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ABSTRACT: We thermodynamically characterize the interaction
of chitosan with small liposomes and the binding and organization
of the polysaccharide on the membrane of the vesicles. By means
of isothermal titration calorimetry (ITC), we obtain the enthalpy
variations arising from binding of the positively ionized chitosan to
neutral and negatively charged liposomes. The strong electrostatic
interaction of the polysaccharide with the negative charges at the
membrane gives rise to highly exothermic signal until charge
compensation is reached. The equilibrium constant, the interac-
tion stoichiometry, and the molar enthalpy of binding chitosan
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monomers to phospholipids from the external leaflet of the vesicle membrane are obtained from the isotherm curve fitting assuming
independent binding sites. The strong exothermic signal indicates that the electrostatically driven binding of chitosan to the
membrane is energetically favored, leading to further stabilization of the vesicle suspension. The higher the net negative charge of the
vesicles, the more pronounced the adsorption of chitosan is, leading to weaker chain organization of the adsorbed chitosan at the
membrane. At the point of charge saturation, vesicle aggregation takes place and we show that this behavior does not always lead to
charge reversal at the membrane. Models for the binding behavior and structural organization of chitosan are proposed based on the

experimental results from ITC, {-potential, and dynamic light scattering.

1. INTRODUCTION

Liposomes are colloidal structures where phospholipids self-
assemble to form the membrane of small spheres encapsulatin;
polar liquids. Described for the first time more than 40 years ago,
liposomes have found a large sgectrum of applications in partic-
ular as drug delivery systems.”® The directions in developing
such systems follow the concept of drug targeting with sensibly
reduced side effects as well as optimization of the treatment. The
projection of a developed drug vector relies on increased cir-
culation time and specificity of targeting. To fulfill such require-
ments, liposomes have been modified and adapted to the envi-
ronment of application, thus achieving higher performance. For
instance, well established and widely employed are stealth lipo-
somes,” where the decoration of the vesicle membrane with
polyethylene glycol leads to an increase of the circulation time of
the vesicles, because the clearance by macrophage cells in the
human bloodstream is avoided.* The successful use of polyethy-
lene glycol also opened the path for implementation of other
macromolecules to improve the liposome characteristics. The
use of natural polymers has received special attention. Among
them, chitosan has shown some advantages. Chitosan is an 0.-(1—4)-
2-amino-2-deoxy-f3-p-glucan polysaccharide (see Figure 1A) ob-
tained by partial deacethylation of chitin.” It is known as a
biocompatible and biodegradable polymer. Liposomes modi-
fied with chitosan have shown applicability in particular
for drug delivery in the gastrointestinal tract,® since the
polymer improves the stability of vesicles in different pH
conditions.”
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In order to optimize the formation process of liposomes
decorated with chitosan (chitosomes), one has to consider the
physical properties of the polymer as well as its interactions with
the membrane. Chitosan is typically water-soluble at pH under
5.5% due to ionization of the amino groups in the repeat unit of
the polymer chain. Therefore, in the preparation of chitosomes,
one may take advantage of the electrostatic interactions between
the positive amino groups of chitosan and the negative charges at
the polar heads of phospholipids. The presence of the polymer at
the vesicle membrane modifies the properties of liposomes.
Recent reports have shown that chitosan may change the struc-
tural parameters of liposome suspensions’ ' and increase the
phase transition temperature of the phospholipid bilayer, leading
to higher thermal stability."” The distribution of the polymer at
the membrane of model giant liposomes has also been studied
and quantified">'* and the effective interaction of the polymer
with the phosphate group of phosphatidylcholine was deter-
mined by *'P NMR spectroscopy.'> Not only electrostatic
interactions have been considered in the literature. Depending
on the chitosome preparation method, different organization of
the macromolecules on the vesicles is observed, suggesting that
different types of interactions may be involved. For instance,
Fang et al. have shown that hydrophobic interactions between
the phospholipid apolar tails and the polymer backbone may be
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Figure 1. Molecular structure of idealized chitosan (A). Isothermal
titration calorimetry data for the dilution of chitosan solution with
6.13 mM monomer concentration (95% DDA, 199 kDa) in buffer (B),
titration of chitosan-free buffer into suspension of DOPC liposomes
with 3.82 mM lipid concentration (C), titration of the chitosan solution
in the liposome suspension (D, E). Panels B—D show heat flows, while
panel E presents the integrated heat per injection versus the molar ratio
of chitosan monomers to DOPC in the external leaflet of liposomes. The
data in panel E were corrected for dilution effects by subtracting the data
for chitosan dilution. Both the chitosan and the vesicle solutions were
prepared in 80 mM acetate buffer at pH 4.48. All measurements were
performed at 25 °C.

increased when premixing both molecules in an organic solvent
before vesicles self-assemble.'® More recently, we have shown
that a modification of the method of electroformation of giant
vesicles, based on an inverse phase precursor emulsion, allows
the introduction of macromolecules like chitosan.'> With this
approach the production process promotes strong physical
adsorption and deposition of chitosan on both sides of the
membrane, whereby possible hydrophobic interactions may be
involved. Pavinatto et al. have also shown interesting results with
Langmuir monolayers, concluding that even though electrostatic
interactions may be the main energy contribution in the
chitosan—phospholipid couple, other secondary interactions may
also play a certain role."” Apart from hydrophobic interactions,
effects arising from hydrogen bonding and van der Waals forces
have also been considered in the literature.'®"”

Despite of the relatively large number of studies on the
adsorption of chitosan on liposomes, thermodynamic character-
istics of the binding process have not been provided so far.
Usually vesicles are prepared, {-potential is measured before and
after chitosan addition, and the interpretation is limited mainly to
surface charge modifications.'**°~** In the present work, we aim
to extend the available biophysical studies by thermodynamically
characterizing the interactions involved in the encounter of
chitosan with small unilamellar liposomes leading to the binding
and organization of the polysaccharide at the membrane of the
vesicles.

