
Spontaneously Formed Robust Steroidal Vesicles: Physicochemical
Characterization and Interaction with HSA
Deepnath Bajani, Partha Laskar, and Joykrishna Dey*

Department of Chemistry, Indian Institute of Technology, Kharagpur − 721 302, West Bengal, India

*S Supporting Information

ABSTRACT: Self-assembled multimolecular aggregates, such as vesicles,
have earned tremendous attention for their applications as model
membranes and drug delivery systems. Over the past decades, enormous
efforts have been dedicated to the development of stable and
biocompatible vesicles that form spontaneously in aqueous solution.
With the aim of preparing highly stable vesicles, we herein report the
physicochemical characterization of a novel cholesterol-based chiral
surfactant with L-alanine headgroup. Different techniques, such as surface
tensiometry, fluorescence spectroscopy, dynamic light scattering, UV−vis
spectroscopy, transmission electron microscopy, and confocal fluores-
cence microscopy were employed to investigate the self-assembly
properties of the aforementioned single-tailed steroidal surfactant in
aqueous solution. The surfactant molecule is weakly surface-active, but self-assembles to form unilamellar vesicles facilitated by
the strong hydrophobic association of the cholesterol moieties, above a very low critical aggregation concentration. The vesicles
are fairly stable with respect to aging, temperature, and pH of the aqueous medium. Additionally, the vesicles were found to fuse
together, leading to large unilamellar vesicles. The intervesicular fusion pertaining to high stability of the vesicles could be
ascribed to large hydrophobic interactions among steroidal skeletons. Furthermore, the interaction of the vesicles with human
serum albumin is also investigated.

■ INTRODUCTION

Molecular self-assembly and self-organization have been a
fascinating research arena over the past decades.1−6 Small
surfactant molecules capable of forming self-assemblies have
long intrigued chemists for their wide applications. Especially,
synthetic vesicles have gained the most attention not only for
providing the fundamental insight on the self-assembly
phenomena,7−11 but also for a myriad of applications in
biomedicine, tissue engineering, gene therapy, and drug
delivery.12−16 Vesicles are membrane-mimetic structures
consisting of spherical bilayers of amphiphilic molecules
(surfactants, lipids, or block copolymers), with an inner
aqueous reservoir. Due to their bilayer structure, vesicles can
encapsulate various materials, both hydrophobic and hydro-
philic. Moreover, a vesicle can protect its cargo, i.e., a
pharmaceutically active agent from the undesired enzymatic
degradation until it reaches the site of interest. Additionally, the
drug-loaded vesicles sequester the otherwise toxic effects
associated with the high systemic concentration of the free
drug.17 A stable vesicle endowed with sustained release profile
enables high retention of the formulation in circulation and
augmented drug availability at the site of action, thus reducing
the effective dosage and the frequency of administration.
Particularly, liposomes, which are phospholipid-derived vesicles,
have been successfully used for the treatment of cancers,
infectious and autoimmune diseases, as well as ocular
inflammation.18−22 However, as far as stability is concerned,

liposomes have low storage life;23 usually mechanical energy is
required to disperse lipids in water. On the other hand, robust
vesicles have been also made from amphiphilic polymers.24

However, polymer vesicles are not promising in membrane
fusion because the entanglement of polymeric chains in the
microdomain structure markedly diminishes the membrane
fluidity. Therefore, it is a huge challenge to seek a robust vesicle
with ample membrane permeability. Also in designing a drug
delivery system (DDS), one major issue that must be addressed
is biocompatibility.
Steroids are widespread natural products with a tetracyclic

ring system. Cholesterol (Chol) and bile acids typify the
structural motif characteristic of steroids. Chol is an essential
structural and functional component of animal cell membrane,
whereby it modulates membrane fluidity and permeability.25−27

Additionally, Chol functions as a precursor for the biosyntheses
of steroid hormones, bile acids, and vitamin D.28 Within the cell
membrane, Chol is also associated with many membrane-
related bioprocesses, such as intracellular transport, signal
transduction, and cell trafficking.29−31 Alteration of Chol profile
leads to various diseases like gallstones, atherosclerosis, and
myocardial infarction.32 However, thanks to its easy synthetic
accessibility, tunability, chirality, nonimmunogenicity, and low
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cost, Chol has turned out to be a fascinating building block for
designing a variety of biologically relevant materials.33 As
already mentioned, Chol enhances the membrane rigidity
thereby maintaining the ordered bilayer structure.34 This
invariably poses a question: Can Chol-based amphiphiles
themselves self-assemble into bilayer structure? In fact, self-
assembly of Chol-based amphiphiles has been investigated,
mostly in terms of gelation.35,36 To date, reports on vesicle
formation by Chol-based amino acid containing anionic
surfactants are sparse.37−43 Therefore, we have designed a
novel Chol-based single-tailed anionic surfactant, sodium N-
(cholesterylformyl)-L-alaninate (NaChol-Ala, Chart 1), bearing

