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Cholesterol (Chol) is a ubiquitous steroidal component of cell membrane and is known to modulate the
packing of phospholipids within the bilayer. Thus, Chol has been frequently used in the formulation and
study of artificial ‘‘model membranes” like vesicles and liposomes. In this work, we have developed a
novel anionic surfactant by conjugating two biomolecules, cholesterol and c-aminobutyric acid via a
urethane linkage. We have studied its physicochemical behavior in aqueous buffer. The surfactant has
been shown to spontaneously form small unilamellar vesicles above a very low critical concentration
in aqueous neutral buffer at room temperature. The vesicle phase was characterized by use of fluores-
cence probe, transmission electron microscopy and dynamic light scattering (DLS) techniques. The vesicle
bilayer was found to be much less polar as well as more viscous compared to the bulk water. The vesicle
stability with respect to change of temperature, pH, and ageing time was investigated by fluorescence
probe and DLS techniques. The loading efficiency of the vesicles for the hydrophobic drug, curcumin,
was determined and its release under physiological condition was studied. The in vitro cellular uptake
of curcumin-loaded vesicles to human breast cancer cell line (MDA-MB-231) also was investigated.
The MTT assay showed that the surfactant was non-cytotoxic up to a relatively high concentration.
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1. Introduction

Cancer registers the second leading cause of death in the USA,
accounting for nearly 22.5 % of total deaths [1]. Despite gradual
downtrend of its mortality rate (22.97% in 2000 and 22.24% in
2014) [1], cancer still continues to hold its rank over the decades.
Curcumin, CUR (see Chart 1 for structure), a polyphenol occurring
in the herbal remedy and curry spice turmeric (Curcuma longa), has
been identified as a potential candidate for treating cancer. Its uses
are scripted in the ancient Hindu treatise, the Ayurveda [2]. The
demand of turmeric as a food coloring and flavouring agent is glo-
bal. The Food and Agriculture Organization of the United Nations
records an annual import of over 2400 metric tons of turmeric into
the USA for consumer use. In addition to its stimulant and coloring
properties in foodstuffs, CUR exhibits a wide range of pharmaco-
logical activities, such as antimicrobial, antioxidant, anti-
inflammatory, hepato-protective, anti-Alzheimer’s, chemopreven-
tive, and chemotherapeutic properties [3–9]. It is well-
established that CUR blocks transcriptional factor activator
protein-1 (AP-1), nuclear factor-kappaB (NF-jB) [10], and modu-
lates mitogen-activated protein kinase (MAPK) and phosphoinosi
tide-3-kinase–protein kinase B/Akt (PI3 K-PKB/Akt) signalling
pathways that could contribute to anti-proliferation and induction
of apoptosis in vitro including K562 myelogenous leukemia cells.
Further, CUR is a potent inhibitor of three crucial ATP-binding cas-
sette (ABC) drug transporters, such as MDR1, MRP1 and ABCG2,
which play a pivotal role in multidrug resistance (MDR) [11,12].
Studies have also reported that CUR inhibited the activity of
p210bcr/abl tyrosine kinase in K562 cells [13]. Due to its diverse
properties and myriad applications, over 100 chemical and phar-
maceutical companies are producing various curcumin products
in different forms—from dairy and drinks to tablets and gels—for
daily and medical use. Also, various clinical trials are in different
phases or have been done to investigate the therapeutic efficacy
of CUR [14].

However, the chemistry of CUR is somewhat disappointing. CUR
delivery is handicapped by its low water solubility (0.4 lg/mL at
pH 7.3) as well as its alkaline degradation [15–18]. A simple way
to address the solubility and stability issues is to encapsulate it
into nano-aggregates, thus protecting it from degradation and
metabolism. During the past two decades, extensive research has
been on to developing various CUR nanoformulations. Different
nanocarriers, such as polymer nanoparticles [19], polymeric
micelles [20], liposomes [21], nano-/micro-emulsions [12,22],
nanogels [23] solid lipid nanoparticles [24], polymer conjugates
[25], have been formulated for the delivery of CUR to tumor cells.
Among various nanodelivery systems, vesicles provide an excellent
bilayer microenvironment for CUR solubilization. Vesicles that
Chart 1. Chemical structu
form spontaneously in aqueous solution and have good long-
term stability are even advantageous over liposomes (phospholipid
vesicles) as the latter often suffer from instability, poor batch to
batch reproducibility, and sterilization difficulties, which limit
their application. Kumar et al. have demonstrated enhanced solu-
bilization of CUR in mixed cationic surfactant vesicles [26]. CUR-
loaded vesicles formed by nonionic surfactants, such as Tween
80 and F127 in combination with lauric acid and isopropanol
showed antimicrobial activity against Propionibacterium acnes
[27]. Dequalinium-derived cationic vesicles of size 170–200 nm
are reported as inhalation formulation with improved stability
characteristics and mitochondrial targeting ability for treating
acute lung injury [28]. CUR/b-cyclodextrin vesicles are reported
to enhance the aqueous solubility of CUR up to 7000 folds, but
the vesicles exist in aqueous medium for a month only, showing
not-so-good formulation stability [29].

