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Vesicles composed of sodium oleate (NaO) and monoolein (MO) are adequate candidates for drug nanoen-
capsulation and controlled release due to their stability and perceived biocompatibility. The object of the
present study is to design hydrogels based on those anionic vesicles and polymers of both non-associative
and associative type. The selected macromolecules were k-carrageenan (KC), carboxymethyl cellulose
(CMC) and hydrophobically modified carboxymethyl cellulose (HMCMC). While the polymer-vesicle asso-
ciation was probed by rheology, the influence of the polymer on the vesicle stability was monitored by

K?y Wo.rdS: cryo-TEM and calorimetric measurements.

Biovesicle . . .

k-Carrageenan The effects of the polymer on the rheological properties of surfactant aggregate solutions clearly depend
HMCMC on the polymer type: the storage moduli of the polymer-vesicle mixtures, compared to the vesicles alone,

increases around 2 orders of magnitude if the polymer is non-associative and 4 orders of magnitude if the
macromolecule is of associative type.

As the vesicles are added, the non-associative polymer networks tend to be disrupted, while the
networks formed by associative polymer get more robust. These observations can be explained by fun-
damental changes in electrostatic/hydrophobic interactions: vesicles entrapped in KC networks convert
the polysaccharide in a highly charged entity and favor high electrostatic repulsions between the chains;
this encourages network collapse. The opposite picture is experienced in HMCMC systems, i.e., such net-
work is stabilized by the presence of vesicles. This is ascribed to the enhanced hydrophobic association,

Carboxymethyl cellulose
Sodium oleate
Monoolein

Networks

compensating the electrostatic repulsions between vesicles and polymer chains.

© 2008 Elsevier B.V. All rights reserved.

1. Introduction

Encapsulation of both hydrophilic and hydrophobic drugs has
been an important challenge for scientists. It can be achieved by
entrapping the drug in a chemically crosslinked polymer matrix
[1-4] or using surfactant aggregates or amphiphilic polymers for
drug compartmentalization [5,6]. Physical networks have some
advantages compared to those of chemical nature, mostly due to
gel-liquid reversibility. Physical networks composed by vesicles
and charged polysaccharides, with or without hydrophobic inter-
actions are reported in literature [7-12]. These charged systems
are considerably sensitive to salt, so that stability and collapsing
of the network can be induced by electrolyte. Several reasons are
behind such phenomenon: salting-out, reduction of electrostatic
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repulsion [13], and the different ability of salts to form ion binding
to polyelectrolytes [14].

In this study we use anionic vesicles, with long kinetic stability
and perceived biocompatibility, as nanocompartments. Although
some work has been reported with biocompatible systems, most
of the published studies concern noncompatible molecules, used
for non-biological applications or for fundamental understandings.
Monoolein (MO) is biocompatible [15,16] and sodium oleate (NaO)
is known to improve the biocompatibility of some nanoparticles
[17]. These 2 amphiphilic molecules form different structures in
water. While the critical packing parameter (CPP) of MO exceeds
one, NaO forms normal micelles [18,19]. In the dilute corner, spon-
taneously formed vesicles with long-term stability are found (for
at least 1 year) [15]. Previous studies, concerning cubic liquid-
crystalline phases of MO in water, show significant time effects due
to MO hydrolysis [20]. It seems that MO is more stable when present
in the mixed vesicles, since no time effects were seen within 1 year.
The formation of such aggregates is not dependent on preparation
procedures, and the vesicles can be also formed by adding NaOH to
an aqueous dispersion of oleic acid and MO [15].
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Mixtures containing 1wt% of NaO and 1wt% of MO are near
the molar stoichiometry and small unilamellar vesicles are in large
excess with their size ranging from 10 to 70 nm, mostly below
25 nm. The situation is similar when MO content increases up to
2 wt%. The increase of the charge density in the system by incor-
poration of NaO enhances the vesicle polydispersity, diameters
ranging from 10 to 200 nm, mostly below 40 nm [15].