L-alanine as the amino acid headgroup. Incorporation of
biologically important molecules (e.g., Chol and amino acid
in this case) could be a rule of thumb to improve the
biocompatibility. Usually, double-tailed surfactants are well-
known to form stable vesicles.44 However, there are reports on
vesicle formation by a mixture of two surfactants,45−47 and
quite occasionally, by single-chain surfactants.48,49 Herein, we
report stable vesicle formation by NaChol-Ala, a Chol-based
single-tailed anionic surfactant with L-alanine as headgroup in
aqueous buffered solution above a very low critical concen-
tration. The tetracyclic steroidal nucleus of Chol can act as the
hydrophobic domain-forming moiety and the amino acid as the
polar headgroup.
Similar to Chol, bile salts also comprise a rigid tetracyclic

steroidal nucleus connected to an aliphatic chain, and their
physicochemical properties in aqueous solution are well-
known.50 At lower concentrations, bile salts form primary
aggregates as micelles (with aggregation number <10 and
approximate size in the range 10−16 Å) due to the back-to-
back hydrophobic interactions between steroidal backbones,
while larger elongated secondary micelles (size ∼100 Å) are
formed through hydrogen bonding association between the
hydroxyl groups at increased concentrations. Structurally, bile
salts have two (sodium deoxycholate, NaDC; sodium
chenodeoxycholate, NaCDC) or three (sodium cholate, NaC;
sodium taurocholate, NaTC) hydroxyl (−OH) groups in the
steroidal moiety. Furthermore, unlike Chol having a nonpolar
hydrocarbon chain, the aliphatic side chain in bile salts
terminates with a polar group, usually carboxylates (NaC,
NaDC, NaCDC) and sulfonates (NaTC). Thus, bile salts have
a concave hydrophilic surface with −OH groups hanging from
it, and a convex hydrophobic surface formed by the steroidal
skeleton. The free −OH groups and the polar end-group,
together with the steroidal framework make bile salts
amphiphilic in nature, and account for their unique aggregation
behavior in water. Although several models have been proposed
to explain the aggregation phenomena, the two-stage
aggregation model proposed by Small et al.51 has gained wide
acceptance. In contrast to bile salts, Chol has one −OH group
in the steroidal moiety. However, in NaChol-Ala, the free −OH

group of Chol has been conjugated to L-alanine amino acid
through a carbamate linkage, thus making the steroidal
backbone devoid of free hydroxyl groups. We thought such
structural differences between Chol and bile acids may result a
different aggregation behavior of NaChol-Ala in aqueous
solution. Therefore, the effect of the absence of functional
groups in the central portion of the framework on the
aggregation properties of the Chol-based amphiphile is of
particular interest in this investigation. The self-assembly
formation by NaChol-Ala was characterized by use of a number
of techniques including surface tensiometry, fluorescence
spectroscopy, dynamic light scattering, and microscopy.
Further, we have also performed a qualitative study on the
interaction of NaChol-Ala with human serum albumin (HSA).

■ EXPERIMENTAL SECTION
Materials. Cholesteryl chloroformate was purchased from

Sigma-Aldrich (Bangalore, India) and was used without further
purification. Analytical grade L-alanine, NaOH, NaHCO3,
NaHPO4, Na2HPO4, and HCl were obtained from SRL
(Mumbai, India) and were used directly from the bottle.
Fluorescence probes, N-phenyl-1-naphthalamine (NPN), pyr-
ene (Py), coumarin-153 (C153), calcein (Cal), and 1,6-
diphenyl-1,3,5-hexatriene (DPH) were purchased from Sigma-
Aldrich (Bangalore, India) and were purified by recrystalliza-
tion. HSA was also procured from Sigma-Aldrich (Bangalore,
India). Deuterated chloroform (CDCl3) was used as a solvent
for NMR spectra. Tetrahydrofuran (THF), n-hexane, methanol,
and acetone were of good quality commercially available, and
were dried and distilled following standard procedures before
use. The surfactant employed in this work was synthesized in
our laboratory following reported procedure in the literature.52

The details of synthetic procedure and spectroscopic data for
chemical identification are given in the Supporting Information
(SI).

