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1. Introduction

The concept of genes as therapeutics was published as early as
1972 in Science [1]. The initial focus was for genetic defects where
the insertion of exogenous DNA into cells using attenuated viruses re-
placed defective DNA. Although viral vectors still currently dominate
the field of gene transfer because of their high efficiency, there is an
increasing interest in the development of non-viral gene delivery sys-
tems to overcome viral safety issues such as immunogenicity and
insertional mutagenesis [2,3]. Non-viral nucleic acid (NA) delivery
systems are also generally endowed with inherent formulation flexi-
bility and lower manufacturing cost [4]. Moreover, interest in the field
of non-viral vectors has gained new momentum recently due to
the need for effective delivery systems for small interfering RNA
(siRNA), which are 21-23 nucleotide duplexes that induce specific
mRNA cleavage via RNA interference (Nobel Prize 2006 [5]) and
promise to be a new major class of pharmaceutical therapeutics [6].

In 1979, Mulligan published in Nature the use of a non-viral technique
(calcium phosphate) to introduce foreign DNA into mammalian cells [7].
Non-viral vectors are now broadly classified into two categories (exclud-
ing vector free systems such as electroporation and calcium phosphate):
i) cationic lipids such as 1,2-dioleyloxy-3-trimethylammonium propane
(DOTAP) and N-[1-(2,3-dioleyloxypropyl]-N,N,N-trimethylammonium
chloride (DOTMA); and ii) cationic polymers such as polyethylenimine
(PEI), poly(1-lysine) (PLL), and chitosan (CS). Cationic lipids and polymers
are designed to form liposomes or nanocomplexes, respectively, with
negatively charged NAs by means of electrostatic complex formation.

Although cationic lipids are the most studied non-viral systems to date,
they are associated with significant in vitro and in vivo toxicity [8,9].
Cationic polymers have been shown to be particularly promising among
non-viral vectors with successful nucleotide delivery both in vitro and
in vivo [10-14]. Cationic polymers display less toxicity associated with
cytokine induction compared to their cationic lipid counterparts [15].
Among these, chitosan-derived vectors have garnered increasing
interest as chitosan is a naturally-derived, biocompatible, biodegradable,
mucoadhesive and nontoxic polymer [16,17]. Chitosan is composed of
glucosamine and N-acetyl-glucosamine units and has been approved for
use in several medical applications as a wound dressing (Tegasorb® by
3M) or hemostatic patch (Hem-con® by HemCon). Please see Table 2 of
reference [18] for an exhaustive list of chitin or chitosan-based products
that are used for wound dressing. A chitosan-based biomaterial, discov-
ered and developed in part by our group, was shown to improve cartilage
repair in animal models [ 19-24]. This product has since completed clinical
trial evaluation by Piramal Healthcare Canada who received European
regulatory approval in 2012 for this chitosan-based cartilage repair prod-
uct (BST-CarGel) [25].

Improved understanding of structure-function relationships in
chitosan based delivery systems in the past decade has enabled a sig-
nificant optimization of this family of delivery systems [14,26-28].
Chitosan is one of the most studied polymers for nucleotide delivery,
with more than 215 citations in 2011 and about 164 in the first half of
2012, up from a mere 22 a decade ago in 2002 (data obtained from
Thompson Reuter, search defined as: Topic = chitosan AND [gene
delivery OR siRNA]). Thus chitosan based nucleotide delivery has
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been the subject of many reviews, each with a specific focus such
as targeted delivery of pDNA [29] and siRNA [30], and formulation influ-
ence on in vitro efficiency [31]. Based on these significant advance-
ments in chitosan-based polynucleotide delivery, one may expect it to
emerge shortly from a successful clinical trial. The aim of this review
is to highlight recent developments that have improved understanding
of the chitosan-based NA systems and to identify current limitations
encountered in the field. We produce here an integrated review of the
main aspects of chitosan-based polynucleotide delivery, including
sourcing, preparation and characterization, in vitro and in vivo assess-
ment, all with an eye towards achieving clinical applications.

2. Chitosan production and characterization for gene delivery
2.1. Origin and processing to obtain chitosans with specific properties

Chitin and its derivate chitosan are the second most abundant poly-
saccharides on Earth after cellulose. These natural linear copolymers,
composed of 2-amino-2-deoxy-p-glucopyranose (noted GIcN or D unit)
and 2-acetamido-2-deoxy-p-glucopyranose (noted GlcAc or A unit)
units linked by 3(1 — 4) glycosidic bonds (Fig. 1) are present in several
species and characterized by the degree of deacetylation (DDA) which
correspond to the molar fraction of 2-amino-2-deoxy-p-glucopyranose
units: DDA = (D / (D + A) x 100).

2.1.1. Sources of chitin

Although Braconnot discovered chitin from the cell wall of mush-
rooms in 1811 [32] and Rouget [33] extracted chitosan from insect
chitin in 1859, these polysaccharides were first industrially extracted
from marine organisms to eliminate fisheries wastes. In coastal regions,
waste quickly leads to decreased oxygen content in water [34] and on
land and is a source of environmental and public health concern [35].
Knowledge of the source of chitin is critical to ensure repeatability be-
tween different batches for medical applications. Briick et al. [36] have
reviewed the preparation of chitin from marine organisms. They com-
puted the variation of chitin content in different species and concluded,
based on Kurita [37], that exoskeletons are composed of 15-40% chitin,
20-40% protein and 20-50% calcium carbonate. It is necessary to specify
the source of chitin and whether or not these sources are a mixture of
different species. Although several reviews affirmed seasonal variation
of chitin content in exoskeletons [38], Redde et al. [39] observed no
change in chitin content over different seasons for deep water shrimp
(Pandalus borealis). Seasonal variations may depend on species.

Methods have also been developed to extract chitin from terrestrial
organisms such as insects and mushrooms. Nwe et al. [38] has reviewed
these different terrestrial sources of chitin which are primarily insects
(mosquitoes, cockroaches, honeybees, silkworms...). As in the case of
marine organisms, the industrial production of chitin involves the use
of insect wastes. For example, Nemtsev et al. [40] showed that honey-
bees are composed of 23-42% chitin, 35-45% proteins, 30-40% melanin
and 3% minerals. Paulino et al. [41] also extracted chitin from dead

0,

\C/CHS HAt

GlcN or D-unit

GlcNAc or A-unit

Fig. 1. Chemical structure of chitosan. DDA is the degree of deacetylation of chitosan.
1D, 2D, 3D, 4D, 5D, 6D correspond to the 2-amino-2-deoxy-p-glucopyranose in NMR
and 1A, 2A, 3A, 4A, 5A, 6A and Ac to the 2-acetamido-2-deoxy-p-glucopyranose.

silkworm larvae bodies. The presence of melanin covalently bonded to
this chitin is a drawback given the difficulty of dissociation of the two
products [38]. In the case of Nemtsev, 5% of degraded melanin residues
are still present in the chitin.

Extraction of chitin from fungi has also been developed. With mush-
rooms, it is possible to grow a single species throughout the year. How-
ever the low chitin content is a challenge for industrial production of
chitin. Knezevic-Jugovic et al. [42] concluded, based on several studies,
that the content of chitin and chitosan in dry mycelia is 2% to 60%. This
percentage of chitin in the dry biomass depends on the nature of the
culture media as demonstrated by Chatterjee et al. [43] with Mucor
rouxii or Stamford et al. [44] with Cunninghamella elegans mushrooms.
Chatterjee also observed variation of crystallinity with the variation of
the culture media used to grow these species. A particular issue with
chitosan from mushrooms is that glucan chains, are covalently bonded
to the chitin and remain difficult to eliminate [45,46]. Given multiple
possible origins of chitin, it is evident that a detailed description of
location and species be given as well as an appreciation of potential
side products or contaminants (melanin, glucan chains, etc.) and their
absence verified for biomedical applications. Moreover, depending on
the origin of chitin, its structure can vary, demanding changes in specific
extraction protocols.

2.1.2. Structures of chitin

Chitin is a semicrystalline polymer, mainly in crystalline form of o
and P allomorphs, but with an amorphous component between differ-
ent crystalline regions. The most common «a-form occurs in marine
and terrestrial living organisms and in fungal cell walls. The 3-form is
less common and only found in certain species. In a recent review,
Rinaudo [47] summarized the different species that produce the
p-form: squid pens [48] and tubes synthesized by pogonophoran and
vestimetiferan worms [49,50]. A third allophorm, the y-form is only
present in cocoon fibers of the Ptinus beetle and the stomach of Loligo
[51,52] and seems to be a variant of the o-form [53].

N-acetyl-p-glucosamine is chiral and since the B(1 — 4) glyco-
sidic bond links all units, the chitin chain can also be considered
chiral. In both o and B forms, chains are organized into sheets
where — C(=0-HN - intra-sheet hydrogen bonds bind chains. The crys-
talline forms specific to the three allomorphs depend on how the chains
are stacked. In the a-form, adjacent chains are oriented in opposite
directions, allowing strong intra- and inter-sheet hydrogen bonds
with the hydroxymethyl group, leading to a strong crystal form where
solvent has difficulty to penetrate [54]. In the 3-form, chains are orient-
ed in the same direction with only weak intra-sheet hydrogen bonds
which result in higher affinity for solvents. Upon dissolution in strong
acid media (HNOs [55] or HCI 6-8 M [56,57]), B-chitin converts itself
invariably, and irreversibly, to ci-chitin. The above different allomorphs
are in part responsible for variability of chitin properties and impose
certain restrictions on the extraction process of the chitin from the
raw materials, described further below.

2.1.3. Extraction of chitin

As shown in Fig. 2, four steps are required to extract chitin from
raw materials (marine exoskeletons, insect or fungi). The first step,
grinding and sieving, is necessary to maximize chitin extraction and
remove unwanted products. Depending upon the nature of raw mate-
rials [38] and the targeted molar mass and degree of deacetylation
(DDA) of the chitin, subsequent steps need to be adjusted. The second
step is usually deproteinization (DP) and then demineralization (DM)
[36,52], although DP and DM may also be reversed [58] for protein
recovery. Before drying or further treatment, chitin may be decolored
(DC). DP is carried out by treatment in mild alkali solutions (NaOH,
KOH, Na,C05,K5C0s...) [36,52] where NaOH is most often used. The
time and temperature of treatment depend on the origin of raw
material (chitin from insect or fungi are covalently bonded to protein
and require stronger treatment), the crystalline form of chitin and the



M.D. Buschmann et al. / Advanced Drug Delivery Reviews 65 (2013) 1234-1270 1237

Demineralization|
(oM)

Deproteinization
(oP)

Gr.mqmg
Sieving

Deproteinization
(DP)

Decoloration
(DC)

Demineralization|
(DMm)

Fig. 2. Chitin manufacturing process. All step needed to obtain chitin from marine wastes.

targeted DDA since alkali conditions may deacetylate chitin [59,60].
Minerals (mainly CaCOs; and Ca,PO,4 but also other mineral salts)
are removed using acids during the DM step. Acids used are HCI,
HNOs, H,SO5, CH3COOH, and HCOOH with HCl as the preferred
reagent [36]. Hydrolysis of the polymer chain may occur during DM
if treatment is too strong. Percot et al. [58] optimized this step for
a-chitin from shells of marine shrimp Parapenaeopsis stylifera and
found that HCl at 0.25 M at room temperature for 15 min was sulffi-
cient to remove minerals. Krepets et al. [61] succeeded to extract
chitin from raw materials without DM by applying an electrical
current during the DP step.

At this level of the chitin extraction process, the resulting product is
chitin, a brown to brown-white product due to the remaining caroten-
oids and derivates. Oxidants like KMnO,4, H,O, or NaOCl can be use for
decoloration (DC or bleaching) [52] and may subsequently be removed
by extraction with ethanol or acetone. The extraction also allows the
removal of residual lipids [36]. The DC step is important for biomedical
application where extraction with ethanol or acetone is preferred to
ensure maximum removal of the side products. The DP, DM and DC
steps use a large amount of water (to neutralize acid and base), energy
(need to heat) and produce corrosive wastes. Alternatives have been
developed using biological process. Jo et al. [62] has reviewed the differ-
ent microorganisms or enzymes used for DM and DP. DM is done by fer-
mentation using microorganisms whereas DP is done by bacterial
fermentation or proteolytic enzymes. Pacheco et al. [63] compared
chemical versus biological (use of Lactobacillus plantarum) DM and
DP. In both cases, the DA of the resulting chitin is similar but weight av-
erage molar mass (M,,) is higher in the case of biological cleaning.
Extracted proteins can be recovered during the DP step for other appli-
cations (i.e. cosmetics) and “biologically” extracted chitin contains
more protein and ash than the “chemically” extracted chitin. In some
cases DM and DP may be performed in one step. Rao et al. [64] used
L. plantarum 541 bacteria and compared with a chemical process to
show the advantage of the bacterial process with a drastic reduction
of chemical use, but still requiring acid and alkali treatment to remove
proteins and minerals remaining after fermentation. Biological produc-
tion of chitin eliminates some pollution and depolymerization problems
but the main drawbacks are time consumption, lower efficiency than
chemical extraction and of particular importance for biomedical use,
some undesirable residual protein in the chitin.

2.1.4. Preparation of chitosan

Chitosans are prepared from chitin by deacetylation. Several defi-
nitions of chitosan versus chitin exist. Roberts [52] assumed that
chitosan is the soluble fraction of polymer soluble in dilute aqueous
acid solutions. For Kumar et al. [65], chitosans are polysaccharides
that have, at the elemental analysis, nitrogen content higher than
7 wt.% and degree of acetylation lower than 0.4, corresponding to a
DDA higher than 60%. These two definitions are not always compati-
ble since solubility not only depends on DDA but also on concentra-
tion and molar mass. Furthermore nitrogen content by elemental
analysis can be affected by residual protein content. A third definition
given by Rinaudo [47] where chitin with a DDA higher than 50% is
called chitosan, seems to be appropriate for biomedical chitosan. In
most of cases in gene delivery, chitosans employed are typically
with DDA higher than 80% [26,28,66,67].

2.1.5. Deacetylation of chitin

Chitosan can be obtained by deacetylation of chitin in different
processes with resulting properties that vary according to the method
used. Indeed, the means by which chitin is deacetylated will affect the
distribution of N-acetyl and amine groups along the chitosan chain.
Homogeneously reacetylated chitosans display different enzymatic
degradation properties compared to heterogeneously prepared
chitosans, and are typically less degradable [68], due to the random
distribution of acetyl groups on the polymer backbone [69].

Chitosan is usually obtained by alkaline deacetylation of chitin,
where particulate chitin is suspended in a hot alkaline solution (typically
40-50%, w/w, NaOH). Adjusting time and temperature will allow a wide
range of DDA to be produced. Acetyl content can be targeted by alkaline
deacetylation, and this heterogeneous reaction is thought to result in a
block distribution of acetyl groups [70,71]. Using 'H NMR, Varum et al.
[72,73] confirmed that heterogeneously prepared chitosans have a
slightly more blockwise and less random distribution than homogenous
deacetylation described below. Lamarque et al. [74,75] studied the role
of the allomorph during deacetylation using X-ray diffraction and 'H
NMR spectroscopy and concluded that crystalline areas of chitin
need to first become amorphous in order to be deacetylated. In case of
B-chitin, the deacetylation is fast due to its weak hydrogen bonding
and the resulting acetyl distribution is random. In case of a-chitin, crys-
talline domains are not initially available to NaOH, needing more time,
inert atmosphere and higher temperature, thus resulting in a more
block acetyl distribution and decreasing final molar mass of chitosan.
To avoid these phenomena, Lamarque et al. [76] developed a method
of freeze-pump out-thaw cycle to improve deacetylation and reduce
chain cleavage. The resulting chitosan has a higher molar mass and a
random distribution of amine groups along the chain. A random distri-
bution of amines along the chain can also be achieved by dissolving
chitin in a 40% w/w NaOH solution and leaving it several hours stirring
below 0 °C[71,77,78]. A third method to obtain random acetyl distribu-
tion is by reacetylation of fully deacetylated chitosan in 80% water-
methanol (v/v) with a stoichiometric amount of acetic anhydride for
the desired DDA [79-82].

As for extraction of chitin from raw materials, several biological
processes have also been developed using enzymatic pathways to
deacetylate chitin. Zhao has summarized all the enzymatic modifica-
tions of chitin and chitosan [83]. The enzymes used for deacetylation
are part of the carbohydrate esterase family 4 (CE-4s) as defined in
the CAZy database (http://www.cazy.org/): chitin deacetylase (CDA,
EC 3.5.1.41), NodB protein (EC 3.5.1.-) [84], peptidoglycan deacetylase
(EC 3.1.1.-) [85] and an enzyme from Colletotrichum lindemuthianum,
a Deuteromycetes (ATeC 56676) [86]. The main challenge for the enzy-
matic deacetylation is to succeed to deacetylate the crystalline form of
the chitin since only 1% of crystalline chitin may be deacetylated via
this procedure [87].

2.1.6. Depolymerization of chitosan

Several studies have highlighted that the length of chitosan chains
plays a crucial role in gene delivery [88,89]. To modulate the size of
the chains and thus the molar mass of chitosan, the glycosidic linkage
between saccharide units needs to be cleaved. This cleavage, also
called depolymerization can be achieved by several means. Chitosans
were first depolymerized using concentrated HCI by Falk et al. [90]
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who found that in concentrated HCI, hydrolysis of glycosidic bonds is
faster than deacetylation. These results were confirmed by Rupley
[91] and this method was employed by several groups [92-95]. How-
ever, deacetylation inevitably occurs with HCI, leading to an increase
of DDA. The enzymatic hydrolysis of chitin and chitosan has been pro-
posed as an alternative method for the production of chitin/chitosan
oligomers but at elevated cost. Chitosanases are enzymes that can
depolymerize chitosan chains and many studies have been done to
identify their mechanism of action [96-99]. The efficiency of the
enzyme will depend on the distribution of A and D units along the
polymer chain. Two kinds of chitosanases exist: exo-chitosanases
which cleave D units continuously from the non-reducing end of
the substrate and endo-chitosanases (EC 3.2.1.132), more specifically
family 5, 7, 8, 46, 75 and 80 glycoside hydrolases as defined in the
CAZy database (http://www.cazy.org/) [85]. Fukamizo et al. [96] clas-
sified these endo-chitosanases into three subclasses depending their
substrate specificity: Chitosanases in subclass I can hydrolyze A-D
and D-D linkages, subclass Il enzymes can hydrolyze D-D linkages
only, whereas subclass Il enzymes can hydrolyze D-A and D-D linkages.

Currently the most cost-effective method of depolymerizing chito-
san is a second chemical method involving the use of nitrous acid
(HONO) proposed by Allan et al. [100-102]. In this selective depolymer-
ization, HONO attacks only amine groups without any deacetylation, is
rapid and is easily controlled [23,103]. The second advantage of this
reaction is that one end of the cleaved chain is an aldehyde which can
be exploited to make gels or graft oligomers to chitosan [104]. In the
Tommeraas studies [103], chitosan was depolymerized to oligomers
with low DP (2 to 5), allowing 'H NMR to observe the reducing end of
the chain as gem diol or Schiff base rather than aldehyde in certain
conditions (basic or acid conditions).

Multiple steps are required from the starting material to obtain a
final chitosan appropriate for biomedical applications. Specific pro-
cesses need to be chosen depending on the structure of the original
raw material and of the desired product. Rigorous and precise chem-
ical analysis is then required to characterize the resulting chitosans
since their specific characteristics greatly affect experimental findings
in vitro and in vivo) as described further below.

2.2. Analysis of chitosans

Several parameters need to be precisely determined for the use of
chitosan in biomedical applications and more particularly for gene
delivery. In 2011, chitosan was added in the list of excipients in the
USP34-NF29 [105] and the American Society for Testing and Materials
(ASTM) also published a “Standard Guide for Characterization and
Testing of Chitosan Salts as Starting Materials Intended for Use in Bio-
medical and Tissue-Engineered Medical Product Applications” [106].

2.2.1. Identification

Both standards suggest the use of infrared spectroscopy (IR) or
Fourier Transform Infrared Spectroscopy (FTIR) to identify the polymer.
An infrared spectrum shows absorption bands relating to bending or
stretching of unique bond and the resulting spectrum is a fingerprint
of the product. Chitosan can be identified by several absorption
bands with specific wavenumbers (Table 1). 'H and 3C NMR can also
be used to identify chitosan via particular chemical shift of protons
and carbons [75,109] (Table 2).

2.2.2. Characterization

2.2.2.1. DDA. The degree of deacetylation is one of the most important
parameters characterizing chitosan, especially in gene delivery. Indeed,
DDA determination allows the knowledge of the average amount of
amine available to interact with NAs and strongly influences degrad-
ability [108], inflammation [24] and immune modulation [109]. In
2009, Kasaai reviewed different methods used for DDA determination

Table 1
Frequencies of infrared bands of chitosan, their intensities from ASTM edition 2011,
test F2103-11 and attribution from Kasaai et al. [110].

Bond Frequency (cm™!) Intensity
Chitosan base Chitosan
(as acetate) Chloride
Intermolecular hydrogen 3362 3344 Broad
bonding
NH, band 1605
Amide II band 1556
NH3 1513
CH, bending 1406
C—H bending 1379
C-0-C bridge 1153 1154 Sharp
C-0-C stretching 1083 1086 Sharp

[110] which we summarize below. Moreover, in the USP, 'H NMR is rec-
ommended for DDA determination whereas in the ASTM edition 2011,
tests F2103-11, both 'H NMR and UV spectroscopy are advised.

