 40 mg of FA-PEG in 5 mL of DMSO with
2.5 mg of 1-Ethyl-3-(3-dimethylaminopropyl)carbodiimide (EDC) and
5.8 mg of NHS, under stirring for 4 h at room temperature. Next, the ac-
tivated FA-PEG was added under stirring to 200 mg of DEAE;5-CH pre-
viously dissolved in 20 mL of 2% acetic acid solution. The reaction was
kept under stirring for 20 h in the dark and the final folic acid labeled-
PEG-chitosan (FA-PEG-DEAE-CH) was purified by dialysis (MWCO
12 kDa) first against sodium hydroxide 0.01 M for one day, three days
against deionized water and the final product was recovered by lyoph-
ilization. The degree of grafting was determined by UV-vis spectroscopy
using the solution of the unlabeled chitosan as the reference and a molar
absorption coefficient of 6165 M~! cm~! at 363 nm.

2.5. Preparation of siRNA-chitosan nanoparticles

The nanoparticles were prepared in a sterile 25 mM phosphate
buffer pH 6.3 and ionic strength 150 mM, using stock solutions of

DEAE-CH (9.3 mM) previously filtered with 0.45 um polyethersulfone
filters. Aliquots of DEAE-CH were injected into siRNA solution
(0.076 mM) under a gentle magnetic stirring to obtain varied charge ra-
tios (N/P), where N and P state for amino groups of DEAE-CH and phos-
phate groups of siRNA, respectively. For zeta potential and size
measurements, the phosphate concentration was adjusted to 0.02 mM.

2.6. Size and zeta potential of the nanoparticles

Size and zeta potential of the nanoparticles were determined by dy-
namic light scattering in a Zetasizer Nano ZS90 zeta potential analyzer
(Malvern Instruments Ltd., Malvern, UK) in 25 mM phosphate buffer so-
lution at pH 6.3 and an ionic strength of 150 mM. The nanoparticle solu-
tions (NPs) were prepared and measured in triplicate and reported
values correspond to the mean value from three independent experi-
ments and the error bars to the standard deviation from that mean
value.

2.7. Morphology

The morphology of the nanoparticles was observed using a field
emission gun scanning electron microscope (FEG-SEM) using a [SM-
6701F electronic microscope (JEOL, Tokyo, Japan). Nanoparticles pre-
pared as described in Section 2.3 were fixed on a carbon adhesive
mounted on a SEM stub. All the samples were examined at an accelerat-
ing voltage of 10.0 kV.

2.8. Cytotoxicity assay

HeLa (American Type Culture Collection/Rockville, USA) cells were
used to test the cytotoxicity of the polymer and its nanoparticles as de-
scribed previously [29]. The cells were seeded on 96-well culture plates
at a density of 10.000 cells/well and grown in DMEM medium supple-
mented with fetal bovine serum (FBS) and 1% penicillin-streptomycin
(PS). Next day, the medium was removed and 50 L of free siRNA (0.5
yg /well) or their nanoparticles were added to the cells with 50 pL of
complete medium and incubated for 24 h. The cell viability was evalu-
ated using a CellTiter96® AQueous Non-Radioactive Cell Proliferation
Assay (Promega Corporation, Madison, USA). Absorbance was mea-
sured at 490 nm with an EL800 universal microplate reader (Molecular
Devices Corp., Menlo Park, USA). The cell viability was expressed by set-
ting the control cells without nanoparticles as 100%.

2.9. Gel retardation assay

The siRNA-SSB and its nanoparticles with DEAE-CH containing an
equivalent amount of 0.5 g of per well of siRNA were subjected to elec-
trophoresis using a 0.8% agarose gel in Tris-EDTA boric acid buffer for
15 min and 150 V.