Although there are many reports on liposomal CUR, including
two commercially available nanoformulations [30], only a few arti-
cles have addressed the chemotherapeutic activity of CUR-loaded
vesicles. As a step forward to this direction, in this work we have
synthesized a cholesterol-based anionic surfactant, NaGCh (see
Chart 1 for structure) and studied its physicochemical behavior
in aqueous buffer. In designing NaGCh, two biomolecules, such as
cholesterol (Chol) and gamma-amino butyric acid (GABA) were
conjugated via a urethane linkage. It is well known that Chol, a typ-
ical steroid, is a ubiquitous component of cell membrane and mod-
ulates the packing of phospholipids within the bilayer [31]. On the
other hand GABA is a four-carbon, non-protein amino acid con-
served from bacteria to plants and vertebrates. Although it was dis-
covered in plants long ago [32], but the interest in GABA suddenly
moved to animals when it was found that GABA was a chief inhi-
bitory neurotransmitter in the central nervous system. The chem-
ical, physiological, and pharmacological role of GABA have been
reviewed in the literature [33,34]. Also, the incorporation of bio-
molecules like Chol and GABA is expected to render NaGCh cell
viable. In a previous paper, we have shown that a structurally sim-
ilar compound NaChol-Ala, where the amino acid is L-alanine
instead of GABA, also formed robust vesicles in aqueous solutions
[35]. In the present work, with a wide range of techniques includ-
ing fluorescence, dynamic light scattering and microscopy, we
demonstrate that NaGCh spontaneously forms stable vesicles in
neutral buffer at room temperature. These vesicles were investi-
gated for encapsulation and in vitro delivery of CUR to human
breast cancer cell line MDA-MB-231. The cytotoxicity and cellular
uptake studies were also carried out with the CUR-loaded vesicles.
re of CUR and NaGCh.
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2. Results and discussion

2.1. Self-assembly studies

2.1.1. Critical aggregation concentration
In aqueous solution, surfactant molecules self-assemble to form

aggregates, such as micelles, vesicles, etc. Fluorescence is a power-
ful and sensitive technique to study the self-assembly properties of
surfactants [36–41]. To accurately determine the critical aggrega-
tion concentration (cac) for the onset of self-assembly formation,
we used N-phenyl-1-naphthalamine (NPN) and coumarin-153
(C153) as extrinsic fluorescence probes. We also employed 1,6-
diphenyl-1,3,5-hexatriene (DPH) to estimate the fluidity of the
microenvironment of the self-assembled aggregates. The
hydrophobic probe molecules are poorly soluble in water (<1 mM)
and have weak fluorescence. But as they are exposed to a nonpolar
environment, the fluorescence is enhanced accompanied by a sig-
nificant blue shift of the emission maximum.

In aqueous buffer (pH 7.0 PBS, 20 mM), NPN alone exhibits a
very weak fluorescence with emission maximum (kmax) centered
at 460 nm. With increasing [NaGCh], the emission maximum was
observed to gradually shift toward shorter wavelengths. Also,
almost 2.4 times increment in intensity was noted in the presence
of NaGCh (see Fig. S1). This clearly suggests that the surfactant
molecules self-assemble to form aggregates with a less polar
microenvironment, where the probe molecules are preferably sol-
ubilized. The variation of relative fluorescence intensity (F/Fo,
where Fo and F are the fluorescence intensities in the absence
and the presence of the surfactant, respectively) and spectral shift
(Dk = kmax(buffer) – kmax(sample)) of NPN as a function of [NaGCh] are
shown by the plots in Fig. 1. The surfactant concentration corre-
sponding to the onset of the rise of the plots can be taken as its
cac value (Table 1). The cac value (�15 lM) thus obtained is very
low. However, the accuracy of the cac value is further confirmed
by the results of fluorescence titration carried out using C153 as
a probe molecule (discussed below). The large blue shift
(�50 nm) of the NPN fluorescence suggests that its microenviron-
ments are much less polar than the bulk water.
2.1.2. Shape and size of aggregates
The microstructures of the aggregates were visualized with a

