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Chitosan (CS)/siRNA polyplexes have great therapeutic potential for treating multiple diseases by gene
silencing. However, clinical application of this technology requires the development of concentrated,
hemocompatible, pH neutral formulations for safe and efficient administration. In this study we evaluate
physicochemical properties of chitosan polyplexes in various buffers at increasing ionic strengths, to
identify conditions for freeze-drying and rehydration at higher doses of uncoated or hyaluronic acid
(HA)-coated polyplexes while maintaining physiological compatibility. Optimized formulations are used
to evaluate the impact of the siRNA/oligonucleotide sequence on polyplex physicochemical properties,
and to measure their in vitro silencing efficiency, cytotoxicity, and hemocompatibility. Specific oligonu-
cleotide sequences influence polyplex physical properties at low N:P ratios, as well as their stability dur-
ing freeze-drying. Nanoparticles display greater stability for oligodeoxynucleotides ODN vs siRNA; AT-
rich vs GC-rich; and overhangs vs blunt ends. Using this knowledge, various CS/siRNA polyplexes are pre-
pared with and without HA coating, freeze-dried and rehydrated at increased concentrations using
reduced rehydration volumes. These polyplexes are non-cytotoxic and preserve silencing activity even
da.
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after rehydration to 20-fold their initial concentration, while HA-coated polyplexes at pH � 7 also dis-
played increased hemocompatibility. These concentrated formulations represent a critical step towards
clinical development of chitosan-based oligonucleotide intravenous delivery systems.

� 2017 Elsevier Inc. All rights reserved.
1. Introduction

Efforts to develop and optimize safe and efficient non-viral
polymeric gene delivery vectors has grown steadily in the last dec-
ades. We and others have shown that by tailoring the properties of
chitosan (CS), a natural cationic polysaccharide that self-assembles
with nucleic acids to form polyplexes, DNA cargo can be delivered
to cells for specific therapeutic applications both in vitro and in vivo
[1,2]. In vitro transfection efficiency is a function of polyplex stabil-
ity that can be modulated by the CS molecular weight (Mw) and
degree of deacetylation (DDA), as well as pH and amine to phos-
phate (N:P) ratio [1]. With the advent of small interfering RNA
(siRNA) technology, know-how gained with CS/DNA polyplexes
was applied to generate a new class of therapeutic polyplexes
aimed at regulating protein expression [3]. However, higher Mw
of CS and/or N:P ratios may be required to stabilize CS/siRNA poly-
plexes to achieve efficient gene knockdown [4]. This behavior is
expected due to the large difference in size between plasmid
DNA and siRNA, and to the more compact helical conformation
of RNA compared to DNA, which could alter the spacing of phos-
phate groups on the oligoribonucleotides and reduce condensation
efficiency [5,6]. Studies on short DNA duplex (�280 bp) have also
shown that AT/GC-content influences condensation efficiency of
polyamines, therefore the nucleic acid sequence could also influ-
ence CS/siRNA polyplex formation [7]. Many in vivo studies have
been reported using CS/siRNA polyplexes prepared with siRNAs
targeting VEGF, ApoB, GAPDH, GFP and RFP [8,9]. However, a
detailed investigation of the influence of the specific sequence on
properties and stability of polyplexes has not been performed.

Another general challenge associated with polyelectrolyte com-
plex formation is the need to prepare these systems using dilute
solutions in order to limit aggregation and ensure consistent pro-
duction of small uniform polyplexes. Unfortunately preparation
in dilute conditions limits concentration and attainable doses for
clinical applications [10,11]. Furthermore, these colloidal systems
can be susceptible to physical and chemical instability upon
long-term storage in solution [12,13]. Lyophilization, also known
as freeze-drying (FD), is a low temperature dehydration process
widely used in the pharmaceutical industry to stabilize injectable
formulations for long-term storage. FD can also be used to concen-
trate dehydrated therapeutic agents prior to injection by rehydrat-
ing them in reduced volumes. Our previous work showed that CS/
DNA polyplexes can be lyophilized in 0.5% wt/vol trehalose and
3.5 mM histidine buffer at pH 6.5, and the lyophilized formulation
can be rehydrated to 20-fold their initial concentration (i.e. �1 mg
of DNA/mL), to near-isotonicity, without losing biological activity
[14]. Since injections need to be near-isotonic, identification of
the minimal concentrations of excipients required to preserve
polyplex integrity during lyophilisation is critical in order to max-
imize the final attainable nucleic acid concentration post reconsti-
tution [14,15]. In an early study, Andersen et al. reported that 10%
sucrose is necessary to preserve CS/siRNA polyplexes size and bio-
logical activity after lyophilisation and rehydration. However the
effect of rehydration at higher concentrations was not evaluated
since the excipient level would lead to hypertonicity [16]. Kasper
et al. showed that the type of excipient is less important in main-
taining stability and bioactivity during lyophilisation and reconsti-
tution of siRNA/oligoaminoamide polyplexes while the properties
of the polycation play an important role [17]. Werth and co-
workers used 5% of glucose as lyoprotectant to stabilize PEI-
siRNA polyplexes whereas Endres et al. used the same cryoprotec-
tant for siRNA/PEG-PCL-PEI systems. The latter group observed
that higher glucose concentration was required for higher N:P ratio
which would also lead to hypertonicity if concentrated at rehydra-
tion [18,19]. These studies concluded that the identification of
right buffers and cryoprotectants is still needed to develop siRNA
polyplex formulations that have storage stability and maintain iso-
tonicity after rehydration at higher concentrations, in particular for
intravenous injections, a common route of drug administration.

The main purpose of this study is to develop hemocompatible,
near-neutral pH, CS/siRNA polyplexes that can be lyophilized and
concentrated upon rehydration, while preserving nanoparticle
physicochemical properties and biological activity. This study also
examines the use of ODN as a less expensive mimic to siRNA for
pre-screening physicochemical properties of freeze-dried systems,
and to evaluate the impact of oligonucleotide sequence on poly-
plex properties. Studies are performed to identify buffers compat-
ible with both uncoated and hyaluronic acid (HA)-coated CS/
oligonucleotide polyplexes, as well as to understand the mecha-
nisms driving particle size increase in the presence of certain buf-
fers. HA is a non-toxic, highly hydrophilic, hemocompatible,
anionic glycosaminoglycan widely distributed throughout extra-
cellular matrices. HA also binds to the CD44 receptor, which is
overexpressed in a wide variety of cancer cells, and therefore has
been extensively studied as therapeutic targeting agent [20]. More-
over, HA coating considerably reduces hemolysis and hemaggluti-
nation due to CS polyplexes and thereby facilitates intravenous
administration. Previous reports examined the advantages of pro-
viding HA coating to CS-nanoparticles crosslinked with
tripolyphosphate at different pHs [21,22]. However detailed stud-
ies on freeze-drying and formulation development of HA coated
CS polyplexes for gene delivery are unavailable. This article exam-
ine the feasibility of developing FD formulations of HA coated CS
polyplexes.