2.2.2.2. DDA by UV. In the ASTM F2103-11, determination of the DDA
by UV spectroscopy is based on Muzzarelli et al. studies [111]. Con-
trary to what is stated in the standard, this is a quantitative measure
of the number of acetylated groups in the polymer at a wavelength of
202 nm and not the number of amine groups that allows the determi-
nation of the DDA. The DDA is calculated by building a calibration
curve with various concentrations of N-acetyl glucosamine monomer.
This method is very sensitive but the chitosan sample needs to be
absolutely dry to determine an accurate concentration of polymer, and
solutions need to be at a minimum concentration of 0.1 M N-acetyl glu-
cosamine monomer for good accuracy. The presence of residual proteins
may affect the measurement. In gene delivery, chitosans often have high
DDA and can thus be problematic for this method that quantifies acetyl
groups. For these reasons 'H NMR is recommended for determination of
the DDA.

2.2.2.3. DDA by 'H NMR spectroscopy. Use of 'TH NMR to measure chito-
san DDA is a very fast method, does not need a calibration curve or stan-
dards and is not affected by water content in contrast to the UV method.
USP34-NF29 recommends dissolving chitosan in deuterated formic acid
and using the average area of the region containing all non-acetylated
protons between 3 and 6 ppm (Int3_g) and the area of the methylene
group of N-acetyl to calculate DDA according to the formula DDA =
[T — [(7 x Int3_g) / (3 x Hac)] x 100]. Even if chitosan is completely
dry and deuterated formic acid is fresh, the HDO peak at 4.7 ppm chem-
ical shift relative to the sodium 3-(trimethylsilyl)propanesulfonate
standard can result in overestimation of the integration between 3
and 6 ppm, leading to errors. The following alternative calculation
methods can be more precise for determination of DDA with 'H NMR

Table 2
Proton and carbon hemical shifts of chitosan based on Lavertu et al. [107] and Varum
etal. [72].

Specie Nucleus Chemical Shift (ppm)
Hac H 2.36
Hop H 3.52
Haa, H3, Hy, Hs, He H 3.9-4.2
Hia H 4.92
Hip H 5.21
C1A Bc 103
C1D Bc 100

Cc2 3¢ 58

a Bc 73-75
C4 3¢ 80-82
c5 3¢ 77

C6 e 63

C acetyl 3¢ 25



http://www.cazy.org/

M.D. Buschmann et al. / Advanced Drug Delivery Reviews 65 (2013) 1234-1270 1239

[72,107,112,113]. A specific ASTM standard, ASTM F2260-03R08 has
been published for DDA determination by '"H NMR. This method is
based on Varum [72] and chitosans need to be first depolymerized to
a degree of depolymerization (DP) between 15 and 30 by nitrous acid
prior to analysis to enhance the quality of spectra (especially chitosan
with low DDA which can precipitate at low temperature). The calcula-
tion for DDA here is done following Eq. (1) where H,-Hg are integra-
tions of the protons H, to Hg of both D and A monomers between 3.5
and 4 ppm, Hy, is the integration of the three protons of the acetyl
group at 2.04 ppm, Hyp is the integration of the anomeric proton of
the D monomer at 4.85 ppm and Hj, is the integration of the anomeric
proton of A monomer between 4.55 and 4.65 ppm.

7Hqp 4+ Hpc )
x 100 |. 1
A(Hyp + Hy—Hg) + Hyn & Fipe M

#DDA = 100— <

The drawback of this method is the HONO step to prepare the sam-
ples, needing more time and preparation, and the use of protons H, to
Hg since this region of the spectra can be affected in case of modification
of chitosan (for example when poly(ethylene glycol) is grafted to chito-
san [114]). As a recommended alternative we developed an accurate
method to determine DDA using Hip and Hac [107], which can be
used for very high DDA (the Hac peak corresponds to three protons)
and with certain modified chitosans via the following.

HID
H
Hia +5°

#DDA = x 100. (2)

Others techniques (acid or base and potentiometric titration,
conductometry, 3C and >N NMR, colloidal titration ninhydrin assay
or elemental analysis) are also summarized in Kasaai [110] but are
less accurate, need treatments prior to analysis and may be sensitive
to side-products. Infrared is especially not recommended for DDA
because the IR bands are strongly affected by the presence of water
and impurities.

2.2.3. Pattern of acetylation

The distribution of the acetyl and amine groups along the chitosan
chain will slightly depend on the mode of deacetylation and can be
characterized by 'H '*C NMR. Varum et al. [72,73] and Weinhold
et al. [115] concluded that most chitosans are close to a random dis-
tribution of acetyl and amine groups in heterogeneously deacetylated
chitosan and perhaps it is for this reason that such an analysis is not
mentioned in the standards.

2.2.4. Molar mass

Molar mass is another critically important characteristic of chitosan
as it permits an assessment of the average number of monomers per
chain and the dispersity which is related to the actual distribution of
chain lengths in the sample. As for 'H NMR, a specific ASTM standard:
F2602-08e1 “Standard Test Method for Determining the Molar Mass
of Chitosan and Chitosan Salts by Size Exclusion Chromatography
(SEC) with Multi angle Light Scattering Detection (SEC MALS)” has
been published for chitosan molar mass determination [116]. A section
treating molar mass determination is also present in USP34-NF29 but
the suggested method is not accurate, as specified in ASTM F2103-11.
Indeed, the use of a calibration curve with PEG or pullulan standards
is not recommended since chitosan, a polyelectrolyte, has a hydrody-
namic radius larger than these non-charged polymers [117,118] and
at same molar mass, its exclusion volume will not be the same. The
use of the SEC coupled with MALS to measure absolute mass-average
molar mass is necessary to obtain chitosan molar mass. Number and
mass average molar mass of chitosan (Eqs. (3) and (4)), dispersity
(Eq. (5)), radius of gyration r, and the second Virial coefficient A,
(Egs. (6) and (7)) can be determined by the use of SEC with Multi

Angle Light Scattering (MALS) detection coupled with refractometer

detectors:
M ZiniMf Zici
number average molar mass M; = Z— ==
n; S
it Zi M;

M > WM _ aniMiz _ > @My
Y Ziwi - ZiniMi - chi
4)

3)

mass average molar mass

=/

=

dispersity index PDI = =%. (5)

In Egs. (3) and (4), ¢; is the concentration of the polymer measured
by the refractometer, n; the number of molecules having a molar mass
M; and w; the mass of the molecules having a specific molar mass M;.
The use of MALS involves static light scattering theory for determination
of My, rg and A, (Eq. (6)) [119]. Nevertheless, for gene delivery, the
number average molar mass M;, is recommended because it allows a
better understanding of the number of amines available per chain.

The Rayleigh-Gans-Debye (RGD) approximation is a powerful gen-
eralization of light scattering theory that is applicable for particles
much smaller than the wavelength of the light and the measurement
of scattered light depends on several factors as explicated in Eq. (6). In
this equation, the excess Rayleigh ratio (Rg) is a ratio of the scattered
and incident light intensities that takes into account these different fac-
tors including the angle, distance from detector to scattering volume,
incident light intensity, and the volume of sample illuminated.

Ry

= M,,P(6) —2A,cM2,P* (6). (6)

In Eq. (6), ¢ is the mass concentration of the solute (g/mL), M,y is the
weight average molar mass (g/mol), A, is the second Virial coefficient
(mol mL/g?), 6 is scattering angle (angle between incident beam and
scattered signal), P(6) is the form factor or “scattering function” that re-
lates the angular variation in scattering intensity to the root mean square
radius (Rg) of the particle and K* is the following optical constant,

4m*n3(dn/dc)?

K =
NoNa

(7)

In Eq. ((7), np is the refractive index of the solvent at the incident
wavelength, N\o is the incident wavelength, expressed in nm, N, is
Avogadro's number and dn/dc is the refractive index increment of the
solvent-solute solution with respect to a change in solute concentration,
expressed in mL/g. dn/dc must be measured independently using a
refractometer detector. In SEC MALS, the computed molar mass depends
only upon dn/dc to the first order because of the use of an on-line refrac-
tive index detector to determine the polymer concentration, whereas in
a batch type experiment, in which the concentration of the polymer is de-
termined independently, the molar mass depends on the square dn/dc.
This parameter is specific to each polymer and also depends on the mo-
bile phase employed and the wavelength of incident light. Table 3
summarizes protocols and chitosans employed in several SEC studies
[115,118,120-134]. Surprisingly, despite only slight changes in mobile
phase composition and wavelength, a wide range of refractive index
increments (dn/dc) for chitosan have been calculated. Some studies
[120,127-130] found a dependence of dn/dc with DDA whereas others
[134,135] used an average value since the coefficient of variation was
low. For good accuracy, it is recommended to measure the dn/dc specific
to the chitosan and mobile phase used in the SEC system, prior to analysis.

Several mobile phases have been also proposed for SEC, with
many composed of acetic acid (AcOH) and sodium acetate (AcONa),
but also ammonium acetate (AcONH,4). Although ammonium acetate
is recommended in the ASTM, F2602-08E01, Christensen et al. [133],
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Table 3
Current mobile phases for molar mass determination: composition, dn/dc used, wavelength, DDA and molar mass of chitosan analyzed.

Mobile phase pH N\ (nm) dn/dc M,, (kg/mol) DDA (%) Ref

0.2 M AcOH/0.1 M AcONa 436 0.175-0.208 194-2510 69-100 [120]

0.3 M AcOH/0.2 M AcONa - 0.163 200-290 79-98 [121]
0.190 60-260 40-100 [135]

0.2 M AcONH4 45 - 0.150 16-2610 40-85 [118]

0.2 M AcONH,4 4.5 - 0.162% 22-720 40-100 [122]

0.2 M AcONH4 4.5 633 0.162 550 [122]

0.02 M AcONa + 0.1 M NaCl 4.5 633 0.203 31-57 (Mp) 75-93 [123,126]

0.2 M AcOH/0.1 M AcONa - 633 0.189 78-2770 83 [124]

0.25 M AcOH/0.25 M AcONa 4.7 633 0.158 38-2260 75-80 [125]

0.1 M AcOH/0.2 M NacCl - 633 0.180-0.201 170-1200 58-85 [423,424]

0.2 M AcONa 43 690 0.201-0.056(1-DDA)? 42-207 70-96 [127]

0.2 M AcOH/0.15 M AcONH,4 45 633 0.154-0.195 360-400 30-95 [130]

0.2 M AcOH/0.15 M AcONa 45 633 0.154-0.198 130-270 30-99 [128,129]

0.2 M AcOH/0.1 M AcONH4 4.5 633 0.203" 130-600 30-99 [131]

0.5 M AcOH/0.1 M NaNO3 690 0.203" 24-416 53-99.1 [132]

0.2 M AcONH4 4.5 633 0.142°¢ 7-360 45-99.5 [133]

0.3 M ACOH/0.3 M AcONa + 1% ethylene glycol 4.5 670 0.163 ¢ 9.7-491 52-99.8 [115]

0.15 M AcOH/0.1 AcONa 4.5 690 0.192 10-205 (M,) 77-91.7 [134]

AcOH = acetic acid, AcONa = sodium acetate, ACONH; = ammonium acetate, NaNO3 = sodium nitrate.

(Mp): Authors only provided number average molar mass.

¢ 0.02 M AcOH/0.02 M AcONa, 0.1 M NaCl, pH = 4.5, \ = 633 nm by Anthonsen et al. [136].

b Used Schatz et al. [129] values.
¢ Expressed in chitosan acetate concentration otherwise change with DDA.
4 Used Rinaudo et al. [121] values.

observed instability attributed to the volatility of AcCONH, in the RI signal.
Thus AcONa is advised for mobile phase preparation. Anthonsen et al.
[136] observed a “high molecular weight” component which depended
on the concentration of polymer. Several subsequent studies [122,
129,130] confirmed these phenomena. Schatz et al. [129] found aggre-
gates and suggested that acetyl groups drove the formation of aggregates
whereas Sorlier et al. [130] concluded that the degree of ionization (o)
also played a role in these phenomena. More recently, Popa-Nita et al.
[137] suggested hydrophobic interactions as explanation. To avoid the
presence of aggregates, several mobile phases have been proposed.
Nguyen et al. [134] compared the two principal compositions (0.3 M
AcOH/0.2 M AcONa and 0.15 M AcOH/0.1 M AcONa) and concluded
that the latter allows better molar mass determination without observa-
tion of aggregates. Although the standard ASTM, F2602-08E01 recom-
mends “Dissolve the chitosan base in 1% acetic acid to a 1% solution by
shaking at about 100 min~"' overnight at cool temperature (3 to 8 °C)”
with a 0.2 mol/L ammonium acetate solution, an alternative is to directly
solubilize the chitosans in the mobile phase overnight. Using the Mark-
Houwink equation ([m] = KM?), the measurement of intrinsic viscosity
and knowledge of K and a, the Mark-Houwink parameters for the chito-
san in the studied solvent, provide the viscometric-average molar
masses (M,). However, this formula is empirical and the calculated
mass does not have the same rigor as the molar masses determined by
light scattering and should be avoided. The use of the SEC coupled with
MALS and refractometer is a minimum to measure absolute molar
masses and polydispersity of chitosan.

2.2.5. Dry matter content

As Brugnerotto et al. [138] observed by IR, chitosan is a hygroscop-
ic polymer. Determination of water content or dry mass must be done
to prepare solutions with precise concentration. ASTM F2103-11 as
USP34/NF29 refers to the USP 34/NF29 test <731> where 1 to 2 g of
chitosan is dried in an oven at 105° for 5 h and weighed. Water
content should be lower than 5% of the mass.

2.2.6. Additional required characterization
2.2.6.1. Insolubles. Characterization of insolubles is required by the

ASTM F2103-11and allows the determination of insoluble impurities
by filtering a solution of chitosan in dilute acetic acid and weighing

the remaining chitosan and mass of insolubles collected on the filter.
As specified in the ASTM F2103-11, the content should be as low as
possible for biomedical applications.

2.2.6.2. Ash content or residue on ignition. Residue on ignition of a sam-
ple represents the quantity of inorganic matter in the sample. ASTM
F2103-11 as USP34/NF use the test <281> and the value must be lower
than 1%.

2.2.6.3. Heavy metal content. As chitosan can form complexes with
metal ions [52,139], determination of the heavy metal content is essen-
tial. The determination of some specific heavy metal content is neces-
sary as stipulated in USP34/NF29 and ASTM-2103-11. Metals to be
quantified are Pb, Hg, Cr, Ni, Cd, As, and Fe using inductively coupled
plasma (ICP) and following Method III of USP <231>. Maximal values
are summarized in Table 4.

2.2.6.4. Endotoxin content. Endotoxins are pyrogenic high molar mass
lipopolysaccharide complexes associated with the cell wall of Gram-
negative bacteria. The surface of the LPS molecule carries a negative
charge owing to phosphate, pyrophosphate, and carboxylic groups locat-
ed predominantly in lipid A and the inner part of core [140]. This toxin
is a structural molecule of bacteria that is recognized by the immune
system. In pharmaceutical production, it is necessary to remove all
traces of endotoxin. As explained in a patent application [141,142], the
DP step (treatment with NaOH) allows endotoxin removal but an
exact final quantification of endotoxin content is needed. Based on FDA

Table 4
Maximum permitted concentration of heavy metals in chitosan
(chitosan monograph NF29 [105]).

Element Maximal
concentration (ppm)
Pb 0.5
Hg 0.2
Cr 1.0
Ni 1.0
Cd 0.2
As 0.5
Fe 10.0
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specifications, the maximum allowable dose is 5 EU/kg for non-
intrathecal administration routes. Measurements are made using the
Limulus amebocyte lysate (LAL) tests according to USP <85>.

2.3. Modification of chitosan

Chitosan has been modified for several applications such as water
cleansing (ion removal for example) [47], fiber formation (enhance
solubility of chitosan for processing) [143], cosmetics [144], and drug
delivery [145]. In gene delivery, chemical modifications have been
done to address certain issues. Chitosans were modified to enhance
their solubility at physiological pH [114,146-150]. Increased chitosan
solubility can enhance the colloidal stability of the chitosan/NA particles
allowing for longer circulating time and can be achieved by grafting
certain polymers (PEG, dextran) to chitosan [13,27,104,114,149-161].
Specific cells can also be targeted by grafting appropriate ligands (like
galactose for liver cells) on chitosan [152-155,157,162-164]. Chitosans
were also modified to increase proton sponge capacity using arginine,
histidine, urocanic acid, imidazole or PEI to facilitate endosomal escape
[152,154,165-172]. Functional assessments of these modifications are
reviewed in subsequent sections.

An essential consideration in the interpretation of data obtained
using modified chitosans is the nature and extent of characterization
of the final products. 'H NMR is a powerful tool for chemical quantifica-
tion and should be preferentially chosen for determination of the de-
gree of substitution. Nevertheless, "H NMR spectroscopy only typically

quantifies protons and is not always accurate in bond identification.
The presence of a new bond that confirms the grafting to the chitosan
can be obtained by infrared spectroscopy [173]. If newly created
bond(s) are still difficult to observe, a comparison with the physical
mixture at the same ratio should be done as in Darras et al. [174] for
the grafting of a ligand to the amine function of chitosan. By comparing
the grafted polymer and the physical mixture with the same amount of
ligand, the change in the amide Il band due to the grafting of the mole-
cule was evident. Chitosan can be modified by chemical grafting of
molecules or polymers on the C2 amine, the C6 hydroxyl function or
both. The hydroxyl on C3 is less reactive and more difficult to use
[175]. Tables 5 and 6 along with Figs. 3 and 4 summarize the different
modifications of chitosan and chemical synthesis performed to date.

2.3.1. Modification on the C2 amine

The principal drawback in the use of chitosan's amine functional
groups for modification is that these groups when ionized are the
basis for electrostatic complexation with the anionic phosphate groups
of NAs. Modifications may generate steric hindrance and decrease the
number of ionizable amines that bind to NAs. The nonbonding pair of
electrons on the primary amine of the chitosan is nonetheless a good
candidate for nucleophilic attack and allows several reactions (Table 5
and Fig. 3).

2.3.1.1. Quaternization. Quaternization of chitosan has been performed
to improve solubility at physiological pH. Two methods of quaternization

Table 5
Modifications on the amine functional group of C2 of chitosan.
Grafted compound Type of modification Objective Analysis Ref
GTMAC Epoxide opening Solubility IR, 'H "*C NMR [181]
GTMAC Epoxide opening Solubility IR, 'TH NMR [182]
CHsl Methylation Solubility IR, 'H 3C NMR, SEC  [176-179]
[180]
CHsl Methylation Solubility "H NMR, SEC [114]
PEG-succinimidyl ester Amidation Enhance pharmacokinetic [151]
CH;l Methylation Solubility 'H NMR, SEC [152]
Arginine Amidation Enhance uptake
Folate-PEG-COOH Amidation Enhance pharmacokinetics and folate
for cancer cell recognition
CH;l Methylation Solubility 'H NMR, SEC [152]
Histidine Amidation Proton sponge effect
Folate-PEG-COOH Amidation Enhance pharmacokinetics and
folate for cancer cell recognition
Galactosylated lactobionic acid Amidation Target liver cell 'H NMR, IR [153]
Dextran-aldehyde Reductive N-alkylation Enhance complexes stability
Galactosylated lactobionic acid Amidation Target liver cell TH NMR, SEC [155]
PEG-succinimidyl ester Amidation Enhance pharmacokinetic
Galactosylated lactobionic acid Amidation Target liver cell IR, SEC [162]
Urocanic acid Amidation Endosmal escape TH NMR [165]
Imidazole-4-acetic acid Amidation Endosmal escape IR, "TH NMR [166]
PEG-succinimidyl ester Amidation Solubilization IR, '"H NMR, SEC [156]
Texas Red Succinimidyl Ester Amidation Fluorescent chitosan TH NMR [185]
9-Anthraldehyde Reductive N-alkylation Fluorescent chitosan "H NMR [186]
N-acetyl chitosan oligosaccharide  Reductive N-alkylation Colloidal stability 'H NMR, SEC [13,27,104,
aldehyde terminated 150,160,161]
Phosphorylcholine-glyceraldehyde Reductive N-alkylation Solubility "H NMR, SEC [147,148]
Sulforhodamine 101 Sulfonamide Fluorescent chitosan [11]
Rhodamine isothiocyanate Thiourethane Fluorescent chitosan SEC [188]
PEI Reductive N-alkylation to oxidized chitosan Reduce cytotoxicity, increase TH NMR, SEC [167]
transfection efficiency
PEI Reductive N-alkylation to oxidized chitosan Reduce cytotoxicity, increase "H NMR, SEC [163]
transfection efficiency
Galactosylated lactobionic acid Amidation Target liver cell
PEI Reductive N-alkylation to oxidized chitosan Reduce cytotoxicity, increase "H NMR, SEC [157]
transfection efficiency
Galactosylated-PEG-acid Amidation Target liver cell
PEI Polymerization on Amine group Reduce cytotoxicity, increase transfection efficiency '3C NMR, SEC [168]
PEI Amidation on N-Maleated chitosan Reduce cytotoxicity, increase transfection efficiency 'H NMR, SEC [169]
PEI Amidation on N-Succinylated chitosan Reduce cytotoxicity, increase transfection efficiency IR, 'H NMR, SEC [170]
2-Iminothiolane and then Disulfide bond Endosomal escape "H NMR [171]

thiolated histidine dendron
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Table 6

Modifications on the alcohol functional group of the C6 of chitosan and on both the amine and alcohol functional groups.
Compound graft Type of modification Objective Analysis Ref
Modification of alcohol on C6 to an amine Amination Colloidal stability IR, 13C NMR [158,159]
PEG-PEI Addition to 6-iodide-6-deoxy-chitosan Endosomal escape IR, 'H NMR, [172]
CICH,COOH (glyoxylic acid) O,N and N-Carboxymethylation of chitosan Solubility IR, 'H '3C NMR [146]
Galactolysation Reductive N and O-Alkylation to 6-amino-6-deoxy-chitosan Target liver cell TH NMR, SEC [164]

have been performed: N-trialkylation using halogenoalkanes (usually
CHsl) [176-180] and a reaction with a quaternized epoxide [181-183].
For modification with halogenoalkanes, precise characterization is
required since Sieval et al. [176] demonstrated that, depending on the
method of synthesis, N-dimethylalkylation can be obtained and Snyman
et al. [178] also observed O-alkylation on the C6 hydroxyl.