2.10. Cell cultures and siRNA-SSB interference experiments

HelLa cervical carcinoma (folate receptor-positive), OV-3 ovarian
carcinoma (folate receptor-positive), and MG-63 osteosarcoma (folate
receptor-negative) cells were obtained from the American Type Culture
Collection (Rockville, USA) and grown as previously described with
minor modifications [29]. Briefly, HeLa, OV-3 and MG-63 cells were
grown in Dulbecco's Modified Eagle's Medium, Ham's F12/Dulbecco's
Modified Eagle's Medium (DMEM F-12), and RPMI 1640, respectively.
The cells were cultured in an atmosphere of 5% CO, and 95% O, at 37
°C. Cells were seeded in 6-well plates at a density of 10° cells per well
with 3 mL of DMEM supplemented with 10% of FBS and 1% of PS in an
atmosphere of 5% CO, and 95% O, at 37 °C. After 24 h, the wells were
washed three times with fresh DMEM, without FBS and PS and treated
with 500 L of polyplexes containing an equivalent amount of 5 ng of
siRNA-SSB and 500 L of DMEM. The cells were incubated for 4 h at 37
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°C and treated with 2 mL of DMEM supplemented with 10% of FBS and
1% of PS and incubated for 24 h. On the following day, the medium was
replaced with 3 mL of DMEM with supplements. After 48 h, the wells
were washed three times with PBS and the cells treated with TRIzol®
for purification of RNA following the instructions (Thermo Fisher
Scientific, Waltham, USA). The transfection efficiencies were evaluated
as previously described [29].

2.11. siRNA-TNF-c interference experiments

RAW 264.7 macrophage cells were plated into 24-well microplates
at a confluence of 80% in incomplete alpha-MEM medium. After 4 h,
the culture medium was removed and cells were treated with 200 pL
of nanoparticles containing an amount of 5 g of siRNA-TNF-« plus
200 L of incomplete AMEM medium added without FBS and PS. Cells
treated with 200 pL of free siRNA were used as a negative control.
After 3 h of incubation at 37 °C, the medium was removed and the
cells received 1 mL of complete medium with 10% FBS and 1% PS and in-
cubated for 48 h. After this time, the medium was removed and a new
complete medium containing 100 ng/mL lipopolysaccharide (LPS) was
added [30]. After 24 h, the medium was removed and stored for TNF-
« protein concentration analysis using the Elisa quantikine immunoas-
say kit for mouse TNF-a (R & D Systems, Minneapolis, USA), following
the manufacturer's instructions. Cells were washed with cold phosphate
buffered saline solution (PBS) and lysed with lysis buffer for the deter-
mination of total protein concentration using the bicinchoninic acid-
based BCA kit (Thermo Fisher Scientific, Waltham, USA), with bovine
serum albumin (BSA) standard according to the manufacturer's instruc-
tions. The transfection efficiency is given by the ratio of the concentra-
tion of TNF-« (in pg) to the total proteins (in mg).

2.12. Monitoring of the siRNA uptake by confocal fluorescence of siRNA-
FITC

Control siRNA (FTIC)-A: sc-36,869, nonspecific 19-25 nt siRNA was
purchased from Santa Cruz Biotechnology, Dallas, USA. Human osteo-
sarcoma cells, MG-63, were seeded on Falcon culture slides in DMEM
F-12, 1% PS and 10% FBS culture medium at a confluence of 60% to
80%. After 24 h, the cells were washed with culture medium without
FBS and PS. 50 L of nanoparticles (10 pmol of siRNA-FITC per well)
and 50 pL DMEM F-12 were added and incubated at 37 °C. Cells treated
with 50 pL of free siRNA-FITC at a concentration of 10 pmol were used as
a control. After 5 h of incubation, the cells were washed with PBS buffer,
fixed with formaldehyde for 15 min and washed with PBS. To label the
cell nuclei, 300 pL of DAPI (0.1 pg/mL) was used in each well and washed
immediately with PBS buffer. DAPI and si-RNA-FITC fluorescence were
analyzed using an IX81 fluorescence imaging microscope (Olympus,
Tokyo, Japan).

Table 1

Physicochemical properties of deacetylated chitosans and their DEAE-CH derivatives.
Polymer DDA (%) DSpeat (%) Mw kDa Mn kDa pDi
CHC1 75.6° - 338.5 77.5 4.36
CH 98.0° - 129.4 43.2 3.00
DEAE-CH;30 15.8 1225 404 3.03
DEAE-CH7¢ 16.1 70.0 26.7 2.62
DEAE-CHsq 16.1 459 18.7 2.45
DEAE-CH,5 15.9 25.3 10.0 2.52
CHC2 - 400° -
CHH 95.0° - 236.7 1394 1.70
DEAE-CH,30 15.5 237.5 65.9 3.6
DEAE-CH;,0 15.6 216.7 1164 1.86

Bolded notation: starting chitosans.
¢ Determined from H-NMR
> Nominal value.