Using CS/ODN polyplexes, we identified minimal concentra-
tions of histidine and Tris-maleic acid buffers required to maintain
pH at 6.5 or 7, and to prevent aggregation of uncoated and HA-
coated polyplexes following lyophilisation in 0.5% wt/vol trehalose
and rehydration at higher concentrations. The ability of these opti-
mized compositions to preserve polyplex diameter and PDI was
compared for different oligonucleotides including ODNs and siR-
NAs targeting ApoB or eGFP genes, with various duplex overhangs.
The nucleic acid condensation efficiency of CS was assessed for
these polyplexes using a dye exclusion assay, and a subset of
oligonucleotides was further investigated by measuring polyplex
isoeletric point and size as a function of the N:P ratio. The in vitro
silencing efficiency and cytotoxicity of CS/eGFP-siRNA polyplexes
was measured in human non-small lung carcinoma cells targeting
enhanced green fluorescence protein (eGFP+ H1299). Hemocom-
patibility of lyophilized and concentrated uncoated and HA-
coated CS/ApoB-siRNA compositions was also assessed. Our study
systematically evaluate various factors influencing the develop-
ment of lyophilized nanoparticle formulations for gene delivery.
These observation are important because these variation in physic-
ochemical properties can strongly influence the end results of a
formulation development that is intended to be used for clinical
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trials. In addition, it has been shown that much lower concentra-
tion of lyophilizing agent is required for obtaining stable lyophi-
lized formulations that allows for higher dosage of nucleic acid
while maintaining the isotonicity. These findings contribute con-
siderably to the further development of non-liposomal, nanoparti-
cles based formulations for gene delivery for clinical applications.
2. Material and methods

2.1. Materials

CS was obtained from Marinard (Rivière-au-Renard, QC,
Canada) while sodium hyaluronate (HA, MW = 866 kDa) from Life-
core Biomedical (Chaska, MN, USA). UltraPure Tris, RPMI 1640,
Fetal Bovine Serum (FBS), TrypLE Express, GlutaMAX 100X,
Geneticin� G418 sulfate, Quant-iT RiboGreen� RNA Assay Kit,
and AlamarBlue� Cell Viability Reagent were from ThermoFisher
Scientific (Waltham, MA, USA). Modified RPMI 1640 medium was
from ATCC (Manassas, VA, USA). A human non-small lung
carcinoma (H1299) cell line stably expressing enhance green fluo-
rescence protein (eGFP+ H1299) was donated by Dr. Jorgen Kjems
(AARHUS University, Denmark) upon approval of Dr. Anne
Chauchereau. Stanbio hemoglobin standards were obtained from
Fisher Scientific (Ottawa, ON, Canada). Serum vials, and aluminum
seals were from VWR (Radnor, PA, USA). Butyl stoppers were from
Kimble Chase (Rockwood, TN, USA). Custom made oligodeoxynu-
cleotide (ODN) sequences were from Integrated DNA Technologies
(IDT, Coralville, IA, USA). Custom made small interfering RNA
(siRNA) sequences, DharmaFECT 2, ON-TARGETplus Non-
targeting siRNA #1, and Optitran BA-S 83 membranes were from
GE Healthcare (Mississauga, ON, Canada). Sequences targeting for
apolipoprotein B (ApoB) or enhanced green fluorescence protein
(eGFP) were used, each with two different types of overhangs:
ApoB-aODN or -asiRNA, asymmetrical 21-mer duplexes with a
blunt end at the 30 end of the sense strand and a 2 nt overhang
on the 30 end of the anti-sense strand; ApoB-sODN or -ssiRNA,
19-mer duplexes with sticky ends of 4 and 2 nts on the 30 end of
the anti-sense and the sense strands respectively; eGFP-ODN
or -siRNA, canonical 21-mers; and eGFP-bODN or -bsiRNA, blunt
21-mer duplexes. ApoB-asiRNA was from Zimmermann et al.
[23], whereas eGFP-siRNA was from Howard et al. [24]. See
Supplementary Data for detailed sequences. All other chemicals
were purchased from Sigma (Oakville, ON. Canada). RNase free
water was used for all experiments. Unless otherwise stated, all
the polyplex preparations were carried out under RNase free con-
ditions. All solutions were sterile filtered unless otherwise stated.
2.2. Preparation of CS-Nucleic acid polyplex formulations

CS was heterogeneously deacetylated using concentrated
sodium hydroxide, depolymerized using nitrous acid and charac-
terized as described previously [14]. The degree of deacetylation
(DDA), number average molar mass (Mn) and PDI of CS were
92.5%, 9.2 kDa and 1.54 respectively. Dry CS was dissolved in
28 mM HCl at RT, to a stock solution concentration of 5 mg/mL
(molar ratio of CS glucosamine:HCl of 1:1); dry HA was dissolved
in water at RT, to a stock solution concentration of 2 mg/mL. Unless
otherwise indicated, CS and HA stock solutions were sterile filtered
and diluted to mixing concentrations listed in Table 1 using water;
and/or trehalose; and/or histidine (H), Tris-maleic acid (TMA),
sodium phosphate (P), or maleic acid (MA). ODNs and siRNAs were
rehydrated to 1 mg/mL in water, and their concentrations were
measured by UV spectrophotometry (DU 640 Spectrophotometer,
Beckman Coulter, Brea, CA, USA) using the molar extinction coeffi-
cients provided by the suppliers (see Supplementary Data). ODNs
and siRNAs were then diluted to 200 µg/mL in water and/or excip-
ients, as described for CS. Uncoated polyplexes were formed at N:
P = 1, 2, 2.5 or 5 by mixing equal volumes of CS and oligonu-
cleotide, pipetting CS up and down �10 times following addition
to ODN or siRNA, then incubating 10 min at RT prior to use. HA-
coated polyplexes were formed by adding HA to nanoparticles
formed at N:P = 2 or 2.5, at an amine to phosphate to carboxyl
(N:P:C) ratio of 2:1:1.5 or 2.5:1:2 respectively, using a HA: poly-
plex volumetric ratio of 1:2. Samples were mixed by pipetting up
and down �10 times.

2.3. Freeze-Drying (FD) and rehydration of formulations

Samples of volumes of 200 µL or 1 mL were freeze-dried in 2 or
10 mL serum vials respectively, with 13 or 20 mm butyl lyophiliza-
tion stoppers. Sample trays were covered with a Whatmann Opti-
tran BA-S 83 membrane to prevent contamination. Samples were
freeze-dried (FD) in a Laboratory Series Freeze-Dryer PC/PLC (Mill-
rock Technology, Kingston, NY, USA) using the following cycle: (1)
rapidly cooling to 5 �C and holding for 30 min, rapidly cooling to
�5 �C and holding for 30 min, then cooling from �5 to �40 �C, at
1 �C/min, and holding for 2 h; (2) primary drying for 48 h at
�40 �C and 100 mTorr; and (3) secondary drying at 100 mTorr,
increasing shelf temperature to 30 �C, at 0.1 �C/min, and holding
for 6 h. Samples were backfilled with argon, stoppered, crimped,
and stored at 4 �C until reconstitution. FD cakes were white in color
with minimal shrinkage.

