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Abstract: In the context of gene delivery, chitosan has been widely used as a safe and effective
polycation to complex DNA, RNA and more recently, siRNA. However, much less attention has
been paid to chitosan oligosaccharides (COS) despite their biological properties. This study
proposed to carry out a physicochemical study of COS varying in degree of polymerization (DP)
from 5 to 50, both from the point of view of the solution properties and the complexing behavior
with siRNA. The main parameters studied as a function of DP were the apparent pK,, the solubility
versus pH, the binding affinity with siRNA and the colloidal properties of complexes. Some
parameters, like the pKa or the binding enthalpy with siRNA, showed a marked transition from DP
5 to DP 13, suggesting that electrostatic properties of COS vary considerably in this range of DP.
The colloidal properties of siRNA/COS complexes were affected in a different way by the COS chain
length. In particular, COS of relatively high DP (=50) were required to form small complex particles
with good stability.

Keywords: chitosan; siRNA; oligosaccharide; polyelectrolyte; complexation; electrostatics

1. Introduction

Chitosan, the chitin partially deacetylated derivative composed of [-(1—4)-linked D-
glucosamine (GIcN) and N-acetyl- D-glucosamine (GIcNAc) groups, is a biopolymer of major
importance with applications spanning water treatment, agriculture, cosmetics, the food industry
and biopharmaceutics [1]. Among these, chitosan is well-known for its potential in biomedical
applications owing to its biocompatibility, biodegradability and bioactivity including bacteriostatic,
healing, immunologic and antitumoral activities [2]. In particular, chitosan has been used as a
polycation for the design of non-viral systems for DNA delivery and more recently, for small-
interfering RNA (siRNA) [3-8]. These systems rely on the electrostatic complexation of the phosphate
groups of nucleic acids with the protonated amine functions of chitosan under mild acid conditions.
Unlike most polyamine systems used in gene delivery like polyethyleneimine or polylysine, chitosan
has a low toxicity in relation to its low cationicity at physiological pH [9]. Several parameters related
to the formation of chitosan/DNA (siRNA) polyplexes have been studied with the aim of increasing
the stability of complexes toward dissociation, the resistance to serum proteases, the escape from the
immune system, cell targeting, cell internalization and the endosome escape. The main parameters
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include: The degree of protonation of chitosan related to the pH of the medium; the amine to
phosphate molar ratio (N:P); the degree of N-acetylation of chitosan (DA); and the molar mass of
chitosan [6,7,10-12]. The precise control of these four parameters enables: The size and surface charge
of polyplexes to be adjusted; the binding affinity with nucleic acids; and the resulting stability of
complexes. In the case of siRNA delivery, the size of polyplexes is primarly determined by the
chitosan chain length;low molar mass chitosan usually give rise to small-sized complexes [13,14].
However, different studies have demonstrated that chitosans of low molar mass (<10 kDa) have
difficulty in forming stable complexes, especially in the presence of serum, where destabilization
through competitive plasma protein displacement may occur [11,13,14]. For chitosans of higher molar
mass (>10 kDa), the chain length has little effect on the polyplexes stability, the cell uptake and the
gene knockdown [14]. The latter is primarily determined by the surface charge of the polyplexes
which is related to the degree of acetylation and pH. A knockdown efficiency higher than 70% was
reported with an almost fully N-deacetylated chitosan (DA of 2%) [14]. However, no significant effect
of the (N:P) ratio above 5 was evidenced on the size, colloidal stability and gene knockdown [14].

This work investigated the role of the chitosan chain length on the complexing properties with
siRNA and attempts were made to correlate it with the solution behaviour of chitosan chains alone.
For this purpose, this study used chitosan oligosaccharides (COS) of low DA (<1%) with degrees of
polymerization (DPs) comprised between 5 and 50. Even though low molar mass chitosans are not
best suited for siRNA delivery, it is important to understand, at least from a fundamental point of
view, the role of the DP on the affinity with siRNA and the resulting stability of complexes. In this
study, the physicochemical properties of COS were studied by potentiometric titration and dynamic
light scattering (DLS). Then, the properties of COS-siRNA complexes were assessed by DLS, siRNA
assay and isothermal titration calorimetry. The COS were always used in their fully protonated state
to study complexation with siRNA under the best conditions. An important aspect of this work is to
determine whether an oligomer-to-polymer transition can be evidenced in the cooperative binding
of chitosan with siRNA, as already demonstrated with DNA [15].

2. Materials and Methods

siRNA. The siRNA duplex was provided by Kaneka Eurogentec S.A. (Seraing, Belgium) and
received as lyophilisate after purification by reverse phase HPLC. The sense sequence was 5'-
[Phos] GUCUCAGCCUCUUCUCAUUCCUG[C][dT]-3" (M = 7087.6 g/mol) and the antisense was
5-AGCAGGAA[MU]G[mA]G[mAJA[MGJA[mG]G[MCJU[MG]A[MGJA[mC][mA][mU][dT][dT] (M
= 8999.6 g/mol). The molar masses were determined by MALDI-TOF analysis. The annealing step
was performed by Eurogentec according to standard procedures.

Chitosan oligosaccharides (COS). N-deacetylated chitosan (DA < 1%) with Mn~ 90,000 g/mol
and D = 2.1 (Figure S1) was provided from Mahtani Chitosan (batch 20140503). A nitrous acid
depolymerization was performed according to the method proposed by Allan and Peyron [16,17].
Chitosan was dissolved at 3 wt % in water in the presence of a stoichiometric amount of HCl relative
to amine functions. After 3 days of vigorous stirring, sodium nitrite was added to the chitosan
solution at various nitrite/GlcN molar ratios depending on the targeted DP. The reaction proceeded
under magnetic stirring in a closed reaction vessel for 24 h at room temperature. After filtration on a
1.0 um pore size glass fiber membrane (Pall), the solution was lyophilized and the lyophilisate was
dissolved in a minimum volume of ultrapure water. The COS were precipitated in ethanol:acetone
(1:1 v:v) mixture and the precipitate was washed three times with the same solvent mixture and
centrifuged. The swollen oligomers were then repeatedly (3x) dissolved in ultrapure water and
lyophilized. The final mass yield of purified COS under their hydrochloride salt form was above 70%.

COS characterization by 'TH NMR and SEC-MALLS. The chemical structure of COS was
determined at 298 K from proton nuclear magnetic resonance ('H-NMR) spectroscopy on a Bruker
AVANCE III HD 400 MHz spectrometer using a 5 mm Bruker multinuclear z-gradient direct probe.
The '"H NMR spectra were calibrated from the signal of HOD at 4.79 ppm [18]. The degree of
polymerization (DP) of COS which corresponds to the number of glucosamine (GIcN) units within
the COS chain was obtained from the integral ratio of the H-2 protons of GlcN units at 3.20 ppm and
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the H-1 or H-3 protons of the terminal 2,5-anhydro-D-mannose (M-unit) located at 5.11 and 4.46 ppm,
respectively [19]. Note that in the 'TH-NMR analysis conditions used here, the aldehyde group of the
M-units does not exist in its free (-CHO) form but exclusively in its hydrated (-CH(OH)2) form [20].
The mass-average molar mass (Mw), the number-average molar mass (Mn) and the dispersity (P) of
COS were determined by high-performance size exclusion chromatography (SEC) (UltiMate 3000
HPLC, Thermofisher, Waltham, MA, USA) with a multiangle laser light scattering detection
(MALLS) (Dawn Heleos, Wyatt, Santa Barbara, CA, USA) operating at Ao = 658 nm and a differential
refractive index detector (Optilab rEX, Wyatt) operating at the same wavelength. The COS samples
were separated on two serially connected columns (Tosoh TSK gel columns, G4000PWXL &
G3000PWXL, Tokyo, Japan). A degassed 0.3 M acetic acid/0.2 M sodium acetate buffer (pH 4.5) was
used as eluent after filtration on a 0.22 pm pore size membrane (Millipore). The flow rate was
maintained at 0.6 mL/min, and the amount of sample injected was 100 pL at a concentration of 5
mg/mL. The values of the refractive index increment (dn/dc) were independently determined from a
range of five chitosan concentrations for each DP with the Optilab reX refractive index detector using
same conditions for SEC-MALLS analysis but without degassing the buffer. The values of the
number-average degree of polymerization (DPn) of COS were derived from SEC-MALLS analysis by
using the following relation: DPn = (Mn — MM-unit)/Mcien where Mu-unitis the molar mass of the terminal
2,5-anhydro-D-mannose unit and Mci is the molar mass of the glucosamine unit.

Thermogravimetric Analysis. The thermogravimetric analyses were performed using a Q50
device (TA instruments, New Castle, DE, USA) in order to determine the water content of chitosan
samples. It was operated from 25 to 150 °C at a ramp temperature of 2 °C/min under a flow of
nitrogen. The values of water content were taken into account in the preparation of the COS solution.