Methods. General Instrumentation. 1H NMR and 13C
NMR spectra were recorded on Bruker SEM 200 NMR
spectrometers using tetramethylsilane (TMS) as the internal
standard. A PerkinElmer RX1 FTIR spectrometer was used for
recording Fourier transform infrared (FT-IR) spectra. The
optical rotation was measured on a JASCO 370 digital
polarimeter. Melting point was determined using InstInd
(Kolkata) melting point apparatus with open capillaries. The
pH measurements were carried out with a digital pH meter
(Model 111) using a glass electrode. Turbidity measurements
employed a Shimadzu Model 1601 UV−vis spectrophotometer.
The percentage transmittance (%T) of surfactant solutions was
measured at 400 nm at different time intervals. Turbidity (τ)
was calculated using the relation, τ = 100 − %T. Aqueous
phosphate buffer was prepared from Milli-Q water (18.2 MΩ),
and was used for the solution studies. All measurements were
done at 25 °C unless otherwise mentioned.

Surface Tension (ST). ST measurements were carried out
with a surface tensiometer (model 3S GBX, France) at 25 ± 0.1
°C following the Du Nuöy ring detachment method. Prior to
use, a platinum−iridium ring was cleaned with ethanol-HCl
(1:1 v/v) solution. A stock solution of NaChol-Ala (1.1 mM)
was prepared in pH 7.0 phosphate-buffered saline (PBS; 20
mM). Aliquots were added to 10.0 mL of pH 7.0 PBS taken in
a Teflon bowl, and ST (γ mN m−1) was measured after 10−15
min of equilibration. For each concentration, measurements
were performed twice to check the reproducibility of the
results, and the mean value of γ was noted.

Chart 1. Chemical Structure of NaChol-Ala
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Steady-State Fluorescence Measurements. The steady-
state fluorescence measurements were performed on either a
SPEX Fluorolog 3 or a PerkinElmer LS-55 luminescence
spectrometer equipped with a temperature-controlled cell
holder. NPN, C153, and Py were used as fluorescence probes
to investigate the polarity of the microenvironment of the self-
assemblies. For studies with NPN, a saturated solution of the
probe in pH 7.0 PBS (20 mM) was used to make stock solution
of the surfactant (0.21 mM). An aliquot of the surfactant
solution was diluted to 5 mL by use of the saturated NPN
solution. NPN was excited at 340 nm, and the emission
spectrum was recorded in the wavelength range of 350−600
nm. Each spectrum was blank-subtracted. The excitation and
emission slit widths were both set at 5.0 nm, and the intensity
was measured at the emission maximum. For studies using
C153, a stock solution (1.2 × 10−4 M) of the probe was
prepared in dry methanol. At first, 40 μL of the C153 stock
solution was micropipeted into a 5 mL volumetric flask (in
order to attain C153 concentration of 1 × 10−6 M) and
evaporated to dryness by a gentle stream of N2. A measured
volume of stock surfactant solution (0.21 mM) was then added.
The pH 7.0 PBS was added to make the volume correct up to 5
mL. The excitation wavelength of C153 was 420 nm, and the
emission spectrum was scanned in the range 430−650 nm
setting excitation/emission band widths at 5 nm/5 nm. Py
probe studies started off with the preparation of a stock
solution of Py (1.2 × 10−4 M) in dry acetone, and the sample
solutions were prepared following the similar procedure as in
the case of C153. For Py, samples were excited at 325 nm, and
the fluorescence spectrum was recorded between 340 and 440
nm with 5 nm/2 nm slit widths. The fluorescence intensity of
Py was measured at the wavelengths corresponding to the first
(I1, 374 nm) and the third (I3, 384 nm) vibronic bands. All
fluorescence measurements were performed at 25 °C.
Steady-State Fluorescence Anisotropy Measurements. A

