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This paper describes the behavior of large and giant unilamellar vesicles (LUVs and GUVs, respectively) in the
presence of chitosan, a positively charged polyelectrolyte. Variation af-gaential of LUVs as a function of
chitosan concentration is studied for two different molecular weights (MW) after a preliminary study devoted to
pH and salt effects org-potential in order to discriminate among the effects of protons, salt, and chitosan
concentrations. The difference observed between pH and salt effects on the one hand and chitosan on the other
allows us to conclude there is a strong LY¥hitosan interaction. In presence of chitosan, ¢heotential of

LUVs becomes positive and two distinct regimes of variation are suggested and interpreted as follows: a first
step consists of chitosan adsorption flat on the membrane (independent of MW) followed by a possible
reorganization of the polymer of higher molecular weight on the surface, giving rise to loops. Then a comparative
observation of the effect of pH and salt by optical microscopy is made on naked and chitosan-decorated GUVs.
Results further confirm a membrane-chitosan interaction and are interpreted in the light of the results obtained
for LUVs in terms of both electrostatic and hydrophobic interaction. A large majority of decorated vesicles remain
stable down to pH= 1 while in the absence of chitosan they burst quickly at pH between 2 and 3. Osmotic
pressure and net charge change due to addition of HCI results in a decrease in the diameter of the decorated
vesicles, which remain spherical while forming tubes of lipids. In presence of NaCl, a higher resistance of decorated
vesicles is also evidenced (they are stable for NaCl concentrations upt®1®hile naked vesicles burst when

[NaCl] is between 10? and 103 M). At higher salt concentration, aggregation of decorated vesicles occurs,
which is attributed to the screening of electrostatic repulsions between vesicles covered by the positively charged
chitosan. Finally, adhesion of vesicles on a positively charged surface is investigated. In absence of chitosan, the
vesicles immediately burst when they come in contact with the surface. On the contrary, suspension of chitosan-
vesicles remain stable down to pH 1.5. Under gentle flow vesicles move: they do not adhere on the substrate,
probably due to the repulsion between positively adsorbed charged chitosan and substrate; spherical deflation
occurs, but in this case daughter vesicles are formed instead of lipid tubes.

Introduction glycoconjugates. Interaction between these macromolecules
and membranes may give rise to changes in cell behavior. For
Liposomes are made of self-closed phospholipid bilayers or example, the carbohydrate-rich layer called the glycocalyx,
multilayers and are respectively referred to as unilamellar and which surrounds some living cells, modifies cetlell or cell-
multilamellar vesicles. Their diameter varies between a few surface interaction. Therefore, it is of interest to study
nanometers and hundred micrometers. Giant unilamellar or changes in membrane properties and in behavior of GUVs
multilamellar vesicles (respectively GUVs and GMVs) exhibit ypon interaction with anchored and/or adsorbed polymers
a diameter of 0.axm < d < 100um. They present the advantage under external stresses. Actually, complex vesicle shape
of being directly observable by optical microscopy and are changes upon interaction with macromolecules (such as
generally studied as the simplest cell moti8mall unilamellar  pydding, pearling, and coiling) are reported extensively in the
or multilamellar vesicles (respecti\(ely SUVs and SMVS) (20 jiterature!®23 As far as SUV and LUV protective capsules are
nm < d < 100 nm) and large unilamellar or multilamellar  considered, it is of interest to study the effect of decoration by
vesicles (LUVs and LMVs) (100 nn¥ d < 500 nm) are often  yo1ymers on their resistance to the in vivo environment,
studied as protective capsule$ and used as efficient drug  apsorption properties, and specificity toward targets. For
carriers foralarge.panel of compounds like vaccines, dlagnostlcexamme, LUVs were covered or grafted with polyethylene
agents, and proteiris:® N glycol in order to make them furtive and stable in the
Lipid layers, which form the membrane of living cells, are jntravenous environmefi£425Then chitosan, a pseudonatural
often “decorated” by macromolecules such as proteins and yacromolecule derived from chitin, the main organic component
of crustacean shells, cuticles of insects, and cell walls of some
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Figure 1. Structure of the chemical products used during this study.
(a) 1,2-Dioleoyl-sn-glycero-3-phosphocholine (DOPC) with the fol-
lowing active sites: the polar head group with a positive quaternary
amino group (1), a negative phosphate group (2), and two “carbonyl
oxygen” groups (3), which connect hydrophilic head group and the
two hydrophobic tails. (b) Two constitutive units of chitosan.