transmission electron microscope (TEM). The unstained TEM
image of the 0.20 mM (108 lg/mL) NaGCh dispersion is presented
in Fig. 2(a). The micrograph 2a clearly reveals the formation of
spherical vesicles having diameter in the range of 20–50 nm. The
micrograph 2a also shows clustering of vesicles. An approximate
Fig. 1. Variation of relative fluorescence intensity (F/Fo) and spectral shift (Dk) of
NPN probe with [NaGCh] at 25 �C.
thickness (�4.6 nm) of the bilayer vesicle membrane was mea-
sured from the TEM image as shown in Fig. 2(a), which is slightly
less than twice the length of the Chol moiety of the surfactant. Con-
sidering the hydrophobic chain length of NaGCh is equal to
2.53 nm (as obtained by energy minimization studies using Chem-
Draw 3D 7.1 software), the membrane is unilamellar one. The
small difference (�0.46 nm) between the values of estimated
thickness of the membrane and two times of chain length could
be attributed to interdigitation of the hydrocarbon tails in the
bilayer membrane. This suggests that NaGCh spontaneously forms
small unilamellar vesicles (SUVs) at pH 7. The conventional TEM
images are often criticised as artefacts because it involves drying
of the samples. Therefore, to confirm vesicle formation in solution,
we have performed Cryo-TEM measurement for a representative
sample. The micrograph in Fig. 2(b) clearly reveals spherical vesi-
cles of diameters in the range 100–250 nm. However, the size of
the vesicles in the Cryo-TEM image is larger than that obtained
from conventional TEM. This must be due to drying of the speci-
men in the latter technique that causes shrinking of the vesicles.

The hydrodynamic diameter (dh) of the vesicles was also
obtained by direct measurement using DLS technique. The size dis-
tribution histogram (Fig. 2(c)) shows a bimodal distribution profile
in PBS (pH 7.0, 20 mM) at 25 �C, suggesting coexistence of small as
well as large vesicles in solution which is consistent with the
results of Cryo-TEM measurement. The mean dh value of the smal-
ler vesicles is ca. 100 nm and that of larger is ca. 500 nm. The pres-
ence of large vesicles in solution could be attributed to the
oligovesicular clusters formed by localized assembly of the SUVs.

2.1.3. Micropolarity of vesicles
It is well-known that for bilayer aggregates, the packing of the

hydrophobic tails is highly ordered and more compact compared
to micelles. Thus, the hydrophobic environment of vesicles is likely
to be much less polar compared to micellar aggregates. The solva-
tochromic character of C153 affords a very good correlation
between solvent polarity and emission frequency of C153. The
micropolarity of the self-assemblies can be expressed in terms of
p⁄-polarity scale, which is defined by the equation [42]:

�tem ¼ 21:217� 3:505p� ð1Þ
where �tem [in 103 cm�1] is the wavenumber corresponding to the
emission maximum of C153. In the presence of the surfactant, the
emission spectra of C153 showed a maximum at 509 nm, indicating
41-nm blue shift. We used kem = 509 nm to evaluate p⁄ (Table 1).
The calculated p⁄ value (0.45) corresponds to ethyl acetate solvent.
As in the case of NPN, the spectral shifts (Dk) of C153 were plotted
as a function of [NaGCh] (Fig. 3). The cac value (�18 lM) as
obtained from the onset of rise of Dk is closely similar to that
obtained by fluorescence titration using NPN probe (�15 lM),
which establishes the accuracy of the measured cac value.

Like C153, pyrene (Py) is also a highly sensitive polarity probe.
Out of five vibronic bands observed in Py emission spectrum, the
intensity ratio of the first (I1, 374 nm) to the third (I3, 384 nm)
vibronic band is known to be sensitive to the change in solvent
polarity [43]. The I1/I3 ratio is termed as the ‘‘polarity ratio”.
Kalyansundaram et al. [43] reported the polarity ratios for Py
monomer in different organic solvents. Normally, high and low val-
ues of I1/I3 indicate polar and nonpolar environment experienced
by Py monomer, respectively. Thus, we used this parameter to esti-
mate the micropolarity of the hydrophobic bilayer of the vesicles
formed. Fig. 3 shows the variation of I1/I3 ratio with surfactant con-
centration. The I1/I3 ratio has a value of 1.77 in pH 7.0 PBS (20 mM)
in the absence of NaGCh. But the ratio gradually decreased with
increasing [NaGCh], which indicates solubilization of Py molecules
in the bilayer membrane of vesicles. The limiting minimum value
of I1/I3 ratio (Table 1) closely matches with that of 2-propanol sol-



Table 1
The self-assembly properties of NaGCh at pH 7.0 PBS (20 mM) at 25 �C. Steady-state fluorescence anisotropy, time-resolved fluorescence lifetime and microviscosity were
measured with 0.20 mM (108 lg/mL) NaGCh.

cac (lM) Micropolarity r sf (ns) gm (mPa s)

I1/I3 p*

17 ± 1.7 0.90 ± 0.01 0.45 0.253 ± 0.004 5.57 ± 0.1 170 ± 10

Fig. 2. Unstained TEM (a,b) and Cryo-TEM (c) images of the vesicles in 0.20 mM (108 lg/mL) NaGCh dispersion in pH 7.0 buffer; (d) size distribution histogram of the vesicle
dispersion at 25 �C.