Potentiometric Titration. The potentiometric titrations of COS varying in DP were performed
using an automatic pH titrator (TitroLine 7800, SI Analytics, Mainz, Germany) equipped with a
microelectrode. The COS solutions were prepared at 1 g/L in water and the pH was adjusted to 3.0
with a known amount of HCl 0.1 M to ensure the full protonation of glucosamine residues. The
titrations were performed with 10 mL of COS solution using 0.1 M NaOH (NIST Standard
Concentrate, for Volumetric Analysis, Fisher Chemical, Pittsburgh, PA, USA). The volume of each
injection of NaOH was set to 10 pL at a rate of 5 mL/min and the time between each injection was set
to 60 s. The apparent values of pKa were derived from the Henderson-Hasselbalch equation:

pK, = pH + log 1)
where a is the degree of dissociation of the ammonium groups defined as:
[ChitNH,]
pymp— L) @)
[ChitNHF] + [ChitNH,]
and according to the requirement of the electroneutrality:
[ChitNHF] = [Cl"] + [OH™] — [Na*] — [H307] 3)

Note that Cl- ions come from both the added HCI and the glucosamine hydrochloride residues. All
concentrations were corrected by the dilution factor related to the titration. In addition to the degree
of dissociation, the values of the degree of protonation (y) of the COS were also determined from the
titration data:

[ChitNH{ ]
ChitNH] + [ChitNH,]

r=1 4)

Solubility of COS as function of pH. The COS solutions were prepared at 1 g/L in deionized
water and filtered on 0.22 um cellulose acetate filter. The pH of the COS solutions increased by adding
0.1 M NaOH, and aliquots were taken at various pHs. The scattered intensity (kilo counts per second,
Kcps) of the COS solutions was determined at 25 °C using a ZetaSizer Nano ZS (Malvern Panalytical
Ltd, Malvern, UK) working at A = 632.8 nm with a back scattering angle detection (173°).
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Preparation of COS/siRNA complexes. The complexes between siRNA and chitosan were
formed by mixing 50 uL of COS solution with 50 pL of siRNA solution, both prepared in RNase free
water. The concentration of the siRNA solution was set at 0.1 g/L (0.294 mM in phosphate groups),
while the COS concentration in protonated glucosamine residues was varied according to the
targeted nitrogen to phosphate (N:P) ratio. The COS solution was filtered on 0.22 um cellulose acetate
membrane prior to use. The complexation was carried out by a one shot addition with a micropipette
of the COS solution to the siRNA solution for N:P < 1. The opposite order of addition was used for
N:P >1. By doing sothe component in default was always added to the one in excess. Hencethe system
avoided the experience of the neutral state at charge stoichiometry [21,22]. The fast mixing conditions
were obtained by achieving the complexation reaction in a 1.5 mL plastic microtube placed in a VXR
basic Vibrax (IKA) set at 1000 rpm. The particles of complexes were analyzed by dynamic light
scattering using a ZetaSizer Nano ZS (see above) at 25 °C. Further, three to five measurements were
performed for each condition of complexation. The particle size distribution was determined using a
non-negative least squares (NNLS) algorithm with a quadratic weighting scheme, which places more
emphasis on fitting the earlier channels where the signal intensity is the greatest.

siRNA assay with toluidine blue (TB). The amount of complexed siRNA was assayed with
toluidine blue O (Sigma Aldrich) according to a depletion protocol. The dispersions of complexes
prepared at various N:P ratios were incubated (30 min) in 1.4 mL of 0.1 M acetate buffer pH 4.0
containing an excess of TB. After centrifugation (20 min at 14000 rpm), free TB was titrated in 200 pL
of supernatant by absorbance measurements at A = 585 nm using a microplate reader (SpectraMax
M2, Molecular Devices, San Jose, CA, USA). The free siRNA concentration in the complexes was
determined via calibration curves established in similar conditions (Figure S8). The amount of
complexed siRNA was then deduced by a simple difference between the initial and final siRNA
concentrations in the complex dispersions. All experiment were performed in triplicate.

Isothermal Titration Calorimetry. The binding studies were performed using a Microcal iTC200
(Malvern Panalytical Ltd, Malvern, UK). All titrations were performed at 25 °C in 10 mM acetate
buffer at pH = 4.5. Further, 16 consecutive injections of 2 puL (0.4 uL for the first injection) of COS
solution at a concentration of 10 mM in GlcN units were performed in 200 puL of siRNA solution at a
concentration of 0.7 mM in the phosphate groups. The injections were made at intervals of 180 s. All
solutions were degassed before use. The COS solutions were also injected into the buffer as blank
titrations. All experiments were carried out in duplicate. The thermograms were analyzed using a
modified multiple non-interacting sites (MNIS) model (see details in Supporting Information) [23].

3. Results

3.1. Solution Properties of Chitosan Oligosaccharides

Preparation of a library of COS. Chitosan oligosaccharides were prepared by depolymerization
of an almost fully N-deacetylated chitosan (DA < 1%) of 9 x 10* g/mol with nitrous acid (Figure S1).
In this reaction, the number of broken glycosidic linkages is approximately stoichiometric to the
amount of nitrous acid used. After several purification steps, the COS were obtained under the water-
soluble hydrochloride salt form. All chemical shifts could be assigned on 'H NMR spectra performed
in D20 (Figure S2). In particular, the signal at 5.11 ppm was assigned to the gem diol group of the
terminal 2,5-anhydro-D-mannose (M-unit) [19]. Importantly, no trace of hydroxymethylfurfural
(HMF), the main degradation product of the M-unit, was evidenced by the absence of the
characteristic peaks of HMF at 9.52, 7.52, 6.66 and 4.68 ppm [19]. The COS were used without
reducing the M-unit with sodium borohydride (NaBHs) or sodium cyanoborohydride (NaBHsCN) as
it has been recently shown that the reduction step could significantly increase the COS molar mass
through side-branching reactions involving the aldehyde group of the M-unit and amino groups of
the COS chain [24]. The average values of the molar mass, the degree of polymerization and
dispersity obtained through SEC-MALLS and 'H NMR are given in Table 1. The mass recoveries
derived from the mass injected and the dn/dc values of COS were always higher than 80%, thus
emphasizing the absence of strong enthalpic interactions between the macromolecules and the
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column packing. Similar values of DP were obtained by SEC and NMR, with the exception of the
largest COS where NMR provided a higher DP value. This may be due to the uncertainties associated
with the baseline determination and integral limits by NMR, particularly when the signal of the
terminal M-unit is of low intensity.

Table 1. Chitosan oligosaccharides (COS) characterization by SEC-MALLS and nuclear magnetic
resonance (NMR) analysis.

SEC-MALLS H NMR
COS M (g/mol) Myw (g/mol) b dn/dc (mL/g) DPx! DPx!
COSs-5 1030 1240 1.20 0.1660 54 45
COS-13 2290 2900 1.26 0.1752 13.2 12.2
COS-16 2710 3630 1.34 0.1860 15.8 20.2
COS-27 4560 6420 1.41 0.1863 27.3 33.0
COS-50 8190 11970 1.46 0.1801 49.8 69.7

Inumber-average degree of polymerization of the chitosan without the M-unit.

Potentiometric titration of COS. The pKa values of COS were determined as a function of the
dissociation degree of protonated glucosamine units (a) (Figure 1a) by applying the Henderson
Hasselbalch equation (Equation 1). For polyelectrolytes, only apparent pKa values are obtained as the
dissociation is influenced by the presence of existing charges on the chain. In the case of a polybase
like chitosan, the expression of the apparent pKa is [25]:

0.4343 (6621>

PRapp = PKo = =54 ©)

where pKo, the intrinsic dissociation constant of an isolated protonated glucosamine group, is

determined by extrapolating pK,,, to a=1, and %Gel ig the electrostatic Gibbs free ener er unit
y p & pp S 8y P
of a. The latter term is related to the surface potential of the polyion, 1,, through 6;: =eN,Yy(a)
where e is the elemental electric charge and N, the Avogadro’s number.
By combining these two equations:
0.4343
PKapp = PKo = ——etho(@) ©®)

Four main results can be drawn from the Figure 1a. First, the increase of pKapp with a emphasizes
a polyelectrolyte behavior in contrast to D-glucosamine characterized by a single pKa value of 7.55
[26]. The origin of this behavior originates from the electrostatic repulsion among neighboring
charges which makes the energy cost of protonation higher at low degrees of dissociation. A similar
trend has been reported for chitosan [9,27-29], chitosan oligomers [26,30] and other polyamines [31].
Second, the pKapp(x) variations are linear which suggests that COS chains do not undergo significant
conformational change during titration. However, it was observed that the pKapp variation tends to
flatten at high values of a due to the polymer precipitation. In such cases, the values of pKapp were
extrapolated to ot =1 from the linear part of the plots. Third, the decrease in pKapp values with the DP,
already observed for chitosan oligomers [26,32], means that increasing the COS chain length has same
effect on the electrostatic potential of the COS chains as decreasing a, that is, favoring the proton
dissociation by electrostatic repulsion between charged units. Finally, COS-5 has distinct behavior
from COS-13-16-27-50 as shown by the much higher pKapp values across the range of a, suggesting
that a marked transition occurred between these two regimes of DP in relation with the increase of
the electrostatic potential of the chains.
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Figure 1. The variation of the apparent pKa of COS as a function of the degree of dissociation (). The
open symbols correspond to extrapolated values. The concentration of COS is 1 g/L. (b) The variation
of the intrinsic dissociation constant (pKo) as a function of the degree of polymerization (DP) (open
symbols). The data are plotted together with those in Ref. 26 obtained on isomolecular COS fractions
of DP 1 to DP 7 (closed symbols). The line was added to guide the eye.

