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Abstract

Polyelectrolyte complexes formed between DNA and chitosan present different and
interesting physicochemical properties combined with high biocompatibility; they are very
useful for biomedical applications. DNA in its double helical structure is a semi-rigid
polyelectrolyte chain. Chitosan, an abundant polysaccharide in nature, is considered as one
of the most attractive vectors due to its biocompatibility and biodegradability. Here we
study chitosan/DNA polyelectrolyte complex formation mechanism and the key factors of
their stability. Compaction process of DNA with chitosan was monitored in terms &f the
potential and hydrodynamic radius variation as a function of charge ratios between
chitosan and DNA. The influence of chitosan degree of acetylation (DA) and its molecular

weight on the stoichiometry of chitosan/DNA complexes characteristics was also studied.
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It is shown that the isoelectric point of chitodaNA complexes, as well as their stability,
is directly related to the degree of protonatiorclitosan epending orpH), to the DA
and to the external salt concentration. It is destrated that DNA compaction process
corresponds to aall or nothing like-process. Finally, since an important factorcell
travelling is the buffering effect of the vectoreds we demonstrated the essential role of

free chitosan on the proton-sponge effect.

Keywords. Polyelectrolyte complexef)NA-chitosan complexglectrostatic interaction;

DNA compaction.

1. Introduction

Mixing oppositely charged polyelectrolytes resutisthe formation of a polyelectrolyte
complex (PEC) based on electrostatic interactiondeipendence of pH and external salt
concentration [1-3]. Electrostatic complexes invwady natural biopolymers are being
widely developed recently fomew—biomaterials—production—andew biomedical
applications [4,5]. Strong electrostatic interagtidoetween oppositely charged systems are
also involved athe interface to stabilize or destabilize liposomesdiug release [5,6], for
formation of lipoplexes especially with DNA [7-99r to stabilize a colloidal dispersion
[10,11]. Layer by layer formation between oppogiteharged polyelectrolytes is an
important development of polyelectrolyte complexésvas applied to form capsules by
deposition on liposomes and their stabilization,I1B2 to stabilize the biological activity

of peptide hormones [14] or to coat blood vessiglgishitosan and hyaluronan [15].

Mere—specifically, In the domain of bioactive systems, the attention Wasised on
cationic polymers able toomplex anccompact DNA[16-26]. and-to-be-used-as-non-viral

via a a alaYalalllala' ViataV B o1~ a¥allla' aXaaifala Q a¥a ala¥a - Via a for

gene-deliveryThe polycationic entities usually examined areylysine, polyethylenimine
(PEI) and chitosan. Low immunogenicity, biocompiitip and minimal cytotoxicity of
chitosan is actually recognized and proposed teldgva better alternative to viral or lipid
vectors. Chitosan may also be associated with matiemulsion/DNA, allowing the

reduction of the size of the gene delivery vehard enhances in vitro transfection [27].



The first report about chitosan as a possible eafor gene therapy was made Mymper

et al.,, in 1995 [28]. As recognized, chitosan is a pseuaiosal polysaccharide,
biocompatible, biodegradable, mucoadhesive, and-toxin. In addition of their
immunogenicity, chitosan molecules condense efiitfewith DNA forming polyplexes
and preventing its degradation by DNAses or inmsefli7, 23,29, 30]. These electrostatic
complexes are formed reversibly without changingAD8ibuble helix conformation, as
tested with low molar mass chitosan (MW=40 000;rdegf acetylation, DA$.01-1%)

[31,32]. Chitosan-DNA—comple based—on—electrosta FeBons—between

DNA-[BBE parameters
that control complexes formation influencing thertigées size and stability include
chitosan molecular weight (MW; N being the numbénaial -NH;), DNA or plasmid
concentration (characterized by the phosphate nbriR¢ and the charge ratio R)
[19,2133-40]. In-these-works]t was demonstrated that the size of the formed ghesti
decreased when the molar mass of chitosan decrbasé¢dat the stability of the complex
increased when the MW increased; also, the sizeeotomplex increased when plasmid
concentration increased. In addition, higher mdecweight chitosan samples associated

more strongly with plasmids. Those complexes werere stable to salt and serum

mmirin aVaalalla oraton

challenge [21].
sinee-theycontrol-the-condensationand-theiriiigHbits Chitosanlinear structure is based

on poly (3-(1-4)-N-acetyl-D-glucosamine) partially deacetglht allowing easy specific

chemical modification on the -NHposition [20,41-44]. Many characteristics of ckda
have been previously discussed in the literatue] Ehd summarized as follows: i)
chitosan molar masses MW (and samples with difteké&¥v may be prepared by partial
depolymerization with sodium nitrite) [21], ii) dbsan degrees of acetylation (DA usually
between 0.05 and 0.30 to be soluble in acidic d¢mrdi) and iii) their acetyl groups
distribution along the chains (usually not examimeaomplex formationepending on
the conditions of chitin deacetylation.

The influence of MW and DA of chitosan on complexnhation with DNA have been
covered by few papers [19, 20, 35-39ing often electrophoretic mobility (and zeta
potential), Dynamic Light Scattering (DLS), Atomié&orce Microscopy (AFM),

potentiometry or microcalorimetry—n-these-workise-main—technigues—used-are—often




Since chitosan is a weak base with a35, pH is an important parameter to control the
degree of protonation of the amino grouips -NH") controlling complex formation with

the highly negatively charged DNA §H19, 33, 46].the—peositive—fraction—of charge (-
: . . : o med
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iy

al. showed that a minimum of 6 to 9 monomeric unitsd@sessary to complex DNA [19],

however, the stability of the complex tends to berpdissociating at pH> 6.5 or in excess
of salt. Clearly, the stability of the complex dede on pH, NP charge ratio and salt
concentrationin vitro. Fhe—meost-important-parameter—after—chitosan—chaatts—is
Usually, the ratio N/P (or chitosan units/phosphate units)used in literature For
progressive additions of chitosan at a pH lowentB& to a dilute DNA solution, W

increases while complex is formed, being negativaigrged up to an isoelectric point

followed by the charge inversiofthe-N/P-chargeratio-at-null-charge-is-usually-found

a ala a¥a' N ala a allaYaaVa' ViaTaValaYa aVaWlline e ala ala adaran 3]0"'
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gene delivery, it is important to use a positivenptex (N/P >1) in the nanometric range
of particle diameters able interacting with the ategely charged cell membrane and then,
entering the cell through endocytosis and/or pitagyg to allow transfection [18-20, 35,
39]. It was claimed that N/P molar ratio=3 gives thighest transfection activity in serum
using a MW=70 000 chitosan. In addition, compardith wther polycations often proposed
for gene therapy, it was found that chitosan haalager toxicity than polylysine and that

after 96 hours, this polycation was 10 times mdiieient than PEI [42].

Another important and delicate point is testing tita@sfection efficiency of chitosan/DNA
systemsin vivo. It depends on several factors such as chitosaracteristics (DA and
MW), local pH and salt composition, charge ratiochftosan to DNA (NVP) playing on
complex stability. It also depends on the cell typanoparticle size, enzyme and protein
interactions, and interactions with membranes. #sweported that the transfection

efficiency at pH 6.5 was higher than at pH 7.4 [4K] pH=8, the complex was fairly

insoluble and did not penetrate the membrane [MBvertheless, the transfection




8}—Fhen, The positive particles of DNA compacted by polycaticare able to interact

with the anionic proteoglycans at the cell surface can be transported by endocytosis.
The cationic agents have a buffering capacity emeéhdosomal pH range (pH 4.5 to 7.5)
inhibiting the degradation of DNA by lysosomal enm®s [20, 48]. The mechanism was
fully described for PEI/DNA complexes [49-51]. Ohig point, it was shown that the

buffering capacity or proton sponge effect wasdaigr chitosan than for PEI for the same
number of cationicsites [48]. The presence of excess of free chitosan incredsed t
osmotic pressure and destabilized the endosonmexsiag DNA and translocating it into

the nucleus, where it can decondense after or pgragon from the cationic delivery

vehicle and can regulate gene expression [17,26284].ir-fact-the-lastlimiting-step is

[40}. Interestingly, polyplexes formed with PEI and chédo are able to protect pDNA

from serum degradation at the same level and they have a comparable transgene
expression inHuman Embryonic KidneyHEK) 293 cells [30]. The question of the
stability of the complexn vivo is important but not yet solved: higher stabiligmperes
the transfection efficiency [30,34]. It was foundat there is a fine balance between
extracellular DNA protection (better with high MWié lower DA) and ability of efficient
intracellular unpacking (better with low MW) in @dto get a large level of transfection
[20, 24, 32, 37, 39]. Especially, a relation wasndastrated between transfection
efficiency and polyplex dissociation rate and itswehown that complex with high MW

and low DA do not dissociate even after 24h in HEX3 cells [55].