Here we highlight on physical networks of MO-NaO vesicles
and anionic polysaccharides. The vesicles were entrapped within
the polymer network and the rheological response was reported.
We selected three different polysaccharides: k-carrageenan (KC),
carboxymethyl cellulose (CMC) and hydrophobically modified car-
boxymethyl cellulose (HMCMC).

2. Materials and methods
2.1. Materials

NaO or sodium 9-octadecenoate, is an anionic surfactant with
a Cyg hydrophobic chain and a carboxyl headgroup. The molecu-
lar weight is 304 Da and was purchased from Nu-Chek Prep, Inc.
(Elysian, USA) with high purity (>99%).

MO, Rylo Mg 90 glycerol monooleate was kindly provided by
Danisco Ingredients (Braband, Denmark).

KC is a polysaccharide, supplied by Fluka BioChemika (Buchs,
Switzerland), with My, of around 700 kDa. The basic structure of
carrageenanisalinear polysaccharide made up of a repeating disac-
charide sequence of 3-D-galactopyranose linked through positions
1,3 (A residues) and a-D-galactopyranose residues linked through
positions 1,4 (B residues). At room temperature, the observed gela-
tion in carrageenan is caused by helix formation [21,22] and this can
only occur in repeated structures where the B residue is in a1-C-4
conformation. All the gelling types of carrageenan, which include
K, B and , contain a 3,6-anhydro bridge on the B unit which forces
the sugar to flip from a 4-C-1 conformation to a 1-C-4 conforma-
tion and can then form cross-link networks and gels. Formation of a
helical structure is promoted by adding an appropriate electrolyte
to a sufficient ionic strength and/or by lowering the temperature
[23-28].

CMC, was supplied by BDH Chemicals in the sodium salt form
and with low M,,. CMCis fully ionized at pH 7 and is almost nonionic
at pH 2 [29-31].

HMCMC is a semiflexible polyanion [29], in the sodium salt
form; it was received as a gift by Akzo Nobel Surface Chemistry.
The CMC backbone is modified by tetradecyl groups with a degree
of hydrophobic substitution of 1.2% (1.2 C14 chains per 100 sugar
units). The charge density (percentage of carboxymethyl groups) is
80% at pH 8 (80 negative charges per 100 sugar units). The weight
average molecular weight is around 879 kDa. The overlap concen-
tration is around 0.06 wt% [29,30].

The chemicals were used without any further purification
and double distilled and deionised water was used. pH of the
samples was around 9, thus the carboxyl groups were fully
ionized.

2.2. Methods

Vesicle stock solutions were prepared by weighting the desired
amount of surfactant and water in glass ampoules containing a
small magnetic stirring bar. The polymer was added afterwards to
the vesicle solution. The samples were sealed, mixed in a vortex, and
homogenized at 80 °C. The mixtures were stored for 1 week before
measurements. To analyze their textures, samples were observed
in a polarized microscope.

KC Gel KC — vesicle gel

Vesicle dispersion

4

Fig. 1. Pictures of selected samples; from left to right: 0:0:2KC, 1:1:2KC and 1:1:0.

The prepared mixtures were labeled following the nomen-
clature “a:b:cP”, being a the concentration of NaO (wt%), b the
concentration of MO (wt%), ¢ the concentration of polysaccharide
(wt%), and P the polysaccharide name.

The experiments were performed far from the melting transition
of the surfactants alkyl chains to prevent the network properties to
be influenced by the different states [32].

While the sample containing only NaO is transparent, which
results from the micellar phase reported in the literature [18,19],
the remaining samples exhibit bluish color, which is usually related
to the existence of vesicles.

Polymer-free solutions are liquid-like but when polymer is
added, a gel-like behavior is observed (if polymer solution is intrin-
sically a gel). Fig. 1 shows selected images of the samples.

