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Decoration of lipid vesicles by polyelectrolytes: mechanism and structure
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This study deals with 1,2-dioleoyl-sn-glycero-3-phosphocholine (DOPC) vesicles decorated with

chitosan and hyaluronan, in dependence with respective membrane and polyelectrolyte net charges

(tuned by pH). Studies are performed both on micrometric Giant Unilamellar Vesicles (GUVs) and on

their nanometric Large Unilamellar Vesicle (LUV) homologues. Fluorescent microscopy observations

reveal that GUVs are homogeneously decorated by both polyelectrolytes, even in the case where global

charges of membrane and polyelectrolyte exhibit the same charge sign. z-Potential and light scattering

experiments performed on LUVs suspensions upon chitosan addition are interpreted in terms of

reversible aggregation of vesicles within the frame of a patch-like structure model. A similar

aggregation–deaggregation mechanism is highlighted for GUVS in the presence of chitosan. Enthalpic

variations measured by microcalorimetry and z-potential results show that the interaction between

membrane and polyelectrolyte, previously demonstrated to be of electrostatic origin, is stronger when

they are of opposite charge sign, as expected. For chitosan, the low saturation coverage degree is found

to be nearly independent of molecular weight and interpreted in terms of polymer mainly adsorbed flat

on the surface. On the contrary, maximum hyaluronan coverage degree dramatically varies with its

molecular weight: hyaluronan is assumed to adsorb on the vesicle forming trains and loops. Finally,

chitosan– and hyaluronan–vesicle decorations are demonstrated to be strongly resistant in a very large

range of pH (2.0 < pH < 10.0).
1 Introduction

Vesicles, commonly referred as liposomes, have long been

studied as models of biological membranes and especially at the

micrometric scale of cells using Giant Unilamellar Vesicles

(GUVs) of diameter ranging between 1 and 100 mm.1 Smaller

liposomes (Large Unilamellar Vesicles, LUVs; 100 < diameter <

500 nm) find various applications in pharmaceutical and

cosmetic domains.2 Thus, it is of interest to design smart lipo-

somes either to better mimic living cells3 or to adapt their physico-

chemical properties to specific applications.4 Various

macromolecules such as proteins and glycoconjugates interact

with lipid bilayers to form the complex membrane of living cells.5

Therefore, it is relevant to study the interaction of various poly-

mers with vesicles to simulate cell–cell and cell–surface interac-

tions.6 Dealing with liposome applications, it is well known that

polymer decoration may improve their structural stability,7

biocompatibility and drug delivery efficiency.8 Within this

context, beside neutral poly(ethylene glycol) that in particular

enhances liposome circulation time under in vivo conditions,9

cationic polymers were used. As example, chitosan was recently

employed to enhance liposomes’ biocompatibility,10 biodegrad-

ability11 and mucoadhesivity.12 As a possible alternative to these

polymers, anionic polysaccharides such as heparin, which reduces
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the thrombogenicity of biomaterial surfaces,13 or hyaluronan,

which confers specific targeting character to coated liposomes for

cancer therapy14 and is biodegradable,15 were suggested. Hya-

luronan is also of interest to be a constituent of the extra-cellular

matrix involved in the regulation of cell activity.16

In previous studies, it was shown that chitosan17,18,19 and hya-

luronan15,20 interact with the zwitterionic phosphatidylcholine

membrane of vesicles and that interactions are mainly of electro-

static origin. We have already demonstrated that the net charges of

chitosan, hyaluronan and DOPC membrane depend on the pH and

that varying this external parameter allows the screening of all the

situations combining positively or negatively charged membrane

and polyelectrolytes.21 DOPC membrane is positively charged at

pH ¼ 2.0 due to quaternary amino groups, but progressively

becomes negatively charged when pH becomes higher than 4.0,19,22

due to the presence of phosphate groups, adsorbed negative

counterions and/or carboxylic groups resulting from partial

oxidation of lipids.23 Hyaluronan is negatively charged at pH > 2.0,

while chitosan is positively charged for pH < 6.5 and neutral for

higher pH values.24 We have already shown that, whatever the

relative membrane and polyelectrolyte charge signs, chitosan and

hyaluronan adsorb on liposomes, and that chitosan decoration

enhances the stability of GUVs against salt and pH shocks.18,19

Dealing with the question of polyelectrolyte adsorption at the

vesicle interface, a mechanism of interaction on surfaces of

opposite charge was previously suggested in the literature.25 It

assumes the progressive formation of a more or less ordered

patch-like (mosaic) surface structure consisting of a non-uniform

distribution of the surface charges (domains of stuck charged

polymer, i.e. with a local charge excess, alternating with domains

of bare membrane surface). This leads to a progressive decrease

of the global net charge of the vesicle upon adsorption of the
Soft Matter, 2010, 6, 4471–4481 | 4471
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Fig. 1 Chemical structure of (a) used lipids and repeat units of the two

polyelectrolytes studied: (b) Chitosan, positively charged polymer in

acidic conditions (pH < 6.5) due to protonation of the –NH2 groups; (c)

Hyaluronan, anionic polymer at pH > 2.0 in relation with dissociation of

carboxylic groups.D
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polyelectrolyte as observed recently on polylysine-decorated

liposomes.26 A short-range attractive potential27,28 appears

between negatively and positively charged domains of the patch-

like surfaces of two separated vesicles leading to the formation of

aggregates. In diluted liposome suspension, aggregates reach

a maximum finite size at the isoelectric point resulting from

a balance between long range electrostatic repulsion between

liposomes with the same global charges and short range elec-

trostatic attraction.29 Additional adsorption of polyelectrolyte

causes an overcharging effect with inversion of the net charge30 of

the polyelectrolyte-coated surface and the degree of aggregation

decreases to isolated decorated vesicles. The overcharging effect

goes to a limit due to the electrostatic barrier imposed by the

excess of charges. It is clear that many factors play a role in this

mechanism including the net charge of initial vesicles and poly-

electrolyte, the structure of the adsorption sites, the salt

concentration and solvent–polyelectrolyte interactions. In addi-

tion, it was suggested that at very low degrees of coverage,

polyelectrolyte chains have a tendency to flatten, while at higher

degree of coverage, they gradually may form loops and trains.31

This paper is devoted to a further understanding of the mech-

anisms of interaction between chitosan and hyaluronan poly-

electrolytes and DOPC lipid vesicles, to the characterization of the

structure of the decorated interface and to the direct observation

of decoration stability under pH shocks. The use of LUVs and

GUVs, of same lipid composition, allows us to perform experi-

ments at various scales, which give complementary information.