FD cakes in 2 mL vials were reconstituted either to their initial
concentration (Rh1X) or to 20 times the initial concentration
(Rh20X) using 200 µL or 10 µL of water respectively; 1 mL samples
in 10 mL vials were reconstituted to 10 times their initial concen-
tration (Rh10X) using 100 µL of water. As previously described,
Rh20X and Rh10X samples were diluted back to 1X with water
10 min post reconstitution, just prior to Dynamic Light Scattering
(DLS) analysis, in order to eliminate concentration effects [14].
Samples of at least 50 µL were used to assess pH using a Ross glass
combination micro electrode (Thermo Fisher Scientific, Waltham,
MA, USA).

2.4. Polyplex size, surface charge, and concentration

Z-average hydrodynamic diameters and polydispersity indices
(PDI) of polyplexes were measured by DLS with a Zetasizer Nano
ZS (Malvern Instruments, Worcestershire, UK). Three consecutive
measurements were performed at 25 �C on each sample loaded
in polystyrene microcuvettes and diluted eight times with water.
Zeta potentials (ZP) of the polyplexes were measured at 25 �C by
Laser Doppler Velocimetry (LDV) with the Zetasizer Nano ZS, using
capillary cells. Unless otherwise indicated, 100 µL samples were
made up to 800 µL using NaCl solutions to attain a final NaCl con-
centration of 10 mM, and were analyzed three consecutive times
and averaged [14].

Polyplex concentrations and number average diameters were
measured by Nanoparticle Tracking Analysis (NTA) with a Nano-
Sight NS500 equipped with a 405 nm laser and an EMCCD camera
(Malvern Instruments, Worcestershire, UK). Samples were diluted
100–3,200-fold, with excipient or nuclease free water, to track an
average of 10–50 nanoparticles per frame during the analysis.
Nanoparticle concentrations and diameters were averaged from
five consecutive video captures of 60 s at 25 �C, loading new sam-
ple volumes in the observation chamber between each capture.

2.5. Quantification of free chitosan by Orange II assay

The amount of free CS in polyplex suspension was determined
by the Orange II dye depletion method [25]. Samples were



Table 1
Mixing concentrations of CS and HA to form polyplexes at different N:P and N:P:C ratios.

Oligonucleotide CS HA

Type Conc. (µg/mL) N:P = 1 (µg/mL) N:P = 2 (µg/mL) N:P = 2.5 (µg/mL) N:P = 5 (µg/mL) N:P:C = 2:1:1.5 (µg/mL) N:P:C = 2.5:1:2 (µg/mL)

ODN 200 116 233 293 585 394 525
siRNA 200 112 224 281 563 378 504
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centrifuged at 60000 rpm (150000g) for 45 min to pellet the poly-
plexes (Optima MAX-E, TLA-110 fixed rotor, Beckman Coulter,
Brea, CA, USA). A 10 lL aliquot of supernatant was collected per
sample, made up to 200 lL using the same excipients as in the
initial formulation and then diluted 4-fold with 50 mM acetic
acid/sodium acetate buffer at pH 4.0. Orange II (1 mM in the acetic
acid/sodium acetate buffer) was added to the above solution, in a
volumetric ratio of 1:32, and mixed by vortexing. Samples were
incubated 5 min, and then newly formed CS/Orange II complexes
were pelleted by centrifugation at 20,000g for 30 min (IEC Miro-
max, 891 rotor, Thermo Fisher Scientific, Waltham, MA, USA).
Absorbance of the supernatant containing the unbound Orange II
was measured at 484 nm. The amount of free CS was calculated
using calibration curves obtained from a series of CS solutions with
increasing dilutions prepared in the same buffers.

2.6. Transmission electron microscopy imaging

The polyplex suspension (5 lL) was diluted with RNase free
water (15 lL) in a microcentrifuge tube and 5 lL placed on a 200
mesh carbon coated copper grid (Electron microscopy sciences)
and allowed to evaporate for 30 min. To avoid drying artifacts,
residual solvent was removed by blotting with filter paper. The
sample on the grid was stained with phosphotungstic acid (2%,
5 lL). After 10 min, residual phosphotungstic acid solution was
removed by blotting with a piece of filter paper. The grid was
washed two times with deionized water to remove salt and dried
in air for overnight. TEM images were obtained using a Tecnai
T12 electron microscope operating at 120 keV. Four random areas
around the center of each grid were selected and images were
obtained at magnification ranging from 6,500� to 150,000�
(1 µm–50 nm).

2.7. In vitro transfection

Transfection conditions were identified according to a previous
work. Accordingly, eGFP+ H1299 cells were cultured in RPMI 1640
supplemented with 2 mM l-glutamine, 10 mM HEPES, 17.85 mM
sodium bicarbonate, 4.5 g/L glucose, 1 mM sodium pyruvate, and
10% FBS, at 37 �C in 5% CO2. Prior to transfection, cells were main-
tained in 0.8 g/L Geneticin� G418 for clonal selection of eGFP+ cells.
Each well of a 24-well culture plates was seeded with 45,000 cells
in 500 µl of culture medium, and incubated 24 h to reach �70%
confluency for transfection. RPMI 1640 with 5 mM MES, 10 mM
sodium bicarbonate, and 4.5g/L glucose, subsequently referred to
as transfection medium, was equilibrated overnight at 37 �C, 5%
CO2 and pH was adjusted to 6.5 with 1 N sterile HCl prior to trans-
fection. Culture mediumwas removed from cells and replaced with
473 µL of transfection medium and 27 µL of CS/eGFP-siRNA (N:
P = 5) polyplex formulations diluted 4-fold beforehand using
excipient or nuclease free water, for a final siRNA concentration
of 100 nM or 1.35 µg/mL. Non-transfected controls were obtained
by replacing polyplex formulations in the above with nuclease free
water or excipients. Cells were incubated 5 h with the samples, at
37 �C, in 5% CO2, then medium was replaced with 500 µL of culture
medium. After an additional 19 h incubation period, cell viability
was assessed by quantifying metabolic activity with AlamarBlue�.
Cells were incubated a final 24 h prior to quantifying their eGFP
expression levels by flow cytometry. DharmaFECT 2 was used as
positive control according to the manufacturer recommendation,
and was incubated with the cells until analysis. Non-targeting
siRNA was used as a negative control.

2.8. Cell viability

Viability of both transfected and non-transfected cells was
assessed by adding 50 µL of AlamarBlue� reagent to each sample
well and incubating 4 h at 37 �C, in 5% CO2. For each sample, 3
aliquots of 100 µL of medium containing reduced AlamarBlue�

were transferred to separate wells of a clear 96-well plate.
Absorbance was measured at 570 nm, using 600 nm as reference
wavelength, and data was analyzed as described by the
manufacturer.

