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Spontaneous vesicle formation in water by single-chain surfactants is rare. Here we show that in aqueous
solution, a single-chain cationic surfactant 3-(dodecylcarbamoyl-2-hydroxypropyl)-trimethylammonium
chloride (C12-CAR) derived from D,L-carnitine spontaneously forms vesicles with hydrodynamic diameters
in the range of 30–70 nm. A detailed self-assembly study of the C12-CAR surfactant was performed for the
first time by use of a combination of techniques, including surface tension, conductivity, fluorescence
probe, dynamic light scattering and transmission electron microscopy. The cationic surfactant was found
to have a reasonably low critical aggregation concentration (3.4 ± 0.2 mM) in water at 298 K. The vesicles
were observed to be stable at the physiological temperature (310 K) over a long period of time. Although
the vesicles formed were found to be unstable and exhibit vesicle-to-tubule transition in the presence of
salt, in the presence of 10 mol% cholesterol the stability of vesicles is enhanced. When compared with
lipofectamine-2000, the C12-CAR was found to act as an effective gene transfection agent in COS-1 cell
line. The surfactant-DNA complex was also found to be nontoxic toward CHO cells.

� 2014 Elsevier Inc. All rights reserved.
1. Introduction

Cationic liposomes-forming synthetic amphiphiles are rela-
tively well established as carriers of DNA, antimicrobial, and anti-
cancer agents [1,2]. Their applications have been found for all
routes of drug delivery. They reduce toxicity of drugs in the target
organ by modifying drug distribution and improve the therapeutic
index observed with several antimony salts, [3] immunomodula-
tors, [4] antifungal agents, [5] and antibiotics [6]. Presently, syn-
thetic cationic liposomes of quaternary ammonium compounds
that form stable and closed bilayers (vesicles) in aqueous solutions
are used in gene delivery [7]. DNA and cationic vesicles form com-
plexes that are prospective candidates for gene therapy. These
non-viral carriers appear promising because of their simplicity,
apparent lack of immunogenicity and inflammatory response, lar-
ger carrier capacity and higher fusogenic potential as compared
with viral carriers [8]. The success of gene therapy is largely depen-
dent on the development of gene delivery vectors. Synthetic
vectors, such as cationic polymers and lipids interact with DNA
through a highly cooperative process, leading to the condensation
of the anionic polyelectrolyte. This co-condensation of oppositely
charged polymers is a quasi-irreversible process leading to polydis-
perse microprecipitates containing hundreds of DNA molecules per
particle. Complexes are heterogeneous with respect to their com-
position, size (50–500 nm), and shape (toroids, rods, and aggre-
gates) [9]. These cationic multi-molecular aggregates are efficient
for DNA delivery to cells in culture since their large size favors their
contact with the cell surface by sedimentation, but severely
restricts their biodistribution. This may explain the poor transfec-
tion efficiency of these complexes. In contrast to cationic polymers
and lipids, cationic detergents interact with DNA reversibly [10].
This tendency has been observed experimentally for cationic deter-
gents, such as cetyltrimethylammonium bromide (CTAB) [10]. The
detergents are thought to destabilize the endosomal membrane
and induce DNA release into the cytoplasm, in line with the good
transfection efficiency observed with complexes of DNA bound to
vesicles composed of neutral lipids and cationic detergents [11].

L-Carnitine is known to be a trimethylated amino acid
(c-trimethyl-b-hydroxybutyrobetaine) biosynthesized from the
amino acids lysine and methionine. L-Carnitine acts as a cofactor
required for fatty acid metabolism and energy production in
human and animals [12]. It is found in high concentrations in mus-
cles of both vertebrates and invertebrate animals. Carnitine is an
extremely hydrophilic stable compound. It is non-toxic (rat oral
LD50 > 5000 mg kg�1), non-mutagenic and shows almost no skin
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irritation [12]. Therefore, carnitine is widely taken as a nutritional
supplement. Carnitine and its derivatives are largely applied in
cosmetics and in pharmacy. Carnitine has a positively charged qua-
ternary amine group and b-hydroxy and a-carboxylic acid groups.
The latter two moieties can be coupled to hydrophobic chains to
produce a cationic surfactant. Several approaches for the synthesis
of short alkyl chain and medium or long acyl chain carnitine esters
have been reported in literature [13,14]. The long chain alkyl/acyl
carnitine esters are also reported as potentially biodegradable
cationic lipid for use in gene delivery, [14] and as antimicrobial
agent [15]. Indeed, the strong surface activity as well as biocom-
patibility [16] allows them to be classified as ‘‘soft drugs’’ [17].
The poly(carnitine) derivative has also been suggested to be a
new class of biomaterial for application in pharmacy, cosmetics
and petrochemicals [12]. It has been reported that most of the sin-
gle-chain acyl carnitine derivatives (zwitterionic surfactants) form
micelles at low concentrations [18,19], whereas the double-chain
diesters (cationic surfactants) of carnitine in dilute aqueous
solution form flexible bilayers and vesicles [19,20]. The single-
long-chain amide carnitine amphiphile having a chiral center as
well as amide group and a hydroxyl group in the hydrocarbon
tail can result in a strong intermolecular hydrogen-bonding
(H-bonding) interaction in addition to the hydrophobic interac-
tions. Thus, it was thought that such strong interactions among
amphiphiles can promote bilayer formation even in the case of sin-
gle-chain derivative. The objectives of the work are (i) synthesis of
single-chain carnitine salt, 3-(dodecylcarbamoyl-2-hydroxypro-
pyl)-trimethylammonium chloride (C12-CAR) (see Fig. 1 for struc-
ture), (ii) study of interfacial properties in water, (iii) study of the
self-assembly behavior of C12-CAR in aqueous solution at lower
and higher concentrations, (iv) in vitro evaluation of its potential
applications in gene delivery, and (v) toxicity studies.
2. Experimental section