Firstly, we observe GUVs decoration by fluorescence microscopy.

Secondly, the suspension state of LUVs and GUVs upon

progressive decoration by chitosan is studied by z-potential, light

scattering and microscopy experiments. Thirdly, we study the role

of the polyelectrolyte molecular weight on its adsorption, and

finally, the stability of polyelectrolyte decoration against pH

shocks is investigated by confocal microscopy observation.
2 Experimental

2.1 Materials

The used zwitterionic lipids (Fig. 1a), 1,2-dioleoyl-sn-glycero-3-phos-

phocholine (DOPC) (Mw ¼ 786.15), 1-oleoyl-2-[12-[(7-nitro-2-1,3-

benzoxadiazol-4-yl)amino]dodecanoyl]-sn-glycero-3-phosphocholine

(18 : 1–12 : 0 NBD PC) (Mw¼ 881.53) and 1,2-dioleoyl-sn-glycero-3-

phosphoethanolamine-N-(lissamine rhodamine B sulfonyl) (ammo-

nium salt) (18 : 1 Liss Rhod PE) (Mw¼ 1301.73) are purchased from

Avanti Polar Lipids and dissolved separately as received in a chloro-

form–methanol solution (9/1 volume ratio) at 10 mg mL�1. Fluores-

cent-labeled lipids are then mixed with DOPC in a weight ratio of 1/50

for the 18 : 1–12 : 0 NBD PC and 1/80 for the 18 : 1 Liss Rhod PE to

a total concentration of 2 mg mL�1. Solutions are kept at�20 �C until

used. Sucrose, glucose, NaOH and HCl are purchased from Sigma-

Aldrich. Highly purified 18.2 MU cm water is used for the preparation

of all the solutions.

Chitosans (linear random copolymer of D-glucosamine and

N-acetyl-D-glucosamine, Fig. 1b) with different weight-average

molecular weights (Mw) and degrees of acetylation (DA) are

used. Chitosan, Mw ¼ 5 � 104 and DA ¼ 0.04, is provided by

Primex; Mw ¼ 2.25 � 105 and DA ¼ 0.05 is purchased from

Sigma-Aldrich; Mw ¼ 5 � 105 and DA ¼ 0.20 is purchased from
4472 | Soft Matter, 2010, 6, 4471–4481
Kitomer (Marinard, Canada). The maximum charge parameter24

of these polyelectrolytes varies from l ¼ 1.1 (DA ¼ 0.20) to 1.3

(DA ¼ 0.04) when fully protonated (charge parameter corre-

sponds to one charge per glucosamine moiety) with an intrinsic

persistence length Lp around 10 nm.32

Hyaluronic acids (hyaluronan; linear alternated copolymer of

D-glucuronic acid and N-acetyl-D-glucosamine, Fig. 1c) with

different Mw (1.14 � 104, 4.1 � 104, 1.95 � 105, 6.63 � 105 and

1.8�106) are obtained by fermentation and purchased from

ARD (Pomacle, France). The maximum charge parameter

equals l ¼ 0.72 corresponding to one charge per disaccharide

repeat unit with Lp around 8 nm.16,33
2.2 Preparation of giant and large unilamellar vesicles

GUVs are prepared from a mixture of DOPC and 18 : 1 Liss

Rhod PE for the chitosan experiments or from a mixture of

DOPC and 18 : 1–12 : 0 NBD PC for the hyaluronan experi-

ments, using the standard electro-formation method:34 a solution

of lipids (2 mg mL�1) is deposited on two glass plates of Indium

Tin Oxide (ITO) and hydrated under an AC field with a 200 mM

sucrose solution at ambient temperature.
This journal is ª The Royal Society of Chemistry 2010
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LUVs are obtained by extrusion through a 0.2 mm filter of the

GUVs previously produced by electroformation. LUVs prepared

in these conditions are unilamellar35 and their diameter is of the

order of 200 � 10 nm, encapsulating a 200 mM sucrose solution.

GUVs and LUVs are suspended in an external 200 mM

sucrose solution containing HCl at controlled concentrations

allowing the desired pH conditions (3.5 or 6.0). The exact lipid

concentrations are determined in each vesicles sample by fluo-

rescence in relation with the labeled lipid content.
2.3 z-Potential and dimension measurements

Measurements on vesicles suspensions corresponding to total

lipid concentrations ranging between 3 and 5� 10�3 mg mL�1 are

performed at 20 �C with a commercial Zeta-sizer (Zetasizer

NanoZS, Malvern, France). The measured electrophoretic

mobility is transformed into z-potential values according to the

Smoluchowski equation36 and averaged over ten repeated

measurements. This technique detects only vesicles in the range

between 5 nm up to 10 mm (free polymer chains cannot be

observed). The particle sizes are controlled in situ by light scat-

tering measurements on extruded LUVs exhibiting a 200� 10 nm

diameter and GUVS (selected with a diameter lower than 10 mm).

For each z-potential measurement, the following protocol is

repeated: a given volume of solution (HCl, NaOH or poly-

electrolyte) is added to the liposome suspension; after homoge-

nization by stirring and 30 minutes incubation, we inject 1 mL of

this mixture in the Zetasizer Nano Cell; the z-potential and

average sizes of the dispersed liposomes are measured. After each

measurement the whole solution is collected from the cell and

reintroduced into the bulk solution (to keep a nearly constant

volume of solution) before the addition of the next volume of

polyelectrolyte solution. Those steps are repeated as many times

as necessary.
2.4 Rate of decoration

We determine, by in situ fluorescence measurements performed

at 20 �C with a Perkin Elmer luminescence spectrometer LS50B,

the amount of lipids involved in the membranes of LUVs,

assuming that no free lipids are present in solution. For poly-

electrolytes (chitosan or hyaluronan), it is necessary to determine

both the concentration of free polymer in solution and the

amount adsorbed on the membrane (G). We assume as usual

that, upon addition of very small amounts of polyelectrolyte into

a vesicle suspension (with a membrane of opposite charge), the

polyelectrolyte is fully adsorbed on the liposomes and relate the

variation of z-potential to the amount of ionized groups (i.e.

