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tructural  and  dynamical  characterization  of  unilamellar  AOT  vesicles  in
queous  solutions  and  their  efficacy  as  potential  drug  delivery  vehicle
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Sodium  bis(2-ethylhexyl)  sulfosuccinate  (AOT)  is  well  known  to form  nanometre  sized  aqueous  droplets
in organic  solvents  and  used  in  several  contemporary  applications  including  templates  of  nanoparti-
cle  synthesis.  However,  the  detailed  structural  characterization  of  AOT in  aqueous  media  is relatively
less  attended.  Here  we have  used  dynamic  light  scattering  technique  for  the  structural  characteriza-
tion  of  AOT  in aqueous  solutions  and  found  to have  a monodispersed,  unilamellar  vesicles (∼140  nm
diameter).  The  efficacy  of  the  vesicle  to host  both  charged  drugs  like  H258  (2′-(4-hydroxyphenyl)-5-[5-(4-
methylpiperazine-1-yl)-benzimidazo-2-yl-benzimidazole]),  EtBr  (ethidium  bromide)  and  hydrophobic
drug  like DCM  (4-(dicyanomethylene)-2-methyl-6-(p-dimethylamino-styryl)-4H-pyran)  has  also  been
investigated  using  Förster  resonance  energy  transfer.  Picosecond  resolved  and  polarization  gated  spec-
troscopy  have  been  used  to study  the  solvation  dynamics  and  microviscosity  at  the surface  of  the  vesicles.
icosecond resolved temperature
ependent dynamics
ontrolled drug release

We  have  also  performed  concentration  and  temperature  dependent  studies  in  order  to  confirm  the  sta-
bility of  the  vesicles  in  aqueous  phase.  The  drug  release  profile  of  the vesicles  has  been  studied  through
in  vitro  dialysis  method.  The  non-toxic,  monodispersed  vesicles  in  aqueous  media  with  a noteworthy  sta-
bility in  wide  range  of AOT  concentration  and  temperature,  capable  of  hosting  drugs  of various  natures
(both  hydrophobic  and  charged)  simultaneously  for many  codelivery  applications  with  controlled  drug
release  profile  may  find  its applications  in  drug  delivery.
. Introduction

Unilamellar vesicles (ULV) have considerable structural sim-
larity with biological membranes including high encapsulation
roperty, permeability and have widely been used in several appli-
ations including biomimicing [1],  drug delivery [2],  synthesis of
anoparticles [3], biochemical catalysis [4],  cosmetics [4],  etc. The
ater pool of ULVs encapsulates aqueous soluble drugs within its

entral aqueous compartment as well as hydrophobic drugs within
he bilayer membrane that forms the wall. Vesicles have caught

uch attention as drug carriers because they can offer the advan-
age of improving the therapeutic activity of drugs, reducing drug
oxicities, and decreasing the drug dosage [5].  They also behave

s well recognised controlled release systems (CRS) [6,7] that can
aintain drug concentration in the blood or in targeted tissues at

 desired value for a considerable period of time [8,9] rendering
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1 Present address: Arthur Amos Noyes Laboratory of Chemical Physics, California
nstitute of Technology (CALTECH), 1200 East California Boulevard, Pasadena, CA
1125, USA.
a control on the drug release rate and duration [10]. For this pur-
pose, in general, CRS initially releases the dose contained in parts
so as to rapidly achieve at the drug effective therapeutic concen-
tration. Such drug release kinetics follows a well defined behaviour
in order to supply the maintenance dose enabling the attainment
of the desired drug concentration.

Preparation of vesicles involves rather simple and straightfor-
ward approach. In one of the methods it is formed by phospholipids
that usually require some additional energy like ultrasoniation [11].
The vesicles thus obtained are metastable and easy to fuse. On
the other hand, the spontaneous formation of thermodynamically
stable, long lived vesicles has been realized in a variety of aque-
ous surfactant solutions [12–24].  Out of these Aerosol OT (sodium
bis(2-ethylhexyl) sulfosuccinate, AOT) is a well-studied surfactant,
which forms reverse micelles (RMs) of well-defined structure in
organic oil [25]. It is a versatile double tailed medicinal surfactant
[26] which is known as a transdermal drug delivery vehicle in nor-
mal  micellar form [27]. By virtue of its nontoxicity, spontaneously
formed and thermodynamically stable long lived AOT vesicles in

unilamellar form might establish a potential application. Phase
diagram of AOT/water mixtures obtained using small-angle neu-
tron scattering technique [28] and X-ray experiments [29] reveal a
considerably large lamellar liquid crystalline phase D (10–70 wt%

dx.doi.org/10.1016/j.colsurfb.2011.07.012
http://www.sciencedirect.com/science/journal/09277765
http://www.elsevier.com/locate/colsurfb
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urfactants) in the phase map. A bicontinuous-type cubic phase
73–80 wt% AOT) and a reverse hexagonal liquid crystalline phase
>82 wt% AOT) are also formed in the surfactant-rich region of the
hase diagram. The water-rich side in the phase map  is largely
iphasic with the D phase in equilibrium with a solution phase,
nd below 1.3 wt%, the surfactant is soluble in water. Although
he detailed phase diagram of AOT-water system is available in
iterature, a comprehensive understanding of the structure and
ynamics of the vesicle-forming water-rich region needs to be
xtensively studied as only a handful of reports are available in the
iterature that relate various morphologies and mechanical proper-
ies of AOT vesicle [30,31].  Moreover, complete characterization of
he aggregate structure in aqueous solution (unilamellar or multi-
amellar) including dynamical states of water in such systems at
ifferent temperatures have not yet been attempted and is one
f the motives of our present study. Meanwhile, in the light of
ide versatility (e.g. application in the contraception, ophthalmic

