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ABSTRACT: Chitosan (CS) shows in vitro and in vivo efficacy for siRNA delivery but with contradictory findings for
incompletely characterized systems. For understanding which parameters produce effective delivery, a library of precisely
characterized chitosans was produced at different degrees of deacetylation (DDAs) and average molecular weights (Mn).
Encapsulation and transfection efficiencies were characterized in vitro. Formulations were selected to examine the influence ofMn
and N:P ratio on nanoparticle uptake, metabolic activity, genotoxicity, and in vitro transfection. Hemocompatibility and in vivo
biodistribution were then investigated for different Mn, N:P ratios, and doses. Nanoparticle uptake and gene silencing correlated
with increased surface charge, which was obtained at high DDA and high Mn. A minimum polymer length of ∼60−70 monomers
(∼10 kDa) was required for stability and knockdown. In vitro knockdown was equivalent to lipid control with no metabolic or
genotoxicity. An inhibitory effect of serum on biological performance was dependent on DDA, Mn, and N:P. In vivo
biodistribution in mice show accumulation of nanoparticles in kidney with 40−50% functional knockdown.

■ INTRODUCTION

Oligonucleotide (ON) therapeutics represent a novel class of
molecules designed to modulate gene expression through direct
interference with ribonucleic acids (RNA) or proteins.1

Advances in understanding ON biology, mechanism of action,
physicochemistry, and their interactions with molecular
machines (i.e., RNAi inducing silencing complex) and/or
sensors (i.e., Toll-like receptors) have allowed the introduction
of design rules and chemical modifications that improve
nuclease resistance and reduce immune activation and
sequence-dependent off-target effects. Although modifications
improve serum half-life (t1/2) and promote siRNA binding to
proteins, intracellular translocation to the pharmacological site
of action and renal elimination cannot be circumvented by this
strategy nor can improvement of sequence design. As a
consequence, chemical conjugations with ligands or encapsu-
lation in delivery systems constitute the two predominant

strategies used in clinical development of siRNA delivery.
Trivalent N-acetylgalactosamine (GalNac) conjugation on the
sense strand results in highly potent hepatocyte-targeted siRNA
able to escape endosomal compartments and achieve mean-
ingful knockdown in phase II/III clinical trials.2 The
conjugation approaches continue to demonstrate potency in
preclinical and clinical studies but face serious challenges with
the recent discontinuation of the Revusiran and ARC-520/521
programs.3,4

Encapsulation of siRNA into delivery systems physically
protects the siRNA from serum nucleases, increases bioavail-
ability, and allows efficient delivery to certain targeted organs
and cells using lipid nanoparticles (LNP) that have reached
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clinical trials.3,5,6 However, LNPs are associated with serious
side effects such as immune activation, and their clinical
administration is preceded by and/or accompanied by
prophylactic anti-inflammatory steroids.7,8 The shortcomings
of LNP-based vectors are not limited to these issues but also
include their limited capability to deliver nucleic acid cargos
beyond the liver.9 Therefore, delivery systems that meet criteria
such as colloidal stability, high encapsulation efficiency, low
toxicity, reduced renal clearance, and deliver siRNA efficiently
to extrahepatic organs are critically needed.
Chitosan (CS) is a family of cationic biocopolymers

composed of β(1−4)-linked N-acetyl glucosamine (GlcNAc)
and D-glucosamine (Glc) that has gained considerable
attention for ON delivery. CS can be fine-tuned to reach
specific degrees of deacetylation (DDA) or fractions of
protonatable amine (charge), and average molecular weights
(Mw or Mn). The high degree of protonation of amino groups
(NH2) occurring at a pH below chitosan pKa (∼6.5−6.9) favors
the spontaneous formation of nanosized polyelectrolyte
complexes through electrostatic interaction with polyanionic
molecules such as ON.
Early work showed that transfection efficiency (TE) of

plasmid-containing chitosan nanoparticles depended on a fine
equilibrium between chitosan-tunable parameters of DDA, Mn,
and the molar ratio of chitosan amine to plasmid phosphate
(N:P) as well as other extrinsic factors such as pH and the
presence of serum proteins.11−15 Chitosan has also been used
to deliver short double-stranded siRNAs both in vitro16−27 and
in vivo.23,27−32 Most reports evaluating physicochemical
parameters for efficient in vitro siRNA delivery were performed
using partly deacetylated (DDA ∼80−85%) CS formulated at
high N:P ratio (>25).21−26,28 Such formulations could pose
significant practical problems for in vivo delivery such as
premature dissociation, limited dosing, blood incompatibility,
and nonspecific effects due to large quantities of free excess
chitosan. Although gene knockdown (KD) has been achieved,
experimental discrepancies, differences in chitosan sources, and
lack of characterization rendered results inconclusive in
identifying optimal parameters for siRNA delivery.10 Reports
correlating transfection efficiency (TE) as a function of
chitosan DDA, Mn, and N:P ratio have been contra-
dictory.19−22,24 Therefore, a systematic study of siRNA delivery
with accurately characterized chitosans that investigates the
effect of intrinsic (DDA, Mn and N:P ratio) and extrinsic
parameters (serum, pH, ionic strength, and mixing conditions)
on cell uptake, TE, toxicity, genotoxicity, hemocompatibility,
and in vivo biodistribution is urgently needed.
To understand the correlation between nanoparticle

physicochemical properties and knockdown efficiency (KD),
we produced a library of chitosans that were precisely
characterized by gel permeation chromatography for molecular
weight and 1H NMR for DDA. The effect of DDA, polymer
length (Mn), mixing ratio (N:P), and pH was systematically
examined and correlated with nanoparticle physicochemical
properties including size, surface charge, encapsulation
efficiency (EE), and in vitro delivery. Potent formulations
were selected for further characterization, tested in the presence
of increased serum concentrations, and correlated to knock-
down efficiency. In addition, off-target effects and nanoparticle-
mediated toxicity were examined using a metabolic assay
coupled with genotoxicity testing. We also show that selected
formulations may be intravenously administered at doses up to
14 mg/kg of chitosan, accumulate in the proximal tubule

epithelial cells (PTEC), and induce functional target knock-
down in the kidney.

■ MATERIAL AND METHODS
siRNA Sequences and Chitosan Characterization. siRNA

sequences were custom synthesized by Dharmacon Inc. (GE
Dharmacon, Lafayette, CO, USA) except for the nontargeting
siRNA (siNT), which was purchased as a predesigned product from
the same supplier (D-001710-01-50). All siRNA sequences used in
vitro were provided by the manufacturer in a lyophilized format
following standard desalting. The anti-EGFP siRNA sense sequence
was 5′-GACGUAAACGGCCACAAGUUC-3′, and the antisense
sequence was 3′-CGCUGCAUUUGCCGGUGUUCA-5′ with duplex
Mw 13360 g/mol. The siRNA sequence has been used in two chitosan-
siRNA studies.23,24 The DY647 siRNA sequence was modified at the 5′
end of the sense strand and purified by HPLC for in vivo
administration. For in vivo efficacy studies, the anti-GAPDH siRNA
was purchased from Life Technologies as a predesigned Ambion In
Vivo GAPDH Positive control siRNA (Life Technologies, Burlington,
ON, Canada). The anti-GAPDH sense sequence was 5′-GGUCAU-
CCAUGACAACUUUTT-3′ with duplex Mw 13400 g/mol. The
position of the LNA modifications, as well as other silencer
modifications, was not disclosed by the manufacturer.

Chitosans (Table 1) with different DDAs were obtained from
Marinard, (Laval, QC, Canada) and depolymerized in our laboratory

using nitrous acid to achieve specific number-average molecular weight
targets (Mn) of 5, 10, 40, 80, and 120 kDa (Table 1). Chitosan number
and weight-average molecular weights (Mn and Mw) were determined
by gel permeation chromatography (GPC) using a Shimadzu LC-
20AD isocratic pump coupled with a Dawn HELEOS II multiangle
laser light scattering detector (Wyatt Technology Co, Santa Barbara,
CA), an Optilab rEX interferometric refractometer (Wyatt Technol-
ogy Co), and two Tosoh TSKgel (G6000PWxl-CP and G5000PWxl-
CP; Tosoh Bioscience LLC, King of Prussia, PA) columns. Chitosans
were eluted at pH 4.5 using an acetic acid (0.15 M)/sodium acetate
(0.1 M)/sodium azide (4 mM) buffer. The injection volume was 100
μL; the flow rate was 0.8 mL min−1, and the temperature was 25 °C.
The dn/dc values for chitosan with a 92 and 80% DDA were
determined at 0.208 and 0.201 using a laser’s wavelength of 658 nm.
The degree of deacetylation was determined by 1H NMR as per in
house published methods.33

Table 1. Characterization of Chitosans Tested in This
Studya

chitosan DDA (%) Mn (kDa) Mw (kDa) PdI Dp

72-10 75.4 11.8 17.9 1.60 69
72-120 71.7 140.4 182.5 1.30 811
80-10 84.4 10.8 14.5 1.34 64
80-120 82.9 177.4 290.4 1.64 1,054
92-5 91.7 4.3 6.4 1.51 26
92-10 92.0 9.0 13.7 1.52 55
92-40 92.5 40.7 54.9 1.35 248
92-80 92.7 81.1 267.6 3.30 494
92-120 91.9 137.6 180.7 1.31 836
98-10 98.9 8.8 11.4 1.29 54
98-120 98.5 127.5 188.3 1.47 788

aDifferent chitosans are denoted according to their chemical
composition using the nomenclature [DDA-Mn] and are represented
in the first column of the table. The degree of deacetylation (DDA)
was determined by 1H NMR. The number and weight-average
molecular weights (Mn and Mw) were determined by gel permeation
chromatography (GPC). The polydispersity index (PdI) was
calculated as Mw/Mn. The degree of polymerization (Dp) or chain
l e n g t h w a s c o m p u t e d u s i n g t h e e q u a t i o n

=D M
p

chitosan
average monomer molar mass at specific DDA

n .
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Preparation of Nanoparticles by Manual Mixing. Chitosans
were dissolved overnight in nuclease-free water (Life Technologies,
Burlington, ON, Canada) and 1 N HCl (Sigma-Aldrich, Oakville, ON,
Canada) using a glucosamine to HCl ratio of 1:1 to a final
concentration of 5 mg/mL. The stock solutions were sterile filtered
using a 0.22 μm PVDF filter and used to prepare solutions at specific
N:P ratios by dilution in nuclease-free water. Before complexation,
siRNA was diluted to a working concentration of 0.1 mg/mL. Unless
otherwise stated, nanoparticles were formed by simple electrostatic
complexation following manual addition of chitosan to siRNA at a 1:1
ratio (v/v). The final volume never exceeded 250 μL, and chitosan was
pipetted into siRNA. Nanoparticles were kept at room temperature for
20−30 min before further use.
Determination of Nanoparticle Size and Surface Charge.

