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ABSTRACT: The interactions between the polysaccharide
chitosan and phospholipids are studied using giant unilamellar
vesicles (GUVs). We explore both bare GUVs incubated in
chitosan solution post vesicle formation and GUVs prepared
using a reverse-phase method where the polymer is adsorbed
on both sides of the membrane leaflet. The fluctuations of the
vesicle membrane are significantly reduced in the presence of
chitosan as characterized by the bending rigidity, which
increases with chitosan concentration denoting physical
restrictions imposed to the bilayer as a consequence of the
interaction with the polysaccharide. In the absence of chitosan,
the rigidity of the bare phosphatidylcholine vesicles is also
observed to increase (about 3-fold) upon the incorporation of a small fraction (10 mol %) of phosphatidylglycerol. Pore
formation caused by chitosan is evidenced by loss of optical contrast of the giant vesicles denoting exchange between internal and
external solutions through the pores. Our study provides evidence for the potential of chitosan to affect the bilayer permeability
and to disrupt negatively charged membranes as well as to promote adhesiveness of vesicles on glass surfaces.

1. INTRODUCTION

The polysaccharide chitosan is regarded as a macromolecule
with interesting advantages in the development of a variety of
materials intended for biomedical applications.1−6 Specifically,
in the field of drug delivery, nanoparticles and formulations
containing chitosan have shown promising results in the search
of drug release systems optimizing disease treatments and with
reduced drug side effects.7−10 The amino groups of the polymer
monomers grant to chitosan relatively good solubility in
aqueous solutions as well as ensure electrostatic interactions
with phospholipids that build cell (bacterial) membranes.11

These properties have been employed in the development of
composite phospholipid-chitosan vesicles as new structures for
encapsulation of drugs and vaccines aimed as vectors and tolls
for controlled antigen release.12−16 However, the specificity of
the application sites requires detailed knowledge of the
particular structures.
In recent years, the physicochemical features of the

interaction of chitosan with liposomes have been a target of
scrutiny.17,18 The polysaccharide influences the structural
characteristics of submicrometric vesicles, alters the repeat
distance in bilayer stacks as well as the thermal stability of
phospholipid membranes.19,20 As a soft matter, the vesicle
membrane may endure remarkable disturbances in the presence
of the polysaccharide. A way to visualize the direct response of
the membrane upon the encounter with chitosan is provided by
means of employing giant unilamellar vesicles (GUVs).21,22

In the present Article, we describe further attempts to
elucidate physical parameters characterizing the chitosan−
membrane system and explore the effect of the polymer on the
membrane mechanical properties. Two main approaches of
preparing giant vesicles coated with chitosan (giant chito-
somes) have been previously reported. One is based on simply
incubating the preformed lipid vesicles in chitosan solutions,23

whereby only the external leaflet of the membrane is
immediately accessible to the adsorbing polymer. The second
approach employs electroformation procedure for GUV
formation based on a reverse-phase precursor.24 In this
production methodology, chitosan is strongly interacting and
covering both sides of the phospholipid bilayer and
consequently is expected to alter the membrane stiffness
significantly. We determine the membrane bending rigidity via
fluctuation analysis of giant vesicles prepared by both ways.
It is known that the strong interaction of chitosan with

phospholipids may influence the membrane permeability and
make negatively charged membranes leaky.25−27 For the model
giant vesicles, we show that chitosan adsorption can lead to
pore formation, permeability increase, disruption and morpho-
logical changes in the vesicles. The adhesive property of the
polymer is also evidenced by strong adhesion and rupture of
chitosan-coated vesicles onto glass surfaces.
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2. EXPERIMENTAL SECTION
2.1. Materials. Chloroform solution of 1,2-dioleoyl-sn-glycero-3-

phosphatidylcholine (DOPC), 1,2-dioleoyl-sn-glycero-3-phosphatidyl-
glycerol (sodium salt) (DOPG), and fluorescent dipalmitoylphospha-
tidylethanolamine-N-lissamine rhodamine B sulfonyl (DPPE-Rhod)
were purchased from Avanti Polar Lipids Inc. (Birmingham, AL) and
used without further purification. They were stored at −20 °C upon
arrival. Chitosan was a gift from Primex (Germany), with 95% degree
of deacetilation (DDA). The average molecular weight was determined
as Mw = 199 kDa (corresponding to 1223 repeat monomers per
molecule) by multiangle laser light scattering size exclusion
chromatography (MALLS-SEC),28 with a radius of gyration of 46 nm.
Fluorescent chitosan was obtained as previously described,24