Chitosan is a linear copolymer @f(1—4)-p-glucosamine
and 3-(1—4)-N-acetylp-glucosamine, which is insoluble in
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(2 mg/mL) is deposited on each indium tin oxide (ITO) plate. Hydration
under an ac field is made in 2.5 mL of a 200 mM solution of sucrose.

Small unilamellarvesicles (LUVs) (foG-potential measurements)
are prepared from 2.5 mL of giant vesicles in suspension in a 200 mM
solution of sucrose directly obtained from the electroformation by
extrusion on 0.2«m filters and then dilution in the same volume of a
filtered solution of 50 mM glucose and 150 mM sucrose. The extruded
LUVs, 200+ 10 nm in diameter, encapsulate a 200 mM solution of
sucrose and are suspended in an external glucose/sucrose mixture to
allow light scattering studies. It was established that LUVs prepared
in these conditions are unilamelt&r.

GUVs were incubated in chitosan solution for direct obsgion
by optical microscopyUnlike Henriksen et ak? who add the liposome
suspension into the chitosan solution, we chose to add chitosan in the
vesicle solution as follows: 4.6 mL of a dilute giant vesicles suspension
is incubated fo 1 h atroom temperature with 15QL of chitosan
solution prepared as explained previously. The specific amount of

neutral and basic media but becomes soluble in slightly acidic chitosan to be added is determined thanks-fotential experiments

medium (pH< 6) due to the protonation of the amine functions.
This solubility allows thus its coprocessing with other biomo-
lecules based on polyelectrolyte complex formafibfihen, the
positively charged backbone of chitosan (the charge of which
can be controlled by pH) is determinant for its interaction with
other macromolecules and supramolecular architecfres.

The effect of chitosan on dipalmitogk-glycero-3-phospho-
choline (DPPC) GMVs was showed to result in an alteration

of their membrane structure, which was attributed to the inser-

tion of chitosan into their membranes during their forma#dn.
Physical driving forces (mostly of electrostatic origin) were
studied by observation of the interaction of phospholipid vesicles
with immobilized chitosan on amino-silanized gl&%38 The
effect of chitosan on soybean phosphatidylcholine LMVs prepar-
ed by inverse phase was also reported; in this case, chitosan is pr
sent both on the inner and the outer surfaces of the mem¥iéthe.
We focus in this paper on both GUVs and related LUVs

detailed later in this paper. The external solution consists of a mixture
of 50 mM glucose and 150 mM sucrose solutions in order to be the
same experimental conditions as fppotential studies of LUVs.

Poly(L-lysine)-coated glass slides are used for adhesion staly-
(L-lysine) is purchased from Sigma-Aldrich and used as received to
prepae a 1 mg/mL solution in water. Glass slides are immersed in a
“piranha” solution {3 H,O, + 23 H,SQ,) for 1 h and washed
successively with water and methanol before incubation in the 1 mg/
mL poly(L-lysine) solution for 1 h.

Methods. ¢-Potential and dimension measurements on Lldves
performed with a commercial zetasizer (NanoZS, Malvern, France).
Electrophoretic mobilities of liposomes are measured using the zetasizer.
The mobility («) is converted into &-potential using the Smoluchowski
relation ¢t = eeolly, wheren and eco are the viscosity and the

epermittivity of the external solution, respectively). The particle radii

are controlled in situ by light scattering. For edpotential measure-
ment, the following protocol is repeated: a given volume of the chitosan
solution is added to the liposome suspension. After homogenization, 1

obtained by extrusion of these GUVs. We report successively m of this mixture is injected in the zetasizer nanocell; theotential

the effect of decoration by chitosan (on the outer side of the
membrane) on the behavior of LUVs and GUVs under different

of the solution is measured at 20. After each measurement, the whole
solution is collected from the zetasizer nanocell and reintroduced into

kinds of external stresses due to salt, pH or glucose shocks,the bulk solution (to keep a nearly a constant volume of solution) before

and adhesion on a positively charged surface.