3. Results and discussion
3.1. Synthesis and characterization of the DEAE;5-CH derivatives

The synthesis was devised to keep the tertiary amino groups at a low
density of 15% aiming at obtaining nontoxic derivatives with varied mo-
lecular weights (Table 1). In order to obtain derivatives of varied Mws,
highly deacetylated chitosans were employed as starting materials
and prepared from commercial chitosans by a heterogenous process
in aqueous NaOH solution, which resulted in two samples of
129.4kDa (CH) and 236.7 kDa (CHH) (Table 1, Supplementary materials
Figs. S1 and S2). The deacetylation process resulted in a decrease of Mw
compared to commercial samples, which occurred mainly due to hydro-
lysis of the chains and, to a lesser extent, to the removal of acetyl groups
[27]. These samples were subsequently modified to achieve
diethylaminoethyl chitosans (DEAE;5-CH) of varied Mws. The "H NMR
spectrum of DEAE-modified chitosans exhibited the characteristic
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Fig. 2. Hydrodynamic diameters of siRNA-SSB nanoparticles prepared with CH and CHH
and their DEAE;5-CH derivatives at pH 6.3 and charge ratios (N/P) 2, 3 and 10.
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signal at & 1.8 ppm, attributed to the resonance of the methyl protons of
the DEAE, which were used to determine the composition [26] render-
ing derivatives with a fixed degree of substitution of DEAE groups
(DSpgag) of about 15% (15.5% and 15.6%) (Supplementary materials
Fig. S1a). The importance of Mw on siRNA-chitosan nanoparticle prop-
erties is well documented in the literature and its impact on cytotoxicity
[17], intracellular release and transfection efficiency has been reported
[32,33]. Hence, besides keeping the degree of substitution at 15%, the re-
action conditions were mild, and the molar masses of the derivatives
(DEAE-CH;30, DEAE-CH,30 and DEAE-CH;5), remained close to those
of the deacetylated chitosans (CH and CHH, Table 1). Derivatives of
lower Mws were obtained from DEAE-CHy39 by setting the initial
molar ratio of sodium nitrite to glucosamine units to values ranging
from 0.025 to 0.10, resulting in three samples of 70.0 kDa, 46.9 kDa
and 25.3 kDa (DEAE-CH,o, DEAE-CHso and DEAE-CHjs, Fig. S1b). It can
be noticed that, compared to DEAE-CH 30, the samples of lower Mw ex-
hibited decreased polydispersities as a result of extensive purification
processing by dialysis (Table 1 and Supplementary materials Fig. S2).
The grafting of chitosans with DEAE groups also gives origin to sec-
ondary amino groups and accordingly may affect the ionization degrees
of the polycations, which were determined as previously described by
Tiera et al. [27]. In comparison with plain deacetylated chitosan of
higher Mw CHH that, at pH 6.3, exhibits a degree of ionization of
about 0.4, DEAE-CHa;q derivatives remained partially charged even at
pH 7.4 (Fig. 1c. and Supplementary materials Fig. S3 and S4). Moreover,
compared with deacetylated chitosan, DEAE-CH,,q exhibited higher
buffering capacity at the pH range from 7.4 to 6.5 (Fig. 1b), which has
been exploited to trigger the release of pH responsive nanoparticles
into the cytosol [31]. A similar pattern of buffering was observed for
DEAE-CH 30, which required twice more H™ than CH (129.4 kDa) to de-
crease pH in the same range (Fig. S5a and S5b), confirming the potential
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of tertiary and secondary amino groups to delay the endosomal
acidification.

Hence, a series of six derivatives with varied molecular weights were
obtained and their degrees of substitution of about 15% were confirmed
by 'H NMR (Fig. S1b).