Here, for the first time we employ isothermal titration calori-
metry (ITC) for the detailed thermodynamic characterization of the

binding of chitosan to neutral and charged liposomes. Previously,
ITC has been used with neutral phosphocholine vesicles and only
qualitative description of the process was reported.'* In our study,
we explore vesicles with varied surface charge, deduce the binding
stoichiometry, extract the molar enthalpy, and characterize the
entropic contributions involved. The link between our ITC results
and data from established methods is then made using traditional {-
potential and dynamic light scattering (DLS) measurements in
parallel. The thermodynamic characteristics of the predominant
electrostatic interactions are quantified, secondary effects that may
influence the interactions are discussed, and models of binding
behavior and structural organization of chitosomes and of the
polymer at the membrane are proposed on the basis of the
experimental data.

2. MATERIALS AND METHODS

2.1. Materials. Chloroform solutions of 1,2-dioleoyl-sn-glycero-3-
phosphatidylcholine (DOPC) and 1,2-dioleoyl-sn-glycero-3-phosphati-
dylglycerol (sodium salt) (DOPG) were purchased from Avanti Polar
Lipids Inc. (Birmingham, AL) and used without further purification. The
choice for DOPC as the lipid for vesicle preparation is based on the fact
that this is the lipid employed in previous studies,">'**" to which
comparison of the present results could be made. As a source for
negative surface charge on the membrane, we employed DOPG because
it has the same hydrophobic moiety as DOPC. The lipids were stored at
—20 °C upon arrival. Chitosan was a gift from Primex, with 95% degree
of deacetylation (DDA). The average molecular weight was determined
as M,, = 199 kDa (corresponding to 1223 repeat monomers per
molecule) using multiangle laser light scattering—size exclusion chro-
matography (MALLS—SEC),** with a radius of gyration of 46 nm and
refractive index increment dn/dc = 0.203 mL/g. 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 € cm.

2.2. Preparation of Liposomes and Chitosan Solutions.
The lipid solutions in chloroform were transferred into round-bottom
flasks and the organic solvent was removed by evaporation using a
nitrogen gas stream until completely dried followed by 2 h of vacuum
pumping. The lipid film was then dissolved in an aqueous buffer solution
of acetic acid/sodium acetate. The buffer was prepared at a total
concentration of 80 mM to obtain the desired pH 4.48 with a maximal
variation of 0.01. Liposomes were obtained by vortexing for about 2 min
followed by extrusion using a LipsosoFast pneumatic extruder (Avestin
Inc., Ottawa, Canada) operating at a pressure of 200 kPa. The final total
lipid concentration for all experiments was 3.82 mM and the proportion
between DOPC and DOPG was varied to obtain neutral vesicles made
of pure (100%) DOPC or negatively charged vesicles with 10, 20, 30, or
40% DOPG (corresponding to 0.38, 0.76, 1.15, and 1.53 mM DOPG,
respectively). The extrusion was performed in three consecutive stages,
20 times through a 400 nm diameter pore polycarbonate filter, 20 times
through a 200 nm diameter pore filter, and finally 40 times through a
100 nm diameter pore filter. Vesicles prepared in this way generally have
a narrow size distribution, as confirmed with dynamic light scattering,
and are known to be almost entirely unilamellar.>®

The chitosan solution was prepared by vigorous overnight stirring of
the powder in the same acetate buffer (pH 4.48 £ 0.01), at a con-
centration of 1 mg/mL corresponding to 6.13 mM of monomers. Solu-
tions with lower concentrations were prepared by diluting the stock
solution with buffer.

The pH of all solutions was always 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.
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2.3. Dynamic Light Scattering and {-Potential. Size distribu-
tion measurements were performed with a Malvern Zetasizer 300 ZS
(Malvern Instruments) operating with a 2 mW HeNe laser at a wave-
length of 632.8 nm and detection at an angle of 173°. All measurements
were performed in a temperature-controlled chamber at 25 °C. The
autocorrelation function was acquired using exponential spacing of the
correlation time. The data analyses were performed with software
provided by Malvern. The intensity-weighted size distribution was
obtained by fitting data with a discrete Laplace inversion routine.*®

The {-potential of vesicles and chitosan was measured with the same
Malvern Zetasizer performing at least six runs per sample. The measure-
ment principle is based on laser Doppler velocimetry. The mobility u is
converted to the {-potential using the Helmholtz—Smoluchowski
relation, & = un/eeo, where 77 is the solution viscosity, € the dielectric
constant of water, and &, the permittivity of free space.