2.3.1.2. Amidation. Amidation is one of the most common techniques
to graft molecules and polymers to the amine of chitosan. It can
be achieved using carboxylic compounds with carbodiimides such
as EDC (1-ethyl-3-(3-dimethylaminopropyl)carbodiimide hydro-
chloride) or DCC (dicyclohexyl carbodiimide) coupled with NHS
(N-hydroxysulfosuccinimide) to accelerate the reaction [184]. Several
species have been grafted including amino acids (arginine [152] or
histidine [154], galactosylated lactobionic acid [153,155,162,163],
imidazole derivated acids [165,166] and PEG [152,154,157]. Amidation
can also be carried out with succinimidyl ester moieties which directly
react with the primary amine of chitosan. PEG is often grafted by this
method [114,151,156] as are some fluorescent probes like Texas Red
[185]. Characterization should be rigorous to clearly demonstrate that

the amide bond is formed by IR as in Darras et al. [ 174] since the carbox-
ylate form of the species can bind electrostatically with the protonated
amines of chitosan.

2.3.1.3. Reductive N-alkylation. Reductive N-alkylation is a method to
graft an aldehyde derivative on the amine of chitosan. First, a Schiff
base is formed between the amine and the aldehyde and then the
resulting imine is reduced by the addition of a reducing agent
(NaCNBH3 or NaBH,). Grafted species include fluorescent probes
(as 9-anthraldehyde [186]), phosphorylcholine [147,148], oligosac-
charides (dimer from chitosan [13,27,104,149,150,160] or dimer to
hexamer [161]) and polymers such as dextran [153]. Reductive
N-alkylation was also performed on an oxidized chitosan. First chito-
san is oxidized by KIO4 and the resulting product with modified
D-units where the sugar ring is opened between C2 and C3 and two
aldehydes are formed on C2 and C3. The two aldehydes then react
with the primary amine of PEI [157,163,167,185]. The drawback of
this method is the oxidizing step where Vold et al. [187] observed
reduction of the molar mass of chitosan as the concentration of
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Fig. 3. Modifications on the amine functional group of chitosan (see Table 5). The scheme summarized all modifications done on the amine function of the chitosan.
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aldehyde increases in the chitosan. Accurate measurements of molar
mass are required.

2.3.1.4. Sulfonamidation, thiurea, polymerization and sulfur bonds. Addi-
tional methods have been used to modify chitosan. Grafting of fluores-
cent probes was achieved by Ishii et al. [11] with Sulforhodamine 101
grafted to chitosan whereas Ma et al. [188] grafted Rhodamine B
thioisocyanate. To bind PEI to chitosan, Wong et al. [168] directly poly-
merized PEI on the amine of chitosan via cationic ring opening polymer-
ization of azaridine in acidic conditions. Lu et al. attached PEI to chitosan
by first transforming chitosan via a maleic anhydride [169] or succinic an-
hydride [170] and then adding PEI to the modified polysaccharide. More
recently, Chang et al. [171] succeeded in grafting a histidine dendrimer to
chitosan via a disulfide bond. Finally, Morris et al. [152,154] trimethylated
chitosan, then grafted an amino acid and added galactosylated PEG.

2.3.2. Modification on the C6 hydroxyl

The C6 hydroxyl group can also be modified but, due to its high re-
activity, the amine groups must be first protected (Table 6 and Fig. 4).
For chitosan, amine protection is a challenge since this group needs to
be protonated for solubility. The most commonly employed protecting
group is the phthalic anhydride [189,190]. More recently, Cai et al.
[191] protected the amine by electrostatic interaction with sodium
dodecylsulfate (SDS) but the subsequent steps then need to be in organ-
ic media otherwise the protection may be compromised. After protec-
tion, several modifications can be carried out: 6-amination [158,159]
to increase positive charge available for complexes formation with
NAs, 6-amination followed by galactosylation [164] or 6-amination
and PEI-PEG addition. Lastly, Rinaudo et al. [146] synthesized O and
N-carboxylmethylated chitosan by reaction with chloroacetic acid.

All of the above modified polymers have been characterized and
authors have proven by direct or indirect methods that chitosans
were modified. In most studies, cytotoxicity and transfection efficiency

were studied. In most cases, modifications did not affect cell viability
whereas modifications can have more impact on size of the complexes
and the transfection efficiency as will be detailed in subsequent sec-
tions. In the case of chitosans modified to increase proton sponge capac-
ity, effects of adding proton sponge species will also be discussed below.

3. Preparation and physicochemical assessment of
chitosan-polynucleotide nanoparticles

3.1. Polyelectrolyte complex overview

As for most polycations used to complex and deliver NA, chitosan-NA
particles are generally prepared by fast addition and mixing of chitosan
to NA [27,66,192,193] solutions under dilute conditions (~0.1 mg/ml or
below). Chitosan-NA particles prepared in this manner constitute a
particular type of polyelectrolyte complexes (PECs). Prior to treating
the details of preparation and properties of chitosan-NA PECs, it is useful
to summarize the general properties of PECS and their associated charac-
terization methods (Table 7).

Mixing of oppositely charged polyelectrolytes (PELs) results in the
spontaneous formation of polyelectrolyte complexes (PECs), via a process
mainly driven by strong electrostatic attractions [ 194]. Non-viral gene de-
livery mainly relies on the use of cationic species (polycations or cationic
lipids) that form complexes with NA (DNA, RNA), referred to respectively
as polyplexes or lipoplexes. These systems have been the object of intense
research since their first use to deliver DNA in 1987 [195,196]. Depending
on the nature of the PEL and on the mixing conditions such as media com-
position, mixing stoichiometry and PEL concentrations, water-soluble on
amolecular level [197,198] or colloidal PECs (i.e. comprising many chains
of each species in a particle) [199] may be formed in dilute conditions
(~<0.1 mg/ml [200,201]). The limiting cases for the resulting structures
of soluble and colloidal polyelectrolyte complexes are modeled as
ladder-like structures where complexes are formed on a molecular scale
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Table 7

Characterization techniques of chitosan-nucleotide particles.
Parameter Method
Size Dynamic light scattering (DLS)

Atomic force microscopy
Nanoparticle tracking analysis (NTA) [252]
Electronic microscopy (EM)
Asymmetrical flow field-flow
fractionation (AF4) coupled with LS [229]
MW Static light scattering (SLS)
NTA (if stoiochiometry is known)
Orange II dye depletion assay [425]
AF4
Isothermal titration calorimetry (ITC) [256]
Polyanion competition assay
EtBr displacement assay [28]
Gel retardation assay
ITC
Colloidal stability DLS vs time
Surface charge Laser Doppler velocimetry
Concentration NTA
Morphology AFM, EM
Protection against endonuclease Agarose gel electrophoresis
Buffering capacity Potentiometric Titration

Stoichiometry

Binding affinity
Stability

by conformational adaptation and scrambled-egg structures that contain
a large number of PELs per particle, respectively [199,202]. The produc-
tion of soluble PECs requires special preparation conditions that were
identified in the pioneering work of Kabanov [197] and Tsuchida [203].
Soluble PECs form when polyions with significantly different molecular
weights bearing weak ionic groups are mixed at non-stoichiometric ratios
in the presence of a minimal amount of salt. In most practical applications,
colloidal PECs form in dilute conditions and to the best of our knowledge,
the formation of soluble PECs between chitosan and NA hasn't been re-
ported in the literature. Studies of colloidal PEC formation indicate that
these PECs are mainly spherical and consist of a neutral stoichiometric
core surrounded by a charged stabilizing shell composed of the excess
polyion [199,201,204]. However, polyplexes formed between a
polycation and a plasmid often consist of a mixture of globular, toroidal
and rod-like structure [205].

The properties of PECs are influenced by several parameters such as
PEL structural properties of length and charge spacing [201], mixing
regime [206,207], molar mixing ratio [201], medium pH [204] (i.e. poly-
mer ionization) and ionic strength [200,206]. Salt screening of electro-
static interactions in solution enables rearrangement processes [202];
it has been shown in some cases that a small amount of salt can signif-
icantly reduce the aggregation numbers of PECs (i.e. the number of
chains of each species comprised in a particle), constituting a means
to control size and mass of PECs [200] aside from varying PEL concentra-
tion. Reducing the ionization degree of the PEL by changing pH reduces
the binding affinity and influences the structure of PECs [28,204].

It is worth mentioning that in order to be able to elucidate the influ-
ence of mixing conditions and PEL characteristics on PEC properties, the
mixing process must be performed using very dilute solutions. In many
practical cases where mixing is not performed in a very dilute regime,
PEC structure formation is mostly determined by the fast kinetics of
the association process masking the influence of the other parameters
such as polyelectrolyte structure, ionization degree and ionic strength
of the solutions [202]. Some contradictory results reported in the litera-
ture regarding the influence of formulation parameters like molecular
weight of chitosan and N:P ratio on particles size could possibly be
explained by differences in the mixing concentrations, an aspect that
will be further discussed in Section 3.4.1.

3.2. Preparation techniques for chitosan nanoparticles

Apart from direct mixing of a chitosan solution with a NA solution
[26,27,66,193,208-210] (sometimes referred to as complex coacervation

method), other preparation methods of chitosan-based nanoparticles for
the delivery of NA have been proposed in the literature. Among these
methods are: i) an ionic gelation method that relies on the inclusion of
a small polyion such as tripolyphospate (TPP) in the NA solution that
acts as an ionic cross-linker upon mixing with chitosan [211-213].
Note that some authors [211,214] have mixed preformed chitosan/TPP
particles with NAs that are adsorbed to the surface of particles, but this
method raises concerns regarding NA protection against degradation
[213]. ii) The inclusion of chitosan in the matrix of nanoparticles such
as poly (p,.-lactide-co-glycolide) (PLGA) nanoparticles [215,216] to
bind NAs by virtue of their positive charge. iii) The use of self-aggregating
hydrophobically modified chitosans forming nanoparticles that can ad-
sorb NA [217,218].

Each of the above methods has its pros and cons and produces parti-
cles that have different physico-chemical properties, but there is no
clear indication to date that any one of these techniques produces
chitosan-based nanoparticles that are superior in terms of their delivery
efficiency or transfection efficiency. The direct mixing of a chitosan solu-
tion with a NA solution is the simplest method and is most often used
to produce chitosan-based nanoparticles for the delivery of NAs; the fol-
lowing will focus mainly on this preparation method. It is worth mention-
ing that most of the systems using modified chitosans are also prepared
by simple mixing of the two oppositely charged polyelectrolyte solutions.

Even for the apparently simple particle preparation method such as
the direct mixing of chitosan and a NA solutions, several different proce-
dures have been proposed in the literature where the following param-
eters have been varied: chitosan and NA have been mixed in the
presence [66,219] or absence [27,208] of salt or buffer; in a very dilute re-
gime [27,220] or concentrated regime [210,221-223]; mixing has been
performed mainly at room temperature although sometimes at 50-
55 °C [66,166,224]; equal volumes of NA and chitosan solutions
[169,192,225] or unequal volumes [208,210,219,221] have been mixed;
most authors report rapid mixing of the solutions, while some have
added one solution to the other in a dropwise fashion [12,211,226,
227]. Note that an excess of chitosan has been used to confer a positive
charge to the polyplex in all formulations that have successfully
transfected cells in vitro, whatever the mixing conditions used. Among
these numerous preparation methods, a method including sodium sul-
fate in DNA solution where mixing is performed at 50-55 °C based on
the method proposed by Leong et al. 1998 [224] appears frequently.
There is however little evidence in the literature that heating the
solutions and including sodium sulfate in the DNA solution results in
polyplexes having specific physico-chemical properties conferring supe-
rior transfection efficiency. The use of many different mixing conditions
listed above where ionic strength, pH, temperature, buffer, method of
mixing and mixing concentration are varied renders difficult comparison
and reconciliation of the sometimes contradictory reported influences of
formulation parameters like molecular weight of chitosan and N:P ratio
on polyplex physicochemical and structural properties such as size and
morphology. There are also a significant number of papers presenting
an incomplete description of the polyplex preparation method, a situa-
tion that limits or simply precludes comparison with other studies as
well. There is however one mixing parameter that has a clear influence
on the resulting polyplexes properties, whatever the preparation condi-
tions used, namely the mixing concentration of NA where size of
polyplexes increase as the concentration of NA concentration increases,
discussed further below.

Most studies of chitosan-NA polyplexes focus on their biological
activities with few dedicated to a detailed analysis of the actual forma-
tion of polyplex and the influence of chitosan structural parameters on
their properties [28,225,228-230]. To the best of our knowledge, no sys-
tematic study of chitosan-NA polyplex physico-chemical properties
(size, mass, density, stoichiometry, morphology) as a function of mixing
parameters (concentration, ionic strength and pH of medium, N:P ratio
and mixing regime) has yet been reported in the literature. This situation
is not specific to chitosan as it is recognized that a finer characterization
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of polyplexes and a more complete theoretical underpinning of their
mechanisms of formation are greatly needed in general.

3.3. Current limitations of preparation techniques of chitosan polynucleotide
particles

Apart from the requirement for a better characterization and
understanding of the influence of mixing parameters on resulting
chitosan-nucleotide particles, there are other shortcomings associated
with the current preparation of chitosan-nucleotide particles that must
be overcome to generate pre-clinical data that can translate to clinical
application: i) chitosan particles are currently prepared by manual
mixing of small volumes of chitosan and NA solutions and then used
within a few hours, raising concerns about process reproducibility and
seriously limiting the quantity and applicability of these products and
ii) the mixing process must be performed in dilute conditions in order
to obtain a stable colloidal suspension of small and relatively homoge-
neous nanoparticles — another drawback that limits the deliverable
dose for these systems and that requires the development of concentra-
tion methods post-mixing. Note that this shortcoming is also not specific
to chitosan-based systems as it is generally recognized that preparations
of non-viral gene delivery systems necessitate dilute conditions of prep-
aration near or below 0.1 mg/mL of NA to obtain small and relatively
homogeneous nanoparticles [231]. To the best of our knowledge,
these shortcomings for chitosan-based systems have not been directly
addressed in the literature. However, there are clear avenues for
progress towards solutions that have been developed in studies for
other systems. Adapting these approaches for chitosan-NA polyplexes
would be beneficial to the field of chitosan-based gene delivery systems.

3.3.1. In-line mixing for the production of scaled-up homogenous
chitosan-NA polyplexes

The kinetics of polyplex formation is fast (formation time <5 ps has
been reported [232]) and a rapid addition of a polycation solution to an
NA solution or the reverse has practical limitations regarding scalability,
reproducibility and homogeneity. In order to overcome these limita-
tions, mixing techniques or devices have been proposed in the literature
to prepare large volumes of polyplexes [233,234]. These techniques rely
on in-line mixing of the two PEL solutions via a T connector [233] orin a
static mixer coupled to a dual syringe [234]. By varying mixing speeds,
Kasper et al. [233] showed that small and homogeneous PEI [235]-
pDNA polyplexes could be prepared and that size and polydispersity
determined by dynamic light scattering (DLS) increased at higher
pDNA concentration. Davies et al. [234] also obtained small and homo-
geneous PEI-pDNA polyplexes using a static mixer. PECs of two synthet-
ic polymers have also been prepared by jet-mixing [236] where smaller
PECs were obtained as compared to those prepared by polyelectrolyte
titration (i.e. slow addition of a polyelectrolyte solution to the other).

3.3.2. Concentration of particles using freeze-drying and tangential flow
filtration

One means to increase concentration of polyplexes is freeze-drying
followed by rehydration using reduced volumes [231]. Successful
freeze-drying of polyplexes has been reported in a limited number of
studies, with [237] or without [233,238,239] concentration at rehydra-
tion. A certain amount of excipient is required for freeze-drying and
concentration can therefore be limited by isotonicity requirements.
Freeze-drying of chitosan-NA polyplexes have been reported in the
literature [66,240] but no concentration at rehydration has been
reported in these studies. The use of vacuum centrifugation has also
been reported as a means to concentrate chitosan-NA [89,220].

Tangential flow filtration (TFF) can also be used to concentrate
chitosan-nucleotide particles. TFF overcomes the main limitations of
direct flow filtration, such as rapid flux decrease over time and is partic-
ularly indicated for applications where concentration of a product is re-
quired or when diafiltration is required for buffer exchange or desalting

[241]. As compared to concentration upon rehydration after freeze-
drying, TFF offers the advantage of not concentrating small solutes so
that isotonicity requirement can be theoretically easily fulfilled. TFF
has been used for nanoparticle purification [242,243] and concentration
purposes [244] or both [245].

3.4. Physico-chemical properties and characterization methods of chitosan
particles

As pointed out above, a fine and complete characterization of
chitosan-NA polyplexes is greatly needed to better understand their
mechanism of formation as well as the influence of their properties on
transfection efficiency. Chitosan-NA particles have been characterized
for their physico-chemical properties to various extents in many studies
since their first use for delivery of NA was reported by Mumper et al. in
1995 [246]. An overview of the reported physico-chemical properties of
chitosan-nucleotide particles and the influence of formulation parame-
ters on these properties as well as the characterization techniques
is given below. Particular differences between plasmid DNA and siRNA
are discussed. Table 1 provides a list of techniques that have been
used or that could be used to characterize chitosan-NA particles.

3.4.1. Size

Generally, it is believed that smaller particles are more efficient at
transfecting cells [247,248]. Small particles are also required to reach
various organs (e.g., particles below ~100 nm are required to cross
liver fenestra and reach the hepatocytes). In addition to the surface
properties of particles, their size might also determine the composition
of protein corona that surrounds the particle and this could be a deter-
minant in particle biological fate [249]. The pK, of chitosan is about 6.5
[8] and the polymer is therefore only weakly charged and barely soluble
at neutral pH or above. Chitosan-NA polyplex surface charge as well as
colloidal stability is therefore reduced at physiological pH and the parti-
cles are prone to aggregation under such conditions. It is therefore
important to develop methods to control the size and mass of colloidal
PECs at the time of their formation and to limit their aggregation once
placed in protein containing physiological solutions, especially for
their systemic delivery via intravenous injection.

Typically, in any study reporting the use of chitosan for gene deliv-
ery applications, chitosan-nucleotide particles are minimally charac-
terized for their size by dynamic light scattering (DLS). DLS analysis of
chitosan-NA polyplexes typically reveals relatively polydisperse nano-
particles. Size values (usually z-average diameter) reported in the liter-
ature for chitosan-NA polyplexes vary from a few tens of nm [27,160]
to a few hundred nm [66,210,250], depending on the preparation meth-
od (concentration, pH, volume mixed, etc.), the properties of chitosan
and NA and the suspension medium used for analysis. Note that diam-
eters as high as 5 to 8 um have also been reported [11], but particles in
these cases were analyzed in conditions where they were colloidally
unstable and were undergoing aggregation. Size has also been mea-
sured by electron microscopy and atomic force microscopy. Size report-
ed by microscopy is typically smaller than values obtained by DLS for
polydisperse particles since size distribution measured in DLS is weight-
ed to the scattered light intensity which is proportional to the square of
molecular mass. Some authors have however attributed increased size
up to 100% in DLS vs TEM or SEM as due to the fact that particles are
fully hydrated when characterized by DLS [251] or that they aren't
spherical [227]. Empirically, volume-weighted size distribution in DLS
and size measured directly by microscopy are close to each other but
conversion of DLS diameters from intensity (volume squared)- to
volume- or number-weighted distributions must be used with great
care since accurate values of the refractive index of particles is required
and this parameter is not precisely known for chitosan-NA particles.
Another technique available recently, Nanoparticle Tracking Analysis
(NTA), is based on tracking Brownian motion of single particles that
overcomes the sensitivity bias toward larger particles of DLS due the
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intensity weighted DLS measurement (see Filipe et al. [252] for
evaluation and comparison of the technique with DLS). The use of
NTA has not yet been reported for chitosan particles but this technique
would complement DLS by providing a number-weighted distribution
(i.e. that measured in microscopy) in addition to being able to estimate
concentration of particles.

3.4.1.1. Influence of mixing concentration. Probably the most important
experimental parameter to control size at the time of polyplex forma-
tion is the concentration of polyelectrolyte solutions to be mixed
(NA). This parameter is however often overlooked in comparison to
other formulation parameters such as structural parameters of chito-
san or the N:P ratio. Comparison of the results of two studies where
mixing concentration differ by a factor of more than 1000 provides
a clear illustration of concentration influence on size of particles:
Malmo et al. [27] prepared chitosan-siRNA particles using NA con-
centration of 1.2 pug/ml and report sizes ranging from ~50 to 60 nm
at N:P = 30, while Nielsen et al. [221] prepared particles using a
siRNA concentration of ~3.5 mg/ml and obtained polydisperse parti-
cles with much larger size of about 300 nm at N:P = 23. Other stud-
ies have also reported an increase of polyplexes size with increasing
NA mixing concentration [208,225].