PerkinElmer LS-55 Luminescence spectrometer was used to
measure the steady-state fluorescence anisotropy (r) of DPH in
the presence of the added surfactant. The instrument was
equipped with a polarization accessory that used the L-format
instrumental configuration. The software supplied by the
manufacturer automatically determines the r-value. A stock
solution of DPH (3.4 × 10−4 M) was prepared in dry methanol.
Aliquots of this stock solution were added to the surfactant
solutions so that the final concentration of the probe was 1 μM.
The anisotropy measurements were carried out with varying
surfactant concentrations at 25−70 °C. Before measurements
started, the solution was equilibrated for 10 min at the required
temperature. The excitation wavelength was set to 350 nm, and
the emission intensity was followed at 450 nm. The excitation
and emission slit widths were 2.5 nm and 4.0−8.0 nm,
respectively. A 430 nm cutoff filter was placed in the emission
beam to eliminate the effect of scattered radiation. For each
measurement, the anisotropy value was recorded over an
integration time of 10 s. Five readings were recorded for each
sample, and the average was accepted as the r value.
Time-Resolved Fluorescence Measurements. Fluorescence

lifetime of DPH probe was measured on Optical Building
Blocks Corporation Easylife instrument. The light source was a
380 nm diode laser. The time-resolved decay curves were
analyzed by single exponential or biexponential iterative fitting
program. The best fit was judged by the χ2 value (0.8−1.2) and
the residual plot.

Determination of Microviscosity. The rigidity of the
microenvironments of the self-assemblies was expressed in
terms of microviscosity (ηm) experienced by DPH probe. In
brief, ηm was calculated using the Stokes−Einstein−Debye
equation:53

η
τ

ν
=

k T
m

B r

h (1)

where vh and τr are the hydrodynamic volume (313 Å
3 for DPH

probe molecule)54 and rotational correlation time of the
fluorophore, respectively. The τr value of DPH in the surfactant
solution was estimated from Perrin’s equation:55
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where r0 (= 0.362)56 and r are the steady-state fluorescence
anisotropy values of the DPH probe in a highly viscous solvent
and in sample, respectively; τf is the measured average
fluorescence lifetime of DPH in the surfactant solution.

Dynamic Light Scattering (DLS) and Zeta Potential. The
DLS technique was used to measure the size distribution of the
aggregates formed in aqueous solution. The DLS measure-
ments employed a Zetasizer Nano ZS (Malvem Instrument
Lab., Malvern, U.K.) light scattering spectrometer equipped
with a He−Ne laser working at 4 mW (λ0 = 632.8 nm). The
sample solutions were filtered directly into the scattering cell
through a Millipore Millex syringe filter (Triton-free, 0.22 μm).
Each sample was allowed to equilibrate inside the DLS optical
system chamber for 10 min prior to the start of the
measurement. All measurements were performed at 25 ± 0.1
°C. The scattering intensity was measured at 173° to the
incident beam. At least 12 runs were performed for each
sample. The software supplied by the manufacturer automati-
cally calculates the optimum parameters for monomodal as well
as for multimodal distributions in order to produce a size
distribution profile. Zeta (ζ) potential measurements were also
performed on the same instrument.

Transmission Electron Microscopy (TEM). The morphology
of the aggregates was visualized by a transmission electron
microscope (FEI-TECNAI G2 20S-TWIN, FEI, USA)
operating at an accelerating voltage of 120 kV. TEM pictures
were taken for 0.06 and 0.12 mM surfactant solutions in pH 7.0
PBS (20 mM). A 5 μL volume of surfactant solution was
dropped on to a 400 mesh size carbon-coated copper grid, and
allowed to stand for 1 min. The excess solution was blotted
with a piece of tissue paper, and the grid was air-dried. The
specimens were kept in desiccators overnight before measure-
ment. Each measurement was repeated at least twice to check
the reproducibility.

Confocal Fluorescence Microscopy (CFM). The optical
microscopic images of Cal-trapped vesicles were recorded by
Olympus FluoView FV1000 confocal fluorescent microscope
that used a 488 nm laser source. For entrapment of Cal,
NaChol-Ala (0.31 mg, 0.59 mmol) and Cal (208 μL, 0.48 mM)
in methanol (5 mL) were taken in a 25 mL RB flask, and
homogenized by sonication. Next, methanol was evaporated in
a rotavapor, and the mixture was dried thoroughly in vacuum
desiccators. The resulting thin film was soaked with 500 μL of
PBS (pH 7.0, 20 mM) overnight, and then diluted to 5 mL
such that the final concentrations of the surfactant and Cal were
0.12 mM and 2 × 10−5 M, respectively. The excess dye was
removed by dialysis for 2 h, using an ultrafiltration cellulose
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acetate membrane with pore size of 1000 Da MWCO. A few
microliters of the dialyzed solution was poured onto a glass
slide which was then sealed with a coverslip and placed in the
microscope.