In a previous work, chitosan/DNA complex stoichidnge net charge, dimensions,
conformation and thermal stability were determiaed discussed [33H-was-found-that

DA ala hito N a ha main nhaenomaeaen -3-3‘: na a on a a e

stoichiometric—charge—ratic—WP=1. It was found that the isoelectric point of

chitosan/DNA complexes is directly related to theichiometric charge ratio WP'=1.

Hereln the present workwe study chitosan-DNA polyelectrolyte complex meswism and

the key factors of their stability. DNA concentoatiwas selected in the dilute regime,



around 10 times lower than the average value ofaverlap concentration ‘C(0.23
mg/mL), previously determined from viscosity mea&snents [56].Different techniques
(C-potential, fluorescence, AFM) are used to deteentite role of chitosan characteristics
added on the complexes formed in a wide range Bfrhlfios. Furthermore, the mechanism
of complex formation is proposed through the studyseveral physicochemical and

biophysical data obtained from complementary tegqpes,i.e. UV-Vis, DLS and gel

electrophoresis.

2. Materialsand methods
2.1. Materials

Calf-thymus DNA sample with an average moleculaigive of 6,559,500 g/mol [56],
NaOH in pellets with impurities0.001 % and anhydrous NaCl were supplied by Sigma-
Aldrich Company. DNA encoding for Enhanced GreemoFéscent Protein (pEGFP) was
transformed intcE. coli bacterial strain and extracted from the culturbepe using the
Midiprep Macherey Nagel protocol and stored at <20 The purified plasmid was
dissolved in deionized sterile water. Their puidyd concentration were determined by
UV-Vis measurements by measuring absorbance a22680im. AcOH, AcONa, and HCI
0.1 N (Titrisol) was supplied by Merck Milliporee®eral chitosan samples were used to
study the influence of their degree of acetylat{d®) and molecular weighf(MW) on
complex formation: two commercial samples from SighAidrich Company, High
Molecular Weight (HMW chitosan (Ref: 41,941-9) amdedium Molecular Weight
(MMW) chitosan (Ref: 44,887-7); and seven chitossamples (ChitoClear®) from

Northern coldwater shrimp,Pandalus borealis provided by Primex, Iceland. A



characterization of chitosan samples from SigmaiéiidCompany and Primex samples
are presented in this paper. Furthermore, two shitosamples (1C: MW=84 000,
DA=0.41 and 1E: MW=75 000, DA=0.61) were obtained random reacetylation by

Roberts and were characterized previously [57].

2.2. DNA and chitosan solutions preparation

DNA solutions were prepared at a concentration ofigimL in water and in a series of
NaCl solutions with different concentrations (58100% 10 1.0 and 2.0 M NacCl). The
purified EGFP plasmid was diluted to 1 mg/mL inatezed sterile water. The vials were
closed and sealed with Parafilm® to prevent wataperation and changes in the polymer
concentration. For complex formation, all nucletda solutions (Calf-thymus DNA and
pPEGFP) were prepared by dilution of the 1 mg/mL DB®#ution to around 0.03 mg/mL,
to avoid experimental difficulties such as turbyditluring chitosan addition. Calf-thymus
DNA solutions were stored in a refrigerator at mperature of 4 °C and pEGFP solutions

were stored at -20 °C to prevent degradation.

Initial chitosan solutions were prepared at a aertancentration (between 4.17 and 6.25
mg/mL, depending on chitosan DA) by dissolving awn amount of polysaccharide with
the stoichiometric amount of HCI 0.1N on the basisNH, content to get the fully
protonated chitosan. The experimental concentratidnchitosan used to prepare
complexes was obtained by dilution of the previeakition with water to 1 mg/mL. The
final pH after dissolution was found around 3.6eH®olutions were placed under constant
stirring for one night at room temperature, untinplete dissolution. Finally, all the
solutions were stocked at a temperature of 4 °@rbefise and filtered with a Of2n
porous membrane. For modification of the degreprofonation, chitosan solutions were
adjusted to the following pH values: 4.5, 5.0, &% and 6.5 with a solution 0.1N NaOH

before addition into DNA solution.

Chitosan Labelling. In order to quantify chitosan free chains aftetatan/DNA complex
formation at different charge ratios by fluores@spectroscopy, one chitosan sample was
labeled with a fluorescent probe. For th&s) amount of 1 g of chitosan (Primex 6,
Mw=160 000) was dispersed in 40 mL of distilled @raand dissolved by addition of 60
mL of 0.1 M HCI. Then 25 mL of dried methanol (MepPitas added to the solution,



followed by the addition of 50 mL of a solution ieOH containing 52 mg of fluorescein
isothiocyanate (FITC). The mixture was stirred dgr8 h at ambient temperature and then
diluted with water up to a final volume of 600 mIhe solution was neutralized with a 0.1
M NaOH solution to pH7, to precipitate the labelled chitosan. The priézip was then
recovered by filtration, washed with an ethanoléva{70/30v/v velume—+ati) mixture
until the filtrate was clear, and finally dried wrdvacuum at ambient temperature. The
degree of substitution was determined by compaitisdluorescence in dilute sample in
acidic solution with a dilute solution of FITC atcantrolled concentration as reference
[58]. A low degree of labelling was chosen to avoid amdlof modification of chitosan
interactions with DNA, as well as chitosan/DNA pitgehemical properties, as shown in
Fig. S1 (available in the supplementary informatioAn amount of around 4x10
fluorescent groups per chitosan sugar repeat wass determined through fluorescence

measurements.

2.3. Chitosan characterization: DA and MW

DA determination. The DA, determined by the fraction of N-acetylaghgcosamine units,
was determined by conductometric titration [2] 2RdNMR [45]. The fraction of free -
NH,, equal to 1-DA, in chitosan samples was obtaingccdnductivity measurements,
dissolving a sample of neutral chitosan with alelitexcess of HCI based on the
stoichiometry of the solution, followed by the malization of the protonated -NHjroups
by the addition of NaOH. For this experiment, sssoge volumes of 25 pL NaOH (0.1M)
were added into a 20 mL chitosan solution and traactivity of the solution was taken
at each addition. Conductivity measurements wemopeed in a Conductivity Meter
Thermo Scientific Orion 3-Star from Thermo Fisheiestific Company at a temperature
of 25 °C.'H NMR measurements were performed at 298 °K on wkér AVANCE |
instrument equipped with a 5 mm probe operating0&x2 MHz. An amount of 3 mg of
polymer was dissolved in 0.5 mL oD containing the stoichiometric amount of DCI to

dissolve chitosan, and 32 scans were recordeteat@erature of 80 °C.