2.1. Materials

D,L-Carnitine hydrochloride was purchased from Sigma and
1-hydroxy benzotriazole (HOBt), dicyclohexylcarbodiimide (DCC),
dodecylamine were from SRL, Mumbai, India, and were used
without further purification. Analytical grade potassium chloride
and sodium chloride were procured locally and were used as such.
N-phenyl-1-naphthylamine (NPN), 1,6-diphenyl-1,3,5-hexatriene
(DPH) and pyrene were purchased from Sigma–Aldrich (Bangalore,
India) and were used after recrystallization from acetone–ethanol
mixture. Cholesterol and 5(6)-carboxyfluorescein, CF (Aldrich)
was used directly. The purity of the fluorescent probes was tested
by the fluorescence emission and excitation spectra. All organic
solvents were of good quality commercially available and were
Fig. 1. Plot of c vs. logCS of C12-CAR in water at 298 K; Inset: chemical structure of
C12-CAR.
dried and distilled fresh before use. Aqueous solutions were pre-
pared using doubly distilled water.

Synthesis of C12-CAR
The cationic surfactant C12-CAR was synthesized following

Scheme S1 (see ‘‘Electronic Supplementary Information’’, ESI)
according to the procedure described elsewhere [21]. Briefly
D,L-carnitine hydrochloride, (5.0 g, 0.0253 mol) was solubilized in
DMF (150 mL) with stirring. Equimolar amounts of dodecylamine
(4.69 g, 0.0253 mol) and DCC (5.22 g, 0.0253 mol) were dissolved
in CHCl3 (50 mL) separately and were poured into the stirring
carnitine solution at room temperature. The reaction mixture
was then cooled to about 5 �C in an ice bath. HOBt (3.42 g,
0.0253 mol) was dissolved in CHCl3 (50 mL) and added drop wise
to the above reaction mixture. After 1 h the reaction vessel was
removed from the ice bath and stirring was continued for 24 h at
room temperature. After completion of reaction, DMF was
removed by vacuum distillation and the crude product was puri-
fied by column chromatography using silica gel (60–120 mesh)
as the column packing material. Dry acetone was used to elute
the impurities and acetone–methanol mixture (3:1 v/v) was used
at the end to elute pure compound. Finally, the compound was
recrystallized from dry acetone. The compound was identified by
elemental analysis, FT-IR, and 1H NMR spectra (Fig. S1, ESI).

C12-CAR(C19H41O2N2Cl). F.W.: 364.5. Yield 80%, M.P. 483 K (d),
FT-IR (KBr, cm�1): 3410, 3285, 2925, 2853, 1636, 1553, 1478,
1370, 1300. 1H NMR: DH (200 MHz, D2O): 4.57 (1H, m, CH), 3.41
(2H, d, J = 7.8 Hz, CH2-CH), 3.16 (9H, s, NCH3), 3.09 (2H, m, CH2NH),
2.41 (2H, d, J = 6.2 Hz, CHCH2CO), 1.43 (2H, m, CH2CH2CH2), 1.19
(18H, m, alkyl chain), 0.73 (3H, t, J = 6.4 Hz, CH3). Elemental anal-
ysis (CHNS/O) calcd. (%) 62.55, 11.25, 7.68 and found (%): 61.78,
11.44, 7.36.

2.2. Instrumentation and Methods

The 1H NMR spectra were recorded on a Bruker SEM 200 MHz
instrument in D2O solvent using ACN as internal standard. The ele-
mental analysis was carried out with a Perkin Elmer 2400 Series II
CHNS/O analyzer. A Perkin–Elmer (Model Spectrum Rx I) spec-
trometer was used for recording the FT-IR spectra. For solid sam-
ples, KBr pellet was used, whereas in case of aqueous solutions
(in D2O), a thin layer of solution of the compound was placed
between zinc selenide plates. The background spectrum of the pure
solvent was then subtracted from the raw data using the
instrumental software to obtain corrected spectrum. Melting
points were determined by an Instind (Kolkata) melting point
apparatus using open capillaries. Surface tension (ST) was mea-
sured in an automated Surface Tensiometer (model 3S, GBX,
France) using the Du Nuöy ring detachment method. All measure-
ments were performed at room temperature (�298 K) unless
otherwise mentioned. Temperature controlled measurements
were carried out by use of a temperature-controlled circulating
water bath (JULABO, model F12).