Fig. 3. Variation of spectral shift (Dk) of C153 and I1/I3 of Py as a function of
[NaGCh] at 25 �C.
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vent (0.90) [43]. It should be noted that the vesicles of structurally
similar amphiphile NaChol-Ala also showed I1/I3 value close to 0.89
[35]. The [NaGCh] value (� 18 lM) corresponding to the onset of
fall of I1/I3 can be taken as the cac of the surfactant.

2.1.4. Microviscosity of vesicles
DPH is a fluorescent probe mostly used in the study of fluidity

(or rigidity) of lipid bilayer membrane [44,45]. The steady-state
fluorescence anisotropy (r) value of DPH is a tool for qualitative
measurement of the rigidity of its microenvironment in the self-
assembled surfactant aggregates. The fluorescence anisotropy of
DPH is particularly useful in distinguishing micelles from vesicular
structures. For micelles of ionic surfactants, r-value lies in the
range 0.05–0.08 (less rigid environment), while vesicles usually
have r-values � 0.14 [46]. In the case of NaGCh, the very high r-
value (Table 1) is reminiscent of the formation of bilayer aggre-
gates with highly rigid and viscous microenvironment.

The rigidity of a microenvironment of the self-assemblies can
also be expressed in terms of microviscosity (gm). The gm value
was calculated from Debye-Stokes-Einstein relation [47] using
steady-state anisotropy (r) and fluorescence lifetime (sf ) data of
DPH probe as presented in Table 1. The sf -value is similar to that
reported for the corresponding L-alanine derivative, NaChol-Ala,
thus confirming solubilization of DPH in a highly nonpolar envi-
ronment of the vesicle bilayer. The gm value thus obtained is much
higher than those of normal micelles [46].
2.2.5. Stability of vesicles
The above experimental studies demonstrate that NaGCh spon-

taneously forms spherical SUVs in pH 7.0 PBS at 25 �C. It is well
known that spontaneous surfactant self-assemblies are usually
reversible molecular self-organization and their physical stability
can be altered by external stimuli like temperature, pH, salinity,
aging, etc. Therefore, effect of these parameters on vesicle stability
was studied. We performed DLS and zeta potential measurements
at different pHs and fluorescence anisotropy at different
temperatures.

Zeta potential is a measure of the surface charge density of par-
ticles in dispersion determines degree of repulsion between adja-
cent, similarly charged particles. It is one of the fundamental
parameters whose magnitude determines colloidal stability. A high
f-potential value (positive or negative) will confer resistance
against aggregation and hence high formulation stability and shelf
life. When the f-potential is low, attraction exceeds repulsion and
the dispersion will break and flocculate. Therefore, the f-potential
values of NaGCh dispersions at different concentrations were mea-
sured. The data are presented in Fig. 4(a). The negative f-potential
suggests that the surface of the vesicular aggregates is negatively
charged, as expected. The high numerical values (� �90 mV) of
f-potential suggest electrostatic repulsions between carboxylate
head groups on the surface and hence higher vesicular stability
against flocculation or coagulation.

The stability of the vesicles with pH was studied by DLS and f-
potential measurements at different pHs. As revealed by Fig. 4(b),
in the case of NaGCh, the smaller aggregates (�100 nm) become
still smaller (� 60 nm) while the larger vesicles (�420 nm) tend
to grow in size when the pH is lowered from 7.0 to 5.0. Also, the



Fig. 4. Effect of pH on (a) f-potential of the vesicles at 25 �C, and (b) size distribution profiles of vesicles in 0.20 mM (108 lg/mL) NaGCh dispersion.
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relative population of larger vesicles increases with lowering of pH.
A plausible explanation is that H-bonding association between
head groups ACOO� and ACOOH (partially protonated at pH 5.0)
reduces surface charge of the vesicles. This means reduction of
electrostatic repulsion among head groups of the surfactant mole-
cules in the vesicles which causes growth of the vesicles. The
reduction of surface charge is substantiated by the low f-
potential value at pH 5.0 (see Fig. 4(a)). The pH-induced structural
reorganization of the vesicles can be utilized in pH-triggered drug
release in drug delivery.

Temperature is an important parameter in ionic surfactant
aggregation behavior. Because increase in temperature causes an
increase of the degree of counterion ionization and head group
repulsions, and disruption of ‘‘structured water’’, the driving force
for aggregation is diminished [48]. In bilayer membranes,
increased temperature causes increased membrane fluidity and
more water penetration into the bilayer [39,49]. The thermal sta-
bility of the vesicles was investigated by recording fluorescence
anisotropy (r) of the DPH probe in the temperature range of 25–
75 �C. Fig. 5(a) depicts the temperature dependence of r for
0.20 mM (108 lg/mL) of NaGCh dispersion in pH 7.0 PBS
(20 mM). The plot looks like an inverted U shape. The r-value ini-
tially increases with temperature and following a maximum
around 37–42 �C, again decreases with further rise in temperature.
The initial rise is due to the fact that small rise in temperature facil-
itates ACOO�. . ..HOOCA H-bonding interaction. However, at ele-
vated temperature, the Chol tails become flexible, making the
bilayer more fluid. This may stem from the weakening of
hydrophobic interactions caused by thermal motion of the Chol
tails at high temperatures. This results in a more hydration (water
penetration) of bilayer membrane and hence decreases in r-value.
Such phenomena were also reported elsewhere [50,51].
Fig. 5. (a) Effect of temperature on anisotropy of DPH in 0.20 mM (108 lg/mL) vesicle di
in pH 7.0 buffer at 25 �C.
Investigation of physical stability of vesicles with time is neces-
sary for their practical applications. In order to study the stability
of the vesicles with respect to ageing time, the turbidity (s = 100
– %T) of the vesicle dispersions was measured at different time
intervals over a period of 50 days. Basically, turbidity arises from
the scattering of light by the dispersed vesicles, and depends on
their size and populations. The results are summarized in Fig. 5
(b). As observed turbidity decreased slightly in the beginning, but
remained unchanged thereafter. However, the vesicles overall
were observed to be stable.
2.2. Entrapment of CUR