MW determination The intrinsic viscosity of Sigma Aldrich chitosaransples was
determined through capillary viscometry measures)efitbm which it was possible to
calculate their viscosity-average molecular weidit by using the Mark-Houwink

expression. Viscosity measurements were carriethan automatic viscometer AMVn



from the-cempanyAnton Paar at a temperature of 25 °C. Chitosarpksswere prepared
at a concentration of 3 mg/mL in AcOH 0.3 M/AcOR2 MM [57]. A series of dilutions was
prepared for each chitosan sample in a concemratioge between 0.02 and 1.5 mg/mL.

Viscosity measurements were carried out at thriéerdnt angles (30°, 50° and 60°).

The weight-average molecular weights of each sample also determined through Size
Exclusion Chromatography (SEC) measurements. Theersoused was a buffer with
0.3M acetic acid and 0.25M sodium acetate. Tworookiin series from Tosoh Bioscience
were usedi.e. TSK gel G 3000 and G 6000 PWXL associated witleagolumn TSK gel
PWXL. A light scattering detector Treos from Wyatas associated with a differential
refractometer. The selected flow rate was 0.5 mb/ati 30°C, the dn/dc was equal to

0.190 and chitosan concentration injected was g@anL.

2.4. Chitosan/DNA complex formation

Chitosan/DNA complex net charge determination. Zeta potential measurements were
performed with a Malvern Zetasizer NanoZS at a tenmafure of 25 °C. The complex
formation was followed through zeta potential measents by adding given volume of
chitosan 1 mg/mL into a DNA solution (0.03 mg/mdt)controlled pH, under continuous
stirring. After stabilization of the obtained chitosan-DNAntplex §.e. 5 min), 1 mL of the
solution was injected into th&etasizerNano cell for the measurementifter each
measurement, all the solution was collected froendéll and re-introduced into the bulk
solution before the addition of the nextiume of chitosan solutioihe Malvern Zetasizer
NanoZS instrument measured the electrophoretic Iihobi the particles and calculates

the zeta potential using the Smoluchowesigpression.

Sze measurements through Dynamic Light Scattering (DLS). DLS measurements were
performed in a Malvern Zetasizer NanoZS 90 af@%nd carried out at an angle of 90°.
The hydrodynamic radius (JR was calculated using the Stokes—Einstein equation
proposed for spherical particles. The evolutionRpf during complex formation was

monitored during progressive additions of chitosan.

Atomic Force Microscopy (AFM) measurements. AFM measurements were carried out in a
Nanosurf instrument, model Easyscan2 (Nanosurf @#tzerland), using a tapping mode
with tips TAP 190AI-G from Budget Sensors and attaational frequency of 600 mV.



Chitosan/DNA complexes centrifugation assays. Chitosan/DNA complexes were prepared
at different charge ratios using a DNA solution®rg/mL in NaCl 0.01 M selected in
order to preserve the double helical conformatiall te—be—-ableenablingto accurately
quantify DNA concentration by UV-spectroscopy ire thupernatant after centrifugation.
They were incubated during 30 min and then DLS mnessents were performed in order
to determine the size and the scattered intenditthe complexes. After recording this
procedure, complexes were centrifuged during 45 atii5 000 G and at 25 °C. The
supernatant was then analyzed with DLS and UV-Yisctoscopy. DNA concentration
was measured by using the absorbangg iA a Nanodrop 1000 Spectrophotometer from

Thermo Scientific.

Free DNA quantification through gel electrophoresis. Chitosan/ DNA binding assays
evaluated through gel electrophoresis were perfdrase follows: 100 ng of the plasmid
DNA (eGFP) were mixed with increasing amounts dfadan (0.1 mg/mL) in 2QL of a
mixture of buffer (5% glycerol, 10mM Tris—HCI with pH of 8.0, 1ImM EDTA, 1mM
dithiothreitol and 20 mM KCI) and water (at 1/9 vratio). After stabilization of
chitosan/DNA complexes under stirring during 30 nah room temperature,uB of
loading buffer (0.05% bromophenol blue, 0.1 mM EDQDBA% glycerol) was added to the

mixture, then an aliquot of 2j0L was applied to a 0.6% agarose gel electrophornesix

TAE buffer (40 mM Tris, 20 mM Acetic acid, 1 mM EDBJ containing SYBI® Ssafe
(Life Technologies, Carlsbad, CA, USA). The fraatiof free DNA was determined from
the intensity of the migrating fraction of DNA bging the Image Lab Software® in a Bio-
Rad Gel Doc EZ Imager.

Free chitosan quantification through fluorescence measurements. Chitosan/DNA
complexes were prepared at different charge raisosg a DNA solution 0.03 mg/mL in
water The complexes were stabilized during 30 min befmetrifugationduring for 45
min at 15 000 G and at 25 °C. The supernatantdigance was then determined with a
Jasco Spectrofluorometer FP-8500 using calibratiothe considered conditions (water,

NacCl at different concentration, HCI).

Sability of the complexes in presence of SDS. Taking into consideration the experimental
conditions given in literature [30], sodium dodesyllphate (SDS) was used to test the
ability of complexes to dissociate as an indexheiirt stability. Complexes were prepared
as mentioned previously in the section Bfee DNA quantification through gel

10



electrophoresis. After stabilization of chitosan/DNA complexes undgirring during 30
min at room temperature, befareding 3L of loading buffer, 3L of SDS0.5 % wt were
added to induce a partial decompaction of chitd8A complexes. Then, same protocol
as described before was followed to apply the alidar agarose gel electrophoresis. As
well as mentioned before, fraction of free DNA istefmined from the intensity of the
migrating fraction of DNA by using the Image Labf8@re® in a Bio-Rad Gel Doc EZ

Imager.

Sability of the complexes in presence of external salt. Gel electrophoresis assays were
performed in presence of NaCl at different conedittns (from 0 to 0.2 M).
DNA/complexes were prepared as mentioned previouslyhe section ofFree DNA
guantification through gel electrophoresis but in presence of the selected NaCl
concentration (from 0 to 0.2 M). After stabilizatif chitosan/DNA complexes under
stirring during 30 min at room temperatuf@;L of loading buffer was added to the
mixture. Then, same protocol as described prewownak followed by applying the aliquot
to the agarose gel electrophoresis. Free DNA frastiwere also determined from the
intensity of the migrating fraction of DNA by usirige Image Lab Software® in a Bio-
Rad Gel Doc EZ Imager.

Complex stability in acidic medium and buffering capacity. Complex stability in acidic
medium was followed through zeta potential measerémand potentiometric titration by
progressive addition of given volumes of HCI 0.01limMo a chitosan/DNA complex
suspension at a given charge ratio/A1 and a ratioN/P=3 times the N/P ratio
corresponding to MP=1, and at an initial pH around pH=7.5. After stabitiza of initial

pH, 1 mL of the solution was injected into the A&tar Nano cell for zeta potential
measurement. After each measurement, all the eolutias collected from the cell and
reintroduced into the bulk solution before the &ddiof the next volume of HCI. From
these measurements, the influence of excess afsanitis demonstrated. Same procedure
was used for water and for chitosan solutions lgatire same concentration than the one
used to reach the ratios’/R=1 and a ratid\/P=3 times the N/P ratio corresponding to
N*/P=1, all of them at the same initial pH. These experits allowed demonstrating the
role of bound and free chitosan on pH stabilizatiropresence of the complex. At end, the

composition of the complex was determined in acidicditions.
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3. Results and discussion
3.1. Electrostatic complexes formation
3.1.1. Chitosan samples characterization

DA values of chitosan samples from Sigma-Aldricld &rimex were determined through
conductivity [2] and‘H NMR [48] measurements and are presented in Thbiith both
techniques it is possible to determine a relialaleie, but still, the most precise technique

remains théH NMR if the polymer is perfectly soluble.

The viscosity-average MW was determined from thanisic viscosity (fj]) of the tested

samples. Then, the Mark-Houwink relation]§ KxM? was applied, using the constants
determined by Brugnerottet al. [57] to calculate the MW of Sigma Aldrich chitosan
samples. The weight-average MWs for all Primex dampvere determined by steric

exclusion chromatography (SEC).