nd odontoiatric fields, in the treatment of cancer, alcoholism, dia-
etes, thrombosis [32]), controlled release profile is an obvious
haracteristics of drug delivery vehicles for the exploitation of the
odern concept of therapeutic treatment which aims to increase

rug effectiveness and patient compliance, to reduce the adminis-
ration frequency and side effects connected to dosing. With this
ackground study of drug release profile of AOT vesicles and its
ssociated kinetics are complementary interests of our present
tudy.

In this study we demonstrate that the combination of
pectroscopic and light scattering methods is a powerful
pproach to reveal aggregate structure and size of AOT vesi-
les in dilute region. Structural integrity of the vesicle has
een studied over a range of concentration (9–18 mM)  and
emperature (293–343 K) using dynamic light scattering (DLS)
echnique. The aging stability of the structure has also been
onfirmed using DLS. The efficacy of the vesicles to host
mall model drugs/ligands viz. 2′-(4-hydroxyphenyl)-5-[5-
4-methylpiperazine-1-yl)-benzimidazo-2-yl-benzimidazole]
H258), ethidium bromide (EtBr) and 4-(dicyanomethylene)-2-

ethyl-6-(p-dimethylamino-styryl)-4H-pyran (DCM) has been
nvestigated using picosecond-resolved fluorescence spectroscopy.
he dye DCM is hydrophobic in nature and is well known for its
bility to report the interfacial water relaxation dynamics in
icelles [33], RMs  [34] and liposomes [35]. The solvatochromic

roperty of DCM has been used to study the dynamics of solvation
nd also to eliminate the possible existence of multilamellar
OT/water vesicles in the studied systems. Polarization gated
nisotropy of DCM has been studied in order to determine the
icroviscosity at the surface of AOT/water vesicle. Förster reso-

ance energy transfer (FRET) between the dyes H258 (donor)-DCM
acceptor) and H258 (donor)-EtBr (acceptor) in the studied AOT
esicle system have been successfully used to investigate the
bility of the vesicles to host both hydrophobic and charged drugs
imultaneously. In vitro drug release studies show a controlled
elease profile of the model drug rifampicin from AOT vesicle with
ts pH sensitivity in release. We  attempt to establish AOT/water
esicle as a safe and promising drug delivery vehicle.

. Materials and methods

Chemicals were obtained from the following sources: sodium
is(2-ethylhexyl) sulfosuccinate (AOT, Sigma); 4-(dicyano-
ethylene)-2-methyl-6-(p-dimethylamino-styryl)-4H-pyran
DCM, Fluka); 2′-(4-hydroxyphenyl)-5-[5-(4-methyl-pipera-
ine-1-yl)-benzimidazo-2-yl-benzimidazole] (H258, Molecular
robes); ethidium bromide (EtBr, Molecular Probes), rifampicin
Sigma Aldrich) (Scheme 1). Transparent solutions of vesicles were
Scheme 1. Molecular structure of DCM, EtBr, H258 and rifampicin.

prepared by adding calculated amount of surfactant to water fol-
lowed by gentle stirring. For vesicles containing probe molecules
the respective probe was  added before stirring the solutions. Prior
to all the measurements, the AOT/water solutions were filtered
with a Whatman syringe filter (pore size of 0.2 �m).  DLS measure-
ments were done with Nano S Malvern-instrument employing a
4 mW He–Ne laser (� = 632.8 nm)  equipped with a thermostated
sample chamber. All the scattered photons are collected at 173◦

scattering angle. The scattering intensity data are processed using
the instrumental software to obtain the hydrodynamic diameter
(dH) and the size distribution of the scatterer in each sample.
The instrument measures the time dependent fluctuation in the
intensity of light scattered from the particles in solution at a
fixed scattering angle. Hydrodynamic diameter (dH) of the vesicle
is estimated from the intensity auto-correlation function of the
time-dependent fluctuation in intensity. dH is defined as

dH = kBT

3��D
(1)

where kB is the Boltzmann constant, � the viscosity, and D the trans-
lational diffusion coefficient. In a typical size distribution graph
from the DLS measurement, the x-axis shows a distribution of size
classes in nanometres, while the y-axis shows the relative inten-
sity of the scattered light. This is therefore known as an intensity
distribution graph. DLS experiments were done in triplicate with
at least 15 runs per measurement.
Steady-state emissions were measured with a Jobin Yvon
Fluoromax-3 fluorimeter, with a temperature controlled attach-
ment from Julabo (Model: F32). Fluorescence transients were
measured by using a commercially available spectrophotometer
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LifeSpec-ps) from Edinburgh Instruments, UK (excitation wave-
ength of 375 nm (for DCM & H258 in AOT vesicles) and 409 nm
for EtBr in AOT vesicles), 80 ps instrument response function
IRF)). The observed fluorescence decay transients are fitted by
sing a nonlinear least square fitting procedure [33] to a func-
ion (X(t) =