NH3
+ and COO� for chitosan and hyaluronan, respectively)

fixed on the membrane. This allows calculation of the amount of

polyelectrolyte adsorbed taking into account the protonation

degree (controlled by pH) and acetylation degree (DA) in the

case of chitosan.

The maximum amount of polyelectrolyte (Gsat) fixed on vesi-

cles in large excess of free polyelectrolyte is defined as the

maximum molar ratio of adsorbed chitosan monomeric units

over lipid out. The degree of coverage is expressed in mass of

polymer per unit surface of external membrane (with an area-

per-lipid head of 0.725 nm2).37
This journal is ª The Royal Society of Chemistry 2010
2.5 Isothermal titration microcalorimetry (ITC)

ITC measurements are realized at 20 �C using a Microcal

VP-ITC titration microcalorimeter (Northampton, MA). LUVs

suspension (0.2 mM lipid concentration) and chitosan (6.135 mM

monomeric concentration) are prepared in 200 mM sucrose

solution (described above) at both pH (3.5 and 6.0). Titration of

chitosan adsorption is performed in a cell containing 1.447 mL of

the LUV suspension, by 60 injections of 5 mL of the chitosan

solution at a constant 300 rpm stirring rate. Each injection is

performed over a period of 3 s. The heat flow is measured for up to

300 s before the subsequent injection takes place. The amount of

heat produced per each chitosan injection is calculated by inte-

gration of the area under each individual peak by the instrument

software, taking into account heat of dilution.

2.6 Polyelectrolyte fluorescent labeling and solution

preparations

In order to observe the decoration of GUVs by polyelectrolytes,

using fluorescence microscopy, we have labeled38 chitosan (Mw ¼
5 � 105) with fluorescein19 and hyaluronan with rhodamine. For

hyaluronan (Mw ¼ 6.63 � 105), 1 g is dissolved in 100 mL of

0.02 M NaCl and the pH is controlled at 6.1. After dissolution,

50 mL of methanol is added under stirring and directly after, 50

mg of tetramethylrhodamine B isothiocyanate (purchased from

Sigma-Aldrich) dissolved in 50 mL of methanol is also added.

The degree of labeling is determined from the fluorescence

intensity of diluted solutions of the free fluorescent probe

compared with the fluorescence of a diluted solution of the

labeled polysaccharides. It is found to be around 1 rhodamine

per 25 disaccharide units (or 50 sugar units) for hyaluronan and 1

fluorescein per 60 sugar units for chitosan. These low percentages

are chosen in order to minimize changes of the physical prop-

erties of the polyelectrolytes and lipid membrane assemblies by

labeling.

Solutions of hyaluronan are prepared at 0.4 g L�1 by dissolving

the polymer in 200 mM sucrose solution at pH ¼ 6.0 while

dissolution of cationic chitosan requires addition of stoichio-

metric amounts of HCl on the basis of –NH2 content in the chi-

tosan (final pH around 3.5). The solutions of polyelectrolyte are

stirred for one night at room temperature until complete solubi-

lization. The solutions of polyelectrolyte are diluted for vesicles’

incubation and range between 0.1 to 0.01 g L�1 in a solution of

200 mM sucrose at pH ¼ 3.5 or 6.0 and directly used.

2.7 GUVs incubated in polyelectrolyte solution for direct

observation by optical microscopy

For GUVs incubation, the solutions of polyelectrolyte are used

at 0.1 g L�1, which is higher than the concentration of poly-

electrolyte solution previously used for LUVs (0.01–0.05 mg

mL�1),19 but we have checked by z-potential measurements that

the initial concentration of polyelectrolyte solution, if between

0.01 and 0.1 g L�1, does not modify the z-potential variation at

a given molar ratio of polyelectrolyte repeat unit over accessible

lipids. The GUV suspension is added to the polyelectrolyte

solution and homogenized by successive aspirations with

a pipette. This suspension is then left to rest during 30 min at

room temperature for incubation.
Soft Matter, 2010, 6, 4471–4481 | 4473

http://dx.doi.org/10.1039/c0sm00154f


Fig. 2 z-potential variation of bare DOPC LUVs as a function of pH,

without fluorescent labelling (solid black triangles) or including fluores-

cent probes: 18:1 Liss Rhod PE lipids in a weight ratio 1/80 (open red

triangles) or 18:1-12:0 NBD PC lipids in a weight ratio 1/50 (open blue

squares). Isolectric point (IEP) is obtained whatever the fluorescent

labelling around pH ¼ 4.0. Inset shows the particle size of DOPC LUVs

upon pH variation.

Fig. 3 Fluorescence confocal observations of a chitosan (Mw ¼ 5 � 105,

DA¼ 0.20) and a hyaluronan (Mw¼ 6.63� 105) coated GUVs incubated

either at pH ¼ 3.5 or at pH ¼ 6.0. For the same GUV, we visualize

successively the lipid membrane and polyelectrolyte coating. The scale

bars represent 10 mm. For each pH, sketches showing the membrane and

the polyelectrolyte charge signs are indicated.
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2.8 Microscopy observations

Glass substrates are covered with a hydrophilic polymer, poly

(ethylene glycol) (PEG), grafted covalently according to the

protocol given by Zhang et al.,39 in order to avoid their inter-

action with GUVs or polyelectrolytes. GUVs are transferred into

the observation cell filled with a 200 mM glucose solution. The

lower density of surrounding glucose solution causes sucrose-

filled vesicles to sediment to the bottom of the cell.

We found that, whatever the polyelectrolyte, decorated GUVs

always exhibit some loose interactions with the glass plate,

probably due to a weak adhesion even after passivation of the

surface with PEG.39 It must be noted that in the absence of glass

treatment, chitosan- and hyaluronan-decorated vesicles sedi-

ment, adhere and finally burst. pH shocks are imposed by

injection of successive 5 mL additions of HCl or NaOH solutions

at different initial concentrations in cell measurement (750 mL) in

order to get at equilibrium the desired pH.