3.2. Nanoparticle sizes, zeta potential, morphology and formulation
stability

Studies have shown that Mw can affect the strength of interaction
between the polycation and siRNA, determining the sizes of nanoparti-
cles, the protection of siRNA against enzymatic degradation and its de-
livery into the cytosol [7]. Hence, the effect of Mw on the siRNA-SSB/
DEAE-CH nanoparticle properties was evaluated in PBS buffer at an
ionic strength of 150 mM. siRNA-SSB and siRNA-TNF-a were selected
as validated siRNAs to evaluate the ability of DEAE;5-CH derivatives to
complex and deliver the siRNA. Then, the physical properties of the
nanoparticles prepared with six DEAE;5-CH derivatives and two
deacetylated chitosans (CH and CHH) were determined by DLS to eval-
uate the average hydrodynamic diameter (Dy,) and zeta potential and
FEG-SEM to evaluate morphology.

The measured hydrodynamic diameters (Dy,s) were critically deter-
mined by the presence of DEAE units and molecular weight (Mw). At
pH 6.3, deacetylated chitosan has an ionization degree of about 0.4,
hence, at ionic strength of 150 mM, its complexing ability is decreased
and both deacetylated chitosans (CH, 129.4 kDa and CHH 236.7 kDa),
formed particles with hydrodynamic diameters (Dys) >500 nm at all
N/P ratio range (Fig. 2). On the other hand, DEAE-CH derivatives of
higher Mw (122.5 and 230 kDa) displayed an improved ability to con-
dense siRNA and for N/P ratios from 3 to 10, formed nanoparticles in
the range of 80 nm to 150 nm (Fig. 2b and c). Moreover, even DEAE-
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Fig. 3.a) Polydispersity of DEAE-CH nanoparticles as a function of N/P ratio b) Colloidal stability as a function of time for nanoparticles prepared with DEAE-CH,;o and DEAE-CH 30 at pH 6.3
and ionic strength 150 mM. c,d) Representative SEM-FEG images of DEAE- CH,,0/siRNA-TNF-a nanoparticles synthesized at N/P ratio 3.0.
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CH5 interacted more efficiently with siRNA than CHH (236.7 kDa) and
nanoparticles of about 200 nm in size were obtained for an N/P ratio of 3
(Fig. 2b), confirming the importance of DEAE groups for the condensa-
tion of siRNA. A further decrease in Mw weakens the interaction with
siRNA and the lower Mw derivatives DEAE-CHsq and DEAE-CH,5 were
able to form nanoparticles around 100 nm only at an N/P ratio of 10
(Fig. 2c). Overall, the presence of tertiary and secondary amino groups
was mainly reflected on the condensation process, but also provided
nanoparticles with zeta potentials 20-30% higher than those obtained
with deacetylated chitosans (Fig. S5c and Table S1).

The polydispersity index (D) of DEAE-CH nanoparticles was highly
dependent on molecular weight and N/P ratio. By adjusting the N/P
ratio it was possible to form homogeneously dispersed nanoparticles
<100 nm in size, with low polydispersity index values (Fig. 3a). Overall,
the polydispersity of the nanoparticles reduced with increasing N/P
ratio reaching a minimum value and turned to increase significantly in
the presence of an excess of polycations. This trend indicates that for-
mulations prepared at high charge ratios may result in nanoparticle dis-
persions containing free or weakly bound polycation chains and they
may contribute to inducing the aggregation. Indeed, free polycation

DEAECHSso

Fig. 4. Gel electrophoresis of nanoparticles prepared with CH, CHH and their DEAE-CH derivatives at increasing charge ratios (N/P 0.5 to 10), pH 6.3 and ionic strength of 150 mM of NaCl.

Red and blue rectangles highlights the different amounts of siRNA retained into the wells.
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chains in chitosan nanoparticle solutions have been confirmed and esti-
mated in studies using a field flow fractionation technique [17]. Hence,
the best polydispersity index (~0.15) observed at certain N/P ratios, in
particular at an N/P ratio of 3 for DEAE-CH,5o and DEAE-CH;3¢ nanopar-
ticles, could be related to the condition in which the condensation was
achieved and the excess polycation level is supposed to be minimum
(Fig. 3a).