A SPEX Fluorolog-3 (model no: FL3-11) spectrophotometer was
used for recording fluorescence emission spectra of pyrene. A
Perkin Elmer LS-55 luminescence spectrometer equipped with
thermostating cell holder was used for steady-state fluorescence
measurements with NPN and DPH probes. The steady-state
fluorescence anisotropy (r) of DPH was measured on the Perkin
Elmer LS-55 luminescence spectrometer. Fluorescence lifetimes
(sf) of DPH probe were determined from time-resolved intensity
decay by time-correlated single-photon counting method using a
pico-second diode laser (k = 370 nm, IBH, UK, nanoLED-03) as a
source for excitation.

The dynamic light scattering (DLS) measurements were carried
out with a Zetasizer Nano ZS (Malvern Instrument Lab, Malvern,
U.K.) light scattering spectrometer equipped with a He–Ne laser
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operated at 4 mW at ko = 633 nm, a digital correlator, and a
computer-controlled and stepping-motor-driven variable angle
detection system.

The high resolution transmission electron microscopic measure-
ments were carried out on a HRTEM (JEOL-JEM 2100, Japan) operat-
ing at 200 kV at 298 K. A 400 mesh carbon-coated copper grid was
immersed in a surfactant solution for 1 min, excess solution was
blotted off with filter paper, air dried for an hour. It was then neg-
atively stained with freshly prepared 1.5% (w/v) aqueous uranyl
acetate. The specimens were kept in desiccators until before use.

For fluorescence microscopy, solid C12-CAR surfactant
(250 mM) was dissolved in a 1 mM aqueous solution of CF. The
solution was equilibrated for about 4 h and then eluted through
a Sephadex G-50 size exclusion column to remove the excess free
dye from the dye-trapped aggregates. The diameter and height of
the column were 1.2 cm and 25 cm, respectively. The eluent was
collected and an aliquot of the sample solution was pipetted onto
the glass slide and sealed with a cover slip and left to sit with the
cover slip down for a few minutes before analysis. The confocal
fluorescence microscopic images were obtained with a FV 1000
Olympus Confocal Microscope equipped with a laser scanning
module (LSM) microscope and a PLAPON 60 X oil immersion objec-
tive with numerical aperture (NA) of 1.42.

3. Results and discussion

3.1. Critical micelle concentration

Studies on some long-chain acyl carnitines and perfluoroalkyla-
cyl carnitines have shown high solubility, strong surface activity,
and a significant emulsifying power of this single-chain carnitine
surfactant. [16,18,19] Therefore, the aggregation behavior of the
cationic surfactants C12-CAR in aqueous medium was attempted
first. The critical aggregation concentration (cac) of the surfactants
was measured by the surface tension (ST) method. The surface ten-
sion (c mN/m) was measured in water with increasing surfactant
concentration (CS) at 298 K. The c value decreases linearly with
logCS (Fig. 1) and show a characteristic break and remains constant
thereafter. The concentration corresponding to the break point was
taken as cac value. The surface-active parameters, such as cac, sur-
face tension corresponding to cac (ccac), and efficiency of adsorp-
tion, pC20 (negative logarithm of surfactant concentration
required to reduce the ST of water by 20 units) were determined
from the ST plot and the data are listed in Table 1.

The nature of the aggregates in aqueous solution can be further
asserted by calculation of the values of the maximum surface
excess concentration (Cmax) and minimum surface area per surfac-
tant head group (Ao) at the air/water interface. Cmax was estimated
from the slope of the linear part of the ST plot using Gibbs adsorp-
tion equations [22]
Table 1
Surface-active parameters and self-assembly
properties of C12-CAR at 298 K.

Properties C12-CAR

cac (mM) 3.4 ± 0.1
ccac (mN m�1) 41.5
pC20 (M) 2.8
Cmax � 106 (mol m�2) 2.4
Ao (Å2 molecule�1) 70 ± 10
I1/I3

a 1.27 ± 0.05
DkNPN (nm)a 20 ± 2
ra 0.125 ± 0.005
gm (mPa s)a 34.0 ± 4

a Measured using [surfactant] equal to
10 mM.
Cmax ¼ �1=nRT ðdc=dlnCÞ ð1Þ
Ao ¼ 1=ðCmax NAÞ ð2Þ