Phase contrast and fluorescence microscopy observations are

made using an inverted microscope (Nikon, TE200, Tokyo,

Japan) equipped with a 40X phase objective and a digital camera

(NDIAG 1800; Diagnostic Instruments, Sterling Heights, MI).

A mercury lamp provided the illumination for fluorescence

experiments. A fluorescent block with filters EX 450–490 nm/BA

520 nm and a 505 nm dichroic mirror was used to observe the

fluorescein-labelled chitosan decoration on DOPC GUVs.

Confocal microscopy observations are performed with an

UltraView LCI Nipkow Disk scanner (PerkinElmer GmbH,

Rodgau-J€ugesheim, Germany) attached to a Zeiss Axiovert 200

microscope (Zeiss GmbH, Heidelberg, Germany) equipped with

a C-Apochromat 63X, 1.2 NA water immersion objective. GUVs

observations are made at 488 nm excitation using 500LP

emission filters for the chitosan probed with fluorescein or

18 : 1–12 : 0 NBD PC lipids and at 568 nm excitation and 600/

45BP emission filters for the hyaluronan labeled with rhodamine

or 18 : 1 Liss Rhod PE lipids. Fluorescence acquisitions at these

two excitation wavelengths are made successively.

3 Results and discussion

3.1. Decoration of GUVs by chitosan and hyaluronan:

fluorescence confocal microscopy observation

GUVs are incubated with chitosan or hyaluronan at pH ¼ 3.5

and 6.0 and observed by confocal imaging. Lipids and poly-

electrolytes being labeled with different fluorescent probes, we

can visualize successively and independently the lipid membrane

and the polyelectrolyte decoration. Labeling of polyelectrolyte

was already proved to not change z-potential variation of coated

vesicles.19 We now demonstrate in Fig. 2 that it is the same for

labelling of lipids either by fluorescein (18 : 1–12 : 0 NBD PC) or

rhodamine (18 : 1 Liss Rhod PE) whatever the pH. These results

are in agreement with previously published data.40 In addition,

the inset of Fig. 2 shows that size of labelled or non-labelled bare

vesicles remains constant in the accuracy limit between 2.5 < pH

< 11.0. For extreme pH values (out of this range), size decrease is

attributed to osmotic deflation.41

We recall that charge densities of both polyelectrolytes and

DOPC membrane are strongly dependent on the pH. For the

different cases of relative membrane/polyelectrolyte net charges
4474 | Soft Matter, 2010, 6, 4471–4481
obtained at pH ¼ 3.5 and 6.0, Fig. 3 shows independent obser-

vations of the fluorescent lipid bilayer and polymer decoration of

GUVs coated by chitosan and hyaluronan: the whole surface of

the vesicle looks homogeneously covered by polyelectrolytes

without noticeable modification of GUV shape. Only a few

heterogeneities are observed for chitosan decoration (and not for

the membrane) at pH¼ 6.0 which may be attributed to adsorption

of chitosan aggregates formed in solution because of its low

solubility at this pH. A quantitative study of the azimuthal fluo-

rescence profiles42 of the non-decorated membrane (as reference)

and of chitosan and hyaluronan decorated GUVs at pH ¼ 3.5 or

6.0, averaged over twenty GUVs (data not shown), confirms lipid

membrane and polyelectrolyte decoration homogeneity.

Direct comparison of coverage degrees is not possible from

fluorescence intensities shown in Fig. 3 because optical recording

parameters are not constant (laser intensity, camera exposure

time) but adjusted to obtain optimal contrast. Moreover, the

fluorescence efficiencies of fluorescein and rhodamine are

pH-dependent.43
This journal is ª The Royal Society of Chemistry 2010
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Fig. 5 (a) Variation of the z-potential (squares) and the particle diam-

eter (triangles) of LUVs upon addition of chitosan, expressed by the

molar ratio R ¼ [NH3
+] / [lipid out] at pH ¼ 6.0 and pH ¼ 3.5. Open or

solid signs are used when the initial charge signs of the membrane and

polyelectrolytes are respectively the same or opposite, as detailed in the

sketches for each pH. Lines are added to guide the eye and have no

physical meaning. (b) Schematic LUVs suspension structure for three

different cases of chitosan addition: (1) isolated bare LUVs when no

chitosan is added, (2) LUVs aggregation when chitosan addition corre-

sponds to the isoelectric point of the LUVs (z-potential ¼ 0) and (3)

isolated chitosan-coated LUVs when chitosan addition corresponds
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3.2. Role of polyelectrolyte sorption on suspension state of

LUVs and GUVs

We stress again that the pH of both initial chitosan solutions and

LUVs suspensions are strictly controlled and either equal to 3.5

or 6.0, to maintain the net charge of each component constant

during all the experiments. Additionaly, the maximum of salt

concentration is of the order of 10�4 M. Because interactions are

mainly of electrostatic origin, added polyelectrolyte is expressed

as the molar ratio of ionized groups (–NH3
+ for chitosan and

–COO� for hyaluronan) over lipids of the outer lipid layer

(lipid out). At pH ¼ 6.0, the membrane is negatively charged

(z-potential � �20 mV), hyaluronan is strongly negatively

charged (100% of the carboxylic groups are ionized)44 and chi-

tosan is partially positively charged (only 40% of the amino

groups are protonated).45 At pH ¼ 3.5, the DOPC membrane is

globally positively charged (z-potential � +5 mV), hyaluronan

has a lower negative charge density (only 25% of the carboxylic

groups are ionized) and chitosan is strongly positively charged

(100% of the amino groups are protonated).