Chitosan samples were then characterized throggsotential measurements and
potentiometric titrationskig. 1 shows, as an example, thepotential andpotentiometric
titration with 0.1 N NaOH for the MMW chitosan sal@pirom Sigma-Aldrich. The
solution of fully protonated chitosan, dissolvednesence of the stoichiometric amount of
HCI 0.1 N on the basis of Ni¢ontent, presents an initiélpotential around + 75 mV at a
pH of 3.6, showing that under these conditionstosiain is strongly positively charged.
While pH increases for progressive addition of Na§iltion, the fraction of [NEi] in

the solution of chitosan decreases to null chargenathe-potential decreases down to

zero valugFig—2a).

From these curves, it is easy to determine the,-Blbhtent (corresponding also to DA
determination) at nulf-potentialand potentiometric transition at pH~7.5 when aegiv
amount of chitosan is dissolved in a known excdsel@. From Fig. 1, the degree of
protonation of chitosan can also be determined ajiven pH. Then, it will allow
expressing the charge ratio’/R characterizing the complex formation in presente o
highly negatively charged DNA, enabling the disémisson the mechanism of complex

formation.
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3.1.2. Evidence of electrostatic complex formation

When positively charged chitosan is added undetrgjiinto a dilute DNA solution, using
DNA solutions in water, a complex is formed as ewiced from(-potentialmeasurements

shown inFig. 2aand by AFM measurements presenteHim 2h

Fig. 2ashows the& -potential as a function of the total -MEmount added and expressed
as (N/P). DNA molecules in solution give an initigbotential of around -40 mV (1) which
reaches thel-potential=0 mV (3) corresponding to the isoelectpoint (IP) of the
complexed particles during progressive additiostofosan. The last zone of the curve (4)
corresponds to an excess of chitosan in the chmitd3&A complex suspension and the
potential turns to positive value§-fotential= +26 mV). AFM measurementsid. 2
demonstrate the particles formation due to eletdtiosinteractions between DNA and

chitosan, as discussed previously.

In Fig. 23 it is noticed that a plateau is observed arour@(tpotential= -30 mV (2)
corresponding to the formation of chitosan/ DNA gbexes (at a charge ratio between 0.5
and 0.9considering the initial partial protonation of asan at pH=6.5having an average
hydrodynamic radius R of 15020 nm. These complexes correspond to partia
neutralization of the ionic phosphate sites (thegiex remaining negatively charged). At
a (-potential equal to the isoelectric point of thetjotes, all the negative charges of the
DNA are neutralized by the positive charges ofdhg#osan and the following relation is
obtained: N/P=5.3. In fact, as shown previously][33e isoelectric point corresponds to
the stoichiometric charge ratio”® =1, which is imposed by the degree of chitosan
protonation. InFig. 23 the molar ratio N/P included the total concemratof chitosan
amino groups [NI§|T:([NHz]free+[NH3+]pmtonateg and the ionic concentration of
phosphates/L (where JHs supposed to be completely ionized under norcoalditions).

In the example given iffig. 2g the degree of chitosan protonation was 0.20 at6pb]
allowing to calculate the charge ratidé/R =1 from the molar ratio N/P= 5.3 (see Table 2).
These isoelectric conditions (at zero charge fag ttomplex with complete DNA
compaction) correspond to the stoichiometric chana@ 1/1 taking into account the
degree of chitosan protonation. This conclusioregmith data given in literature [19, 20,

33] even if it is not confirmed in some pieces afrk[35].

3.1.3. Influence of the chitosan degree of protonation and pH on complex formation
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The protonation behavior of polycations such agoshn is one interesting feature
controlling endosomal escape of polyplexes, sitcgetermines the density of cationic
charges that affects the interaction with cell meanbs as well as stability of the complex
[20]. In the present work, the influence of thetesan degree of protonation on chitosan/
DNA complexes formation was firstly studied usingseries of chitosan solutions at
different initial pHs (3.6, 5.0, 5.5 and 6.0) anBIdA solution in water at a constant pH=6.

The experimental results are giverHig. 3a

Fig. 3ashows thel-potential variation as a function of the molanaodietween chitosan
and DNA dissolved in water for different initial pthitosan values. Th® of the particles
corresponds to the stoichiometric neutralizationnefjative DNA charges and positive
charges of chitosan, which varies with the degfegr@atonation imposed bthe initial pH

of the chitosan solution. For chitosan/DNA conxgle formed between the fully
protonated chitosan (pH=3.6) and DNA negativelyrghd (at pH=6.0), the charge ratio of
N*/P is equal to N/P=1. At pH= 5.0, 5.5 and 6.0, chitoss partially positively charged,
since respectively 82%, 63% and 50% of the amimups are protonated (see Table 2).
Those values are obtained from the titration cwaseagiven inFig. 1 For chitosan/ DNA
complexes obtained from the electrostatic inteomsti between partially protonated
chitosan (pH = 5.0, 5.5, 6.0 and 6.5) and DNA (pHb.8), the IP corresponds to the
equivalence NP=1 calculated by the percentage of protonated aggiaops,as shown in
Table 2. These data demonstrate clearly ttiatPEC ihased on electrostatic interactions

as discussed previously [33].

To complete the study of complex formation and teetdegree of compaction of DNA
with the stoichiometry of the complex, the hydrodgmc radius of the particles formed in
different conditions was determined by DLS meas@ms The results are given fing.
3b and 3c

Fig. 3bshows the variation of the particle size of DNAfaekan complexes as a function of
the stoichiometric ratio [N/[P]. Within the range of charge ratio’/¥ from 0.5 to 0.7, it
is observed that the particle size is almost constaith an average value of 125 nm.
Then, when approaching to the charge stoichioméigy particle size slightly increases to
135 nm. It was previously found that maximum size of thempiéex occurs at the
isoelectric point [35].Fig. 3c shows the particle size of the chitosan/ DNA comgde

formed at a constant charge rati¥®E= 0.7, using chitosan solutions at different inifigd
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values. It is observed that the hydrodynamic radhtsined is around 125 nm for the four
initial pH values usedi.e. 3.6, 4.5, 5.0, 5.5 and 6.0. Therefore, the pHatian of the
initial chitosan solution does not affect the pAetisize of chitosan/DNA complexese.
the degree of compaction of DNA in the complexesifed at a given charge ratio between
the positively charged chitosan at different imidagrees of protonation and the strongly
negative charged DNA independently of the amountldfosan bound to DNA (even
when N/P>1).

Fig. 4ashows the results obtained fppotential as a function of added chitosan soltion
prepared at initial pH=3.6 with different moleculaeights (chitosan samples 1 to 4 from
Primex). It is possible to observe that the chaa® for complex formation is nearly
independent from the molecular weight, which vafiesn 550 000 to 180 000 g/mol. For
the same chitosan samples, we report DLS measutemeasults, from which
chitosan/DNA complexes sizes were determined at ¢Wwibosan/DNA ratios.Fig. 4b
shows the results obtained for the, Bf chitosan samples at different Mw and with
different amount of added chitosan. In these erpemts, chitosan/DNA complexes were
prepared separately by adding the specific amductitbsan to the DNA solution in order
to reach the desired charge ratio avoiding passiogly through the isoelectric point of
the particles for NP'=1, at which the system is instable and tends tmyre larger
particles [35]. At N/P=0.8, it is confirmed that the dimension is slightirger for higher
MW. This conclusion agrees with the results obtdibg Alatorre-Medaet al. on three
different MW in relation with the strong bindingfiaity between chitosan and DNA [38].
In excess of added chitosan (N/P=5), for positiveiarged particles, the dimensions are
lower than for N/P=0.8 in relation with the higheg-potentials. In addition, the zeta
potential is slightly higher for higher MWs (evdrthe DA varies from 0.30 to 0.05). This
indicates a larger degree of compaction of DNA [@204 consequently a larger stability of
chitosan/DNA complexes with high MW chitosan [34,38

