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C. P. X5804BYA, Ŕıo Cuarto, Argentina

† Electronic supplementary information
different time, scanning electron m
ModCD14–BHD vesicles and experime
methods, are available free of charge. See

Cite this: RSC Adv., 2018, 8, 12535

Received 16th February 2018
Accepted 21st March 2018

DOI: 10.1039/c8ra01482e

rsc.li/rsc-advances

This journal is © The Royal Society of C
anionic vesicles formed by the
interaction between an anionic b-cyclodextrins
derivative and a cationic surfactant†

O. Fernando Silva, *a Rita H. de Rossi,a N. Mariano Correa, b Juana J. Silberb

and R. Daŕıo Falcone b

The present work shows the synthesis of a new type of catanionic surfactant, ModCD14–BHD, which

involves an anionic amphiphilic cyclodextrin and the cationic benzyl-n-hexadecyldimethylammonium

(BHD). It is obtained from the simple association of the cationic surfactant benzyl-n-

hexadecyldimethylammonium chloride (BHDC) and b-cyclodextrin (b-CD) monosubstituted with an

alkenyl succinate group (Mod-b-CD14). ModCD14–BHD form unilamellar vesicles spontaneously in

water, while the individual components (BHDC and Mod-b-CD14) do not. The vesicles were character-

ized by dynamic light scattering (DLS), transmission electron microscopy (TEM), scanning electron

microscopy (SEM) and 1H NMR techniques. We suggest that the formation of an inclusion complex

between some of the cyclodextrins units and the long hydrocarbon moiety of the cationic surfactant

play a crucial role in the vesicles formation. Besides, some or the cavities are available to interact with an

external guest. We think that the new surfactant molecule has properties that may lead to important

applications in biomedical and pharmaceutical sciences.
Introduction

The construction of nanocarriers for drug delivery is an area of
current scientic interest. The main reason for that is to explore
new ways for deliver therapeutics agents directly into the
desired zone and so decreasing the side effects of the drug in
living organisms. Vesicles play an important role in this area
because they can be constructed with bio-compatible materials
and can be designed to have very interesting properties such as
to respond to external stimuli.1

Among the compounds that form vesicles, we can mention
catanionic surfactants which form different kinds of aggregates
and have been subject to extensive experimental investiga-
tions.2–5 It has been demonstrated that they form molecular
bilayers6,7 and that they are good candidates as drug delivery
vehicles,8 as well as in other areas such as detergents, foaming,
etc.9
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During the screening of self-assemblies systems suitable for
various applications, the combination of catanionic surfactants
withmacrocycles have been studied. In recent years several reports
involving calixarenes appeared in the literature,10 but to the best of
our knowledge, there are no reports involving cyclodextrins. It is
worth to mention that a zwitterionic cyclodextrin bearing positive
groups on one rim and negative groups on the other has been
reported.11 This compound assembles in water forming elongated
tape-like structures through the hydrogen bonding interaction of
the ammonium group and the carboxylate group of adjacent
molecules.11

It is also important to remark that there are two studies using b-
cyclodextrin (b-CD) to induce transition phase in non-
stoichiometric mixed cationic and anionic surfactants.12,13 In
those reports, the transition micelle to vesicles is achieved by
altering the composition of mixed surfactants due to the selective
formation of inclusion complexes between b-CD and the major
component in the mixed system.12,13

In our lab, we have synthetized amphiphilic CD derivatives
from the esterication of one of the OH groups with an alkenyl
succinic acid.14 These CDs resemble surfactants molecules and
form micelles in water, monolayers at the air-aqueous interface15

and can be solubilized in reverse micelles.16,17 We considered that
this type of molecules might be good candidates to form cata-
nionic surfactants with a peculiar feature, they have an additional
recognition site, namely the cavity of cyclodextrin, which might be
important for the interaction of the organized structures with
a desired guest.
RSC Adv., 2018, 8, 12535–12539 | 12535
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In this communication we present the synthesis of a new
catanionic surfactant (ModCD14–BHD in Scheme 1) formed
by the association of a cationic surfactant, benzyl-n-hex-
adecyldimethylammonium chloride (BHDC in Scheme 1),
and an amphiphilic b-CD (Mod-b-CD14 in Scheme 1).
Fig. 1 (A) Size distributions of ModCD14–BHD vesicles (measured by
dynamic light scattering) in water at different surfactant concentra-
tions, 1 � 10�4 M (squares) and 8 � 10�5 (circles). T ¼ 25 �C. (B) TEM
image (negatively stained 2% phosphotungstic acid) of ModCD14–
BHD vesicles. [ModCD14–BHD] ¼ 5 � 10�4 M.
Results and discussion

The anion of Mod-b-CD14 (ModCD14) combines with the
benzyl-n-hexadecyldimethylammonium (BHD) producing
ModCD14–BHD which self-assemblies in water forming stable
vesicles. Mod-b-CD14 is generated by reaction between 2-
tetradecen-1-yl succinic anhydride and b-CD as a mixture of two
isomers (1b and 1c in Scheme 1).15 We obtained ModCD14-BHD
using a 1 : 1 molar mixture of the cationic and anionic surfac-
tants and aer elimination of the counterions as is described in
the ESI.† Our goal was to explore the behavior of ModCD14–
BHD in water in order to generate self-assemblies such as
vesicles that integrated a macrocyclic structure large enough to
play the role of a host for small molecules in their hydrophobic
core. The techniques used to characterize these systems were:
dynamic light scattering (DLS), transmission electron micros-
copy (TEM), scanning electron microscopy (SEM) and 1H NMR.