Firstly, the possible influence of the vesicle size on poly-

electrolyte sorption is investigated by studying the variation of

z-potential of LUVs (200 nm) and GUVs (� 5 mm) as a function

of added cationic chitosan (Mw¼ 5� 105, DA¼ 0.2) at pH¼ 6.0

(Fig. 4). For bare and slightly decorated GUVs, the negative

z-potential is larger than that of LUVs. Nevertheless, this result

is not ascribed to an influence of vesicle size on polyelectrolyte

sorption but interpreted in terms of GUVs deformation due to

the electric field.46 Actually, because of their large size, GUVS are

deformed to a prolate-like shape with a lower friction than the

spherical corresponding vesicles, and then they present a larger

mobility for the same surface charge state. An interesting point is

that for a higher amount of added chitosan (roughly corre-

sponding to the z-potential plateau), the z-potentials of LUVs

and GUVs become similar which seems to indicate that, at

maximum decoration, deformation of decorated GUVs

decreases likely due to a membrane stiffness increase. This

interpretation has been confirmed by AFM experiments.47

We now study the variation of z-potential and size of particles

in suspension as a function of progressive addition of chitosan on

DOPC membrane at pH ¼ 3.5 and 6.0 (Fig. 5a). At pH¼ 6.0, we
Fig. 4 z-potentials variation at pH ¼ 6.0 of LUVs (open squares) and

GUVs (solid squares) as a function of the added chitosan amount

(Mw ¼ 5 � 105, DA ¼ 0.20) expressed by the added molar ratio [NH3
+] /

[lipid out] (ionized chitosan amino groups over accessible lipids of the

membrane).

to coating saturation. (c) Similar aggregation-dissociation process is

highlighted by microscopy observations on DOPC GUVs incubated, at

pH ¼ 6.0, with chitosan at different molar ratios R: (A) R ¼ 0 (bare

GUVs, z-potential ~ -35 mV), (B) R ~ 0.18 equivalent to the isoelectric

point, and (C) R ~ 5 (z-potential ~ +30 mV) corresponding to the

maximum of coating. The scale bars represent 20 mm.

This journal is ª The Royal Society of Chemistry 2010
observe that upon first additions of the positively charged chi-

tosan, the negative net charge of the vesicle is progressively

decreased and tends towards zero. The isoelectric point (IEP,

z-potential equals 0) occurs at [NH3
+]/[lipid out] � 0.18 and

corresponds to the neutralization of the global negative charge of

the lipidic vesicles. From light scattering data, it is clearly shown

that a maximum in size of particles present in solution for the

partially chitosan-coated vesicles is obtained at the isoelectric

point. We observe finite aggregates (absent in the case of bare

vesicles—see Fig. 2 inset) with a maximum size around 800 nm

(i.e. average diameter of aggregates/average diameter of vesicles

around 4) without any observed flocculation over a few hours.
Soft Matter, 2010, 6, 4471–4481 | 4475
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Such an aggregation phenomenon was previously reported for

similar systems (DPPG/polylysine26 or DOTAP/polyacrylate28).

Upon addition of excess of chitosan, we observe that

adsorption still occurs but aggregates are progressively dissoci-

ated with charge inversion to finally obtain isolated positively

charged LUVs exhibiting the same dimensions as those of vesi-

cles in the bare state. This result is attributed to an overcharging

of the vesicles upon further chitosan addition, causing electro-

static repulsion. In our study, the concentration of chitosan at

the adsorption plateau corresponds to the complete dissociation

of aggregates allowing the study of isolated chitosan-coated

vesicles. Schematic structures of the vesicle suspension for

different chitosan additions are presented in Fig. 5b: state (1)

corresponds to initial isolated bare vesicles, state (2) to aggre-

gated decorated vesicles at the isoelectric point and state (3) to

isolated highly decorated vesicles. This particle association–

dissociation mechanism results from the equilibrium between

long range repulsion and short range attraction, all of electro-

static nature, in good agreement with a patch-like structure

assumed for the decorated membrane.28

The same results were interestingly obtained on micrometric

vesicles upon addition of chitosan: Fig. 5c shows the direct

observation of bare GUVs (A), GUVs aggregation at isoelectric

point (B) and isolated highly decorated GUVs (C) (correspond-

ing to the z-potential plateau), which result from aggregate

dissociation. The interesting conclusion is that, in excess of chi-

tosan, decorated vesicles are isolated allowing the testing of their

intrinsic physico-chemical properties.47,48

On the contrary and as expected when the experiment is per-

formed at pH ¼ 3.5, where both bare vesicles and chitosan are

positively charged, adsorption is demonstrated by z-potential

variation but without any vesicle charge inversion nor vesicle

aggregation upon addition of chitosan due to the increase of

the net charge leading to stabilization of the suspension (see

Fig. 5a).
Fig. 6 Influence of the chitosan molecular weight (Mw) on the variation

of the z-potentials of LUVs at pH ¼ 6.0 (open symbols) and pH ¼ 3.5

(solid symbols). The evolution of the Dz is shown as a function of the

molar ratio [NH3
+] / [lipid out] (ionized chitosan amino groups over

accessible lipids of the membrane) for 3 different Mw: 5 � 104 (triangles),

2.25 � 105 (diamonds), and 5 � 105 (squares).

4476 | Soft Matter, 2010, 6, 4471–4481
Considering this series of results, we can claim that: i) the size

of the vesicles (in a range from nm to mm) does not play any role

on the maximum polyelectrolyte decoration and ii) upon

progressive addition of chitosan, the same behavior is observed

for LUVs and GUVs suspensions at pH ¼ 6.0 with, successively,

aggregation around the isoelectric point and further redispersion

in excess chitosan.

3.3 Influence of polyelectrolyte molecular weight and relative

membrane-polymer net charges on adsorption

The coverage degree of substrates by polymers may vary or not

as a function of polymer structure and molecular weight,

depending on whether polymers adsorb flat or forming trains and

loops at the external membrane surface. In our previous

studies,21 z-potential variation of DOPC vesicles upon chitosan

and hyaluronan addition was interpreted in terms of the amount

of polyelectrolyte charges adsorbed and, consequently, to their

degree of coverage. Therefore, in order to get information on the

conformation of polyelectrolyte adsorbed on vesicles, we study

successively z-potential variation of liposomes as a function of

chitosan and hyaluronan molecular weights.