3.4.1.2. Influence of chitosan structural parameters. Many studies report
a chitosan-pDNA polyplex size increase as chitosan molecular weight
increases. Mumper et al. [246] and MacLaughlin et al. [208] both report
a significant increase of polyplex size with increasing molecular weight
of chitosan. They found that size increases from about 100 nm to
500 nm when chitosan's molecular weight passes from a few kDa to
~500 kDa. These changes in size were attributed to reduced solubility
and mobility of longer chitosan chains. Koping-Hoggard et al. [89] ob-
served a size increase from 68 to 174 nm when chitosan molecular
weight increases from ~2 to 7 kDa for chitosan-pDNA polyplexes pre-
pared using an N:P ratio of 60. Much less marked size increase with chito-
san molecular weight has been reported [160,193,220,229]. On the other
hand, some studies report a decrease in size of polyplex with increased
chitosan molecular weight [219] or no significant influence of this param-
eter on polyplexes size [225]. Although the exact reason for these contra-
dictory results remains unclear, they could possibly be attributed to
differences in the polyplex preparation method. For instance, in the
Huang et al. study [219], polyplexes were prepared in a medium with rel-
atively high ionic strength (i.e. HBSS-MES buffer at pH 6.2) as compared
to most other studies where polyplexes were prepared in water or in
presence of a limited amount of salt. It has been reported elsewhere
that mixing of pDNA and low molecular weight chitosans in the presence
of a buffer with moderate ionic strength (~20-25 mM) results in the
formation of large aggregated structures [253] or particles with reduced
colloidal stability as compared to those prepared with high molecular
weight chitosan [28]. It appears that the explanation for the apparent
contradictory results regarding the influence of chitosan molecular
weight on polyplex size could lie in the reduced colloidal stability of
polyplex prepared with low molecular weight chitosan that are stable in
water but aggregate in the presence of salt. We have also observed this
phenomenon and attributed this size increase to the potential inability
of low molecular weight chitosans to fully condense plasmid DNA [26].
However, in this study, polyplexes were suspended in PBS and it is most
likely that the presence of salt and close to neutral pH of the resuspension
medium favored particle aggregation. To the best of our knowledge, no
explanation of the influence of chitosan molar mass on polyplex colloidal
stability has been proposed in the literature. It could be that high molec-
ular weight chitosans have dangling ends at the polyplex surface that
sterically stabilize the particles, a phenomenon that is not observed for
polyplex formed with shorter chains that lack protruding ends.

Only a few studies report the influence of chitosan's molecular
weight on size of chitosan-siRNA polyplexes. Malmo et al. [27] and
Holzerny et al. [226] both report a slight increase of chitosan-siRNA

size with increasing chitosan molecular weight while Mittnacht et al.
[254] report the reverse. On the other hand, Liu et al. [255] observed
no influence of chitosan molecular weight on polyplex size, except
for a 9 kDa chitosan that formed particles of a few microns. It is worth
mentioning that particles in this case were prepared in a medium
having a significant ionic strength and that probably limit polyplex col-
loidal stability for this 9 kDa chitosan, as discussed previously. It should
also be pointed out that the polyplex preparation conditions used in
each study reporting the influence of chitosan's molar mass on size of
chitosan-siRNA polyplexes are significantly different and could explain
some contradictory results regarding the influence of chitosan's molec-
ular weight on size of chitosan-siRNA polyplexes.

A few studies report the influence of chitosan DDA on polyplex size.
Size measurements by DLS revealed that chitosan-pDNA polyplex size
slightly increases as DDA decreases [28,219,220,225]. This has been
attributed to weaker binding of chitosan to NA and to stiffening of the
polymer chain as DDA decreases [225]. Another explanation is that
the actual amount of chitosan chains bound in polyplexes increases as
the DDA decreases to achieve a given N:P ratio in the polyplexes [28].
This is also consistent with findings of Ma et al. [256], according to
which polyplexes charge stoichiometry (i.e. N:P ratio within the
polyplex) is independent of DDA. It should be noted that these results
were obtained for polyplexes prepared by dropwise addition of chito-
san to pDNA, but it is reasonable to assume that similar results would
be observed using a flash mixing preparation method.

3.4.1.3. Influence of N:P ratio. The influence of N:P ratio on polyplex size
has been examined in numerous studies [14,27,66,150,193,208,225]. In
most cases, an increase of the relative excess of chitosan vs NA results
in the formation of polyplexes with slightly larger sizes [27,150,193,
208]. Mao et al. [66] reported no significant influence of N:P ratio on
size but they tested a somewhat limited range of N:P ratios as compared
to those tested in other studies. At least two studies report a decrease of
polyplex size with N:P ratio [225] and observed this decrease in size by
comparing a N:P ratio of 0.5 to a N:P ratio of 5. The pDNA is probably
not completely complexed and compacted by chitosan for a N:P ratio
below 1 which could explain these results. Howard et al. [14] observed
a significant decrease in polyplex size with an ~10x increase in N:P
but this result is most probably due to a concentration effect since the
mixing chitosan concentration was held constant and NA concentration
was therefore about ten times lower for the highest N:P ratio.

3.4.1.4. DNA vs siRNA. siRNA are a few hundred times smaller than
pDNA and can theoretically form smaller polyplexes. This is experimen-
tally verified as long as polyplex sizes are compared for similar prepara-
tion conditions, more specifically if NA mixing concentrations are
comparable. For instance, the hydrodynamic diameter of chitosan-
siRNA prepared in a diluted regime using a chitosan of 16 kDa at N:P
10 was found to be 45 nm [27] while it was 70 nm [160] for chitosan-
pDNA polyplexes prepared in similar conditions (chitosan of 14 kDa
and N:P of 5). The mixing method also influences size and a dropwise
addition of chitosan to a diluted siRNA solution led to the formation of
larger polyplexes [211], most probably because aggregation is favored
by a gradual traversing of the polyplex neutralization point (i.e. when
the N:P ratio is 1). It is worth mentioning that larger chitosan-siRNA
polyplexes with hydrodynamic diameter of a few hundred nanometers
have been reported in many studies where particles were prepared
using relatively concentrated NA solutions and/or where mixing was
performed at either high pH or high ionic strength.

3.4.1.5. Overview of the influence of chitosan modifications. As discussed
earlier in Section 2.3, there is an increasing number of publications
reporting the use of modified chitosans for gene delivery applications.
Since these modifications differ in nature, they are expected to have a
variable influence on polyplex size at formation. Among the few papers
where the size of polyplexes prepared with unmodified and modified
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chitosans was compared, particular modifications were reported to
increase [257], decrease [13] or not significantly alter polyplex size
[258]. Actually, many of these modifications were proposed as means
to increase solubility of chitosan as well as polyplex colloidal stability
and have a clearly defined influence on particle size and stability in
physiological media. This particular topic is discussed in more detail in
Section 3.4.7 below.

3.4.2. Zeta potential

High surface charge density of chitosan-NA polyplexes determines
the colloidal stability of non-sterically stabilized formulations and
correlates with higher cell uptake and transfection efficiency in vitro
[150,222,259,260]. Zeta potential provides an indirect measurement
of particle surface charge density and has been measured by laser
Doppler velocimetry in numerous studies. Values reported for
polyplexes prepared using an excess of chitosan vs NA range from a
few millivolts to a few tens of mV, depending mostly on pH and
ionic strength of measurement media as well as on N:P ratio and to
a lesser extent on structural parameters of chitosan. As discussed pre-
viously, since the pK, of chitosan is about 6.5, zeta potential is strongly
influenced by pH changes near this value. For example, reduction of
zeta potential from about 20 to 0 mV when pH passes from ~6 to 7
has been reported [66,222]. Zeta potential typically rapidly increases
from O to a few tens of mV when N:P passes from 1 to ~2 [28] and
only slightly increases as N:P is increased above ~2 [28,66,150], the lat-
ter reflecting the mostly constant polyplex stoichiometry as N:P is
increased above ~2. Slight zeta potential increases with increasing
chitosan molar mass [28,193,255] or DDA [28,255] have been reported,
influences that are expected at least for DDA since it determines chito-
san charge density. Chitosan modifications often rely on reaction
with chitosan amino groups and are therefore expected to reduce zeta
potential, unless substituents are also positively charged (e.g. PEI).
One should expect a more marked decrease for bulky hydrophilic sub-
stituents such as PEG since they should move the slip plane further
away from the polyplex surface. Finally, the nature of the NA (pDNA
or siRNA) hasn't been reported to significantly change the effects of
formulation parameters or medium properties on zeta potential
discussed above.

3.4.3. Morphology

The morphology of chitosan-pDNA complexes have been examined
by electron microscopy and/or by atomic force microscopy in numerous
studies. In most cases, a mixture of toroids, rod-like and globular parti-
cles have been observed [205,208,220,261] but some authors have
reported mostly spherical particles [66,219,262]. The differences in the
morphology reported in these studies could be related to the use of dif-
ferent mixing conditions and/or to the use of chitosans with different
structural properties. Chain stiffness is theoretically predicted to deter-
mine the morphology of collapsed structures [263] and chitosans with
different structural properties could result in the formation of polyplexes
with different morphology by modifying DNA chain stiffness to various
extents upon binding [205]. It seems that the inclusion in the polyplex
mixing solutions of another polyanion such as tripolyphosphate (TPP)
[213], and hyaluronic acid (HA) [264] favors formation of chitosan-
pPDNA polyplexes with a more homogeneous and mostly spherical mor-
phology. The use of modified chitosans has also been reported to favor
formation of spherical chitosan-pDNA polyplexes [265-267].

Studies where chitosan-siRNA polyplex morphology was examined
report mostly spherical particles [14,254] but the presence of an in-
creasing proportion of rod-like particles for chitosan with higher molec-
ular weight has been reported [226]. Theoretically, the formation of
toroidal structures requires NA chain length significantly higher than
~21 bp [268] and this would explain the absence of this type of struc-
ture for chitosan-siRNA polyplexes. As for pDNA polyplexes, the inclu-
sion of another polyanion [269] or the use of modified chitosans
[[214,267,270]] appears to result in the formation of spherical particles.

3.4.4. Binding affinity/stability

The binding affinity of chitosan for NA determines chitosan's ability
to protect the NA as well as polyplex stability, which in turn greatly
determines polyplex transfection efficiency [26,89,160]. The gel retar-
dation assay is a means to qualitatively assess the ability of chitosan to
complex pDNA and the polyplex stability that has been reported in
many studies. Polyplexes have been incubated in various conditions
(e.g. in presence of competing polyanion such as heparin, at various
pH, in transfection medium, etc.) prior to being submitted to this
electrophoresis-based assay to monitor DNA dissociation from the
polyplex. This type of experiment reveals that polyplexes formed with
chitosan with low DDA [220], low Mn [89,193] or low N:P [89,193]
are more easily dissociated and therefore less stable. Koping-Hoggard
et al. showed that formulations that are very stable (i.e. high Mn chito-
san not dissociated by heparin) are much less efficient at transfecting
cells than their less stable counterparts [89]. The ethidium bromide dis-
placement assay is another technique that has been used to analyze
somewhat more quantitatively the chitosan-pDNA polyplex stability
[28]. In addition to the influence of N:P and chitosan structural proper-
ties discussed above, polyplexes were found to be less stable at high pH
and high salt content. Gel retardation and ethidium bromide displace-
ment assays only qualitatively or indirectly assess the chitosan to DNA
binding affinity. In contrast, isothermal titration calorimetry (ITC) com-
bined with the single set of identical sites model (SSIS) can quantify
binding constants of chitosans to pDNA [256]. Depending on pH, ionic
strength and chitosan structure properties, binding constants ranging
from ~1 to 15 nM~ " were found. In agreement with results discussed
above, the binding constant was found to increase as pH or ionic
strength decrease and as chitosan DDA or molar mass increase.

Similar ITC experiments were performed to determine chitosan to
siRNA binding affinity [226]. siRNA was added to chitosan solution at
pH 5 in low salt conditions and binding constants ten times lower
than those found for pDNA in equivalent conditions were determined
(~1-2 nM), without any significant influence of chitosan molar mass.
This relative insensitivity of binding affinity towards chitosan molar
mass contrasts with results obtained for pDNA. This could be explained
by the fact that the guest-host roles are reversed for siRNA, the NA
acting here as a guest so that DDA is the only chitosan property
expected to influence binding affinity. This lower binding affinity of
chitosan to siRNA and its relative insensitivity to molar mass have led
to the use of very large N:P ratios in a few studies where formulations
were selected on the basis of their stability evaluated through the gel
retardation assay [14,210,255,271]. However, most of these gel retarda-
tion assays were performed in a buffer at a higher than physiological pH
(~8), a condition where chitosan is barely charged and polyplexes are
therefore easily dissociated particularly with small siRNA. Reduction
of the pH in gel retardation assay revealed much more stable polyplexes
and successful silencing using much lower N:P ratios [27,226,272].

Finally, since most chitosan modifications create steric hindrance
and reduce chitosan charge density as they usually rely on reactions
with the amino groups, they are expected to reduce chitosan binding
affinity to NA. The resulting reduction in stability was revealed by the
gel retardation assay in a few studies ([13,150,267]. As expected, this
reduction was not observed for the case where a positively charged
substituent, namely PEI, was used [267]).

3.4.5. Stoiochiometry

As discussed above, chitosan-NA polyplexes formulated for in vitro
transfection are prepared using an excess of chitosan vs NA (i.e. N:P
ratio above one). Using asymmetrical flow field-flow fractionation
(AF4, see these references [273,274] detailed discussion of AF4 theory)
coupled with UV spectroscopy and light scattering, it was determined
that a significant proportion of chitosan is unbound (~75%) in a
polyplex dispersion formed using an N:P mixing ratio of 5 [230]. This
AF4 technique offers the advantage of providing three important phys-
icochemical properties of polyplex, namely, 1) the proportion of free
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chitosan 2) the polyplex hydrodynamic size and 3) their size distribu-
tion. In a second study, the influence of N:P mixing ratio was examined
AF4 [229]. It was shown that the polyplex stoichiometry (i.e. N:P ratio
within the polyplex) ranges from ~1.3 to 1.6 (or equivalently, that
free chitosan ranges from ~53 to 92%) for polyplex prepared using an
N:P mixing ratio ranging from 3 to 15 [229]. Orange II dye depletion
method constitutes a relatively simple means to evaluate the propor-
tion of unbound chitosan in polyplex suspensions and confirmed AF4
results [229]. It is worth mentioning that since the calculation of the
amount of bound chitosan relies on the determination of free chitosan
(for both AF4 and Orange Il methods), the accuracy of this calculation
decreases somewhat as the mixing N:P ratio increases.

The presence of unbound chitosan is required to efficiently trans-
fect cells in vitro, a topic that will be discussed in more detail in
Section 4.3.2. However, despite this requirement for a significant frac-
tion of unbound polycation in chitosan-NA polyplex formulations and
even if chitosan is recognized as non-toxic, the use of very high N:P
values reported in a few studies raises concerns about possible side
effects or off-target effects of these formulations that consist mostly of
unbound chitosan.

3.4.6. Buffering capacity

It has been proposed that PEI transfection efficiency lies in its high
buffering capacity in the endosomal pH range, ~4.5 to ~7, that can medi-
ate escape from the endosome by the proton-sponge effect [10]. In this
proposed endo-lysosomal escape mechanism, the acidification of the
endosome or lysosome by the additional pumping of protons into the
endosome, along with the concurrent influx of chloride ions to maintain
charge neutrality causes an increase in osmotic pressure and the vesicle
is ruptured by direct membrane perturbation or a mechanical swelling
process. In order to elucidate the transfection mechanism of chitosan-
based polyplex, the polycation buffering capacity was measured by
simple titration and compared to PEI in numerous studies [66,220,265,
266]. These studies concluded that chitosan had significantly lower buff-
ering capacity as compared to PEI and therefore it is unlikely that chito-
san could escape the endosome/lysosome via the proton sponge effect.
However, the experiments that led to the conclusion that chitosan has
a lower buffering capacity vs PEI compared their buffering capacity on
a mass concentration basis instead of molar charge concentration basis.
PEI, with a mass of 43 g per mol of ionizable amine, has ~4 times more
charge per gram than chitosan with 161 g per mol of ionizable sites for
DDA = 100%. Both of these polyelectrolyte complexes (PEI and chito-
san) form on a charge-to-charge basis (N:P) so that the particles involved
in endolysosomal escape will have similar charges of chitosan and PEI
rather than similar mass, not accounting for the unbound components
that are not associated to the particles. Comparison on a molar charge
basis reveals that chitosan actually has a larger buffering capacity than
PEI in the endosomal/lysosomal relevant pH range [275]. Implications
of these results regarding the transfection mechanism of chitosan-NA
polyplex are further discussed in Section 4.3.2.

3.4.7. Colloidal stability

As pointed out previously, one drawback of chitosan is its poor solu-
bility at neutral pH which translates into colloidally unstable polyplexes
in physiological conditions. Colloidal stability of polyplexes is usually
assessed by monitoring their hydrodynamic size vs time in medium
mimicking physiological conditions (e.g. transfection medium, PBS, 10%
serum + 150 mM NaCl, etc.) and size of chitosan-NA polyplexes was
shown to increase from ~100 nm to more than a micron after 1 h incu-
bation in PBS [150]. The colloidal instability of chitosan-NA polyplexes in
physiological media may influence their behavior in vivo, for example in
systemic administration via intravenous injection. Several chitosan
modifications have been proposed in order to improve its solubility
and polyplex colloidal stability. Among the strategies proposed are
PEGylation [267,276-278], quaternization [179,180,279] and glyco-
lyzation [13,150]. Most of these modifications were shown to improve

chitosan solubility and polyplex colloidal stability in vitro to some extent.
To the best of our knowledge, apart from the study of Lee et al. [280]
where NPs formed with hydrophobically modified glycol chitosans
have been shown to possess a relatively long-circulating time, the
colloidal stability and circulation lifetime these modified polyplexes
after systemic administration by intravenous injection have not been
characterized to date and it remains to be seen if these modifications
are only appropriate for applications where local administration is
sufficient. It is however unlikely that any modification, such as chitosan
quaternization, that doesn't reduce or shield surface charge in order to
limit the strong interactions with blood components [281-283] will
be efficient at increasing polyplex colloidal stability and circulation
lifetime in vivo.

PEGylation has been shown to increase circulation lifetime and to
limit aggregation of particles [281,284,285], and is therefore a most
promising strategy to sterically shield nanoparticles from blood com-
ponents and increase colloidal stability. PEGylation of chitosan nano-
particle surface has been reported [286,66], but in most studies
reporting PEGylation of chitosan, the hydrophilic PEG is grafted to
chitosan backbone prior to form the polyplex [267,276,278] and the
presence of this bulky substituent could limit polycation ability to
complex NA [287]. The synthesis of a chitosan-PEG block copolymer
(PEG-b-chitosan) is another avenue yet to be explored that could
potentially circumvent this issue. The synthesis could be achieved
via the reactive 2,5-anhydro-p-mannose unit at the new reducing of
chitosan depolymerized with nitrous acid [101,103]. Developing
sterically stabilized chitosan-NA formulations with increased colloidal
stability and circulation lifetime would be highly beneficial to the field
of chitosan-based gene delivery systems.

3.4.8. Molecular weight and degree of aggregation

Aggregation number for polyplexes can be measured by static light
scattering and possibly by NTA if polyplex stoichiometry is known
since NTA measures particle concentration. This parameter is rarely
measured although static light scattering measurements on polylysine—
PDNA polyplexes revealed that colloidal and compact PEC with radius
of gyration smaller than 120 nm can contain more than 1000 pDNA
copies [288]. To the best of our knowledge, aggregation number
hasn't been measured for chitosan-NA polyplexes. Characterization
of chitosan-NA polyplex molecular weight as a function of formulation
parameters and preparation method would improve understanding of
their mechanisms of formation.

4. In vitro biological evaluation of chitosan-based
polynucleotide delivery

4.1. Transfection efficiency

Transfection efficiency (TE) refers broadly to a pDNA carrier’s ability
to induce transgene expression. TE can be affected by multiple experi-
mental parameters and a robust detection assay is required to determine
how these factors influence transfection. Traceable reporter genes such
as GFP, luciferase and galactosidase are frequently employed in a variety
of gene delivery strategies [289]. Only fluorescence transgenes such as
GFP allow lysis-free flow cytometry based quantitative assessment.
Both GFP and galactosidase enable qualitative measurements via fluores-
cence and colorimetric microscopy of cell cultures. Most published
measurements of TE use GFP and/or luciferase, two complementary
quantitative methods [290]. GFP provides the percentage of cells tran-
siently expressing the transgene while luciferase determines the level
of transgene expression. To date, the multiplicity of methods of analysis
and data presentation of TE renders comparison of one study to another
quite challenging. The GFP-based parameter of percent cells positive for
transgene expression provides a good reference point for inter-study
comparison, and should be used alongside relative light units (RLU)
from luciferase, since RLU varies with instrument type and settings
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such as excitation/emission filters, detector gains and reading speed. As
such, it provides relative expression levels rather than absolute luciferase
concentration. Absolute luciferase expression quantification obtained
with standards of purified luciferase (Quantilum recombinant luciferase,
Catnb. E1071, Promega) can be used to facilitate inter-study comparison
when only luciferase based transgene is assessed without GFP. Esta-
blished positive controls such as Lipofectamine or PEl, in addition to
proper negative controls such as carrier (chitosan) alone, DNA or siRNA
alone and non-targeting siRNA, should be used and are important to
facilitate data interpretation and comparison to literature [291].

4.1.1. Influence of Mn and DDA on transfection efficiency

The first studies of chitosan as a carrier for pDNA by Rolland et al. re-
vealed an effect of Mn, where high Mn (from 100 to 500 kDa) resulted
in higher TE in serum, but with expression levels that were 250-fold less
than Lipofectamine controls [208,246] and thus similarly low compared
to what is now being achieved with chitosans [107,150,160,260]. Since
commercially available bulk chitosans were typically high molecular
weight (150-500 kDa), subsequent studies used chitosans that were
mostly of the high Mn type without depolymerization and often with-
out appropriate characterization of Mn and DDA that would be required
to understand their influence on carrier performance [224,227,292]. TE
in these latter studies was still generally low but these studies nonethe-
less constitute the foundation of chitosan-based transfection and
created the impetus to further optimize the system. Numerous methods
to depolymerize chitosan were subsequently developed (reviewed
above), with nitrous acid depolymerization the favored technique, to
allow more reliable structure-function screening that accounts for Mn
and DDA. Such screening generally contradicted Rolland's et al. original
work and suggested lower Mn (<150 kDa) chitosans to increase TE
compared to higher Mn [12,95,208,220,293]. Since DDA is the second
primary structural parameter of chitosan (along with Mn), studies
also examined its influence on TE and suggested higher DDA (>80%)
were more efficient [28,219,225], except for studies using very large
(390 kDa) chitosans, which suggested that lower DDA facilitates release
of DNA [294].