∫ t

0
E(t′)R(t − t′)dt′) comprising of convolution of the

RF (E(t)) with a sum of exponentials (R(t) = A +
∑N

i=1Bie
−t/�i ) with

re-exponential factors (Bi), characteristic lifetimes (�i) and a back-
round (A). Relative concentration in a multi-exponential decay is
nally expressed as an = Bn/

∑N
i=1Bi. The quality of the curve fitting

s evaluated by reduced chi-square and residual data.
To construct time-resolved emission spectra (TRES) we  fol-

ow the technique described in Refs. [33,36]. The time-dependent
uorescence Stokes shifts, as estimated from TRES, are used to
onstruct the normalized spectral shift correlation function or the
olvent correlation function, C(t), defined as

(t) = �(t) − �(∞)
�(0) − �(∞)

(2)

here �(0), �(t) and �(∞)  are the emission maxima (in cm−1) at
ime zero, t and infinity, respectively. The C(t) function represents
he temporal response of the solvent relaxation process, as occurs
round the probe following its photo excitation and the associated
hange in the dipole moment. For anisotropy (r(t)) measurements,
mission polarization was adjusted to be parallel or perpendicular
o that of the excitation, and anisotropy is defined as [36]:

(t) = I||(t) − I⊥(t)
I||(t) + 2I⊥(t)

(3)

here I‖(t) and I⊥(t) are the temporal emission intensities at paral-
el and perpendicular emission polarization with respect to vertical
xcitation polarization.

The rotational time constants were calculated using the
eported method for fluorescence anisotropy analysis [37]. In this
nalysis the basic equations used to fit the parallel (I‖(t)) and per-
endicular (I⊥(t)) components of the emission transients are,

||(t) = 1
3

F(t)[1 + 2r(t)] (4a)

⊥(t) = 1
3

F(t)[1 − r(t)] (4b)

here F(t) is the pure excited state population decay, free of
nisotropy effect; can be written as F(t) = F0 exp(− t/�F); �F being
he average lifetime of the fluorophore estimated from the recon-
olution fitting analysis of fluorescence decay taken at magic angle
4.7◦. r(t) is the anisotropy decay at time t and is given by,

( ) ( )

(t) = afast exp

−t

�fast
+ aslow exp

−t

�slow
(5)

here �fast and �slow are the rotational time constants and afast and
slow being their relative weight respectively in the total anisotropy.
ubstituting r(t) and F(t) into Eq. (4) yields,

II(t) = F0 exp(−t/�F ) + 2afastF0 exp(− t

�fast�F /(�fast + �F )
)

+ 2aslowF0 exp(− t

�slow�F /(�slow + �F )
)  (6a)
I⊥(t) = F0 exp(−t/�F ) − afastF0 exp(− t

�fast�F /(�fast + �F )
)

− aslowF0 exp(− t

�slow�F /(�slow + �F )
) (6b)

Now both I‖(t) and I⊥(t) decays can be fitted tri-exponentially as,

I||(t) = A1 exp
(−t

�a

)
+ A2 exp

(−t

�b

)
+ A3 exp

(−t

�c

)
(7a)

I⊥(t) = A′
1 exp

(−t

�a

)
+ A′

2 exp
(−t

�b

)
+ A′

3 exp
(−t

�c

)
(7b)

where �i represents fitted time parameters and Ai its relative
weight.

Comparing Eq. (6) with Eq. (7) one can find out the values of
�fast, �slow, afast and aslow and the calculated values are reported in
Table 2. All the anisotropy results are averaged over three indepen-
dent measurements.

In order to estimate Förster resonance energy transfer effi-
ciency of the donor (H258) and hence to determine the distance
of donor–acceptor pairs we  used the following methodology [36].
The Förster distance (R0) is given by,

R0 = 0.211[�2n−4QDJ(�)]
1/6

(8)

where �2 is a factor describing the relative orientation in space
of the transition dipoles of the donor and acceptor. For donor
and acceptors that are randomized by rotational diffusion prior
to energy transfer, the magnitude of �2 is assumed to be 2/3.
The refractive index (n) of the medium was  calculated to be
1.334 ± 0.001 using Rudolph J357 automatic refractometer. QD, the
quantum yield of the donor in the absence of acceptor was mea-
sured to be 0.36 using the quantum yield of H258 in ethanol as
reference standard (QD of H258 in ethanol is 0.50 [38]), J(�) the
overlap integral, which expresses the degree of spectral overlap
between the donor emission and the acceptor absorption is given
by,

J(�) =
∫ ∞

0
FD(�)εA(�)�4d�∫ ∞

0
FD(�)d�

(9)

where FD(�) is the fluorescence intensity of the donor in the wave-
length range of � to (� + d�) and is dimensionless. εA(�) is the
extinction coefficient (in M−1 cm−1) of the acceptor at �. If � is in
nm,  then J(�) is in units of M−1 cm−1 nm4. Once the value of R0
is known, the donor–acceptor distance (r) can be easily calculated
using the formula,

r6 = R6
0(1 − E)

E
(10)

where E is the efficiency of energy transfer. The transfer efficiency
(E) is measured using the fluorescence lifetime of the donor, in
absence (�D) and presence (�DA) of the acceptor.