Rheological measurements were conducted using a shear strain
controlled rheometer RFS Il (Rheometrics, USA) equipped with a
couette and a microcouette, cylinder geometry (gap 1.06 mm, inner
radius 17 and 7 mm, respectively), according to the viscosity of
the samples. The temperature was controlled by a water circula-
tor apparatus (£0.5°C). To prevent errors due to evaporation, the
measuring geometries were surrounded by a solvent trap contain-
ing water. Two different kinds of experiments were carried out:
(a) steady flow experiments were performed in a shear rate range
0.02-17005s~!. Sometimes it was not possible to cover all shear
rate range due to the instrumental limits imposed by the viscosity
of the samples. The minimum and the maximum torque that the
instrument can measure are 0.04 and 1000 g cm, respectively. To
be sure that the samples were in steady flow, the flow equilibrium
time was measured by transient experiments (step-rate test) and
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Fig. 2. Cryo-TEM micrographs of some studied systems, at 25 °C. It shows the influence of polymer concentration on vesicle dispersion composed by 1 wt% NaO and 1 wt%
MO. Micrographs (a) and (b) refer to 0.5 wt% HMCMC (1:1:0.5HMCMC), while (c) and (d) refer to 1 wt% of HMCMC (1:1:1THMCMC).

it was observed that 10 s was a sufficient time to ensure the steady
flow in the system for the overall investigated shear rate range.
(b) Dynamic shear experiments were performed in a frequency
range between 0.1 and 15.9 Hz. The small-amplitude dynamic tests
provided information on the linear viscoelastic behavior of mate-
rials through the determination of the complex shear modulus
[33].

Gx(w) =G (w)+iG"(w) (1)

where G'(w) is the in-phase (or storage) component and G"(w) is
the out-of-phase (or loss) component. G'(w) is a measure of the
reversible, elastic energy, while G”(w) represents the irreversible
viscous dissipation of the mechanical energy. The dependence of
these quantities on the oscillating frequency gives rise to the so-
called mechanical spectrum, allowing the quantitative rheological
characterization of studied materials.

Weak gel model was applied to some of the oscillatory spectra
[34,35]:

G * (@)l = VG (o) + G (w) = An'/? )

where “A” is interpreted as the interaction strength between the
rheological units, a sort of amplitude of cooperative interactions,
and “z” as the coordination number, which corresponds to the num-
ber of flow units interacting with each other to give the observed
flow response.

Cryogenic transmission electron microscopy (cryo-TEM) stud-
ies were performed using a Philips CM120 Bio-twin microscope.
Samples were placed in a vitrification chamber in which temper-
ature and humidity can be controlled. In particular, humidity can
be held close to saturation to prevent sample evaporation. A small
drop was put on a copper grid supported carbon coated holey film.
Immediately after blotting with filter paper to obtain a thin liquid
film over the grid, the sample is plunged into liquid ethane (at its

melting temperature). The vitrified film is then transferred under
liquid nitrogen to the electron microscope.

Differential scanning calorimetry (DSC) measurements were
done in a Setaram DSC-131 instrument. A 20-30 mg portion of
the sample was weighed in crucibles of 1 cm3 capacity. The sam-
ples were sealed in aluminum pans. As a reference, a sealed pan
with the corresponding amount of water was used. To check water
evaporation, the pans were weighed before and after the DSC
measurements. The DSC thermograms were recorded in the tem-
perature range from 5 to 80 °C. The heating rate was 1°Cmin~1.

3. Results and discussion
3.1. Polymer impact in vesicle stability

The macromolecules used here promote longer stability of
the vesicles. Those vesicles are kinetically stable in polymer free
solutions and thermodynamic equilibrium conditions occur in a
heterogeneous mixture of vesicles and lamellar phases [20]. Since
almost all the polymer concentrations used here are above the over-
lap concentration, we assume that the vesicles stay entrapped in
the polymer network, which delays or even prevents phase sepa-
ration. Support comes from repeated visual checks over one year.
Fig. 2(a-d) shows cryo-TEM micrographs of vesicles in presence of
one of the polysaccharides, HMCMC. It indicates that vesicles size is
not much affected by the presence of polymer: the diameter ranges
from 10 to 200 nm both with and without polymer.