These two critical parameters Mn and DDA were then screened in
the high DDA low Mn range with accurate preparation and characteri-
zation techniques (SEC MALS for Mn and NMR for DDA), enabling
a thorough structure-biological performance screening [26]. This
systematic screening revealed significant coupling of Mn and DDA to
determine TE, thereby establishing a rational structure-function rela-
tionship where both Mn and DDA modulate the binding affinity of chi-
tosan to pDNA to obtain a fine intermediate balance between high and
low affinity for DNA to produce efficient transfection, at levels similar
to Lipofectamine or Fugene. Physicochemical studies subsequently
confirmed that the chitosans with high TE did in fact possess an inter-
mediate binding affinity [28,256].

These pioneering studies resolved some of the many inconsistencies
in the literature concerning the effectiveness of chitosan systems for
gene transfer, via a precise accounting of the effects of Mn and DDA and
identification of the central importance of intermediate binding affinity
that leads to efficient systems in vitro. For example a chitosan with high
DDA = 92% and low Mn = 10 kDa was found to be most efficient
while simply increasing Mn to 40 kDa resulted in a large ~10 x reduction
in TE by creating a more tightly bound polyplex. Simply reducing DDA to
80% from 92%, thereby reducing linear charge density on the chitosan, at
constant Mn = 40 kDa then recovered most of the lost TE leading to
similar efficiencies for 92-10 (DDA-Mn) and 80-40 chitosans [26].
These results highlight the need for precise preparation and character-
ization of chitosans as gene delivery vehicles, using the methods
described above in Section 2. In addition to finely controlling Mn and
DDA to optimize TE, tailoring chitosans by co-complexation with algi-
nate [295] or more recently by substitution with trisaccharides [160]
and self-branching [149,150] also affect binding affinity and can im-
prove transfection or silencing efficiency [27]. Although Mn and DDA

are still important parameters affecting siRNA silencing performance,
it seems that the small size of the oligonucleotide make it less suscepti-
ble to changes in chitosan Mn and DDA. Holzerny et al. [226] have found
that at NP 5, chitosan of Mn 44, 63 and 93 performed equally well at
DDAs in the range of 80-85% with only Mn 143 resulting in lower silenc-
ing. Using ITC, no significant differences between the binding affinities of
those chitosans to siRNA were found. Moreover, Malmo et al. [27] report-
ed similar efficiencies for Mn in the range 18-50 kDa (DPn 150-320)
with fully deacetylated chitosans. Interestingly, using conditions similar
to Holzerny, in serum at pH 6.5 but with a different cell type (HEK 293
vs. H1299 pGL3 human lung epithelial cells), we have shown optimal si-
lencing with a smaller but more deacetylated chitosan (92-10) [209,272].
At first glance, this recalls a similar relationship of chitosan oligonucleo-
tide binding affinity and efficiency, as with plasmid. Data from Holzerny
et al. and Malmo et al. combined with preliminary data from our lab
showing effective silencing efficiencies for chitosans of increasing Mn at
92% DDA suggest a threshold where sufficient condensation is achieved
and over which any increase in either DDA or Mn does not affect perfor-
mance. Possibly because of its small size, siRNA can't be strongly bound
and highly stabilized by chitosan architecture, compared to plasmids.
Thorough screenings of chitosans—siRNA formulations for both Mn and
DDA similar to Lavertu et al. for plasmid would provide a more complete
understanding of chitosan-siRNA polyplexes.

4.1.2. Other formulation parameters affecting TE

4.1.2.1. Serum. The high transfection efficiency of chitosan in serum is
a key advantage compared to other non-viral vectors since in vitro
studies can be performed in conditions that are physiologically relevant
for clinical translation. Transfection in serum also indirectly assesses
polyplex stability, as positive uptake and TE imply nuclease protection
of cargo polynucleotide. Early studies were quick to point out this
advantage of chitosan over other non-viral vectors such as PEI [227]
and liposomes [222]. Erbacher et al. were the first to find no inhibitory
effect of serum with chitosan [227] while subsequent studies mostly
underscored that serum enhances efficacy of chitosan-based polyplexes
[11,222,260]. Despite these observations and the added value of using
serum, a recent study using glycosylated chitosan did not use serum,
preferring Opti-MEM serum free [160] even if a prior study demonstrat-
ed serum compatibility of glycosylated chitosan and similar transfection
for linear chitosan [150]. Subsequent studies with siRNA from this
group were again conducted in serum-free media [27].

It is still not entirely clear why serum increases TE with chitosan.
Some have suggested better cell function [11], including cell division
and endocytosis [260]. Nimesh et al. have shown that the level of
polyplex uptake at pH 6.5, 7.1 and 7.4 can be upregulated by the presence
of serum during the first 24 h [260] corresponding to increased lucifer-
ase levels. This increased uptake by serum was shown to be even more
accentuated for chitosan only, possibly due to the formation of con-
densed particles of chitosan and serum protein. Thus, increased uptake
of the free fraction of chitosan at N:P = 5 by serum addition might
facilitate endosomal release [296].

Characterization in near physiological conditions would allow a better
estimate of the type of polyplexes that are actually presented to cells in
vitro and gain understanding of serum-mediated effects. However, mea-
surement methods for nanosized particle are difficult in biological media
and prone to significant background signal [260]; therefore such analyses
are often overlooked in the development of new vectors. One potential
future avenue we are following for improvement of polyplex size mea-
surement in serum is nanoparticle tracking [297]. Other methods such
as single particle tracking [298] and flow cytometry-based size determi-
nation [299] have shown promises for the size measurement of nano-
complexes in serum. Such techniques could improve the predictive
value of physicochemical and size characterization for both in vitro and
in vivo efficiencies of chitosan-based polyplexes.
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4.1.2.2. pH. The cationic charge density of chitosan is pH-dependent. Low
charge density at physiological pH leads to low solubility, aggregation and
poor stability of chitosan-based formulations [26,28,66,222,227,260].
Hence, polyplex preparations are usually made in acidic conditions to
optimize complexation with DNA and to provide colloidal stability,
while addition to cell cultures imposes near physiological pH and
ionic strength. Evaluation of the above literature reveals that pH between
6.5 and 7 is frequently used with success, and is attributed primarily to
1) positive zeta potential favoring cell contact and interparticle electro-
static repulsion (colloidal stability), and 2) an optimal physical stability
of the polyplexes, providing protection from nucleases in the serum
of transfection media. Nimesh et al. showed a strong correlation between
uptake and TE at pH 6.5, 7.1 and 7.4 with no uptake and no TE at 7.4 and
subsequent increases with decreasing pH. Size measurement showed an
increase in size with pH and with ionic strength, with indications of
aggregates at higher pH, correlated with microscopy images [260]. This
is supported by previous observations of aggregates at neutral pH in
isoosmolar conditions [28,151,227]. To circumvent this problem, many
types of chitosan derivatives have been synthesized with the goal of
improving solubility and resulting colloidal stability of the polyplexes
in physiological media. These include PEGylation [114,151,172], glyco-
sylation [13,150,300] and trimethylation [114,151,179,180,183]. These
modified chitosans have shown improvements in DNA protection and/
or TE in vitro at physiological pH, motivating in vivo studies to ascertain
the advantages of such chitosans.

4.1.2.3. N:P ratio. As reviewed above in Section 3.4, up to a certain level,
the N:P ratio determines the stoichiometry of the polyplexes which
affects both colloidal and physical stability, especially in high ionic
strength media. Mumper was the first to provide evidence of the impor-
tance of N:P to achieve stability and TE [246], which was followed by the
others [222]. It is now established that, as with all polycation-based
gene delivery, the most efficient N:P ratios for chitosan gene expression
usually involve N:P ratios of at least 3-5 and sometimes of up to 30
[10,26,109,160,220,301,302], where a significant amount of the excess
polycation remains free and soluble in solution without being physically
bound to chitosan-DNA polyplexes [198,230,303]. These efficient N:P
ratios with excess polycation have always been empirically identified
but the means by which excess polycation improves TE was not identi-
fied until recently. A recent study revealed for the first time that the
mechanism by which excess free polycation induces efficient transfec-
tion mainly involves promoting the release of the chitosan-DNA
polyplexes from the lysosomes into the cytoplasm, an important step
in nucleotide delivery as discussed further below [296].

This finding also partly explains the surprisingly high N:P ratio used
in some studies of chitosan-siRNA delivery, ranging from 50 to 200
[14,211,255,304]. In contrast, others have shown good silencing with
N:P ratios of 5 [209,226,272] and N:P 10 [27]. Malmo et al. [27] have
found that with fully deacetylated chitosans, only low Mn (10 kDa) re-
quired N:P up to 60 for efficient silencing while at higher Mn, all 3 tested
ratios (10, 30, 60) performed equally with about 80% silencing at pH 7.2
in serum-free media, highlighting the stabilizing effect of increased N:P.
At pH 6.5 in serum, we have shown that 92-10 performed best (80%
silencing) at N:P 5 similar to Holzerny et al. [226] with other chitosans.
Again, discrepancies among studies make overall comparisons difficult
but it is our opinion that extremely high N:P ratios limit dosage of
nucleotide and are difficult to translate to clinical application.

4.2. Cytotoxicity

Chitosan is often described as biodegradable, non-toxic and safe, and
the FDA has approved a chitosan-based wound dressing biomaterial
[305]. The biodegradability of chitosan by a number of physiological
enzymes present in human such as lysozyme, di-N-acetylchitobiase,
N-acetyl-beta-D-glucosaminidase and chitiotriosidase, has been well
documented [17,108,306,307]. Perhaps for these reasons, cytotoxic

effects of chitosan have not been the focus of most studies in either
gene or drug delivery. Yet, most of these studies report a slowed degra-
dation of chitosan at high DDA, which could therefore present a risk of
accumulation in the tissues over long period of administration [308].
This lowered biodegradability concurs with Huang et al. [309] finding
of increased cytotoxicity of polyplexes prepared with increasing DDA.
In recent reviews on chitosan's broad use in nanomedicine, Kean et al.
and Garcia-Fuentes et al. also argue that toxicity appears with increas-
ing charge density, and that at high DDA only, toxicity becomes Mn-
dependent [16,17]. Most studies from which this trend is observed
are not in polynucleotide delivery. However, toxicity at high DDA
compounded by high Mn follows general observations in our lab of
decreased cell density and rounded morphology for high degrees of
deacetylation or charge density (near 100% DDA at pH6.5) that could
imply cytotoxicity or a cytostatic effect, however extensive cell viability
and cytotoxicity testing has not yet been performed for all of these
chitosan types [26]. To date we have only provided evidence that 92%
DDA at 10 kDa Mn is non-toxic [260,296]. Cytotoxicity of high DDA chi-
tosan (85-99%) has also been found to be dose-dependence in human
intestinal epithelial Caco-2 cells [310]. Garcia-Fuentes cites an ICsg
from 0.2 to 2 mg/ml in most cell models, varying with DDA and Mn
[16]. Moreover, some have described chitosan as a macrophage activa-
tor [311], but Guzman-Morales et al. [312] showed that while chitosan
can concentrate and attract macrophages [24], it does not directly acti-
vate marrow-derived macrophages towards either the alternative nor
the classical pathway, but rather through neutrophils in a yet to be
determined cascade [312].

Interestingly, the group of Varum and Strand et al. consistently work
with fully deacetylated chitosan with no adverse effects on cell health
according to the MTT [150], Alamar Blue [149] and for siRNA studies, a
judicious mix of both MTT and lactate dehydrogenase leakage assay
(LDH) [27]. It is of note that assays whose detection rely on live cells
such as MTT, based on the dehydrogenase activity of healthy mitochon-
dria, have superior sensitivity than LDH that detects cell death [313].
Strand et al. have argued that the low Mn of their oligomers increase
their solubilization at normal pH, particularly when glycosylated
[149], which helps prevent cytotoxicity often associated with high
charge density at acidic pH (high DDA, high Mn in acidic pH). Lower
toxicity for low Mn (<10 kDa) for any DDA is reported elsewhere as
well [17]. The short 4 h incubation time with polyplexes might also
limit cytotoxicity, particularly with fully deacetylated chitosan chains
of Mn above 50 with siRNA [27]. MTT was performed at both 4 and
48 h post-transfection, while only at 48 h for LDH when the half-life
of the leaked LDH is reported to be around 9 h by the manufacturer
[314]. Despite the high number of published reports and patents
highlighting the potential of chitosan for nanomedicine, chitosan is
not yet approved by the FDA for drug or gene delivery, and incomplete
cytotoxicity profiles possibly account for the slow translational prog-
ress, even if, by and large, cytotoxicity of chitosan is insignificant as
compared to other synthetic vectors [17]. Proper and thorough cytotox-
icity effect screening in relation to its structure and charge density with
cells relevant to the application, including primary cells, has to be
conducted (in addition to in vivo) for the translation to clinical applica-
tion, and particularly for application requiring IV administration.

4.3. Intracellular trafficking

Once in proximity to cells, polynucleotide delivery systems need to
overcome several obstacles to achieve expression, including: cell bind-
ing and internalization, escape from endo-lysosomal vesicles, polyplex
unpacking/dissociation and, for plasmid DNA, nuclear translocation.
One limitation with most studies investigating chitosan-polynucleotide
delivery systems is that most rely entirely on end-point quantification
of reporter gene expression to assess efficacy and potential formulation
improvements. A more informative approach to study transfection
mechanisms and resulting efficiency of carriers is to track their
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intracellular processing by microscopy using fluorescently labeled NAs
and carriers in order to observe and potentially quantify the interac-
tions of the components with the cell substructures at each of the
major barriers. This approach can significantly contribute to a rational
design of gene-carriers.

4.3.1. Uptake

The nature of the relationship between cellular uptake and physi-
cochemical properties of chitosan has been recently reviewed [31].
The effects of intracellular and extracellular environments, as well
as particle size, shape and surface charge characteristics on uptake
were discussed in detail. In brief, some early studies found strong
correlation of uptake with size [31]. However, in the presence of
serum in acidic pH (6.5-7), size as measured in DLS has been shown
to exert little influence on uptake [219]. This is consistent with Rolland's
original work showing that particle size did not influence transgene
expression when serum was present [208,246]. The correlation of size
as measured in DLS and TE in complex media is still not clear, especially
in serum, were negatively charged proteins are known to change the
morphology of polyplexes, sometimes forming protein coronas, as
well as causing aggregation [17].

Uptake has been shown in many cell lines not to be a bottleneck
[26,160,259,309,315]. These studies have shown that variations in
uptake between chitosan formulations do not necessarily translate
into variations in TE, and that for internalized polyplexes, important
barriers still must be overcome. This is especially true for particles
that are too stable for effective intracellular dissociation, as these
particles usually have a positive zeta potential, bind to negatively
charged cell membranes and are easily internalized [160,259]. Evi-
dently, cell membrane binding and permeation is the precondition
of transfection, but once this is attained to a certain level, it has
been shown that lysosomal escape and unpacking of DNA from its
chitosan carriers may be an even more important factor in determining
the transfection efficiency [160,259,296].

As with all polyplexes, chitosan TE is cell-line dependent. Many
have demonstrated high transfection efficiency in established cell
lines such as HEK 293 [26,160,259,260] while moderate TE was
observed in more challenging cell lines such as HELA, MDCK and
COS-7 cells [224,315,316]. A chitosan-PEI graft was shown to increase
transfection in HELA and HepG2 cells [167] but uptake was not
assessed. Cell-line dependency of TE has been attributed to variations
in membrane phenotype, types of receptors and variation in the most
active endocytic pathways in each cell types [315]. For instance,
Douglas et al. [315] show that the cell line dependency of TE is mainly
due to the preferred endocytic pathway by which chitosan polyplexes
are internalized and not to the level of uptake per se. In their study,
cells favoring clathrin mediated pathway such as in HEK293 and
COS7 promoted transfection, as opposed to CHO cells that prefer
caveolin mediated endocytosis for reasons that are still unclear.

TE challenges are even more pronounced with primary cells, which
are generally quiescent while most cell lines divide within 24 h. Cell
division facilitates access of transgene to the nucleus while for quiescent
cells, active nuclear translocation via nuclear pores is essential [317].
Even for primary dividing cell types such as mesenchymal stem cells,
early attempts to transfect them proved unsuccessful [262]. Screening
in various cell lines as well as in non-dividing cells would improve the
predictive values of in vitro testing.

4.3.2. Endolysosomal transit & release mechanism

4.3.2.1. Transit. Once endocytosed, endosome acidification and path-
ways that lead to lysosomes are often regarded as a major barrier to
non-viral based gene transfer [318,319]. As compared to PEI, few stud-
ies have examined the trafficking of chitosan polyplexes through the
endo-lysosomal pathway [219,309,320,321]. These studies, exclusively
using Lysotracker as a lysosome stain to assess colocalization with

polyplexes to track their intracellular distribution, appeared to suggest
that chitosan polyplexes do not transit through lysosomes at all [320]
or only for short periods (within 2-4 h of transfection) [219,321]. This
suggestion is in direct contradiction with a more recent study using
pulse-chase fluorescent dextran lysosomal staining that revealed that
all chitosan-based polyplexes, independently of their structure, do
transit through lysosomes, with nearly 80% colocalization at 12 h (4 h
post-transfection with 8 h incubation time), followed by a gradual
release to about 50-60% at 48 h, the moment when transfection peaks
[259].

The lack of consensus between the above studies could stem in part
from the use of different methodologies for transfection and lysosomal
staining, including different cell types, transfection pH or the use of an
acidophilic Lysotracker dye versus dextran. In this context, it is impor-
tant to note that inhibition of lysosomal acidification will abolish
Lysotracker fluorescence and acidophilic partitioning [322]. Therefore,
this agent may not be an accurate marker of lysosomes when loaded
with polycations endowed with a proton buffering capacity such as
PEI [10] and chitosan [11] that can prevent lysosomal acidification.

As noted elsewhere using electron microscopy [220,227], lysosomal
sequestration appears to account for a later onset of gene expression, as
compared to other polycations such as PEI, where vesicular escape is ob-
served within the first 4 h after transfection and with significant gene ex-
pression detected as early as 5-6 h post-transfection [323,324]. Thus
lysosomal sequestration is a rate limiting step for chitosan carriers that
is independent of chitosan Mn and DDA, and delays gene expression to
that currently observed and possibly the attained number of transfected
cells to ~40-50% of all cells.

4.3.2.2. Escape mechanism. The speed and high effectiveness of poly-
mers such as PEI have generally been attributed to an ability to rapidly
escape endo-lysosomes by means of its high buffering capacity by a
mechanism known as the proton sponge effect. First described by Behr's
group [10,325] following the observation that lysosomotropic agents'
chloroquine did not increase TE of PEI, the proton sponge hypothesis
describes the ability of a polycation to swell and rupture vesicles by rais-
ing intra-vesicular osmotic pressure through proton buffering coupled
to a concomitant influx of negatively charged ions such as CI™ [319].
Studies comparing PEI and chitosan buffering capacity suggested that
PEI possesses a higher buffer capacity in a broader pH interval than chi-
tosan as determined by acid/base titration [66,220]. For these reasons,
combined with the slow transfection kinetics as noted above, the
endosomal escape mechanism of chitosan systems has usually been at-
tributed to either direct hydrostatic membrane destabilization [326] or
through arise in vesicular osmolarity by lysosomal enzyme-induced deg-
radation products of the polycation [89,108], although neither of these
hypothesis have been supported by data.