Nanoparticles prepared with DEAE-CH,,¢ and DEAE-CH ;30 exhibited
improved colloidal stability compared to deacetylated chitosans and
their sizes remained essentially constant over a period of 6 h (Fig. 3b).
The morphology of the siRNA-SSB/DEAE-CH,;, nanoparticles was in-
vestigated using FEG-SEM and the N/P ratio 3 was chosen due the
lower PDI obtained for this formulation. Nanoparticles displayed near
spherical morphology with sizes slightly smaller (80-100 nm) than
those obtained from DLS experiments (Fig. 3c and d).

In general, the physical properties of chitosan/siRNA nanoparticles
depend on the preparation protocol and compared to the deacetylated
chitosans CH and CHH, the results clearly denote that by adjusting the
Mw of DEAE-CH derivatives, nanoparticle sizes around 100 nm can be
obtained at N/P ratios as low as 2. The smaller sizes obtained can be ex-
plained by the insertion of DEAE groups, which confer higher ionization
degrees to the polycations, strengthening the interactions between
DEAE-CH and siRNA. Under protocols using increasing ionic strengths,
shielding effects of the added salt make nanoparticles more susceptible
to aggregation and higher particles and lower zeta potentials are ex-
pected [34]. Similar nanoparticles sizes have been reported in the liter-
ature [9,29,34] and both Mw and N/P ratio may be adjusted to obtain
smaller nanoparticles, however our study shows that DEAE group has
a pronounced positive effect on the polycation's ability to condense
the siRNA molecules into nanoparticles.

3.3. Gel electrophoresis

Electrophoretic experiments confirmed the stronger interactions
of DEAE5CH derivatives with siRNA molecules, and the dependence
on Mw is clearly verified by comparing the different levels of siRNA
migration in the lanes and the higher levels of fluorescence in
the wells loaded with DEAE-CH-siRNA nanoparticles (Fig. 4).
Uncomplexed siRNA was loaded in the first lane, while siRNA/
DEAE-CH nanoparticles prepared at increasing N/P ratios (0.5 to
10) were loaded in the other lanes. Fig. 4 shows that nanoparticles
prepared with CH and CHH released siRNA at all N/P ratios tested
(1 to 10), however, the amount of siRNA retained in the wells in-
creased with N/P ratio, as expected because the binding affinity of
siRNA to CHH is higher than CH. The effect of DEAE groups on the
siRNA-polycation interaction is clearly seen by comparing the gel re-
tardation of siRNA-SSB from DEAE-CH,,¢ and DEAE-CH;3, with CHH
and CH nanoparticles. DEAE-CH nanoparticles (130 and 220 kDa)
completely retained siRNA in the wells at an N/P ratio of 5. Interest-
ingly, electrophoretic measurements show that the complete reten-
tion of siRNA-SSB in the wells occurred at ratios higher than those
necessary to pack the siRNA into nanoparticles of 100 nm (Fig. 2a
and b). For instance, DLS results of DEAE-CH,,o and DEAE-CH;3¢
nanoparticles showed that the best sizes and PDI were obtained at
charge ratios of 2 and 3 for both derivatives, while the complete
retaining of siRNA in the wells was observed at an N/P ratio of 5.

Similarly, the lower Mw derivatives (DEAE-CH,q; DEAE-CHsg)
completely retained siRNA in the wells at an N/P ratio of 10. On the
other hand, nanometric particles were formed at lower N/P ratios of 3
(Fig. 2¢) and 5 respectively. Contrary to CH and CHH, the lowest Mw de-
rivative, DEAE-CH,5 retained all the siRNA at an N/P ratio of 10 (Fig. S6),
confirming the results of the previous section regarding the positive ef-
fects of DEAE groups and indicating that the stronger siRNA binding
provided by tertiary amino groups facilitates the formation of the coac-
ervate phase.

3.4. Cytotoxicity assay

Aiming to test if the grafting with DEAE groups could increase toxic-
ity, HelLa cell viabilities were measured in the presence of increasing
concentrations of DEAE;s-CH derivatives and their nanoparticles using
the MTS protocol. Fig. 5a shows that all derivatives were of low cytotox-
icity and no dependence on Mw was observed. Cell viabilities remained
around 90% even at the highest concentration tested of 1.0 mg/mL, con-
trary to the PEI that was used as positive control and which reduced the
HelLa cell viability in a concentration-dependent manner to 20% at the
same 1.0 mg/mL.