2.4. Isothermal Titration Calorimetry. ITC measurements
were performed with VP-ITC microcalorimeter from MicroCal Inc.
(Northampton, MA). The working cell (1.442 mL in volume) was
typically filled with the liposome suspension and the reference cell with
the corresponding liposome-free buffer solution. One aliquot of 2 uL
followed by 27 aliquots of 10 uL of chitosan solution (pH 4.48 £ 0.01)
were injected stepwise with 200 s interval into the working cell filled with
the vesicle suspension. The corresponding reference blank experiments
were also performed, namely titration of chitosan-free buffer in the
vesicle suspension and titration of chitosan solution in vesicle-free
buffer. The inverse experiments, meaning titration of vesicle suspension
into chitosan solution, were also performed for the neutral vesicles. To
avoid the presence of bubbles, all samples were degassed for 10 min
shortly before starting the measurements. The sample cell was con-
stantly stirred at a rate of 307 rpm, and the measurements were
performed at 25 °C. The data analyses were carried out with Origin

software provided by MicroCal.

3. RESULTS AND DISCUSSIONS

3.1. Binding of Chitosan to Neutral Phosphocholine
Vesicles. Figure 1B shows the heat flow associated with the stepwise
dilution of chitosan solution at a concentration of 1 mg/mL
(6.13 mM monomeric concentration). Each injection of the
chitosan solution in the same chitosan-free buffer solution pro-
duces a very weak exothermic (downward pointing) peak imme-
diately followed by a small endothermic (upward pointing) peak
of similar magnitude. The overall heat associated with one injec-
tion is positive, i.e. endothermic, and corresponds to an average
of 0.57 ucal/injection or 9.2 cal/mol of injected chitosan
monomers. Presumably, the exothermic part of the signal in
Figure 1B is related to dilution when chitosan is transferred from
a highly concentrated solution to a low-concentration one (or to
chitosan-free solution for the first injection). The endothermic
part may be the result of the molecular reorganization of chitosan
in the highly diluted solution under stirring. Note that since both
effects are very small, they denote the exceptional sensitivity of
the technique and show that chitosan properties like the degree
of ionization of the amino groups are not being modified in the
dilution process, at least in the concentration range applied in this
titration. However, an important condition for the success of
these measurements is that the pH of the chitosan solution must
be exactly the same as that of the buffer in the reaction cell to
avoid contributions resulting from pH change during the injec-
tions. Even very slight differences in pH were found to give high
enthalpic effect (data not shown). For this reason, the pH of all
solutions was always controlled and adjusted to 4.48 & 0.01 with

acetic acid when required (see Materials and Methods for
details).

The second reference measurement, titration of buffer in
the suspension of neutral liposomes, gives also small heats of dilu-
tion, —0.28 tical/injection on average (see Figure 1C). In this
case, there is a negligible exothermic effect as a result of dilution
of liposomes.

Titration of the chitosan solution into the suspension of
neutral vesicles gives the heat release, as shown in Figure 1D.
Similar to chitosan dilution, there is a sharp exothermic peak
followed by a small endothermic one for each injection (compare
with Figure 1B). Note, however, that the magnitude of the
exothermic peak is more than 10 times larger than that of simple
chitosan dilution (Figure 1B). Figure 1E shows the integrated
heats of binding as a function of the molar ratio of chitosan
monomers to phospholipids in the external leaflet of the lipo-
some membranes. The signal was corrected by subtracting the
heat of chitosan dilution as measured in Figure 1B. The amount
of accessible phospholipids located in the external membrane
leaflet of the vesicles was calculated by taking into account the
average diameter of the bare vesicles, as measured with DLS (see
below), and a bilayer thickness of 5 nm.”” Figure 1E shows that
the binding of chitosan to neutral vesicles is exothermic and
characterized by relatively weak molar enthalpy AH. The latter,
as estimated from extrapolating the signal to zero molar ratios, is
AH = —100 cal/mol of chitosan monomer. Upon increasing
molar ratios of chitosan monomers to lipids accessible for
binding, the magnitude of the heat release diminishes as the
vesicles become covered with chitosan and the number of free
lipids decreases. The results for the binding heat imply that
binding of positively ionized chitosan to the zwitterionic mem-
brane of liposomes is characterized by a small exothermic
enthalpy of interaction. The structure of the titration peaks in
Figure 1C suggests that different forces and/or changes in
structural properties of chitosan are involved in the process of
chitosan binding to the vesicle membrane. Various types of
behavior may be considered when chitosan comes in physical
contact with liposomes, namely, change in the polymer con-
formation, changes in solvatation of the polymer and the lipo-
some membrane, electrostatic interactions, formation and breaking
of hydrogen bonds, van der Waals forces, and polymer deioniza-
tion. Hence, the molar enthalpy AH measured for this interac-
tion may reflect the balance of different endothermic and
exothermic contributions resulting from the sum of small heats
of interaction.

It is interesting to note that a previous study of the interaction
of DOPC vesicles with chitosan at pH 3.5 and 6.0 has shown it to
be of endothermic nature,"* contrary to what we observe here.
However, the ITC measurements in ref 14 were performed in the
presence of 200 mM sucrose solution. Having in mind the
similarity in the chemical structure of sucrose and chitosan
monomers, it could be expected that the sucrose—membrane
interactions strongly influence the binding of chitosan to the
membrane. It is known that, for example, sucrose solutions at this
concentration dramatically change the bilayer properties, e.g.,
they decrease the bending stiffness of phosphocholine mem-
branes.”®?° Furthermore, in ref 14 the raw heat-flow data are
not given, and thus, conclusions about various contributions of
the heats of dilution cannot be made.