Vesicle stability was also checked by DSC and the results can
be seen in Fig. 3. No vesicle phase transition was detected within
the studied temperature range, indicating that vesicles are stable.
A typical scan of a selected KC-vesicle mixture is shown, and the
plot shows the occurrence of an intense and sharp peak, ascribed
to the polymer helix-coil transition [36,37].
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(a) part of the polymer chain of the order of the entanglement length.
05k i The addition of vesicles affects the relaxation spectra: the impor-
. tance of the long relaxation times (1-100 s region) becomes lower.
it n oy . . o1 s P
Therefore, the addition of vesicles inhibits the polymer association
2 i and weakens the contacts, which might be due to an electrostatic
g penalty. The negative charge of the surfactant aggregate plays a
= counter-effect against the polymer network formation; when vesi-
f ) cles are added, the electrostatic repulsion increases and this results
B S03is in a minor ability for polymer association, which can be illustrated
T by a weaker rheological response. Therefore, although the polymer
\ itself forms a network, the presence of a macroion, like a vesicle,
Bl ¥ & of the same charge of the polymer opposes to the network forma-
A . A L . M \ L tion. Our electrostatic-based explanation may be connected to the
0 1020 30 40 50 60 70 80 effect of adding iodide to polyelectrolytes [14]. The addition of salt
T/ °C plays an effective screening on the electrostatic repulsion and the
viscosity is tremendously increased. For instance, the storage mod-
(b) 2.5 ulus increases ca. 3 orders of magnitude by adding 1M of sodium
i chloride to the 1:1:1KC sample.
The effect of temperature has a strong impact in the dynam-
20 ics of the system. The network becomes weaker as the temperature
rises from 25 to 37 °C. When the temperature decreases, a coil-helix
i ek transition occurs, manifesting itself as a sol-gel transformation.
T This transition is thermally reversible. Calorimetric measurements
é showed that the KC-containing gel (semidiluted region) melts
5 1ol around 33 °C. An abrupt decrease in the storage modulus observed
= at 30-40°C, shown in Fig. 6 for KC-vesicle mixture, well correlates
with the temperature of the helix—coil transition in KC [36,37],
05 L s ———— ii
1 1 1 1 1 1 1 < .
0 0 20 3 40 S0 60 70 @) 10:iilllllllllillll.llll'il :E:,’ga‘
e BT Y YT Y YT YYYY YT I Y Y :Eii{l;.?(;
Fig. 3. (a) DSC upscans of selected HMCMC-vesicle samples: (i) 1:0.5:0, (ii) e ? EEEE o] (' :mu] 1KC
1:1:0.5HMCMC, (iii) 1:2: THMCMC (b) DSC upscans of selected KC-vesicle samples: 10! | ggmEEEN pEEEEEE L1 : : 0000
(i) 0:0:2KC, (ii) 1:1:2KC. Heating rate: 1.0°C/min. g 90000000000 e0000
g 109 ;_ ]
3.2. KC-vesicle complexes b. - . OoOOOOO

Fig. 4 shows the rheological behavior of KC, both in vesicle- >F OOOOOOO
free solutions (Fig. 4(a)) and in the mixed polymer-vesicle systems 10 * OOOO nood oo 3
(Fig. 4(b)). Fig. 4(a) indicates that the rheological response changes 1030 god oo ]
from liquid to solid by increasing polymer concentration from 0.1 Eoooon DF' . .\ .
to 2%, at 25°C. This can be understood as a transition from dilute 1o 100 10!
to semi-dilute regime, since the polymer overlap concentration is Frequency /Hz
within 0.2 and 0.4 wt% [36].