Materials and Methods

Materials. Lipid 1,2-dioleoylsn-glycero-3-phosphocholine (DOPC,
Figure 1a) (MW= 786.15) is purchased from Avanti Polar Lipids and
dissolved as received in a chloroform/methanol solution (9/1 volume
ratio) at 2 mg/mL.

Highly purified 18.2 M2.cm wateris used for the preparation of all
the solutions.

Chitosanis obtained from Far East crab shells by the method of
Mullagaliev'® (Figure 1b). Its degree of acetylation (DA) is equal to
5% and its weight-average molecular weight (Mw) is equal to 225 000.
Another sample with MW= 50 000 and DA= 4.1% from shrimps is
provided by Primex. The solution of chitosan used for vesicles
incubation is prepared at 1 g/L by dissolving the polymer in 10 mL of
a mixture of 50 mM glucose and 150 mM sucrose. To obtain complete
solubilization of the polyelectrolyte, we add the stoichiometric amount
of HCI on the basis of NEFlamount (final pH around 3.4). The solution
is placed under constant stirring for one night at room temperature,
until complete solubilization, and filtered on a calibrated @2
membrane before use.

Sucrose ana-(+)-glucoseare purchased from Sigma-Aldrich and

the addition of the next volume of chitosan solution. Those steps are
repeated as many times as necessafyotential measurements were
performed in a mixture of 150 mM sucrose and 50 mM glucose solution
and with the following lipid concentrations: for experiments in the
presence of HCI and NaCl, we use a suspension of LUVs obtained
with a DOPC concentration equal to 0.006 mg/mL, which corresponds
to [DOPC] equal to 3.8« 107 M in the external leaflets if we assume
external and internal leaflet areas are approximately the same. As far
as experiments in the presence of chitosan (Mw225 000) are
concerned, the DOPC concentration is equal to 0.016 mg/mL, which
corresponds to a molar concentration of DOPC equal to 19.18°6

M in the external leaflets. In the case of experiments made with chitosan
of Mw = 50 000, mass DOPC concentration is equal to 0.015 mg/mL,
which corresponds to a molar concentration of DOPC equal to<9.5
107 M in the external leaflets.

Adhesion Poly(L-lysine)-coated glass slides are dried under argon
flow and Secure-Seal hybridization chambers (purchased from Sigma)
are stuck onto their surfaces in order to obtain observation chambers
of 500 uL. The suspension of giant vesicles treated with chitosan is
injected in the chamber (filled with a solution of 200 mM glucose)
and we observe the sedimentation and the contact of the vesicles with
the glass sheet.

Osmotic Deflation.To apply controlled osmotic pressure steps on

used as received. The solutions of sucrose and glucose in water arghe giant vesicles, we use a “homemade” device (Figure 2). It consists

prepared at different concentrations depending on the experiments.
Unilamellar giantvesicles (GUV)are prepared from DOPC, using
the standard electroformation methB®0 uL of a solution of DOPC

of five circular chambers, one central and four side ones, overlapping
each other, so that each side chamber is connected to the central one,
but independent from the others. The fluid in the side chambers &5\/
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Figure 2. Experimental setup used to observe GUVs under external
stresses (salts, pH, or glucose shocks): (a) top view, (b) cross section.
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Figure 3. A sedimented DOPC GUV on a glass substrate before . Concentrations (10° mol / L) i
and during incubation with chitosan at pH = 5 in the absence of : : : g
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Measured pH
iii, and iv) is allowed to diffuse in the central zone (0) through the Figure 4. C-Potential of DOPC LUVs as a function of added HCI
overlapping zone. Each chamber has a volume of roughly 1 mL. We (sojid circles and squares) and NaCl (open circles and squares) for
successively fill the central chamber with 46D of 200 mM glucose, different series of measurements in the same experimental conditions.
200 uL of the giant vesicle suspension under study, and 400f A pH scale is joined to further characterize HCI additions.