E = 1 − �DA

�D
(11)

The reported FRET results are averaged for three independent mea-
surements.

In vitro release was  determined by the dialysis bag method
[39]. To perform the study, 1.5 ml  of 18 mM AOT vesicle solu-
tion containing 400 �M of rifampicin was taken in a dialysis bag
(Spectrum Laboratories, Inc, USA, MWCO:12,000–14,000 Da)  and
was tightly sealed. The sealed dialysis bag was then introduced
into 40 ml  of in vitro release medium of either phosphate buffered

saline (10 mM,  pH 7.4) or citrate buffer solution (10 mM,  pH 5.8).
The whole system was  incubated at 37 ◦C under stirring condition
at a constant speed. Aliquots of 2 ml  were withdrawn from the
release medium at selected time intervals for 24 h and replaced



Fig. 1. (a) A typical dynamic light scattering (DLS) signal of 18 mM AOT/water vesi-
cle at 293 K. Change in hydrodynamic diameter of 18 mM AOT/water vesicles at
different temperatures in both forward and reverse modes have been shown in the
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nset. The concentration independent vesicle diameter is shown in another inset.
b). Emission spectrum of DCM excited at 375 nm in 18 mM AOT/water vesicle at
93  K and 343 K.

ith equal volume of fresh buffer to keep the release medium vol-
me  constant. The released amount of rifampicin in each aliquot
as determined from the absorbance at 334 nm and the percent-

ge released in the bulk was calculated as a function of incubation
ime. Control experiments were done by taking only 400 �M of
ifampicin in the dialysis bag against identical release medium
nder identical experimental condition. Release experiments were
epeated for at least thrice to ensure their reproducibility.

. Results and discussions

In order to measure the size of the self-aggregates of AOT in
ilute aqueous solution, dynamic light scattering (DLS) measure-
ents are carried out at three different AOT concentrations (9, 14

nd 18 mM;  inset of Fig. 1a) and at various temperatures. A rep-
esentative intensity distribution curve for 18 mM AOT solution is
resented in Fig. 1a which indicates an aggregate size of ∼140 nm.
imilar size distribution is obtained with 9 and 14 mM AOT concen-
rations. It can be emphasized here that the distribution profile is
nimodal in both intensity (∝d6) distribution as well as in volume
∝d3) distribution profile (d being the diameter of particles) with

elatively low (∼0.2) polydispersity index (PDI) suggesting the exis-
ence of aggregates of uniform sizes. Here the higher hydrodynamic
iameter with unimodal size distribution indicates the formation
f AOT vesicles rather than self assembly of AOT molecules to form
micelles. The previously reported CVC (critical vesicle concentra-
tion) of 7.8 mM [30,40] and CMC  (critical micelle concentration)
of 2.66 mM [41–43] strongly suggest the preferential formation of
vesicles in the studied concentration range. An important question
is worth introducing here is whether the vesicles are unilamellar
or multilamellar. It is known that geometrical properties of mul-
tilamellar vesicles (MLV) depend upon the concentration of the
vesicle forming amphiphile and increase in amphiphile concen-
tration adds up new layers in MLV  resulting in a concentration
dependent growth of vesicle size [44]. The uniformity in the con-
centration independent size distribution of vesicles in the present
study confirms the ULV formation. Temperature dependent DLS
study (inset of Fig. 1a) shows a single monodispersed (with low
PDI) peak with a slight decrease in the vesicle size with tempera-
ture. Shading of water molecules from hydration layer, as has also
been observed in micelles at higher temperature [33] is an obvi-
ous reason for this change, moreover, the increased contribution
of faster moving bulk water [45] (which extends from fs to ps) at
higher temperature also limits the estimation of hydration layer by
slow DLS (which extends from ns to ms)  technique to a smaller
value. It is also to be noted here that self-assembled structures
(like micelles, reverse micelles, vesicles, etc.) retain a dynamic equi-
librium in solution which manifests dynamic exchange of solutes
(amphiphiles), and is a function of temperature and solvent prop-
erties. Exclusion of water from the vesicle-pool during the dynamic
exchange of solutes at higher temperature might be one of the
reasons for this change. Thus the change in the vesicle size is a
cumulative approach and its reversibility provides evidence of the
very physical nature of the size reduction. The overall retention
of size and monodispersity provides evidence of existence of only
vesicle structures even at elevated temperatures.

The aging effect on the size of the vesicles is examined by DLS
experiment. Freshly prepared vesicles show a diameter of about
∼140 nm and it remains unchanged even after 15 days with an
almost unchanged PDI value (∼0.2) (Supporting Information, Table
S1). The transparency of the solution is also found to be retained
with aging confirming the stability of the ULV with time, which is
a prerequisite for a potential drug delivery vehicle.