where the terms have their usual meanings. In Eq. (1) the value of n
was assumed to be 2 as C12-CAR is a 1:1 electrolyte. However, as
discussed elsewhere, for some 1:1 cationics the n-value was found
to be less than 2 because of the presence of ionic impurities [23].
However, in the present case, the feature of the adsorption isotherm
clearly indicates absence of any surface-active impurity in the aque-
ous solution of C12-CAR. The Ao value thus obtained from Eq. (2)
using the Cmax value is less than 100 Å2 which is an indicative of
the formation of bilayer aggregates [24]. It is well known that for
a bilayer self-assembly, the hydrophobic chain modulates the phase
behavior, whereas the head-group determines the bilayer surface
chemistry. Intermolecular H-bonding among the head-groups and
tight packing of the hydrocarbon tails in amphiphiles are responsi-
ble for the formation of spherical bilayer vesicles in dilute aqueous
solution and has been reported earlier [25,26]. Similarly, in the case
of C12-CAR, the presence of amide and hydroxyl groups promotes
intermolecular H-bonding, whereas the long hydrocarbon chain is
responsible for the close packing of the molecules in bilayer forma-
tion, and has been supported by the results of fluorescence and
microscopic studies discussed below.

3.2. Fluorescence probe studies

The fluorescence characteristics of polarity sensitive probes
when bound to the hydrophobic domains give information on
the nature of their microenvironments and hence the structure for-
mation by the self-assemblies. It is well known that due to tight
packing the hydrocarbon domain of the bilayer aggregates is much
less polar than pure solvents [25,27]. The fluorescence spectra of
two probes, pyrene and NPN were measured in the absence as well
as in the presence of the surfactant to determine the polarity of the
microenvironment of surfactant aggregates. Pyrene is a well-
known polarity sensitive fluorescence probe, where the ratio (I1/
I3) of intensities of the first and third vibronic bands of the pyrene
fluorescence spectrum (Fig. S2(a) of ESI) is sensitive to the polarity
of the microenvironment in which the probe is solubilized [28].
The I1/I3 ratio that has the highest value in water decreases with
the decrease in solvent polarity. As surfactant molecules are mostly
present in the aggregate form at a concentration equal to 10 mM
(see Fig. 2), the I1/I3 ratio for C12-CAR amphiphile was measured
at this concentration. The I1/I3 ratio (Table 1) thus obtained was
found to be much less than that of water (1.80), indicating
solubilization of the pyrene molecule within the nonpolar
microenvironment of the self-assembled microstructures [28]. In
order to quantify the polarity of the hydrophobic microenviron-
ment of the aggregates, I1/I3 value can be compared with the
respective values of micelle-forming common cationic surfactants
such as dodecyltrimethylammonium bromide (DTAB) having
Fig. 2. Plots of variation of wavelength shift of NPN, Dkmax (=kwater – ksurfactant) and
fluorescence anisotropy (r) of DPH vs. C12-CAR concentration (CS) at 298 K.
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similar hydrocarbon chain length, neglecting the effect of counter
ion on surfactant aggregate. It has been found that the microenvi-
ronment of the probe in C12-CAR vesicles is less polar than that in
DTAB micelles [29]. This suggests the existence of a more ordered
and compact structure in C12-CAR aggregates in comparison with
DTAB micelles.

Also in the emission spectrum of NPN (Fig. S2 (b) of ESI) a shift
in the emission maximum accompanied by a huge increase in fluo-
rescence intensity relative to that in water was observed. This sug-
gests solubilization of the probe within the rigid nonpolar
microenvironment of the surfactant aggregates [30]. The variation
of Dkmax with the surfactant concentration is shown in Fig. 2. The
I1/I3 and Dkmax values of the corresponding probe measured in
10 mM surfactant solutions are listed in Table 1.

Similar to the change of fluorescence intensity of pyrene and
NPN probe the fluorescence anisotropy (r) of DPH probe can also
change when it is incorporated into the hydrophobic region of
the surfactant aggregates [31]. The r-value (0.125 ± 0.002) of the
DPH probe in the presence of C12-CAR measured at a concentration
above its cac value was found to be greater than that of DTAB
(20 mM) micelles (r = 0.048), but is comparable to many vesicle-
or liposome-forming amphiphiles [24,31]. The relatively high value
of r suggests that the microenvironment of the probe molecule is
very viscous [32]. This is possible only if bilayer structures are
formed. In other words, r-value is sensitive to changes of micro-
structure of the self-assemblies. The r-value was also measured
in the presence of different concentrations of C12-CAR above cac.
The plot (Fig. 2) shows that the r-value gradually decreases with
the increase of surfactant concentration reaching minimum
(0.117) at CS equal to 40 mM. The small decrease of r-value can
be attributed to the increase of light scattering by the vesicles
the concentration of which increases with the addition of surfac-
tant. This means that bilayer vesicles exist in a wide range of con-
centrations of C12-CAR in aqueous solutions.