200 mM glucose to reach a final volume of 1 mL. In this way, the .
external solution is nearly 200 mM glucose, allowing sedimentation _ Influence of pH and Salt Concentration on Naked LUVs.

of GUVs (which encapsulate a 200 mM sucrose solution) and creating T@King into account that pH varies when we add successive
a variation of optical index between inner and outer media of vesicles @mounts of chitosan solution, it is necessary to be able to
required for the phase-contrast microscopy observation. We close thediscriminate between pH and chitosan effects. Therefore, we
chamber with a cover glass (to correct the curvature of fluid/air first observed pH effects on tiiepotential of “naked” liposomes
interface) and wait 3840 min for vesicles to sediment on the glass in a large range of pH, i.e., 6.6 pH > 2.5. {-Potential is
slide. Osmotic deflations were performed with solutions of glucose, measured to be negative 25 mV) at the initial pH= 6.0. Such
NaCl, or HCI at different concentrations. Concentrations of solutions a negative potential for DOPC LUVs was already reported in
injected in the side chambers are chosen according to the osmoticthe literature*® This negative potential was assumed to result
pressure, pH, and salt shocks (respectively controlled by glucose, HCI, from lipid degradation during the rehydration phase, and this
and NaCl concentrations) we want to apply on the vesicles in the central phenomenon is amplified by the active process of electrofor-
chamber. Osmotic stress is determined on the basis of external andmation. When the pH is decreased by addition of HCI, the
internal osmolalities characterized by the reduced voluméefined ¢-potential goes to zero at pH 4, becomes positive, and finally
as the ratio between the volume of the deflated object and the volume ra5ches a constant value 616 = 1 mV at pH= 3.0 (see
of the initial spheric vesicle of the same surface. Thealue is Figure 4). In fact, increasing thesB* concentration represses
calculated_ln a first approximation as the ratio of initial glucos_e the dissociation of the phosphate acid group. The positive
concehtratlon (200.mM) over the actugl external glucose Conc_emrat'on'contribution of the quaternary amino group becomes then
(Optical obserations are made using a phase-contrast inverted o qqminant. The large variation Gfpotential is observed in
microscope (Olympus CKX“) and a num(_ancal camera (AVT a range of proton molar concentration up te 30~4 M, which
MarlinFO80B). Image analysis is performed using NIH Image J1.34s . S .
software (freely available at http://rsb.info.nih.goviij). is negligible in front (_)f the ?OO mM concentration of the external_
glucose/sucrose mixture; then the influence on the osmotic
pressure remains negligible. In addition, for HCI and NacCl

Results and Discussion concentrations up to & 1072 M, the dimension of liposomes
remain unchanged (diameter around 200 nm), which confirms
Chitosan—Giant Vesicles: Observation by Optical Mi- that liposomes do not burst nor change their dimension.

croscopy. We have first observed the behavior of the giant It is important to differentiate between protonic and ionic
vesicles in the presence of the solution of chitosan used for concentration influence on thé&-potential. Therefore, we
incubation as a function of the time. Figure 3 presents a vesiclerepeated the same experiments with NaCl instead of HCI.
before and during incubation. After 70 min of incubation, we Experimental results are also presented in Figure 4. The
do not observe any bursting or shape modification of the vesicle. ¢-potential decreases in absolute value and levels at arend
This result indicates either that no interaction occurs between mV. A very large variation is observed up to FOM NacCl,
chitosan and the membrane of the vesicle or that interaction which is also low compared with the external glucose/sucrose
exists but does not alter the shape of the object. Taking this concentration. The role of NaCl is completely different from
result into account, the interaction of chitosan with liposomes that of HCI, which is much more efficient to modifypotential
(LUVs) was first investigated. Due to the acidic pH of the going even to charge inversion. In the literature, molecular
chitosan solution, the first step of the study was to investigate dynamics studies show that the presence of NaCl only affects
the influence of pH and ionic concentration on LUV charac- the lateral orientation of phosphatidylcholine head groups of
teristics (charge and stability) in the absence of chitosan. the external leaflet, resulting from the binding of sodium i%BV
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Figure 5. Variation of the ¢-potential as a function of the ratio
between the amount of chitosan amino groups and DOPC groups in
the external leaflet of LUVs for two different molecular weight
chitosans: (solid circles and squares) Mw = 225 000 or (open circles
and squares) Mw = 50 000. Measured pH are also indicated c.

in the carbonyl region of the leaflet and from the attractive
interaction of Cf ions located in the aqueous phase close to d.
the water-lipid interface?44¢ NaCl is able to screen the
electrostatic attraction between positively and negatively charged

groups of each polar hedé This kind of mechanism is also 40 min
involved in the salt effect on zwitterion solubilif§.° Figure 7. Decorated DOPC GUVs of various sizes (a—d) as a
Influence of Chitosan on¢-Potential of LUVs. Finally, we function of time for different pH values: (a and b) GUVs with chitosan