Even though the ITC signal in the explored range of molar
ratios does not change significantly (see Figure 1), the {-poten-
tial and hydrodynamic diameter of the vesicles in the suspension
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Figure 2. {-Potential (A) and dynamic light scattering data (B, C) for
DOPC liposomes titrated with chitosan (25 °C). The data in panels A
and B are shown as a function of chitosan monomers per DOPC present
in the external leaflets of the vesicles. The error bars reflect the standard
deviation. The normalized size distributions in (C) are for chitosan
solution (solid curve), chitosan-free DOPC liposomes (dashed curve),
and DOPC liposomes titrated with chitosan, corresponding to chitosan
monomers/accessible DOPC 7:1 molar ratio (dash-dotted curve).

increase systematically with increasing chitosan concentration, as
shown in Figure 2. Before titration, the liposomes are almost
neutral ({-potential around S mV) with a diameter of around
92 nm. Below 1:1 stoichiometry of the monomeric chitosan to
accessible lipid (i.e., lipid present only in the external vesicle
leaflet), the vesicle size remains unchanged within the error of the
measurement while the {-potential increases linearly with poly-
mer concentration. The particle size increase is more pronounced
when adding an excess of polymer (see Figure 2B, C), while the &-
potential reaches a plateau for the higher concentrations. At
excess chitosan concentration corresponding to seven chitosan
monomers for each phospholipid of the external leaflet of the
vesicles, the measured {-potential almost reaches the value for
free chitosan in solution, which was measured to be 53 £ 7 mV.
The DLS data also shows broadening of the size distributions,
suggesting increased polydispersity of the vesicles. The observed
size increase in the vesicle suspension could be due to polymer
adsorption or vesicle aggregation, as discussed further.

Similar trends have been frequently reported in the liter-
ature,"?° indicating that chitosan effectively binds to the mem-
brane of neutral vesicles. Figure 1E also shows that the binding
continues throughout the whole range of explored molar ratios
(the heat release decreases with each subsequent injection but
does not reach zero). The exothermic signal suggests that
binding of chitosan to the membrane stabilizes the polysacchar-
ide and is energetically more favorable than dilution and diffusion
in the solution. This is understandable considering that the low

solubility of chitosan characterized by critical aggregation con-
centration which is above 1.0 mg/mL in similar pH and buffer
solutions®® and that the solubilized chains tend to aggregate after
a certain period of time.>* Note that in our measurements the
concentration of chitosan in the vesicle suspensions was always
below the critical aggregation concentration of the polymer.
Another important result that may be pointed out here is that
the reverse measurement, namely, titration of chitosan solution
in vesicles suspension in the same concentration ranges, gives, on
average, approximately the same results for the binding heat,
hydrodynamic diameter, and §-potential as the titration of lipo-
somes suspension in chitosan solution. Therefore, the method of
mixing has no significant effect on the results obtained here.
3.2. Binding of Chitosan to Negatively Charged Lipo-
somes. Biological membranes contain a large fraction of nega-
tively charged lipids. To characterize the interaction of chitosan
with such membranes we prepared negatively charged vesicles
using mixtures of DOPC and DOPG at various molar fractions.
Figure 3A shows that the injection of chitosan in a suspension
of liposomes containing as few as 10 mol % of DOPG produces
relatively high exothermic signal compared to the results ob-
tained with pure DOPC vesicles (compare Figure 3A,B with
Figure 1D,E). With every following injection, the signal de-
creases as the net negative charge of the membrane becomes a
little less negative, since it was partially neutralized by the
chitosan chains adsorbed onto the vesicles with the previous
injections. Hence, the energy release with the following injection
is also a little lower and so on. For liposomes with 10% DOPG,
the strong exothermic signal decays significantly after the first
tree injections. Increasing the fraction of DOPG to 20, 30, and
40% systematically raises the number of exothermic (downward
pointing) peaks to higher chitosan/phospholipid molar ratios,
while the overall magnitude of the peaks is also higher for the
vesicles with more DOPG (see Figure 3C,E,G). The correspond-
ing integrated heats of binding as a function of the molar ratio of
monomeric chitosan to accessible lipid are given in Figure 3B,D,
F,H. The data were corrected for dilution effects by subtracting
the signal from chitosan-in-buffer titration measured separately.
In the different measurements, we find that the chitosan—lipid
molar ratios, at which the signal has strongly decayed, correspond
very well to 1:1 chitosan monomers to PG lipids present in the
external leaflet of the vesicles (note that the horizontal axes in
Figure 3B,D,F,H represents the molar ratio of chitosan mono-
mers to total lipid in the external vesicle leaflet and not to the
accessible PG only). This suggests that the chitosan—PG binding
process saturates when each PG lipid present at the outer leaflets
of the vesicle membrane is bound to a chitosan monomer; i.e., the
negative charges in the PG headgroups are neutralized by the
counterions of protonated amino groups of the polysaccharide.
As we will see later, this conclusion will be confirmed by our
analysis of the binding equilibrium. The relatively strong signal in
these measurements is indicative for an energetically favorable
effective electrostatic interaction between the positively ionized
amino groups of the solubilized chitosan and the negative charges
at the polar heads of DOPG. Since the effect is highly exothermic,
the ITC measurements allow for characterizing the binding
equilibrium and determining the enthalpy associated with the
electrostatic binding of chitosan to the liposome membrane, as
discussed in the next section.
3.3. Thermodynamic Characterization of Chitosan Bind-
ing. The thermodynamic parameters of chitosan binding to
the membrane of small liposomes were obtained from the ITC
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Figure 3. ITC data for the titration of chitosan (6.13 mM of monomers) into DOPC/DOPG liposomes (3.82 mM of total phospholipids) in a 80 mM
acetate buffer at pH 4.48 (25 °C). The heat flow (A, C, E, G) and the respective integrated binding heat corrected for chitosan dilution (B, D, F, H) are
plotted for vesicles with various molar fractions of DOPG: 10% (A, B), 20% (C, D), 30% (E, F), and 40% (G, H). The solid curves in panels B, D, F, and H
are fits according to the model for one set of binding sites (see the text for details and Table 1 for the corresponding fitting parameters).