The above experimental findings can be further supported by
the microviscosity (gm) around the DPH probe, which gives a quan-
titative idea about the rigidity/viscosity of the microenvironments
in the surfactant self-assemblies formed. The gm value was
obtained from the fluorescence lifetime (sf) and anisotropy data
of DPH probe. A representative fluorescence intensity decay profile
of DPH probe in 10 mM aqueous solution of C12-CAR is shown in
Fig. S3 of ESI. The sf value obtained from the analysis of fluores-
cence intensity decays of DPH probe in the presence of C12-CAR
surfactant is 4.35 ns. The gm value around the probe molecule
was calculated according to the procedure reported in a earlier
publication [33]. The gm values, thus calculated from the measured
r and sf values of DPH probe (see Table 1) is much higher than
those of normal micelles of cationic surfactants such as DTAB
(13.22 mPa s) [33], indicating more rigid microenvironment in
C12-CAR vesicles. The magnitude of fluorescence lifetime and
microviscosity sensed by the DPH probe solubilized in the self-
assemblies of C12-CAR is comparable to many liposome systems
[24,31–34] and therefore, gm value of C12-CAR amphiphile is con-
sistent with the formation of bilayer vesicles.

3.3. Molecular interactions responsible for the self-assembly formation

The supramolecular arrangement of C12-CAR in the bilayer ves-
icle can be explained by the existence of hydrophilic/lipophilic,
electrostatic, van der Waals and H-bonding interactions between
the surfactant molecules. The first region on either side of the
bilayer is the hydrophilic head-group formed by the quaternary
ammonium group (Me3N+) of C12-CAR and hence, this portion of
the membrane is completely hydrated and facing toward the inner
aqueous core of the vesicle. Next to the hydrated region is an inter-
mediate region having polar hydroxyl and amide groups. It can be
assumed that the AOH group present nearer to the Me3N+ group
may be partially hydrated and involved in intermolecular
H-bonding with neighboring molecules. In dilute solutions of the
vesicles, the intermolecular H-bond formation between the
OH-groups of C12-CAR molecules must be mediated through inter-
facial water molecules and, therefore is relatively weaker than in
concentrated solution of C12-CAR. Therefore, FT-IR spectrum
(Fig. S4) of the concentrated solution (20 mM) of C12-CAR in D2O
solvent was taken to trace the existence of intermolecular H-bond-
ing, and thus to provide a means of measuring the extra stability
toward the aggregate formation in solution state. The FT-IR spec-
trum of C12-CAR was recorded in D2O solvent instead of H2O
because the OAH bond stretching in H2O (�3360 cm�1) and in
the hydroxyl group (�3330 cm�1) are very close, resulting in a
band overlap. However, the OAD bond stretching and bending
vibrations in D2O appears at �2500 cm�1 and �1210 cm�1, respec-
tively. Also the H-bonding properties of the OH groups in D2O do
not differ greatly from that of the normal water (H2O). Fig. S4
shows a broad peak around 3417 cm�1 corresponding to the
OAH stretching frequency, suggesting intermolecular H-bonding
between the AOH groups in the bilayer membrane. It should also
be noted that DTAB surfactant with similar hydrocarbon chain
length forms only micelles in aqueous solutions [35]. This means
that AOH and the HNC@O functional groups in the hydrocarbon
chain of C12-CAR play a major role in the formation of bilayer
aggregates.

Stable intermolecular H-bonding between NAH and C@O in the
amide group of C12-CAR that induces bilayer formation is also
expected. In fact, similar H-bonding interaction has been reported
for many vesicles-forming surfactants [36–38]. Existence of such
interactions in the self-assembled structure of C12-CAR is indicated
by the low interfacial polarity reported by the NPN as well as by
pyrene probe molecules (see data in Table 1). The low micropolar-
ity suggests expulsion of water molecules from the interfacial
region, reducing the possibility of formation of amide-water
H-bonding and increasing the strength of amide-amide intermo-
lecular H-bonding. These H-bonding interactions near the head-
group region are able to minimize the repulsive interactions
among the cationic Me3N+ groups thus ensuring higher stability
to the bilayer membrane. The hydrophobic bilayer membrane of
C12-CAR composed of straight chain alkyl group (dodecyl) is also
due to the strong hydrophobic interactions among the hydrocar-
bon chains. Thus based on the above results a schematic diagram
of the bilayer structure (Fig. 3) formed by C12-CAR surfactant can
be proposed.

3.4. Hydrodynamic size of aggregates

The mean hydrodynamic diameter (dH) of the surfactant aggre-
gates was measured by the DLS technique at different concentra-
tions. The size distribution histograms of the 5 mM and 20 mM
C12-CAR solutions are presented in Fig. 4. Both the distributions
show the existence of mostly large aggregates along with some
small aggregates (dH = 3–4 nm) in equilibrium with large aggre-
gates. The large aggregates have dH in the range of 30–100 nm.
The dH values of these aggregates are observed to be very large
in comparison with normal spherical micelles (3–5 nm) [39] of cat-
ionic surfactants. The large size of the aggregates is consistent with
the vesicular structures as suggested by the results of fluorescence
depolarization and ST measurements.