. i burst at pH = 2 after 35 min; (c and d) GUVs that were not tracked
performed the¢-measurements for progressive additions of during the previous pH shocks resist at pH = 1. The scale bars

chitosan with two _different mole_cular weights, namely 50 OOO represent 10 um.
and 225 000. During the experiment, because of the addition q hat th | ¢ high
of successive amounts of chitosan “mother” solution (at an initial in Ia s?con _S:]?F;- we Isuggest :hat t fe polymer: ot higher
pH of around 3.4) to the initial liposome solution (at pH molecular weight forms 1oops on the surtace.

6.0), the pH of the observed solution was found to vary between . We W".l now focus on GUVs. The beh_avior of DOPC GUVs
6.0 and 3.9, thus allowing a perfect solubility of chitosan in all either chitosan-decorated or not under different kinds of external

the experiment&2sl We observe a large variation of the stresses will be compared by direct optical microscopy observa-

¢-potential with increasing the amount of added chitosan: from tion. Interpretation of the behavior of giant vesicles will take
" 18 t0+49 mV (for Mw = 225 000) and+33 mV (for MW into account data obtained for LUVs. In the following experi-

_ . S : ments, GUVs are incubated in a chitosan solution (Mw

s o il 225000 of 167 10 mgmL, v cotesponcs o th
beginning of the plateau af-potential observed in Figure 5,

ranging between 6.0 and 3.9, it is clear that these large variations where liposomes are highly positively charged.

can neither be attributed to the pH nor ionic concentration Influence of pH on Naked and Chitosan-Decorated GUVs

variations upon addition of this positively charged polyelectro- X

ivte during th X t th it n ot fThe positive charge of chitosan depends on the pH, and our
yte uring the experiment, these results reveal the exISence Olg q; concern was to study the stability of the chitosan-decorated
a strong interaction between chitosan and lipid membrane.

vesicle (initial pH of nondecorated vesicle suspension is 6.0)
At low chitosan concentrations (around two partially proto- as a function of pH. To directly detect the structural conse-
nated glucosamines added per accessible polar heads of lipids)guences of the addition HCI on the micrometric scale, we
&-potential reaches zero and then becomes positive. In this rangegbserved giant vesicles with phase-contrast microscopy as a
we note a similar behavior for the two polymers with different - function of the pH (obtained by HCI addition in the experimental
molecular weights, which tends to prove that at these low device described in Figure 2). In order to avoid a large
concentrations of polysaccharide the adsorption is independentdisturbance in the observation chamber, controlled amounts of
of the polymeric chains length and that charge inversion is acid are allowed to diffuse slowly to the observed vesicles. The
obtained for the same amount of added chitosan. For higheramounts of added HCI in 200 mM glucose solution are chosen
concentration of chitosan, we observe a plateau, the value ofto reach a calculated pH successively equal to 5, 4, 3, and 2,
which is higher for the long chain aroure49 mV for Mw = and we wait several minutes in order to obtain a homogeneous
225000 and+33 mV for Mw = 50 000. The results can be concentration in the observation chamber.
interpreted as follows: the first step (independent of Mw)  Two similar experiments were performed: the first one, on
consists of adsorption of chitosan flat on the membrane. Then, nondecorated (referred to as naked) GUVs (Figure 6) an%@e
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Figure 8. Naked GUVs of various sizes (a and b) as a function of NaCl concentration at initial pH = 5. The scale bars represent 10 um.

second one on vesicles decorated with chitosan (Figure 7). In 5 o aci
the initial state all the vesicles are quasispherical. Figure 6 shows = u"::,.fm| i

three sequences of pictures of naked GUVs after injection of
- -
)
'

HCI.