As the vesicles are non-fluorescent, the spectroscopic study is
probed by DCM. Fig. 1b depicts the fluorescence spectra of DCM
in 18 mM AOT vesicle, excited at 375 nm,  at 293 and 343 K. The
emission peak, which is obtained at 620 nm at 293 K, is consis-
tent with the value found for DCM in Triton X-100, cetyl trimethyl
ammonium bromide and sodium dodecyl sulfate micelles [46]. The
position of the emission maximum of DCM in AOT vesicle is found to
be similar to that in highly polar solvents, e.g. methanol, formamide,
etc. [47,48]. It may  be recalled here that in pure hydrocarbon (e.g.
n-heptane) DCM exhibits very weak emission with quantum yield
of 0.01 and emission maximum at 530 nm [34]. The emission quan-
tum yield of DCM is also known to increase with increase in solvent
polarity and is 0.44 in methanol [49]. The red shifted emission max-
imum (620 nm)  and relatively high quantum yield (0.36) value of
DCM in AOT vesicles suggest that DCM molecules stay in the polar
interface of the vesicles instead of the dry hydrocarbon layer. The
insignificant red shift (∼2 nm)  (Fig. 1b) in the peak position of the
probe at higher temperature signifies that the microenvironment
of the probe does not change appreciably with temperature and it
resides in the interface only.

To probe the dynamics of water entrapped in the AOT vesicles
we study the picosecond-resolved fluorescence spectroscopy of the
solvation probe, DCM. The Fluorescence decay transients of DCM
in AOT vesicles at three representative wavelengths at 293 K are

presented in Fig. 2a. It is evident from the figure that the decay pat-
terns are strongly wavelength dependent. At 560 nm,  the transient
decays fast with time components of 140 ps (60%), 670 ps (30%) and
1680 ps (10%). For the extreme red wavelength (680 nm), a distinct



Fig. 2. (a) Fluorescence decays of DCM in 18 mM AOT/water vesicle at 293 K of 560,
610 and 680 nm.  (b) Solvent correlation function, C(t) of DCM in 18 mM AOT/water
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Arrhenius type of activation energy barrier crossing model [55,58].
We plot ln(1/〈�s〉) as a function of 1/T, and a good linear fit is
obtained (Fig. 3a). From the slope of the straight line, activation

Table 1
Solvation correlation data for DCM in 18 mM AOT/water vesicle at different
temperatures.a

Temperature (K) a1 �1 (ns) a2 �2 (ns) 〈�s〉 (ns) Ea (kcal mol−1)

293 0.32 0.11 0.68 0.37 0.29

3.7 ± 0.2

303 0.35 0.10 0.65 0.36 0.26
313 0.49 0.09 0.51 0.33 0.21
323 0.60 0.05 0.40 0.32 0.16
333 0.49 0.05 0.51 0.22 0.14
esicle at 293, 303, 313, 323, 333 and 343 K. The solid lines denote the best fit to
iexponential decay. Time-resolved emission spectra of DCM in 18 mM AOT/water
esicle at 293 K are shown in the inset.

ise component of 210 ps is obtained along with decay components
f 995 ps and 1800 ps. The presence of faster decay components at
he blue end and a rise component at the red wavelength are indica-
ive of solvation in the vesicles. As the temperature is increased
o 343 K, the transients still show wavelength dependency, how-
ver, with a decrease in the time constants (figures not shown),
ndicating increased mobility of the solvating species at elevated
emperatures.

The time-resolved emission spectra (TRES) of DCM in AOT are
onstructed at different temperatures following the procedure
iven in the previous section. A typical TRES for DCM in AOT
esicle as obtained at 293 K is depicted in the inset of Fig. 2b.
he C(t) curves obtained at different temperatures are fitted bi-
xponentially (Fig. 2b) and the fitted parameters are presented in
able 1. It is observed from Table 1 that the time constants are in
he order of several tens of and several hundreds of picoseconds,
espectively. It can be noted that both these components are slower
han the subpicosecond solvation time scale reported for bulk
ater [50]. As has been inferred from steady-state measurements

he observed solvation dynamics appear to be due exclusively to
he DCM molecules residing at the AOT water interface, a con-
lusion also supported from the fact that DCM in hydrocarbon
roduces very short lifetime of ∼50 ps as opposed to the consid-
rably slow decay time constants found in the present study. The

bserved average solvation time (〈�s〉 = a1�1 + a2�2) of 0.29 ns at
93 K is comparable to that of DCM obtained in the interfacial stern

ayer of SDS micelle [33]. The two slow time components obtained
n the present study have their origin from the relaxation of the
interfacial bound type (hydrogen bonded to the polar headgroup,
�2) and free type water molecules (not directly hydrogen bonded
to the headgroup, but hydrogen bonded to the interfacial-bound
water, �1) present in the interface of AOT vesicles. This obser-
vation also provides supports towards the unilamellarity of AOT
vesicles as explained below. The entrapped water pool of unil-
amellar AOT vesicle is considerably bigger (radius ∼68.0 nm) than
those of the water pool of the reverse micelles (radius < 10 nm).
Earlier Bhattacharya et al. reported that in AOT microemulsion
([H2O]/[AOT] = 20), DCM exhibits bimodal solvation dynamics with
time components of 0.3 ns and 2.4 ns respectively having an aver-
age time constant of 1.23 ns [34]. This solvation time gets faster as
the water pool radius increases, which in turn is due to the addi-
tion of fast moving bulk water into the system [51]. The present
study rather exhibits a faster relaxation time scale compared to
that in w/o  microemulsion systems. Earlier studies by Xie et al. [28]
reveal that MLVs consist of concentric bilayers (onion like struc-
ture) with highly structured water molecules present in between
the bilayers and thus are expected to exhibit a relatively slow sol-
vation response as also obtained in microemulsion systems [34].
The absence of any such slow relaxation component in the present
study thus reconfirms the formation of ULV only as has been pro-
posed from the DLS measurements.