Regarding the pKo values, COS-5 had a pKo of 6.93, while pKo values of 6.77 to 6.72 were found
for COS-13-16-27 (Table 2). For COS-50, the pKo of 6.44 was probably underestimated because the
pKapp variation strongly deviated from the linearity around a = 0.5 (i.e pH = 6.0) due to decreased
solubility of COS [29]. The pKo values were plotted together with those found by Tsukada and Inoue
on pure COS fractions ranging from DP 1 to DP 7 (Figure 1b) [26]. The authors have interpreted the
progressive decrease of pKo with DP as a chain-end effect, since the intrinsic dissociation constant of
the internal residues of the COS chain was lower than the terminal residues. The values of 6.74 and
7.62 were respectively derived for the internal and terminal residues [26]. The value of 6.74 agrees
well with the pKo found for COS-16 and COS-27 where chain end effects can be neglected. From
Figure 1b, it appears that increasing the chain length above DP 10 does not significantly modify the
values of pKao.

The titration data were also fitted with the extended Henderson-Hasselbalch equation
introduced by Katchalsky and Spitnik [33]:

pH = pKiz+ n log [o/(1 - a)] )

where pKipis the pKa at a = 0.5 and n an empirical parameter related to intramolecular interaction in
chitosan chains [34]. For monomeric acids or bases, n is equal to 1. The values of n higher than 1
reflect electrostatic interactions between neighboring charged groups. For the COS-5, n = 1.53, while
n~1.73 for the COS-13-16-27 (Table 2, Figure S3) which is again consistent with the existence of two
distinct regimes of DP. A similar trend was observed for the variation of pKiz. From these results, it
can be concluded that the gradual increase of the electrostatic free energy of COS with the chain
length results in anti-cooperative proton binding to COS due to the increased repulsions between
charged units. The range of the electrostatic interactions in solution can be evaluated though the
Debye length (1) defined by:

Ap = (8mlgl)~1/2 (8)

with I, the Bjerrum length and I the ionic strength (I = %Zi c;iz2). In the conditions of concentration
used for the titration of COS, Ap =3.5nm which corresponds to a segment of 7 units of COS regularly
aligned, considering a length per unit of chitosan of 0.51 nm [35]. As the decrease in pKa was most
significant between DP1 and DP7 (Figure 1), the proton binding to COS chains must be mainly
governed by the extent of electrostatic interaction evaluated by 4. In the presence of added salt, the
Debye length is decreased which results in a dramatic increase of the apparent pKa in the whole range
of a values [9].
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Table 2. The values of pKo, pKi2 and n of COS varying in DP (see text).

DP. pKo pKiz n
5 6.93 646 1.53
13 6.77 6.08 1.74
16 6.72 6.04 1.73
27  6.72 6.00 173
50 6.44 595 156

Eventually, the degree of protonation (y) of COS as a function of pH was also derived from
potentiometry data (Figure 2). All COS samples were fully protonated at pH 4, while less than 20%
of the glucosamine units were still charged at pH 7.4, suggesting low solubility of COS under such
conditions (see below).

COs-5

COs-13
COs-16
COos-27
COs-50

Figure 2. The degree of protonation (y) as function of the pH for COS varying in DP. The
concentration of COSis 1 g/L.

Solubility behavior of COS. The hydrochloride form of COS is completely soluble in water,
giving a pH of 4 for solutions prepared in dilute conditions. The solubility of COS as a function of
pH was determined by light scattering (Figure 3a). Light scattering is a more sensitive technique than
transmittance to detect aggregation and precipitation phenomena owing to the sixth power
dependence of the particle radius to the scattered intensity (Rayleigh scattering). Three main results
can be drawn from the Figure 3: (i) The onset of chitosan precipitation is observed within a narrow
range of pH values in agreement with previous studies (Figure 3a) [36,37]; (ii) the corresponding
critical pH values are lowered when the DP is increased and becomes constant from DP 27 (Figure
3b); (iii) the degree of protonation () at the critical pH follows the opposite trend, namely v increases
with the DP and becomes constant from DP 27. The differences observed in the pH solubility profiles
are in agreement with the respective pKa values of COS, that is, the higher the pKa, the higher the
solubility. The increase with DP of the degree of protonation at the critical pH may emphasize a
stronger involvement of cooperative hydrogen bonding in the precipitation of chitosan, associated
with a less unfavorable mixing entropy.
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Figure 3. (a) The variation of the scattered light intensity (in keps, kilo count-per-second) of COS
solutions at 1 g/L as a function of the pH. The plots are shifted along the y-axis for better visibility; (b)
the variation of the pH at the onset of the COS precipitation as a function of the DP. The corresponding
values of degrees of protonation (y) at the critical pH are also plotted (see Figure 2). The lines were
added to guide the eye.

3.2.Complexation of COS with siRNA

The complexation of COS under their hydrochloride form with siRNA was perfomed at various
N:P ratios in water without added salt in order to maximize the formation of salt bonds between the
two polyions. The complexes obtained from siRNA and chitosan can be classified as strong in the
sense of the ion pairing between opposite charges is strong enough to hydrophobize the complexed
polymer segments and promote their segregation into dense particles. As such, the complexes differ
from coacervate systems where the ion pairing is less strong, resulting in more liquid-like structures
[38]. The strong character of the complexation was well evidenced by the formation of a solid
precipitate close to charge neutrality, i.e, at N:P =1 (result not shown). In the presence of an excess of
chitosan (N:P >1) or siRNA (N:P < 1), the complexes can be stabilized by unpaired segments of excess
polyion forming a stabilizing shell around the particles [22].

It was noticed that the particle size distributions (PSDs) of complexes determined by DLS were
dependent on the conditions of mixing of polyions, which suggests that complexes do not form
equilibrium structures. As a consequence, much attention was paid to ensure the reproducible mixing
conditions of COS and siRNA solutions. In addition, the COS solution was systematically added to
the siRNA for N:P <1, while the opposite mixing order was chosen for N:P > 1, so that the polyion in
default was always added to that in excess. This mixing order prevents the system reaching the
charge neutrality (N:P = 1) thus limiting aggregation [21,22]. The influence of the addition rate of the
titrant on the scattered intensity and PSD of complexes was studied using the COS-50 at two N:P
ratios (0.5 and 10) and two siRNA concentrations (0.1 and 1 g/L). The titrant was either added in a
dropwise manner (slow addition) or by a one-shot injection with the micropipette (fast addition). As
shown in Figure 4a, the fast addition always promoted the formation of complexes of smaller sizes
and of lower scattered intensities compared to the slow addition. The polyelectrolyte complexation
is a fast process with typical reaction times less than a millisecond [39,40]. Thus, in the case of a slow
addition, the complexation medium was not homogeneized before the complexation started. The
local over-concentrations of titrant could then result in the formation of larger and probably denser
complexes, as shown by the higher scattered intensity values (Figure 4b). Conversely, a fast addition
favoured the rapid homogeneization of the medium and the formation of less aggregated complexes.
In this respect, the use of micromixers as those found in microfluidic chips should form complexes of
the lowest achievable size [41-43].
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Figure 4. A dynamic light scattering (DLS) analysis of COS-50/siRNA complexes prepared by the
dropwise addition (red) or one-shot injection (blue) of the component in default. The intensity-
average size distributions of complexes (a) and the corresponding scattered intensities at 173°
detection angle (b). The complexation was studied at two siRNA concentrations (0.1 g/L and 1 g/L) in
RNase-free water and two N:P ratios (0.5 and 10).

Size distribution of complexes by dynamic light scattering. The intensity-average particle size
distributions (PSDs) of COS/siRNA complexes were determined for four COS and parent chitosan
(90 x 10° g/mol) at various N:P ratios, from 0.5 to 20 (Figure S4). The complexes were always prepared
by a fast addition of the component in default. Typical examples of PSDs obtained with the COS-
50/siRNA at various N:P ratios are represented in Figure 5a together with the COS-50 and siRNA
alone. For the latter, a hydrodynamic diameter of 5 nm could be determined in agreement with a
previous study reporting a value of 4.2 nm for a duplex oligonucleotide of 20 base pairs [44]. The
aggregates could also be detected, but they represented a negligible amount as shown by the absence
of the aggregation peak in the number-average size distribution (Figure S5). A similar aggregation
phenomenon was observed in 10 mM MES bulffer at pH 6.2 (result not shown). For the COS-50, the
peak detected at 15 nm must correspond to the COS chains (Figure 5a). Another peak was detected
at 0.8 nm which was really small regarding the size of a saccharidic unit (0.51 nm) [35]. This peak was
probably related to a fast diffusion mode where the motion of the polyion was coupled with the
dynamics of small and much faster counterions [45]. In the presence of increasing amounts of salt,
the fast mode progressively disappeared (Figure S6). Notably, the fast mode was not observed with
siRNA, probably because of traces of salt in the sample. Despite the filtration of COS solutions, the
PSD of COS-50 also showed an aggregation peak that was not detected in the number-average size
distribution (Figure S5). Chitosan is known to have a strong tendency towards self-aggregation but
this behaviour has been mostly documented for chitosans of relatively high MW and/or DA [46,47].
However, a few studies have reported the formation of weak aggregates in aqueous solutions of COS
of low DA [32]. Specifically, Blagodatskikh et al. showed that COS of low MW (<12 kDa) and low DA
(<3%) formed aggregates of constant sizes below the pKa of chitosan. The aggregates that can be
vizualized by electron microscopy are weakly bound as evidenced by their disruption under
moderate shear stress [48] or in the presence of added salt (Figure S6). Here, the long-range
electrostatic interaction with oppositely charged siRNA polyions is also expected to result in the
aggregate disruption.