3.5. Shape of the aggregates

Microscopy
In order to visualize the shape, size and morphology of the

microstructures formed by the surfactant in aqueous solution,



Fig. 3. Schematic diagram of the bilayer structure formed by C12-CAR amphiphile in
aqueous solution.
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HRTEM images (Fig. 5) of C12-CAR solutions were taken. The TEM
images in Fig. 5(a) and (b) clearly exhibit the presence of almost
spherical bilayer vesicles that enclose an aqueous cavity at both
lower and higher concentrations. This finding is consistent with
the results obtained from ST and fluorescence studies. It can be
seen thInstrumentation and Methodsat the inner diameters of
the vesicles are approximately in the range 30–70 nm which are
slightly less than the mean hydrodynamic diameters obtained
from DLS measurement. This might be due to the drying of the
sample in TEM method.

Since the circular structure of the vesicles with aqueous interior
usually observed in normal TEM micrographs is often criticized as
artifacts due to the sample preparation procedure, the vesicle
formation with enclosed aqueous cavity was further demonstrated
Fig. 4. Hydrodynamic size distributions of the surfactant aggregates
by fluorescence microscopy (dye entrapment method). Incorpora-
tion of fluorescent dyes into the liposome and vesicle has been
widely used for the study of stability, release profile, membrane
fusion, and tracking of liposomes and vesicles [34]. In order to fur-
ther support the existence of interior aqueous core and therefore,
the existence of vesicles, fluorescence microscopy of a highly
water-soluble fluorescent dye CF trapped vesicle solution of
C12-CAR was performed. The microscopic image in Fig. 6(a) exhib-
its circular structures showing green fluorescence, clearly indicat-
ing entrapment of CF molecules within the aqueous core of the
vesicles. However, only large size vesicles could be detected due
to the limited resolution of the fluorescence microscope.
3.6. Effect of salt on vesicle stability

The effect of salt concentration on the stability of vesicles
formed by C12-CAR surfactant was systematically studied. It is com-
monly observed that increase of counter ion concentration or even
an increase of ionic strength of the surfactant solution induces tran-
sition of bilayer vesicles to form spherical micelles [40], rod-like
micelles [41], tubular structure [42] or from small vesicles to giant
vesicles [43]. Addition of salts causes the reduction of electrostatic
repulsion among the surfactant head-groups and is a key factor to
influence the morphology of aggregates in ionic surfactant solu-
tions [42]. Also addition of salts causes the reduction of cac value
as the aggregation becomes more favorable due to the reduction
of electrostatic repulsion among the surfactant head-groups. In
the present case, the cac value is reduced to 0.71 mM in the pres-
ence 50 mM NaCl salt (see Fig. S5) at room temperature.

To understand the influence of salt concentration on surfactant
aggregates, the steady-state fluorescence anisotropy (r) of DPH
probe was measured in C12-CAR solution at concentrations above
its cac value in the presence of varying concentration of NaCl.
The variation of r with [NaCl] is shown in Fig. 7(a). The plot shows
a sharp decrease of r-value with the rise of NaCl concentration,
suggesting transformation of bilayer structure to some other
morphology at a relatively low NaCl concentration (�50 mM).
Since r-value at the highest salt concentration used is not as low
as that of normal micelles (�0.05), this is indicative of the transfor-
mation of vesicles-to-rod-like/tubular aggregates.

The DLS measurements using 5 mM C12-CAR was also per-
formed in the presence of 50 mM NaCl. The results are presented
in the inset of Fig. 7(a). The mean dH value is found to be around
1.0 lm, which is much higher than the value obtained in the
absence of salt. This indicates formation of large aggregates in
the presence of salt and can be attributed to the transformation
of the small spherical vesicles to large vesicles or tube/rod-like
aggregates. Since the surfactant solution at high salt concentration
remained optically clear the possibility of formation of large
vesicles can be ruled out. To visually observe the shape of larger
in (a) 5 mM and (b) 20 mM aqueous C12-CAR solutions at 298 K.



Fig. 5. TEM micrographs (negatively stained with 1% uranyl acetate) of (a) 5.0 mM and (b) 20.0 mM C12-CAR.

Fig. 6. Fluorescence microscopic image of CF-trapped vesicle solution of C12-CAR.
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aggregates we have measured TEM micrograph of the 5 mM
C12-CAR solution containing 50 mM NaCl. Clearly, the micrograph
(Fig. 7(b)) reveals the presence of a bunch of long aggregates of
tubular morphology. The tubules are not flexible. They are a
few micrometers long and have an inner diameter around
50–100 nm. If they were flexible rod-like aggregates, the surfactant
solution would be viscous. Since the diameter of the long aggre-
gates is very large and surfactant solution did not appear viscous,
they can be associated with tubular aggregates. Because there are
no marks on the surface of the nanotubes, they are probably
formed by rolling (like cigarette paper) of the bilayer sheets formed
at higher surfactant concentrations. The existence of such mor-
phology in C12-CAR at high salt concentrations is thus consistent
with the results of DLS and fluorescence measurements.
Fig. 7. (a) Plot of r of DPH vs [NaCl] in 5.0 mM C12-CAR solution; Inset: Size distribution pr
micrographs (negatively stained with 1% uranyl acetate) of 5.0 mM C12-CAR in the pres
3.7. Effect of cholesterol on vesicle stability