To further investigate possible heterogeneity in the positional
distribution of DCM at the vesicle interface we follow time-resolved
area normalized emission spectral (TRANES), which is a well-
established technique [52–54] and is a modified version of TRES.
The unique feature of this method is that existence of an isoemis-
sive point in the spectra indicates the presence of two  emitting
species in the system (i.e., heterogeneity in the residence of the
fluorophore). In the present study, we do not find any isoemissive
point when we  construct TRANES at any of the studied temper-
atures (Figure S1 in the supporting information). This observation
reconfirms the formation of ULV at the studied AOT concentrations.

Having characterized the uniform size and unilamellarity of the
AOT vesicle along with its stability over a range of temperature, it
now becomes interesting to study the energetic associated with the
dynamical water exchange at the vesicle interface. In this regard,
we study the solvation dynamics of AOT vesicle at different temper-
atures (Fig. 2b) and the fitted solvation data are presented in Table 1.
It can be observed from the figure and the table that solvation
becomes faster at elevated temperatures, which can be explained
with the help of the multishell continuum model proposed by
Bagchi et al. for reverse micelles and proteins [55–57].  In this model,
a dynamic exchange between bound and free water molecules at
the interface is assumed. The energetic of the exchange depends
upon the strength and the number of hydrogen bonds among the
water molecules at the interface. This bound to free type transition
of water molecules with temperature has been shown to follow an
343 0.41 0.04 0.59 0.18 0.12

a � i represents the solvent correlation time constant, ai represents its relative
contribution and 〈�s〉 the average solvation time constant. Estimated maximum error
in  determination of � i is 6%.



Fig. 3. (a) Plot of ln(1/〈�s〉), �s expressed in second, against 1/T  for 18 mM AOT/water
vesicle, with linear fit. A plot of ln(�m), �m expressed in cP, against 1/T  for the same
system is shown in the inset with linear fit. (b) Triexponential reconvolution analyses
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f  I‖(t) and I⊥(t) polarized decays of DCM in AOT/water vesicle at 293 K. The temporal
nisotropy decay curve (square) generated using Eq. (3),  is plotted in the inset and
he  solid line denotes its best fit.

nergy (Ea) is calculated to be 3.7 ± 0.2 kcal mol−1, which is of the
ame order of magnitude to that obtained for the transition from
ound type water (hydrogen bonded to polar headgroup) to free
ype water (not directly hydrogen bonded to headgroup) at RM [59]
nd micellar [33,60] interface. This equality is a direct consequence
f the dynamic nature of the primary and secondary hydration
hell near the cell mimicking AOT vesicle which in turn is largely
nfluenced by temperature.

To have a further idea of the temperature-mediated modifi-
ation of interfacial water dynamics, we measure the temporal
nisotropy decay, r(t), of the probe in AOT vesicle at different tem-
eratures. The inset of Fig. 3b shows a representative anisotropy
ecay of DCM in AOT/water vesicles at 293 K. The time components
btained from fluorescence anisotropy decay, r(t), of DCM in AOT

esicles at different temperatures are listed in Table 2. The time
omponents obtained in this study are significantly slower than
he picosecond time scale reported for conventional hydrophobic
yes in bulk water [45] indicating hindered rotation of the probe.

able 2
luorescence anisotropy decays and wobbling-in-cone data of DCM in 18 mM AOT/water

Temperature (K) r0 afast �fast (ns) aslow �slow (ns) DW (×1

293 0.34 0.26 0.55 0.08 2.18 03.19 

303  0.34 0.27 0.44 0.07 1.88 04.15 

313  0.33 0.33 0.38 – – 06.57 

323 0.33  0.33 0.27 – – 09.25 

333 0.32  0.32 0.24 – – 10.41 

343  0.33 0.33 0.19 – – 13.15 

a � i represents the anisotropy time constant and ai represents its relative weight in the
This concludes that the dye experiences much higher viscosity (see
later) in AOT vesicles in comparison to that in bulk water, which
concludes the residence of the probe in the interfacial layer of the
vesicles at all the studied temperatures. Note that the anisotropy
decays at low temperatures are biexponential having a major con-
tribution from the fast component (�fast). At higher temperatures
the contribution of the slower component (�slow) vanishes making
the decay transient single-exponential. To account for the effect of
temperature on the rotational relaxation process of the probe in
the vesicle, the anisotropy decay is analyzed using the two-step
wobbling-in-cone model described elsewhere [61–64].  The diffu-
sion coefficient (Dw) values obtained using this model (Table 2) are
of the same order of magnitude as reported earlier for micelle [65]
and RM systems [59] and increases with temperature. This increase
implies that with increasing temperature, the probe experiences
less restricted rotation at the vesicle interface which might orig-
inate from the faster movement of the trapped water at elevated
temperatures. This change is also manifested in the observed faster
solvation dynamics at elevated temperatures (Table 1 and Fig. 2b).
The interfacial microviscosity �m as experienced by the probe can
be estimated from the time-resolved fluorescence anisotropy using
the modified Stokes–Einstein–Debye equation (SED) [66,67],

�r = �mVh

kBT
(12)

where kB is the Boltzmann constant, T the absolute temperature.
Hydrodynamic volume of the probe (Vh) can be calculated as:

Vh = VmfC (13)

where f is the shape factor (f = 1 for a spherical probe) and C repre-
sents solute-solvent coupling constant (C = 1 for “stick” condition
and C < 1 for “slip” condition) and Vm the molecular volume of the
probe [68]. In case of f = C = 1, Eq. (12) reduces to the original simple
SED equation,

�r = �mVm

kBT
(14)

While estimating microviscosities we have used the simple SED
(Eq. (14)) as well as the modified SED (Eqs. (12) and (13)) model
considering realistic f and C values. Fixing DCM as a prolate ellipsoid
[69] with a molecular volume of ∼285 Å3 (estimated according to
the procedure described elsewhere [70]), the value of f is calculated
using the equation [66,67],

f = 2
3

1 − p4

[(2 − p2)p2(1 − p2)−1/2 ln((1 + (1 − p2)1/2)/p)] − p2
(15)

where p is the axial ratio (ratio of minor axis to major axis) of the
prolate ellipsoid. For DCM, the shape factor, f, is estimated to be
2.56. As the coupling constant C also depends on the boundary
condition (slip or stick), we have estimated the microviscosities by
considering the coupling factor to be 0.508 for slipping boundary

condition as calculated for a nonspherical probe [68]. The estimated
microviscosity values calculated by both simple SED and modified
SED are presented in Table 2. It is evident from the table that the val-
ues of microviscosity are ∼6 times higher than that of bulk water.

 vesicle at different temperatures.a

0−8 s−1) �m (cP) Simple SED �m (cP) Modified SED E� (kcal mol−1)

7.79 5.99

3.6 ± 0.2

6.45 4.96
5.76 4.42
4.22 3.24
3.87 2.97
3.15 2.42

 total anisotropy. Estimated maximum error in determination of � i is 5%.



Table 3
Calculated values of parameters obtained from FRET between H258 & EtBr and H258 & DCM pairs at 293 K.a

System 〈�D〉 (ns) 〈�DA〉 (ns) J(�) (M−1 cm−1 nm4) E R0 (nm) R (nm)

H258-EtBr 2.18 0.66 2.50 × 1014 0.70 ± 0.003 3.4 3.0 ± 0.04
014 0.52 ± 0.004 4.7 4.6 ± 0.05

ce and presence of the acceptor, respectively. Estimated error in determination of �D and
�
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release. The decrease of drug release at lower pH is also evident
from the K value obtained by fitting the curves with Eq. (17) (Fig. 5a
and Table 4). Decreasing pH from 7.4 to 5.8 is manifested in a 3 fold
decreases in the rate of rifampicin release from AOT vesicle whereas

Table 4
Rate constant values using first order exponential equation for the release of
rifampicin from AOT vesicles and water.

pH K (h−1) n
H258-DCM 2.25 1.09 15.2 × 1

a 〈�D〉 and 〈�DA〉 represents the average fluorescence lifetime of the donor in absen
DA is 3%.

arlier reports suggest that microviscosity in micelle [65] and RM
71] system are 10–15 and 6–9 times higher than that in bulk water,
espectively. It is also observed that �m decreases gradually with
ncreasing temperature revealing that the probe experiences less
otational hindrance at higher temperature which might results
rom the breaking of water-water hydrogen bond network at the
nterface. Assuming that microviscosity changes with temperature
ollowing the relation [72],

m = �0 exp
(

E�

RT

)
(16)

here E� is the energy barrier for the viscous flow. Using the �m

alues obtained from Eq. (12) we plot ln �m against 1/T  (inset of
ig. 3a) and a good linear fit is obtained with a calculated E� value of
.6 ± 0.2 kcal mol−1. The good agreement between the E� obtained
rom the rotational anisotropy study and Ea value obtained from
olvation dynamics study is notable. The close agreement between
hese two energy values indicate the cooperatively of the two
rocesses involved. As discussed earlier, the observed accelera-
ion of the solvation dynamics with temperature has its origin in
he transition of the slower moving interfacially bound water to
aster moving bulk-type water, which in turn is associated with
he decrease in the microviscosity at the vesicle interface.

To investigate the ability of AOT vesicles to host drugs of var-
ous nature (both hydrophobic and charged) simultaneously we
tudy FRET between the dyes H258 (donor) and DCM (acceptor),
nd also between H258 (donor) and EtBr (acceptor) in AOT vesi-
les after solubilising each donor acceptor pair in AOT vesicles.
ig. 4 shows that an efficient energy transfer takes place between
ach donor–acceptor pair, as indicated by the faster decay of the
onor in presence of the acceptor in the vesicles compared to that
f the donor itself in the vesicles. The estimated donor–acceptor
istances between H258 and DCM pair and H258 and EtBr pair are
alculated to be 4.6 ± 0.05 and 3.0 ± 0.04 nm respectively using Eq.
10) (Table 3). The observed FRET distances are much smaller than
he estimated inter vesicle distance of ∼120 nm supporting energy
ransfer between the donor–acceptor pairs hosted simultaneously
n the same AOT vesicle. The finding shows the ability of the AOT
esicles to host simultaneously both charged drugs like H258, EtBr
nd also hydrophobic model drug DCM. This is very crucial for many
odelivery applications and supports the strong candidature of AOT
esicles among drug nano carriers.