In the following, the difference between the measured

z-potential and the value of the z-potential of the bare lipid

membrane (Dz) is considered in order to only observe the deco-

ration contribution to z-potential variation.

a. Chitosan adsorption. We first examine the role of chitosan

molecular weight on its adsorption. Three chitosans with

different molecular weights and degrees of acetylation are used:

Mw ¼ 5 � 104 (DA ¼ 0.04), 2.25 � 105 (DA ¼ 0.05), and 5 � 105

(DA ¼ 0.20). Fig. 6 presents, at pH ¼ 6.0 and 3.5, respectively,

the variation of the Dz of liposomes observed in the presence of

the three chitosans as function of the added polymer amount

expressed by the molar ratio [NH3
+]/[lipid out], which accounts

for acetylation degree.
Fig. 7 Influence of the membrane and chitosan net charges on the

enthalpic variation upon polyelectrolyte adsorption. The evolution of the

molar enthalpy for each successive chitosan addition is shown as

a function of the molar ratio [NH3
+] / [lipid out] for Mw ¼ 2.25 � 105,

DA ¼ 0.05 at pH ¼ 3.5 (open symbols) and pH ¼ 6.0 (solid symbols).

This journal is ª The Royal Society of Chemistry 2010
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Fig. 8 (a) Influence of the hyaluronan molecular weight (Mw) on the

variation of the z-potentials of LUVs at pH ¼ 3.5. The evolution of the

Dz is shown as a function of the molar ratio [COO�] / [lipid out] for 5

different Mw: 1.14� 104 (open diamonds), 4.1� 104 (solid triangles), 1.95

� 105 (open squares), 6.63 � 105 (solid diamonds) and 1.8 � 106 (open

triangle). (b) Influence of a partial coating by a low molecular weight

(Mw ¼ 1.14 � 104, solid blue diamonds) on the adsorption of a high

molecular weight (Mw ¼ 1.8 � 106, solid red triangles) on liposomes. The

evolution of the Dz is compared with previous results obtained for Mw ¼
1.14 � 104 (open diamonds) and 1.8 � 106 (open triangles) in (a). The

dotted lines are added to guide the eye and have no physical meaning.
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For all chitosan molecular weights, z-potential variation

displays the same general trend as previously observed:21 a sharp

increase at low concentration of added chitosan, followed by

a smooth variation before reaching a constant value for a large

excess of polymer. Fig. 6 shows that, for both pH values (3.5 and

6.0), the maximum value of z-potential (i.e. Dzmax) observed at

the plateau only slightly varies with Mw: i.e.the total amount of

ionized chitosan amino groups fixed on the lipid membrane, at

a given pH, is nearly independent of the molecular weight. At

pH¼ 6.0 (negative membrane/positive polyelectrolyte), curves of

z-potential variation as a function of added chitosan are super-

imposed for the three chitosan molecular weights; plateau values

(Dzmax � +49 mV) are obtained for the same ratio [NH3
+]/[lipid

out] > 5. These results are in good agreement with a flat

adsorption of chitosans with a thickness of the adsorbed layer

which does not displace significantly the shear plane.

At pH ¼ 3.5 (positively charged membrane and poly-

electrolyte), a larger amount of chitosan (highly soluble because

fully protonated), which depends on Mw, is necessary to get the

plateau (Dz max� +33 mV): [NH3
+]/[lipid out] � 15 for the higher

molecular weights (Mw ¼ 2.25 � 105 and 5 � 105), but [NH3
+]/

[lipid out] � 45 for Mw ¼ 5 � 104. These results may be inter-

preted in terms of looser interactions when polyelectrolyte and

membrane have the same charge sign. In the case of the low

molecular weight chitosan we suggest that it adsorbs flat on the

surface due to its high charge density and its stiffness (contour

length around 10 times Lp) while interacting with the negative

charges on the membranes. Dealing with higher molecular

weight chitosans, they stick on the surface as charged wormlike

chains and form loops with locally higher charge density at the

interface; then saturation occurs more rapidly.

Calorimetric titration experiments are performed at pH ¼ 3.5

and 6.0 in order to further study the interaction between DOPC

lipid membrane and chitosan (Mw ¼ 2.25�105). Fig. 7 presents

the variation of enthalpy DHNH3

+ expressed in kcal per mole of

injected NH3
+, as a function of [NH3

+]/[lipid out] at both pH

values. At pH ¼ 6.0, when oppositely charged chitosan and

membrane interact, a large enthalpic effect occurs for the first

amounts of chitosan added for which no aggregation occurs

([NH3
+]/[lipid out] < 0.1, see Fig. 5a). Upon further additions,

enthalpic variations decrease progressively and tend to very small

values for [NH3
+]/[lipid out] > 2.2 (this value is much larger than

0.18 obtained at the isoelectric point) which correspond to the

z-potential plateau when decorated membrane and poly-

electrolyte are both positively charge. The DHNH3

+ measured also

includes association–dissociation of vesicles (see Fig. 5a) in the
Table 1 Influence of molecular weight and pH on maximum amount of
adsorbed chitosan on DOPC vesicles expressed as Gsat (maximum molar
ratio of chitosan monomeric units over lipid out) and related coverage
degrees (see section 2.4)

pH Mw/g mol�1 Gsat � 0.01
Coverage
degree/mg m�2

3.5 5 � 104 0.20 0.07
2.25 � 105 0.22 0.08
5 � 105 0.22 0.08

6.0 5 � 104 0.30 0.11
2.25 � 105 0.32 0.12
5 � 105 0.32 0.12

This journal is ª The Royal Society of Chemistry 2010
intermediate regime of chitosan addition. This behavior reflects

the overcharging effect with formation of the electrostatic barrier

limiting further adsorption.