Cholesterol (Chol) is an integral part of biological membranes
and is known to influence the packing of lipids within the bilayer
which in turn affects bilayer permeability, mechanical strength
and biochemical interactions [44]. In general, co-lipids like Chol
are required for transfection because it offers rigidity and stability
to the liposomes. Also cell membrane has Chol receptors, which
help in the fusion of liposomes on the cell surface. In order to eval-
uate the effect of Chol on the stability of bilayer membranes
formed by C12-CAR surfactant, we performed fluorescence anisot-
ropy measurements using a DPH probe in the presence of varying
concentrations of Chol. It was found that with increase in [Chol] in
the lipid mixture with C12-CAR the r-value increases reaching max-
imum at ca. 10 mol% of Chol (Fig. 8). Upon further addition of Chol
the r-value decreased slightly and the physical appearance of the
measuring solution becomes turbid. For C12-CAR, the increase of
r-value in the presence of Chol indicates that addition of Chol
makes the bilayer membrane more rigid, which offers more stabil-
ity to the vesicles. The Chol incorporation into the bilayer results in
a greater head-group separation and thereby minimizes the elec-
trostatic repulsions between the Me3N+ units at the level of
head-groups of C12-CAR monomers and offers an extra stability
to the bilayer self-assembly [37]. At higher level (>10 mol%) of
Chol, the r-value starts to fall indicating that the Chol has reached
its solubility limit in lipid bilayers.
3.8. Thermal stability of vesicles

Determination of physical stability of vesicles at higher temper-
ature is necessary for their practical applications and therefore, the
effect of temperature on vesicular stability of C12-CAR was also
studied. The fluorescence anisotropy of DPH probe solubilized in
ofile of 5.0 mM C12-CAR aggregates in the presence of 50 mM NaCl at 298 K; (b) TEM
ence of 50 mM NaCl at 298 K.



Fig. 8. Plot of r of DPH as a function of mol % of Chol in 5.0 mM C12-CAR at 298 K;
Inset: plots of r of DPH versus T (K) for 5.0 mM C12-CAR without (s) and with
10 mol% Chol mixture (d).

Fig. 10. Bar graphs of percent cell viability versus lipid-to-DNA (+/�) charge ratio
for C12-CAR liposome in CHO cells.
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the vesicles bilayer was monitored in the temperature range 298–
333 K. The plots in the inset of Fig. 8 show the variation of r with
temperature in 5 mM aqueous C12-CAR solution. The r-value which
is higher at low temperatures decreases with the increase in tem-
perature. This is because of the decrease of microviscosity of the
vesicle bilayer with the rise of temperature as a result of weaken-
ing of the hydrophobic interactions among hydrocarbon chains as
well as the disruption of the intermolecular H-bonding and other
physical forces forming the bilayer aggregates. The sigmoid plot
suggests a two-state transition. Since the r-value (0.06) detected
at 333 K is very low and corresponds to micellar structure, the sig-
moid decrease of r-value can be attributed to vesicle-to-micelle
transition. Thus the temperature corresponding to a 50% change
of r can be taken as melting or phase transition temperature, Tm

of the vesicles. The high value of transition temperature (�315 K)
clearly suggests that the vesicles are quite stable at physiological
temperature (310 K).

Bhattacharya and Haldar observed that the hydrophobic associ-
ation of the cationic amphiphile and Chol imposes restriction on
the chain (CH2)n motions, and offers rigidity to the self-assembly
[37]. This modulation in the hydrocarbon chain fluidity in the lipid
bilayer can in turn alter Tm value and thus enhance vesicle stability.
We therefore measured the r-value of DPH in C12-CAR/Chol mix-
ture at different temperatures (Fig. 8 (inset)). A thermal phase
transition as indicated by a small sigmoid decrease of r-value can
be clearly seen. This can be attributed to gel-to-liquid crystal phase
transition with Tm at around 311 K. The higher r-values at the ele-
vated temperatures suggests that the packing of hydrocarbon
chains of the bilayer formed by C12-CAR/Chol lipid mixture is very
rigid and that the vesicles are highly stable even at 333 K.