Nanoparticles prepared with DEAE;sCH derivatives also exhibited
low cytotoxicity and even at N/P ratios of 5 and 10, where either free
polycation chains or those weakly associated to nanoparticles are ex-
pected, viabilities remained around 90%. So, these derivatives exhibit
the ability to form nanoparticles at low N/P ratios with minimal toxicity
and therefore they are interesting for in vivo applications.

3.5. In vitro transfection efficiency

The in vitro transfection efficiency was tested with HeLa, MG-63, OV-
3 and RAW 264.7 macrophages. The commercial transfection vectors
lipofectamine®, TransIT-siQUEST® and PEI were used as positive con-
trols and compared to cells treated with siRNA-loaded chitosan nano-
particles or free siRNA. The cells were treated with nanoparticles
containing an equivalent amount of 5 pig of siRNA-SSB and prepared at
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Fig. 5. Cytotoxicity of a) deacetylated chitosans (CH, CHH) and their DEAE;5s-CH
derivatives at increasing concentrations (0.1, 0.5 and 1.0 mg/mL) and its
b) nanoparticles with siRNA-SSB prepared at N/P ratios 2, 5 and 10 evaluated in HeLa
Cells using MTS assay. Data represent the mean + SD (n = 3).



R.H.EV. de Souza et al. / International Journal of Biological Macromolecules 119 (2018) 186-197 193

increasing N/P ratios. As shown in Fig. 6, efficient silencing levels were
obtained with both deacetylated chitosans and their derivatives. Overall,
in the N/P range studied, silencing efficiencies were either close to or bet-
ter than the transfection results obtained with lipofectamine and PEI,
which provided a silencing of 76% and 58% on the SSB mRNA expression,
respectively. Interestingly, particles obtained from CH and CHH, though
large and having modest positive zeta potentials (+5 to +7 mV), were
capable of mediating an efficient knockdown. Similarly, silencing efficien-
cies of 70% have been reported recently with chitosan-siRNA nanoparti-
cles in the range of 200 nm to 500 nm with size having negligible effect
on in vitro transfection [35]. This intriguingly efficient delivery with
large particles (600-800 nm), can be attributed to the buffering capacity
of chitosan, which has been reported to be similar to that of PEI [36]. Be-
sides, it may also be explained by taking into account that these formula-
tions have large polydispersities, i.e., a mixture of large and small particles,
hence, the smaller particles may be more easily internalized, which, in
turn, resulted in an efficient transfection.
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Nanoparticles prepared with DEAE-CH derivatives, independent of
Mw and Dy, also exhibited very good transfection efficiencies. For in-
stance, DEAE-CH;30, DEAE-CH,30, DEAE-CH;30, DEAE-CH and DEAE-
CHsp nanoparticles prepared at an N/P ratio of 2, suppressed the SSB
mRNA expression at levels of 80% to 90% (Fig. 6). Even derivatives of
lower Mw were capable of blocking mRNA above 80%. In a similar
way, for the lower Mw derivatives DEAE-CH,o and DEAE-CHsq, only
DEAE-CH7o was able to condense siRNA into particles of around
200 nm at N/P ratio 2 (Fig. 2b), however, both particles exhibited effi-
cient knockdown at an N/P ratio of 2 (Fig. 6). Additionally, as shown
in Fig. 6 silencing efficiencies mediated by the higher Mw DEAE-CH de-
rivatives slightly decreased as N/P ratio increased, which may be due to
a more difficult disentanglement of siRNA molecules from the longer
polycation chains, delaying the siRNA delivery. However, for DEAE-
CHso nanoparticles, the presence of excess polycations did not affect
the efficiency. On the contrary, at an N/P ratio of 10, the best silencing
was achieved, agreeing with previous reports by other groups that
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Fig. 6. In vitro transfection on HeLa cells using nanoparticles prepared with deacetylated chitosan CHH and the DEAE-CH derivatives at increasing N/P ratios, pH 6.3 and ionic strength of
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indicated that an excess of free or weakly- associated polycation chains
can improve the lysosomal release [12,13].