introducing the fluorescent probe FITC (fluorescein isothiocyanate
isomer I; 90%; Fluka BioChemika) on few polymer monomers in a
proportion of 1:100 (labeled to not labeled monomers) according to
the procedure of Qaqish and Amiji.29 Fluorescent chitosan was used
only for confocal microscopy measurements with giant vesicles.
All other reagents were of analytical grade. All solutions were

prepared using deionized water from Milli-Q Millipore system with a
total organic carbon value of less than 15 ppb and a resistivity of 18
MΩcm.
2.2. Preparation of Chitosan Solutions. The chitosan solution

was prepared by vigorous overnight stirring of the powder in aqueous
acetate buffer solution of acetic acid/sodium acetate (80 mM, pH 4.48
± 0.01), at a concentration of 1 mg/mL. Solutions with lower
concentrations were prepared by diluting the stock solution with
buffer. The pH of all solutions was constantly monitored before and
after sample preparation, and the conductivity was measured, to ensure
constant ionic strength. Acetic acid was added to adjust the pH when
required.
2.3. Preparation of Bare Giant Vesicles and Incubation with

Chitosan. Lipid stock solution in chloroform (10−20 μL, 1 mg/mL)
was spread on two conductive glass substrates coated with indium tin
oxide (ITO). The lipid films were dried in a vacuum desiccator for at
least 2 h. A rectangular Teflon frame of thickness 1.6 mm served as a
chamber spacer between the two opposing glass substrates. The
chamber was sealed with silicone grease. The coated ITO surfaces
acted as electrodes. Approximately 2 mL of sucrose solution at
concentration of 10 mM was introduced into the chamber through a
0.22 μm sterile filter (Millipore). Alternating electric field of 1.5 V
(peak-to-peak) and 10 Hz was immediately applied using a function
generator (Agilent 33220A 20 MHz function/arbitrary waveform
generator). The field was applied for 1−2 h, after which the vesicle
suspension was carefully transferred to an Eppendorf vial.
Vesicles were prepared from pure DOPC or a mixture of DOPC

and DOPG (90 and 10 mol %). Fluorescently labeled vesicles were
prepared using 0.1 mol % of DPPE-Rhod added to the lipid stock
solutions. Giant vesicles made of DOPC containing chitosan on the
external leaflet of the membrane were prepared by incubation in an
Eppendorf vial. 700 μL of the vesicle solution was mixed with 20 μL of
chitosan solution (0.100 mg/mL) containing the appropriate amount
of sucrose to obtain the same osmolarity as that of the original vesicle
solution in order to avoid osmotic shocks. The osmolarities of all
solutions were measured and adjusted using osmometer Osmomat 030
(Gonotec, Germany). The incubation was done during one hour right
before the microscopy observations and measurements. The resultant
pH of chitosan incubated vesicles solution was the same as that of the
chitosan buffer solution, that is, close to 4.5. At these conditions, the
polymer is highly protonated, exhibits no self-aggregation and interacts
relatively weakly with DOPC/DOPG membranes.30 Before micros-
copy observations, the giant chitosomes (50 μL) were further diluted
in an isotonic glucose solution (200 μL). Due to the lower density of
the glucose solution, the vesicles sediment to the bottom of the
observation chamber. The final pH of the solution was slightly higher
(around 4.7) enhancing the interaction of the polymer with the
charged membrane.
2.4. Preparation of Reverse-Phase Giant Vesicles. Giant

vesicles containing chitosan on both sides of the phospholipids bilayer

were prepared according to the method of Mertins et al.24 Differently
from the usual electroformation procedure, instead of a solution of
lipids in organic solvent, a reverse-phase emulsion of lipids and
chitosan was spread over the ITO glasses. The emulsion was prepared
by sonicating the mixture of lipids in chloroform and the appropriate
amount of chitosan aqueous solution.24 Typically, 200 μL of lipid
solution at concentration of 1 mg/mL was mixed with 5−20 μL of
chitosan aqueous solution at concentration of 1 mg/mL. After
spreading part of the emulsion (20 μL) over the ITO glasses, the usual
steps in the electroformation protocol as described above were
followed. This method has proved efficient in increasing the
interactions between phospholipids and chitosan and thus yields
good-quality composite giant vesicles. Finally, 50 μL of the GUVs
solution was dispersed in 200 μL of an isotonic glucose solution. The
final pH of the solution was around 5.8.