The PSDs of the complexes obtained with the COS-50 at various N:P ratios can be classified into
three broad categories depending on the typical particle size found (Figure 5a). For N:P < 1, small
particles of the complex below 100 nm in diameter were detected. For 1 < N:P < 3, the formation of
some precipitates were observed highlighting the instability of the system near the charge neutrality.
For N:P > 3, stable complexes of relatively small sizes were obtained. The evolution of the PSD with
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the N:P ratio was in agreement with a stabilization mechanism where the excess polyion, respectively
the siRNA at N:P <1 and the COS-50 at N:P > 3, was located at the particle surface thereby preventing
the aggregation of particles [49,50]. In most studies, N:P ratios ranging from 4 to 30 were used
regardless the molar mass and DA of chitosan, thus emphasizing the limited stabilizing capacity of
chitosan [3,14,51,52]. The PSDs were determined in a similar manner for COS varying in DP and
parent chitosan at various N:P ratios (Figure S4). The role of the COS chain length on the complex
formation is twofold: (i) It impacts the strength of the ion pairing with siRNA through a cooperative
effect; (ii) it determines the stability of the complexes through the formation of a stabilizing shell
around particles when COS is in excess. A map illustrating the correlation between the COS chain
length and the complex size is represented in Figure 5b. For N:P <1 (excess siRNA), the size of the
complex particles varied between 100 and 300 nm with COS-5 and COS-13, while smaller sizes (<100
nm) were obtained with COS-50 and the parent chitosan of 90 kDa. This can be interpreted by
considering the affinity of COS with siRNA increases with the DP of COS as expected for a
cooperative binding. As a result, the complexes obtained with larger COS may have a denser
structure giving smaller sizes than those obtained with shorter COS. For N:P > 2, some aggregation
was observed with COS-5-13, whereas the complexes formed with COS-50 and the parent chitosan
were more stable, probably due to the more efficient electrosteric stabilization of long COS in excess.
The most interesting system was obtained with the COS-50 at N:P 10 or N:P 20 where complexes of
approximately 80 and 65 nm in diameter could be formed, respectively. The longer chitosan of 90
kDa did not form particles below 100 nm even at high N:P, which suggests that a compromise must
be found regarding the optimal chain length of chitosan to achieve the stabilization of the complexes.
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Figure 5. (a) The intensity-average particle size distributions of COS-50/siRNA complexes in RNase-
free water by DLS with a 173° angle detection at various N:P ratios using a siRNA concentration of
0.1 g/L. (b) The particle size map representing the typical values of hydrodynamic diameter (Dx) of
complexes obtained at various N:P ratios with COS varying in DP and parent chitosan (90 kDa).

Efficiency of the complexation. The binding affinity of polyion to siRNA was determined by a
direct titration of free siRNA in the complexation medium at various N:P ratios. This approach has
been preferred to indirect methods, like the dye exclusion assay with ethidium bromide (EtBr), since
the exclusion mechanism of the intercalated dye from siRNA (or DNA) is not completely known. In
particular, it cannot be assumed that the dye displacement is stoichiometric with respect to the added
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amine groups. Nowadays, the RiboGReen RNA quantification kit is very popular to directly quantify
siRNA via a calibration procedure. However, it was shown that reliable quantification of siRNA with
RiboGreen could only be achieved under specific conditions of pH and ionic strength, particularly in
Tris-EDTA buffer 1x at pH 8.0 where the mean fluorescence varied almost linearly with the siRNA
concentration between 10 and 1000 ng/mL (Figure S7). In RNase-free water, used here as
complexation medium, a strong curvature of the mean fluorescence as function of the siRNA
concentration was obtained (Figure S7). In the acetate buffer pH 4.0, which is a suitable medium for
complexation because COS are fully protonated at this pH, fluorescence was hardly detectable
(Figure S7). In such conditions, the toluidine blue (TB), a conventional indicator in colloidal titration
[53], was investigated to directly quantify siRNA in various solvent conditions [54-56]. The TB is a
positively charged dye that can interact with phosphate groups of siRNA through electrostatic
interaction [57]. A depletion approach was used in which the dispersions of complexes were first
incubated with an excess of TB. After centrifugation, unreacted TB was titrated by absorbance
measurements in the supernatants. As shown in Figure S8, a linear calibration curve of siRNA could
be obtained in 0.1 M acetate buffer pH 4.0.

COS-13-16-27-50 have high affinity with siRNA, as evidenced by the Langmuir-like shape of the
binding plots in Figure 6. The stoichiometry of complexation which refers to the number of formed
salt bonds could be determined from the initial slope. Note that the stoichiometry of complexation
differs from the composition of complexes where an excess of COS can be found for N:P > 1 (Figure
5). The initial slope is close to the unity for COS-13-16-27-50, indicating that the complexation
stoichiometry is 1:1 (GlcN:phosphate) which is consistent with the full protonation of the COS at pH
4.0 (Figure 2). It confirms that the complexation is mainly of electrostatic origin, even though
secondary interactions probably take place as well. Under such conditions, COS should be almost
totally complexed for N:P < 1. No difference in affinity was detected with this method between COS-
13-16-27-50. On the other hand, the binding of the COS-5 with siRNA is of much lower affinity as
shown by the shape of the plot in Figure 6. A complexation stoichiometry of 5:1 (GlcN:phosphate)
could be determined for this COS. These results are consistent with a cooperative binding mechanism
of COS with siRNA, that is, the higher the DP the stronger the binding. A minimum of 13 units of
COS is required here to achieve a stoichiometric complexation with siRNA. By using a larger library
of COS samples, the critical DP could be determined more precisely, with the actual value probably
between 5 and 13.
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Figure 6. The fraction of complexed siRNA (ratio of the concentration of complexed siRNA to the total
siRNA concentration) as function of the N:P ratio, determined by titration of free siRNA with
toluidine blue in 0.1 M acetate buffer pH 4.0.
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Thermodynamics of complexation. Isothermal titration calorimetry (ITC) was used to study the
thermodynamics of complexation of siRNA with COS varying in DP. All experiments were
performed in 10 mM acetate buffer at pH 4.5 which has a low ionization enthalpy [58] to prevent heat
effects associated with proton exchange during the complexation. The experimental data represented
in Figure 7 indicate that the complexation was always exothermic which is in agreement with the
data of the literature [6,59]. However, non-sigmoidal shapes of titration curves were observed with
the exception of chitosan of higher molar mass. Under such conditions, the data could not be properly
fitted with a single set or two sets of identical sites model. However, a close inspection of the ITC
thermograms of COS of low DP reveals that the initial peaks consisted of a narrow and negative
component followed by another one, broad and positive (inserts in Figure 7). The first component
(exothermic) was attributed to the electrostatic ion pairing of protonated glucosamine units with
phosphate groups. The different possibilities were considered for the second one (endothermic). First,
the blank titration, i.e., the injection of COS in the acetate buffer was endothermic because the
hydrochloride form of the COS slightly deprotonated upon dilution in the buffer at pH 4.5 (Figure
S9) [59]. However, this effect should be negligible as the heat of dilution was subtracted from the
integrated peak area. In addition, the dilution peaks are rather narrow (Figure S9) compared to the
broad endothermic peaks observed in Figure 7. Second, the pKa of chitosan is expected to increase
upon complexation with siRNA for the same reason that the pKa increases with a (Figure 1a) [60].
However, this effect should give negative peaks as the protonation of chitosan is exothermic [59]. In
addition, since COS were almost completely protonated in the acetate buffer, such effects must be
negligible. Third, the broad shape of the endothermic peaks could be the signature of an aggregation
process through hydrophobic interaction for which the unfavorable enthalpy arises from the energy
associated with the disruption of structured water molecules. Due to its position away from
stoichiometry, the aggregation peak differs from the coacervation or precipitation peak that can be
observed for synthetic polyelectrolyte systems at neutrality [23,61,62]. It also differs from the so-
called condensation peak (endothermic) attributed to the collapse of DNA chains after neutralization
of phosphate groups by cationic ligands [63,64]. Here, the aggregation was stronger for smaller COS
as seen by the more pronounced V shape on the thermograms of COS 13 and COS 16. It suggests that
the complexes obtained from shorter COS were not stable at low N:P which is in agreement with
previous observations by DLS (Figure 5b). In addition, the fact that the COS solution was slowly
added to the siRNA in the ITC cell must also favor the aggregation of the complexes as discussed
previously (Figure 4). For the chitosan of 90 kDa, for which no aggregation was observed at N:P <1
(Figure 5b), the titration curve exhibited a sigmoid shape as typically found for high molar mass
chitosans [3,59]. For the COS-5, the injection peaks were barely detected but the V shape was detected
at the beginning of the titration, thus indicating that complexation occurred with a concomitant
aggregation process (Figure 7).