Based on the results obtained with the higher Mw derivatives, i.e., ef-
ficient transfection efficiencies, improved stabilities and small nanopar-
ticles sizes, DEAE-CH,3o was selected to test the effect of PEG and the
folic acid ligand on transfection efficiency and also to evaluate its deliv-
ery ability on other cell lines. Hence, a heterofunctional PEG was used to
label DEAE-CH,3q derivative with folic acid as described in Section 2.4,
rendering a 2.7% folate-PEG labeled derivative (Table S2). Then, the
sizes of the siRNA/FA-PEG-DEAE15-CH,3( nanoparticles were measured
at increasing N/P ratios and, similar to those observed for the non-
pegylated derivatives, hydrodynamic diameters remained around
100 nm, even at an N/P ratio of 1 (Fig. S7a, Supplementary materials),
indicating that PEG chains exert a stabilizing effect on nanoparticles.
Electrophoretic experiments confirmed the ability of FA-PEG-DEAEs-
CH,30 to strongly interact with siRNA-SSB, and for formulations pre-
pared at N/P ratios of 2 and 3, siRNA was retained in the wells
(Fig. S7b, Supplementary materials). Also, nanoparticles prepared with
FA-PEG-DEAE15-CH,3¢ exhibited low cytotoxicity and cell viabilities
remained at nearly 80% (Fig. S7c, Supplementary materials).

Transfection experiments were carried out with HeLa, MG-63, OV-3
and RAW 264 cell lines. Both, unlabeled and labeled PEG-folate
polyplexes (FA-PEG-DEAE-CH,3q) exhibited significant knockdown on
the expression of SSB mRNA, for all N/P ratios studied. Fig. 7a shows
the results for in vitro transfection of HeLa cells with folate-PEG deco-
rated nanoparticles. The silencing efficiency with FA-PEG-DEAE;s-
CH;30 nanoparticles was about 80% at an N/P ratio of 1 and decreased
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slightly for increasing N/P ratios, i.e., around 70% for polyplexes pre-
pared at N/P ratios from 2 to 5 (Fig. 7a). At lower N/P ratios (1 and 2),
the silencing efficiencies were similar to that obtained with lipofecta-
mine that mediated a knockdown of 88%. However, no significant differ-
ences were observed between silencing efficiencies of FA-PEG-DEAEs-
CH,3p and the non-labeled DEAE-CHa30 polyplexes (Fig. S8).

Similarly, OV-3 cell line was efficiently transfected by DEAE;5-CHa3¢
nanoparticles and the relative SSB mRNA expression was reduced to
about 10% to 15% depending on the N/P ratio (Fig. 7b). It is well
known that the folic acid receptor is often overexpressed in malignant
tissues of epithelial origin, such as ovarian carcinomas [37]. The pres-
ence of PEG chains provides an improved stability to nanoparticles
[38-40] and depending on the N/P ratio knockdown efficiencies from
80% to 95% can be achieved [39]. For HeLa and OV-3 cell lines, higher si-
lencing efficiencies would be expected due to a more efficient targeted
cell uptake. However, as can be seen from Fig. 7c, the folic acid as a li-
gand did not affect the transfection efficiency, suggesting that passive
transfection dominates the uptake process, driven mainly by the elec-
trostatic interaction with the surface of the cells. Moreover, the
pegylation may eventually reduce the cell uptake [41], which could ex-
plain the slightly lower silencing efficiency of FA-PEG-DEAE-CH>3q
nanoparticles on the OV-3 cell line compared to that prepared with
DEAE-CH,30 (Fig. 7b and Fig. 7c). Overall, the results show that
DEAE5-CH derivative, with or without folate, is efficient at blocking
mRNA at low N/P ratios. It has previously been reported that chitosan
containing folate or not [29], resulted in a knockdown of 60%, hence,
the results presented herein demonstrate a good strategy to reduce
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Fig. 7. In vitro transfection efficiency. 5 pg free siRNA SSB or DEAE-CH,30/siRNA or FA-PEG-DEAE-CH/siRNA complexes containing an equivalent of 5 pg of siRNA SSB incubated with
(a) Hela, (b,c) OV-3 line cells. SSB gene expression is measured with real-time RT-PCR and compared with nontreated cells, which are considered to be 100%. d) Negative control with
PEG-FA-DEAE-CH/scRNA complexes containing an equivalent of 5 pg of scrambled siRNA (scRNA) incubated with HelLa cells or the free polycations or free siRNA-SSB. Statistical
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the excess of polycation while maintaining the transfection efficiency of
chitosan.