2.9. Quantification of eGFP expression by flow cytometry

Cells were trypsinized (TrypLE Express) and transferred to 5 mL
flow cytometry tubes. For each sample, eGFP expression was mea-
sured for 20,000 events using a MoFlo XDP 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, with photomultiplier
tube voltages of 500–550, to detect fluorescence. Forward (FSC)
and side (SSC) scatter were used to establish a collection gate to
exclude cell debris. The Summit software (V4.3.02, Build 2451)
was used to display the cell population within the collection gate
on a FL1 Log versus Counts graph, and to determine their mean flu-
orescence. Silencing was expressed as follows:

Silencing ð%Þ ¼ 100� ð1� eGFPsample=eGFPcontrolÞ ð1Þ
2.10. Hemocompatibility assays

Hemolytic properties of nanoparticle formulations were tested
according to ASTM E2524 as described by Evani and Ramasubra-
manian [26]. Briefly, FD samples of 1 mL were reconstituted at
10X and then serially diluted to final siRNA concentrations of 1,
0.5, 0.25, and 0.125 mg/mL, for uncoated polyplexes; and 0.667,
0.334, 0.167, and 0.083 mg/mL, for HA-coated samples. Positive
controls included 2 mg/mL CS, 10 mg/mL poly-l-lysine (PLL), and
10% v/v Triton X-100; negative controls included 40% w/w poly-
ethylene glycol (PEG, 8 kDa), 5% wt/vol trehalose, 10 mM histidine
at pH 6.5, and 1.26 mg/mL HA. A total of 100 µL of sample or con-
trol was added to centrifuge tubes containing 700 µL of PBS at pH
6.5 or 7, depending on the test formulation pH. A volume of 100 µL
of citrated blood, diluted to a hemoglobin concentration of
10 ± 1 mg/mL with PBS (TBHd), was added to the samples and
gently mixed by inversion. The plasma-free hemoglobin (PFH) in
the blood used was measured at 0.29 mg/mL prior to initiating
the assay.

Test samples were separated into two volumes: 700 µL for eval-
uation of hemolysis and 200 µL for evaluation of hemagglutination.
Samples used for the hemolysis assay were incubated for 3 h in a
water bath at 37 �C. Every 30 min, they were visually inspected
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for nanoparticle flocculation, dispersion, sinking or floating, and
were mixed. After incubation, samples were centrifuged 15 min
at 800g to collect the supernatant for colorimetric determination
of hemolysis. For each sample and control, 100 µL of the super-
natant was transferred into two wells of a 96-well plate, and then
supplemented with 100 µL of cyanmethemoglobin reagent. Qua-
druplicates of 200 µL of cyanmethemoglobin reagent (blanks), cal-
ibration standard and quality control standards were added to the
plate, as well as six replicates of the diluted total blood hemoglobin
(see ASTM E2524 for detail). The plate was covered, shaken for
2 min, and then absorbance was measured at 540 nm on an Infinite
M200 microplate reader (Tecan, Mannedorf, Switzerland). A four-
parameter regression algorithm was used to obtain the calibration
curve required to calculate the hemoglobin concentration in the
supernatant of each sample (PFHsample). The percentage of hemol-
ysis is expressed as follows:

Hemolysis ð%Þ ¼ 100� PFHsample=TBHd ð2Þ
Hemolysis readings above 5% indicate the material or formula-

tion will cause damage to the red blood cells. Hemagglutination
was determined qualitatively after incubation of the 200 µL test
samples for 3 h at 37 �C in a U-shaped 96-well plate. Results were
positive if a granular or irregular ring of erythrocytes covered more
than half of the well bottom.
2.11. Statistical analysis

Unless otherwise indicated, data were expressed as mean
value ± standard deviation. Statistically significant differences
between groups were assessed using unpaired, two-tailed,
Student’s t-tests. Statistically significant cytotoxicity of different
groups was assessed using one-sample t-tests, with a threshold
of 90%. Both tests were considered statistically significant at
p < 0.05.
Table 2
Ionic strength of uncoated (N:P = 2 or 5) and HA-coated (N:P:C = 2:1:1.5) polyplexes
formulated at pH 6.5 using different buffers and buffer concentrations.

Buffer Ionic strength (mM)

Name Conc. (mM) N:P = 2 HA-coated pH6.5 N:P = 5

Histidine (H) 2 1 1 2
10 3 3 4
40 11 11 12
160 41 41 42

Tris-Maleic acid (TMA) 2 2 2 3
10 9 9 10
40 36 36 35

Sodium Phosphate (P) 2 4 4 5
10 17 18 17
24 41 41 41

Maleic acid (MA) 2 5 5 6
10 24 24 25
16 39 39 38
3. Results and discussion

3.1. Effect of buffer type and ionic strength on polyplexes colloidal
stability

We have previously shown that CS/DNA polyplexes undergo
aggregation and pH shifts when rehydrated post freeze-drying in
formulations that contain no buffers and excipients, where pH is
typically 4–5.5 [14]. It is therefore necessary to identify buffers
compatible with polyplexes formed from CS and siRNA and for this
a preliminary screening was performed using polyplexes formed
from ApoB-aODN. Although the final objective is to deliver siRNA,
ODNs were used in the initial phases of the optimization process as
low cost mimics to assess the physicochemical properties of poly-
plexes. Buffers were selected based on their injectability and a pKa

that is close to physiological pH (see Supplementary Data) [27].
Uncoated (N:P = 2 or 5) and HA-coated (N:P:C = 2:1:1.5) poly-
plexes were prepared in 10 mM buffer, at pH of 6.5 or 7, and their
size and PDI were measured immediately and after 2 h at room
temperature. Initial results at pH 6.5 showed that uncoated poly-
plexes at N:P = 5 are stable in histidine, Tris-maleic acid, sodium
phosphate, or maleic acid, but are severely aggregated in Tris-
HCl. The pKa of Tris (8.07) is far from the target pH of 6.5, leading
to formulations with higher than target pH of 6.83 (N:P = 2) and
6.93 (N:P = 5). Free CS has a pKap of �6.5, while CS in polyplexes
at N:P = 5 have a pKap of �7.3, so that partial deprotonation of CS
at these higher pH in Tris may explain their aggregation [14]. We
found all uncoated polyplexes supplemented with buffers at pH
7 immediately aggregated while HA-coated polyplexes were stable
in all buffers at pH 6.5, and at pH 7 (except for maleic acid), where
size increased from 158 ± 18 nm to 514 ± 19 nm after 2 h.

Since formulations undergo cryoconcentration during FD and
need to be concentrated upon rehydration, the effect of the ionic
strength of the buffer (histidine, Tris-maleic acid, sodium phos-
phate or maleic acid) on polyplex size, PDI, ZP, and pH, for
uncoated (N:P = 2 or 5) and HA-coated (N:P:C = 2:1:1.5) systems
was assessed. Polyplex number average diameter, concentration,
and free CS content were also analyzed for uncoated samples in
histidine or sodium phosphate, at low and high ionic strengths
(Fig. S1). Samples were formulated to a final ionic strength of
1–42 mM (Table 2), by adding buffers to CS, ODN and HA prior to
polyplex formation to avoid nanoparticle dilution upon addition
of excipients. Buffer compositions were adjusted so that samples
containing 2 mM buffer had a final pH of 6.5 ± 0.2 independent of
the initial HCl present in the CS. To reach higher ionic strengths,
the concentration of these compositions was increased without
further pH adjustment. This, however, led to final pH increases of
0.1–0.3, as the HCl initially present in the polyplexes was buffered
by the more basic, concentrated, buffer compositions (Fig. 1).