CUR was loaded into the vesicle bilayer by a method described
under experimental section. In order to show solubilisation of CUR
in the vesicle bilayer we performed steady-state fluorescence mea-
surements. For this, CUR-entrapped vesicle dispersion (before dial-
ysis) was diluted with 0.20 mM (108 lg/mL) vesicle dispersion
such that [CUR] becomes 20 lM. After dialysis of this dispersion
in a receiver solution containing 0.20 mM NaGCh, fluorescence
spectrum (Fig. 6(a)) was measured. For comparison purposes, fluo-
rescence spectrum of a fresh solution of CUR in pure buffer (pH 7)
was also recorded. It can be observed that the initial fluorescence
intensity of CUR trapped in the vesicles is almost 25 times higher
than that for the control. This indicates entrapment of CUR into
the hydrophobic region of the vesicles. Also, as evident from
Fig. 6(a) there is a huge blue shift (from 547 nm in pure buffer to
500 nm in the presence of NaGCh) of the emission maximum of
CUR with respect to that of control.

For determination of EE, the CUR-loaded vesicle dispersion was
diluted 100 times with dry methanol and absorbance value was
measured at 429 nm using a 1 cm2 cuvette. The measured absor-
bance value was 0.109. In a separate experiment, the absorbance
spersions; (b) Time variation of turbidity of 0.20 mM (108 lg/mL) vesicle dispersion



Fig. 6. (a) Fluorescence intensity of CUR in the presence and absence of NaGCh. (b) Relative fluorescence intensity (F/Fo) versus time plot, showing the time-dependent
release of entrapped CUR from the vesicles. The concentrations of NaGCh and CUR before dialysis were 0.20 mM (108 lg/mL) and 20 lM, respectively.

Fig. 7. Bar graphs showing results of cytotoxicity assay of NaGCh on NIH 3T3 cells.
MTT assay was performed after 4 h of treatment and it was expressed as the
percentage of growth with respect to untreated control cells. The data are presented
as the mean ± SD.
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values for the CUR solutions of different concentrations (2.7–
16.2 lM) in dry methanol were measured at 429 nm using the
same cuvette. The molar extinction coefficient (e = 48,690 M�1

cm�1) was obtained from the calibration plot of absorbance versus
[CUR] (see Fig. S6). Thus, the solubility of CUR inside the vesicles of
0.30 mM (161 lg /mL) NaGCh was observed to be 0.224 mM
(83 lg/mL). This means EE of the vesicles is ca. 51%. Similar values
of EE for CUR have also been reported by others. Saengkrit et al.
have reported that cationic liposome prepared by soybean lecithin
showed almost 69% EE for CUR [52]. Also in a most recent study
involving chitosan and hyaluronan coated liposomes for pul-
monary administration of CUR an EE value of 89–96% was reported
for CUR [53]. It should be noted here that liposomes of common
lipids, such as phosphatidylcholine and phosphatidylethanolamine
solubilize 66 and 51 mol% Chol [54]. Thus the EE (74 mol%) of
NaGCh vesicles for CUR is akin to solubility of Chol in liposomes
formed by phospholipids.

2.3. Stability of CUR-loaded vesicles

The fluorescence spectra of CUR in the absence and presence of
NaGCh vesicles were measured at different time intervals and are
depicted in Fig. S7. It is evident that the fluorescence intensity of
entrapped CUR at 500 nm is reduced to 50% after 145 min in com-
parison to 73 min in the case of the control. This shows that the
entrapment of CUR into the vesicles suppressed its otherwise
inevitable degradation in aqueous medium [15,55,56]. In other
words, the vesicles protect CUR within its bilayer membrane from
rapid degradation.

2.4. Cell cytotoxicity assay

The cytotoxicity assay for NaGCh was performed in vitro using
MTT assay in the NIH 3T3 cell line. The cytotoxic effect of each
treatment is expressed as percentage of cell viability relative to
the untreated control cells. The percentage of cell viability is plot-
ted against [NaGCh] in Fig. 7. It is observed that cell viability
remained 60% even at a concentration as high as 500 mM. This
means that the IC50 value for the surfactant is >500 mM. This shows
biocompatible nature of NaGCh surfactant.