■ RESULTS AND DISCUSSION
Interfacial Properties. The surface activity of NaChol-Ala

was studied in pH 7.0 PBS (20 mM) at 25 °C. Figure 1 depicts

the surface tension (γ) versus log [NaChol-Ala] plot. The ST
value attained its minimum of 62 mN m−1 at a concentration of
ca. 0.13 mM of NaChol-Ala. This suggests that the surfactant
under study is weakly surface-active in comparison to common
anionic surfactants like sodium N-(11-acrylamidoundecanoyl)-
L-alaninate (SAUA; critical aggregation concentration (cac)
0.22 mM, γcac 52.3 mN m−1)57 and bile salt, NaDC (cac 3.7
mM, γcac 44.8 mN m−1),58 where cac is the critical aggregation
concentration and γcac is the surface tension at cac. The
surfactant concentration (0.13 mM) corresponding to the
minimum value of γ can be taken as the cac. Thus, the cac value
is much less than those of SAUA and NaDC. Furthermore, the
saturation adsorption (Γmax) was calculated from the slope of
the linear part of γ versus log C plot (inset of Figure 1) using
Gibbs adsorption equation:59

γΓ = −
nRT C

1
2.303

d
d logmax

(3)

where C is the concentration of the surfactant, NA is Avogadro
constant, R is the gas constant, T is the temperature in Kelvin,
and n = 2 for dilute solutions of 1:1 ionic surfactant.59 The
minimum surface area per surfactant molecule (Amin = 62 Å2)
and molecular packing parameter (P) was calculated using the
equations:60

=
Γ

A N
1

min
max

A
(4)

and

ν=P
l Ac min (5)

where v and lc are respectively the volume and extended chain
length of the hydrophobic tail. The molecular volume (v) of
Chol was calculated from its molar volume (391.4 ± 5.0 cm3

mol−1).61 On the other hand, lc (17.15 Å) was determined by
energy minimization of the surfactant structure using MM2
force field in Chem3D Ultra 7.0 software (Cambridge Soft
Corporation). The P value of 0.61 thus obtained indicates the
formation of bilayer vesicles.60

Fluorescence Probe Studies. Fluorescence probe analysis
is an important area in biophysical studies of molecular
assemblies, such as micelles, vesicles etc. Using extrinsic
fluorescent probes, the self-aggregation phenomena along
with the nature of the microenvironment (particularly,
micropolarity and microviscosity) can be addressed. In the
present study, we used NPN, C153, and Py as polarity probes
and DPH as the viscosity probe. The hydrophobic probe
molecules have poor solubilities in water, but they become
solubilized in the nonpolar microdomain of the self-assemblies
formed by the surfactant molecules. Thus, the fluorescence
profiles of these probes in the absence and the presence of the
surfactant can throw light on the aggregation phenomena.

Studies with NPN Probe. NPN has been successfully
employed as a polarity probe, since its fluorescence emission
spectrum exhibits a large blue shift with a concomitant
enhancement in fluorescence intensity on moving from a
polar to a nonpolar environment.62 In the present study, the
fluorescence emission spectrum of NPN was recorded in the
absence and the presence of NaChol-Ala (see Figure S4 of the
SI). In aqueous buffer (pH 7.0 PBS), NPN exhibited a very
weak fluorescence with emission maximum (λmax) centered at
∼455 nm. A large blue shift (∼40 nm) of the emission
maximum accompanied by ca. 6-fold increase of fluorescence
intensity was observed in the presence of NaChol-Ala (0.12
mM). This clearly suggests that the probe molecules are
solubilized within the hydrophobic microdomain formed by

Figure 1. Plot showing the variation of γ (mN m−1) with logC at 25
°C; inset showing linear fitting of the γ versus log C plot.