Polyplexes prepared at N:P = 2 were more susceptible to aggre-
gation upon increasing buffer concentration or ionic strength,
especially in presence of maleic acid or sodium phosphate. Increas-
ing the ionic strength of these two buffers from 5 to 40 mM lead to
aggregation of nanoparticles as evident from the increase in
nanoparticle Z-average diameter by up to 6-fold, a decrease in ZP
by 40%, and an increase in pH from �6.72 to 6.93–7.02 (Fig. 1).
In sodium phosphate, a 2.3-fold increase in polyplex Z-average
diameter was associated with a 70% decrease in concentration,
but no significant change in free CS content (Fig. S1). Z-average
diameters of polyplexes prepared at N:P = 5 increased by no more
than 2-fold when increasing formulation ionic strength; their ZP
only slightly decreased in the presence of maleic acid or phosphate
while their pH increased by 0.2–0.4; and their PDI decreased by
3.25–4.4-fold. In the case of histidine, ionic strength had no statis-
tically significant impact on particle number average diameter,
concentration or free CS content (Fig. S1). Finally, HA-coated
polyplexes at N:P:C = 2:1:1.5 behaved similarly to the uncoated
particles at N:P = 2, from which they are produced. They showed
6-fold increase in Z-average and 10-fold increase in PDI upon
increasing the concentration or ionic strength of maleic acid or
sodium phosphate, yet little change in ZP or pH (Fig. S2). These
HA coated particles were slightly larger and anionic, with zeta
potentials varying between �25 and �40 mV. Similar trends of
increase in particle diameter and reverse of zeta potential of HA
coated CS nanoparticles have been reported in the literature



Fig. 1. Effect of buffer type and ionic strength on CS/ApoB-aODN nanoparticle Z-
average, PDI, ZP, and pH. Uncoated nanoparticles were prepared at N:P = 2 or N:
P = 5 in different buffers (MA: maleic acid, P: sodium phosphate, TMA: Tris-maleic
acid, H: histidine), to final ionic strengths of 2–40 mM. Nanoparticles formed at N:
P = 2 were larger than those formed at N:P = 5; their size increased by up to 6-fold
in maleic acid or sodium phosphate, their ZP decreased by as much as 40%, and their
pH reached up to 7.0. Polyplexes were more stable at N:P = 5 in all buffers: their size
increased by no more than 2-fold, their PDI decreased by 3-fold, and their ZP
remained relatively constant. Mean ± standard deviation (n = 4).
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[21,22]. Detailed studies on the effect of ionic strength of solution
containing a monovalent salt (NaCl) on TPP crosslinked CS
nanoparticles are available in the literature and these studies
showed similar trends in particle diameter and PDI [28,29]. How-
ever our study systematically evaluates the effect of ionic strength
increase during rehydration of FD polyplexes and found out that
both N:P ratio and buffer type has pronounced effect on particle
colloidal stability during rehydration.

The above results suggest that three buffer parameters signifi-
cantly affect CS/oligonucleotide polyplexes are counterion valence,
ionic strength, and pH. Their synergistic effects had a greater
impact on polyplexes formed at N:P = 2. As discussed, increasing
buffer concentrations led to pH increases in all formulations. Those
containing maleic acid or sodium phosphate had relatively high pH
at low ionic strength (6.75 and 6.72 respectively); this increase in
pH led to partial deprotonation of CS resulting in a drop of ZP and a
large size increase. At ionic strength higher than �20 mM, pH
remained constant yet polyplex size further increased due to addi-
tional CS charge screening as divalent anionic couterion concentra-
tion increased. In the presence of histidine or Tris-maleic acid, pH
increased was at maximum of 6.76 with increasing ionic strength,
so that CS deprotonation was less severe and polyplexes were not
aggregated. Although more acidic, polyplexes were slightly larger
in Tris-maleic acid than in histidine, likely due to the presence of
maleic acid divalent counterions in the buffer. Compared to formu-
lations at N:P = 2, ZPs of polyplexes formed at N:P = 5 were not as
sensitive to maleic acid or sodium phosphate ionic strengths. Fur-
thermore, nanoparticle PDIs decreased drastically with increasing
pH, while their sizes only slightly increased. The large excess of
free chitosan (60–70%) in these formulations may act to stabilize
polyplexes in presence of buffers at higher ionic strength, prevent-
ing their aggregation while allowing them to adopt a more homo-
geneous suspension.

3.2. Optimization of buffer concentration for freeze-drying

Buffers that prevent nanoparticle aggregation during FD and
maintain pH upon rehydration were identified using polyplexes
formed with ApoB-aODN. Uncoated (N:P = 2 or 5) and HA-coated
(N:P:C = 2:1:1.5) polyplexes were prepared at pH 6.5 in trehalose
(0.5% wt/vol) containing 2 mM of histidine or Tris-maleic acid or
sodium phosphate or maleic acid. Buffer concentration was limited
to 2 mM based on the above findings (Fig. 1) so that freeze-dried
formulations may be concentrated up to 20-fold upon rehydration.
Polyplex Z-average diameter and PDI were analysed prior to and
after FD and rehydration to their initial concentration (Rh1X).
Uncoated polyplexes freeze-dried in maleic acid or sodium phos-
phate were aggregated (Z-average = 290–992 nm; PDI = 0.34 –
0.76), most likely due to the combined effect of cryoconcentration
during the freezing phase of the process and the divalent anionic
nature of the buffers. Uncoated polyplexes prepared at N:P = 2
were also aggregated following FD in Tris-maleic acid (Fig. 2a),
whereas those prepared at N:P = 5 doubled in size but had a
PDI < 0.20 (Fig. 2b). Uncoated polyplexes Rh1X in 2 mM histidine
showed statistically significant increases in size and/or PDI, yet
remained within acceptable limits (Z-average � 129 nm,
PDI � 0.13) (Fig. 2a,b). Of the four buffers tested, only maleic acid
caused aggregation of the HA-coated polyplexes following Rh1X
at pH 6.5 (data not shown), perhaps due to crystallization in the
solution during FD [30]. Statistically significant increases of Z-
average were seen with other buffers, but with average sizes and
PDIs remaining below 180 nm and 0.15 respectively (Fig. 2c). For-
mulations at pH 6.5 containing histidine or Tris-maleic acid were
further optimized by reducing the buffer concentration to 1 mM
and rehydrating the sample at a concentration up to 20-fold higher
(Rh20X) post FD (Fig. 2a–c). Most of the formulations showed par-
tial aggregation post FD, as observed from slight increases in Z-
average with low PDI values (Z-average � 208; PDI � 0.20). Of
these two buffers, histidine, which has the lowest ionic strength,
yielded the most stable systems with a maximal increases in Z-
average of 15% for uncoated polyplexes at N:P = 2, 36% for
uncoated polyplexes at N:P = 5, and 50% for HA-coated polyplexes
(Fig. 2a–c).