Size and surface charge (ζ-potential) of nanoparticles were determined
by dynamic light scattering (DLS) and laser doppler velocimetry using
a ZetaSizer Nano ZS device (Malvern Instruments Ltd., Malvern, UK).
The scattering angle of the detector was fixed at 173°, and
measurements were performed at 25 °C using the viscosity of water
as sample diluent. Nanoparticles were diluted 1:4 and 1:8 using sterile-
filtered NaCl solution (10 or 150 mM) before determination of size
and ζ-potential, respectively. For data in Figure 1, size and ζ-potential
were measured immediately post incubation in buffer (∼2.5 min for
size and 5 min for ζ-potential). For data in Figure S1, size and ζ-
potential were measured at the respective time point post incubation
in the buffer. The Smoluchowski equation was used to calculate ζ-
potential from the measured electrophoretic mobility. All measure-
ments were performed in duplicate and replicated twice (N = 3, n = 6).
Encapsulation Efficiency and siRNA Release. The encapsula-

tion efficiency (EE) of siRNA was determined using the Quant-iT

Ribogreen RNA reagent (Life Technologies, Burlington, ON, Canada)
to assess siRNA free in solution after mixing with chitosan.
Encapsulation efficiency (EE) was calculated as percentage fluo-
rescence intensity relative to nonformulated siRNA.

siRNA Release at Different pH. Nanoparticles were incubated in
buffers with different pH, 25 mM MES (pH 6.5), 1× PBS (pH 7.2), or
1× TAE (pH 8.0), and aliquots were taken at 24 h post incubation.
Aliquots were further diluted 1:200 in respective buffers, mixed with an
equal volume of Quant-iT RiboGreen reagent to detect free siRNA,
and incubated for 5 min at room temperature, and the fluorescence
was then measured using a TECAN Infinite M200 PRO microplate
system (Tecan Systems, Mannedorf, Switzerland).

siRNA Release in the Presence of Heparin. The effect of
physiological concentrations of heparin on siRNA release was tested.
Heparin (Sigma-Aldrich, Oakville, ON, Canada) solution at 1 mg/mL
was prepared in nuclease-free water, sterile filtered, and diluted to 5
μg/mL. Nanoparticles were prepared as mentioned above and diluted
1:2 in heparin, incubated for 1 h, and then diluted 1:100 in Tris EDTA
(1× TE, pH 7.2); then, a volume of 100 μL was transferred into black
plates (Corning, NY, USA). Quant-iT RiboGreen reagent (1:200) was
prepared in 1× TE (pH 7.2), and an equal volume (100 μL) was
added to the nanoparticles. Plates were incubated on a rotary mixer for
5 min in the dark, and the fluorescence was measured using a TECAN
Infinite M200 PRO microplate system (Tecan Systems, Mannedorf,
Switzerland). The excitation and emission wavelengths were 480 and
530 nm, respectively. Naked siRNA, heparin alone, 1× TE, chitosan/
heparin, and siRNA/heparin were used as controls to assess
background, assay interference, and as subtraction blank.

siRNA Release in the Presence of Serum Albumin. The effect
of physiological concentrations of bovine serum albumin (BSA) on

Figure 1. Nanoparticle size and ζ-potential as a function of DDA, Mn, and amine to phosphate ratio (N:P) measured in the presence of 10 and 150
mM NaCl. (A) Nanoparticle size (Z-ave diameter) vs DDA, Mn, and N:P ratio in the presence of low ionic strength (10 mM NaCl, pH 5.5,
measurement at 2.5 min post incubation in medium). (B) Nanoparticle surface charge (ζ-potential) vs DDA, Mn, and N:P ratio in the presence of
low ionic strength (10 mM NaCl, pH 5.5). (C) Nanoparticle size vs DDA, Mn, and N:P ratio in the presence of high ionic strength (150 mM NaCl,
pH 5.5). (D) Nanoparticle surface charge (ζ-potential) vs DDA, Mn, and N:P ratio in the presence of high ionic strength (150 mM NaCl, pH 5.5).
Data represent the average ± standard deviation of 3 independent experiments with 2 technical replicates per experiment (N = 3, n = 6).
Measurements in 150 mM NaCl were taken immediately after adding 150 mM NaCl. Measurements in 10 mM NaCl were stable over time (see
Figure S1).
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siRNA release was tested. BSA stock solution (125 mg/mL) was
prepared in nuclease-free water, quantified using the micro BCA assay
(Life Technologies, Burlington, ON, Canada), and diluted to reach 50
mg/mL, respectively. The Quant-iT RiboGreen assay was identical to
the heparin competition assay described above with the only difference
that nanoparticles challenged with BSA were diluted 1:2000 in 1× TE
(pH 7.2). This high dilution was used to overcome assay inhibition.
Naked siRNA, BSA alone, 1× TE, chitosan-BSA, and siRNA-BSA were
used as controls to assess background, assay interference, and as
subtraction blank.
Cell Culture. The EGFP+ H1299 cell line (human lung carcinoma)

was provided by Prof. Jorgen Kjems (Aarhus University, Denmark)
and has been used in several chitosan-siRNA studies.21,23,24,26,28 This
cell line was generated by Dr. Anne Chauchereaux (Gustave Roussy
Institute, Paris, France) by transducing the parental H1299 cell line
(ATCC, Manassas, VA, USA) with pd2EGFP-N1 (Clonetech,
Mountain View, CA, USA). The plasmid encodes a modified version
of EGFP with a turnaround rate of 2 h (t1/2 ∼ 2 h). Cells were cultured
in RPMI-1640 (ATCC, Manassas, VA, USA) supplemented with 10%
heat-inactivated FBS (Life Technologies, Burlington, ON, Canada),
1% GlutaMAX (Life Technologies, Burlington, ON, Canada), and 500
μg/mL of G418 antibiotic at 37 °C in a 5% CO2 environment.
In Vitro Transfection. For target gene knockdown and siRNA

uptake, cells were seeded in 24-well plates at a density of 45,000 cells/
well to reach ∼75−80% confluence on the day of transfection. Prior to
transfection, cells were washed once with 500 μL of warm Ca2+/Mg2+-
free PBS and replenished with fresh RPMI-1640, which contained
varying amounts of FBS (0−94%). Nanoparticles were prepared as
described above, and a specific volume was added to cells to reach the
target siRNA concentration of 25−400 nM per well. Cells were
incubated for 4 (toxicity), 8 (genotoxicity), or 48 h (knockdown,
toxicity, and genotoxicity). For the serum challenge experiment,
medium containing increasing amounts of FBS (0−94%) was aspirated
and replaced with complete RPMI-1640 medium 4 h post transfection.
DharmaFect 2-siRNA nanoparticles were prepared by diluting

siRNA stock solution to 0.025 mg/mL (4 μM) in Opti-MEM serum-
free media and complexed to the lipid component as per manufacturer
recommendation; a volume of 6.4 μL of DharmaFect 2 in 153.6 μL of
Opti-MEM was used for complexation.
Assessment of EGFP Knockdown and Nanoparticle Uptake

Using Flow Cytometry. EGFP knockdown was measured using a
MoFLo flow cytometer (Beckman Coulter, Mississauga, ON, Canada)
equipped with a 488 nm argon laser for excitation (model ENTCII-
621, Coherent, Santa Clara, CA, USA) and a 510/20 nm (FL1) band-
pass filter to detect fluorescence. Nanoparticle uptake was measured
on a BD FACSAria equipped with a 633 laser and a 660/20 nm (FL1)
band-pass filter to detect fluorescence of internalized DY647-labeled
siRNA. Before analysis, EGFP+ H1299 cells were washed twice with
ice-cold Ca2+/Mg2+-free PBS, trypsinized, and suspended in complete
RPMI-1640 medium. For uptake, cells were incubated with
Streptomyces griseus type III chitosanase as per Alameh et al.16 before
washing and trypsinization. A dot plot of forward scatter (FSC) vs side
scatter (SSC) was created and a collection gate established using the
Summit 3.0 software (Beckman Coulter, Mississauga, ON, Canada) to
exclude cell debris and dead and aggregated cells. Then, 20,000 events
per sample were recorded, and nontransfected cells (untreated) were
used to establish baseline EGFP expression in terms of absolute
fluorescence intensity (FI). EGFP knockdown in treated samples was
calculated as mean FI relative to nontransfected cells

( = ×KD (%) 100mean FI (treated)
mean FI (untreated)

).

MIQE Compliant Quantitative Real-Time PCR (qPCR). The
secondary structure of endogenous and target genes used in this study
was in silico assessed using the mFold freeware.34 The position of the
primer and probe sequences relative to the structure was determined
prior to qPCR analysis. Before extraction, transfected EGFP+ H1299
cells were treated with Streptomyces griseus type III chitosanase (Sigma-
Aldrich, Oakville, ON, Canada) as described in ref 16. Total RNA
extraction was performed 48 h post transfection using the RNeasy Plus
Mini extraction kit (Qiagen, Toronto, ON, Canada) as per the

manufacturer’s protocol. Following extraction, samples were digested
with 2 μL of TURBO DNA-free kit (Life Technologies, Burlington,
ON, Canada) for 30 min to remove potential genomic DNA
contamination. Then, they were inactivated with 5 μL of DNase
inactivation reagent and spun down for 1.5 min at 10,000g, and the
supernatant was collected. Purity of total RNA was determined by
measuring A230/A260, A260/A280, and A340 using a Jenway spectropho-
tometer. The integrity of total RNA (RIN) was determined using the
Agilent 2100 Bioanalyzer system (Agilent Technologies, Mississauga,
ON, Canada). Total RNA concentration was determined using the
Quant-iT RiboGreen Assay (Life Technologies, Burlington, ON,
Canada). RiboGreen reagent and extracted RNA samples were diluted
1:200 and 1:100, respectively, using the supplied nuclease-free 1× TE
buffer (pH 8.0), mixed at a 1:1 ratio (v/v), and a volume of 200 μL
was pipetted into 96-well black plates (Corning, NY, USA). The plates
were incubated at room temperature in the dark for 5 min before
measuring fluorescence using a TECAN Infinite M200 PRO
microplate system (Tecan Systems, Mannedorf, Switzerland). The
excitation and emission wavelengths were 485 and 530 nm,
respectively, and concentrations (ng/mL) were derived from rRNA
(rRNA) standard curves prepared on the same plate as per
manufacturer recommendations. A total of 1 μg of extracted RNA
was reverse transcribed at 42 °C for 60 min using the SuperScript
VILO cDNA synthesis kit (Life Technologies, Burlington, ON,
Canada). For qPCR, 10 ng of cDNA was amplified using TaqMan Fast
Advanced Master Mix (Life Technologies, Burlington, ON, Canada)
on an ABI HT-7900 real-time PCR system (Applied Biosystems,
Mississauga, ON, Canada). All reactions were performed in a 384-well
plate in a final volume of 10 μL. qPCR was performed using the
following cycle conditions: 2 min hold at 55 °C, 10 min hold at 95 °C
followed by 40 cycles at 95 °C for 15 s and 60 °C for 1 min. Primer-
probe efficiency was determined using the standard curve method. For
each assay tested, a 6-log 10-fold dilution curve was constructed by
plotting the quantification cycle (Cq) vs log cDNA concentration and
linearly regressed to fit the data. The PCR reaction efficiency was

estimated using = −E 10( 1/slope). The list of assays (primer-probe
pairs) used in this study and their respective efficiencies can be found
in the Supplementary Methods. Reference gene stability was assessed
using the geNorm statistical package (Biogazelle NV, Zwijnaarde,
Belgium) with a panel of 10 reference genes under 10 experimental
conditions including nontreated, lipid-treated, high and low N:P ratio,
high and intermediate DDA, and high and low Mn. The experiment
was replicated once, and the M (stability parameter) and V (pairwise
variation of normalization factors) scores were determined.35