Figure 2. Variation of relative fluorescence intensity (F/Fo) and spectral shift (Δλ) of (a) NPN and (b) C153 as a function of [NaChol-Ala] at 25
°C.
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self-aggregation of the surfactant molecules. Figure 2a shows
the variation of relative fluorescence intensity (F/Fo) and
spectral shift (Δλ = λmax(buffer) − λmax(sample)) of NPN as a
function of [NaChol-Ala], where Fo and F are the fluorescence
intensities in the absence and the presence of the surfactant,
respectively. Each of the fluorescence titration curves was fitted
to sigmoidal growth function corresponding to a two-state
process. The best fit was judged by the R value (∼0.985). It is
evident from the intensity profile that below a critical
concentration (cac) equal to ca. 0.016 mM, there are no
aggregates present, and the NPN spectrum corresponds to that
in buffer. However, as the surfactant concentration rises above
0.016 mM, more and more probe molecules are solubilized
within the hydrophobic interior, as can be rationalized from the
sigmoidal growth terminating with a plateau. The inflection
point corresponding to a concentration of ca. 0.016 mM
indicates the onset of aggregation phenomenon, and therefore,
can be taken as the cac value. However, the cac value as
obtained from fluorescence titration is one-order of magnitude
less than that obtained from ST plot. This might be due to
weak surface-activity of the surfactant, which results in small
changes in γ-value with the increase of [surfactant]. Since
fluorescence is a more sensitive technique than ST, the cac
value obtained from the fluorescence titration curve was taken
to be more accurate.
Studies Using C153 Probe. C153 has been extensively

used as a solvation dynamics probe.63 Like NPN studies, we
again found a large blue shift of the fluorescence spectrum of
C153 along with an increase in intensity in the presence of
surfactant (see Figure S5, SI). The cac value obtained from the
F/Fo versus [NaChol-Ala] plot (Figure 2b) is in good
agreement with the results obtained from NPN studies. Here
also, a good fit (R = 0.94, 0.99) of the plots with sigmoidal
growth function was observed suggesting a two-state process.
The cac value obtained from the inflection point is ca. 0.015
mM, which is closely similar to the value obtained from
fluorometric titration using NPN and confirms accuracy of the
measurements. In addition to providing a quantitative measure
of the cac, the solvatochromic character of C153 affords a very
good correlation between solvent polarity and emission
frequency of C153. The micropolarity of the self-assemblies
can be usually expressed in terms of π* solvent polarity scale,
which is given by the relation64

υ π̅ = − *21.217 3.505em (6)

where υ̅em [in 103 cm−1] is the frequency corresponding to the
limiting emission maximum of C153 in the presence of
surfactant. In our case, the π* value of ∼0.50 in the presence of
0.12 mM NaChol-Ala suggests that the polarity of the
microenvironment is comparable with that of 2-propanol (π*
= 0.49).64 The experimental results are summarized in Table S1
(SI).
Studies with Pyrene Probe. Studies with Py as a

fluorescent probe have earned significant consideration in the
area of molecular self-assembly. Py is a strongly hydrophobic
probe having poor water solubility (2−3 μM). The relative
fluorescence intensities of the various vibronic bands of Py
monomer show strong dependence on the solvent environment
around it.65 Several mechanisms underlying the interactions of
the excited states of Py molecules with surrounding solvent
molecules have been discussed in the literature.66 However, the
solvent-dependent perturbation of the vibronic band intensities
has been used to determine the micropolarity and the extent of

water penetration into micellar and membrane-like micro-
domains.65 In particular, the intensity ratio of the first (I1, 374
nm) to the third (I3, 384 nm) vibronic band in the Py
fluorescence spectrum is typically used as an index of the
apparent micropolarity. The I1/I3 ratio is, thus, often termed
the “polarity ratio”. The fluorescence emission spectra of Py
measured in PBS buffer (pH 7.0) in the absence and the
presence of different concentrations of NaChol-Ala are shown
in Figure S6 of SI. Figure 3 presents the variation of the I1/I3

ratio as a function of the surfactant concentration, and affords
several interesting results. The plot fits best (R = 0.962) to a
sigmoid function confirming a two-state process. The I1/I3 ratio
has a value of 1.75 in pH 7.0 PBS (20 mM) in the absence of
the surfactant. However, the ratio falls off with increasing
concentration of the added surfactant, indicating the formation
of aggregates with less polar local environment. The limiting
steady value of I1/I3 is equal to 0.89. It is interesting to note
that the I1/I3 values for bile salts, such as NaC (0.79),67,68 and
NaDC (0.71)67 are also very small and much lower than that of
SAUA (1.30).57 This suggests that the polarity of the
microenvironment of the self-assemblies formed by NaChol-
Ala is very low, and closely resembles that of 2-propanol. It is
worth mentioning here that the C153 probe study also
indicated a 2-propanol-like micropolarity, thus showing a
great deal of reliability of the experimental findings.