However, as mentioned above in Section 3, Richard et al. recently
addressed a technical flaw found in the literature, namely that the com-
parison of buffering capacity of chitosan versus PEI was performed on a
mass basis, without accounting for the ratio of protonation sites to mass
[66,170,220,266]. Richard et al. [275] recently found that chitosan buff-
ering capacity was superior to PEI at equivalent charge ratios, and at pH
relevant to vesicular trafficking (4.5-7). These findings are in agree-
ment with the generalized absence of any beneficial effect of completely
preventing endosomal fusion to lysosomes, hence inhibiting the lyso-
somal transit of polyplexes, as occurs when chloroquine is added at
the start of transfection [224,296], similar to that found with PEL The
reason for chitosan's long lysosomal transit time compared to PEI re-
mains to be determined but could be due to a lower linear charge den-
sity and weaker membrane disrupting ability for chitosan. To this effect,
it is worth mentioning that the importance and validity of the proton
sponge hypothesis to induce escape and improve TE has been chal-
lenged [327-329]. Also, when complexed to a polynucleotide, the
protonable amines of chitosan become more ionized [256], possibly
reducing buffering capacity. The latter may also account for slower



Table 8
Selected studies using chitosan-based pDNA nanoparticles for gene delivery in animal models.
Animal model Delivery system Route of administration Gene expression Disease Comments References
Vaccine
BALB/c mice Biotinylated chitosan nanoparticles is Intranasal Nucleocapsid (N) protein of ~ Acute respiratory Nanoparticles administrated intranasally with a DC maturation [399]
appended with bifunctional fusion protein Intramuscular severe acute respiratory syndrome stimuli increase the production of IgA and IgG against N protein.
(bfFp) for DEC-205 restricted DC targeting. syndrome coronavirus coronavirus Intramuscular administration lead to higher induction of systemic
(SARS-CoV) (SARS-CoV) IgG responses compared to intranasal route of administration.
BALB/c mice Chitosan (390 kDa) Oral pDer p 2 Allergy Oral chitosan pDer p 2 nanoparticles initiate Th1 immune responses  [379]
Dermatophagoides and express pDer p 2 gene in epithelial cells of small
pteronyssinus intestine and stomach. Chitosan pDer p 2 effective for gene
delivery for Th1-immunity.
BALB/c mice Chitosan 92-10-5, 80-10-10 and 80-80-5 IM and SC FGF-2 and PDGF-BB High DDA — low molecular weight chitosans are efficient protein [109]
(DDA-number average molecular weight expressors with minimal or no generation of neutralizing antibodies,
or Mn in kDa). while lowering DDA resulted in greater antibody levels and
correspondingly lower levels of detected recombinant protein.
Fish — Japanese Chitosan (MW 1080 kDa; DDA 80%) Oral Major capsid protein (MCP)  Lymphocystis disease  pDNA-loaded chitosan microspheres expressed MCP in tissues of fish [384]
flounder of lymphocystis disease virus 10-90 days after oral administration. Positive immune response.
(LCDV)
BALB/c mice Chitosan (MW 400 kDa; DDA 85%) Intranasal HBsAg Hepatitis B Chitosan nanoparticles produced humoral and cellular immune [342]
responses when administered intranasally. Chitosan effective
nontoxic carrier of pDNA through nasal mucosal delivery.
BALB/c mice Chitosan (MW 390 kDa; DDA 83.5%). Oral House dust mite allergen Allergy Oral administration of chitosan-DNA nanoparticles primes an [407]
Chitosan-DNA nanoparticles embedded in jelly (Derp1) antigen-specific immune responses to Der p 1 and Der p 1-derived
peptides. IgG2a was preferentially induced and was detected from
day 56 after oral administration.
AKR/] mice Chitosan (MW 390,000 kDa) Oral Dominant peanut allergen Food Allergy Oral immunization of mice with chitosan-based nanoparticles [341]
gene (Arah2) resulted in a considerable reduction of allergen-induced anaphylaxis
with lower levels of IgE, plasma histamine and vascular leakage.
Km mice Chitosan (MW 390 kDa; DDA 83.5%) Oral Zona pellucida (ZP) Contraceptive vaccine Transcription and expression of DNA vaccines after 5 days of feeding. [381]
BALB/c mice Chitosan oligomers (3.6-7 kDa) substituted Intranasal CTL epitope from the M2 Respiratory syncytial  Intrasal and intradermal nanoparticles administration induced [426]
by reductive N-alkylation with the trimer protein of the Respiratory virus (RSV) peptide- and virus-specific CTL responses in mice.
2-acetamido-2-deoxy-Dglucopyranosyl-p-(1-4)- syncytial virus (RSV)
2-acetamido-2-deoxy-p-glucopyranosyl-p3-(1-4)-
2,5-anhydro-p-mannofuranose (A-A-M)
Recombinant protein
Ascites CPT: Cancer-targeted specific peptide (FQHPSF Intraperitoneal IL-12 Cancer CPT/DNA complexes allow delivery of interleukin-12 which [427]
tumor-bearing sequence) linked with chitosan-linked significantly enhanced the antitumor effect.
imprinting control polyethylenimine (CP). Chitosan (MW 100 kDa)
region mice
C.B-17/Icr-scid-bg Chitosan (MW 15.5 kDa; DDA 75-85%) Intratumoral and followed Reporte gene encoding Cancer Tumor transfected with chitosan lead to higher (2x) luciferase [428]

mice bearing
Hela tumors.

by UltraSound exposure

luciferase protein

expression compare to tumor transfected without chitosan.
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Balb/c Mice

BALB/c mice
bearing
C26 tumors
(model of murine
liver metastasis
of colon cancer).

Bama miniature
pigs

Lewis rats and AIA
rat model.

Sprague-Dawley
rats

ZDF rat

Nu/nu mice with C6
xenograft tumors

FVIII exon 16
knock-out mice.

BALB/c nude mice
bearing SaOS-2
tumors

BALB/c mice

ICR mice

C57BL mice

N-linoleyl LMWC
N-oleyl LMWC
Chitosan (MW 50 kDa, DDA 85%)

Galactosylated Chitosan (GC)
Chitosan (MW 300 kDa; DDA 84%)

Chitosan chloride (TMC) complexes loaded into a

bilayer porous collagen chitosan/silicone
membrane dermal equivalents (BDEs).

Chitosan (MW 6 K, DDA 90%) for the TMC synthesis.
Chitosan (DDA75-85%, Mn: 1.0 x 10°-1.7 x 10°)

for the scaffold fabrication

Folic acid- chitosan (50 kDa; DDA 96%) (Ch-Fa)

NOVAFECT O 15 (MW 5.7 kDa; DDA 99%)

Chitosan 92-10-5, 80-10-10 and 80-80-5
(DDA-number average molecular weight
or Mn in kDa N:P ratio).

PEI-PEG-chitosan copolymer coated iron
oxide nanoparticles (NP-CP-PEI)

Chitosan (MW 390 kDa; DDA 84% and 70%)

Low viscous chitosan ([2-amino-2-deoxy-
(144)-b-p-glucopyranan]|)

Mannosylated chitosan
Chitosan (300 kDa)

N-acetylated chitosan
(MW 9.5 x 10%; DDA 100%)

Intramuscular

Intravenous

Skin implantation

Intravenous-hydrodynamic
injection and normal femoral

intravenous injection.

Injection into the corneas

Intramuscular and intravenous

Intravenous

Oral

Injection through the cortex
of the anterior tuberosity of

the tibiae
Intratumoral

Oral

Oral

Interleukin-4 (IL-4) and

Interleukin-10 (IL-10)

Interleukin 21 (IL-21) and
granulocyte-macrophage
colony-stimulating factor

(GM-CSF)

Vascular Endothelial Growth
Factor-165 (VEGF-165)

Reporter gene: Fluorescence
emitting proteins (DesRed)

and B-galactosidase

Therapeutic protein: IL-1Ra
Reporter gene: luciferase

and GFP

GLP-1

GFP

Factor VIII

Epithelium-derived
factor (PEDF)

IL-12

LacZ gene and
Erythropoietin

LacZ gene and IL-10

Type 1 diabetes

Liver and colon cancer

Burn injures

Adjuvant induced
Arthritis

Corneal diseases

Type 2 Diabetes

Cancer

Hemophilia A

Osteosarcoma

Cancer
Anemia
Vaccin for

Gastrointestinal
diseases

Both nanomicelles-based polyplexes administration can increase
IL-4, and IL-10 expression, lower the blood glucose, TNF-a and IFN-vy,
and thereby enhance pancreatic beta cells protection from
inflammation and insulitis.

Nanoparticles improved the transfection efficiency, exhibited
specificity for hepatocytes and tumor and activated the function of
cytolytic T lymphocytes (CTL) and natural killer (NK) cells.

Nanoparticles use lead to a higher expression of VEGF, CD31 and
alpha-SMA proteins involved in angiogenesis and dermal
regeneration.

Chitosan-folate-based nanovectors efficient hydrodynamic
delivery of -gal DNA nanocarriers. Hydrodynamic delivery of
plasmid IL-1Ra DNA and chitosan-DNA-based nanocarriers in limb
controlled progression of inflammation in an AIA rat model.
Compared to polyethylenimine-DNA nanoparticles, the chitosan-DNA
nanoparticles increased 5.4 times the luciferase gene expression
when injected into the corneal stroma.

Animal injected with chitosan 92-10-5/GLP-1 increase GLP-1
plasma levels and plasma insulin concentration and normalization
of blood glucose level up to 24 days after treatment.

NP-CP-PEI was able to deliver intact DNA for transgene expression
into tumors of various sizes.

FVIII was detected in both local and systemic tissues reaching a
peak level 22 days post administration. Treatment with of FVIII
DNA-chitosan nanoparticles resulted in phenotypic correction in
13/20 mice compared to 1/13 mice treated with naked FVIII DNA
and 0/6 in untreated mice.

pPEDF microparticles treatment resulted in a decrease in primary
tumor growth, reduction of bone lysis and reduction of lung
metastases.

The complexes enhance the production of IL-12 p70 and IFN-y and
thereby suppressed tumor growth.

Mice fed with chitosan-mEpo nanoparticles showed rapid
enhancement of hematocrit that went up to 65% after a second
administration.

Effective for transgene delivery to the gastrointestinal track.

[389]

13771
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transfection kinetics and highlights the important role of excess
DNA-free chitosan in promoting release in vitro [296]. In view of this,
chitosan may also benefit from intravesicular degradation to increase
osmolarity, possibly necessitating longer processing time inside lyso-
somes. On the other hand, PEI and its higher charge density might be
less masked by binding to the polynucleotide [275] and may be more
active in destabilizing vesicular membranes, for which its cytotoxicity
is partly blamed [330].

Despite the slow transit kinetics of chitosan-NA polyplexes and a
reasonable buffering capacity, chitosan has been mixed or functionalized
with buffering moieties in attempts to increase TE. Mixing with PEI [331]
or polypropyl acrylic acid [294] and grafting of PEI [266,267], histidine
[171] and other imidazole-containing components [166,300] constitute
some of the recent strategies to overcome any endo-lysosomal barrier.

4.3.3. Polyplexes dissociation

Timely intracellular DNA unpacking and release is another impor-
tant rate-limiting step for chitosan [28,89,150,160] and condensing
polycations in general [332]. Despite the importance of the coupling
of Mn and DDA towards optimal binding for high transfection effi-
ciency, few studies have assessed how these structural parameters
of chitosan influence the state of polyplex condensation inside cells.
Particle stability is difficult to monitor intracellularly in part because
it pertains to distances below (1-10 nm) the resolution limit of
light microscopes (~250 nm) such that techniques such as fluores-
cent resonant energy transfer (FRET) are important tools to monitor
the condensation state of the polyplexes intracellularly [259,320,333].

The first studies to use FRET to assess polyplex stability mostly
compared one chitosan type to other polycations [320,333] without
accounting for the strong influence of DDA and Mn on the transfection
process. Quantum dots were used, as they are efficient and flexible for
FRET studies and provided cues that dissociation is an important factor
for TE. However, with QD-chitosan complexes, it was shown that TE
was nearly completely abolished [333], possibly due to the size of the
QD label. By following chitosan of different formulations using organic
dyes (rhodamine B for donor on chitosan, Cy5 for acceptor on pDNA),
we revealed that the kinetics of polyplex unpacking or decondensation
was the most critical formulation-dependent intracellular process and
could account for the important relationship between TE and chitosan
structure, validating for the first time the DDA-Mn coupling effect for
optimal binding and resulting fine-balance [259].

The exact mechanism that promotes dissociation of self-assembled
polyplexes is not yet understood. Many have suggested competition
with cytoplasmic polyanions including proteins and RNA [334]. In this
case, partial degradation of enzyme-labile biodegradable chitosan
[69,108] in lysosomes may facilitate downstream cytoplasmic decom-
plexation. Coincubation with chitosanase [335] was suggested to poten-
tiate lysosomal-induced degradation, escape and to increase the TE of
condensed polyplexes. The importance of dissociation is also evidenced
in the addition of labile bonds to chitosans in attempts to facilitate intra-
cellular decomplexation and increase TE [266,163,320]. To the best of
our knowledge, no study to date has examined with tools such as FRET
or live-cell lysosomal stain the intracellular dissociation dynamics and
lysosomal colocalization, respectively, of chitosan-siRNA polyplexes.

5. In vivo application of chitosan-based nanoparticles for
gene therapy

5.1. Chitosan-based plasmid DNA nanoparticles

Viral vectors have been proven to be efficient in gene delivery,
however their clinical application is limited due to safety risks and
unexpected adverse effects [336,337]. In contrast, non-viral vectors,
such as liposomes and polycation complexes, have been increasingly
developed in recent years because of their low immunogenicity,
ease of production and modification under controllable conditions.

5.1.1. Vaccination

The need for effective humoral and cellular responses induced by
genetic immunization requires a delivery vehicle that will lead to
improved presentation of transgene products to antigen-presenting
cells (APCs) [338]. Chitosan packaging of DNA can improve cell uptake,
as it is an adhesive biomaterial that extends the period of contact be-
tween the active agent and targeted cells and tissues. Also, chitosan
has an innate ability to open tight junctions between cells, thereby,
increasing the uptake of carried agents into these cells and increase
membrane permeability [339,340]. The choice of an adequate route of
administration for a DNA vaccine is an important decision towards
clinical application. Administration can be directly to a target tissue or
through systemic delivery. The potential for transfection of the appro-
priate cell types in vivo that are able to elicit subsequent immunity to
the DNA encoded antigens is key to successfully induce immunity. The
encoded protein must be presented on the surface of appropriate cells
to the responding T and B cells. This presentation takes place through
transfection of somatic cells (e.g. myocytes, fibroblasts), or APCs,
leading to uptake of the expressed antigen by professional APCs and
presentation through cross-priming pathways [338].

The route of mucosal vaccination (oral and intranasal), a common
route for pathogen entry to the body, is preferred as it can generate a
local immune protection in addition to a systemic immune response.
Roy et al. used chitosan-pDNA nanoparticles, of 150-300 nm in size,
for oral immunization against the dominant peanut allergen gene
(Arah2); immunized mice showed substantial reduction in allergen-
induced anaphylaxis associated with reduced levels of IgE, plasma hista-
mine and vascular leakage [341]. Also, the immunized mice produced
secretory IgA and plasma IgG2 proving that chitosan-pDNA nanopar-
ticles reached the target of mucosal-associated lymphoid tissue of the
Peyer's patches in the gut and respiratory tract, and M cells where the
presence of APCs such macrophages process the recombinant antigen
leading to the activation of T cells and B cells (see Table 8 for a summary
of oral vaccination studies).

Intranasal administration of chitosan—-pDNA nanoparticles is a second
principal route of mucosal immunization for which several authors spec-
ulated that chitosan-pDNA nanoparticles may pass the mucosal
membrane and directly transfect the APCs or be taken up first by the M
cell-like cells (as for oral administration) in nasal associated lymphoid
tissue and then presented to APCs. Khatri et al. used intranasal adminis-
tration of chitosan (85% DDA and 400 kDa Mn) pDNA nanoparticles
expressing the surface antigen of hepatitis B virus (HBsAg) for immuniza-
tion against hepatitis B in Balb/c mice model showing successful genera-
tion of a systemic immune response (humoral and cellular) [342]. These
spherical chitosan-pDNA nanoparticles with diameter of ~350 nm were
able to elicit a systemic immune response with IgG levels (anti-HBsAg)
above the clinical protective level of 10 mIU/ml. In addition, this intrana-
sal vaccination elicited a mucosal immune response with the production
of IgA secretory antibodies (see Table 8 for a summary of intranasal
vaccination studies).

Systemic vaccination routes of chitosan-pDNA based vaccines such
as intravenous, intramuscular, subcutaneous and intraperitoneal are
considered for targeting APCs and macrophages. However in compari-
son with other DNA vaccine nanocarriers, fewer conclusive studies
have been performed to date with chitosan—-pDNA nanoparticles for sys-
temic vaccination. Jean et al. showed that injection of Balb/c mice with
chitosan-pDNA (expressing human FGF-2 and PDGF-BB) nanoparticles
by a subcutaneous (SC) route led to enhanced levels of antigen-specific
antibodies (anti-FGF-2 and anti-PDGF-BB) as compared with intramus-
cular (IM) injection [109]. Interestingly, the specific immune response
obtained depended intimately on the specific chitosan that was used as
a complexing agent for pDNA. The lower DDA (80%) and higher Mn
(80 kDa) chitosans induced the highest levels of antigen-specific anti-
bodies and was associated with a sustained influx of host cells associated
with degradation of this chitosan. Both SC and IM routes of administra-
tion produce Th2-type response but act in different manners in terms
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of raising specific antibodies [343-345]. As the prevalence of APCs is
different in muscle than in SC tissues, it is likely that the network of
APCs residing in the target tissue act as a decision-maker of the extent
of the humoral response versus accumulation of recombinant protein
elicited by these two administration routes for chitosan-pDNA express-
ing vectors. The differences in the amplitude and in the quality of the
immune responses suggest that the APCs transfected in IM and SC loca-
tions are functionally distinct and therefore prime the immune response
uniquely [346,347]. Following IM injection, DNA is taken up by
myocytes [348]. However, myocytes do not normally express MHC II
or costimulatory molecules and cannot prime T cells, hence the need
for APC/macrophage intervention. However, APC transfection may be
present during SC injection, as has been demonstrated after intradermal
DNA injection [349].

Other studies examining immune modulating responses to chitosan
have provided variable results, possibly due to different chitosan types
(Mn and DDA) and preparation methods used in these studies
[309,350,351]. Additionally, the recombinant products were detectable
at the injection site and surrounding tissues several weeks after
administration and were not broken down rapidly, permitting APCs/
macrophages to process the antigens and eventually activate the B
cells and the T cells [109,235,342,352,353].

5.1.2. Expression of therapeutic proteins

It is now known that the transfection efficiency of chitosan-based
nanoparticles depends on several factors such as chemical structure of
the specific chitosan (DDA, Mn, chitosan modification), size and charge
and composition of polyplexes (including type, form and size of the
DNA/RNA cargo), interaction between polyplexes and cells (endocyto-
sis or pinocytosis, cytoplasm trafficking and crossing the nuclear pore
complex) and the cell type. A number of studies showing successful
delivery of recombinant DNA with sustained transgene expression in
local, systemic and targeted sites were performed in animal models
with a myriad of chitosan parameters (DDA, Mn, NP ratios, nanoparticle
size and intrinsic and extrinsic modifications) (Table 9). Among
these studies, effective oral delivery of chitosan (84% and 70% DDA
with 390 kDa Mn) as therapeutic gene carrier was demonstrated by
Bowman et al. by successfully inducing factor VIII synthesis in various
organs of a hemophilia A murine model (FVIIl exon 16 knock-out
mice) [250]. Transgene DNA was detected in both local and systemic tis-
sues resulting, after one month, in hemophilia A phenotype being corre-
lated to 13/20 mice treated with chitosan-pDNA FVIII (250-600 pg of
DNA) nanoparticles, compared to just 1/3 mice treated with naked
FVIII plasmid DNA and 0/6 untreated mice. However no explanation
was offered for the presence of chitosan-pDNA nanoparticles in the
liver and spleen and the mechanism of transport from the intestinal
lumen to the hepatic circulation. The success of chitosan as gene carrier
was corroborated by Jean et al., who used low molecular weight
chitosans (92% DDA and 80% DDA with 10 kDa Mn) to deliver, intra-
muscularly and subcutaneously, recombinant pVAX-GLP-1 plasmid ex-
pressing glucagon-like peptide 1 (GLP-1) for the control of type 2
diabetes in the Zucker Diabetic fatty (ZDF) rat model [235]. The animals
treated with chitosan-pVAX-GLP-1 saw an increase of plasma concen-
tration levels of GLP-1 and insulin associated with normalization of
blood glucose which persisted for 24 days after the last injection,
compared to a half life of just several minutes for the injected peptide.
Also, Klausner et al. demonstrated that the injection, into the stroma
of rat corneas, of a formulation of oligomeric chitosan-pDNA (99%
DDA and 5.7 kDa Mn) expressing luciferase or green fluorescent protein
(GFP) led to a gene expression 5.4x greater than the injection of PEI-
pDNA nanoparticles [193].

Chitosan and chitosan derivative formulations have been increas-
ingly studied recently for delivery of therapeutic protein expressing
plasmids in animal models for variety of applications including cancer,
diabetes, anemia, hemophilia, osteosarcoma, arthritis, corneal disease
and burn injuries using intratumoral, intraveneous, oral, intramuscular,

subcutaneous, intraperitoneal, intratracheal, intrastroma and topical
route of administration. A summary of these studies is provided in
Table 8.

5.2. Chitosan-based siRNA nanoparticles

RNA interference (RNAi) is an innate mechanism whereby a small
double-stranded RNA (dsRNA) can lead to sequence-specific gene
silencing [5,354]. RNAI has provided a potential new class of therapeu-
tics [6] effective in mammalian cells [6,355-358] and has reached
clinical trials [359-361]. However, direct delivery of siRNA to achieve
RNAI continues to be problematic owing to their rapid extra/intra-
cellular degradation by ubiquitous nucleases, limited blood stability,
poor cellular uptake as well as off-target effects [211,362,363]. De-
spite the progress achieved through chemical modification to in-
crease siRNA half-life, transfection efficiency, cellular targeting, and
uptake remain as obstacles to effective delivery. Therefore, packaging
systems which can both transport and protect, from ubiquitous nucle-
ases, chemically unmodified/modified siRNA to target cells are required.

5.2.1. Therapeutic fields for siRNA

Chitosans have been increasingly studied for siRNA delivery in animal
models in the fields of cancer, bone repair, rheumatoid arthritis, inflam-
matory diseases and infectious diseases (Table 9). In the field of cancer,
the most important proposed application of gene therapy, Salva et al.,
targeted the vascular endothelial growth factor gene (VEGF) in a rat
breast cancer model and found that chitosan (75 kDa, 75-85% DDA)-
VEGF siRNA nanocomplexes had a remarkable suppressive effect on
VEGF expression and tumor volume [364]. Han et al. targeted the
transglutaminase 2 gene (TG2) in melanoma and breast cancer bearing
nude mice and demonstrated that chitosan hydrogel nanocomplexes
(CH-HG) (80% DDA, 161 kDa) TG2/siRNA (150 pg-siRNA/kg) delivered
intratumorally permitted a higher localization of siRNA into the tumor;
the incorporation of siRNA into CH-HG was indeed required for effective
delivery and target modulation [365]. A decrease in tumor cell prolifera-
tion and angiogenesis and an increase of tumor cell apoptosis were
observed by Kim et al., in an ovarian carcinoma nude mouse model
following intravenous administration of chitosan-TPP-siRNA silencing
Scr and Fgr family kinases twice a week at a dose of 150 pg-siRNA/kg
[366]. Lee et al. administered poly-siRNA/glycol chitosan nanoparticles
(psi-TGC) targeting VEGF specific siRNAs intravenously in a prostate
cancer xenograft murine model; they found that chitosan nanoparticles
provided sufficient in vivo stability for systemic delivery of siRNAs
resulting in a knockdown of VEGF-specific mRNA (by 35.9%) associated
with reduction in tumor size (by 80%) and vascularization [280]. This
indicates that the inhibition of angiogenesis originated from VEGF-
specific gene silencing. Howard et al. downregulated TNF-a. expression
in rheumatoid arthritis in collagen-induced arthritic (CIA) mice model
by intra-peritoneal administration of chitosan (84% DDA, N:P ratio
63)-siTNF-a nanoparticles and found that downregulation of TNF-o-
induced inflammatory responses arrested joint swelling [210]. How-
ever, despite these attempts to identify optimal physicochemical
parameters for siRNA delivery [255], inconclusive results have been
observed in the literature due to experimental discrepancies [14,211].
For example, it was reported that intermediate DDA (80%) and high
Mn (64-170 kDa) chitosans were more efficient than low Mn chitosans
(10 kDa) in delivering siRNA [211,255]. Yet high Mn chitosans were
found to be cytotoxic [95,309,367], thus potentially limiting their use.
Additionally, most of the reports evaluating the physicochemical param-
eters of chitosan/siRNA nanoparticles were performed at high N:P
ratios (N:P > 25) [14,211,255]. Such formulations possess significant
practical problems including limited dosing due to aggregation and the
nonspecific effects of large quantities of soluble chitosan [230].