2.5. Cellular uptake study

To investigate the cellular uptake property of vesicles, the cell
imaging was performed by treating the MDA-MB-231 cells with
CUR-loaded vesicles. The CUR-loaded vesicles were observed to
readily internalize into the cells within 3 h of treatment. This is
indicated by the bright green fluorescence observed in confocal
micrographs (Fig. 8). It is noteworthy that Chol is known to mod-
ulate membrane fluidity and hence permeability. The steroidal
backbone of NaGCh might have enhanced the rapid permeation
of the vesicles into the cells.
3. Conclusions

Since the rapid growth of detergency industry is triggered by
the rising demand of household, personal care and pharmaceutical
products, the last decade has therefore witnessed increasing inter-
est for biofriendly surfactants. Thus, in this work, we have designed
and developed a novel biofriendly anionic surfactant NaGCh con-
sisting of two biomolecules Chol and GABA. We have demonstrated
spontaneous formation of SUVs by NaGCh surfactant above a very
low cac (17 lM) in neutral phosphate buffer at room temperature.
The vesicle dispersion was found to be very stable at physiological
temperature (37 �C) and pH (7.4). The robust bilayer membrane
made these vesicles more stable than liposomes formed by phos-
pholipids. However, the size of the SUVs decreases upon lowering
of pH. This phenomenon can be utilized in pH-triggered drug
release. Thus in line with the previously reported CUR loading by
vesicles [26-29], this work has demonstrated a 207-fold enhance-
ment of aqueous solubility of CUR in dilute dispersion of NaGCh
surfactant. Indeed the EE (51%) of these vesicles is much higher
that of liposomes formed by Lipoid S75 consisting mainly of phos-
phatidylcholine, phosphatidylethanolamine and lysophosphatidyl-
choline [57]. Although the EE of NaGCh vesicles was found to be
less than that of vesicles formed by different cyclodextrin amphi-



Fig. 8. Confocal fluorescence micrographs of MDA-MB-231 cells incubated with CUR-loaded vesicles (0.20 mM, 108 lg/mL) for: (a) control, (b) 1 h, (c) 2 h, and (d) 3 h
incubation.
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philes [29] and soybean lecithin [52], and polymeric nanospheres
[19], the NaGCh vesicles have greater shelf-life. Also the entrap-
ment of CUR within vesicle bilayer reduced the hydrolytic degrada-
tion of CUR in water. In other words, CUR-loaded vesicle
formulation was found to have long shelf-life. The MTT assay
showed that the anionic surfactant, NaGCh, was non-cytotoxic to
human NIH 3T3 cells. The CUR was successfully delivered in vitro
to MDA-MB-231 cells. The steroidal backbone of NaGCh was
observed to enhance the permeation of the vesicles into the cells.
In fact, liposomes containing cholesterol analogues are known to
enhance bioavailability of insulin in oral delivery [58]. These
results thus suggest that the spontaneously formed SUVs of NaGCh
can have potential applications as pH-triggered release vehicle in
delivery of hydrophobic and pharmaceutically-active agents. Fur-
ther, GABA being a chief inhibitory neurotransmitter [33,34] in
the central nervous system and Chol being a ubiquitous compo-
nent of cell membrane [31], the SUVs formed by NaGCh are
expected to overcome the blood-brain barrier (BBB). In other
words, the NaGCh vesicles can have potential application in drug
delivery to brain for treatment of diseases like Alzheimer’s and
brain cancer.
4. Materials and methods

4.1. Materials

Cholesteryl chloroformate (� 95%), c-amino butyric acid
(�99%) and curcumin (CUR, � 94%) were purchased from Sigma-
Aldrich (Bangalore, India) and used without further purification.
Fluorescence probes, N-phenyl-1-naphthalamine (NPN, 98%), pyr-
ene (Py, 98%), coumarin-153 (C153, 99%), and 1,6-diphenyl-1,3,5-
hexatriene (DPH, 98%) were also purchased from Sigma-Aldrich
(Bangalore, India) and were purified by recrystallization. CDCl3
(Cambridge Isotope Laboratory, USA) was used as a solvent for
NMR. The surfactant NaGCh was synthesized in our laboratory.
The details of synthetic procedure and spectroscopic data for
chemical identification are given under ‘‘Supporting Information”
(SI).