3.1.4. Influence of chitosan DA on the stoichiometry of chitosan/DNA complexes

At last, the influence of the degree of acetylai®studied on different samples selected in
a large range of DA but moderate MW variation. G$éin solution is added in DNA
solution in water at pH=6 starting with chitosatugons at 1 mg/mL and in slight excess

of HCI corresponding to complete protonation witly @ossible DA.
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From the volume of added chitosafig. 5), the total amount of -N{i added into DNA
solution is determined and demonstrated that thelestric point is obtained at a charge
ratio N'/P=1. These results obtained in a large range of @A up to 0.61) agree with
the majority of the studies concerned by the inflee of chitosan characteristics on the
complex formed [37]. Using isothermal titration muicalorimetry, Maet al. determined
the binding constant and showed that it increasé@nwpH and salt concentration
decreased but also showed that this constant sedeavhen DA decreased (especially
when DA< 0.2) and MW increased [37]. This affinitlifferent from the stoichiometry is
directly related to the stability of the complexeslated with protection from

Deoxyribonuclease (DNAse) and with the transfecétiitiency [20, 37].

To conclude, from these experimental results diésrly confirmed that the net charge of
chitosan is the main factor involved in complexnfiation whatever the DA and the
molecular weight with the fully dissociated DNA dliute solution. In addition, the MW
has no influence on the complex formation, sincedib samples, the isoelectric point
corresponds to a charge rati&/Ri=1, however, it has a slight influence on the digiems

of the complexed nanoparticles.

3.2. Mechanism of chitosan/ DNA complex formation

It should be interesting to establish the mechamisohitosan /DNA interaction in relation
with the composition or ratio N/P since this pdmais been rarely covered. In the present
work, it is clearly demonstrated that the ionicenaiction between the negative phosphate
sites and positive -Ng1 from chitosan is essential for complex formatidinen, two
hypotheses may be suggested: i) the complexatiomecandomly in solution,e chitosan
associated on each DNA chains in the charge raliBNi) a DNA chain is saturated by
cooperative interactions with positively chargedtatan and the complementary DNA
fraction remains free of chitosan as long &8N\ 1. A remaining question concerns the
case when NP >1: when the complex becomes positively chargethése an excess of

chitosan fixed on the complex to control this cleairgersion?

Such question was previously discussed for theraot®n of a surfactant with a
polyelectrolyte in dependence of the distance betwenic sites on the polyelectrolyte

[59, 60]. In this case, as soon as the distancelovesr than around 0.6 nm, cooperative
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interactions with oppositely charged surfactantuo@nd one chain is saturated and located
at the air/aqueous solution interface when fregglettrolytes remain in solution. This
process is related to the large effect of polyetdyte-surfactant association on the

decrease of the air/water interfacial activity camgal to only surfactant role [61].

To access to the exact composition of the chit@s&A/ complexes, different techniques
were used to separate the complexed fraction a&dffaction of DNA or chitosan in the

supernatant in the different ranges of charge .ratio

3.2.1. Complex composition of chitosan/ DNA mixtures

It is important to determine the composition of tokan/DNA complexes formed in
different conditions. The complexes were formed aftdr stabilization, the system was
characterized by DLS obtaining a relative intensity the suspension and the
hydrodynamic radius of the formed nanoparticles.e hafter centrifugation, the
composition of the supernatant was determined by dp€ctroscopy to determine the

amount of free DNA. The obtained data are givehahle 3.

From light scattering results (Table 3), it is siothvat particles start to be formed atfm
=0.3 and that after centrifugation, the intensitythe supernatant remains very low due to
the separation of nearly all the particles formeédom UV-Vis measurements, DNA
concentration is determined and compared withrfi@i value 0.03 mg/mL. The fraction
of free DNA determined in the supernatant from ¢éhegperiments decreases when the
charge ratio increases; additionally, it is demiaiset that this decrease is in good
agreement with the amount of free DNA calculateteratomplex formation in the
hypothesis of cooperative interaction. This indésathat DNA is saturated with charged

chitosan forming particles.

A complementary experiment concerns electrophoresSiBNA on complexed systems:
chitosan/DNA binding assays evaluated through tedtephoresis allowed determining
the percentage of free DNA chains in chitosan/DN#nplexes at different molar ratios (O,
0.3, 0.4, 0.6, 0.8, 1.0 and 3.0) through the qtieation of the amount of DNA chains
migrating in the gel (obtained by using the Imagdd [Software®). This technique allows
covering a large charge ratio ran§éy. 6apresents the gel electrophoresis assay showing

the effect of increasing amounts of chitosan on dleetrophoretic mobility of plasmid
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DNA (eGFP). The determined values of migrating DB in fair agreement with the
theoretical percentage of free DNA chains at aifipesharge ratio up to 1, when chitosan
is initially fully protonated ite. at pH=3.6) assuming strong cooperative electrigstat

interactions. These results are presented in Hable

From these data it is confirmed that all DNA is gdexed at stoichiometric charge ratio
equal to 1, as previously shown after 10 minutesoofplex formation [56]. These results
are in good agreement with the results obtainethi®free fraction of DNA determined by

UV spectroscopy (Table 3).

To confirm the composition of the complex, the ratgyn of free DNA on gel was tested
at charge ratio NP=1 for three chitosan samples having different DA (.05, 0.25 and
0.41). The results shown Fg. 6bconfirm that all DNA is complexed in the presemte

the stoichiometric amount of fully protonated ckéa for every DA value.

Chitosan complexes formed with chitosan at 1 mg/atLinitial pH of 3.6 and different
DA at charge ratio =1 are uncharged, meaning thddMA is involved in the complex
formed. To definitively conclude on the complex gquosition, it was examined if some
chitosan is free in the supernatant after centafiogn of suspension. I wastested as a
function of the stoichiometric molar ratio N/P. Rbat purpose, labelled chitosan was used
to easily identify free chitosan after centrifugatiof the chitosan/DNA complexes. Free
labelled chitosan solution at 1ximg/mL is was used as reference; its fluorescence
intensity is 28 which should allow predicting adtescence value equals to 30.2 for the
chitosan volume added at'/¥" =1 if all the chitosan was free. The obtained Itesare
given in Table 5 for a series of molar ratios frorb to 10. At N/P<1, the fluorescence is
close to zero, indicating the association of a# ginotonated chitosan added. Over N/P=1,
the molar ratio N/P corresponds to an excess dbsdmn added on the basis of DNA

phosphate (P content.

From the data provided in Table 5, it is shown therly all chitosan is complexed by
DNA up to the stoichiometric charge ratigual tol, corresponding to &potential= 0
mV (experimentally it is found as a value of arour@l mV in Table 5, which in fact
fluctuates around 0). For higher chitosan contentadditional chitosan fraction is bound
to the particles corresponding to the overchargihijosan/DNA complexes, becoming
positively charged. In the same time, the zetartklevel off to around +40 mV over

N/P=3. At these conditions, the pH is lower tharc@rresponding to a slightly positive
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charged chitosan, which is able to associate toiquely complexed chitosan, bound by
H-bonds and/or hydrophobic interactions. The amafninonomeric units oichitosan
complexed withphosphate ionic sites @NA levels to 1.6 to 2.3 indicating that a large
amount of chitosan is free as soon as N/P>3. Thiglosion agrees with previously
obtained results by Mat al. [53]. In large excess of initially fully protonatechitosan
(pH=3.6), the pH at equilibrium decreases causinglight decrease of the amount of
chitosan bound due to the increase of the degrpeotdnation of chitosan bound in excess
of stoichiometry, in the same time as the positgta potential of the complex increases.
Then, over N/P=1, positively charged particles abde to interact with the negatively
charged cell membrane and then to enter into dellallowing transfection. Another
important conclusion is that over’ =1, free chitosan is in equilibrium with the
complexed particles, which is related to its rofetbe proton sponge effect. This amount
of free chitosan at the equilibrium is easily ob&al from these fluorescence experiments.
The presence of excess of free chitosan was prdgoseacrease the osmotic pressure and

to destabilize the endosome.