Assessment of Nanoparticle Toxicity Using the AlamarBlue
Assay. The effect of nanoparticles on metabolic activity was measured
using alamarBlue (Life Technologies, Burlington, ON, Canada).
Preliminary experiments were performed as per manufacturer
protocols to define optimal cell density and incubation time and
assess assay interference with chitosan. EGFP+ H1299 cells were
seeded in 96-well plates (CellBIND, Fisher Scientific, Mississauga,
ON, Canada) at a density of 5,000 cells/well 20−24 h prior to
transfection. Cells were transfected as previously described at a final
anti-EGFP siRNA concentration of 100 nM. Metabolic activity was
measured by replacing medium over cells with 200 μL of complete
RPMI-1640 medium supplemented with 10% alamarBlue reagent.
Absorbance was measured at 570 and 600 nm using a TECAN Infinite
M200 PRO microplate system (Tecan Systems, Mannedorf, Switzer-
land) 4 h after the addition of assay reagent. Metabolic activity of cells
was evaluated as the percent reduction of alamarBlue relative to
untreated cells.

Assessment of Nanoparticle Genotoxicity Using the Comet
or Single Cell Gel Electrophoresis Assay. The assessment of
nanoparticle genotoxicity was performed using the Trevigen alkaline
cometAssay kit (Trevigen Inc., Gaithersburg, MD, USA) at 8 and 48 h
post transfection. The 8 h time point was assessed to mimic the
alamarBlue time point (4 h transfection + 4 h incubation with
reagent). EGFP+ H1299 cells were transfected as described above,
trypsinized, resuspended in complete RPMI-1640 media, and counted
using the Countess automated cell counter system (Life Technologies,
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Burlington, ON, Canada). Cells were centrifuged at 100g for 3 min,
and the pellet was suspended in ice cold PBS (Ca2+/Mg2+-free) at a
concentration of 100,000 cells/mL. Agarose embedding, lysis, and
electrophoresis were performed according to the manufacturer’s
protocol. Slides were stained with 100 μL of 1:10,000 SYBR gold
nucleic acid stain (Life Technologies, Burlington, ON, Canada), dried
at 37 °C, and imaged following excitation at 488 nm using an Axiovert
epifluorescent microscope (Carl Zeiss, Toronto, ON, Canada). Images
were analyzed using the Open Comet plugin36 installed in the ImageJ
freeware (NIH, Besthada, CA, USA). The experiment was replicated
once, and at least 100 comets were counted per experiment (N = 2, n
≥ 200).
Assessment of Nanoparticle Hemocompatibility at Doses

Relevant for in Vivo Administration. Hemolytic and hemagluti-
nation properties of nanoparticles were tested according to ASTM
E252437 and Evani et al.,38 respectively. Human blood was collected
on consenting and healthy donors following a protocol approval by the
University Ethics Committee. Nanoparticles were prepared using an
in-house automated in-line mixing system39 and freeze-dried (FD) in
the presence of 0.83% w/v trehalose (Sigma-Aldrich, Oakville, ON,
Canada) and 5.8 mM histidine (pH 6.5) (Sigma-Aldrich, Oakville,
ON, Canada). FD samples were rehydrated to 12× using nuclease-free
water to reach the highest tested concentration (or dose) and iso-
osmolality and then serially diluted using 10% w/v trehalose buffer
(300 mOsm) to a final siRNA concentration of 0.1, 0.25, 0.5, or 0.8
mg/mL. The plasma-free hemoglobin (PFH) in the blood was
measured at 0.49 mg/mL prior to initiating the assay. Total blood
hemoglobin (TBH) was adjusted with PBS to a concentration of 10 ±
1 mg/mL. Nanoparticles were mixed with PBS and diluted TBH blood
(TBHd) at a 1:7:1 volumetric ratio with 100 μL of nanoparticles at the
target concentration pipetted into an Eppendorf tube containing 700
μL of PBS and 100 μL of blood (TBHd 10 ± 1 mg/mL). For
colorimetric determination of hemolysis, samples (700 μL) were
incubated for 3 h in a water bath at 37 °C and visually inspected every
30 min for nanoparticle flocculation, dispersion, sinking, or floating.
The supernatant was collected following centrifugation at 800g for 15
min, and absorbance was measured at 540 nm on a TECAN Infinite
M200 PRO microplate system (Tecan Systems, Mannedorf, Switzer-
land). A four-parameter regression algorithm (4PL) was used to obtain
the calibration curve required to calculate the hemoglobin
concentration in the supernatant of each sample (PFH sample). The
percentage of hemolysis was computed as hemolysis (%) = 100 ×
(PFHsample/TBHd). For hemagglutination, the remaining 200 μL of
each sample prepared above was pipetted in 96-well assay plates,
incubated for 3 h, and visualized using an Axiovert light microscope,
and the area covered by red blood cells (RBCs) was estimated and
scored.
In Vivo Biodistribution and Efficacy Studies. All in vivo

experiments described in this manuscript were randomized double
blinded and approved by the University of Montreal Ethics Committee
(CDEA) and the Montreal Heart Institute Research Center Ethics
Committee. Mice were purchased from Charles Rivers (Charles River,
Quebec, Canada) and housed and acclimatized in a specific pathogen-
free facility with unrestricted access to water and food. Mice had body
condition scores (BCS) of 3,40 and their body weights (BW) were in
the range of 20−25 g at the time of injection. All injection volumes
were calculated as 10 μL/g of BW, and injections were performed
within 10−15 s. Mice were euthanized under anesthesia (mixture of
3% Forane and 20−80% oxygen-air vol/vol) by cardiac puncture
followed by cervical dislocation.
Determination of Chitosan-siRNA Biodistribution Using ex

Vivo Whole Organ Imaging. Balb/c nude female (♀) mice aged 6
weeks and weighing 20−22 g were injected for the biodistribution
experiments All test articles, i.e., naked siRNA, Invivofectamine 2.0,
and chitosan-based nanoparticles formulated at N:P 5 (Mn = 10, 40,
and 120 kDa) were intravenously injected (iv) at a dose of 0.5 mg/kg
of DY647-labeled siRNA. The DY647

fluorophore was injected at a dose
of 0.5 mg/kg. Mice were euthanized 4 h post administration and
immediately perfused using PBS (1 × 20 mL) and 10% neutral buffer
formalin (NBF, 1 × 40 mL). Ex vivo imaging on collected organs was

performed using a whole animal imaging system mounted with an
EMCCD EM N2 camera (NUVU Cameras, Montreal, QC, Canada).
Controls included PBS, naked DY647-labeled siRNA, DY647 alone, and
commercially available lipid control Invivofectamine 2.0 (Life
Technologies, Burlington, ON, Canada). The latter was prepared as
per the manufacturer’s recommendation.

Determination of in Vivo Functional Gene Knockdown.
Preparation, Lyophilization, Reconstitution, and Characterization
of Injected Nanoparticles for in Vivo Efficacy. Low (10 kDa) and
high (120 kDa) molecular weight chitosans with degrees of
deacetylation of 92 and 98% (Table 1) were dissolved as described
above to a final concentration of 5 mg/mL. The stock solutions were
sterile filtered using a 0.22 μm PVDF filter (EMD Millipore,
Etobicoke, ON, Canada) and used to prepare solutions containing
1% trehalose and 3.8 mM histidine at an N:P ratio of 5 by dilution in
nuclease-free water, 4% w/v trehalose, and 28 mM histidine (pH 6.5).
Before complexation, anti-GAPDH siRNA stock solutions (4 mg/mL)
were diluted to 0.2 mg/mL in the same buffer as chitosan.
Nanoparticles were prepared at a final N:P ratio of 5:1 using simple
manual mixing. All nanoparticles were incubated for 30 min at room
temperature upon preparation before analyses or freeze-drying. Anti-
GAPDH nanoparticles were lyophilized under sterile conditions using
a laboratory series freeze-dryer PC/PLC (Millrock Technology,
Kingston, NY, USA). An optimized 1 day cycle comprised of the
program rapid cooling to 5 °C, 30 min hold, rapid cooling to −5 °C,
30 min hold, temperature decrease from −5 to −40 °C at a rate of 1
°C/min, 2 h hold, initiation of primary drying for 10 h at −32 °C and
60 mTorr followed by a secondary drying cycle at 60 mTorr, increase
in shelf temperature to 30 °C at rate of 0.2 °C/min, and a 6 h hold was
used. Nanoparticle volumes of 3.84 or 7 mL were freeze-dried in 10 or
20 mL serum vials, respectively, using 20 mm butyl-lyophilization
stoppers. Samples were backfilled with argon, stoppered, crimped, and
stored at 4 °C until reconstitution. All FD samples were reconstituted
at the animal facility to 10-times their initial concentration using water
for injection, and their concentrations were adjusted by diluting with a
nearly isotonic aqueous solution comprising 10% w/v trehalose so that
the desired dosage (mg siRNA/kg of animal body weight) would be
reached upon injection of 10 μL of nanoparticles per gram of animal
body weight. Immediately after injection, reconstituted nanoparticles
were characterized for their size and polydispersity as described above.