experiments by applying the model for a single set of identical
binding sites as previously described by Ma et al. and employed
for the characterization of chitosan binding to DNA.>> The
analysis was performed with a nonlinear least-squares fitting
using the Origin software.” The model essentially describes the
equilibrium between the free species of unbound lipids at the
vesicle outer leaflet and unbound chitosan, whose concentration
is introduced as chitosan monomers, and the bound chitosan
monomers:

free binding site on the vesicle

+ free chitosan monomers <= bound chitosan monomers

(1)
The binding constant, K, characterizing the equilibrium be-

tween the chitosan monomers and phospholipids from the
external leaflet, is defined as

5
(1-©)Cg"

where © = [bound chitosan]/N[L] and is the fraction of lipids
(the binding sites) occupied by chitosan monomers, [L] is the
total concentration of accessible lipid, and the number of binding
sites N represents the number of chitosan monomers bound to
each lipid at saturation of the binding sites. In eq 2, Cfiee is the
concentration of free chitosan (in moles monomers per liter),
which can be expressed as

K =

(2)

Ca* = Cqy —~NO[L (3)
where C%' is the total monomeric chitosan concentration.
Combining relations 2 and 3 gives a quadratic equation for the
molar fraction ©. Solving this equation provides an expression
for © as a function of the lipid concentration.””** Then, the heat
release per injection, 0Q, where the bound fraction changes by
00, is 6Q = N[L]JVAHO®. Here V is the volume in the sample
cell and AH is the molar enthalpy of process 1. Fitting the
experimentally measured heat release 0Q with this expression
(see curves in Figure 3B,D,F,H) provides the fitting parameters
N, K, and AH (for more details see refs 32, 33). From the
equilibrium constant K one can then obtain the Gibbs free energy

55

of the process using AG = —RT In(55.55K), where AG is defined
for standard state of mole fractions, T is temperature, and the
factor 55.55 introduces the concentration of water. The entropy
gain can then be estimated from the Gibbs free energy via TAS =
AH — AG.

Using the single set binding sites model we were able to fit very
well the ITC data, as demonstrated in Figure 3B,D,F,H. The
fitting parameters together with the calculated Gibbs free energy
and the entropy gain are given in Table 1. Below we discuss the
results for each of the thermodynamic parameters obtained with
these analyses. Let us note that the model described above does
not explicitly distinguish between binding of chitosan to PC and
PG headgroups. The membrane is viewed as a homogeneous
matrix, and the obtained parameters are effective. We refrained
from distinguishing the specific interaction of chitosan with PG
and PC separately because this would involve fitting with twice as
many parameters, which is futile.

Comparing the values for the number of binding sites N
obtained for suspensions of vesicles with various compositions,
we find that this number increases with the PG fraction. This
increase is linear (see Figure 4). Indeed, the proportionality
factor of this dependence is 1; i.e., one chitosan monomer binds
to one PG lipid at saturation of the binding sites, as speculated
above. This is a reasonable result having in mind that the
interaction of PG headgroups with the chitosan monomers
produces the stronger binding compared to that with the PC
headgroups. Since N is the number of chitosan monomers bound
to each lipid at saturation, 1/N provides the ratio of accessible
lipids to bound chitosan monomers at saturation. The depen-
dence of 1/N as a function of PG content in the membrane is
given in Figure 4B. It suggests that increasing the fraction of PG
above around 30% does not lead to significantly decreasing the
number of lipids per bound chitosan monomer beyond around 3.
Presumably, this limitation results from the relatively large linear
dimension of the chitosan monomer, which indeed is comparable
to the area occupied by few lipids. In the following sections we
will discuss the implications of this behavior.

We now consider the results obtained for the molar enthalpy
AH. The fitting function for the heat release is a sigmoidal curve
whose intercept with the vertical axis gives the value of the molar
enthalpy. This is so because during the first injections every
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Table 1. Effective Thermodynamic Parameters Characterizing the Interaction between Chitosan and PG-Doped Vesicles (AH,

AG, and TAS are defined per mole of chitosan monomers)

molar enthalpy, AH

Gibbs free energy, AG entropic contribution, TAS

(kJ/mol) (kJ/mol) (kJ/mol)
—2.194+0.01 —45.08 42.90
—3.07+0.02 —41.48 38.41
—2.70 £ 0.05 —40.74 38.03
—3.95+0.05 —39.03 35.08

PG fraction binding constant, K
(mol %) number of binding sites, N (10°mM™)
10 0.039 4 0.001 14.27 +9.28
20 0.151 +0.003 333+1.12
30 0.272+0.013 2.47 +£0.61
40 0.3341+0.011 1.24+0.70
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Figure 4. Dependence of the number of binding sites N at saturation
(A) and the respective ratio of accessible lipids per bound chitosan
monomer, 1/N] at saturation (B) as a function of the PG fraction in the
vesicle membrane. The error bars in part A are standard deviations as
given in Table 1 and the red line is a linear fit with slope 1.0077 £
0.09189. The curve in part B is an exponential decay fit guiding the eye.

added chitosan binds to bare or chitosan-free vesicles, while with
increasing chitosan—lipid molar ratios, i.e., with every following
injection, the membrane gradually becomes covered with
chitosan, thus weakening the interaction with the free polymer. The
values of AH obtained for the vesicles with 10 and 20% PG are
less reliable because for these two measurements the initial
plateau defining the intercept is less pronounced. Furthermore,
the initial injection of 2 4L is usually ignored because of possible
dilution in the preequilibration stage of the measurement. The
corresponding value of AH characterizing the interaction of
chitosan with the pure PC vesicles is on the order of —0.4 k] /mol
(see Figure 1E) and is thus much smaller than that obtained for
the PG-doped vesicles.