When ModCD14–BHD was dissolved in water up to 5 �
10�3 M, an opalescent solution was obtained (Fig. S1 in ESI†)
which was stable for at least one month. This result contrasts
with the fact that neither Mod-b-CD14 nor BHDC (Scheme 1) are
able to form vesicles in water.

Experiments using dynamic light scattering (DLS) showed
the formation of catanionic aggregates in water with diameters
ranging from 220–240 nm with low polydispersity index (0.2–
0.3). For example, in Fig. 1A is plotted the size distributions of
ModCD14–BHD vesicles in water at different surfactant
concentrations. Moreover, the sizes were independent of the
ModCD14–BHD concentration in the range of 1 � 10�5 to 1 �
10�4 M. These assemblies exhibited good stability over time as
Scheme 1 Molecular structure of BHDC (a), isomers of the amphi-
philic CDs (Mod-b-CD14) (b and c) and catanionic surfactant
ModCD14–BHD (d and e).

12536 | RSC Adv., 2018, 8, 12535–12539
indicated by DLS analysis carried out two weeks aer the rst
measure with similar diameters and polydispersity values
(Table S1 in ESI†).

It is well known that the size of vesicles do not change with
the surfactant concentration,18 therefore the fact that the
diameter of the aggregates of [ModCD14–BHD] measure at low
and high surfactant concentration is approximately the same
represent a good evidence that the organized system created
contain vesicles and not micelles.19

Further characterization of the system was done by trans-
mission electron microscopy (TEM) acquiring micrographs of
the solution containing ModCD14–BHD (Fig. 1). As can be
observed, the diameters of the aggregates and the homoge-
neous distribution are comparable to those measured by DLS.
Besides, these results are in concordance with those obtained
by scanning electron microscopy (SEM) (Fig. S2 in ESI†) The
sizes of vesicles obtained from TEM and SEM (Fig. 1 and S2)
were slightly smaller than those obtained from DLS analysis.
The small differences in sizes can be attributed to the hydration
level of the aggregates since DLS measures the hydrodynamic
diameter of particles in solution while TEM and SEM values
arise from direct inspection in the absence of solvent.20
This journal is © The Royal Society of Chemistry 2018
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Fig. 3 1H–1H 2D NOESY NMR spectrum of ModCD14–BHD 5 �
10�4 M in D2O. The signals pointed with arrows show through-space
1H–1H interactions between phenyl, N methyl, methylene and methyl
protons with the glucose protons of the cyclodextrin.
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It is well known that CDs have strong affinity for hydro-
carbon chains,21 and we demonstrated previously that the
alkenyl side chain graed to the cyclodextrin is included into
the CDs cavity.24 In addition the association equilibrium
constants reported for b-CD and hexadecyltrimethylammonium
bromide (C16TAB) are in the range of (4.5–7.0) � 104 M�1.21

Therefore, it was reasonable to expect a competitive inclusion
between BHD hydrocarbons with alkenyl chains for the CD
cavity in the ModC14–BHD aggregates. These interactions were
explored by 1H NMR. Fig. 2 shows the 1H NMR spectra of the CD
protons region of ModCD14–BHD and Mod-b-CD14. It can be
seen that the signals of H-3 and H-5 of the catanionic surfactant
(Fig. 2A) shi upeld and H-2 and H-4 shi downeld in
comparison with the amphiphilic cyclodextrin (Fig. 2B). The
shis of protons H-3 and H-5, which are located inside the
cavity, suggest an inclusion process. On the other hand, protons
H-2 and H-4 located in the outer surface of cyclodextrins are
also perturbed as consequence of formation of the assemblies.

To determine the nature of the interaction we performed 2D
1H–1H NMR (NOESY) and the obtained results are shown in
Fig. 3. The cross correlation peaks of the phenyl, N-methyl,
methylene and methyl proton signals with proton signals of the
sugar proton H-3 and H-5 located in the cavity of the cyclodex-
trin clearly indicates inclusion of these moieties into the
cyclodextrin cavity. It worth to mention that methyl or methy-
lene signals correspond to the interaction between H-3 and H-5
of CD and the hydrocarbons chains of BHD as well as alkenyl
chains linked to CD as was mentioned above also, we observe
crossed correlation peaks between the above mentioned groups
with proton H-2 and H-4 located in the external surface of
cyclodextrins. The results indicate that some of the BHD
hydrocarbon chains are included into the cavity of CD while
others interact with the external wall of the macrocycle.