The thermograms were analyzed using a modified version of the multiple non-interacting sites
(MNIS) model. This model has been applied previously to the two-step complexation of a
polyelectrolyte system in which small particles of the complex formed before reorganizing into a
dense coacervate phase at neutrality [23]. For COS 5-13-16-50, ITC data were adjusted with the MNIS
model by considering two independent contributions, the exothermic electrostatic ion pairing that
can be observed throughout the titration, and superimposed by an endothermic aggregation step
detected only at low N:P. Both contributions rely on a set of independent adjustable parameters,
including the binding constant (Kv), the enthalpy change per mole of injectant (AH) and the reaction
stoichiometry (n) (see Supporting Information). The binding constant allows the determination of the
free energy change, AG = -RT In(K»s) and the entropic contribution, TAS = AH - AG. For the parent
chitosan, only the exothermic ion pairing was considered since no aggregation could be detected at
the beginning of the titration. The thermodynamic parameters obtained through this procedure are
presented in Table 3. The ion pairing was exothermic as expected for a strongly interacting system
giving a solid precipitate at neutrality in contrast to more weakly interacting systems like coacervates.
These were often found to be endothermic in relation with their highly hydrated state that opposes
ion pairing [38,61,65]. The enthalpy change associated with the ion pairing (AH) showed a marked
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increase (in absolute value) from COS-5 to COS-13 and then remained constant for longer COS.
Similarly, the stoichiometry decreased from 3 to 1 and remained constant for higher DPs. The entropic
contribution associated with the ion pairing (TAS) was systematically higher than AH and regularly
increased with DP. Consequently, the binding constant (Kv) also increased with DP. The entropy
change related to the ion pairing could be considered as the sum of the unfavorable entropy change
caused by the fixation of the polymer chains (ASp) and the favourable entropy changes related both
to the release of counter-ions (ASi > 0) and the hydrophobic interactions (ASk > 0) [66]. Further, ASp
should decrease with the DP because of the less significant loss of configurational entropy when the
chain length increased. Whereas, ASn which was related to the release of structured water molecules
upon hydrophobic interactions of the complexed segments, should increase with the DP. As such,
the hydrophobic interactions represent another level of cooperativity [67]. However, ASi could be
considered the main component of the entropy change due to the high degree of charging of COS
and siRNA at pH 4.5. It can be, however, assumed that ASi is independent of the chain length. Thus,
the observed increase in total entropy change with DP was mainly due to the decrease of ASp and the
increase of ASh.

Regarding the secondary process at play, the values of enthalpy change are good indicators of
the propensity of aggregation obtained during the initial stages of the titration. Accordingly, the
aggregation was maximal with COS-13 and COS-16 and minimal for COS-5 and COS-50 (Table 3).
The differences in the aggregation level can be explained from arguments based on the respective
chain lengths and flexibilities of siRNA and COS. Considering that the siRNA is a rigid rod of 8 nm
long [4], the COS-13 and COS-16 with a contour length of 6.5 nm and 8 nm and higher flexibility than
siRNA as shown by their respective persistence length [68,69], can achieve an almost complete ion
pairing with siRNA leading to quasi-neutral complexes without enough unpaired phosphate groups
to stabilize the particles [22]. In contrast, by increasing the DP of COS to 50 and above, COS chains
could bind to several siRNA chains, increasing the probability of having multiple unpaired
phosphate groups that can participate in the colloidal stabilization at N:P < 1. For the COS-5, its lower
affinity with siRNA must lead to incomplete ion pairing at low N:P and thus less aggregation.
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Figure 7. (Upper panel) The heat flow per injection versus time for the isothermal titration of siRNA
(0.7 mM) by COS varying in DP (10 mM). The first injection peaks are magnified to illustrate the
presence of an endothermic component superimposed on the main exothermic one. (Lower panel)
The integrated heats of binding versus the N:P ratio. The continuous red lines represent the overall
fit to the experimental data. The dark grey and light grey lines represent the ion-pairing and the
aggregation contributions to the overall process, respectively. All titrations were performed at 25 °C
in 10 mM acetate buffer at pH 4.5.

Table 3. Thermodynamic parameters of the siRNA/COS complexation evaluated by isothermal
titration calorimetry (ITC) at T = 298K with a multiple non-interacting sites (MNIS) model by
considering two contributions, the ion pairing throughout the titration and the aggregation at initial
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N:P ratios. Note that the aggregation step was observed with COS 5-13-16-50 but not with the parent
chitosan of 90 kDa. AH (kJ-mol!), TAS (kJ-mol™), AG (kJ-mol™), Kb (L-mol™') and n denote the enthalpy
change, the entropic contribution to the free energy, the free energy change, the binding constant and

reaction stoichiometry (the mole refers to monomer units of COS).

Ion Pairing Aggregation
AH TAS AG Kb n AH TAS AG Kb

COs-5 -1.1 23.5 -245 20x10¢ 3.0 0.7 28.8 -28.1  85x10¢
COS-13 -5.1 24.0 -29.1 13x10> 1.1 4.4 32.7 -284 9.4 x10*
COSs-16 4.8 249 -29.7 16x105 1.0 3.4 34.4 =309 2.6x10°
COS-50 -5.2 26.8 =319 40x105 1.0 1.9 32.8 =309 2.6x10°
Parent -4.3 29.8 -341 9.6x10° 1.0
chitosan

4. Discussion

The interaction between complementary macromolecules, as oppositely charged
polyelectrolytes (PEs), is a cooperative process, often explained as an entropy effect—when one of
the active sites interacts with a complementary one, the neighboring sites have a more favorable
entropy of binding resulting from the reduced loss of configurational entropy. Therefore, the reaction
of complexation proceeds according to a zipping mechanism [66,67,70]. The stable complexes can be
formed when the free energy change of the complexation exceeds the kinetic energies of the starting
polymers [66]. For a cooperative process, the binding constant (Kv) is defined as: K, = K{* where
K; is the complexation constant of a monomer unit and n is the DP of the oligomer. It follows that Ko
must depend strongly on the length of the oligomer [66,71]. Specifically, it has shown that the
dependence of complex stability on the chain length of PE has a threshold character, that is, the
complexation equilibrium is displaced abruptly towards the formation of the complexes when a
certain critical DP is reached [66,71]. The experimental Kb values obtained for the ion pairing step did
not completely support this prediction as Kb linearly increased with the DP rather than exponentially
(Figure 510). This may suggest that the complexation process was not fully cooperative within the
definition given above, i.e., multiple ionic pairing reactions, each characterized by its own
equilibrium constant. The reason could be that the interaction between COS and siRNA was very
strong, as shown by the exothermicity of the ion pairing. Therefore, the complexation reaction was
likely under kinetic rather than thermodynamic control. However, the existence of a critical DP could
be still evidenced in the binding isotherm where a dramatic increase in chitosan affinity for siRNA
was observed when the DP increased from 5 to 13 (Figure 6). Also, the enthalpy of the ion pairing
which is directly equal to the difference in Coulomb energy before and after complexation strongly
increased (in absolute value) in the same range of DP (Table 3). These results agree with the work of
Strand et al. where authors showed that a minimum of 6-9 protonated chitosan units were needed to
provide interaction strength with DNA comparable to that of chitosan polymer [15]. It can be thus
assumed that DNA and siRNA exhibit similar complexation behavior with chitosan. Interestingly,
similar critical DPs have been reported for various polyelectrolyte systems: For peptides, a sequence
of 6-8 cationic amino acids was required to allow strong binding with siRNA [72]; for synthetic
polyelectrolytes, critical DPs between 4 and 6 were found for the system oligoethyleneimine-
poly(methacrylic acid) depending on the hydrophobicity of oligoethyleneimine [73]; a critical DP of
7 was found for the complexation of poly(dimethylaminoethyl methacrylate) with oligophosphates
[74].