The strong negative Gibbs free energy AG (see Table 1)
calculated from the binding constant K shows that the electro-
static binding of chitosan is energetically favorable, leading to
stabilization of the vesicle suspensions. Similar tendency has

been previously observed in the evaluation of the chemical shift
anisotropy changes of the phosphate group of phospholipids in
the presence of chitosan on the membrane of reverse-phase
liposomes."®

The binding constant K is larger for the vesicles with smaller
fraction of PG (see Table 1). This implies that the binding strength as
characterized by the Gibbs free energy AG decreases with
increasing PG fraction. A naive explanation for this behavior
could be steric hindrance resulting from the relatively large linear
dimension of the chitosan monomer compared to the small
spacing between the PG headgroups on the membrane at high
concentration of PG. Such steric hindrance could also have
implications on the way the whole polymer adsorbs on the
membrane.

The entropy contribution obtained from AG and the mea-
sured molar enthalpy are given in Table 1. From the estimated
values for AG and TAS, it is obvious that the entropic contribu-
tion to the Gibbs free energy is significant for all types of studied
membranes. Presumably, this large entropy gain arises from the
release of water molecules. We could have considered entropic
contributions as a source for the behavior of the binding constant
as a function of the vesicle surface charge, as discussed in the
previous paragraph. However, as demonstrated by the values of
TAS in Table 1, this entropic contribution decreases for the
highly charged membranes.

Opverall, the enthalpy variation in all measurements shows
strong exothermic binding between chitosan and the membrane
of small liposomes when the electrostatic interaction is the main
driving force. Compared to the isotherms obtained for neutral
liposomes, as discussed in section 3.1, for the PG-doped mem-
branes one may assume that the heat contributions from changes
in chitosan conformation, solvatation, hydrophobic interactions,
hydrogen bonding, and deionization of amino groups have a
relatively small influence.*” Nevertheless, the significant entropy
change we measure may result from some of these events but also
from deionization, release of water molecules, changes in water
structure, and alteration in ion distribution, as a consequence of
the binding process mainly promoted by electrostatic interac-
tions, as emphasized in previous studies.*”

3.4. Chitosan-Mediated Aggregation of Liposomes. It is
known that negatively charged ligosomes may produce aggre-
gates in the presence of chitosan.”® In fact, most of the samples
studied here have shown aggregation after completing the titra-
tion. This is evidenced by DLS measurements on the samples
before and after the titration experiment. However, the neutral
vesicles and the 10% DOPG vesicles have shown no aggregation
or at least aggregation to a much lesser extent compared to the
20, 30, and 40% DOPG samples. This result suggests that the
factors responsible for aggregation could be both the membrane
charge and the chitosan concentration. To find out the approximate
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Table 2. Results for the Hydrodynamic Diameter and the {-Potential (25 °C) for DOPC and DOPC/DOPG Liposomes (3.82 mM
total phospholipids in 80 mM acetate buffer, pH 4.48) before and after Titration with Chitosan Solution (6.13 mM monomers

concentration in 80 mM acetate buffer, pH 4.48)"

before titration

after titration with chitosan

DOPG fraction (mol %) particle size (nm) G-potential (=6 mV)

0 92+6 S

10 9S+£5S —27
20 101£5 =51
30 106 +6 —68
40 106+ 8 —80

particle size (nm)

G-potential (6 mV) chitosan monomers/lipid

122 4 37 41 0.56
217 25 43 0.56
404 + 168 3 0.17
>1000 —14 (51%), 25 (49%)" 0.25
>1000 —57 0.32

“ The data given for the 20, 30, and 40% PG vesicles correspond to the point where aggregation is first observed. The molar ratio of chitosan monomers
to accessible lipid at which the data were collected is indicated in the last column. ” The two values for the {-potential for the vesicles with 30% PG
correspond to the two peaks detected in the C-potential distribution. The values in the parentheses reflect the area fraction of each peak.

chitosan concentration at which the aggregation takes place, we
performed a separate experiment simulating the mixing process
of chitosan solution into the vesicle suspension during an ITC
measurement. Aliquots of 10 uL of chitosan solution were
dropped stepwise in the vesicle suspension under continuous
stirring. The size and the §-potential were measured after
equilibration of about S min after adding the chitosan solution.
The experiment was terminated after detecting significant ag-
gregation in the sample except for the pure DOPC and the 10%
PG vesicles (see Table 2). As exemplified for the 30% DOPG
sample in Figure 5, micrometer-sized aggregates appear after
reaching a concentration of 0.0768 mg/mL chitosan in the vesicles
suspension, corresponding to a ratio of close to 0.24 monomers
per accessible phospholipids. This result also shows that for a
fixed PG fraction in the membrane, aggregates are formed above
a certain concentration of chitosan. The {-potential reaches
approximately its maximal value when aggregation is detected
(data not shown).