At pH ¼ 3.5, the enthalpic effect still exists, indicating that

interaction still occurs although both membrane and chitosan are

initially positively charged. Nevertheless, it is dramatically lower

than at pH¼ 6.0 and decreases very smoothly, indicating that the

limit of fixation should be obtained for a much larger excess of

chitosan as observed for z-potential measurements (Fig. 6). This

indicates that positive chitosan amino groups interact with nega-

tive groups present on the membrane even if a long range elec-

trostatic repulsion exists between the globally positive membrane

and positive chitosan. In addition, attractive forces may involve

hydrophobic and hydrogen-bond interactions.49
Soft Matter, 2010, 6, 4471–4481 | 4477
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Table 2 Influence of molecular weight at pH¼ 3.5 on maximum amount
of adsorbed hyaluronan on DOPC vesicles expressed as Gsat (maximum
molar ratio of hyaluronan repeat units and lipid out) and related
coverage degrees (see section 2.4). Values given at pH ¼ 6.0 are obtained
from previous published data.21

pH Mw/g mol�1 Gsat � 0.04
Coverage
degree/mg m�2

3.5 1.14 � 104 0.12 0.11
4.1 � 104 0.21 0.19
1.95 � 105 0.51 0.47
6.63 � 105 0.71 0.65
1.8 � 106 0.97 0.90

6.0 6.63 � 105 0.41 0.36
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From z-potential values, we get the maximum amount of

adsorbed chitosan expressed as Gsat (maximum molar ratio of

adsorbed chitosan monomeric units and lipid out) and the

coverage degree (see section 2.4). Table 1 gives Gsat and coverage

degrees determined for the different molecular weights at

pH ¼ 3.5 and 6.0.

As expected, larger adsorption occurs at pH ¼ 6.0 than at

pH ¼ 3.5 whatever the molecular weight. Taking into account

that fluorescent microscopy observations reveal a homogeneous

coverage, the chitosan-decorated surface of the vesicle may be

regarded as a homogeneous patch-like layer formed of domains

of chitosan chains adsorbed flat on the interface. The surface

covered by these domains represents 10% of a virtual monolayer

formed by a compact arrangement of chains, assuming that

a chitosan monomeric unit occupies an area of 0.25 nm2.

b. Hyaluronan adsorption. The adsorption of hyaluronan is

only studied at pH ¼ 3.5, corresponding to a membrane with

a low positive charge (+ 5 mV) and negatively charged poly-

electrolyte. The role of hyaluronan molecular weight is observed:

five hyaluronans exhibiting different molecular weights are used:

Mw ¼ 1.14 � 104, 4.1 � 104, 1.95 � 105, 6.63 � 105 and 1.8 � 106.

Fig. 8 shows the variation of the Dz for these five different

samples as a function of the added amount of hyaluronan.

Contrary to chitosan results, the total variation of z-potential

(Dzmax) is strongly dependant on the molecular weight: the

higher the molecular weight, larger is the Dzmax. It must be

recalled that the charge density of hyaluronan at pH ¼ 3.5 is low

(only 0.25 charge per disaccharide repeat unit) and its flexibility

is larger than that of chitosan. These two parameters may cause

a difference in adsorption if compared to chitosan. From

z-potential values, we determine the maximum amount of

adsorbed hyaluronan expressed as Gsat (maximum molar ratio of

adsorbed hyaluronan repeat units over lipid out) and the

coverage degree (see section 2.4). Table 2 gives Gsat and coverage

degrees determined for the different molecular weights at pH 3.5.

The degree of coverage for hyaluronan is much larger than for

chitosan and strongly varies with molecular weight at pH ¼ 3.5.

Taking into account that fluorescent microscopy observations

reveal a homogeneous coverage (Fig. 3), and that the adsorption

depends on Mw, the external surface of hyaluronan-decorated

vesicles may be regarded as a homogeneous distribution of

decorated domains composed of trains and loops with an average

low density in polyelectrolyte monomeric units. Exceptions may

occur for the lowest molecular weight which behaves as a stiff
4478 | Soft Matter, 2010, 6, 4471–4481
molecule with a contour length equal to 3 Lp. Actually, assuming

a monolayer formed by side-by-side repeat unit compact coverage

(0.5 nm2 each dissaccharide), the maximum degree of hyaluronan

coverage should be equal to 1.34 mg m�2. Of course, such a model

of repeat units stacking to form a dense monolayer is unrealistic;

the degree of coverage given in Table 2 for the highest molecular

weight (much larger in this case than for chitosan) is of the same

order of magnitude as that expected from this unrealistic model.

This further confirms the presence of hyaluronan loops and trains

at the surface of the vesicle. We are aware that loop formation

may displace the shear plane and lead to underestimation of

z-potential values and then, of Gsat and the coverage degree.50

Similar vesicle aggregation–deaggregation processes, as

described for chitosan at pH ¼ 6.0 (Fig. 5), are observed with

hyaluronan at pH ¼ 3.5 (in both cases, membrane and poly-

electrolyte have opposite charge sign). For hyaluronan, the

maximum aggregate size obtained at the isoelectric point (for

a ratio [COO�]/[lipid out]¼ 0.11) is around 900 nm for Mw¼ 6.63

� 105 (i.e. average diameter of aggregates/average diameter of

vesicles is around 4).

In Table 2, we observe that the degree of coverage at pH¼ 6.0,

where membrane and hyaluronan are both negatively charged, is

lower than at pH ¼ 3.5 as expected.

In order to further confirm the crucial role of the molecular

weight, we have performed the following experiment: we

partially decorate the membrane with the low molecular weight

hyaluronan (Mw ¼ 1.14 � 104) up to G ¼ 0.07 (see Fig. 8b) and

we observe exactly the same z-potential variation as observed in

the previous experiment (Fig. 8a) which points out the good

reproducibility of the measurements. Then, when we reach

a ratio [COO�]/[lipid out] ¼ 0.7 added, we stop adding hyalur-

onan of Mw ¼ 1.14 � 104 and add progressive amounts of hya-

luronan with higher molecular weight (Mw ¼ 1.8 � 106). We

observe a sharp decrease of the z-potential indicating an addi-

tional adsorption of the hyaluronan of higher molecular weight.