It has been demonstrated that maximization of in vitro transfection
efficiency for the delivery of pDNA depends on a fine balance between
these tunable parameters of chitosan [26,259,260]: maximum transgene



Table 9
Studies using chitosan-based siRNA nanoparticles delivery system for gene silencing in animal models.

Animal model Delivery system Route of Silenced gene Disease/objective Comments References

administration

Female athymic nude mice Chitosan (MW 50-190 kDa), Intravenous Zeste homolog 2 gene Breast cancer Significant reduction in tumor growth. [433]
(NCr-nu). sodium tripolyphosphate (TPP)

Sprague-Dawley female Chitosan (MW 75 kDa; DDA 75-85%) Intratumoral Vascular endothelial Cancer Nanoplexes containing chitosan and mixture of [364]
rats bearing breast growth factor siRNAs (siVEGF-A, siVEGFR-1, siVEGFR-2, and
tumors. (VEGF-A) and VEGF siNRP-1) have a suppressive effect on VEGF

receptor (VEGFRI1, expression and tumor volume.
VEGFR2) and co-receptors

for VEGF; the

neuropilin-1 (NRP-1)

Female athymic nude mice Chitosan (MW 50-190 kDa) Intravenous Jagged1 Ovarian cancer Treatment with anti-human Jagged1 siRNA-CH [434]
(NCr-nu) bearing and/or anti-murine Jagged1 siRNA-CH in two
IGROV-AF1 or different orthotopic ovarian cancer models,

SKOV3TRip2 tumors. treatment resulted in significantly reduced tumor
weight up to 93%.

Female athymic nude mice Chitosan (MW 50-190 kDa), Intravenous Zeste homologue 2 Ovarian cancer After nanoparticles injection, siRNAs were [435]
(NCr-nu) bearing sodium tripolyphosphate (TPP) (EZH2) delivered to the tumor and to various organs, such
SKOV3ip1 or Chitosan: TPP (3:1) Also used: as kidney, liver, lung, and spleen. EZH2 gene
HeyA8tumors. Alexa555-labeled siRNA silencing lead to a decrease of tumor burden

and Cy 5.5 labeled siRNA (reduction up to 83%) and an inhibition of
angiogenesis mediated by reactivation of
vasohibin1 (VASH1).

Female athymic nude mice Chitosan hydrogel (CH-HG) Intratumoral Tissue Transglutaminase Cancer Higher localization into tumor cells for siRNA [365]
(NCr-nu) bearing chitosan (161 kDa; DDA 80%) (TG2) CH-HG compared to siRNA alone. TG2 expression
melanoma (A375SM) Also used: level was suppressed by up to 80% at 2 days and up
and breast Alexa555-labeled siRNA to 50% until 10 days after a single injection of TG2
(MDA-MD231) siRNA/CH-HG compared to control siRNA/CH-HG.
cancer. Result in significant inhibition of tumor growth up

to 92%.

Female athymic nude mice Chitosan-tripolyphosphate (TPP) Intravenous Src and Fgr (Src family Ovarian cancer Tumor growth was significantly reduced up to 84%.  [366]
(NCr-nu) bearing kinases (SFKs)) Tumor associated microvessel density significantly
SKOV3ip1, HeyA8 or reduced up to 75%. Dual silencing resulted in
HeyA8-MDR tumors. significantly increased tumor cell apoptosis by

more than 2-fold compared to all other groups.
BALB/C and C57BL/6] mice Chitosan (MW 130 kDa; DDA 86%) Intranasal GAPDH Non-specific disease Significant silencing was seen in the lungs with [436]
Imidazole-modified chitosan chitosan and chitosan-IAA nanoparticles.
(chitosan-1AA)
PEG-chitosan (MW 130 kDa; Intravenous GAPDH and PEG-chitosan-IAA nanoparticles delivery
DDA 86%) apolipoprotein B (ApoB) demonstrated significant knockdown in both lung
PEG-chitosan-IAA and liver.
Female athymic nude mice Arg-Gly-Asp peptide-labeled Intravenous Periostin (POSTN) Ovarian Cancer The targeted delivery-mediated gene silencing [437]
(NCr-nu) bearing chitosan nanoparticles (RGD-CHNP) Focal Adhesion Kinase significantly enhanced tumor localization,
SKOV3ip1, HeyA8, and CH (MW 50-190 kDa) (FAK) downregulation of specific gene and anti-tumor
A2780 tumors. Plexin domain-containing therapeutic efficacy compared to a non-targeted
protein 1 (PLXDC1) delivery system in ovarian cancer models.
Also used: Alexa555
siRNA
Sprague-Dawley rats Chitosan (Low MW; DDA 75-85%) Intrathecal Muscarinic acetylcholine Investigation to determine Chitosan nanoparticles can be used for efficient [438]

receptors (mAChR)
subtypes: M2, M3 and M4.
Also used: Alexa Fluor
488-labeled chitosan-siRNA
nanoparticles

each subtype's role in controlling
nociception at the spinal level

delivery of siRNA for silencing in neuronal tissues
in vivo.

By selective knockdown authors demonstrated that
M2 and M4, but not M3, contribute to nociceptive
regulation by mAChRs at the spinal level.
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Female nu/nu mice bearing
B16F10-red fluorescent
protein (RFP) tumors.

Nude male mice bearing
LNCaP or PC3 tumors.

Balb/c nude (nu/nu) mice
bearing RFP/B16F10

tumors.

EGFP-transgenic mice

(C57BL/6-Tg) (ACTb-EGFP).

Mice bearing PC-3 tumor.
Mice bearing SCC-7
tumor.

Mice bearing RFP-B16F10
tumor.

C57BL/6] mice
Collagen type Il DBA/I
arthritic mice.

EGFP-transgenic mice
(C57BL/6-Yg(ACTbEGFP)
10sb/))

Nude mice bearing RP
tumor.

Balb/c mice

Female athymic nude
bearing MDA-MB-231
tumors.

Urethane-induced lung
cancer model A/J mouse

Fischer 344 rats

Chitosan-Poly-L-arginine (PLR)-PEG
Chitosan (MW 50-150 kDa; DDA 87%

Chitosan-TPP

Glycol chitosan-polyethylenimine
(GC-PEI)
GC: MW 250 kDa; DDA 82.7%),

Chitosan (CS) (MW 50 kDa; DDA
92%)

Guanidinylated chitosan (GCS)
Guanidinylated chitosan with
B(2)-adrenoceptor agonist (SGCS)

Poly-siRNA/thiolated glycol
chitosan nanoparticles (psi-TGC)

Chitosan (114 kDa; DDA 84%;
N:P ratio 63)

Chitosan (MW 114 kDa; DDA 84%)

Chitosan-coated
poly(isobutylcyanoacrylate)
(Chitosan: 20 kDa)

Chitosan (MW 160 kDa; DDA 80%)

Chitosan-coated polyisohexylcyanoacrylate

(PIHCA)

Folate-chitosan-graft-polyethylenimine

(FC-g-PEI)

High MW chitosan

Intratumoral

Intratumoral

Intravenous

Endotracheal

Intravenous

Intraperitoneal

Intranasal

Intratumoral

Intravenous and
Intraperitoneal

Intravenous

Intranasal-aerosol

Intranasal

Red fluorescent proteins
(RFP)

RLN family peptide
receptor 1 (RXFP1)

Red fluorescent proteins
(RFP)

Also used: Cy5.5 labeled
SiRNA

Green fluorescent protein
(GFP)

Vascular endothelial
growth factor (VEGF)
Also used:
FPR675-1abeled
poly-siRNA

Reed fluorescent
protein (RFP)

Tumor necrosis
factor-alpha (TNF-at)
Also used: Cy3-labeled
siRNA

Enhanced green
fluorescent protein
(EGFP)

Ret tyrosine kinase
domain juxtaposed
with H4 gene (Ret/PTC1)
No target

Ras homologous A (RhoA)

Akt1, aserine/threonine-
protein kinase

NS1 gene of respiratory
syncytial virus (RSV)

Cancer

Prostate cancer

Cancer

Respiratory diseases

Cancer

Rheumatoid arthritis

Systemic and mucosal disease

Papillary thyroid carcinoma

Chemical Modification and
nanoparticle formulation to
improve the systemic delivery
of siRNA

Aggressive breast cancer

Lung cancer

Respiratory syncytial virus
infection

siRFP complexed to CS-PLR or to PEG-CS-PLR
produced a significant reduction in RFP fluorescence
16.9 + 1.7% and 104 £ 4.5%

respectively compared to untreated tumor tissues.
Treatment leads to a downregulation of RXFP1
receptor expression and an important reduction in
tumor growth.

siRNA-GC-PEI NPs presented higher
tumor-targeting ability and a significant inhibition
of gene expression in tumor.

Guanidinylation of chitosan improve cellular
internalization of siRNA nanoparticles, reduce
nanoparticle cytotoxicity and thereby increase
downregulation of specific gene in the bronchial
epithelial cells in vivo compared to unmodified
chitosan.

Chitosan nanoparticles (psi-TGC) provided
sufficient in vivo stability for systemic delivery of
siRNAs. Knockdown of genes coding for tumor
antigens by psi-TGC resulted in a reduction in
tumor size (by 80%) and vascularization.

psi-TGC were mainly co-localized with tumor cells
in animal model.

RFP signal in mice RFP-B16F10 tumor clearly
diminished to about 17% after psi(RFP)-TGC
administration.

Treatment lead to TNF-a knockdown in peritoneal
macrophages, minimal cartilage destruction and
inflammatory cell infiltration in collagen-induced
arthritic (CIA) mice.

Chitosan-based systems to mediate EGFP
knockdown in intact epithelial bronchiole.

Chitosan nanoparticles allowed down-regulation of
the expression of ret/PTC1 gene and significant
tumor growth inhibition.

Chitosan substantially improved the stability and
biodistribution of siRNA. High siRNA concentration
within the kidney was observed 24 h post IV
injection and in peritoneal fluid 30 min post IP
injection.

Treatment inhibited angiogenesis and the growth
of tumors (more than 90%) in absence of toxicity.

Authors used plasmids encoding Akt1 shRNA.
Aerosol delivery of FC-g-PEI/Akt1 shRNA complexes
suppressed lung tumorigenesis through the Akt
signaling pathway.

Authors used plasmids encoding siNS1.

Rats treated with Chitosan-siNS1 prior to RSV
exposure showed a switch from a Th2 to a Th1
phenotype and a reduction of CD** T cells and
thereby lead to effective lung viral clearance
without damaging airway tissues.

[257]

[439]

[373]

[386]

[280]

[210]

(14]

[440]

[371]

[441]

[388]

[387]
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expression was found for DDA:Mn values that run along a diagonal from
high DDA/low Mn to low DDA/high Mn [26]. It has also been
demonstrated that specific chitosan formulations [DDA, Mw, and N:P
ratio] are able to efficiently express transgene in vivo [109,235] and/or
trigger an anti-transgene immune response [109]; therefore, chitosan/
polynucleotide nanoparticles must be designed based on the fine-
tuning of chitosan parameters for application-specific purposes such as
gene therapy or genetic vaccination.

5.3. Biodegradation and biodistribution of chitosan-polynucleotide
nanoparticles

The extent of chitosan biodegradability depends on Mn and DDA
and needs to be considered when new chitosan formulations are
proposed for gene therapy, along with the fact that the degradation
pathways of chitosans and chitosan derivatives in vivo have not been
fully elucidated. Chitosan is degraded in vertebrates by enzymes such
lysozymes and by bacterial enzymes in the colon which hydrolyze
glucosamine-glucosamine, glucosamine-N-acetyl-glucosamine and
N-acetyl-glucosamine-N-acetyl-glucosamine linkages [17,368-370].

5.3.1. Nanoparticle biodistribution after intravenous administration

Richardson et al. followed the biodistribution of chitosan in rat after
IV injection of radioiodinated ('2°I) chitosans at different Mn with a
DDA around 60% [95]. Five and sixty minutes after administration,
125]_labeled chitosans recovered from the organs varied significantly,
the majority was found in blood, liver and lung, while small doses
were found in spleen, kidney, thyroid and heart. More specifically for
125[_labeled chitosan of Mn >5 kDa, after 5 min, less than 15% of the
injected fraction was recovered from blood with more than 50% already
in the liver. The chitosan with Mn <5 kDa was cleared from the circula-
tion more slowly, with 30% of injection fraction present in the blood, and
less than 30% in the liver, at 60 min post-administration. Gao et al.
show that chitosan, liposomal and JetPEI based formulations all greatly
improved the stability and biodistribution of siRNA [371]. However, a
high accumulation of the chitosan-based siRNA nanocomplexes was
observed within the kidney 24 h post-administration. This observation
was confirmed be Lee et al. when monitoring by fluorescent imaging,
the biodistribution of multimeric (polymerized) siRNA (poly-siRNA-
FPR675-labeled)/glycol chitosan nanoparticle (psi-TGC), intravenously
administrated into prostate tumor xenograft mice [280]. This significant
retention of chitosan nanoparticles in the kidneys, 3 days post-injection,
may originate from their longer blood circulation time compared to free
siRNAs. Lee et al. suggested that the retention of poly-siRNA/glycol chito-
san nanoparticles (psi-TGC) in the kidneys does not represent a health
risk since their excretion from the body via the kidney takes place several
days post-injection. Gao et al. suggested that nanoparticle accumulation
may reflect the mucoadhesion of chitosan to the mucosal epithelium
lining the kidney and could be exploited for siRNA-based treatments
for renal diseases [371]. Yan et al. evaluated the pharmacokinetic profiles
of 5-fluorouracil-loaded N-succinyl-chitosan nanoparticles (without
NA) in tail vein injected rats and demonstrated that nanoparticles
accumulate mainly in the tumor [372] while Gao et al. and Mao
et al. showed an accumulation in the kidneys of chitosan/siRNA and
chitosan/pDNA nanoparticles [66,371].

Time-dependent biodistribution studies were also performed by Huh
et al. on siRNA-Glycol chitosan-PEI nanoparticle using Cy5.5-siRNA
[373]. Cancer bearing mice injected intravenously with nanoparticles
showed a strong fluorescence signal in tumor tissue within 1 h of injec-
tion. Nanoparticles preferentially accumulated in tumors for up to
2 days, indicating their higher tumor-targeting ability. This supports
the work of Lee et al. [280] showing that nanoparticles could preferen-
tially deliver siRNAs to targeting tumor tissue for at least 3 days. The
prolonged circulation time of polymeric nanoparticles allows them to
extravasate and accumulate in tumors tissue, due to the disorganized
and defective vascular architecture in tumors, an effect referred to as

the enhanced permeability and retention (EPR) effect in tumor tissue
[280,374,375]. These results indicate the stability of nanoparticles in
the bloodstream until they reach the tumor and are supported by the
group of Torchilin et al. who showed that nanoparticles with size ranges
of 100-500 nm accumulate efficiently at tumor sites through the EPR ef-
fect in vivo [376]. In contrast, Lee et al. [280] showed that tumor-bearing
mice injected with the poly-siRNA only or psi-PEIs did not show any sig-
nificant increase of fluorescence signal at the tumor site during the first
3 days post-injection and most of psi-PEIs were found in the liver. As
expected, among all excised organs, tumor tissue of psi-Thiolate Glycol
Chitosan (TGC) treated mice showed the strongest fluorescence signals.
These observations of nanoparticle biodistribution are also supported by
Cheng et al. following intravenous injection of galactosylated chitosan—
PDNA nanoparticles expressing mGM-SCF and mIL21 transgenes in an
animal model bearing colon and liver tumors [377]. The expression levels
of the transgenes increased significantly in colon cancer and liver com-
pared to those in spleen, kidney, lung, muscle, and heart.

5.3.2. Nanoparticle biodistribution after oral administration

Despite the harsh environment of the gastrointestinal tract, the effec-
tive in vivo delivery of pDNA was clearly demonstrated by oral adminis-
tration of chitosan-based nanoparticles. Oral administration of chitosan
and chitosan derivatives pDNA nanoparticles led to efficient gene
transduction in the intestinal epithelium [314,341,378-381], stomach
[378-380] and gastric and upper intestinal mucosa [382]. It is well
established that chitosan and chitosan derivatives, depending on their
DDA and Mn are able to protect the complexed NA against nuclease deg-
radation. Chitosan and chitosan derivatives, positively charged at gastric
and duodenal pH (4.0-6.5) and neutral at intestinal alkaline pH (7.0-
8.5), are able to increase trans- and para-cellular intestinal permeability.
Gene expression may be triggered after the solubility/degradation of
the chitosan-based nanocomplexes in acidic pH environment and/or by
microflora of the colon [383].

Kai and Ochiya used chitosan alone (DDA 100%, MW 9.5 x 10°) and
N-acetylated chitosan to deliver the (3 Gal reporter gene to intestine by
oral administration confirmed gene expression for both chitosans at the
duodenum, jejunum, ileum, and colon, 5 days post-administration
[314]. Bowman et al,, using chitosan (84% DDA)-Factor VIII pDNA nano-
particles mixed with gelatin for oral administration to FVIII exon 16
knock-out mice, showed the presence of plasmid DNA in Peyer's patch
but also in stomach, ileum, liver, and spleen 72 h post-administration
[250]. The finding of plasmid DNA in non-gastrointestinal tissues
indicates that pDNA was able to cross the intestinal barrier to reach
either the blood or lymph circulation. It is noteworthy that plasmid bio-
distribution was determined by qualitative assays and confirmed by
real-time PCR where none of real-time PCR results achieve statistical
significance, due to the high variability. Zheng et al., using quaternized
chitosan-trimethylated chitosan oligomer (60% DDA and 221 kDa MW)
plasmid DNA expressing a GFP reporter to orally feed nude mice and
showed GFP expression in the stomach, duodenum, jejunum, ileum, and
large intestine [382]. To date, few investigations related to time-
dependent biodistribution of orally administrated nanoparticles have
been performed. Tian et al. [384] encapsulated pDNA (encodes for
Major Capsid Protein, MCP, of LCD virus and GFP) in chitosan (80% DDA,
1080 kDa MW) microspheres through an emulsion-based methodology
in orally vaccinated fish, and detected MCP recombinant mRNA in gill, in-
testine, spleen and kidney 10-90 days post-vaccination. These results
were confirmed by a significant enhancement of green fluorescent pro-
tein production in the same tissues 2-90 days post-vaccination.

5.3.3. Nanoparticle biodistribution after mucosal administration
Intranasal administration of chitosan-based pDNA/siRNA nano-
particles has been mainly for nasal vaccination to target the nasal-
associated lymphoid tissue of the pharynx [385]. Biodistribution of
chitosan—-siRNA nanoparticles following intranasal and intratracheal
administration was studied in EGFP-transgenic mice by monitoring
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EGFP gene silencing [14,386]. Chitosan (84% DDA, 114 kDa Mn) siRNA-
EGFP nanoparticles, administrated intranasally over a 5-day period
achieved a reduction up to 43% of the EGFP expression in bronchiolar
epithelia both in lower and upper regions of the mouse lung [ 14]. More-
over, a higher EGFP gene silencing was achieved in the bronchial epithe-
lial cells of transgenic mice when using guanidinylated chitosan GFP-
siRNA or salbutamol modified guanidinylated chitosan GFP-siRNA
nanoparticles instead of unmodified chitosan (92% DDA and 50 kDa
Mn) GFP-siRNA nanoparticles [386]. Similar results were obtained by
Kong et al. with intranasal administration of high Mn chitosan-based
nanoparticles to deliver plasmid DNA encoding for siNS1 for the control
of viral load in an RSV infected mice lung [387]. Hiang et al. succeeded in
delivering, by aerosol, plasmid DNA producing shRNA, complexed to fo-
late-chitosan-graft-PEIl, to specifically silence the kinase AKT1 in the
targeted lung tumor cells [388].

Csaba et al. showed that intratracheal administration of low Mn
pentasodium tripolyphosphate chitosan (Cs/TPP) pCMV-XGal nano-
particles loaded with pCMV-XGal mediated a strong gene expression in
the mouse lungs 72 h post-administration in contrast to high Mn CS/
TPP nanoparticles and naked pDNA [213]. However Koping-Hoggard
et al. [89] monitored luciferase expression in mouse lung, 24 h
after intratracheal administration of nanoparticles, and found a
120- to 260-fold increase in luciferase gene expression with low
Mn compared to high Mn chitosan. Later this group found that lucif-
erase expression in the mouse lung was 4-fold higher with
trisaccharide-substituted chitosan oligomers than with the corre-
sponding linear chitosan oligomers [13]. These results emphasize
the importance of using well-defined low Mn nanoparticles for
intratracheal route of administration.