4.2. Methods

4.2.1. General instrumentation
1H- and 13 C-NMR spectra were recorded on an AVANCE DAX-

400 (Bruker, Sweden) 400 MHz NMR spectrometer. A Perkin Elmer
RX1 FTIR spectrometer (USA) was used for recording FT-IR spectra.
Melting point was determined using InstInd (Kolkata) melting
point apparatus with open capillaries. Turbidity measurements
employed a Shimadzu (Model 1601, Japan) UV–Vis spectropho-
tometer. The percentage transmittance (%T) of surfactant solutions
was measured at 400 nm at different time intervals. Turbidity (s)
was calculated using the relation, s = 100 – %T. The pH measure-
ments were done with digital pH meter (Model 111, India) using
a glass electrode. Aqueous phosphate buffers used for the solution
studies were prepared by mixing NaH2PO4 (927 lg/mL) and Na2-
HPO4 (1741 lg/mL) in Milli-Q water (18.2 MX). All measurements
were carried out at 25 �C unless otherwise mentioned.
4.2.2. Steady-state fluorescence measurements
The fluorescence emission spectra of NPN and C153 probes

were recorded on a Hitachi (F-7000, Japan) spectrophotometer.
For fluorometric titration, the final concentration of NPN and
C153 was 1 lM. The solutions containing NPN and C153 were
excited at 340 and 420 nm, respectively.
4.2.3. Fluorescence anisotropy measurements
A Perkin Elmer LS-55 luminescence spectrometer (USA) was

used to measure the steady-state fluorescence anisotropy (r) of
DPH in the presence of the surfactants. The instrument is equipped
with a polarization accessory that uses the L-format instrumental
configuration and a thermostated and magnetically stirred cell
housing that allowed temperature control. The anisotropy was cal-
culated employing the equation [59]:

r ¼ ðIVV � GIVHÞ=ðIVV þ 2GIVHÞ ð2Þ

where IVV and IVH are the fluorescence intensities polarized parallel
and perpendicular to the excitation light, and G (= IHV/IHH) is the
instrumental grating factor. The software supplied by the manufac-
turer automatically determined the G-factor and r. For each mea-
surement, the r-value was recorded over an integration time of
10 s. For each sample, an average of five readings was accepted as
the value of r. A stock solution of 1 mM DPH was prepared in super
dry methanol. Aliquots of this stock solution were added to the sur-
factant solutions so that the final concentration of the probe was
�1 lM. The anisotropy measurements were carried out at different
surfactant concentrations in the temperature range 25–75 �C.
Before measurement started, each solution was equilibrated for
10 min at the experimental temperature. The sample was excited
at 350 nm and the emission intensity was followed at 450 nm using
excitation and emission slit width of 2.5 nm and 2.5–10.0 nm,
respectively. A 430 nm cut-off filter was placed in the emission
beam to eliminate the effect of scattered radiation.
4.2.4. Time-resolved fluorescence measurements
An EasylifeTM X (Optical Building Blocks Corporation, USA)

time-resolved instrument was used to measure the fluorescence
lifetime of DPH probe. The light source was a 380 nm diode laser.
The time-resolved decay curves were analyzed by single exponen-
tial or bi-exponential iterative fitting program. The best fit was
judged by the v2 value (0.8–1.2) and by the randomness of residual
plot.
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4.2.5. Determination of microviscosity
The rigidity or fluidity of the microenvironment of the self-

assemblies was measured by determination of the microviscosity
(gm) using DPH probe. The gm was calculated from the values of
r and rotational correlation time (sR) of DPH probe using Debye–
Stokes–Einstein relation [47]:

gm ¼ kTsR=mh ð3Þ
where vh is the hydrodynamic volume (313 Å3) [46] of the DPH
molecule. The sR was calculated using Perrin’s equation [59]:

sR ¼ sf ro=r� 1ð Þ�1 ð4Þ
where ro (= 0.362) [60] and sf are the steady-state fluorescence ani-
sotropy of DPH in a highly viscous solvent and measured fluores-
cence lifetime of DPH in surfactant solution, respectively.

4.2.6. Dynamic light scattering (DLS)
The DLS technique was used to measure the size distribution of

the aggregates formed in aqueous dispersion of NaGCh. The DLS
measurements employed a Zetasizer Nano ZS (Malvern Instrument
Lab., Malvern, UK) equipped with a He�Ne laser working at 4 mW
(ko = 632.8 nm). Each sample was allowed to equilibrate inside the
DLS optical system chamber for 5 min prior to the start of the mea-
surement. All measurements were performed at 25 ± 0.1 �C. The
scattering intensity was measured at 173� to the incident beam.
The instrument automatically performed several runs in order to
produce a monomodal or multimodal size distribution profile.