An interesting question at this juncture is whether the AOT vesi-
les produced could evolve as a convenient drug carrier. A good
rug nano carrier should prerequisitely be able to release a drug in

 controlled manner. To investigate the release profile of AOT vesi-
le a well known anti-tuberculosis drug rifampicin [73] is taken as

 model. Plot of cumulative percent of drug released against time
Fig. 5a) shows a typical profile of first order exponential controlled
elease of the drug [74,75]. The release profile follows a relation,

 = Q0 − be−Kt (17)

here Q is the cumulative percent of drug released at time t, b a

onstant and K the rate constant of drug release. At pH 7.4, 60%
f the drug is released from the vesicles in 6.5 h whereas 80% of it
s released within the first 6.0 h in a controlled experiment with-
ut AOT vesicle (Fig. 5a). This clearly indicates that AOT vesicle
Fig. 4. (a) The temporal decay of H258 and H258-DCM FRET pair in 18 mM
AOT/water vesicles monitored at 490 nm.  (b) The temporal decay of H258 and H258-
EtBr FRET pair in 18 mM AOT/water vesicles monitored at 490 nm.

helps in increasing the dosage time making the drug available for a
longer period of time without degradation. The release of rifampicin
loaded vesicles is studied further in an acidic pH of 5.8 as rifampicin
shows variation in solubility with pH [76] which in turn could affect
its bioavailability. As observed from Fig. 5a an acidic environment
not only retards the rate of release but also the extent of rifampicin
Control AOT vesicle AOT  vesicle

7.4 0.45 ± 0.01 0.24 ± 0.01 0.79 ± 0.03
5.8  0.40 ± 0.02 0.08 ± 0.01 0.65 ± 0.01



Fig. 5. (a) Release profile of rifampicin from AOT vesicle at pH 7.4, 5.8. The solid
lines are fits according to Eq. (17). (b) Peppas fit (Eq. (18)) at pH 7.4 and 5.8 with
t
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ime expressed in hours.

he change is negligible in the control experiment. It is reported that
t various pH medium the dissolution rate depends on the interac-
ion of rifampicin with the acidic excipients like SDS and AOT [77].
n our case also the observed retardation might originate from the
nteraction of rifampicin with AOT, which in turn could modulate
ifampicin bioavailability.

The mechanism of drug release can be analyzed by a relationship
roposed by Peppas et al. [78]:

Mt

M
= ktn (18)

here Mt/M is the fraction of drug released at time t, k a kinetic
onstant relative to the properties of the matrix and the drug (struc-
ural and geometric characteristics) and n the diffusional exponent,
hich depends upon the release mechanism and geometry of the
evice. It has been shown that this relation can adequately describe
he release of drugs or other solutes from slabs, cylinders and
pheres, regardless of the release mechanism [78]. The value of k
nd n can be calculated from the intercept and slope of the straight
ine plotted for the first 60% of the release curves. We obtain good
inear fits (Fig. 5b) with corresponding n values of 0.79 ± 0.03 at
H 7.4 and 0.65 ± 0.01 at pH 5.8. It should be noted here that for
pherical carrier n should be equal to 0.5 for a pure Fickian release,
 for zero-order kinetics and 0.5 < n < 1 for anomalous (non-Fickian)
elease [78]. In the present system the release of rifampicin from
OT vesicle is found to be non-Fickian in nature.

[
[
[

4. Conclusion

We  have explored the aggregate structure and size of AOT
vesicles in dilute aqueous region (9–18 mM AOT), using the com-
bination of spectroscopic and light scattering methods. The size
of the AOT vesicles (monodispersed in distribution) is found to be
independent of temperature (293–343 K) and surfactant concen-
tration (9, 14 and 18 mM)  providing evidence of its unilamellarity.
The time independent DLS data further shows its aging stability.
Microenvironment of the AOT vesicles is probed through a solva-
tion probe, DCM. Both steady-state and time-resolved fluorescence
spectroscopy indicate the residence of the probe DCM at the surfac-
tant water interface and shows the efficacy of the vesicles to host
the model drug/ligand DCM. A comparably faster solvation dynam-
ics (〈�s〉 = 0.29 ns) in AOT vesicle compared to AOT microemulsion
(〈�s〉 = 1.23 ns) rules out the presence of multiple concentric bilay-
ers as has also been evidenced from the DLS study. Absence of an
isoemissive point in TRANES further rules out the heterogeneity
in the residence of DCM molecules. The residence of the probe in
the solvation shell of the AOT vesicle has been confirmed through
the increased microviscosity of the probe environment, compared
to the bulk viscosity of the solution. The time resolved FRET stud-
ies between various dyes present in the same vesicles show the
ability of the AOT vesicles to host model drugs of various natures
simultaneously. The drug release from the vesicle is found to be
controlled over 24 h at 37 ◦C at both the studied pH range of the dis-
solution medium. The release rate changes in acidic pH. All these
features hold great promise for the development of AOT vesicles
as viable drug delivery systems. The study explores the hydrogen
bonded structure and dynamics at the interface of the AOT vesicle,
which is similar to the environment around cell. The considerable
stability of the nontoxic, monodispersed, unilamellar AOT/water
vesicles in wide range of AOT concentration and temperature, with
the capability of hosting drugs of various natures simultaneously
for many codelivery applications combined with controlled drug
release profile may  find its application in drug delivery.
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