Nevertheless, in an excess of high hyaluronan molecular weight,

z-potential does not reach the expected value of �25 mV

(Gsat ¼ 0.97) obtained previously for Mw ¼ 1.8�106 alone. We

interpret this result assuming that the hyaluronan fraction of low

molecular weight remain adsorbed and is not displaced by the

higher molecular weight hyaluronan in the time scale of our

experiments (few hours). The remaining available surface limits

the adsorption of the high molecular weight hyaluronan.
3.5. Stability of hyaluronan and chitosan decoration against

pH shocks

Chitosan-decorated vesicles have been demonstrated to be more

stable than bare vesicles in extreme pH conditions.18,19 The same

results are obtained for hyaluronan-decorated vesicles (data not

shown). From these behaviors, it was assumed that decoration

remains in extreme pH conditions. We now want to directly

confirm this assumption, i.e. to observe that even when hyaluronan

and chitosan ionization are repressed at extreme acid and basic pH

conditions, respectively, decoration remains. For that purpose, we

observe hyaluronan and chitosan-decorated GUVs by confocal

microscopy over a large range of pH (from 2.0 to 10.0). The vesicle

decoration is performed in conditions where membrane and

polyelectrolyte are oppositely charged (strongest affinity).
This journal is ª The Royal Society of Chemistry 2010
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Fig. 9 Confocal microscopy observation of GUVs of the same sizes,

coated with chitosan (Mw ¼ 5 � 105, DA ¼ 0.20) at pH ¼ 6.0 (a) or with

hyaluronan (Mw ¼ 6.63 � 105) at pH ¼ 3.5 (b) (column 2) and then

subjected to pH shocks, either down to pH ¼ 2.0 or up to pH ¼ 10.0. We

simultaneously visualize for each GUVs the lipid membrane (line 1) and

the polyelectrolyte coating (line 2) for the three pH values. The scale bars

represent 10 mm.

Fig. 10 Degree of coverage for chitosan (Mw ¼ 5�105, DA ¼ 0.20;

triangles) and hyaluronan (Mw ¼ 6.63 � 105; squares) as function of the

repeat unit concentration of polyelectrolyte free in solution at pH ¼ 3.5

and 6.0. Open or solid signs are used when the charge signs of the

membrane and polyelectrolytes are the same or opposite respect.
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Chitosan-decorated vesicles are incubated at pH ¼ 6.0 for a ratio

[NH3
+]/[lipid out] � 9 corresponding to a coverage degree of

0.12 mg m�2; in the case of hyaluronan, vesicles are incubated at

pH¼ 3.5 with a ratio [COO�]/[lipid]� 12 and a coverage degree of

0.65 mg m�2. These values correspond to the adsorption satura-

tion. For the different values of pH, we visualize independently the

lipid membrane and the polyelectrolyte decoration (respectively

lines 1 and 2 of Fig. 9 for chitosan and hyaluronan). We observe

that, in this wide range of pH (from 2.0 to 10.0), the membrane

remains undamaged, and chitosan or hyaluronan remains adsor-

bed. Nevertheless, no quantitative comparison of coverage degrees

from fluorescence intensity analysis can be performed from this

figure as previously explained. For extreme pH values, where

attractive electrostatic contributions are reduced, hydrogen bonds

and hydrophobic attractions have a greater contribution to poly-

electrolyte–membrane association.
3.6 Characterization of polyelectrolyte decoration: comparison

between chitosan and hyaluronan

a. Degree of coverage. To compare more easily hyaluronan

and chitosan results, Fig. 10 presents the degree of coverage
This journal is ª The Royal Society of Chemistry 2010
deduced from z-potential measurements as a function of free

polyelectrolyte in the suspension for similar Mw (i.e. chitosan

Mw¼ 5� 105 and hyaluronan Mw¼ 6.63� 105) at pH¼ 3.5 and

6.0. For both polyelectrolytes, the degree of coverage is higher

when the charge sign of the polyelectrolyte and membrane are

opposite than when they exhibit the same charge sign. A smaller

amount of polyelectrolyte is needed to get the plateau in the case

of oppositely charged membrane and polyelectrolyte. An other

sticking point is that for chitosan the degree of coverage is always

much lower than for hyaluronan.

b. Conformation of polyelectrolytes at interface. For both

polyelectrolytes, fluorescence microscopy shows that a homoge-

neous layer adsorbs at the micrometric scale. Based on experi-

mental data reported in this paper, we assume that, at the

nanometric scale, the decoration is made of charged domains

where polyelectrolyte adsorbed flat (chitosan) or forms loops and

trains (hyaluronan) on the basis of the molecular weight

dependence.

With chitosan, whatever the molecular weight, in excess of

polymer, the decorated vesicle is always highly positively

charged. With hyaluronan, on the other hand, in excess of

polyelectrolyte, the negative global charge of the coated vesicles

is dependant on its molecular weight.
Conclusions

In this paper we have pointed out the difference between hya-

luronan and chitosan interaction with lipid membranes. Fluo-

rescent observations confirm that polyelectrolytes interact with

zwitterionic DOPC membrane giving rise to homogeneous

decoration, at the micrometric scale, even when polyelectrolyte

and membrane exhibit the same charge sign.

In the case of membrane and polyelectrolyte of opposite

charge, chitosan is demonstrated to adsorb flat on the vesicle

surface with a maximum coverage degree of the order of
Soft Matter, 2010, 6, 4471–4481 | 4479
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0.12 mg m�2, while hyaluronan with Mw > 104 forms loops and

trains with a maximum coverage degree depending on Mw and

ranging between 0.19 up to 0.90 mg m�2. Hyaluronan of very low

Mw is assumed to adsorb flat on the membrane with a degree of

coverage of 0.11 mg m�2. At pH ¼ 3.5, when the membrane and

chitosan have the same charge sign, the degree of coverage and

energy of interaction are lower (it is the same case for hyaluronan

at pH ¼ 6.0), and it is suggested that polymers with Mw higher

than 5 � 104 form few loops.

In addition, the presence of chitosan or hyaluronan decoration

on the zwitterionic membrane in a wide range of pH (from 2.0 to

10.0) is demonstrated and is responsible for the stability of

decorated vesicles previously reported under pH shocks.

The formation of aggregates of both LUVs and GUVs upon

a low degree of decoration by a polyelectrolyte of opposite

charge, followed by the aggregates’ dissociation and stabilization

of isolated decorated vesicles in excess polyelectrolyte is inter-

preted within the frame of a patch-like submicronic structure

made of non-uniform charged domains on the surface created by

the adsorption of polyelectrolyte.

We have demonstrated that the control of the chemical

structure, charge density, stiffness and molecular weight of

hyaluronan and chitosan used to decorate the vesicles allow us to

tune their net charge which governs the interactions with various

biological systems and other substrates.

Such pH-resistant vesicles decorated by biocompatible and

biodegradable polyelectrolytes hold promise for new potential

applications.
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