The effect of the COS chain length on binding properties with siRNA must correlate with the
solution properties of the COS alone since the variation of the pKa with the DP showed the existence
of a similar critical DP of approximately 10 (Figure 1 and Table 2). Therefore, the chain length
influences the electrostatic properties of COS in a similar way at the intermolecular level (binding
with siRNA) and intramolecular level (pKa). The dependence of the electrostatic properties of COS to
the DP can be evaluated through the Debye screening length (Ap) which defines the characteristic
range of electrostatic interaction in solution. In the conditions of ionic strength used, the Debye length
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was estimated to Ap ~ 3.5 nm, which corresponds to the size of a COS segment of 7 units regularly
aligned. The assumption of a rod-like conformation is compatible with the persistence length of 5 nm
for chitosan [69]. Thus, the intensity of intramolecular electrostatic repulsions between neighboring
charges increased between DP 1 and DP 7 resulting in a significant decrease in pKa in this range of
DP. Similarly, the complexation of a COS segment of 7 units with siRNA or other polyanions must
considerably reduce the Coulomb energy of the system as shown by the significant decrease in the
enthalpy change associated with the ion pairing step between COS 5 and COS 13 (Table 3). No
significant difference in enthalpy change per mole of COS unit was detected for larger DPs, although
the binding constant increased continuously with the DP, but mainly for entropy reasons as described
previously. A good way to verify the dependence of the critical DP on the Debye length would be to
add salt to decrease Ap and see if the critical DP increases. These experiments have not been
performed here. However, a similar situation can be found in the case of H-bonding complexes where
the critical DP is approximately 40 as hydrogen bonds are weaker than electrostatic interactions [75].
Finally, while the requirement of having COS chains containing approximately 10 units to form stable
complexes is important at the molecular level, however, this is not sufficient to achieve the colloidal
stability of the complexes in solution. Specifically, it was shown that only COS of DP 50 or higher and
used in excess (N:P > 5) formed small and stable colloidal complexes (Figure 5). Under such
conditions, the particles are stabilized by a shell of COS chains with sufficient unpaired protonated
glucosamine groups that provide electrosteric stabilization.

5. Conclusion

In this work, the electrostatic complexation of N-deacetylated chitosan oligosaccharides (COS)
with siRNAs was studied under conditions of full protonation of COS and correlated with the
properties of COS in solution. The behavior of COS, alone or in the presence of siRNA, is governed
by the length of the chain. This has been varied here between DP5 and DP50. In particular, it was
shown that, on the one hand, the binding affinity of COS for siRNA increased sharply between DP5
and DP13 and that, on the other hand, the pKa of COS decreased just as abruptly between the same
DP values. This highlights the existence of a critical DP from which the electrostatic interactions
become particularly high, resulting in both significant repulsions between neighboring charge
residues on COS chains and strong attraction with polymers of opposite charge like siRNA. Similar
critical values of DP have been reported in the context of polyelectrolyte complexation which
suggests that this behavior is universal. With regard to the colloidal properties of the complexes, and
beyond the efficiency of the complexation, a rather high DP (~50) is necessary to provide a good
stability to the complex particles through an electrosteric mechanism. These findings could apply in
the context of gene delivery where both in vivo complex stability and the complex dissociation at
targeted sites are needed. However, the limited solubility of N-deacetylated chitosan at pH 7.4, even
for low DPs, remains for the moment a major difficulty in biological applications. New approaches
to address this issue without altering the structure of chitosan are still relevant.

Supplementary Materials: The supplementary materials are available online at www.mdpi.com.

Author Contributions: Conceptualization, S.T., T.D. and C.S.; investigation, T.D., M.M.-]., ] F.,, M.H,, ]J.-P.C,,
A.C; resources, O.S,, FD,, J.-P.C,, A.C, ST, T.D. and C.S.;.; writing—original draft preparation, T.D and C.S;
writing—review and editing, C.S.;; supervision, O.S., S.T., T.D. and C.S.project administration, C.S..; funding
acquisitionS.T, T.D and C.S.

Funding: This research was funded by Agence Nationale de la Recherche (TANGO project, ANR-16-CE09-0020-
01). The Czech-French mobility program BARRANDE is also acknowledged for providing financial support to
TD and CS for mobility.

Conflicts of Interest: The authors declare no conflicts of interest.

References

1.  Zargar, V.; Asghari, M.; Dashti, A. A Review on Chitin and Chitosan Polymers: Structure, Chemistry,
Solubility, Derivatives, and Applications. ChemBioEng Rev. 2015, 2, 204-226.



Polymers 2019, 11, 1236 16 of 19

10.

11.

12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

Shariatinia, Z. Pharmaceutical applications of chitosan. Adv. Colloid Interface Sci. 2019, 263, 131-194.
Holzerny, P.; Ajdini, B.; Heusermann, W.; Bruno, K.; Schuleit, M.; Meinel, L.; Keller, M. Biophysical
properties of chitosan/siRNA polyplexes: Profiling the polymer/siRNA interactions and bioactivity. J.
Control. Release 2012, 157, 297-304.

Ragelle, H.; Riva, R.; Vandermeulen, G.; Naeye, B.; Pourcelle, V.; Le Duff, C.S.; D’'Haese, C.; Nysten, B.;
Braeckmans, K.; De Smedyt, S.C.; et al. Chitosan nanoparticles for siRNA delivery: Optimizing formulation
to increase stability and efficiency. J. Control. Release 2014, 176, 54-63.

Vauthier, C.; Zandanel, C.; Ramon, A.L. Chitosan-based nanoparticles for in vivo delivery of interfering
agents including siRNA. Curr. Opin. Colloid Interface Sci. 2013, 18, 406-418.

Buschmann, M.D.; Merzouki, A.; Lavertu, M.; Thibault, M.; Jean, M.; Darras, V. Chitosans for delivery of
nucleic acids. Adv. Drug Deliv. Rev. 2013, 65, 1234-1270.

Lavertu, M.; Méthot, S.; Tran-Khanh, N.; Buschmann, M.D. High efficiency gene transfer using
chitosan/DNA nanoparticles with specific combinations of molecular weight and degree of deacetylation.
Biomaterials 2006, 27, 4815-4824.

Esmaeilzadeh Gharehdaghi, E.; Amani, A.; Khoshayand, M.R.; Banan, M.; Esmaeilzadeh Gharehdaghi, E.;
Amini, M.A,; Faramarzi, M.A. Chitosan nanoparticles for siRNA delivery: Optimization of
processing/formulation parameters. Nucleic Acid Ther. 2014, 24, 420-427.

Sorlier, P.; Denuziere, A.; Viton, C.; Domard, A. Relation between the Degree of Acetylation and the
Electrostatic Properties of Chitin and Chitosan. Biomacromolecules 2001, 2, 765-772.

Huang, M.; Fong, C.-W.; Khor, E.; Lim, L.-Y. Transfection efficiency of chitosan vectors: Effect of polymer
molecular weight and degree of deacetylation. ]. Control. Release 2005, 106, 391-406.

Liu, X.; Howard, K.A.; Dong, M.; Andersen, M.J.; Rahbek, U.L.; Johnsen, M.G.; Hansen, O.C.; Besenbacher,
F.; Kjems, J. The influence of polymeric properties on chitosan/siRNA nanoparticle formulation and gene
silencing. Biomaterials 2007, 28, 1280-1288.

Malmo, J.; Sergard, H.; Varum, K.M.; Strand, S.P. siRNA delivery with chitosan nanoparticles: Molecular
properties favoring efficient gene silencing. J. Control. Release 2012, 158, 261-268.

Fernandes, J.C.; Qiu, X.; Winnik, F.M.; Benderdour, M.; Zhang, X.; Dai, K.; Shi, Q. Low molecular weight
chitosan conjugated with folate for siRNA delivery in vitro: Optimization studies. Int. ]. Nanomed. 2012, 7,
5833-5845.

Alameh, M.; Lavertu, M.; Tran-Khanh, N.; Chang, C.-Y.; Lesage, F.; Bail, M.; Darras, V.; Chevrier, A.;
Buschmann, M.D. siRNA Delivery with Chitosan: Influence of Chitosan Molecular Weight, Degree of
Deacetylation, and Amine to Phosphate Ratio on in Vitro Silencing Efficiency, Hemocompatibility,
Biodistribution, and in Vivo Efficacy. Biomacromolecules 2018, 19, 112-131.

Strand, S.P.; Danielsen, S.; Christensen, B.E.; Varum, K.M. Influence of Chitosan Structure on the Formation
and Stability of DNA-Chitosan Polyelectrolyte Complexes. Biomacromolecules 2005, 6, 3357-3366.

Allan, G.G.; Peyron, M. Molecular weight manipulation of chitosan I: Kinetics of depolymerization by
nitrous acid. Carbohydr. Res. 1995, 277, 257-272.

Allan, G.G.; Peyron, M. Molecular weight manipulation of chitosan II: Prediction and control of extent of
depolymerization by nitrous acid. Carbohydr. Res. 1995, 277, 273-282.

Fulmer, G.R.; Miller, A.J.M.; Sherden, N.H.; Gottlieb, H.E.; Nudelman, A.; Stoltz, B.M.; Bercaw, J.E.;
Goldberg, K.I. NMR Chemical Shifts of Trace Impurities: Common Laboratory Solvents, Organics, and
Gases in Deuterated Solvents Relevant to the Organometallic Chemist. Organometallics 2010, 29, 2176-2179.
Temmeraas, K,; Varum, K.M.; Christensen, B.E.; Smidsred, O. Preparation and characterisation of
oligosaccharides produced by nitrous acid depolymerisation of chitosans. Carbohydr. Res. 2001, 333, 137—
144.

Salim, E.; Ailincai, D.; Trombotto, S. Chitooligosaccharide-2,5-anhydro-D-mannonic Acid. Molbank 2014,
2014, M832.