In Vivo Efficacy and Monitoring of Clinical Signs and Body
Weight. Balb/c male (♂) mice aged 6−7 weeks and weighing 22−25 g
were used for the efficacy study (3 animals/group). Uncoated anti-
GAPDH NPs were prepared as described above and administered at
2.5 mg/kg every other day for a total of three injections, and mice were
sacrificed 72 h following the last injection. Naked anti-GAPDH siRNA
(siGAPDH) was administered at 2.5 mg/kg following the same
schedule. Clinical signs were determined for a period of 4 h
postadministration of test articles and at euthanasia. The clinical
signs were recorded by trained personnel and qualified animal care
technicians. Clinical signs were scored for body condition, general
aspect, natural behavior, and provoked behavior. Body weight was
recorded prior to each injection and at euthanasia using an Avery
Berkel scale (Avery Berkel, Fairmont, MN, USA). Body weight was
expressed as percent change relative to the previous injection.

In Vivo Assessment of Functional Knockdown Using the KDalert
Assay. Following collection, organs were snap frozen in liquid nitrogen
and stored at −80 °C until use. Frozen tissues were cut on dry ice,
weighed (∼20 mg), and disrupted using the TissueLyzer II system
(Qiagen Inc., Toronto, ON, Canada). Tissues were disrupted using the
5 mm steel beads (Qiagen Inc., Toronto, ON, Canada) under the
following conditions: 2 × 30 Hz, 20 s per cycle. Homogenized tissues
were resuspended in 750 μL of KDalert lysis buffer (Life Technologies,
Burlington, ON, Canada) and incubated on ice for 30 min with
inversions every 10 min. Lysates were clarified by centrifugation (2270
g, 30 min, 4 °C), transferred to new tubes, and diluted (1:20) in
KDalert lysis buffer. The standard curve was prepared by diluting
GAPDH stock solution (26 U/mL) with lysis buffer at a 1:100 ratio
(GAPDH:lysis) followed by 2-fold serial dilutions from 1:5 to 1:320.
Twenty microliters of diluted samples and standards were transferred
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into 96-well plates (Corning, NY, USA), and 180 μL of the KDalert
Master Mix (Life Technologies, Burlington, ON, Canada) was
pipetted into each well. Plates were incubated for 15 min at room
temperature, and absorbance was measured at 610 (10) nm using a
TECAN Infinite F-500 microplate system (Tecan Systems, Man-
nedorf, Switzerland). GAPDH activity in units (U) was computed
from the standard curve and normalized to total protein content (mg)
of the lysate sample as determined using the BioRad DC Protein Assay
kit (Bio-Rad Laboratories, Mississauga, ON, Canada).
Assessment of in Vitro Knockdown and Nanoparticle

Biodistribution Using Confocal Microscopy. Visual confirmation
of in vitro knockdown was performed using live cell imaging. EGFP+

H1299 cells were seeded at a density of 25,000 cells/well onto an 8-
chamber Lab-Tek (MatTek, Ashland, MA, USA) and imaged in
multitrack mode using a Zeiss LSM 510 META confocal Axioplan 200
microscope (Carl Zeiss AG, Feldbach, Switzerland). For in vivo
biodistribution and subcellular localization of DY647-labeled siRNA,
organs were cryosectioned (5 μm), actin stained using AlexaFluor 546
phalloidin, and mounted with ProLong Diamond Antifade containing
DAPI (Life Technologies, Burlington, ON, Canada).
Statistical Analysis. Data were collected and expressed as average

± standard deviation (SD). Statistical analysis was conducted using
STATISTICA 12.0 (Dell Statsoft, Tulsa, OK, USA), SigmaPlot 13.0
(Systat software, San Jose, CA, USA), and GraphPad Prism 7.0
(GraphPad Software Inc., La Jolla, CA, USA) software packages.
Unless otherwise stated, the general linear model, one/two-factor

ANOVA. and multiple regression analysis were performed on collected
data with Dunnet and Tukey test used for multiple comparisons. The
design of the experiment module in STATISTICA 12.0 was used to
generate full or fractional factorial designs and generate multifactorial
modeling. Data from the comet experiments were also subjected to
nonparametric analysis.

■ RESULTS

Chitosan DDA dictate nanoparticle uptake, target
knockdown, ζ-potential, and encapsulation efficiency at
physiological pH while increasing Mn and N:P ratios
have positive effects. A library of chitosans was produced,
precisely characterized (Table 1), and assessed under different
experimental conditions (pH, ionic strength, and presence/
absence of serum) to understand molecular parameters favoring
adequate physicochemical properties (size, surface charge,
colloidal stability, and encapsulation efficiency) and efficient
nontoxic in vitro knockdown (target knockdown and metabolic
toxicity). As illustrated in Figure 1, nanoparticle size, measured
2.5 min post incubation in buffer, increased with both polymer
length (Mn) and ionic strength. In both low and high ionic
strength, size increased 2−3-fold due to an increase in Mn from
10 to 120 kDa. The effect of chitosan DDA and amine to
phosphate ratio (N:P) on size was minimal. Nanoparticle

Figure 2. Effect of DDA, Mn, and N:P ratio on the encapsulation efficiency at two different pH levels. Nanoparticles were formed in water and
incubated either in 25 mM MES (pH 6.5) or 1× TAE (pH 8.0) for 24 h and then assayed for siRNA release using the Quant-iT RiboGreen assay.
The percentage of siRNA release provided the percent encapsulation efficiency (% EE) computed relative to naked siRNA (N:P 0). Red color
corresponds to 100% encapsulation efficiency (no release), whereas magenta corresponds to 0% encapsulation efficiency (all released). Average
values from 2 independent experiments with 3 or 4 technical replicates per experiment. At pH 6.5, complete encapsulation (0% release) of the
payload is observed at all DDA, Mn, and N:P ratios used to form nanoparticles. However, at pH 8.0, chitosan glucosamine units become
deprotonated, and their interaction with siRNA phosphate groups decreases, promoting payload release. At pH 8, an increase in DDA, Mn, and N:P
ratio is required to maintain nanoparticle integrity.
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surface charge (ζ-potential) decreased with increasing ionic
strength as expected due to salt-induced electrostatic screening.
At low ionic strength, ζ-potential increased with increased
DDA,Mn, and N:P ratio. As shown in Figure 1C and confirmed
using multiple regression analysis (data not shown), DDA had
the strongest effect on ζ-potential followed by N:P ratio and
Mn, respectively. Although ζ-potential was around 2−3-fold
lower at high ionic strength, the tendency of increased ζ-
potential with a concomitant increase in DDA,Mn, and N:P
ratio was conserved (Figure 1C and D).
Given that DDA and the N:P ratio did not significantly alter

the size, colloidal stability was investigated using low and high
Mn chitosan formulated at an N:P ratio of 5 (92-10-5 and 92-
120-5). As shown in Figure S1, nanoparticle size and
polydispersity were independent of Mn in 10 mM NaCl and
stable up to at least 1 h post complexation. Increasing the ionic
strength to 150 mM had a significant impact on colloidal
stability with nanoparticles aggregating rapidly to reach the μm
scale. The polydispersity index (PdI), a dimensionless measure
of dispersion around the mean, reached its maximum value of 1
in 150 mM NaCl around 15 min post complexation indicating
severe aggregation/high heterogeneity. Interestingly, colloidal
instability increased with the increase in molecular weight.
siRNA compositions should be able to protect the nucleic

acid cargo in physiological fluids through a material-specific
mechanism of payload entrapment. As a consequence,
encapsulation efficiency (EE), or the percentage of siRNA
incorporated into the nanoparticle, was measured as a function
of DDA, Mn, N:P ratio, and pH using dye exclusion. For
eliminating the effect of colloidal instability on dye exclusion,
the assay was performed at low ionic strength. As shown in
Figure 2, all formulations were able to achieve complete

payload encapsulation at pH 6.5. Increasing the pH from 6.5 to
8.0 resulted in dye accessing siRNA payload, indicating release
and highlighting the importance of DDA, Mn, and N:P ratio,
and their interaction on the integrity/stability of the particles
and payload protection. Maximization of nanoparticle integrity
at high pH could be achieved by increasing DDA, Mn, and N:P
ratio.
In vitro performance of these formulations in the presence of

10% serum was assessed using the EGFP + H1299 cell line and
correlated with nanoparticle physicochemical properties. As
illustrated in Figure 3, EGFP knockdown significantly increased
with increasing charge density (DDA) and to a lesser extent
with increasing polymer length (Mn) and N:P ratio. The effect
of pH on the biological performance of nanoparticles was
minimal with a slight decrease in knockdown efficiency at
higher pH observed for formulations with low-to-intermediate
DDA (i.e., 72-10, 72-120, 80-10, and 80-120). No pH-
dependent performance could be detected for formulations
with high charge density (92-10, 92-120, 98-10, and 98-120)
when transfection pH increased from 6.5 to 7.4 (Figure 3). In
contrast, a statistically insignificant improvement in knockdown
at acidic pH was observed for formulations with low-to-
intermediate charge density. Although the effect of N:P ratio
was minimal in contrast to DDA, increasing N:P ratio could
increase the knockdown efficiency of formulations with low-to-
intermediate DDA (Figure 3).
The effect of DDA, Mn, and N:P ratio on nanoparticle

internalization was investigated at physiological pH (7.2−7.4,
290 mOsm). As depicted in Figure 4A, nanoparticle internal-
ization increased with increasing DDA, Mn, and N:P ratio
reminiscent of the trend observed in Figure 3.

Figure 3. Effect of DDA, Mn, N:P ratio, and pH on the biological performance of chitosan-siRNA nanoparticles in the presence of 10% FBS.
Nanoparticles were formed in water following 1:1 (v/v) mixing of chitosan to siRNA (0.1 mg/mL). EGFP+ H1299 cells were transfected at a final
siRNA concentration of 100 nM. Data represent average ± standard deviation of at least 3 independent experiments with at least 2 or 3 technical
replicates in each experiment (N = 3, n = 6−9). The media pH was adjusted to pH 6.5−6.7 (left side top and bottom panels) by buffering the RPMI-
1640 media (pH 7.2−7.4) with 20 mM MES followed by a 1 N HCl titration.
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To understand the relationship between nanoparticle
physicochemical characteristics and their biological activity,
physiochemical parameters were correlated and regressed with
respect to knockdown efficiency. No correlation between size
measured in 10 or 150 mM NaCl and knockdown was observed
(Figure 4B). However, nanoparticle ζ-potential, a parameter
found to be strongly dependent on DDA, Mn, and N:P ratio
(Figure 1), showed strong correlation with EGFP knockdown
with Pearson product moment correlation coefficient
(PPMCC) reaching 0.74−0.88.
In order to demonstrate that the observed knockdown is

independent of metabolic disturbances, the viability of treated
cells was determined relative to untreated controls using the
alamarBlue assay. The principle of the assay is based on the
mitochondrial reduction of resazurin, a blue and nonfluorescent
molecule, into resorufin, a red and fluorescent molecule. As
such, the number of cells and the incubation time were
optimized before performing the assay because seeding density
and population doubling time are critical parameters for
accurate results. Figure S2 shows complete depletion of
resazurin 4 h post incubation at a cell density of 65,000
cells/cm2. The optimal number of cells for viability testing was
thereby determined to be 15,625 cell/cm2, a cell density
equivalent to 5,000 cells/well (96-well plate). As illustrated in
Figure 4D, a slight decrease of 5−15% in metabolic activity was
recorded for all formulations tested except for the larger

decrease observed with 98-10-5. Under identical transfection
conditions where polymer- and lipid-based nanoparticles are in
contact with cells for 48 h, all formulations outperformed the
lipid control. Under such conditions, DharmaFect 2 showed
strong toxicity with around 60−80% cell death. However, it is
noteworthy to mention that media replacement 5 h post
transfection abrogated changes in metabolic activity relative to
untreated cells for both chitosan and the lipid formulations and
that no toxicity was observed when evaluated 4 h post
transfection (data not shown).