HA-coated polyplexes were prepared for FD at pH 7 using his-
tidine, Tris-maleic acid, sodium phosphate or Tris-HCl. In order
to avoid precipitation of the intermediate uncoated polyplexes
formed at N:P = 2, buffers were only added to HA prior to mixing,
whereas 0.5% wt/vol trehalose was present in CS, ODN, and HA
solutions. Samples were prepared initially in 1 mM buffer, but that
concentration proved too low to maintain pH near 7 following
rehydration. Therefore samples containing 2 mM buffer were ana-
lyzed prior to FD and after Rh1X and Rh20X (Fig. 2d, pH = 6.9 ± 0.1).
Despite a statistically significant increase in Z-average for all sam-
ples, none of the formulations caused severe aggregation of the
HA-coated polyplexes since sizes increased by only 59–64% follow-
ing Rh20X, reaching no more than 179 nm. In most cases, this
increase in Z-average was accompanied by a statistically signifi-
cant decrease in PDI of 30–46%, with final values as low as 0.07.
As discussed above, the increase in size and decrease in PDI



Fig. 2. Optimization of buffer type and concentration for lyophilization and concentration of CS/ApoB-aODN nanoparticles. Z-average and PDI of uncoated polyplexes with (a)
N:P = 2 or (b) N:P = 5, and HA-coated (N:P:C = 2:1:1.5) polyplexes prepared at (c) pH 6.5 or (d) pH 7. Samples were formulated in 1 or 2 mM histidine (H1 or H2), 1 or 2 mM
Tris-maleic acid (TMA1 or TMA2), 2 mM sodium phosphate (P2), maleic acid (MA), or 2 mM Tris-HCl (T2), and were analyzed prior to (Fresh) and after freeze-drying and
rehydration to initial (Rh1X) or 20 times the initial concentration (Rh20X). Mean ± standard deviation (n = 4), (p < 0.05).
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observed at neutral pH post FD may be due to a reorganization of
HA-coated particles during FD, where HA forms a corona around
CS/ODN cores with lower charge densities.

3.3. Impact of oligonucleotide sequence on freeze-dried polyplexes

The above results show that histidine is the most versatile buf-
fer for FD polyplexes, whether uncoated (N:P = 2 or 5) or HA-
coated (pH 6.5 or 7). Histidine was therefore chosen for further
study. We also found that HA-coated polyplex size and PDI were
directly influenced by size and PDI of uncoated polyplexes from
which they were produced, and that HA-coated nanoparticles were
only marginally affected by FD [22,23] Therefore, the influence of
oligonucleotide parameters on the physicochemical properties of
fresh, Rh1X and Rh20X polyplexes was assessed for uncoated
nanoparticles formulated in 0.5% wt/vol trehalose and 1 mM his-
tidine, at pH 6.5. The oligonucleotide parameters evaluated were
the type of nucleic acid, whether ODN or siRNA, the form of over-
hangs, whether blunt or sticky ends, and the target sequence,
whether ApoB or eGFP, the latter being rich in GC content.

Polyplexes targeting ApoB were prepared at N:P = 2 and 5
(Fig. 3a, c), using ODN or siRNA with two different types of over-
hangs: asymmetrical 21-mer duplexes (ApoB-aODN or ApoB–
asiRNA); 19-mer duplexes with sticky ends of 2 and 4 nts (ApoB-
sODN or -ssiRNA). Polyplexes targeting eGFP were formed using
either canonical (eGFP-ODN or eGFP-siRNA) or blunt (eGFP-bODN
or eGFP-bsiRNA) 21-mer siRNA or ODN duplexes. Unlike polyplexes
containing ApoB-siRNAs, those containing eGFP-siRNA or eGFP-
bsiRNAcouldnot be formedatN:P = 2without observing immediate
macroscopic aggregation. Therefore, eGFP targeting polyplexes
were prepared at N:P = 2.5 and 5 (Fig. 3b, c). Moreover, fresh poly-
plexes made with eGFP-siRNA were having significantly larger
diameter compared to those made with eGFP-ODN. However they
have comparable PDIs (CS/eGFP-ODN: 87 ± 7 nm; 0.12 ± 0.01 CS/
eGFP-siRNA: 104 ± 2 nm; 0.17 ± 0.01 CS/eGFP-bODN: 83 ± 6 nm;
0.14 ± 0.02, CS/eGFP-bsiRNA: 112 ± 3 nm; 0.15 ± 0.01). At N:P = 2
or 2.5, none of the CS/ODN formulations at Rh20X were aggregated
and the rehydratedpolyplexeshaveaZ-averagediameterof 120 nm.
At the same N:P ratios, CS/siRNA polyplexes showed significant
increase in size post Rh20X, with undesirable PDIs > 0.30 for all for-
mulations except CS/ApoB-ssiRNA. Aggregationwasmost severe for
CS/eGFP-bsiRNA,with a Z-average of 664 nmand a PDI of 0.63. None
of the CS/siRNA samples prepared at N:P = 5 were severely aggre-
gated post Rh20X (Fig. 3c), although CS/eGFP-bsiRNA polyplexes
were much larger and more heterogeneous (Z-average = 227 nm,
PDI = 0.30).

According to these results, all three oligonucleotide parameters
tested can have an effect on polyplex stability during FD. The most
important parameter is the type of nucleic acid used in the poly-
plexes, with ODN forming complexes that are more uniform and
stable during FD compared to siRNA. A sequence effect was also
observed with polyplexes made from siRNA at low N:P ratio: unlike
ApoB-siRNAs, GC-rich eGFP-siRNAs were unstable upon mixing
with CS at N:P = 2, suggesting these GC-rich sequences have a lower
affinity to CS. Similar observations were previously published,
where polyamines were found to bind more strongly to AT-rich
DNA sequences, compared to GC-rich sequences [12]. Our observa-
tions are consistent with these findings since the ApoB sequences
used here has an AT content of 61%, compared to 45–48% for the
eGFP sequences. Finally, polyplexes formed at N:P = 2 or 2.5 using
siRNA seemed to be larger post FD when their siRNA sequence had
at least one blunt end: CS/ApoB-asiRNA Rh20X were larger than
CS/ApoB-siRNA Rh20X; CS/eGFP-bsiRNA Rh20X were larger than
CS/eGFP-siRNA Rh20X. In fact, the only CS/siRNA polyplexes at N:
P = 2 that did not aggregate following Rh20X were those formed
with ApoB-ssiRNA, the AT-rich sequence with sticky overhangs.