The molar ratios of chitosan monomers to accessible lipid,
above which aggregation is detected for the vesicles with 20, 30
and 40% PG (see Table 2), correspond also to the molar ratios, at
which a significant decay in the ITC titration curves is observed
(see Figure 3). As shown in the analyses in section 3.3, these
ratios reflect the point at which the vesicles surface saturates
with adsorbed chitosan. Thus, this saturation surface coverage
(reflected by the fitting parameter N; see section 3.3) is achieved
before vesicle aggregation is initiated, suggesting that the capacity
of chitosan coverage on the membrane is relatively low in this
production method, at least for the strongly negatively charged
liposomes if one aims to avoid aggregation.

In the absence of chitosan, the {-potential of the vesicles
naturally becomes more negative with increasing the PG fraction
in the membrane (see Table 2). Their hydrodynamic diameter
does not vary significantly and is around 100 nm. The vesicle
suspensions show narrow distributions irrespectively of the PG
content (data not shown). Similar results were found after
titration of the vesicles with chitosan-free buffer. This indicates
that the mechanical energy of titration has no effect on the vesicle
characteristics.

After titration with the chitosan solution, different results were
obtained depending on the concentration of DOPG. Vesicles
containing 10 mol % of DOPG show an increase in size and
-potential, similar to the behavior of the neutral DOPC vesicles.
Note that their zeta potential increases from —27 to 43 mV. Both
for the pure DOPC vesicles and those with the 10% PG, the size
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Figure S. {-Potential (A) and dynamic light scattering data (B, C) for
30% DOPG liposomes titrated with chitosan (25 °C). The data in parts
A and B are shown as a function of chitosan monomers per lipid present
in the external leaflets of the vesicles. The error bars correspond to
standard deviation. Note that the last data point in part B has no
variation due to the very broad size distribution as a result of aggregation;
see the solid curve in part C. The normalized size distributions in part C
are for 30% DOPG liposomes (solid curve) and the same liposomes
titrated with chitosan corresponding to molar ratios of chitosan mono-
mers to accessible lipid of 0.21 and 0.24 (dashed and dashed—dotted
curves, respectively).

increase most probably results from the adsorption of chitosan
on the vesicles (see also Figure 2C). Note that the size of the
polymer as measured with DLS is approximately 39 & 21 nm. On
the other hand, vesicles with higher DOPG concentration show
aggregation (see also Figure SC). Their {-potential increases to
neutrality for the suspension with 20% PG, it is bimodal for the
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Figure 6. Schematic representations of chitosome structures: (A) The
positive chains of chitosan are attracted by the negative charges at
the surface of a small liposome. (B) The chitosan chains tightly cover the
external leaflet of the membrane of a neutral or slightly negative
liposome; the negative charges are neutralized and the external surface
charge turns positive. (C) The chitosan chains are attracted by a small
liposome with a strong negative surface charge. (D) At higher concen-
tration, the chitosan chains bind to the remaining free spaces on the
external leaflet of a strongly negative liposome. (E) Aggregates of
chitosomes form above a certain concentration of chitosan chains; the
net surface charge remains negative, showing that aggregation is not
related to charge reversal (see the text for details).

30% (positive and negative peaks), and it remains strongly
negative for the 40% DOPG, despite the substantial increase
from —80 to —57 mV. These results have considerable impor-
tance, since they evidence that saturation of chitosan on the
liposome membrane and vesicle aggregation are not necessarily
related to charge reversal. We speculate that the strength of
chitosan adsorption on the membrane must play a crucial role in
the organization of the polymer chains on the vesicles. Supported
by the experimental results reported herein, we propose a model
to explain the behavior of the system, as shown in Figure 6 and
discussed in the following section.

3.5. Chitosome Structure. As a starting point, we consider the
dimensions of the liposomes and the chitosan chains. The vesicles
are spherical with a diameter of around 100 nm. They have narrow
size distribution because of the exhaustive repetition of the extru-
sions during preparation and show high efficiency for size standar-
dization. Chitosan is a linear polysaccharide, and the polymer chains
are extended when the amino groups are ionized in a good solvent.
Solubilized chitosan typically adopts the structure of a flexible
rodlike macromolecule with persistence length between 6 and
22 nm,** as shown by TEM images (see, for example, ref 33).
The size of the extended chains depends largely on the molecular
weight of the polymer. For the chitosan employed here, we have
obtained a hydrodynamic radius of 39 nm with a radius of gyration
around 46 nm. The large size variation denotes the wide molecular
weight distribution (see Figure 2C), an inherent characteristic of the
polysaccharide. The ratio between the radius of gyration and the
hydrodynamic radius, also known as the p-parameter, is 1.2,
confirming the flexible chainlike structure of the polymer.*® Thus,
the DLS measurements show that small liposomes and chitosan
have similar dimensions, despite the spherical shape of the former
and the linear-rod structure of the latter.