In Vitro Knockdown Efficiency is Mn Independent
above a Certain Threshold with Chitosan Found to
Disturb Global Gene Expression. Based on the above
results obtained from in vitro knockdown and the correlation
among chitosan DDA, Mn, and N:P ratio and physicochemical
properties (size, ζ-potential, and EE) and/or biological
performance (EGFP knockdown and viability), the family of
polymers with a degree of deacetylation of 92% was selected for
further characterization of the effect of Mn, N:P ratio, and
serum proteins on siRNA uptake and knockdown. As depicted
in Figure 5A, in vitro uptake, or internalization, of DY647-
labeled siRNA requires a threshold of polymer length of 10 kDa
above which internalization appears to be independent of both
Mn and N:P ratio. Below this Mn threshold of 10 kDa, the role
of N:P ratio appears critical with a 2-fold increase in siRNA
uptake when increasing N:P ratio from 5 to 30 (Figure 5A). As

Figure 4. Cell uptake, knockdown, correlations to size and charge, cell toxicity. (A) Effects of DDA, Mn, and N:P ratio on uptake were measured in
the EGFP+ H1299 cell line 48 h post transfection at 100 nM siRNA. (B) Lack of correlation between EGFP knockdown and nanoparticle size
measured at low and high ionic strength. (C) Strong correlation between EGFP knockdown and nanoparticle surface charge (ζ-potential) measured
at low and high ionic strength. (D) Effect of different formulations prepared at N:P 5 on metabolic toxicity. All experiments in this figure were
performed at pH 7.2−7.4 in the presence of 10% serum. All data shown represent an average of at least 3 independent experiments with 2 or 3
technical replicates per experiment (N = 3, n = 6−9). Correlation graphs represent average values of size or ζ-potential correlated with average values
of EGFP knockdown.
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expected, EGFP knockdown followed a similar pattern because
uptake and knockdown are generally correlated given the ability
of these nanoparticles to escape endosomal compartments.12,41

Knockdown efficiency was independent of Mn and N:P ratio
above 40 kDa (Figure 5). To demonstrate that the decrease in
EGFP fluorescence intensity was not related to toxic or
nonspecific effects of chitosan itself, mock transfections with
naked chitosan (M) and transfections using nontargeting
siRNA (siNT) were included as controls. As shown in Figure
5C and D, the delivery of siNT resulted in minimal EGFP
knockdown, reaching a maximum of 10 ± 2% with 92-40. In
contrast, mock transfections mediated a modest 5−10%
increase in EGFP expression for some chitosans. The pattern
of EGFP knockdown and/or expression for both siNT and
mock seems to follow a trend where longer-chain chitosans
appears to have a slight positive effect on EGFP expression.
Because siRNA is a small and rigid molecule compared to

other nucleic acids previously studied with chitosan, we
hypothesized that chitosan chain length below a threshold of
∼60−70 monomers (10 kDa) has a lower affinity for siRNA
and therefore releases siRNA in complex media (pH 7.4, high
ionic strength, and presence of serum). As shown in Figure S3,
an increase in Mn from 5 to 10 kDa or 10 to 120 kDa
dramatically improves siRNA encapsulation at low N:P ratios.
Although the effect of physiological pH on nanoparticle
stability, below the Mn 10 kDa threshold, is clear (Figure S3),
it does not seem to totally account for the loss of internalization

and knockdown efficiencies observed in Figure 5. We
subsequently verified the effect of serum on EGFP knockdown
with low vs high Mn chitosans (10 vs 120 kDa). Figure 6 shows
a decrease in performance in the presence of 10% serum for the
10 kDa chain, which was rescued by increasing the N:P ratio
from 5 to 30, indicating that a threshold of at least 10 kDa is
needed to counter the negative effects of both pH and serum
(Figure S3 and Figure 6).
Next, we confirmed knockdown on the transcriptomic level

by quantifying EGFP mRNA (mRNA)using MIQE compliant
quantitative real-time PCR (qPCR). qPCR is a very sensitive
and powerful technique but can generate biased results in
several cases where a single or combination of factors such as
normalization strategy, validation of primer efficiency, and/or
RNA integrity are not properly controlled.35,42−48 As a
consequence, the stability of reference genes following
treatments was validated in parallel with the validation of
primer-probe efficacy (Table S1). As seen in Figure 7, common
reference genes, i.e., β-actin and HPRT, were highly unstable
with M scores above 0.5. Treatment-dependent fluctuations
were also observed during modeling of treatment effect with
the removal of DharmaFect 2 altering the classification of
reference genes (Figure 7B). This observation confirms that
treatments with either lipid- or chitosan-based nanoparticles
have, in principle, a certain impact on the transcriptome or at
least on these tested reference genes. The high variability of β-
actin could be attributed to poor assay efficiency (84%), which

Figure 5. Effect ofMn at 92% DDA (92-Mn) and N:P ratio on uptake and knockdown. The EGFP+ H1299 cell line was transfected in the presence of
10% serum at a final siRNA concentration of 100 nM. (A) Uptake of DY647-labeled siRNA expressed as median fluorescence intensity (MFI). (B)
EGFP knockdown post transfection with anti-EGFP nanoparticles. (C) Lack of EGFP knockdown post transfection with nontargeting siNT
nanoparticles; siNT represents a scrambled siRNA and is an indicator of specificity to the target siRNA sequence. (D) Lack of EGFP knockdown
following transfection with chitosan only. Data represent the average ± standard deviation of 3 independent experiments with 2 technical replicates
per experiment (N = 3, n = 6).
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was confirmed to be treatment independent as assays had the
same amplification efficiency on cDNA amplified from total
RNA extracted from treated vs untreated samples (Table S1).
The V score, or the pairwise variation between the normal-
ization factors NFn and NFn+1, showed that accurate normal-
ization could be achieved by using the geometric mean of the 2
or 3 most stable reference genes (Figure S4). Under optimal
normalization conditions and following MIQE guidelines, a
similar trend for the effect of Mn and N:P ratio in the presence/
absence of serum was observed using quantitative PCR (Figure
6B). The knockdown of EGFP in the H1299 cells was
qualitatively confirmed by confocal laser scanning microscopy
(CLSM) as shown in Figure 6C.
In Vitro Lipid Nanoparticle (LNP)-like Potency (EC50)

Can be Achieved in the Presence of Serum Using
Chitosans with Increasing Mn and N:P Ratio. The effect of
Mn and N:P ratio on the minimum effective dose needed for
EGFP knockdown in the H1299 cell line was determined in the
presence of serum. The half maximal effective concentration
(EC50), a measurement of nanoparticle potency, was computed
from a 4-parameter sigmoidal curve (4-PL) 48 h post
transfection. Table 2 shows that potency increased with
increased Mn and N:P ratio. DharmaFect 2, a lipid control
developed for siRNA delivery in H1299 cells, had the lowest
EC50 (Table 2) and was able to induce meaningful knockdown
at an EC50 of 23 nM. Similar potency was obtained with the 92-
120-30 formulation (EC50 = 29.3 nM). As shown in Figure S5,
all formulations reached a plateau around 200 nM with a
marginal increase in EGFP knockdown observed at higher

concentrations. The delivery of nontargeting siRNA (siNT) at
higher doses (Figure S5) compared to Figure 5C did not cause
a meaningful increase in off-target effects. Again, siNT induced
a small decrease/increase in EGFP expression with low and
high Mn chitosans, respectively, indicating that off-target effects
are probably due to reduced metabolic activity observed with
low Mn chitosan (Figure 9A).

Reduction in Knockdown Efficiency Due to Serum
Can Be Mitigated by Increasing Mn and N:P Ratio.
Following observations regarding the effect of serum on the
performance of low molecular weight chitosan, coupled with
the fact that one use of nanoparticle is systemic administration
in vivo, the effect of increasing serum concentration on
biological performance was studied. In particular, the effect of
Mn and N:P ratio on EGFP knockdown was investigated in the
presence of increasing serum concentrations. As shown in
Figure 8A, nanoparticles rapidly lost their performance in the
presence of increasing serum concentration. This loss of
performance could be mitigated by higher Mn and/or N:P ratio.
The latter seems to play an important role in promoting
transfection in the presence of a high concentration of serum
(i.e., 94%). N:P ratio seemed to account for around 15% while
Mn accounted for around 10% as shown in Figure 8B. The
effect of physiological concentrations of heparin (2.5 μg/mL)49

and albumin (25−40 mg/mL) at pH of 7.2−7.4 on payload
release was studied by means of dye exclusion. As shown in
Figure 8C, a physiological concentration of heparin, equivalent
to concentrations found in 94% serum, was able to displace the
payload. Increasing both Mn and N:P ratio improved

Figure 6. Effect of FBS, chitosan Mn, and N:P ratio at 92% deacetylation on EGFP knockdown in H1299 cells. (A) EGFP knockdown measured as
the average fluorescence intensity (FI) relative to untreated cells 48 h post transfection with siEGFP. EGFP+ H1299 cells were transfected in the
absence or presence of 10% serum for a period of 5 h, media aspirated, replenished with complete RPMI-1640 media (pH 7.2−7.4, 290 mOsm), and
incubated for an additional 43 h before analysis. (B) EGFP mRNA knockdown measured using qPCR, normalized using the geometric average of
EIF, PUM-1, and GAPDH and calibrated to untreated cells. EGFP+ H1299 cells were treated as described in A. (C) Representative confocal laser
scanning microscopy (CLSM) images. EGFP is indicated in green. In all experiments, siRNA was delivered at a final concentration of 100 nM, and
data in A and B are expressed as the average values of 3 independent experiments with 2 or 3 technical replicates per experiment (N = 3, n = 6−9).
*p-value < 0.01.
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encapsulation efficiency but could not abrogate payload release.
In contrast, serum albumin seems to have a protective effect
(Figure 8D) with no payload release observed following
incubation of the nanoparticles with a physiological concen-
tration of the protein.