The impact of the oligonucleotide parameters on the condensa-
tion efficiency of CS was then investigated using a Ribogreen�



Fig. 3. Effect of oligonucleotide type, overhangs, and sequence on the Z-average and
PDI of fresh or freeze-dried nanoparticles. Polyplexes were prepared from ODN and
siRNA targeting for (a) ApoB (N:P = 2) or (b) eGFP (N:P = 2.5), or from (c) siRNA
targeting for ApoB or eGFP (N:P = 2). Two types of overhangs where assessed for
each sequence: a) ApoB asymmetrical (ApoB-aODN or -asiRNA) or with sticky ends
of 2 and 4 nts (ApoB-sODN or -ssiRNA); eGFP canonical (eGFP-ODN or -siRNA) or
blunt (eGFP-bODN or -bsiRNA). For a given sequence, Z-average (u) and/or PDI (v) of
fresh polyplexes formed with siRNA were significantly different from those formed
with ODN. Z-average (y) and/or PDI (z) of Rh20X polyplexes were significantly
different from those of fresh polyplexes of the same formulation. Mean ± standard
deviation (n = 4), (p < 0.05).
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exclusion assay. The fluorescence intensity of the dye, measured
following incubation with polyplexes, is inversely proportional to
the nucleic acid condensation efficiency of CS under the test condi-
tions. Therefore, uncoated polyplexes were prepared at N:P ratios
of 0 (free nucleic acid), 1, 2, and 2.5, using ODN or siRNA sequences
for ApoB or eGFP. Polyplexes were formulated in 0.5% wt/vol tre-
halose and 1 mM histidine, using the buffer composition estab-
lished for samples at N:P = 2. Only freshly prepared samples in
presence of 1 mM histidine were analyzed by this assay and none
of the freeze-dried samples at higher concentration were tested.
Independent on the oligonucleotide used, none of the polyplexes
formed at N:P ratio of 2 or 2.5 showed any Ribogreen� fluores-
cence, therefore showing complete binding of the nucleic acids
by CS (data not shown). At N:P = 1, CS binding was significantly
lower for ApoB-asiRNA and eGFP-bsiRNA, compared to their ODN
equivalents (Fig. S3). In fact, for ApoB and eGFP, siRNAs were the
oligonucleotides for which aggregation was the most important
post Rh20X (Fig. 3a, b). Both these oligonucleotide sequences also
have at least one blunt end, suggesting this may affect polyplex
formation and stability during FD. It is also important to keep in
mind that most of these formulations are unstable or aggregated
at such a low N:P ratio.

Given the limitations of the data obtained with the Ribogreen�

assay at N:P = 1, the effects of oligonucleotide properties on poly-
plexes were further investigated for ApoB asymmetrical (ApoB-a)
and eGFP blunt (eGFP-b) sequences using a titration approach.
Polyplexes were prepared with ApoB-aODN, ApoB-asiRNA, eGFP-
bODN, or eGFP-bsiRNA, at N:P ratios ranging from 0.7 to 1.5, and
the resulting Z-average and zeta potential titrations were overlaid
(Fig. S4). In order to ensure full protonation of the amine groups of
CS, and eliminate any excipient-related effects, CS and oligonu-
cleotides were solely diluted in 10 mM acetic acid at pH 4.2 prior
to nanoparticle formation. The N:P ratio at the isoelectric point
(IEP, where ZP = 0 mV), as well as the minimal N:P ratio required
to obtain non-aggregated (Z-avg � 200 nm) positively charged
polyplexes, were compared. Polyplexes formed with ApoB-aODN
and eGFP-bODN reached their IEP at N:P ratios of 0.82 and 0.87
respectively; those prepared with ApoB-asiRNA and eGFP-bsiRNA
reached their IEP at N:P = 1.07 and 1.15. Similarly, a minimum N:
P ratio of 1.0 was required to obtain non-aggregated CS/ODN poly-
plexes, whereas N:P ratios of 1.2 and 1.3 were required for CS/
ApoB-asiRNA and CS/eGFP-bsiRNA respectively. In fact, an extra
20–30% CS was required to stabilize CS/siRNA polyplexes com-
pared to CS/ODN polyplexes, therefore supporting previous FD
and nucleic acid condensation data where siRNA based polyplexes
require more CS compared to ODN to get stable polyplexes
(Fig. S3).

It is important to mention that, although the computed molar
extinction coefficient used to determine ODN and siRNA concen-
trations may be in error by 5% [31], this is not sufficient to account
for the 20–30% differences in CS required to fully bind siRNA vs
ODN. In fact, these results are in accordance with previously pub-
lished work that showed CS/siRNA polyplexes require higher N:P
ratios than CS/DNA to be stable and efficient for gene delivery
[9]. Similar results have recently been reported for polyethylenei-
mine (PEI) and cationic cyclodextrin polyrotaxanes, where poly-
plexes formed at N:P = 1 with siRNAs had zeta potentials ranging
from �15 to �22 mV [31,32]. Also, although similar work has not
yet been done for cationic polyelectrolytes, experiments and
molecular simulations have shown that short RNA duplexes
(25 bp) are more resistant to condensation by trivalent cations
than their ODN equivalent [10,11]. In fact, previous work showed
that ODN form electroneutral aggregates when 80–90% of their
negative charges are compensated by bound counterions, which
is also a requirement for DNA condensation [33,34]. Finally, as pre-
viously observed, more CS was required to ensure colloidal stabil-
ity of CS/eGFP-bsiRNA polyplexes, compared to CS/ApoB-asiRNA,
which may be partly due to their respective AT content. Overall,
these results suggest the choice or design of oligonucleotides must
not solely be based on in vivo efficiency considerations, but also on
their compatibility with the delivery vector used, as specific
sequences may require specific carrier design.

3.4. In vitro silencing efficiency and biocompatibility of polyplexes

H1299 cells expressing eGFP were used for assessing in vitro
silencing efficiency and cytotoxicity of freshly prepared samples,
as well as samples lyophilized and rehydrated to initial (Rh1X) or
20-fold the initial (Rh20X) concentration (Fig. 4). Due to the low



Fig. 4. In vitro silencing efficiency and cytotoxicity of fresh and freeze-dried CS/
eGFP-siRNA (N:P = 5) polyplexes on EGFP+ H1299 cells in presence or absence of
excipients. Initial (Rh1X) or concentrated to 20-fold the initial concentration
(Rh20X) samples were tested. *Silencing efficiency significantly different from fresh
polyplexes of the same formulation (p < 0.05). Mean ± standard deviation (n = 6).

Fig. 5. Hemolysis (a) and hemagglutination (b) following incubation with dilutions
of uncoated (N:P = 2 or 5) and HA-coated (pH 6.5 or 7) CS/ApoB-asiRNA nanopar-
ticles. All formulations were prepared with 0.5% wt/vol trehalose; uncoated and
HA-coated polyplexes at pH 6.5 were formulated with 1 mM histidine; and HA-
coated polyplexes at pH 7 were formulated with 2 mM histidine. Mean ± standard
deviation (n = 2).
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content of free CS in the formulation uncoated polyplexes prepared
at N:P = 2 do not transfect well in vitro [35]. Also HA-coated poly-
plex knockdown efficiency was negligible for the eGFP+ H1299 cell
line used (unpublished data). Only uncoated CS/eGFP-siRNA poly-
plexes prepared at N:P = 5, with or without 0.5% wt/vol trehalose
and 1 mM histidine at pH 6.5, showed transfection. In the absence
of excipients, polyplex silencing efficiency decreased by half fol-
lowing FD, and further decreased when concentrating FD particles
20-fold upon rehydration. This loss of silencing efficiency can be
attributed to severe aggregation of the polyplexes following FD
in the absence of excipient. As previously found for CS/DNA com-
positions [14], the presence of trehalose and histidine had no sig-
nificant impact on transfection efficiency or metabolic activity of
freshly prepared polyplexes. In addition, polyplex FD and Rh1X
or Rh20X with trehalose and histidine showed no significant
reduction in silencing efficiency, with knockdown levels ranging
from 39–43% compared to untreated cells. The controls, Dharma-
FECT 2 and non-targeting siRNA had silencing efficiencies of 97
and 2% respectively. Whether freshly prepared or FD in presence
or absence of excipient, none of the formulations caused H1299
cell metabolic activity to be significantly inferior to 90%; therefore
none were cytotoxic.