2.5. Fluctuation Analysis on GUVs. A typical observation
experiment, using an inverted optical microscope (see below), was
made in an observation chamber, made of two microscope glass slides
separated by 1 mm-thick press-to-seal silicone isolator (Molecular
Probes). The slight density difference between the inner and outer
solutions drove the vesicles to the bottom slide of the chamber where
they could easily be observed. The concentration of the glucose
solution used to dilute the vesicles was chosen a little bit higher than
that of sucrose resulting in slightly deflated vesicles in the solution.

We used an inverted microscope Axiovert 135 (Zeiss, Germany)
equipped with 20× and 40× objectives to visualize the GUVs under
phase contrast mode. Image sequences were recorded with a fast
digital camera HG-100K (Redlake Inc., San Diego, CA) and stored in
the on-board memory of the camera head (total of 4 GB), and
afterward downloaded to the computer. The images were analyzed to
detect the vesicle contours over time, followed by analysis of the
fluctuations as reported in detail previously.31 The vesicle images were
recorded for over 1 min with exposure time of 180 μs and acquisition
rate of 125 frames per second. A mercury lamp HBO W/2 was used to
acquire images of fluctuating vesicles using the fast digital camera. All
experiments were performed at room temperature (23 ± 0.5 °C).

2.6. Confocal Microscopy. Samples of fluorescently labeled
vesicles were transferred in the observation chamber, which was
precoated as described in section 2.7. The vesicles were observed with
a confocal microscope (Leica TCS SP5) with 63× water immersion
objective. The fluorescent dyes where excited with a diode-pumped
solid-state laser at 540 and 470 nm and the emission signal was
collected around 625 and 525 nm for DPPE-Rhod and fluorescent
chitosan (FITC-labeled) respectively.

2.7. Coating of Microscopy Glass Slides with Albumin. Thin
glass slides used to build the chamber for observation of giant vesicles
under the microscope were precoated with bovine serum albumin
(BSA; Sigma) to avoid adhesion of chitosan containing vesicles. The
glass slides were vigorously washed sequentially with water, ethanol,
acetone, and chloroform and dried under nitrogen stream. The slides
were then immediately immersed in the BSA aqueous solution (1 mg/
mL) and incubated for 30 min. Afterward, the slides were dried under
nitrogen and immersed in glucose solution (the same used for vesicle
preparation) for 10 min. The slides were dried again and the two
immersion steps were repeated three times before assembling the
slides.

3. RESULTS AND DISCUSSION

3.1. Preparation of Giant Chitosomes. We present
results for mainly six different kinds of vesicles: (1) bare vesicles
made of 100% DOPC; (2) bare vesicles made of DOPC/
DOPG 90/10 (molar fractions); (3) 100% DOPC giant
vesicles prepared by the reverse-phase method using three
different surface concentrations of chitosan, as previously
studied in ref 24; (4) 100% DOPC vesicles incubated with
0.100 mg/mL chitosan after preparation. Other compositions
and conditions were also explored as described in the following
and listed in Table S1 in the Supporting Information.

Langmuir Article

dx.doi.org/10.1021/la4032199 | Langmuir 2013, 29, 14552−1455914553



Bare giant vesicles made of DOPC/DOPG 90/10 were easier
to prepare than pure DOPC vesicles. With the presence of the
negatively charged phospholipid, the vesicles grow faster under
the same electroformation conditions (see Experimental
Section) and they can even be formed spontaneously.32

However, difficulties arise when electroforming chitosan-coated
DOPC/DOPG vesicles using the reverse-phase method. The
vesicles were too small, aggregated and with many buds, which
is why we were not able to explore their mechanical properties
as discussed in the next section. This behavior might imply
instability of the lamellar phase in the presence of chitosan.
Giant DOPC/DOPG vesicles incubated with chitosan after
formation appeared to be unstable as we will discuss in more
detail further below. Pure DOPC vesicles incubated in chitosan
solutions of high concentration were also unstable. This
limitation, as well as the aim to match the chitosan coverage
of incubated and reverse-phase vesicles, set the ranges of
explored polymer concentrations.
Since we were not able to directly measure the concentration

of adsorbed polymer in the case of the incubated vesicles, we
roughly estimated the upper limit of chitosan monomers per
lipid. We assumed that there is no lipid loss during the vesicle
preparation, mixing and transfer in the observation chamber,
and that only the outer leaflet of the vesicle membrane is
accessible for binding. The upper limit for the surface
concentration of the polymer estimated in this way is 4.15
chitosan monomers per lipid. Adsorption isotherms conducted
in previous studies33 indicate that for pure DOPC vesicles at
these conditions, the amount of adsorbed polysaccharide
corresponds to 0.10−0.35 monomers per accessible lipid.
Isothermal titration calorimetry data for this range of chitosan-
to-lipid ratios (and in general above ratios of chitosan
monomers to accessible lipid around 0.1) suggest that the
membrane surface of the DOPC/DOPG incubated vesicles is
well saturated by the adsorbed chitosan; see Figure 3A in the
accompanying work.30