5.3.4. Nanoparticle biodistribution after intramuscular and subcutaneous
administration

Fewer studies address the biodistrution of chitosan-based pDNA/
siRNA nanoparticles following intramuscular or subcutaneous adminis-
tration. Jean et al. [109] used different chitosan formulations to deliver,
IM or SC, plasmid DNA encoding for FGF-2 and PDGF-BB recombinant
proteins, and showed the efficient expression of the transgenes in mus-
cle cells and in surrounding tissues. In addition, the recombinant protein
levels in Balb/c mice muscle were significantly higher when the pDNA
were complexed to low Mn chitosans (92% and 80% DDA and 10 kDa
MnW) compared to high Mn chitosans (80% DDA and 80 kDa Mn).
Mandke and Singh demonstrated that the IM administration into the
mice anterior tibialis muscle of a bicistronic plasmid, encoding for both
IL-4 and IL-10, complexed to N-linoleyl low Mn chitosan or N-oleyl low
Mn chitosan (85% DDA, 50 kDa MW) led to a sustained expression of
IL-4 and IL-10 with a maximum 1 week following the injection of a single
dose of nanoparticles [389]. The expression of the transgene gradually
decreased until the end of 6 week period, probably due to the deactiva-
tion of the promoter and/or turnover of muscle fibers [390]. The recom-
binant proteins reached the blood circulation and a therapeutic effect
was confirmed by the control of the blood glucose levels of a Diabetes
type 1 induced murine model. Jean et al. also succeeded to efficiently
deliver IM and SC low Mn chitosan (92% DDA and 10 kDa MW) with
pDNA encoding for GLP-1 nanoparticles. Their therapeutic effect was
confirmed in type 2 diabetes rat model, ZDF by dosing GLP-1 plasma
levels (fivefold higher than in non-treated animals) and by an increase
in plasma insulin concentration [235].

5.4. Potential clinical applications of chitosan-NA polyplexes

5.4.1. Clinical trials with chitosan

Since the first gene therapy clinical trial initiated by Rosenberg in
1980 [391] over 1840 gene therapy clinical trials worldwide have
been approved [392]. Adenovirus and retrovirus are the most widely
used vectors. More than 60% of gene therapy clinical trials are for cancer
treatment [392]. Liposomes and polymers formulated as nanocarriers

for DNA and siRNA are also currently under clinical investigation. For
example, Liposome (DOPA) [393], cationic lipid Allovectin-7® [394]
and PEI [395] have been applied in human trials for pDNA delivery
via intranasal, intralesional and intravesical administration to deliver,
respectively, the cystic fibrosis transmembrane regulator gene (CFTR),
for patients with cystic fibrosis, leukocyte antigen-B7 and beta-2
microglobulin for patients with advanced metastatic melanoma and
H19 gene (non-protein coding RNA gene) regulatory sequences in
patients with superficial bladder cancer. Also, systemically administrat-
ed nanoparticles formed of linear cyclodextrin-based polymer (CDP), a
human transferrin protein (TF) targeting ligand, polyethylene glycol
(PEG) and siRNA-RRM2 CDP-PEG-Tf [396] have been evaluated for the
silencing of the M2 subunit of ribonucleotide reductase in patients
with solid cancers. To date no gene therapy clinical trials have been
reported using chitosan-based pDNA or siRNA nanoparticles. How-
ever clinical trials involving chitosan are in progress including the
Norwalk VLP vaccine, a virus-like particle (VLP) vaccine adjuvanted
with monophosphoryl lipid A and chitosan. In this study, chitosan
is used as a mucoadhesive to nasal mucus and epithelial cells to pro-
long antigen adherence [397]. Table 10 summarizes the most signif-
icant human studies and clinical trials using chitosan over the last
decade.

5.4.2. Off target and side effects associated with chitosan-based nanoparticles

The success of nanoparticle-based gene therapy depends on its ef-
fectiveness and absence of serious side effects. Toxicity and off-target
effects are critical factors that must be taken into consideration when
designing gene delivery systems for in vivo use. Two types of
off-target effects need to be avoided or minimized i) interference
with non-targeted gene expression, and ii) undesired immune stimu-
lation through recognition of nanoparticles or nanoparticle com-
pounds by the innate system. Off-target effects associated with RNAi
have attracted attention. Indeed RNAi can recognize and interfere
with the expression of mRNAs that share partial homology with the
target mRNA. Hence, the importance of carefully selecting siRNA
sequences by using algorithms and by performing in vitro tests can-
not be underestimated.

The effects of chitosan-based NA nanoparticles on the induction of
immune responses have not been completely elucidated, with exceptions
for gene therapy studies aimed at recombinant cytokine expres-
sion [389,398] or immune response induction associated with antigen-
specificimmunization [342,379,399]. Lee et al. also showed that no signif-
icant amounts of pro-inflammatory cytokine (IL-6) were produced by
human prostate cancer cells treated with chitosan-based Poly-siRNA
Glycol nanoparticles [280]. Wiegand et al. showed that depending on
incubation time and concentration, high Mn chitosans (120 kDa) com-
pared to low Mn (5 kDa and 0.22 kDa) are more able to stimulate the
release of inflammatory cytokines (I1-6 and 1I-8) by HaCaT cells [367].
Huang et al. [309] suggested that cellular uptake of both chitosan as a
soluble molecule and in a condensed nanoparticle were not associated
with cytotoxicity. In fact, viability of A549 cells was generally not affected
by soluble chitosan and nanoparticles at low concentrations but showed
a progressive decline when exposed to increasing concentrations beyond
0.741 mg/ml. In vitro studies showed that Mn in the range 10-213 kDa
did not affect cytotoxicity while decreasing the DDA of the polymer
from 88% to 61% attenuated cytotoxicity. The latter supported the
findings of Ekrami and Shen that cytotoxicity is directly related to nano-
particle surface charge density [400]. Wiegand, Winter et al. confirmed
that high Mn chitosans (120 kDa) compared to low Mn (5-0.22 kDa)
can negatively impact HaCat cell viability and proliferation in vitro
[367]. In addition, Richardson, Kolbe et al. showed that chitosans of differ-
ent Mn (<5 kDa, 5-10 kDa and >10 kDa) displayed little cytotoxicity
against CCRF-CEM and L132 cells (IC50 > 1 mg/ml), with no hemolytic
effects [95]. In vivo, the LD50 of chitosan in mice generally exceeds
16 g/kg [401].
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Table 10
Summary of the most significant human clinical trials using chitosan over the last decade.
Study title Product information Purpose Conclusion Location Phase References
Use of chitosan for Femoral (USF) haemostasis HemCon® containging chitosan. Control of vascular access site bleeding and return The HemCon® pad decreases time-to-haemostasis Israel 4 [442,443]
after percutaneous procedures. (NCT00716365) HemCon® is used by the US army to to haemostasis following percutaneous coronary ~ when compared to the regular pad and an
control traumatic bleeding. angiography. incidence of haematoma of 6% when compared to
the regular pad (14.8%) group.
Hemostasis of oral surgery wounds with the HemCon® Dental Dressing (HDD) Control of bleeding during dental surgeries. HDD significantly shortened bleeding time in United 3 [443,444]
HemCon Dental Dressing. (NCT00707486) manufactured from freeze dried chitosan. patients undergoing oral surgery procedures States

including those taking oral anticoagulants. HDD
also improved surgical wound healing compared
to the control groups.

BST-DERMON versus standard of care in the BST-DermOn is a wound dressing of an Evaluation of the safety and efficacy of This study was stopped forfinancial reasons. Canada 3 [443]
treatment of diabetic foot ulcers. aqueous mixture of chitosan, hydrochloric BST-DermOn in the repair of diabetic foot ulcers.
(NCT00434538) acid (HCI) and disodium beta-glycerol
phosphate.
BST-CarGel versus microfracture in the repair BST-CarGel is a chitosan glycerol Treatment of damaged cartilage in the knee with ~ BST-CarGel treatment resulted in cartilage repair of Canada 3 [443]
of articular cartilage lesions in the knee. phosphate solution BST-CarGel with microfracture compared higher quantity and quality with a similar safety =~ Korea
(NCT00314236) BST-CarGel® is mixed with whole blood = microfracture alone. Evaluation of amount and profile to microfracture, known as orthopedic Spain
of patient, to provide a quality of cartilage repair tissue. standard of care

polymer-reinforced blood clot for
improved cartilage repair.

Efficacy and safety of chitosan HEP-40 in the HEP-40 chitosan (enzymatic Efficacy and safety of HEP-40 chitosan as sole As sole treatment, HEP-40 chitosan was effective ~ Canada 2 [443,445]
management of hypercholesterolemia: a polychitosamine hydrolysate) is low-MW treatment to lower LDL-cholesterol levels in and safe in lowering LDL-C concentrations in
randomized, multicenter, placebo-controlled chitosan ~40 kDa; DDA 93%. patients with mild to moderate levels of patients with low-to-moderate
trial. (NCT00454831) cholesterol hypercholesterolemia but not as effective as

statins. HEP-40 chitosan was also associated with
significant reduction of total cholesterol starting
four weeks post treatment.

A study of HS219 in chronic kidney disease HS219 is a chitosan-loaded chewing gum. Efficacy and safety of HS219, three times a day for Information not available. Japan 2 [443]
patients on hemodialysis with 3 weeks as regimen, to patients with
hyperphosphatemia. hyperphosphatemia and undergoing hemodialysis.
(NCT01039428) The patients included in this study have serum

inorganic phosphorus that is not well controlled
with calcium carbonate or sevelamer hydrogen

chloride.
Norwalk vaccine study. Virus-like particle (VLP) vaccine Safety and immunogenicity of Norwalk VLP Adjuvanted Norwalk VLP vaccine administrated United 1 [397,443]
(NCT00806962) adjuvanted with monophosphoryl lipid A vaccine. intranasally was highly immunogenic while States
(MPL) and chitosan. second dose of vaccine significantly increased the

level of specific antibodies in serum antibody
responses.
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ctgov:NCT00716365
ctgov:NCT00707486
ctgov:NCT00434538
ctgov:NCT00314236
ctgov:NCT00454831
ctgov:NCT01039428
ctgov:NCT00806962

A poloxamer/chitosan in situ forming gel with
prolonged retention time for ocular delivery.

Analgesic efficacy and safety of a novel intranasal
morphine plus chitosan formulation compared
to oral and intravenous route of morphine
administration in a postsurgical dental
pain model.

Long-term clinical outcome of percutaneous
injection with holmium166-chitosan based
chitosan complex (Milican) for the treatment
of small hepatocellular carcinoma.

Induction of protective serum response
(meningococcal bactericidal,
diphtheria-neutralizing antibodies and mucosal
immunoglobulin A) in volunteers by nasal
insufflations of Neisseria meningitidis serogroup
C polysaccharide-CRM197 conjugate vaccine
mixed with chitosan.

Chitosan delivery systems for the treatment
of oral mucositis: in vitro and in vivo studies.

Intranasal immunization with genetically
detoxified diphtheria toxin induces T cell
responses in humans: enhancement of Th2
responses and toxin-neutralizing antibodies
by formulation with chitosan.

Gel combination of a thermosetting
polymer, poly (ethylene oxide)-poly
(propylene oxide)-poly (ethylene oxide)
(PEO-PPO-PEO, poloxamer), with
chitosan (MW 190-310 kDa; DDA
75-85%).

Active nasal sprays containing morphine
(75 or 150 mg/mL) solubilized in an
aqueous solution, combined with
chitosan glutamate (5 mg/mL).

Holmium166-chitosan based complex
(Milican) to retain the radioactive
material within the tumor.

Neisseria meningitidis serogroup C
polysaccharide-CRM197 conjugate

vaccine mixed with chitosan (formulation

of chitosan glutamate G213).

Nystatin incorpored in to gel composed of

chitosan at different molecular weights

(MW: 272,000-1,400,000, DDA: 80-84%).

Powder formulation containing CRM197
with chitosan and mannitol.

An ophthalmic delivery system with improved
mechanical and mucoadhesive properties that
could provide prolonged retention time for the
treatment of ocular diseases.

Efficacy and safety of intranasal morphine vs oral
and intravenous morphine to provide postsurgical
opioid analgesia for moderate-to-severe pain.

Long-term tumor response and safety of
percutaneous holmium166-chitosan based
complex injection therapy for small hepatocellular
carcinoma as a local ablative treatment.

Efficiency of nasal insufflations of the Neisseria
meningitidis serogroup C polysaccharide-CRM197
conjugates vaccine mixed with chitosan.

Efficiency of an occlusive bioadhesive system
(chitosan based gel) for prophylaxis and/or
treatment of oral mucositis in comparison with a
commercial suspension.

Potential of intranasal booster immunization
(CRM197 alone or with chitosan) to induce
systemic T cell responses.

Chitosan increased retention time fourfold in
comparison with a conventional solution. Chitosan
confers mucoadhesive force in a
concentration-dependent manner.

Single doses of intranasal morphine (7.5 mg and
15 mg) were safe and well tolerated and provide
rapid analgesia to patients with acute
moderate-to-severe postsurgical pain. The 15 mg
dose of intranasal morphine showed an efficacy
profile similar to the 7.5 mg dose of intravenous
morphine. Both treatments demonstrated rapid
onset of efficacy that persisted throughout the 6-h
assessment period.

Among the 40 treated patients and during the long
period follow-up, tumors recurred in 28 patients of
which 24 recurred at another intrahepatic site. The
1-year and 2-year cumulative local recurrence
rates were 18.5% and 34.9%, respectively. The
survival rates at 1, 2, and 3 years were 87.2%,
71.8%, and 65.3%, respectively.

A simple nasal insufflation of existing MCP-
CRM197 conjugate vaccines in chitosan offers an
inexpensive but effective needle-free prime and
boost immunization against serogroup C N.
meningitidis and diphtheria.

Concentration of nystatin in saliva was higher with
gels prepared with low molecularweight chitosan.
Nystatin saliva levels above the minimum
inhibitory concentration were maintained to

90 min.

Th2 responses were enhanced following booster
immunization with CRM197 and chitosan, which
correlate with protective levels of
toxin-neutralizing antibodies in intranasally
boosted individuals.
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5.4.3. Non-allergenic character of chitosan-based systems

Many investigations have been performed in order to elucidate a
possible relationship between allergy and the presence of chitin in crus-
taceans. This is an important issue if chitin extracted from crustaceans is
used for production of chitosan and chitosan-derivatives for biomedical
applications. Muzzarelli revealed in his 2010 review some conceptual
and methodological errors in different research reports where a hasty
link was made between allergy and chitin [402]. Taking into consider-
ation the contradictory findings of different research reports, Muzzarelli
concluded that purified chitins and chitosans were free of proteins, fats
and contaminants that could induce an allergic reaction and should be
classified as non-allergenic chemicals. In addition, results from many
studies have converged to a similar conclusion that chitin can stimulate
the innate immune response by activating macrophages and other
innate immune cells, leading to type 1 cytokines (IL-12, TNF-a, IL-18,
IFN-y) production which downregulate type 2 allergic immune
responses [402-405]. Strong et al. also showed that intranasal applica-
tion of chitin microparticles is an effective treatment to reduce serum
IgE, airway hyper-responsiveness and lung inflammation in mouse
models of allergy [406]. The treatment not only increased Th1 cytokines
IL-12, IFN-y and TNF-a but also decreased IL-4 production, a cytokine
involved in B cell production of allergen-specific IgE.

To date, no research group has reported an allergic response associat-
ed with the use of chitosan or chitosan-derivative based NA nanoparticles.
However, there are many who have investigated the potential of
chitosan-based DNA nanoparticles as DNA vaccine for allergy treatment
[341,379,407]. Roy et al. showed that chitosan (Mn 390 kDa)-based
pDNA nanoparticles (sized to 100-200 nm) coding for dominant
peanut allergen gene (Arah2) and delivered orally can modify the im-
mune system in mice and protect against food allergen-induced hyper-
sensitivity [341]. The IgE and histamine levels as well the anaphylactic
response were substantially lower in the vaccinated animals compared
to those in the control group. Li et al. showed that an oral vaccine of
chitosan (Mn 390 kDa; DDA 83.5%)-based pDNA nanoparticles (100-
400 nm) coding for mite dust allergen Derp2 prevented subsequent
sensitization of Th2 cell-regulated specific IgE responses by increasing
IFN-vy and decreasing IL-4 in serum [379]. In this study, no immuno-
stimulatory activity was reported when using chitosan alone. However,
since Lee et al. [408] and Da Silva et al. [409] reported a size-dependant
immunostimulation by chitin; it would be of interest to investigate the
immunostimulatory potential of chitosan particles of different sizes.

5.4.4. Comparison with other delivery systems

Liposomes and lipoplexes as nonviral transfection vehicles for plas-
mid and RNAI pose toxicity concerns. The repeated administration, in
vivo, of lipid-based delivery systems caused phospholipidosis [410]. In-
travenous injection of stable NA-lipid particles (SNALP) has successfully
targeted the liver to silence the apolipoprotein B (ApoB) gene in mice
and nonhuman primates [357]. However, a significant 20-fold transient
elevation in serum transaminases (aspartate transaminase, alanine
transaminase) indicative of hepatocellular necrosis was identified at
the effective dose. Liposomal formulations of NAs are known inducers
of inflammatory cytokines including tumor necrosis factor-alpha,
interferon-gamma, and interleukin-6 related to liver damage [411].
Polyethylene glycol (PEG) modification of liposomes (PEGylation), for
the purpose of reducing their toxicity, was also found to elicit acute
hypersensitivity after repeated dosing [412]. Similarly, the highly studied
cationic family of synthetic polymers such as PEI possess high gene trans-
fer efficiency but are associated with significant toxicity issues [6,413]
limiting their broad use in clinical trials. PEI cytotoxicity was character-
ized as a two-phase process where the polycation—cell interaction
induces loss of cell membrane integrity and the induction of apoptosis.
Insights into PEI toxicity highlight the importance of polycation/organelle
interactions (i.e., mitochondria and lysosomes) on the induction of toxic-
ity [414,415]. In general, cationic polymers display less toxicity associated

with cytokine induction and immune activation compared to their
cationic lipid counterparts [15].

5.5. Future prospects

Chitosan and chitosan derivatives as nanocarriers for gene therapy
face the traditional barriers such as susceptibility to degradation by
nucleases of their cargo, low cellular membrane permeability, low solu-
bility at physiological pH and lack of specificity. In order to increase
translation from bench to bedside, efforts are focusing on the chemical
and biological modification of chitosan in order to increase stability,
specificity and endosomal escape. Stabilization against aggregation
of nanocomplexes for in vivo delivery may be achieved by grafting a
neutral polymer to chitosan in order to reduce the surface charge and
increase the stability of chitosan-polynucleotide complexes. Koping-
Hoggard et al. demonstrated that high levels of transfection may be
achieved using low Mn chitosans [89]. Attempts to specifically target
the cell receptors for DNA delivery have been performed using PEI
grafted chitosan, galactosylated chitosan, galactosylated chitosan-
graft-poly(vinylpyrrolidone) (PVP), trimethylated chitosan oligo-
mers, N-dodecylated chitosan, deoxycholic acid modified chitosan
and ligand attached chitosans [167,179,218,222,227,416,417]. Spe-
cific ligands on chitosan-based nanocomplexes should enhance
their in vivo biodistribution/accumulation into the desired target tis-
sues/cells. However systemic administration of these complexes is
expected to achieve preferential uptake by desired target only if a suit-
able targeting moiety is appropriately incorporated into the formulation
[152,153,155,300,371,386,398,418-420].

Mohammadi et al. coupled a specific ligand (FAP-B) to chitosan-
DNA nanoparticles via electrostatic attraction in order to target lung
epithelial cells and showed that the transfection efficiency of
Chitosan-DNA-FAP-B nanoparticles (size of 279 4+ 27 nm) was
about 10-fold higher than chitosan-DNA nanoparticles [419]. Howev-
er, in vivo studies have yet to be performed to confirm nanoparticle
efficiency. Luo et al. designed a new siRNA nanocarrier to target spe-
cifically lung cells by coupling salbutamol, a 3,-adrenoceptor agonist,
to guanidinylated chitosan [386]. This nanocarrier of 20-90 nm size
remarkably enhanced the efficacy of gene silencing in vitro and in
vivo when using transgenic mice for EGFP gene silencing. Therapeutic
siRNA should be complexed to this new category of nanocarrier to
confirm RNAI efficiency in vivo. Another innovative and promising
approach that needs additional characterization was explored by
Kumar et al. who demonstrated that a simple external magnetic
field can help direct the nanoparticles to a specific site in vivo [421].
These magnetic nanoparticles were conjugated with plasmid DNA ex-
pressing EGFP and then coated with chitosan. These particles when
injected into mice through the tail vein were directed to heart and
kidney by means of external magnets. Also, chitosan modifications
can be considered to enhance the functional delivery of the NA payload
through an efficient endosomal escape of nanoparticles. Transfection
efficiency was improved by modifying depolymerized trimethylated
chitosans with a histidine moiety [154], where histidine can lead to the
osmotic swelling and membrane disruption and eventually the vesicular
escape of DNA. The imidazole group of histidine possesses a pK, near 6
thus absorbing protons and possess buffering capacity in the endosomal
pH range (pH 5-6.5) [154,422] possibly increasing the proton sponge
effect.

6. Conclusion

In summary, chitosans have been investigated and developed to
deliver NAs for nearly two decades and are now entering a stage of
maturity where first results from human clinical trials are imminent.
Many of the challenges associated with production and accurate analy-
ses of specific chitosans have been overcome, resulting in the identifica-
tion of specific systems that have high efficiency for protein expression
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from plasmid vectors and gene silencing using siRNA. The physicochem-
ical and biological basis for the successful function of these systems
has also been partly elucidated in vitro and to a lesser extent in vivo.
Remaining challenges to effectively treat human disease include the
production of sufficient quantities of highly characterized nanoparticles
with features that satisfy regulatory requirements, and the matching of
current capabilities in protein expression, gene silencing, targeting and
safety profile to specific clinical indications.
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