These results clearly confirm, for the first tintlbat chitosan/DNA interaction is mainly
based on cooperative electrostatic interactionouN'tP'=1, whereno free DNA nor free
chitosan are present. In addition, the compositbrthe complexes is established over
N*/P=1, allowing to estimate the fraction of chitosasaciated with the complex (1.6 to
2.3) and then, the free fraction of chitosan abldé¢ protonated in acidic medium as a

basis of the proton sponge effect [48].

3.2.2. Sability of chitosan/ DNA complex
3.2.2.1. Influence of DA on stability

Three chitosan samples with different DA (0.05,50#hd 0.41) were used to prepare
complexes with DNA at a stoichiometric ratid/R=1 (seeFig. 5 and 6 Then, complex

stability was tested in the presence of SB§.(69.

From these data, it is shown that the chitosan/Dddfplex stability is preserved in a
relatively large excess of added chitosan andhiferconcentration of SDS used for the test
(0.65 mg/mL). No influence of the DA is observedthese conditions and all DNA

remains complexed.
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3.2.2.2. Influence of external salt on complex formation and stability

As discussed in the literature [3], the stabilifypolyelectrolyte complexes depends on the
external salt concentration and pH when one optiigelectrolyte engaged is a weak base
or acid. It was then interesting to analyze the il external salt (NaCl from O to 2M) on
chitosan/DNA complex formation and on its stabiligrstly, zeta potential was used but
with a limitation imposed by conductivity of thelston (Fig. 79. At higher ionic

concentrations, the relative intensity of lighttéesed was determineéify. 7.

When salt concentration increases, more chitosaeesled to obtain the isoelectric point
as shown in Table 6. This is due to a decreasbeoflegree of protonation of the initial
solution as tested by potentiometric titration @lation with the electrostatic screening

effect.

In addition, the positivé-potential over the isoelectric point decreaseg@ssively due

to the lower degree of protonation of chitosantesas by the higher amount of chitosan
needed to get IP. A large excess of NaCl over 1Mses flocculation of the particles due
to screening of the electrostatic repulsions betwgaticles. To confirm the influence of
external salt on chitosan/DNA complex formation,| géectrophoresis experiment at
different molar ratios (0 to 3.0) was performedonesence of NaCl 0.1 M. Free DNA for

each N/P was then quantified, as showRim 7¢c

From these results, it is confirmed that the isdele point needs the addition of a larger
amount of chitosan, as indicated by 16% of DNA faé@ molar ratio equal to(Fig. 7d),

representing the amount of chitosan fully protoddteget the isoelectric point in absence
of salt. To conclude, in presence of external sdlie to a decrease of the degree of
protonation of chitosan prepared at a given pH, emchitosan is needed to get the
isoelectric point. Then, for positive nanoparticl®8P larger than 1 has to be adopted
depending on the amount of salt. This behavior setmbe related to the decrease of

stability mentioned in the literature [20].

Chitosan/DNA complexes stability was tested in pneg of SDS at different salt content
and is presented iRig. 8 From these data, it is confirmed that the compbereden in
water or 0.01M NaCl has nearly the same composdioN/P=2 and the same stability as
around 40% of DNA is dissociated in presence of B§. 8a and 8p Then, DNA is

partly dissociated when external salt concentratimreases (at NaCl concentratian
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0.1M), confirming our results given irig. 7. In the same time, the stability of
chitosan/DNA complexes is also shown to decreasepresence of a given SDS

concentration.

When the external salt concentration increases,frédietion of chitosan bound in the

complex was determined after centrifugation ushrgEITC-labelled chitosan. The results
are given in Table 7. From these data, which coteplable 6, it comes that more chitosan
is fixed in the complex in the presence of extegad, and at the same time, some DNA is
dissociated. This is attributed to the decreasth®fnet charge of chitosan when the pK

tends to pl§ due to the electrostatizreening effect.
3.2.2.3. Influence of HCI excess on composition and stability of the complex

It is important to study the behavior of complexescidic medium as they encounter in
the cells where the pH range of endosomal releases/from 4.5 to 7. This is expressed
by the buffering capacity of the complex. In thaspect, chitosan was proved to have
higher buffering capacity than PEI in the endosoptdlrange for same charge number
[48]. For this mechanism, it is important to fixNIP ratio larger than 3 to have free
chitosan in presence of the complé¥R=3 times the N/P ratio corresponding t&/m
=1,). The proton sponge effect or buffering capaeigs analyzed with comparison with
the case of NP=1. In Fig. 93 the pH and-potential are measured during progressive
addition of HCI in presence of chitosan/DNA complexd excess of chitosan. Tide
potential increases progressively to higher pasitixalues corresponding to a better
stability of the nanoparticles suspension. At thme time, the pH of the medium slightly
decreases between 7 and 5, corresponding to theapge inside the cells. This step

corresponds also to chitosan protonation.

In comparison, the complex formed at/R=1 was examined in the same conditions. The
variations of the pH of the suspension are compargeg. 9h In absence of chitosan
excess, the pH decreases more rapidly; neverthélgssnains more stable than when the
same acid is added in water. These data confirnaieeof the excess of free chitosan on
the buffering effect. In addition, the compositiointhe complex in acidiconditions (pH=
3.50) was estimated from fluorescence measurements.”/R=, it was found that the
fraction of chitosan bound is slightly depressexuhirl to 0.84 in relation with the increase

of protonation at the fingdH=3.5Q At the ratioN/P=3 times the N/P ratio corresponding

21



to N'/P=1, the fraction of chitosan in the complex slightcreases from 2.26 to 2.68
indicating a good stability in excess of acid (pBi¥2).

To conclude, it is shown that the composition @& domplex depends on the electrostatic
interaction imposed by the protonation degree @oshn and on the screening effect of
external salt concentration. In the same timesthbility depends on the same parameters;
this is important because it is also related totthesfection efficiency of the complex,
especially on the unpackaging step of DNA fromvigstor after nuclear location [36, 37,
39].

4, Conclusions

This paper describes the studirthe—role—of-chitosan—considering-thé chitosan/DNA
complex formation mechanism-often-propoesed-as-a-transfervectorFirstly, a series of

chitosan samples were characterized in molar n\¥¢) (and degree of acetylation (DA).
Then, the roles of MW and DA on complex formatioera/established demonstrating that
the main factor is the electrostatic interactiortwgen negatively charged DNA and

positively charged chitosamsed-on-its-protenatias [-NH']. Two regimes were clearly
determined: i) for charge ratio <1, complexes wezgatively charged up to the isoelectric

arge
ratie—=-0-3; i) further addition of chitosangver—the—iseelectric—pointexpressed as
N/P>N'/P'=1, the complex turned to positively charge nantiglas able to interact with
cell membranes. The influence of DA and MW was lehen the net charge of chitosan

added was correctly taken into account.