Metabolic and Genotoxic Testing Demonstrate the
Safety of Chitosan-siRNA Nanoparticles at Low/High Mn
and N:P Ratios. The effect of chitosan chain length and N:P
ratio on metabolic activity and genomic integrity was assessed
using the alamarBlue and comet assays, respectively. Figure 9A
shows a small decrease in metabolic activity with low molecular
weight chitosan at N:P ratios of both 5 and 30. In contrast, no
reduction in metabolic activity was observed for the high
molecular weight chitosan. Increasing N:P ratio had no effect
on metabolic activity, or cell viability, as revealed by the
comparison of low vs high N:P ratio for the twoMn tested at 10
and 120 kDa (Figure 9A). Sequence-dependent activation of
INF, PKR, and TLRs, among others, has been demonstrated for
other delivery systems and could potentially affect in vitro
metabolic activity through translation inhibition or other
mechanisms. As a consequence, mock transfections were
performed in parallel to rule out sequence-dependent effects
and showed no significant differences between mock and
nanoparticle-treated cells, suggesting chitosan as the principal
factor affecting metabolic activity (Figure 9A).
The effect of molecular weight and increasing N:P ratios,

where the latter increases the amount of free chitosan not
complexed to nanoparticles, on genotoxicity was measured by
the comet assay at 8 and 48 h post transfection. The percentage
of DNA in the tail (PDT), or the proportion of damaged DNA,
and the Olive tail moment (OTM), or the product of the tail
length and the fraction of total DNA in the tail, were computed
for all comets obtained for each treatment (Figure 9B and C).
Interestingly, opposing trends were observed for low vs highMn
(Figure 9B). An identical, but less pronounced, pattern was
observed for OTM (Figure 9C). The significance of the
observed increase, for either parameter recorded, was evaluated
using the Kruskal−Wallis (KW) nonparametric statistics.
Significant differences between treatments were only detected
for percent DNA in the tail (PDT) (Figure 9B) and are
probably due to approximation bias in tail length assessment.
Therefore, and because of the lack of agreement between the
two parameters (PDT vs OTM), the KW test was deemed
questionable for demonstrating genotoxic effects. As a
consequence, an analytical approach based on Duez et al. 50
was used. Each series of measures was reduced to the median
and the 75th percentile, two representative parameters of
comet distribution, and a regression analysis followed by an
ANCOVA performed. Figure 9D shows no significant effect of
the molecular weight or the N:P ratio, suggesting no genotoxic
effect of chitosan.

Chitosans Induce Mn- and Dose-Dependent Hemol-
ysis and Aggregation of Red Blood Cells. Assessment of
metabolic activity and genotoxicity demonstrated the safety of
chitosan-based NPs in vitro (Figure 9). However, neither the
alamarBlue nor the comet assay is predictive of toxicity that
might occur when nanoparticles interact with blood following
intravenous administration (iv). As such, the effect of chain
length (Mn) and dose on blood compatibility were investigated
according to the ASTM-E2524 standard.37 As illustrated in
Figure 10, a dose-dependent increase in hemolysis was
observed for both low and high Mn chitosans. The 5%
ASTM hemolysis threshold was crossed at a blood concen-

Figure 7. Effect of chitosan and DharmaFect 2 treatment on reference
gene stability. A panel of 10 genes was tested for their stability under
diverse experimental conditions. EGFP+ H1299 cells were transfected
with the formulations 92-10-5, 92-10-30, 92-120-5, 92-120-30, 98-10-5,
and 98-10-30 and DharmaFect 2 at a final siRNA concentration of 100
nM; untreated cells were included in the analysis. (A) Classification of
the least to most stable (left to right) reference gene based on the
average expression stability values, or geNorm M-Score, computed on
the remaining control genes during stepwise exclusion of the least
stable control gene for samples from all treatments. (B) Effect of the
exclusion of DharmaFect 2 from the statistical analysis. (C) Effect of
the exclusion of both DharmaFect 2 and untreated cells form the
analysis. The M-scores were computed using the geNorm statistical
package on the average Cq of two independent experiments.

Table 2. Effect of Mn and N:P Ratio on in Vitro Dose-
Dependent Knockdown

formulation
N:P
ratio

EC50
(nM)a

EC50 standard
error

p-
value

curve fit
R2

92-10 5 77.2 9.88 0.01 0.99
92-10 30 42.8 4.32 0.00 0.99
92-120 5 46.3 1.71 0.00 0.99
92-120 30 29.4 4.52 0.02 0.99
DharmaFect 2 NA 23.8 3.28 0.02 0.99
aEC50 values were derived from a 4-parameter sigmoid curve fitted to
data derived from 2 independent experiments with 2 technical
replicates per experiment (see Figure S5 for more information); p-
value < 0.05.
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tration of 0.321 and 0.04 mg/mL for CS 92-10-5 and 92-120-5,
respectively. Assuming an N:P ratio of 5, the maximum siRNA
doses that could potentially be intravenously (iv) administered
at the observed threshold crossing point are 8 and 1 mg/kg,
respectively. Increasing the siRNA dose or chitosan concen-
tration in blood from 0.040 to 0.321 mg/mL increased
hemolysis by 2-fold, indicating a nonlinear relationship.
Positive, i.e., PLL and TX-100, and negative controls, i.e.,
PEG and HA, were within the ASTM standard (Figure 10,
inlet) whereas excipients (buffer) and siRNA were found to be
nonhemolytic confirming that dose-dependent hemolysis is
attributed to chitosan. In parallel to hemolysis, Mn and dose-
dependent red blood cell (RBC) agglutination was investigated
to further understand chitosan−blood interactions. Table 3
shows that both CS 92-10-5 and 92-120-5 induced dose-
dependent RBC agglutination above a circulating blood volume
(tCBV) concentration of 0.04 mg/mL. The degree of
hemagglutination, as qualitatively assessed by aggregate size,
increased with both dose and Mn (Table 3).
Chitosan Promotes Extrahepatic siRNA Delivery to

Proximal Epithelial Tubular Cells of the Kidney and
Induces Target Specific Functional Knockdown. The
effect of Mn on in vivo biodistribution using whole animal-
based ex vivo imaging and CLSM was examined. As shown in
Figure 11, chitosan-based nanoparticles accumulated in the
kidney and gallbladder of Balb/c nude mice following
intravenous administration at a dose of 0.5 mg/kg (10 μg of

siRNA/animal). Naked siRNA followed its known tendency for
elimination past the kidneys.30,51−53 However, siRNA accumu-
lated in the kidneys many fold higher when complexed with
chitosan, suggesting a protective and targeting role of the
delivery vector. Invivofectamine 2.0 (InV) formulated siRNA,
or InV LNP, showed a strong signal in liver/gallbladder
followed by spleen and kidneys. In order to examine thecellular
accumulation of siRNA in the kidney , histological sections
were generated and examined under confocal microscopy. As
shown in Figure 12, the amount of siRNA in the kidney
proximal tubules was greatly enhanced in comparison with
naked siRNA and Invivofectamine 2.0. Interestingly, no
glomerular accumulation was observed at this dose for either
chitosan-based nanoparticles or controls (data not shown).
Confocal microscopy showed punctate intracellular accumu-
lation in proximal tubule cells (PTEC) indicating that siRNA
was internalized across the brush border membrane lining
PTECs (Figure 12). The efficacy of these uncoated systems to
knockdown the glyceraldehyde-3 phosphate (GAPDH) gene
was determined in the kidney cortex (Figure 13). In light of the
in vitro performance described in this report, the effect of DDA
and Mn was investigated in vivo through a comparison of
compositions with different DDA (i.e., 98 vs 92%) and Mn (i.e.,
10 vs 120 kDa). As shown in Figure 13, nanoparticle
physicochemical characteristics post-freeze-drying, rehydration,
and injection (in excipients) demonstrated a similar Mn-
dependent size increase as previously seen in NaCl (Figure 1).

Figure 8. Effect of increasing concentration of serum on the biological performance of nanoparticles. (A) Effect of increasing serum concentration on
EGFP knockdown. (B) Percent loss of EGFP knockdown in the presence of 94% serum compared to transfection without serum. (C) Effect of
physiological concentration of heparin sulfate (2.5 μg/mL) on payload release. Low (10 kDa) and high (120 kDa) 92% deacetylated chitosan was
formulated with siRNA at different N:P ratios and incubated for 1 h in the absence and presence of heparin sulfate (pH 7.4). Increased fluorescence
indicates increased payload release. (D) Effect of physiological concentration of BSA (25 mg/mL) on payload release. Low (10 kDa) and high (120
kDa) 92% DDA chitosan was formulated with siRNA at different N:P ratios and incubated for 1 h in the absence and presence of BSA (pH 7.4).
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Figure 9. Effect of chitosan Mn and N:P ratio at 92% DDA on in vitro toxicity and genotoxicity. (A) Metabolic activity relative to untreated EGFP+

H1299 cells measured by the alamarBlue assay. Activity was measured 48 h post transfection. Mock chitosan (M) was used at N:P 30 to assess the
effect of siRNA encapsulation on metabolic activity. DharmaFect 2 (DF), a commercial lipid-based system, was used as a comparator. Dimethyl
sulfoxide (DS) was used as a positive control of toxicity. (B) Effect of increasing Mn and N:P ratio on genotoxicity as measured using the comet assay
parameter “% DNA in the tail (PDT)”. The PDT represents the percentage of DNA migrated in the tail of the comet or the proportion of damage to
total DNA. (C) Effect of increasing Mn and N:P ratio on genotoxicity as measured using the parameter “Olive tail moment (OTM)”. OTM
represents a parameter that is insensitive to the measurement of tail length. (D) Correlation between median PDT and N:P ratio for 10 vs 120 kDa
chitosan. For the alamarBlue assay, data represent average metabolic activity ± standard deviation of 3 independent experiments with 2 or 3 technical
replicates per experiment (N = 3, n = 6−9). For the comet assay, box plots were constructed from data of 2 independent experiments with more than
100 comets experiment−1 treatment−1.