The first column of Figure 6 shows the quasispherical vesicles
at the osmotic equilibrium in a solution of 200 mM glucose.
Although above pH= 4 we note no modification of the vesicle’s
shape, for 4> pH > 3, the vesicles fluctuate slightly, which
can be explained by a very weak osmotic deflation due to HCI p,
concentration. At 3> pH > 2, we observe large membrane
thermal fluctuations, and all the vesicles burst after 2 min. In

this range of pH, dissociation of the phosphate group is re- ¥ Y

pressed and the lipid becomes positively charged due to the 20 min 20 min 20 min
presence of the quaternary ammonium. The instability of the [NaCl]

membrane may be ascribed to repulsion between the positive il L.

charges of head groups. In addition, a contribution of osmotic
pressure may also contribute to disruption of the membrane.
The delay before bursting may be attributed to the diffusion a:
time, i.e., the time for HCI to reach the observed vesicles.
The initial vesicle sizes do not influence the tendency to
lyse. b
This experiment was then repeated with decorated vesicles™
(see Figure 7). Both experiments are strictly made under the
same conditions, and vesicles are observed at the same distanc
from the injection zone. Above pH 3, we observe the same 20 min
behavior as for naked vesicle. At3pH < 2, large fluctuations  gigyre 9. Decorated DOPC GUVs of various sizes (a and b) as a
occur, too, but it takes more than 30 min for some of the vesicles function of time for different NaCl concentrations (up to 102 M) at
to burst. Taking into account the strictly similar experimental initial pH = 5. (a) Single vesicle and (b) aggregate of vesicles. The
conditions used for naked and decorated vesicles, the greatefscale bars represent 5 um.
delay before bursting observed for decorated GUVs may be
attributed to the stabilization resulting from the presence of Influence of Salt on Naked and Chitosan-Decorated
chitosan. While some of the decorated GUVs burst at gH GUVs. The same experiments as previously were performed
< 2, a large percentage of them never burst, even<aipX < substituting NaCl for HCI, in order to modify the ionic
1. They first exhibit thermal fluctuations and then get stabilized concentration instead of pH, on naked vesicles (Figure 8) and
under the shape of a sphere of smaller diameter. These result®n vesicles decorated with chitosan (Figure 9).
show further evidence of the vesicles decoration. We stress the As far as naked vesicles are concerned, we observe the same
amazingly large range of pH stability of chitosan-decorated behavior of the vesicles as a function of HClI and NaCl
vesicles, which evidence both electrostatic and hydrophobic concentration up to ¢ M. This indicates that no difference
attractions. is observable between salt and pH effects on the stability of
While some of the vesicles burst at pH 2, as described  giant vesicles, while on LUVS;-potential shows different trends
just before, we observe that a large percentage of them remainat concentrations>10-3 M (Figure 4). Bursting of naked
stable at pH~ 1. This difference in stability may be ascribed vesicles at higher concentrations of Na&l10~2 M) may be
to a polydispersity in decoration degree, the highest ones attributed to the combined effects of external osmotic pressure
corresponding to the highest stability. Nevertheless, in these and ionic screening. Concerning the behavior of the decorated
experiments, pH was varied by successive addition of HCI, and vesicles (Figure 9), results are fully different if compared to
our concern was then to show that the observed effects werethose obtained as a function of pH. No bursting occurs, but we
really due to pH and not to an ionic effect. That is the reason can observe aggregation of vesicles when they are close together
why we studied the effects of salt shock. in the observation chamber. We can note that no aggregetBJ\r}
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process is observed by decreasing the pH due to electrostatic Rediiced volaine v