4.2.7. Zeta potential measurements
To evaluate the surface charge density of the vesicles, zeta

potential was measured on a Zetasizer Nano ZS (Malvern Instru-
ment Lab., Malvern, UK) instrument using folded capillary cell.
The reported value is the average of three readings. In principle,
the Zetasizer Nano instrument calculates the zeta potential by
determining the electrophoretic mobility and then applying the
Henry equation. The electrophoretic mobility is obtained by per-
forming an electrophoresis experiment on the sample and measur-
ing the velocity of the particles using laser Doppler velocimetry
(LDV). The Henry equation [61] is

UE ¼ 2eff ðkaÞ
3g

ð5Þ

where UE is electrophoretic mobility, e is dielectric constant, f is
Zeta potential, g is viscosity and f(ka) is Henry function. Two values
(either 1.5 or 1.0) are generally used as approximations for the f(ka)
determination. For small particles in low dielectric constant media, f
(ka) is 1.0. This is referred to as the Huckel approximation. Non-
aqueous measurements generally use the Huckel approximation.
For aqueous samples with moderate electrolyte concentration, the
Smoluchowski approximation is used and f(ka) = 1.5.

4.2.8. Transmission electron microscopy (TEM)
The morphology of the aggregates was visualized with a trans-

mission electron microscope (FEI-TECNAI G2 20S-TWIN, FEI, USA)
operating at an accelerating voltage of 120 kV. Using a fresh syr-
inge, a 2 lL tiny droplet of NaGCh dispersion was cast on to a
400 mesh size carbon-coated copper grid, and allowed to stand
for 1 min, and the grid was air-dried overnight before
measurement.

4.2.9. Cryo-High resolution transmission electron microscopy (Cryo-
HRTEM)

Cryo-HRTEM imaging was performed on a JEM-2100 F trans-
mission electron microscope (JEOL, USA) equipped with a semi-
automated plunge freezing instrument (Cp3 CryoplungeTM 3,
Gatan, USA) used for the preparation of frozen hydrated specimens.
The specimen grid clamped between the tines of plunging tweez-
ers and containing 5 lL of NaGCh dispersion was rapidly plunged
into a temperature-monitored ethane bath maintained at liquid
nitrogen temperature to prevent the formation of ice crystals. A
liquid nitrogen workstation, with a remote fill funnel and two
removable covers, maintained the temperature of the liquid ethane
vessel. The specimen grid was then be moved to a cryo workstation
and then into a cryo holder followed by imaging.
4.2.10. Entrapment of curcumin
As the vesicle bilayer is observed to be much less polar, it is

expected that hydrophobic drugs such as CUR can be solubilized
within vesicle bilayer membrane. CUR was entrapped into the vesi-
cles by solvent evaporation method [62]. To evaluate the maxi-
mum solubilization of CUR into the vesicles, NaGCh (1.62 mg)
and excess CUR (5 mg) and dry methanol (10 mL) were taken in
a 15-mL screw capped vial, and the mixture was stirred magneti-
cally overnight in the darkness. Next, methanol was evaporated
in the air. To it was added 10 mL of serum-free sterilized PBS
(pH 7.4). The mixture was vortexed for 15 min followed by cen-
trifugation at 3000 rpm for 10 min. The supernatant was collected
and was then dialyzed for 30 min, using an ultra-filtration cellulose
acetate membrane with pore size of 1000 Da MWCO to remove the
free CUR (unentrapped in the vesicles). The receiving medium was
0.30 mMNaGCh (� 220 mL, 161 lg/mL). The dialyzed solution was
further subjected to syringe filtration using nitrocellulose mem-
brane (pore size 0.22 lm, diameter 25 mm). The resulting solution
was used for spectroscopic and biological assays. The entrapment
efficiency (EE) of the vesicles was calculated from the equation:

EE ¼ ðMass of CUR entrapped=Mass of NaGChÞ � 100% ð6Þ
4.2.11. Cytotoxicity assay
The cytotoxicity assay of NaGCh in vitro was measured using

the MTT (3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium
bromide, a yellow tetrazole) assay on the normal cells (NIH 3T3).
The cells growing in the log phase were seeded into two 96-well
cell-culture plate at 1�104 cells/mL. Different concentrations of
NaGCh were added into the wells with an equal volume of incom-
plete DMEM medium in the control wells. The cells were then
incubated for 48 h at 37 �C in 5% CO2. Thereafter, fresh incomplete
DMEM medium containing 0.40 mg mL�1 of MTT was added to the
95 well plates and incubated for 4 h at 37 �C in 5% CO2. Formazan
crystals thus formed were dissolved in DMSO after decanting the
earlier media and the absorbance was recorded at 595 nm [63].
4.2.12. Cellular uptake study
The cells (1 � 103 cells/mL) were seeded on coverslips in DMEM

medium. After 24 h cells were treated with CUR-loaded vesicles
and then incubated for 3 h. Cells were fixed in 3.7% paraformalde-
hyde. The slides were washed again in PBST twice for 10 min and
mounted with D.P.X mountant. Fluorescence images were acquired
using a Zeiss Observer confocal fluorescence microscope (Ger-
many) after 1, 2 and 3 h of incubation.
4.2.13. Software and statistical data analysis
All statistical analyses were performed by OriginPro8 and Instat

softwares (La Jolla, CA, USA). Measurements were done in repli-
cates to check the reproducibility of results. Average values and
standard deviation (SD) were calculated and the results were rep-
resented as mean ± SD.
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