Hemolysis and hemagglutination were assessed for uncoated
(N:P = 2 or 5) and HA-coated (N:P:C = 2:1:1.5) CS/ApoB-asiRNA
polyplexes formulated at pH 6.5 in 0.5% wt/vol trehalose and
1 mM histidine, as well as for HA-coated polyplexes formulated
at pH 7 in 0.5% trehalose and 2 mM histidine. Freeze dried samples
reconstituted at 10X and then serially diluted were used for the
assay. CS (2 mg/mL) and HA (1.26 mg/mL) were included as the
positive and negative controls respectively, which were tested at
both pH 6.5 and 7. As anticipated, trehalose, histidine, and HA
caused no hemolysis or hemagglutination, whereas free CS was
responsible for 20.6–22.8% hemolysis and agglutination of red
blood cells (Fig. 5) [36,37]. Uncoated polyplexes prepared at N:
P = 5 exhibited a hemolytic dose response at the highest two con-
centrations, with levels reaching up to 10% hemolysis; those pre-
pared at N:P = 2 caused no hemolysis. Knowing polyplexes
prepared at N:P = 5 have about 70% free CS, compared to approxi-
mately 30% at N:P = 2 assuming an N:P ratio of 1.4 in the com-
plexes [14], these results suggest that free CS present in the
formulations is responsible for most of the observed hemolysis.
Moreover, TEM images of these formulations, prepared at N:P = 5,
FD and Rh20X, confirmed the presence of free CS around poly-
plexes (Fig. 6b), which is not the case of those prepared at N:
P = 2 (Fig. 6a). However, unlike nanoparticles at N:P = 5, those at
N:P = 2 were aggregated following FD and Rh20X. Despite these
observations, both formulations caused hemagglutination (Fig. 5b)
due to the positive surface charge of their polyplexes [30]. Based on
these results, uncoated CS/siRNA polyplexes would be limited to
low doses for intravenous injection, although they could be used
at higher doses for local delivery such as intramuscular, subcuta-
neous, intraarticular, etc. Use of formulations with limited free chi-
tosan content may also be desirable to limit interactions with
negatively charged biomolecules. However, CS/siRNA polyplexes
formed at N:P = 2 are more prone to aggregation following FD,
underlying the importance of carefully selecting the siRNA used
in the formulations. Polyplex stability could also be increased by
using a higher Mn CS to increase the binding affinity between CS
and siRNA, as seen with DNA [1–4].

HA-coated polyplexes formulated at different pH modulated
hemocompatibility profiles following Rh10X (Fig. 5). In addition
to causing hemagglutination, formulations at pH 6.5 produced
3.7% hemolysis at the highest concentration tested. In contrast, for-
mulations at pH 7 did not induce hemagglutination or hemolysis.
Based on TEM images (Fig. 6), it can be suggested that the HA coat-
ing may not be uniformly distributed on the nanoparticles follow-
ing FD, therefore exposing CS to interact with erythrocytes. At pH
6.5, this exposed chitosan would be charged and could induce
some hemolysis and hemagglutination, whereas at pH 7, it would
be less protonated, consequently less hemotoxic. Although TEM
images obtained for Rh20X HA-coated samples at pH 6.5 seem to
present some asymmetry regarding their HA-coating, they also
show free CS and/or HA around the polyplexes (Fig. 6c). If free pos-
itively charged CS strands were to be found in the formulation post
FD, they could contribute to the hemotoxicity observed. TEM
images of Rh20X HA-coated polyplexes at pH 7 revealed a distinct



Fig. 6. TEM images of uncoated (N:P = 2 or 5) and HA-coated (pH 6.5 or 7) CS/ApoB-asiRNA polyplexes, formulated in 0.5% wt/vol trehalose and 1 or 2 mM histidine, after
freeze-drying and rehydration to 20-fold the initial concentration (Rh20X): (a) CS/siRNA(N:P = 2)-0.5%Tre-His(1 mM)-Rh20X; (b) CS/siRNA(N:P = 5)-0.5%Tre-His(1 mM)-
Rh20X; (c) HA/CS/siRNA(N:P:C = 2/1/1.5)-0.5%Tre-His(1 mM)-pH6.5-Rh20X; (d) HA/CS/siRNA(N:P:C = 2/1/1.5)-0.5%Tre-His(2 mM)-pH7-Rh20X.
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morphology where nanoparticles were larger with darker cores
and lighter coronas (Fig. 6d). These larger structures could result
from the association of smaller HA-coated polyplexes which, at
pH 7, would interact to shield any exposed hydrophobic CS within
a hydrophilic HA corona.
4. Conclusion

This study systematically examined the impact of buffers, pH,
oligonucleotide properties, and HA-coating on the physicochemical
properties, silencing efficiency, and biocompatibility of CS/oligonu-
cleotide polyplexes, prior to and after FD and rehydration to obtain
higher concentrations. Increasing buffer concentration to final
ionic strengths of up to 40 mM led to the formation of larger poly-
plexes, or to severe aggregation in the case of polyplexes formed at
N:P = 2 supplemented with sodium phosphate or maleic acid. Pre-
vious studies examined the effect of ionic strength on the size and
PDI of CS nanoparticles but a detailed examination of these effects
on developing FD formulations for gene delivery is absent [28,29].
Size and PDI of uncoated polyplexes at lower N:P ratio were influ-
enced by oligonucleotide properties, whether prior to or after FD in
0.5% wt/vol trehalose and 1 mM histidine at pH 6.5. Nanoparticles
formed with siRNA were less stable during FD than those formed
with ODN; those containing GC-rich eGFP-siRNAs were more prone
to aggregation than those containing AT-rich ApoB-siRNAs; and
those formed with siRNAs containing at least one blunt end were
more unstable during FD compared to those with siRNAs having
overhangs at both ends. Nonetheless, FD CS/eGFP-siRNA poly-
plexes were non-cytotoxic and preserved their biological activity
after rehydration to 20 times the original concentration at pH 6.5
in 0.5% wt/vol trehalose and 1 mM histidine. As expected, reducing
the N:P ratio of uncoated polyplexes, or coating them with HA,
reduced their hemolytic potential. However, only HA-coated for-
mulations at pH �7 completely eliminated hemagglutination and
hemolysis. Future analysis of the effect of CS molecular weight
on its binding affinity to siRNA could lead to the development of
uncoated polyplex formulations at low N:P ratios with increased
stability for FD. Finally, current HA-coated formulations show great
potential for clinical intravenous delivery, and would benefit from
further optimization of their coating, as well as evaluation of their
in vitro and in vivo efficiencies.
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