Aiming to test the specificity of siRNA-SSB, cells were also treated
with polyplexes loaded with negative control (scRNA, a scrambled si-
RNA-SSB), free polycations and empty lipofectamine. All negative con-
trols exhibited no silencing effect on mRNA-SSB, proving the effective-
ness and silencing specificity of siRNA-SSB (Fig. 7d).

As observed for in vitro transfection of HeLa and OV-3 cell lines, la-
beled and non-labeled PEG-FA-DEAE-CH,30 nanoparticles were efficient
on MG-63 cells, reaching silence efficiencies higher than 80%, except at
an N/P ratio of 5, whose silencing effect was reduced to around 70%.
Aiming to investigate the internalization process and the protection of
siRNA by DEAE-CH;3 polyplexes, MG-63 cells were transfected with
nonspecific siRNA-FTIC (Fluorescein Conjugate) and qualitatively com-
pared with the commercial vector TransIT-siQUEST. Fig. 8 shows confo-
cal micrographs of cells transfected with free siRNA-FTIC and its
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complexes with DEAE-CH,3¢ and TransIT-siQUEST®. As can be seen
from Fig. 8a, cells treated with free siRNA-FTIC exhibited almost no
green fluorescence. On the contrary, DEAE-CH;30 and TransIT-siQUEST
nanoparticles clearly show green spots in the cytosol, confirming cell
uptake and the siRNA internalization.

Additionally, the ability of these polyplexes to knockdown the ex-
pression of the TNF-a cytokine on RAW 264.7 macrophages was tested.
To evaluate the relative gene silencing efficiency of DEAE-CH,30 nano-
particles prepared at increasing N/P ratios, the level of TNF-o expression
of activated macrophages was examined via Elisa. Cells treated with free
siRNA-TNF-a exhibited no silencing effect and TNF-a expression was
similar to that determined in the activated macrophages (positive con-
trol, Fig. 8f). On the other hand, cells treated with nanoparticles pre-
pared at increasing N/P ratios (2, 3 and 5) provided knockdowns of
45, 70, and 100%, respectively, confirming the efficiencies obtained
with other cell lines.
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Fig. 8. In vitro transfection efficiency. 5 ug free siRNA SSB or a) DEAE-CH>30/siRNA or b) FA-PEG-DEAE-CH/siRNA nanoparticles containing an equivalent of 5 ug of siRNA SSB incubated with
MG-63. Confocal micrographs of MG-63 cells transfected with c) fluorescently labeled free siRNA-FTIC and its d) DEAE-CH,30 and e) TransIT-siQUEST complexes containing an amount of 5
g of siRNA-FTIC after 5 h of incubation. f) In vitro silencing of TNF-o on activated RAW 264.7 macrophages: 5 ug free siRNA-TNF-o or DEAE-CH,s3,-siRNA-TNF-a nanoparticles prepared at
increasing N/P ratios containing an amount of 5 pg of siRNA-TNF-a. Statistical significance was assessed by the unpaired Student t-test. “p < 0,05; “*p < 0,005.
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4. Conclusions

A gene vehicle was prepared by grafting tertiary amino groups onto
the chitosan backbone. The insertion of diethylaminoethyl groups re-
sulted in a derivative with a higher degree of ionization. The size of
the siRNA nanoparticles can be controlled by adjusting the molecular
weight of the derivative to form nanoparticles having smaller sizes
and improved polydispersity at physiological ionic strength of
150 mM. This DEAE-CH vector demonstrated higher binding to siRNA
and provided its condensation into nanoparticles of 100 nm in size at
low charge ratios (N/P). Cytotoxicity of the derivative remained low
and its nanoparticles mediated knockdown efficiencies of 80% to 90%
on different cell lines. The grafting of the vector with PEG chains did
not affect the silencing efficiencies and revealed an uptake process
driven by electrostatic interaction with cell membranes. This research
showed that grafting of chitosan with tertiary groups and the concomi-
tant adjustment of molecular weight is a promising approach to obtain
efficient nanoparticles at low charge ratios and may be further exploited
for clinical applications.
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