Having in mind these arguments one could speculate that,
upon binding of chitosan to the surface of a small vesicle, the
polymer chain bends to adapt to the large curvature of the sphere,
as represented in Figure 6A. For the weakly charged membrane,
the binding strength is larger (as exemplified by the estimates for
values of the Gibbs free energy in Table 1), which could provide
energy for bending conformation of the polymer during the
adsorption on the membrane. For the neutral and slightly
negatively charged liposomes (10% DOPG) the range of elec-
trostatic attraction is short and they only weakly attract the
polymers, allowing the chitosan chains more “time” to bend and
better organize over the membrane (Figure 6A). With increasing
concentration of chitosan on the membrane, the negative charges
are neutralized and the net charge of the membrane turns highly
positive (Figure 6B). The vesicles start to repel each other;
therefore, aggregation is avoided (see Figure 2C and Table 2).
The DLS data indicating a weak increase in the vesicle radius also
suggest relatively flat adsorption of the polymer over the mem-
brane of neutral or slightly negatively charged vesicles, confirm-
ing similar behavior reported in earlier studies.”® Furthermore,
from a morphological viewpoint, atomic force microscopy stud-
ies have shown that chitosan incorporation in phospholipid
monolayers leads to a considerable increase in the thickness but
also in the roughness of the film."®

As demonstrated in our analyses of the ITC data, the binding
strength decreases with increasing fractions of PG. Thus, the long
polymer chains may not completely adsorb flatly on the highly
charged vesicle surface, as discussed below. Indeed, above a
certain coverage of the membrane by the chains that are already
adsorbed, the newly injected polymer chains will have to bind to
the free spaces on the membrane, but these free spaces may not
be large enough for adsorption of the complete chains. Apart
from this steric hindrance, the newly injected chains will avoid
overlapping with other chains already adsorbed due to electro-
static repulsion and excessive restructuring of the hydration water.
Thus, the organization of chitosan on the membrane may be
poorer, since the presence of loops may hinder the adsorption of
the new chains. Such behavior has been previously reported
whereby chitosan has shown segment—segment interaction on
the surface of strongly negatively charged mica.”’

As mentioned before, the positively ionized amino groups of
chitosan are attracted by the negative charges on the vesicle
membrane. The larger such negative charge is, the longer the
range of the attraction between both structures will be, and thus
the local concentration of chitosan in the vicinity of a vesicle will
be higher. At the same time, the capacity of the vesicles to adsorb
chitosan monomers increases with the fraction of PG. This is
demonstrated by the higher chitosan/lipid molar ratios at which
the signal in the ITC measurement decays (see Figure 3) and by
the respective number of binding sites N, as determined by the
fitting. Thus, the more charged membranes are able to bind a
higher concentration of chitosan, as shown by the ITC results in
Figure 3 when increasing the DOPG content.

Having in mind the above consideration, the following picture
for the adsorption of chitosan on the highly charged vesicle
emerges. As sketched in Figure 6C, the chitosan chains are
strongly attracted to the membrane, but as a result of the weaker
binding strength, the organization of the polymer over the
membrane is lower than for the neutral and 10% PG vesicles.
Above a certain surface concentration of chitosan, where the net
charge still remains negative as shown by the {-potential, the
newly added chitosan is still attracted to the vesicles, but now the
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chains do not bind flatly but adsorb partially to the remaining
spots free for binding (Figure 6D). Because of the lower orga-
nization over the membrane, the partially bound chains may build
bridges to neighboring vesicles, inducing aggregation (Figure 6E).
However in this case, the net {-potential still remains negative
(Table 2), indicating that the amount of chitosan was not
sufficient to neutralize all the charges on the highly charged
membranes (30 and 40% PG). Therefore, the strength of
chitosan adsorption on the liposome membrane is presumably
the main reason for aggregation before charge reversal. Indeed, as
also pointed out by Pavinatto et al.,'” the surface potential of the
phospholipid membrane as well as the conformation of the
polysaccharide chains are both responsible for the final morphol-
ogy and characteristics of the chitosan-decorated membrane.

4. SUMMARY AND CONCLUDING REMARKS

The heat release observed for the interaction of chitosan with
small zwitterionic liposomes is not surprising considering that
the positively ionized amino groups of chitosan tend to remain
protonated in the absence of counterions. Similar results have
been described for the interaction of chitosan with whey protein
at pH 5.>® Nevertheless, chitosan also adsorbs to neutral mem-
branes, suggesting the involvement of other forces besides
electrostatics. The binding can be interpreted for instance as a
result of reduction of the electrostatic repulsion between the
protons in acidic solution and the positive amino groups of the
chitosan chains. In this way the state of lower free energy
corresponds to the situation where chitosan is adsorbed to the
liposomes and thus the binding releases some energy. However,
when the extended linear chains come in physical contact with
the colloidal structures with similar dimensions, they have to
bend in order to adapt to the high curvature of the vesicle
membrane, and this consumes energy. On the other hand,
entropic contributions possibly due to water rearrangement like
liberation of hydration water are also in favor of the adsorption
process. The resulting energy released from the sum of the
various contributions is small but still enough to promote
polymer binding.

The strength of chitosan adsorption is also influenced by the
membrane surface charge. As evidenced by the results for the
Gibbs free energy characterizing the polymer adsorption to PG-
doped vesicles, the higher the net negative charge, the weaker the
binding is, leading to weaker chain organization over the
membrane. At the saturation point, aggregation of structures
takes place and it has been shown that this behavior is not always
related to charge reversal. Rather, the strongly negative surface
charge can influence the structures in a manner that some loose
segments of the polymer chains may be attracted by the charges
of neighboring vesicles, leading to liposome aggregation. Here,
we did not perform studies employing positively charged lipids
because these are not naturally occurring in cells. However,
research in this direction is worth being pursued, since the variety
of lipids previously employed in chitosome formation is still very
limited and needs to be expanded if successful drug delivery
applications are sought for.
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