Figure 10. Effect of Mn and dose on hemocompatibility via red blood cell (RBC) lysis. Low (10 kDa) vs high (120 kDa) molecular weight chitosans
were formulated with HPLC-grade siRNA at an N:P ratio of 5. Increasing doses of siRNA were mixed with human pooled blood, and % hemolysis
was determined as per ASTM-E2524.37 The concentration of chitosan (mg/mL) in the test vial (equivalent to the concentration in total circulating
blood volume or tCBV), the equivalent chitosan dose in mg/kg of body weight, and the corresponding siRNA dose in mg/kg for N:P of 5 are shown.
Inset shows data from positive and negative controls. Poly-L-lysine (PLL), Triton-X-100 (TX-100), polyethylene glycol (PEG), buffer (excipients at
1% trehalose, 5.8 mM histidine, pH 6.5), hyaluronic acid 866 kDa (HA), and siRNA. Data represent average ± standard deviation of 2 independent
experiments with 3−6 technical replicates per experiment (N = 2, n = 6−12).
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Low (10 kDa) and high (120 kDa) Mn chitosan were around
100 and 150 nm, respectively (Figure 13). Cationic lipid

nanoparticles (LNPs) and polymer-based systems generally
induce systemic toxicity accompanied by a sharp reduction in
body weight upon intravenous administration through liver
toxicity and immune stimulation. Our data show that multiple
chitosan administrations below the hemolytic dose (Figure 10)
did not induce a significant reduction in body weight except for
the 98-10 formulation demonstrating tolerance. Mice injected
with 98-10-5 quickly recovered upon the second administration
(Figure 13C). In this study, in vivo efficacy was demonstrated
through functional GAPDH knockdown where both low Mn
(10 kDa) chitosan demonstrated the highest efficacy (∼40−
50% knockdown) (Figure 13). In contrast to our in vitro data
(Figure 8), high Mn (120 kDa) chitosans did not out perform
their low Mn counterparts (Figure 13D). As expected, chitosan
improved knockdown efficiency in kidney cortex in comparison
with naked siRNA with 30−35% more knockdown (Figure
13D).

■ DISCUSSION
This study demonstrates the importance of chitosan DDA
(charge density), polymer length Mn, and N:P ratio on
nanoparticle physicochemical properties and biological per-
formance. The effect of chitosan DDA, which controls charge
density, or the number of protonable amines (NH2) played a
predominant role in dictating successful in vitro knockdown
(Figure 3). The positive effect of high charge density, achieved
at high DDA, on knockdown efficiency can be attributed to
several factors including increased binding affinity for siRNA,
increased electrostatic interaction with cell membranes, and
increased endosomal buffering capacity. None of the previous
studies20−24,26 investigating the influence of chitosan molecular
parameters on siRNA delivery examined the biological
relevance of DDA. Instead, these reports varied polymer length
and the amine-to-phosphate molar ratio (N:P) to optimize in
vitro knockdown efficiency (KD). In our study, the degree of
polymerization, or chain length (Mn), and the N:P ratio had a
positive but marginal effect on knockdown efficiency (Figure
3). This observation is in agreement with results reported
previously19,21 where increased polymer length and N:P ratio
had minimal effects on target knockdown efficiency. These
findings are distinctly different from previous work on chitosan-
mediated plasmid delivery (pDNA), where a fine balance and
coupling between Mn and DDA was found to be important for
effective complexation and to promote intracellular decom-
plexation and transgene expression.11,12,15 Those previous
studies with plasmid as payload found that modulation of
either chain length or charge density to reduce nanoparticle
stability to a threshold where particles are able to protect
pDNA and promote intracellular dissociation was required for
efficient transgene expression. This dependence that coupled
DDA to Mn to achieve expression from plasmids is in contrast
to siRNA, most likely because pDNA is a long and flexible
molecule with an excess of phosphate binding sites on each
molecule compared to amine sites on each chitosan chain,
permitting a stronger and higher affinity binding of chitosan to
pDNA vs chitosan to the shorter siRNA.11,12,15 Compared to
plasmid DNA, siRNA is a small and rigid molecule that binds to
chitosan with a lower affinity19 compared to that with pDNA.14

Our findings highlight differences in design principles for the
development of chitosan-based nanoparticles for the delivery of
different types of nucleic acids. In the current study, we found a
simultaneous increase in DDA, Mn, and N:P ratio could
optimize siRNA-based knockdown (Figure 2) relative to the

Table 3. Effect of Mn and Dose (Concentration) on Red
Blood Cell Agglutination, which was Measured Qualitatively
and Scoreda

formulation
chitosan dose
(mg/kg)

equiv blood concn
(mg/mL) aggregation

92-10-5 2.8 0.040 −
7 0.100 +
14 0.200 ++
22.4 0.321 ++

92-120-5 2.8 0.040 −
7 0.100 +++
14 0.200 ++++
22.4 0.321 ++++

PEG NA not calculated −
buffer NA not calculated −
HA NA 1.260 −
siRNA NA 0.321 −

a(−) No aggregation, (+) low agglutination, few aggregates, (++)
medium agglutination, several large aggregates, (+++) strong
agglutination, clumps, (++++) very strong agglutination, large clumps.

Figure 11. Effect of Mn on the biodistribution of chitosan-siRNA
nanoparticles. Nanoparticles were injected in Balb/c nude mice at a
dose of 0.5 mg/kg of DY647-labeled siRNA (equivalent dose of 1.4 mg/
kg of chitosan) and organs imaged ex vivo 4 h post administration.

Figure 12. Histological and CLSM images of nanoparticles
accumulated in PTEC. Nanoparticles were injected in Balb/c nude
mice at a dose of 0.5 mg/kg of DY647-labeled siRNA (equivalent dose
of 1.4 mg/kg of chitosan), and the organs were perfused and collected
4 h post administration, fixed, and cryosectioned (5 μm). For CLSM,
sections were stained with phalloidin red and DAPI. (PBS) Phosphate-
buffered saline, (siNaked) naked DY647-labeled siRNA, (InV LNP)
Invivofectamine 2.0-DY647 siRNA lipid nanoparticles, (PTEC)
proximal epithelial tubular cells, (NPs) nanoparticles. DY647 siRNA
= green, nucleus = blue, and brush borders = red (actin staining).
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complex interaction of these parameters that needs to be
accounted for to optimize expression from plasmids.
In the current study, increased chain length (Mn) and N:P

ratio increased biological performance, and the former needed
to be above a certain Mn threshold of 10 kDa (∼60−70
monomers) (Figure 5). EGFP knockdown efficiency and
nanoparticle internalization were both reduced when nano-
particles were formulated at 5 kDa and required an increase in
Mn and/or N:P ratio to rescue efficiency. This observation is in
agreement with previous findings.21,24 Low in vitro perform-
ance was not only attributed to nanoparticle integrity (Figure
2) at pH above chitosan pKa (6.5−6.9) but also to the presence
of serum (Figure 6). Low Mn formulations showed inferior
performance in the presence of serum and required an increase
in Mn or N:P ratio for improved potency (Figure 6), suggesting
nanoparticle destabilization occurring through competitive
displacement with negatively charged serum components.
The negative effect of serum on nanoparticle integrity has
been previously demonstrated for cationic liposomes54 and
chitosan-PEI hybrid nanoparticles.20 Although we could not
elucidate the precise effect of serum, heparin and albumin were
found to have antagonistic effects on siRNA release with
heparin increasing and albumin decreasing release (Figure 8C
and D). The observed antagonistic effect is probably due to
differences in the strength of the two tested negatively charged
polyelectrolytes (i.e., heparin and albumin). It is therefore
hypothesized that heparin has a higher affinity with chitosan
compared to that with siRNA especially owing to its high
molecular weight. In contrast, albumin is a relatively weak

polyelectrolyte that can adsorb at the surface of positively
charged chitosan-siRNA nanoparticles without modifying the
structure of the complex and consequently embedding the
particles inside of albumin corona, making cargo release more
difficult. Cooperation among competing serum components,
ionic strength, pH, and their effects on nanoparticles is believed
to drive the need for higher Mn and N:P ratio for particle
stability (Figures 1, 2, and 8). This observation was confirmed
in the presence of relevant in vivo concentrations of serum,
where nanoparticle performance decreased in an Mn- and N:P-
dependent manner (Figure 8 A and B). The in vivo relevance of
high N:P ratio and its effect on potency in the presence of
physiological concentrations of serum may not be accurately
estimated by the in vitro environment due to the ability of the
free excess chitosan to partition to different compartments
relative to that of the nanoparticles. However, these findings are
important for the development of efficient in vivo delivery
systems where a combination of high DDA and Mn needs to be
used to maintain stability and induce efficient target knock-
down. Nanoparticle size and surface charge are two important
parameters that affect colloidal stability, pharmacokinetics,
biocompatibility, and nanoparticle−cell interactions.55 In this
study, size increased with increasing polymer length (Mn) and
ionic strength (Figure 1). In contrast to size, nanoparticle ζ-
potential increased with increased DDA, Mn, and N:P ratio and
decreased with increasing ionic strength. As expected, an
increase in the DDA, or number of ionizable amine groups
(NH2) per chain (density), increases the charge density of the
polymer and consequently has a direct and positive influence

Figure 13. Effect of DDA and Mn on in vivo knockdown in the kidney. (A) Size of the injected nanoparticles. Nanoparticles were rehydrated in
excipients to reach a target dose of 2.5 mg/kg and injected, and the remaining volume was diluted 1:8 in excipients and assessed for size using
dynamic light scattering. (B) Polydispersity index (PdI) of injected nanoparticles. The PdI was automatically computed during DLS in A. (C)
Changes in body weight following multiple injections. Mouse body weight was monitored for a period of 8 days and measured before injection and
at euthanasia as an indirect assessment of general toxicity. Arrows and crosses represent injection and euthanasia, respectively. (D) Functional target
knockdown in the kidney. Nanoparticles were manually prepared, freeze-dried, rehydrated with excipients, and injected in Balb/c mice at a dose of
2.5 mg/kg of siRNA. Seventy-two hours after the last administration, kidneys were collected, excised, and lysed, and the GAPDH enzymatic activity
was assessed using the KDalert assay and normalized to total protein content. Cleveland dot plot represents 3 animals per treatment group with
average and standard deviation represented in the form of bars. Statistical significance was computed with one-way ANOVA followed by Tukey test
for multiple comparisons: *p < 0.01, **p < 0.001, ***p < 0.00001.
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on ζ-potential. However, surface charge is not, at least
theoretically, expected to increase with increasing Mn because
(1) the pairing of chitosan positive charge and siRNA negative
charge groups is not obviously Mn dependent and (2) an
increase in size, due to an increase in Mn, is translated to a
lower electrophoretic mobility and thus a lower apparent ζ-
potential. Nevertheless, this Mn-dependent increase in ζ-
potential may be due to chains that are partly bound at the
surface resulting in pendant chains that are longer for higherMn
that increase surface charge, or possibly more chitosan chains
are bound in particles through greater cooperativity of binding
to siRNA. The reduction of ζ-potential at high ionic strength is
due to surface charge screening. A decrease in surface potential
decreases electrostatic repulsive forces between particles,
therefore causing colloidal instability and an apparent increase
in size measured by dynamic light scattering (Figure 1). The
effect of ionic strength on colloidal stability over time showed
strong aggregation (Figure S1) and could therefore influence
nanoparticle performance in vivo through unintended blood
interactions. In this study, ζ-potential positively correlated with
knockdown efficiency (Figure 4C), confirming previous
reports.11,56 Taking into account the present of serum, the
high ionic strength, and physiological pH in the transfection
medium or in vivo, surface ζ-potential is expected to play a
minor role in promoting transfection unless the high positive
charge favors the adsorption of specific proteins at the
nanoparticle surface that favors improved cell uptake. This
hypothesis does not rule out the effect of electrostatic
interactions that can impact nanoparticle/cell interactions
beyond the protein corona.55 As expected, the lack of
correlation between size and EGFP knockdown could be
explained by serum-dependent size stabilization occurring
through rapid protein corona formation.13