Secondly, the cooperative mechanism of complex d&bion is demonstrated and their

stability is tested in salt excess or presenceld® 8sing specific determination of chitosan

and DNA contents in the complex formeSecondly—the cooperative—mechanism of

alaalallal\Via' aldasa' ala V.V/a ne a VARV « ol ~ala a¥aYa alalllaa ally NHO almy

onten N a¥a alaalalla ored =Tala Ta a¥a Lo e l\..‘=l.l-= 3 Q abaTalalats Ies

separation-by-centrifugatiolt,is concluded that DNA was saturated with chardetbsan
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in equilibrium with free DNA for N/P<1. At the isoelectric point, neither free chitosan
nor DNA was present independently of DA and MWearly, external salt plays a role on

the stabilization of the chitosan/DNA complex daestectrostatic screening decreasing the

net charge of chitosarBve

which-needs-to-be-considerdt. N/P=2, a small fraction of DNA was decomplexadhe
presence of SDS and in absence of external sdltif lmcreased in 0.2 M NaCl. At the
same time, the fraction of labelled chitosan bowfightly increased. At N/P=3, the
complexes were stable in the presence of SDS wyhvalue of DA.Fe-coeneludeThen
positively charged complexes formed at N/P>3 hagbad stability in the presence of
external salt and the SDS tested.

Thirdly, the influence of acidic medium on complstability was investigated. The
importance of free chitosan was cleaslyown on the low pH variation in the range of
endosomal pH (between 7 and 4.5) in agreementavjiloton-sponge effecivas—elearly
demonstrated—by—comparison—betweelfPNegual-to—1-andN/P=3times I —during
pregressiveadditions—ef HCIn the same time, a large increase of the posaharge of
the particles due to progressive protonation of ¢henplexed chitosan stabilizing the
particle suspension. To conclude, the compositiand main properties of chitosan
complexed with DNA were developed vitro using complementary techniques, allowing
in the future to take advantage of biocompatibityd structural stability of chitosan for

development in the field of gene transfer and aspedo test for the transfection

efficiency.
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DNA: deoxyribonucleic acid

PEI: polyethylenimine

PEC: polyelectrolyte complex

IP: isoelectric point

N: number of chitosan NH

N*: number of protonated Nf

P: number of phosphate from DNA or plasmid
N*/P: charge ratio

N/P:molar ratio

MW: molecular weight
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Mw: weight average molecular weight

Mv: viscosity average molecular weight
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Captions

Fig—2. Fig. 1.-a)}(-potential and}-potentiometric titration of 1.0 mg/mL chitosan aitial
pH=3.6 with 0.1 N NaOH. MMW sample from Sigma Afihaving a Mv of 8.6 x 10
g/mol, DA= 0.22.

Fig—3. Fig. 2. a) (-Potential as a function of N/P during the formatif chitosan/DNA
complexes at a temperature of 25 °Gng= 0.03 mg/mL at pH=6.0 in water and added
Cchi= 1 mg/mL at pH=6.5. b) AFM images chitosan/DNA giexes formed at a charge
ratio of 0.8. Chitosan Primex 6 with Mw= 160 0@A= 0.05

Fig—4- Fig. 3. a) ¢(-potential as a function N/P forpa=0.03 mg/mL dissolved in water
(pH=6.0) and Gh=1.0 mg/mL (pH=3.6, 5.5, 5.0 and 6.0). MMW sampienif Sigma
Aldrich, having a Mv= 8.6 x 10g/mol, DA= 0.22.b) Hydrodynamic radius as a function
of the N/Pratio. Gna=0.03 mg/mL (pH=6.0), €y=1.0 mg/mL (initial pH=3.6). c)
Hydrodynamic radius as a function of initial pH afitosan solutions with [/[P]=0.7.
Cpona=0.03 mg/mL (pH=6.0), €=1.0 mg/mL (pH=3.6, 4.5, 5.0, 5.5 and 6.0). MMW
sample from Sigma Aldrich, having a Mv= 8.6 X' tdmol, DA= 0.22.

Fig—6- Fig. 4. a) ¢-potential as a function of chitosan added fg >0.03 mg/mL

(pH=6.0) dissolved in water andt=1.0 mg/mL (initial pH=3.6). Chitosan samples #4to
from Primex.b) Hydrodynamic radius for each chitosan sampl&® @ from Primex) with

the charge ratio NP = 0.8 andnolar ratioN/P=5.0.

Fig—7 Fig. 5. C-potential as a function of volume of fully protded chitosan with
different DA added in 10 mL DNA solution forgga=0.03 mg/mL (pH=6.0) dissolved in
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water. Chitosan samples were prepared in presehadight excess of HCI and at a

concentration of 1 mg/mL.

Fig—8: Fig. 6. a) DNA-binding properties of chitosan. Electrophosegel assays showing
the effect of increasing concentrations of chitogample Primex 6 at initial pH=3.6) on
the electrophoretic mobility of plasmid DNA (eGFFhe molar ratio N/P equals to' i¥
when N/P<1. M is the molecular weight markers (Sbhetder MW-1700-10 Eurogentec).
b) DNA-binding properties of chitosan in dependenteéhe degree of acetylation (DA):
electrophoretic mobility of free DNA for 0.03 mg/mblasmid DNA (eGFP) added of
chitosan at charge ratio’f’=1. DNA/chitosan complex formed with chitosans Rrind,
Primex 6 and Chitosan 1C at 1 mg/mL at an initidEB.6. ¢) Electrophoresis gel assays
showing the stability test for DNA/chitosan compfexmed with chitosan samples having
different DA (0.41, 0.25 and 0.05)-and—having—adRRN/P)at N/P=1. Gona=0.03
mg/mL (pH=7.4) and &,=1.0 mg/mL (initial pH=3.6). M is the molecular wéi
markers (SmartLadder MW-1700-10 Eurogentec). SD&ewatration in the total volume

of DNA/chitosan complexes is 0.65 mg/mL.

Fig—11 Fig. 7. a)(—potential as a function of the total volume of ob#dn solutions added.
Cbona=0.03 mg/mL (pH=6.0) for different ionic concentaats in HO, NaCl 0.005 M, 0.01
M and 0.1 M. Gn=1.0 mg/mL (initially at pH=3.6) b) Scattered ins#ty as a function of
the ratio N/P for NaCl concentrations of 1.0 ar@l M. HMW chitosan sample from Sigma
Aldrich, Mv= 4.2 x 16 g/mol, DA=0.16.c) NaCl effect on DNA-binding properties of
chitosan. Gel retardation assay showing the etieticreasing concentrations of chitosan
on the electrophoretic mobility of plasmid DNA (e®Fn NaCl 0.1 M. Ratios indicate the

increasing chitosan-to-plasmid amounts in termghefmolar ratio N/P. M represents the
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molecular weights of the marker (SmartLadder MW{-10 Eurogentec). d) Percentage
of DNA migrating in electrophoresis gel assaysdbitosan/DNA complexes in NaCl 0.1
M at different molar ratios. §xa=0.03 mg/mL (pH=7.4) and &;=1.0 mg/mL (initial
pH=3.6). Chitosan Primex 6 at 1 mg/mL and initiel§3.6.

Fig—13: Fig. 8. a) NaCl effect on DNA-binding properties of chaosat N/P=2. Gel

electrophoresis assay showing the effect of inangasoncentrations of NaCl on the

amount of 0.03 mg/mL plasmid DNA (eGFP) releaseanfichitosan/DNA complex with
the addition of SDS. b) Percentage of DNA that atigd in electrophoresis gel assays for
chitosan/DNA complexes at different NaCl concendrat (0, 0.01 and 0.2 M) without and
with SDS (0.65 mg/mL). Chitosan Primex 6 at 1 mg/atlan initial pH=3.6.

Fig—24- Fig. 9. a) Potentiometric titration andpotentialof chitosan/DNA complex (V=5
mL) with a fixed molar ratioN/P= 3 times the N/P ratio corresponding toR1,during
progressive addition of 0.01 N HCl.pGa= 0.03 mg/mL at pH=7.5 and added chitosan
Cchi= 1 mg/mL. b) Potentiometric titration of chitosBINA complexes (V=5 mL) with
N*/P=1 andN/P= 3 times the N/P ratio corresponding t&A1,as well as for water
during progressive addition of 0.01 N HCa= 0.03 mg/mL, around pH=7.5 and added
chitosan Gni= 1 mg/mL Labeled chitosan, Primex 6, DA=0.05 predaat pH=3.6.
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Tables

Table 1. DA values determined by conductivity and NMR measurements. Intrinsic
viscosity and MW values determined through visgositeasurements using AcOH 0.3
M/AcOH 0.2 M solvent and SEC with elution by AcOEBMM/AcOH 0.25 M.