repuIS|qn between.the'hlghly charged vesicles (Figure 7). Figure 11. Osmotic deflation in glucose excess for chitosan-
The first conclusion is that salt and pH effects on decorated gecorated DOPC GUVs: (a) pictures of the spherical deflation shapes
vesicles are very different. Bursting of vesicles upon pH, when of a decorated vesicle, the numbers of the pictures refer to those
occurring in the range of & pH > 2, can be attributed to both  written in panel b. The scale bars represent 30 um. (b) Variation of
the lowering of chitosan adsorption due to its protonation and (770)* as a function of the calculated reduced volume v for the
the decreasing of negative charge of the lipid phosphate gfoup. sphencal_deflatlop _of ten ves_lcles ar_1d (inset) avgsmle exhibiting lipid
Addition of NaCl causes membrane aggregation. Such EffECtStUbeS while remaining spherical during the experiments for a reduced
. . . volume of 0.8. The scale bars represent 10 um.
of monovalent salt are reported in the literabdr@nd ascribed
to a screening charge effect. This behavior may be related to
the decrease af-potential in absolute value, which results in —
an instability of the charged vesicle dispersion due to the '
screening of the long-range electrostatic repulsfon. -!i P
The interaction of chitosan with vesicles being proved, it was — !
of interest to study the role of this decoration on the behavior t<ts 1)
of GUVs under external stresses such as osmotic pressure
imposed by glucose gradient and adhesion on charged substrate.
Influence of Chitosan Decoration on the Behavior of
GUVs under Osmotic Pressure.To investigate the effect of
osmotic pressure, the glucose concentration of the external ) )
solution was stepwise increased, leading to a calculated reduced’9u'e 12. Behavior of DOPC GUVs in the presence of a glass
. substrate treated with poly(L-lysine): (a) a naked DOPC GUV
vo!ume v down to 0'4'_ The shap_e evolutions of S_everal ‘?f sediments at pH ~ 6, adheres, and bursts very quickly due to the
chitosan-decorated vesicles submitted to the osmotic deflationgyong adhesion. (b) Pictures of three different chitosan-decorated
are observed. Two kinds of phenomena occur: some vesiclescuvs observed 30 min after the contact with the substrate; all the
remained spherical while shrinking, as detailed by Boroske et vesicles are intact. The scale bars represent 10 um.
al. 55 while others exhibited a large panel of complex shapes.
Some of the complex shapes observed are presented in Figuréoss of lipid imposed by the decrease of membrane area. The
10. They present similarities with numerous theoretical and same process occurs between states 5 and 8. The large deflation
experimental shapes reported in the literature, like deflated of vesicle is associated with a release of a large amount of lipids
shapes of fluid vesicles with a polymer chain anchored on the in the outer medium under the form of tubes and a pearl necklace
membran& or shapes of lipid-cholesterol vesiclé§ or of (see picture 3 in Figure 11a). Our results confirm the interpreta-
vesicles exhibiting area asymmeéthassociated with a surface  tion of Boroshe et ak> who explained spherical deflation by
area difference. Complex shapes can be described by differenthe formation of tubes of lipids attached to the sphere.

models involving either area difference elasticity (ABEQr Simultaneous observation of spherical and deflated complex
combining®2°the Helfrich curvature elasticity theory for fluid  shapes may be attributed to different degrees of decoration.
membrane®¥ and the self-consistent field theory (SCFT). Influence of Chitosan Decoration on the Behavior of

Complex and spherical shapes are observed simultaneously. W& UVs under Adhesion on a Positively Charged Substrate.
stress that in the present study, contrary to what is generally Our aim is now to observe the effect of the chitosan decoration
reported in the literature, spherical shrinkages are not isolatedon GUV adhesion on a poly{ysine)-treated substrate, which
events for decorated vesicles: a large number (more than halfis positively charged in acidic medium. A comparative study
of the objects) of vesicles experience a spherical deflation. between naked vesicles and chitosan-coated vesicles (Figure 12)
Figure 11a presents a typical spherical deflation of a decoratedwas performed. In the case of naked negatively charged vesicles
vesicle, observed for calculated reduced volume 1, 0.8, at an effective pH around 6.0, they sediment, adhere with the
0.6, and 0.4. Figure 11b presents the variation of the dimension-positively charged substrate, and burst as soon as they come in
less parameterr (t)/ro)3, with r being the radius of the vesicle contact with the substrate, due to the increase in the membrane
at a given time and, the initial radius of the vesicle (i.e., before tension (Figure 12a). On the contrary, chitosan-coated vesicles
the first volume deflation), as a function of the predicted reduced do not burst, even after 30 min (Figure 12b), and under gentle
volumev. Each point of Figure 11b corresponds to the shape flow they start to move. It is proof that there is no adhesion
of the same number in Figure 11a. From points4lof Figure between GUVs decorated with chitosan and positively charged
11b, ¢(t)/ro)d first decreases, passing through intermediate statessubstrate. These results give further evidence of the strong
2 and 3 to progressively stabilize as state 4, which involves interaction of chitosan with DOPC vesicles. The absenc&B(/
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44 - — = - . under osmotic pressure controlled by glucose concentration.
S g ) s 2@ These stabilized vesicles hold promise as in vivo resistant
] > protective capsules.
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