While the vesicle dispersion alone has a liquid-like response, — SUE— ——rrrrry [ T—
the addition of polymer, shown in Fig. 4(b), has markedly differ- (b) 1000 [ ]e ¢iixke
ences: the vesicle system acquires the gel-like pro.perti_es of Fhe i I ————TT T T T T I : G
polyelectrolyte alone. The storage modulus of the vesicle dispersion 00000000 10 6 LIKC
increases at least 2 orders of magnitude (depending on frequency 10 b 000000000000000 i & GILLIC
of observation), even at 1 wt% of polymer. If the polymer concen- - .....===" 3
tration increases to 2 wt%, the storage modulus reaches 4 orders of = T ..0:::.. mEE 3
magnitude more than the one of vesicles alone. & o1} '.':'g". ]

By looking at the polymer network as the reference, it is weak- 'U 3
ened with the addition of the surfactant aggregates, independently 001 00 g g o 3
if KC is in helix or coil conformation. Fig. 5 illustrates the influence 1E3 L 000 _
of the vesicles on the rheological response of KC system, at 25°C. a o 3

Storage moduli and relaxation times decrease with surfactant 1B oootd 1
addition. While the former are related to the density of active links, 1E-5 ! : L ]
the latter are associated with the strength of those active links. The 107 10° 10!

relaxation spectra obtained for 0:0:1KC and 0:0:2KC are strongly
dominated by relaxation times in the order of 1-100s. However,
on the time scale of few milliseconds, a second region of relax-
ation times seems to be present. In accordance with the analysis on
the relaxation processes, this region refers to the local motion of a

Frequency /Hz

Fig.4. (a) Frequency dependence of the storage modulus (G’') and loss modulus (G”),
at different KC concentrations (b) Frequency dependence of the storage modulus
(G") and loss modulus (G"), for different polymer concentrations in polymer-vesicle
mixtures. All mechanical spectra are performed at 25°C.
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o 10°E E The surfactant-free solution shows a high flow coordination
F number, z, and high interaction strength values, A, in the tempera-
r OooooOOOO ture range 10-60 °C. It is worth noticing that the A values decrease
L OOOooOoooOOOO with the temperature, while the z number appears rather constant,
" | . which means a weakening of the gel network but not a decreasing
o 1o 10° 10! of the flow units. The A and z parameters of vesicles-KC mixtures
are always lower than the ones of binary KC-water mixtures.
Frequency /Hz

Fig.5. (aandb)Frequency dependence of the storage modulus (G') and loss modulus
(G"), for different surfactant concentration in KC-vesicle mixtures, at 25°C.

thus suggesting that the crosslinks formed by the double helixes
also take part in the formation of gel structure in this surfactant-
containing mixed system.

Fig. 7 gives additional information about the rheological prop-
erties of the studied systems at different temperatures. The effects
of the vesicle composition on the rheological properties of the
polysaccharide underline the mechanisms discussed above.

This figure shows the composition and temperature dependence
of weak gel model parameters, z and A, as obtained by fitting the
viscoelastic data in Eq. (2) for the KC mixtures.

3.3. HMCMC and CMC- vesicle complexes

Fig. 8 shows the influence of HMCMC on the rheology of NaO/MO
vesicles.

The rheological behavior changes from liquid to solid by adding
HMCMC to vesicle dispersion and thus the vesicles are entrapped in
the polymer entanglements. The vesicle storage modulus increases
at least 4 orders of magnitude (depending on frequency) if 1 wt% of
polymer is added.

Fig. 9 shows the influence of surfactant concentration on the
HMCMC network properties. The behavior can be reported as an
increase in elastic response by addition of the vesicles and clearly
differs from the behavior found above for KC.