Table 2. [NH5'] fraction and N/P molar ratio for chitosan/DNA cplexes obtained in
absence of external salt at the isoelectric posntaaunction of initial pH of chitosan

solution

Table 3. Scattered intensity, size and DNA concentratiefole and after centrifugation
assays of chitosan/DNA complexes at different obargtios (0, 0.3, 0.5 and 0.7).
Chitosan/DNA complexes were formed using chitosanss, 6 and 7 from Primex.
Cpna=0.03 mg/mL (pH=6.0) dissolved in NaCl 0.01 M andn&1.0 mg/mL (initial
pH=3.6).

Table 4. Calculated percentage of free DNA at differerdirge ratios of chitosan/DNA
complexes and the percentage of DNA that migrate@léctrophoresis gel assays (in
buffer solution at pH=7.4). §x5a=0.03 mg/mL and &;=1.0 mg/mL (initial pH=3.6,
Primex6, DA=0.05).

Table 5. Fraction of complexed chitosamits as a function of thenolar ratio N/P and
equilibrium pH and{-potential. Gna=0.03 mg/mL and g=1.0 mg/mL (initial pH=3.6,
Primex6, DA=0.05). Fluorescence is determined on the sizpant.

Table 6. Influence of the salt concentration on the comgdi@xnation: increase of the

volume of chitosan needed for isoelectric point &mbtential in excess of chitosan added.

Table 7. Fraction of chitosan included in the complex affedent external salt
concentration and different N/P ratiopia=0.03 mg/mL dissolved in D, NaCl 0.01 M,
0.1 M and 0.2 M, and FITC-labelled chitosan samflg,=1.0 mg/mL (initial pH=3.6,

Primex 6, DA=0.05). Fluorescence is determinedhensupernatant.
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Fig—3: Fig. 2.
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Fig—4. Fig. 3
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Fig-5-Fig. 4
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Fig. 5.
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Fig—8. Fig. 6.
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Fig—9-Fig. 7.
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Fig-10. Fig. 8.

International Journal of Biological Macromolecules

Lourdes Moénica Bravo-Anaya, Karla Gricelda Fernaa8elis, Julien Rosselgong, Jesrael
Luz Elena Nano-Rodriguez, Francisco Carvajal, Marnge Rinaudo

a) NaCl concentration b)
) 0.2 M 0.01 M oM
[NaCl| % of migrated
+SDS +SDS + SDS DNA
! +SDS 38
— 0N ==
‘ 0.01 0
. +SDS 42
- 0.2 43
+SDS 85

44



Fig-—11. Fig. 9.
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Table 1.
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Lourdes Moénica Bravo-Anaya, Karla Gricelda Fernan8elis, Julien Rosselgong, Jesrael

Luz Elena Nano-Rodriguez, Francisco Carvajal, Mange Rinaudo

Chitosan Supplier DA from DA from Intrinsic Viscosity-average
sample conductivity 'H NMR viscosity Molecular weight
(mL/g) (g/mol)
High moleculat Sigma 0.1¢ 0.1€ 250( 417 60(
weight (HMW) Aldrich
Medium Sigma 0.20 0.22 700 86 750
molecular weight Aldrich
(MMW)
Chitosan Supplier DA from DA from Mw from SEC
sample conductivity 'H NMR (g/mal)
ChitoClear : Prime> 0.31 0.3C 540 00(
ChitoClear 2 Primex 0.27 0.28 350 000
ChitoClear 3 Primex 0.27 0.29 240 000
ChitoClear 4 Primex 0.24 0.25 180 000
ChitoClear 5 Primex 0.03 0.03 150 000
ChitoClear | Prime» 0.04 0.0t 160 00(
ChitoClear - Prime> 0.12 0.1z 220 00(
Chitosan 1¢( G. Robert NA 0.41 84 00(
Chitosan 1l G. Robert NA 0.61 75 00(
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Table 2.
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Luz Elena Nano-Rodriguez, Francisco Carvajal, Mange Rinaudo

pH Fraction of [NH;'] N/P
(%)

Solution in water

3.6 100 1.0
5.0 82 12
55 63 1.6
6.0 50 2.0
6.5 20 5.3
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International Journal of Biological Macromolecules

Lourdes Moénica Bravo-Anaya, Karla Gricelda Fernan8elis, Julien Rosselgong, Jesrael

Luz Elena Nano-Rodriguez, Francisco Carvajal, Mange Rinaudo

Chitosan sample # 1
Before centrifugation Supernatant analysis after centrifugation
DLS UV-Vis DLS % DNA chains
analysis
N*/P lsca Size Concentration | lgca Experimental| Calculated
(nm) (mg/mL)
0 10 - 0.03 3 100 100
0.3 26 166 0.022 8 73.3 70
0.5 134 200 0.016 10 53.3 50
0.7 144 177 0.01 10 33.3 30
Chitosan sample # 5
Before centrifugation Supernatant analysis after centrifugation
DLS UV-Vis DLS % DNA chains
Analysis
N*/P lsca Size (nm) | Concentration| Isca Experimental| Calculated
(mg/mL)
0 18 - 0.03 2 100 100
0.3 90 190 0.02 8 66.7 70
0.5 180 180 0.015 8 50 50
0.7 360 240 0.005 2 16.7 30
Chitosan sample # 6
Before centrifugation Supernatant analysis after centrifugation
DLS UV-Vis DLS % DNA chains
Analysis
N*/P Isca Size (nm) | Concentration| lsca Experimental| Calculated
(mg/mL)
0 10 - 0.03 3 100 100
0.3 50 150 0.02 8 66.7 70
0.5 133 160 0.014 8 46.7 50
0.7 133 160 0.007 3 23.3 30
Chitosan sample # 7
Before centrifugation Supernatant analysis after centrifugation
DLS UV-Vis DLS % DNA chains
Analysis
N*/P lsca Size (nm) | Concentrationlsca Experimental| Calculated
(mg/mL)
0 18 - 0.03 2 100 100
0.3 92 190 0.019 13 63.3 70
0.5 176 190 0.015 9 50 50
0.7 452 230 0.006 2 20 30
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N/P Calculated % of free DNA % of free DNA
from R ratio
0 100 100
0.3 70 55
0.4 60 50
0.6 40 30
0.8 20 15
1.0 0 0
3.0 0 0
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N/P Equilibrium Equilibrium | Fluorescence Fraction of bound
pH (+/-0.1) on | {-potential | intensity* chitosan on P- basis
supernatant (+/-0.2) on

suspension

0.5 7.00 -35 ~0 ~0.5

0.8 6.90 -28 ~0 ~0.8

1 6.83 +3 ~0 ~1

2 6.82 +22 25 1.10

3 6.68 +32 21.5 2.23

5 6.60 +36 100.1 1.45

6 6.50 +36 105.5 2.28

7 6.40 +38 176.2 0.84

8 5.94 +38 190 1.21

10 5.45 +40 2329 1.79

*Fluorescence is very low and difficult to determine precisely. It means that all the chitosan is

fixed at N/P <1.

Table6.
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Solvent Added volume of chitosamul) to a | -potential at \,=500pL (mV) added
20 mL solution of DNA at IP to a 20 mL solution of DNA

H.O 340 +26

NaCl 0.005 M 345 +18

NaCl 0.01 M 388 +12

NaCl 0.1 M 440 +8
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Molar ratio N/P | H»0 0.01M NaCl 0.1M NacCl 0.2M NacCl
2 1.19 1.45 1.54 1.77
3 2.26 2.38 2.44 2.68
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