Miiller, M.; Kefiler, B.; Frohlich, J.; Poeschla, S.; Torger, B. Polyelectrolyte Complex Nanoparticles of
Poly(ethyleneimine) and Poly(acrylic acid): Preparation and Applications. Polymers 2011, 3, 762-778.
Schatz, C.; Domard, A.; Viton, C.; Pichot, C.; Delair, T. Versatile and Efficient Formation of Colloids of
Biopolymer-Based Polyelectrolyte Complexes. Biomacromolecules 2004, 5, 1882-1892.

Vitorazi, L.; Ould-Moussa, N.; Sekar, S.; Fresnais, J.; Loh, W.; Chapel, ].P.; Berret, ].F. Evidence of a two-
step process and pathway dependency in the thermodynamics of poly(diallyldimethylammonium
chloride)/poly(sodium acrylate) complexation. Soft Matter 2014, 10, 9496-9505.



Polymers 2019, 11, 1236 17 of 19

24.

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

42.

43.

44.

45.

46.

Bezrodnykh, E.A.; Blagodatskikh, I1.V.; Kulikov, S.N.; Zelenikhin, P.V.; Yamskov, I.A.; Tikhonov, V.E.
Consequences of chitosan decomposition by nitrous acid: Approach to non-branched oligochitosan oxime.
Carbohydr. Polym. 2018, 195, 551-557.

Katchalsky, A.; Shavit, N.; Eisenberg, H. Dissociation of weak polymeric acids and bases. ]. Polym. Sci. 1954,
13, 69-84.

Tsukada, S.; Inoue, Y. Conformational properties of chito-oligosaccharides: Titration, optical rotation, and
carbon-13 N.M.R. studies of chito-oligosaccharides. Carbohydr. Res. 1981, 88, 19-38.

Zentz, F.; Bédouet, L.; Almeida, M.].; Milet, C.; Lopez, E.; Giraud, M. Characterization and Quantification
of Chitosan Extracted from Nacre of the Abalone Haliotis tuberculata and the Oyster Pinctada maxima.
Mar. Biotechnol. 2001, 3, 36—44.

Filion, D.; Lavertu, M.; Buschmann, M.D. Ionization and Solubility of Chitosan Solutions Related to
Thermosensitive Chitosan/Glycerol-Phosphate Systems. Biomacromolecules 2007, 8, 3224-3234.

Domard, A. pH and c.d. measurements on a fully deacetylated chitosan: Application to Cull —polymer
interactions. Int. |. Biol. Macromol. 1987, 9, 98-104.

Domard, A.; Gey, C.; Taravel, F. Glucosamine oligomers: 2. N.m.r. studies on a DP3. Int. ]. Biol. Macromol.
1991, 13, 105-109.

Kodama, H.; Miyajima, T.; Mori, M.; Takahashi, M.; Nishimura, H.; Ishiguro, S. A unified analytical
treatment of the acid-dissociation equilibria of weakly acidic linear polyelectrolytes and the conjugate acids
of weakly basic linear polyelectrolytes. Colloid Polym. Sci. 1997, 275, 938-945.

Kulikov, S.; Tikhonov, V.; Blagodatskikh, I.; Bezrodnykh, E.; Lopatin, S.; Khairullin, R.; Philippova, Y.;
Abramchuk, S. Molecular weight and pH aspects of the efficacy of oligochitosan against methicillin-
resistant Staphylococcus aureus (MRSA). Carbohydr. Polym. 2012, 87, 545-550.

Katchalsky, A.; Spitnik, P. Potentiometric titrations of polymethacrylic acid. . Polym. Sci. 1947, 2, 432-446.
Tsuchida, E.; Osada, Y.; Abe, K. Formation of polyion complexes between polycarboxylic acids and
polycations carrying charges in the chain backbone. Die Makromol. Chem. 1974, 175, 583-592.

Rinaudo, M.; Milas, M.; Dung, P.L. Characterization of chitosan. Influence of ionic strength and degree of
acetylation on chain expansion. Int. ]. Biol. Macromol. 1993, 15, 281-285.

Qin, C.; Li, H,; Xiao, Q.; Liu, Y.; Zhu, J.; Du, Y. Water-solubility of chitosan and its antimicrobial activity.
Carbohydr. Polym. 2006, 63, 367-374.

Varum, K.M.; Ottey, M.H.; Smidsred, O. Water-solubility of partially N-acetylated chitosans as a function
of pH: Effect of chemical composition and depolymerisation. Carbohydr. Polym. 1994, 25, 65-70.

Liu, X.; Chapel, J.P.; Schatz, C. Structure, thermodynamic and kinetic signatures of a synthetic
polyelectrolyte coacervating system. Adv. Colloid Interface Sci. 2017, 239, 178-186.

Bakeev, K.N.; Izumrudov, V.A.; Kuchanov, S.I.; Zezin, A.B.; Kabanov, V.A. Kinetics and mechanism of
interpolyelectrolyte exchange and addition reactions. Macromolecules 1992, 25, 4249-4254.

Kabanov, V.A. Basic Properties of Soluble Interpolyelectrolyte Complexes Applied to Bioengineering and
Cell Transformations. In Macromolecular Complexes in Chemistry and Biology; Dubin, P., Bock, ]J., Davis, R.,
Schulz, D.N., Thies, C., Eds.; Springer: Berlin/Heidelberg, Germany, 1994; pp. 151-174.

Majedi, F.S.; Hasani-Sadrabadi, M.M.; Hojjati Emami, S.; Shokrgozar, M.A.; VanDersarl, ]J.;
Dashtimoghadam, E.; Bertsch, A.; Renaud, P. Microfluidic assisted self-assembly of chitosan based
nanoparticles as drug delivery agents. Lab Chip 2013, 13, 204-207.

Debus, H.; Beck-Broichsitter, M.; Kissel, T. Optimized preparation of pDNA/poly(ethylene imine)
polyplexes using a microfluidic system. Lab Chip 2012, 12, 2498-2506.

Iliescu, C.; Tresset, G. Microfluidics-Driven Strategy for Size-Controlled DNA Compaction by Slow
Diffusion through Water Stream. Chem. Mater. 2015, 27, 8193-8197.

Eimer, W.; Pecora, R. Rotational and translational diffusion of short rodlike molecules in solution:
Oligonucleotides. ]. Chem. Phys. 1991, 94, 2324-2329.

Sedlak, M. What Can Be Seen by Static and Dynamic Light Scattering in Polyelectrolyte Solutions and
Mixtures? Langmuir 1999, 15, 4045-4051.

Philippova, O.E.; Volkov, E.V.; Sitnikova, N.L.; Khokhlov, A R.; Desbrieres, J.; Rinaudo, M. Two Types of
Hydrophobic Aggregates in Aqueous Solutions of Chitosan and Its Hydrophobic Derivative.
Biomacromolecules 2001, 2, 483-490.



Polymers 2019, 11, 1236 18 of 19

47.

48.

49.

50.

51.

52.

53.

54.

55.

56.

57.

58.

59.

60.

61.

62.

63.

64.

65.

66.

67.

68.

69.

Korchagina, E.V.; Philippova, O.E. Multichain Aggregates in Dilute Solutions of Associating
Polyelectrolyte Keeping a Constant Size at the Increase in the Chain Length of Individual Macromolecules.
Biomacromolecules 2010, 11, 3457-3466.

Blagodatskikh, I1.V.; Bezrodnykh, E.A.; Abramchuk, S.S.; Muranov, A.V.; Sinitsyna, O.V.; Khokhlov, A.R;
Tikhonov, V.E. Short chain chitosan solutions: Self-assembly and aggregates disruption effects. J. Polym.
Res. 2013, 20, 73.

Mende, M.; Schwarz, S.; Zschoche, S.; Petzold, G.; Janke, A. Influence of the Hydrophobicity of
Polyelectrolytes on Polyelectrolyte Complex Formation and Complex Particle Structure and Shape.
Polymers 2011, 3, 1363-1376.

Cousin, F.; Gummel, J.; Ung, D.; Boué, F. Polyelectrolyte-Protein Complexes: Structure and Conformation
of Each Specie Revealed by SANS. Langmuir 2005, 21, 9675-9688.

Alatorre-Meda, M.; Taboada, P.; Hartl, F.; Wagner, T.; Freis, M.; Rodriguez, ].R. The influence of chitosan
valence on the complexation and transfection of DNA: The weaker the DNA-chitosan binding the higher
the transfection efficiency. Colloids Surf. B Biointerfaces 2011, 82, 54-62.

Richards Grayson, A.C.; Doody, A.M.; Putnam, D. Biophysical and Structural Characterization of
Polyethylenimine-Mediated siRNA Delivery in Vitro. Pharm. Res. 2006, 23, 1868-1876.

Terayama, H. Method of colloid titration (a new titration between polymer ions). J. Polym. Sci. 1952, 8, 243—
253.

Schatz, C.; Lucas, ].-M.; Viton, C.; Domard, A.; Pichot, C.; Delair, T. Formation and Properties of Positively
Charged Colloids Based on Polyelectrolyte Complexes of Biopolymers. Langmuir 2004, 20, 7766-7778.
Drogoz, A.; David, L.; Rochas, C.; Domard, A.; Delair, T. Polyelectrolyte Complexes from Polysaccharides:
Formation and Stoichiometry Monitoring. Langmuir 2007, 23, 10950-10958.