To gain more insight about the distribution of the polymer
over the membrane, we examined the giant chitosomes
(prepared with both methods) with confocal microscopy
using chitosan labeled with fluorescein and a small fraction of
fluorescent lipid (0.1 mol % DPPE-Rhod). The two dyes emit
in different wavelength ranges and thus the adsorbed chitosan
can be distinguished from the labeled membrane. For vesicles
prepared with the reverse-phase method, we observe
colocalization of the fluorescent signal from the lipid and the
labeled chitosan (see Figure S1 in the Supporting Information),
as previously described.24 Similarly, pure DOPC vesicles
incubated with chitosan exhibit rough colocalization of the
fluorescent signal from the lipid and the labeled chitosan as
reported in reference.34 However, chitosan appears to be
inhomogeneously distributed over the membrane of the
incubated vesicles compared to the reverse-phase vesicles as
shown in Figure 1A, B. The incubated vesicles exhibit many
highly fluorescent spots on the membrane alternating with
segments of lower fluorescence. The inhomogeneous distribu-
tion of chitosan over the membrane is more clearly perceivable
from the angular dependence of the fluorescence intensity
along the vesicle contour; see Figure 1C, D (the intensity
analyses were performed following the procedure outlined in
ref 35; see also the Supporting Information for details).
Presumably, the polymer has clustered or folded on the
membrane producing spikes of fluorescence. We cannot

exclude that in these regions the lipid bilayer has also folded
on itself held together (or bridged) by the polymer.
Apart from the inhomogeneous chitosan adsorption over the

membrane of the incubated vesicles, we also observe uneven
distribution of the polymer over different vesicles in the same
sample. Figure 2 shows two incubated DOPC vesicles clearly
detected from the DPPE-Rhod fluorescence (Figure 2A).
However, chitosan fluorescence is detected mainly on one of
the vesicles while the emission from the other is almost
imperceptible (Figure 2B). Hence, with the incubation protocol
for giant chitosome formation, a larger amount of chitosan may
incorporate in the membrane of some vesicles, while others
remain with lower coverage. The vesicle in Figure 1B is an
example for the former. Presumably, the observed inhomoge-
neity arises because the adsorption process is faster than the
complete mixing of the solutions in the chamber. No stirring

Figure 1. Confocal microscopy images of giant DOPC chitosomes
with fluorescently labeled chitosan (green false color) and intensity
analysis. Chitosan is more homogeneously distributed on the vesicle
prepared with the reverse-phase method (A, C) where the polymer is
present on both membrane leaflets, compared to the vesicle incubated
in chitosan (B, D), where the polymer adsorbs only to the external
membrane leaflet. The incubation was done in 0.100 mg/mL solution
of chitosan (corresponding to 1.39 × 10−8 M monomeric chitosan)
yielding an upper limit of 4.15:1 for the ratio of total chitosan
monomers to accessible lipids. The ratio of adsorbed monomeric
chitosan to accessible lipids for the reverse-phase vesicle was 8.1:100
(see text for detail). The angular dependencies of the intensity along
the vesicle membrane for the vesicles in (A) and (B) are shown in (C)
and (D), respectively; the polar angle θ as well as the vesicle radius R
and the radial coordinate r are sketched in (A). The large scatter in the
intensity for the incubated vesicles (D) shows strong inhomogeniety
of the membrane coverage by chitosan. The radial dependencies of the
intensity averaged over the polar angle for the membrane dye (red)
and chitosan (green) for the reverse-phase and the incubated vesicles
are given in (E) and (F), respectively.