3.9. In vitro gene transfection study

Many cationic amphiphiles have been reported for safe and tar-
get specific delivery of genetic materials in gene therapy [7,45].
Fig. 9. In vitro gene transfection efficiencies of C12-CAR-C
The gene transfection efficiency depends largely on the structure
of the cationic amphiphile [45]. The double chain alkyl/acyl carni-
tine esters were reported [14] as potentially biodegradable cationic
lipids for use in gene delivery. Keeping in mind the recent develop-
ments in non-viral vectors in gene transfection, a preliminary
biocompatibility and gene delivery studies were carried out with
C12-CAR surfactant. The transfection efficiency of the liposome
prepared from C12-CAR-Chol mixture was compared with lipofect-
amine-2000, a commercially available liposome. The detailed pro-
cedure for liposome preparation, cell culture, and transfection
assays is described under supporting information. For confirmation
of gene transfection and its expression within the cells the
b-galactosidase activity was assayed. All the transfection experi-
ment was carried out in duplicate to ensure the reproducibility,
and the transfection efficiency values shown in Fig. 9 for (a) CHO
and (b) COS-1 cells are the average of triplicate experiments per-
formed on the same day. Transfection efficiency of the liposome
was compared with that of lipofectamine-2000. The gene transfec-
tion results suggest that the liposomes prepared from C12-CAR and
Chol in 5:1 mol ratio are able to transfect DNA into the cell. Gene
transfection was found to be better in 2:1 and 4:1 lipid-to-DNA
(+/�) charge ratios and a better result of transfection was obtained
for liposome in COS-1 cells.

3.10. Cytotoxicity study

Cytotoxicity of the liposomes was assessed by the
3-(4,5-dimethyl-thiazol-2-yl)-2,5-diphenyltetrazolium bromide
(MTT) reduction assay in CHO cells [46]. The cytotoxicity assay
was performed in 96-well plates by maintaining the same ratio
of number of cells to amount of cationic lipid, as used in the trans-
fection experiments. 10 lL of MTT solution (5 mg MTT/mL in PBS)
was added 4 h after addition of cationic lipid to the cells. The cell
plate is kept for 4 h in the incubator and the violet crystal was
hol liposomes into (a) CHO cells; and (b) COS-1 cells.
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observed on the cell plate in which MTT was added. Methanol/
DMSO mixture (1:1, v/v) was added to dissolve the crystal and
shaken for 10 min. Finally, absorbance value at 550 nm was
measured in a model ELx- 800Ms spectrophotometer. Results were
expressed as percent viability (=[A540(treated cells) – background/
A540 (untreated cells) – background] � 100) and are summarized in
Fig. 10. The cytotoxicity results suggest that the cells are more via-
ble in the presence of liposome-DNA complex having 2:1 and 4:1
lipid-to-DNA (+/�) charge ratios. However, at 8:1 lipid-to-DNA
(+/�) charge ratio, the cells are found to be least viable. This might
be the reason for better gene transfection efficiencies of the lipo-
some-DNA complexes of 2:1 and 4:1 lipid-to-DNA (+/�) charge
ratios.

4. Conclusions

In summary, a new single-chain, biocompatible cationic surfac-
tant, (3-dodecylcarbamoyl-2-hydroxypropyl)trimethylammonium
chloride, C12-CAR, was synthesized. The interfacial properties and
self-assembly behavior of C12-CAR were investigated in aqueous
medium. The low cac and ccac values depict the amphiphile as a
reasonably good surface-active agent. Unlike structurally similar
conventional single-chain cationic surfactants [29,33] and most
of the single-chain acyl carnitine derivatives (zwitterionic surfac-
tants) [18,19] which form micelles at low concentrations,
C12-CAR was found to self-organize spontaneously to form stable
vesicles in aqueous solution in a wide range of concentrations.
The size of the vesicles ranges between 30 nm and 70 nm. The
presence of the AOH and HNC@O groups in the hydrocarbon chain
of C12-CAR promotes the bilayer aggregate formation through
intermolecular H-bonding interactions between the surfactant
monomers. The results of microviscosity (gm) and anisotropy (r)
measurements suggest that the vesicle phase of the amphiphile
is quite stable. However in the presence of NaCl at concentrations
greater than 50 mM, the vesicles slowly transform into rigid elon-
gated tubular aggregates. The results of fluorescence probe studies
indicate the rigid bilayer vesicle membrane is capable of solubiliz-
ing nonpolar molecules. On the other hand, fluorescence micros-
copy confirmed entrapment of polar molecules in the aqueous
core of vesicles. It was observed that vesicles formed by C12-CAR/
Chol mixture have more rigid bilayer membrane, which offers an
extra stability to the vesicle structure even at high temperatures
(>310 K). Liposomes obtained from the C12-CAR/Chol mixture were
found to be nontoxic and could deliver plasmid DNA into both CHO
and COS-1 cells. The gene transfection efficiency of the cationic
surfactant was found to be comparable to the commercially avail-
able standard lipofectamine-2000. Since the C12-CAR/Chol/DNA
complexes are nontoxic, the C12-CAR/Chol mixture can have poten-
tial application in gene delivery. Thus, as far as gene delivery is
concerned, the single-chain carnitine amide amphiphile is as good
as the double chain alkyl/acyl carnitine esters [14].
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