Vleugels, L.E.W.; Ricois, S.; Voets, LK.; Tuinier, R. Reversal of metachromasy revisited; displacement of
Toluidine-blue from alginate by surfactants. Colloids Surfaces A Physicochem. Eng. Asp. 2017, 529, 454-461.
Sato, S.; Matsumoto, S.; Freivalds, T.; Erenpreisa, J. Consideration on the Metachromatic Spectra of
Toluidine Blue Dimers Formed on DNA Oligomers. Bull. Chem. Soc. Jpn. 2010, 83, 1216-1222.

Fukada, H.; Takahashi, K. Enthalpy and heat capacity changes for the proton dissociation of various buffer
components in 0.1 M potassium chloride. Proteins Struct. Funct. Bioinform. 1998, 33, 159-166.

Ma, P.L,; Lavertu, M.; Winnik, F.M.; Buschmann, M.D. New Insights into Chitosan-DNA Interactions
Using Isothermal Titration Microcalorimetry. Biomacromolecules 2009, 10, 1490-1499.

Petrov, A.IL; Antipov, A.A.; Sukhorukov, G.B. Base-Acid Equilibria in Polyelectrolyte Systems: From Weak
Polyelectrolytes to Interpolyelectrolyte Complexes and Multilayered Polyelectrolyte Shells. Macromolecules
2003, 36, 10079-10086.

Priftis, D.; Megley, K.; Laugel, N.; Tirrell, M. Complex coacervation of poly(ethylene-imine)/polypeptide
aqueous solutions: Thermodynamic and rheological characterization. J. Colloid Interface Sci. 2013, 398, 39—
50.

Feng, X.,, Leduc, M.; Pelton, R. Polyelectrolyte complex characterization with isothermal titration
calorimetry and colloid titration. Colloids Surf. A Physicochem. Eng. Asp. 2008, 317, 535-542.

Kim, W.; Yamasaki, Y.; Kataoka, K. Development of a Fitting Model Suitable for the Isothermal Titration
Calorimetric Curve of DNA with Cationic Ligands. J. Phys. Chem. B 2006, 110, 10919-10925.

Utsuno, K; Uludag, H. Thermodynamics of polyethylenimine-DNA binding and DNA condensation.
Biophys. J. 2010, 99, 201-207.

Alonso, T.; Irigoyen, J.; Iturri, ].J.; larena, I.L.; Moya, S.E. Study of the multilayer assembly and complex
formation of poly(diallyldimethylammonium chloride) (PDADMAC) and poly(acrylic acid) (PAA) as a
function of pH. Soft Matter 2013, 9, 1920-1928.

Tsuchida, E.; Abe, K. Interactions between macromolecules in solution and intermacromolecular
complexes. In Interactions Between Macromolecules in Solution and Intermacromolecular Complexes; Tsuchida,
E., Abe, K., Eds.; Springer: Berlin/Heidelberg, Germany, 1982; pp. 1-119.

Kabanov, V.A.; Papisov, LM. Formation of complexes between complementary synthetic polymers and
oligomers in dilute solution review. Polym. Sci. USSR 1979, 21, 261-307.

Parnaste, L.; Arukuusk, P.; Langel, K.; Tenson, T.; Langel, U. The Formation of Nanoparticles between
Small Interfering RNA and Amphipathic Cell-Penetrating Peptides. Mol. Ther. Nucleic Acids 2017, 7, 1-10.
Schatz, C.; Viton, C.; Delair, T.; Pichot, C.; Domard, A. Typical Physicochemical Behaviors of Chitosan in
Aqueous Solution. Biomacromolecules 2003, 4, 641-648.



Polymers 2019, 11, 1236 19 of 19

70.

71.

72.

73.

74.

75.

Kabanov, V.A. The Cooperative Interactions of Complementary Synthetic Macromolecules in Solutions. In
Macromolecular Chemistry—8; Saarela, K., Ed.; Butterworth-Heinemann: Oxford, UK, 1973; pp. 121-145.
Papisov, I.M.; Litmanovich, A.A. Specificity of cooperative interactions between simple synthetic
macromolecules and its connection with chain length. Polym. Sci. USSR 1977, 19, 830-837.

Plank, C.; Tang, M.X.; Wolfe, A.R.; Szoka, F.C. Branched Cationic Peptides for Gene Delivery: Role of Type
and Number of Cationic Residues in Formation and in Vitro Activity of DNA Polyplexes. Hum. Gene Ther.
1999, 10, 319-332.

Tsuchida, E.; Osada, Y. The role of the chain length in the stability of polyion complexes. Die Makromol.
Chem. 1974, 175, 593-601.

Kharenko, A.V.; Starikova, E.A.; Lutsenko, V.V.; Zezin, A.B. Study of cooperative reactions of
oligophosphates and polyphosphates with polybases. Vysokomol. Soedin. Seriya A 1976, 18, 1604-1608.
Ikawa, T.; Abe, K.; Honda, K.; Tsuchida, E. Interpolymer complex between poly(ethylene oxide) and
poly(carboxylic acid). J. Polym. Sci. Polym. Chem. Ed. 1975, 13, 1505-1514.

© 2019 by the authors. Licensee MDPI, Basel, Switzerland. This article is an open access
‘@ @ article distributed under the terms and conditions of the Creative Commons Attribution

(CC BY) license (http://creativecommons.org/licenses/by/4.0/).



Effects of chain length of chitosan oligosaccharides on
solution properties and complexation with siRNA

Supporting Information

Tim Delas 1, Maxime Mock-Joubert 2, Jimmy Faivre 2, Mirjam Hofmaier !, Olivier Sandre ?, Francois
Dole 3, Jean Paul Chapel 3, Agnés Crépet 2, Stéphane Trombotto 2, Thierry Delair 2, Christophe
Schatz +*

! Laboratoire de Chimie des Polymeres Organiques (LCPO), Univ. Bordeaux, CNRS, Bordeaux INP, UMR 5629,
33600, Pessac, France

2 Ingénierie des Matériaux Polymeres (IMP), CNRS UMR 5223, Université Claude Bernard Lyon 1, 69622
Villeurbanne, France

3 Centre de Recherche Paul Pascal (CRPP), UMR CNRS 5031, Univ. Bordeaux, 33600 Pessac, France

* Correspondence: schatz@enscbp.fr; Tel.: +33-5568-46618



B = dRI

(a) M, = 8.997x10* g/mol
My = 1.877x10° g/mol
2 0 =207
K
é 0.0 —
057 g :
lﬂlﬂ Zﬂl.l] 30.0 40.0 SC:.U
time (min)
(b)

H2, H3, H%, H5, H®

C(0)CH:

200,0
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Figure S4. Intensity-average particle size distributions of COS/siRNA complexes in RNase-free water by
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ITC modeling

With the exception of the parent chitosan of 90 kDa presenting a classical sigmoidal ITC isotherm, the
COS of lower DP (5, 13, 16, 50) showed a more or less pronounced exothermic peak before the
equivalency. A second aggregative process hindering/counterbalancing the classical ion-pairing
process should then be assumed to rationalize these titration experiments. Following the approach
put forward recently by Vitorazi et al.,! the heat exchange measured during the complexation of the
COS with siRNA was considered to be the sum of two distinct contributions, AH;p(Z, n;p, 1;p) for the
electrostatic ion pairing process and AHAgg(Z, nAgg,ragg) for the aggregation process, with both
contributions being of the form of equation 1 derived from the Multiple Non-Interacting Sites (MNIS)
model:*?

1 n—ZzZ-r
AH(Zn,7) ==AH, (1 + 1)
2 \/(n+Z+r)2—4Zn

This approach supposes that the siRNA to be titrated have several anchoring sites to which COS can
bind with a probability independent of the rate of occupation of the other sites on the same siRNA
molecule. The complexation between siRNA and COS comes then with either an absorption or a release
of heat proportional to the amount of binding. The reaction is characterized by a binding constant K},
a binding enthalpy AH and a reaction stoichiometry n. In equation 1, r = 1/K,[M] with [M] the molar
concentration of siRNA and Z the N:P ratio. It is then assumed that the total enthalpy change during
titration can be written as:

AH(Z) = AHip(Z,myp,11p) + a(Z)AH, 54 (Z, 1054, Tagg) )

where the function a(Z) is the fraction of the aggregate phase at Z. a(Z) is considered to be of the

form: a(Z2) = (1 + exp((Z — ZO)/J))_lwhich corresponds to a step function centered at Z, and of
lateral extension o (with Z, = n;p and ¢ = 0.3 for all isotherms). The isotherm of the parent chitosan
showing a classical sigmoidal variation, the binding enthalpy was fitted with a unique ion pairing
process. For the chitosans of lower DPs, the two-step model was used in order to take into account
the aggregation process superimposed on the ion-pairing process.
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Figure S10. Binding constant related to the ion pairing as function of the DP of COS (from data in
Table 3). The dotted line was plotted to guide the eye.
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