Taking into account all the results presented, we propose the
arrangement shown in Scheme 2, which seems to be the most
favorable since the hydrophilic cyclodextrin moiety is exposed
to water. In a previous work,17 we have demonstrated that this
kind of CDs interact with the ammonium moiety of BHDC
Fig. 2 1H NMR spectra of Mod C14–BHD catanionic surfactant (A) and
Mod-b-CD14 (B) (400 MHz, D2O). Expansion of the sugar protons
region. Anomeric proton is not shown. [ModCD14–BHD] ¼ 5 �
10�4 M. Inset: schematic structure of cyclodextrins.

This journal is © The Royal Society of Chemistry 2018
through its carboxylic group, hence we expected a strong ion-
pair interaction between the carboxylate group and ammo-
nium moiety in ModCD14–BHD as shown in Scheme 2.
Furthermore, based on the data of NMR experiments, the
inclusion complex with the CDs cavity could be formed with the
alkyl or N-methyl groups of the cationic moiety. The presence of
other types of inclusion complexes, i.e. those obtained by
inclusion of alkenyl chains into the CDs cavity, cannot be dis-
carded but for clarity, only one of them is shown Scheme 2.

We believe that the formation of inclusion complexes
between CDs and the hydrocarbon moieties linked to the
cationic surfactant play a crucial role in the vesicles formation.
As a proof of that, when a large excess of adamantylamine which
is known to form strong inclusion complex with b-CD,22 was
added to the catanionic surfactant, the formation of the vesicles
do not take place even shaking the suspension for 72 h.
Scheme 2 Schematic representation of the catanionic surfactant and
its conformation at the bilayer.

RSC Adv., 2018, 8, 12535–12539 | 12537
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Fig. 4 Normalized fluorescence spectra of PRODAN in water (line)
and in a solution of 5.0 � 10�4 M of ModCD14–BHD (dash line).
[PRODAN] ¼ 2 � 10�6 M.
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However not all the cavities are occupied and, the vesicles are
able to interact with external guests as demonstrated using
PRODAN as a molecular probe. In Fig. 4, we showed the
normalized uorescence spectra of PRODAN in water and, in
a solution of vesicles of ModCD14–BHD. We observed that the
band around l ¼ 525 nm, which correspond to PRODAN in
water shi toward lower wavelength up to l ¼ 500 nm when the
concentration of ModCD14–BHD is ¼ 5.0 � 10�4 M. The hyp-
sochromic shi of the emission band indicates that PRODAN
sense a less polar environment in comparison with water.5,23

The emission at l ¼ 430 nm is attributed to the location of
PRODAN in the nonpolar region of the bilayer.5,23 The emission
band which appears at lmax ¼ 500 nm could be due to the
emission of PRODAN from the cavity of cyclodextrins.24,25

To explore the availability of cyclodextrin to form complex
with external molecules, we conducted measurements of
induced circular dichroism (ICD) using PRODAN as a probe
(Fig. 5). It is known that molecules that are not optically active
generally show ICD spectra when associated with cyclodextrins
due to chirality transfer. This induced optical activity arises due
to perturbation in the electronic transition of the guest mole-
cule, by the chiral eld of the macrocycle.26

In Fig. 5, the ICD spectra shows a signal (positive and
negative) that was interpreted suggesting that the electric
transition dipole of PRODAN27 during the absorption are
Fig. 5 Induced circular dichroism spectra of PRODAN in a solution of
5.0 � 10�4 M of ModCD14–BHD (dash line). [PRODAN] ¼ 1 � 10�4 M.

12538 | RSC Adv., 2018, 8, 12535–12539
parallel and perpendicular respectively to the principal axis of
the cyclodextrin.28 This result indicate that there is interaction
of PRODAN with the chiral cyclodextrin molecule, although it
might not be fully included into the cavity.
Conclusions

The present work shows, for the rst time a new type of cata-
nionic surfactant (ModCD14–BHD) formed by combination of
modied b-CDs (Mod-b-CD14) and a cationic surfactant
(BHDC), which has the principal feature to create spontane-
ously vesicles in water, while BHDC and Mod-b-CD14 do not.
The lack of toxicity of the CDs29 and the fact that BHDC is
a compound approved by the USP30 convert to the vesicles of
ModCD14–BHD as potential drug carriers exploiting the possi-
bility to load molecules in different region of the assemblies.

The use of drug delivery systems, based on vesicles created
by ModCD14–BHD could represent an innovative strategy that
enables effective therapy. Thus, there is a need to move a step
forward and utilize an advanced technology based on combi-
nation strategy, which exploits the advantages of both the
systems, namely, cyclodextrin complexation and nanotech-
nology in single delivery system. In this sense, we believe that
the catanionic vesicles of ModCD14–BHD are an excellent
choice in this eld.
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