Langmuir Article

dx.doi.org/10.1021/la4032199 | Langmuir 2013, 29, 14552−1455914554



was applied to avoid mechanical rupture of the GUVs. Thus,
mixing occurred mostly under convection and diffusion.
Even when considering only the vesicles with denser

coverage, overall, we detect lower signal from chitosan on the
incubated vesicles compared to the reverse-phase vesicles. On
the two vesicle types, we measured the radial distribution of the
fluorescence signal of both the polymer and the membrane dye
and averaged it over the polar angle; see the green and red
curves, respectively, in Figure 1E, F. The ratio of the integrated
chitosan intensity (green curves in Figure 1E, F) to the
integrated membrane intensity (red curves) is a quantitative
measure for comparing the amount of adsorbed polymer on the
two vesicle types; see the Supporting Information. For the
reverse-phase vesicle in Figure 1, this ratio is around four times
larger compared to the ratio measured on the incubated vesicle.
Note that the latter vesicle is representative for a well-coated
vesicle; others in the same sample exhibit less chitosan
fluorescence. We conclude that the amount of adsorbed
polymer on the reverse-phase vesicles is at least 4-fold higher
than that on vesicles incubated in chitosan solutions. This
outcome is surprising, considering that the proportion of
chitosan monomers to lipids according to adsorption
isotherms33 for the incubated vesicles (0.10−0.35) is high
compared to that for the reverse-phase vesicles (0.081).
However, we see that the incubated ones exhibit much weaker
fluorescence (note that the polymer distribution is uneven both

over the membrane and between different vesicles in the
sample). One reason for the lower amount of polymer
adsorbed on the incubated vesicles is that mainly the external
leaflet of the membrane is accessible for binding (no chitosan
on the interior of the vesicles). Yet another reason could be the
stronger physical interaction of chitosan with the lipids ensured
in the case of the reverse-phase approach.

3.2. Morphology and Mechanical Properties of Giant
Chitosomes. In this section, we first consider the effect of
chitosan on the membrane mechanical properties of the
vesicles. The bending rigidity of the bare vesicles and the
chitosomes was measured by fluctuation analyses (or flicker
spectroscopy) using an approach described previously.31 The
method consists of collecting sequential images of a fluctuating
vesicle, detecting the contour of the vesicle on each image, and
carrying out statistical analysis of the modal distribution, from
which the bending rigidity is extracted.31 The values for the
bending rigidity κ obtained for the different vesicle types
explored here are given in Table 1.
The data obtained for the chitosan-free pure DOPC vesicles

is in very good agreement with data reported in the
literature.31,36,37 We are not aware of reports on the bending
rigidity of charged DOPC/DOPG membranes. Our results
(Table 1) show that the bending rigidity of DOPC vesicles
increases around 3-fold upon the addition of 10% DOPG in the
membrane. This increase in κ could be expected considering
that charged phospholipids have increased polar head repulsion,
which effectively suppresses the membrane undulations and
thus increases the membrane rigidity as theoretically
predicted.38 Furthermore, the presence of the electric double
layer surrounding a charged membrane is expected to increase
the bending rigidity as theoretically predicted,38−40 and
experimentally confirmed on mixtures of phosphatidylcholine
with phosphatidylserine41,42 or ionic surfactants.43 The
presence of the surface charge, whether from the charged
lipids or from the adsorbed chitosan (as we will see below),
leads to stiffening of the membrane.
Similar increase in the bending rigidity was found for reverse-

phase DOPC vesicles containing the smaller amount of
chitosan; see Table 1. Following an approach outlined in ref
24, the amount of chitosan on the membrane of these vesicles
was estimated to be 8.1 chitosan monomers for every 100
DOPC molecules considering both leaflets of the vesicle
membrane, or equivalently 0.03 mg of chitosan/1 m2 of DOPC.
Apparently, this small amount of adsorbed chitosan is sufficient
to significantly suppress the bilayer undulations increasing the
bending rigidity of the membrane to an extent to which the
addition of 10 mol % DOPG does.

Figure 2. Confocal microscopy cross section of two incubated DOPC
vesicles showing the uneven distribution of chitosan over different
vesicles in the sample. The red signal shows fluorescence from the
membrane (A), while the green signal is fluorescence from the labeled
chitosan (B). The vesicle in the lower right corner of the images is
covered with more chitosan compared to the larger vesicle in the
upper left corner. The vesicles were incubated in 0.100 mg/mL
solution of chitosan (corresponding to 1.39 × 10−8 M monomeric
chitosan); after dilution in glucose, the final concentration of chitosan
was 6 × 10−4 mg/mL.