siRNA and/or vector-based off-target effects continue to
pose problems at the bench and the bedside.3,57,58 A thorough
evaluation of off-target effects was conducted in our study
(Figure 5) with nontargeting siRNA (siNT) and mock
transfections (M) performed in parallel to treatments. As
shown in Figure 5C and D, the delivery of siNT showed
insignificant knockdown, whereas mock transfections mediated
a slight increase in EGFP expression for some chitosans. In
both cases, target knockdown and/or expression reached a
maximum of ±10%, indicating a relatively safe profile. The
pattern of EGFP knockdown and/or expression seem to follow
a trend where long vs short chains appear to have opposite
effects. This is reminiscent of the marginal toxicity observed
when assessing metabolic activity in transfected cells (Figure 4
and 9A). Therefore, the decrease in EGFP expression for both
siNT and mock transfections observed with short chains, and
independent of the N:P ratio, is possibly associated with
marginal metabolic toxicity observed at low Mn (Figure 4 and
9A). Consistent with this idea, Malmo et al.21 found that mock
transfection with fully deacetylated chitosan consistently
reduced EGFP expression by ∼10% and that a dose-dependent
response was associated with around a 0−25% decrease.
Although no metabolic decrease was mentioned in ref 21, the
number of seeded cells was above the linear response of the
assay, and therefore, toxicity was not accurately estimated for
correlation with mock-induced EGFP knockdown. However,
this toxicity issue was indirectly highlighted during qPCR
calibration relative to siNT-treated instead of nontreated cells,
which according to the authors was justified by differences in
confluence between chitosan-treated and untreated cells.21

Because qPCR normalization to one reference gene is
associated with a high error bias,35,42,43 a pilot study to identify
the most stable reference genes under our experimental
conditions was conducted. The relevance of our findings are
not limited to the normalization strategy and reduction in
quantification bias but also because chitosan treatment
influenced the stability of the reference gene panel assayed
(Figure 7). This result suggested that chitosan, and depending
on its DDA, Mn, and N:P ratio, disturbs global gene expression
indicative of a certain parallelism with linear polyethylenimine
(lPEI)59 and cationic lipids.60 The impact of chitosan on the
global transcriptome might be due to random binding of
chitosan with intracellular nucleic acids or molecular machines
through electrostatic or hydrophobic interactions.
For mediating their intended effects, chitosan-based nano-

particles are endocytosed, and the payload is released in the
cytoplasm but could also accumulate in the nucleus.12 In the
cytoplasm, cationic polymers can interact with vesicular and
mitochondrial membranes,61 disrupt normal protein synthesis
via electrostatic interactions with polyanionic components in
the cytoplasm, and/or induce the activation of molecular
sensors. Endosomal release also exposes the cytoplasm to
injuries from hydrolytic enzymes,55 and chitosan translocation
into the nucleus could potentially induce genetic damage
through electrostatic interactions, hydrolysis from coimpurities,
or physical obstruction during chromosomal separation at the
anaphase. Formulations used in this study were relatively
nontoxic with around 10 ± 10% reduction in cell viability
(Figure 9). Toxicity increased with lower molecular weight
chitosan with high DDA (Figure 4D and 9A). The observed
toxicity was demonstrated to be siRNA independent as shown
in mock transfections at a high N:P ratio (Figure 9A). These
results are affirmed in other studies, where chitosan showed
minimal toxicity when formulated at N:P ratios ranging from 5
to 60.11,16−19,21,23,26 In contrast, Liu et al.24 have shown
significantly reduced metabolic activity in H1299 cells. The
apparent toxicity is probably due to the extremely high free
chitosan content (N:P 150), serum-free conditions, and assay-
specific differences. Chitosan-induced DNA damage was found
to be statistically insignificant (Figure 9D), indicating that
neither the nanoparticle nor the increasing concentrations of
free chitosan or siRNA sequence were genotoxic.
The cationic nature of chitosan favors interaction with

cellular blood components that could potentially have
deleterious effects in vivo. However, this aspect of probable
toxicity has been neglected10−13,15−24,26,28,32,62 with in vivo
reports often using extremely high N:P ratios without reporting
any signs of toxicity.23,27−31 However, a high N:P ratio could
pose serious adverse effects in light of reports suggesting
blood−material interactions, as reviewed in ref 63. Our data
show that chitosan-based nanoparticles could induce hemolysis
and hemagglutination in a dose-dependent manner and,
consequently, highlight careful dosing to avoid hemotoxicity
and/or embolism (Figure 10 and Table 3).
Intravenous administration of chitosan-siRNA nanoparticles

showed accumulation in the kidneys. Finer examination of
kidney structures revealed a punctate pattern of siRNA12 in the
cytoplasm of the proximal epithelial tubular cells (PTECs),
suggesting translocation through the glomerular basement
membrane (GBM) (Figure 12). Although naked siRNA filters
through the kidneys (ref 64 and Figure 11) and a fraction
accumulate in PTECs (ref 64 and Figure 12), our data clearly
indicate a role for chitosan in increasing the efficiency of siRNA
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accumulation into PTECs (Figures 11 and 12) probably
through glucosamine (Glc)−Megalin interaction and subse-
quent internalization.29,65 However, nanoparticle translocation
through the GBM remains to be elucidated mechanistically
because fenestration and the extracellular matrix limit nano-
particle translocation and diffusion. Translocation and PTEC
accumulation could be achieved through either nonconven-
tional mechanisms as observed with 200−300 nm rigid carbon
nanotubes66 or through nanoparticle disassembly at the highly
negative GBM and reassembly in the lumen as proposed for
cyclodextrin-based nanoparticles.67 Alternative delivery through
the fenestrated peritubular capillaries could occur but also faces
similar diffusion challenges through the negatively charged
interstitium. Irrespective of the mechanism involved, chitosan-
based nanoparticles not only accumulate in the cytoplasm of
PTEC but also induce functional knockdown (Figure 13)
without causing deleterious effects on body weight (Figure
13D). In this study, in vivo efficacy was demonstrated through
functional GAPDH knockdown where both low Mn (10 kDa)
chitosans demonstrated the highest efficacy (∼40−50% knock-
down at the protein level) (Figure 13). In contrast to the in
vitro data in Figure 8, high Mn (120 kDa) chitosans did not
outperform their low Mn counterparts (Figure 13D), high-
lighting fundamental differences between in vitro and in vivo
validation. Gao et al.29 demonstrated that low Mn (40 kDa)
fully deacetylated chitosan is able to achieve around 50%
knockdown in PTEC when formulated at an N:P ratio of 60
with higher Mn and/or lower N:P ratio unable to distribute to
the kidneys. In contrast, we have demonstrated that low and
high Mn, except for the high Mn fully decetylated chitosan, are
able to achieve 40−50% target knockdown when formulated at
low N:P ratio, highlighting proper physicochemical character-
ization because nanoparticle physicochemical properties before
injection, in ref 29, are highly questionable with non-
homogenous and polydisperse NPs (400−800 nm). The
distribution of naked LNA-modified anti-GAPDH siRNA
(siGAPDH) in mice exhibited a predictable pattern based on
the known propensity of oligonucleotides to accumulate in the
kidneys30,68,69 and resulted in poor (∼15%) knockdown
(Figure 13D), confirming prior reports.64,69 Formulation with
chitosan significantly increased knockdown efficiency by ∼30−
35% compared to that of fresh naked siRNA, suggesting a clear
and positive role of the delivery system.
Compared to the potency of lipid systems (∼70−90%) in

advanced preclinical or clinical development,8,70−72 functional
target knockdown obtained with our system (∼40−50%)
appears to be lower. However, considerations such as half-life of
the target gene (GAPDH vs FVII), potency of the payload, and
tissue-dependent technical challenges could explain these
differences. Accurate estimation of target knockdown using
conventional techniques, such as quantitative PCR, enzymatic
activity, or immunoblotting, depends on (1) the abundance of
the target cell type (fraction of cells transfected relative to the
organ), (2) ability of the delivery system to transfect different
cell types composing an organ, and/or (3) tissue, or cell,
specificity of a target gene. Inasmuch as chitosan displays
specific targeting to PTECs, a cell type that represents a minor
fraction of the cells in the kidney, assessment of target
knockdown using conventional techniques is necessarily
underestimated unless the target gene is PTEC specific and
only expressed in this cell subtype. In contrast, LNPs
accumulate in hepatocytes, the predominant cell type in the
liver, permitting nonbiased (accurate) estimation of target

knockdown. Therefore, functional knockdown obtained in this
report underestimates the true efficiency of our system to
silence a target gene in PTECs and suggests that precise
evaluation of target knockdown requires the development of
novel methods capable of estimating knockdown in a specific
subset of cells composing an organ.
Hepatobiliary elimination in the gall bladder (Figure 11)

indicates that a fraction of the injected nanoparticles is large
enough to bypass liver fenestration and is probably in the size
range of 0.3−1 μm in blood.73 Taken together, our findings are
of critical importance to siRNA delivery because extrahepatic
targeting could be naturally achieved without chemical
modifications or ligand targeting and accumulation occurred
in PTECs with functional target knockdown around 50% in
kidney cortex, further differentiating this system from cyclo-
dextrin-based NPs that accumulate in glomeruli and podo-
cytes.67 As a consequence, unmodified chitosan-siRNA nano-
particles could potentially be used for the treatment of PTEC-
associated kidney fibrotic diseases.

■ CONCLUSIONS
This study highlights the importance of chitosan DDA (charge
density), chain length, and nanoparticle amine to phosphate
molar ratio for efficient and nontoxic in vitro performance.
Highly deacetylated chitosans are superior siRNA delivery
systems compared to partially acetylated chitosans. Highly
deacetylated chitosans provide the optimal balance between
biological performance and toxicity. These specific formulations
displayed potent knockdown, low toxicity, and present minimal
nonspecific effects and no genotoxicity. Most importantly,
chitosan was demonstrated to exhibit extrahepatic accumulation
to kidney PTECs where functional knockdown of ∼50% at the
protein level was demonstrated. This study further suggests that
increased colloidal stability may improve hemocompatibility
and maintain their natural kidney targeting ability.
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