! ! ! J T ) O G'LLIKC
10" | J @ @rubike ; T i ] 8 G LLOHMCMC
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= o[ ] 1L LL] 200

A ﬁb%%: £ TTTI N A
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- I O - o

o - o, E’, 001 L 5 B O o
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107 |- qthjiﬂf’ﬂjj . 1E-3 L
F o
L 1 1 1 1 1 1 IE-4F o O m] oo
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Temperature /°C 1E-5 bt s .
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Fig. 6. Linear viscoelastic thermogram for 1:1:1KC mixtures. Temperature scan of Frequeny /Hz

storage modulus G (circle symbols), loss modulus G” (square symbols) obtained by
a time-cure test frequency = 1 Hz. Heating rate of the experiment was of 0.5 °C/min
and the equilibration time of 2s.

Fig. 8. Frequency dependence of the storage modulus (G’) and loss modulus (G”), at
different polymer concentrations in HMCMC-vesicle mixtures, at 25°C.
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Fig. 9. Frequency dependence of the storage modulus (G’) and loss modulus (G”), at
different surfactant concentration in HMCMC-vesicle mixtures, at 25°C.

As a control system, the rheology of CMC-vesicle system was
also monitored and shown in Fig. 10(a and b). This system has
particular importance to understand the role of the hydrophobic
modification. While the increase in the storage modulus of vesicle
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Fig. 10. Frequency dependence of the storage modulus (G') and loss modulus (G”),
indicating the influence of the polymer on the vesicle rheological response (a) and
the influence of the surfactants on the polymer viscoelasticity (b), at 25°C.
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Fig. 11. Weak gel model parameters for HMCMC systems, at different temperatures.

system due to the presence of CMC is ca. 2 orders of magnitude,
this value reaches 4 if the macromolecule is hydrophobically mod-
ified. The differences can be addressed to the polymer composition
and to the HMCMC hydrophobic capability for association, and this
plays a strong driving force for polymer-vesicle interaction.

Fig. 10(b) indicates that CMC solution become more elastic when
vesicles are added. Such behavior is different from the one observed
in KC mixtures. It is plausible to think that the electrostatic penalty,
due to the addition of surfactant aggregates of the same charge, is
stronger when the polymer solution is a gel. When in dilute regimes
(well below the overlap concentration), the inter-chain distance is
large and the addition of a similarly charged compound increases
the viscosity due to an effect similar to the Einstein equation for
dilute dispersion of spherical particles [38]. This picture is, however,
the opposite of the observed above, when the vesicle dispersion is
added to a semi-dilute polymer (KC) solution.

Weak gel models were applied to the HMCMC results, at dif-
ferent temperatures, and are resumed in Fig. 11. While the ternary
surfactant system shows z values close to the unit and A values
with an order of magnitude of 10-3, the surfactant-polymer sys-
tems show A and z values of an order of magnitude of 102 and 10,
respectively.

The results described above show that the biofriendly vesicles
NaO-MO-W can be entrapped in polymer networks, which have
manifestly high potential for controlled drug and gene release. The
viscosity, and thus the release rate, may be tuned by the presence
of hydrophobic groups in the polymer chain.

4. Conclusions

Vesicles composed by NaO and MO were mixed with both asso-
ciative and non-associative anionic polysaccharides, resulting in
gels with interesting rheological properties. The dynamic prop-
erties of the mixed systems can be both more elastic and more
liquid than the polymer solutions alone, depending if the polymer
is of associative or non-associative type, respectively, i.e., vesicles
may increase the polymer gel consistence or favor its disruption if
vesicle-polymer hydrophobic interactions are present. Within the
used concentrations, the polymer itself forms a network and the
presence of a macroion of the same charge, as a vesicle, opposes
to the network formation. The electrostatic repulsion inhibits the
interaction between the chains and the entanglements become
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weaker. The incorporation of hydrophobic groups in the polymer
stabilizes the networks due to effective hydrophobic crosslinks
between the polymer and the surfactant aggregate.
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