Table 1. Bending Rigidity, κ, of Membranes with Various Compositions As Obtained by Fluctuation Analyses Performed at 23
± 0.5 °Ca

vesicles with chitosan (Ch)

bare (chitosan-free) vesicles vesicles prepared via the reverse-phase methodb
vesicles incubated in 0.100 mg/mL chitosan

after electroformationc

DOPC
DOPC/DOPG

(90/10)
DOPC:Ch
(100:8.1)

DOPC:Ch
(100:13.5)

DOPC:Ch
(100:27.1) DOPC:incCh

DOPC/DOPG (90/10)
:incCh

κ (10−20 J) 12.5 ± 3.2 36.1 ± 5.3 34.7 ± 5.8 42.4 ± 6.1 no fluctuations 62.9 ± 23.8 (≥49) vesicles collapse

aThe error in κ represents standard deviation from the mean value for a population of at least 12 vesicles. bThe proportion between DOPC and
bound chitosan (DOPC:Ch) is represented as number of chitosan monomers for every 100 DOPC molecules and calculated from ref 24 where the
same reverse-phase method for vesicle preparation was used. cFor the vesicles incubated with chitosan (incCh), the polymer content on the
membrane is unknown but on the order of 10−35 chitosan monomers per 100 lipids in the outer leaflet; see text for details.
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The data for the second examined concentration of chitosan
in the reverse-phase vesicles, 13.5 monomers for every 100
DOPC, show that the increase in adsorbed polymer further
raises the bending rigidity of the vesicles. Thus, the entropic
membrane fluctuations must be additionally constrained by the
increased amount of adsorbed chitosan chains. For the highest
concentration of chitosan, 27.1 monomers for every 100
DOPC, it was no longer possible to reproducibly determine the
bending rigidity since it was difficult to locate flickering vesicles
in the sample. The vesicles appeared tense. Even osmotic
deflation of the vesicles achieved either by leaving the
observation cell open for about one hour to allow for
evaporation or by adding hypertonic solution did not appear
to lower the membrane tension. In these cases, we could
observe the formation of outward tubular protrusions of the
vesicles coupled with slow vesicle size decrease during the
osmotic deflation.
We can only speculate about the reason for irreproducible

results in the case of high surface concentration of chitosan in
the reverse-phase vesicles. One plausible explanation could be
that the bending rigidity of these membranes is higher than
what the method can access. Another possibility is that the
membrane exhibits spontaneous curvature due to asymmetric
distribution of the polymer across the bilayer, as we will discuss
later (this effect is even more pronounced for the case of the
DOPC/DOPG 90/10 vesicles incubated with chitosan, which
adsorbs on the external leaflet of the membrane). Evidence for
the asymmetry could be the observed outward protrusions on
many vesicles indicating the presence of positive spontaneous
curvature of the membrane. Spontaneous curvature generates
tension,44,45 which might be the reason why the vesicles
become unsuitable for fluctuation analysis.
The increase of bending rigidity due to the presence of

chitosan on the membrane of reverse-phase vesicles is an
important result, which corroborates previous reports showing
alteration of the physical characteristics of liposomal mem-
branes such as the decrease in bilayer repeat distances20 and the
increase in the thermal stability.19

Finally, we discuss the mechanical properties of the vesicles
incubated with chitosan post formation. The bending rigidity of
incubated DOPC vesicles exhibits an even larger increment
(Table 1) compared to that observed for the reverse-phase
vesicles. This is a direct evidence for the suppression of
membrane undulations upon the adsorption of the poly-
saccharide on the membrane. However, the data is relatively
scattered (see the large standard deviation in Table 1 for the
vesicles incubated with chitosan), which we attribute to the fact
that the incubation protocol does not ensure homogeneous
distribution of chitosan among the vesicles as already
demonstrated in Figure 2. Obviously, the mixing conditions
are not ideal for optimal distribution of the polymer over the
vesicles. On the contrary, in the reverse-phase method, the
distribution and interaction of chitosan with the phospholipids

is optimized already in the reverse-phase emulsion, prepared
before electroformation.24

As mentioned above, DOPC/DOPG 90/10 vesicles
incubated in chitosan solutions were unstable. One hour of
incubation in a vial resulted in the appearance of small
aggregated structures with unclear morphology. Only a scarce
amount of giant defect-free vesicles could be found. We could
measure the bending rigidity on few such exceptional vesicles
and obtained values in the range between 49 × 10−20 and 60 ×
10−20 J. However, we cannot claim that these are representative
values.
Note that in all of the above measurements, care was taken to

avoid osmotic shock when mixing the vesicle suspension with
the chitosan solution, since the osmolarity of the chitosan
solution was adjusted to match that of the vesicle suspension
using sucrose. In the same manner, to ensure that pH change
was not influencing the vesicle stability, chitosan-free buffer
solution with matching osmolarity was mixed with vesicle
suspensions in a parallel set of samples. The vesicles remained
unaltered suggesting that the only factor influencing the vesicle
stability must be the presence of chitosan. Indeed, changes in
the bending rigidity of the vesicles caused by pH changes46 are
not expected in our system because the surface charge of the
vesicles was also not observed to alter as a function of pH.30

3.3. Pore Formation in Incubated DOPC/DOPG 90/10
Vesicles and Adhesion. To understand the mechanism of
destabilization of DOPC/DOPG 90/10 vesicles by chitosan, we
attempted to directly observe the vesicles upon mixing with the
polysaccharide. Similar studies on giant vesicles addressing the
disruption of membranes induced by antimicrobial peptides
have been reported previously,47−50 but have not been applied
to chitosan. An aliquot of 50 μL suspension of electroformed
vesicles and 150 μL of isotonic glucose solution were placed in
an observation chamber under the microscope. The final lipid
concentration, assuming no losses, was estimated to be 2.12 ×
10−3 mM. After a few minutes allowing for the vesicles to
sediment to the bottom slide, a certain amount of chitosan
solution (5, 10, 20, 30, or 40 μL) at a concentration of 0.100
mg/mL was carefully added by means of a micropipet and the
chamber was immediately closed.
After several minutes, we could directly observe the vesicle

restructuring and destabilization resulting from the adsorption
of chitosan. Surprisingly, under phase contrast we detected the
formation of microscopic pores (larger than 10 μm in
diameter) which opened within less than 8 ms followed by
vesicle collapse and slower restructuring into some kind of
microaggregate or “microgel”; see Figure 3. In some occasions,
after the formation of a microscopic pore, the vesicle resealed
into a smaller one but continued to lose optical contrast, which
is an indication for the presence of submicroscopic pores.
We noticed a correlation between the probability of pore

formation and the amount of chitosan added to the observation
cell. The higher the amount of chitosan, the faster the vesicles
collapsed. With only 5 μL of chitosan solution added into the

Figure 3. Microscopy images obtained with fast camera recordings under phase contrast observation of a vesicle (DOPC/DOPG, 90/10) upon the
addition of 10 μL of 0.100 mg/mL chitosan solution. The first snapshot was taken approximately 15 min after adding the chitosan solution.
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observation cell, the vesicles remained unaltered during at least
1 h. Instead with 40 μL, the response was detected after about
five minutes. Probably, the larger volumes added allow for faster
mixing of the solutions in the observation chamber, but also the
higher final concentration of chitosan results in a more
pronounced change.
The collapse of the vesicles suggests that the adsorption of

the polymer builds up tension in the membrane. Above some
critical (lysis) tension the vesicles rupture. Because of the
asymmetric distribution of the polymer across the membrane
(which might be also inhomogeneous along the vesicle surface),
we expect that the polymer adsorption strongly increases the
spontaneous curvature of the bilayer. The spontaneous tension
associated with this increase44,45 reaches the lysis tension and
the vesicles collapse. Vesicle destabilization based on the effect
of spontaneous tension may not necessarily occur with systems
based on small vesicles, for example, large unilamellar vesicles
(LUVs) as used in ref 30, in the same polymer-to-lipid
concentration ranges. The LUV membranes exhibit high
curvature on their own, and the adsorption of polymer may
not always result in strong bending of the bilayer.
Pore formation induced by chitosan has been shown on

membranes of Gram negative bacteria, such as Escherichia coli,
which exhibits overall negative charge on the surface. Chitosan
was demonstrated to disrupt the outer membrane of bacteria by
interfering on the negatively charged residues of macro-
molecules at the cell surface,26 altering the permeability of
the membrane25 and causing leakage of intracellular compo-
nents and cell agglutination.27 Such characteristics confer to
chitosan the potential for a variety of applications, not only
biological, but also pharmaceutical, agricultural and nutritional;
for reviews, see refs 51 and 52.
Despite the relatively extended literature on chitosan

antibacterial activity, the mechanism of cell membrane
disruption is still unclear and hence a subject of investigation.
The negatively charged phosphate groups in phospholipids may
represent one of the molecular targets of chitosan.18,53 Our
objective in the present work is far from identifying the
mechanism of cell membrane disruption induced by chitosan.
However, the behavior of the negatively charged giant vesicles
incubated with chitosan suggests that they represent a very
suitable model for studying pore formation, morphology
alteration and final disruption and irreversible damage. For
example, the dynamics of the pore opening could be employed
to reveal the effect of chitosan on the membrane edge tension
and pore stabilization.54 The time course of leakage and vesicle
destabilization can be employed to reveal more about the
antimicrobial action of chitosan.48 Phase separation and lipid
segregation induced by the adsorption of the polymer35 may be
yet another course to explore.
To conclude the description about the morphological

changes induced by chitosan, here we will briefly discuss
some observations on the interaction of the composite vesicles
with negatively charged surfaces. Such studies are relevant for
development of drug delivery systems if one aims to target
modified liposomes to specific cell surfaces.55−57

Glass exhibits negative surface charge when immersed in
aqueous solutions due to the dissociation of silanol groups.
Most glass slides applied in our microscopy observations have
been precoated with BSA (see Experimental Section) to avoid
adhesion and burst of the chitosomes. However, trials with
uncoated glass slides have also shown an interesting peculiarity.

Incubated DOPC vesicles were placed in an observation
chamber constructed from uncoated glass slides. Upon
adsorption to the glass and rupture, vesicle skeleton-like traces
could be observed on the glass surface; see Figure 4. The traces

(Figure 4C, F) represented a circular imprint of strong
fluorescence of chitosan and labeled lipid, surrounded by an
area of weak fluorescence from chitosan-coated membrane
adsorbed to the glass. The membrane has adhered and spread
over the glass surface (weakly fluorescent areas), but parts of
the vesicle have rearranged into a ringlike structure where the
membrane might have folded onto itself held together by the
externally adsorbed polymer (highly fluorescent regions). The
interaction with the glass must be of electrostatic nature,
mediated by the positive amino groups of the chitosan
monomers and the negative surface charges of the glass.

4. CONCLUDING REMARKS
Using confocal microscopy, we confirm that chitosan is indeed
on the membrane for both reverse-phase and incubated
vesicles. However, the data also evidence that for the incubated
vesicles the distribution of the polymer is highly inhomoge-
neous both between vesicles from the same batch (Figure 2)
and along the vesicle surface of an individual vesicle (Figure 1).
This outcome questions in general the reliability of quantitative
data collected on incubated giant vesicles.34

The mechanical properties of the decorated membranes were
also characterized. Membrane undulations were found to
significantly reduce upon incorporation of chitosan. The
bending stiffness increases with chitosan concentration
denoting physical restrictions imposed to the bilayer as well
as electrostatic self-repulsion of the membrane as a
consequence of the adsorbed polysaccharide.
Pore formation in giant vesicles (DOPC/DOPG 90/10) is

another consequence of chitosan interaction with the negatively
charged phospholipids. The vesicles lose optical contrast
evidencing exchange between internal and external solutions
through the pores, suffer size reduction and final morphology
alteration. Such characteristic shows the potential of chitosan in
affecting permeability and disrupting negatively charged
membranes. After completing the morphological modification
of DOPG containing vesicles, chitosan and phospholipids

Figure 4. Confocal microscopy images of a giant DOPC vesicle
containing fluorescently labeled DPPE-Rhod (red; A−C) and chitosan
(green; D−F). The snapshots were taken after incubation of the
vesicle with chitosan. (A, D) Equatorial cross sections of the vesicle
before rupture. (B, E) Images of the lower pole of the vesicle in close
proximity with the glass substrate before rupture. (C, F) Strong
fluorescent ring and stains over the glass surface where the vesicle
collapsed, suggesting membrane adhesion, rearrangement, and spread-
ing over the negatively charged glass surface.
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remain colocalized in the microaggregates, denoting strong and
irreversible binding.
For the neutral vesicles, the adhesion of chitosan-covered

vesicles on the glass slides shows the capacity of such composite
structures to interact with and adhere over negatively charged
surfaces. The lifetime of partial adhesion over the surface is still
not under control and is beyond the objectives of the present
study. However, this behavior shows the potential of these
composite vesicles for application as drug delivery systems
where the interaction with specific cell membranes is required
for the optimization of treatments.
Because of the wide use of chitosan in drug delivery systems,

measurements on the mechanical properties of these systems
exemplified by carrier vesicles are highly relevant. Namely, it is
important to know how stable chitosan-coated membranes are,
how easy it is to deform them as the chitosomes travel in the
recipient body, and whether they adhere to specific surfaces.
Our study unequivocally demonstrates that these questions can
be directly answered with studies on giant vesicles as we do
here. We emphasize, however, that the different types of
preparations of chitosan-coated GUVs result in significant
difference in the adsorption behavior.
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