Studies Using DPH Probe. Degree of depolarization of
fluorescence emission is indicative of rotational diffusion of an
excited fluorophore, and affords a means to probe the
microenvironment of molecular self-assemblies and hence the
shape of the aggregates. DPH is a membrane fluidity
fluorescent probe and is widely used for studying lipid bilayer
aggregates.69,70 The steady-state fluorescence anisotropy (r)
value of DPH probe is an index of rigidity of the local
environment of the interior core of the aggregates. Normal
micelles of ionic surfactants have low anisotropy values of
∼0.05,71 and vesicles have r values usually greater than 0.14.
Figure 3 depicts the variation of anisotropy of DPH probe with
surfactant concentration at 25 °C. It is observed that the r value
increases steeply with [NaChol-Ala] above its cac value, and
reaches a saturation plateau at r = 0.26 ± 0.01 following a
sigmoid function (R = 0.995). The high r value suggests that
the probe is solubilized within the highly viscous microdomain,
and is indicative of the formation of bilayer vesicles, which will
be justified through further studies.
To determine the microviscosity (ηm) of the aggregates in

aqueous solution, we performed time-resolved fluorescence
lifetime measurements using DPH probe. The fluorescence
lifetime (τf) of the DPH probe was measured in the presence of

Figure 3. Variation of I1/I3 of Py and fluorescence anisotropy (r) of
DPH probe as a function of [NaChol-Ala] at 25 °C.
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0.06 mM and 0.12 mM surfactant solutions in pH 7.0 PBS (20
mM). For both the concentrations, the experimental time-
resolved intensity profile fits well to biexponential decay with
χ2-values within the fairly accepted range. The time-resolved
fluorescence data are listed in Table S2 of the SI. Major
contribution (≥94%) to τf value stems from only one of the
components, which was used for the calculation of ηm. The
experimental high τf values reflect that the probe molecules are
partitioned into the hydrophobic environment of the self-
assemblies. The ηm values (ca. 222 and 227 mPa s) thus
obtained were much larger compared to micelle-forming
DTAB, SDS, and Tx-100 surfactants.54 Such high ηm values
indicate very rigid and viscous microenvironment of the
aggregates, which must be due to the tight packing of the
cholesteryl moieties forming bilayers.
Hydrodynamic Size of Aggregates. DLS studies showed

a monomodal (PDI = 0.756) size distribution around a mean
hydrodynamic diameter (dh) of 70−80 nm (Figure 4a) in the
case of 0.06 mM NaChol-Ala solution in pH 7.0 PBS at 25 °C.
However, with 0.12 mM NaChol-Ala, a bimodal (PDI = 0.324)
size distribution with peaks at ∼50 nm and ∼250 nm (Figure
4b) was obtained. This indicates that unlike bile salts, NaChol-
Ala forms large bilayer aggregates, probably vesicles, with
relatively narrow size distribution. Although usually a broad size
distribution is observed in dilute surfactant solution, in the
present case, the higher PDI value in 0.06 mM solution could
be due to the nongaussian feature of the distribution.
Microstructure of the Aggregates. Transmission Elec-

tron Microscopy (TEM). In order to gain a clear and foolproof
insight into the size and shape of the self-assembled
microstructures, TEM pictures were taken. Representative

TEM images are shown in Figure 5a,b. Both micrographs
reveal the presence of small unilamellar vesicles (SUVs). A
close look at the images shows that the vesicles are mostly
spherical in shape, and the size ranges from 10 to 100 nm.
However, as observed in Figure 5b, at higher surfactant
concentration, the SUVs fuse together, leading to the formation
of large unilamellar vesicles (LUVs) of diameter in the range
100−200 nm. This may be attributed to strong hydrophobic
interactions arising from the Chol moieties. In addition to
spherical vesicles, however, fewer elongated vesicles (50−80
nm) are also visible. The TEM images are consistent with the
findings from DLS and fluorescence anisotropy studies that
suggested the presence of highly rigid bilayer structures in
aqueous buffered solutions.

Confocal Fluorescence Microscopy (CFM). Because TEM
sample preparation procedure involves drying of the specimen,
TEM micrographs are often criticized for generating artifacts.
Although TEM images were reproducible, CFM was used to
visualize the dye-entrapment within the aqueous core of the
vesicles in support of the TEM results. We employed calcein
(Cal) dye for this study. The CFM image presented in Figure
5c clearly shows the existence of spherical vesicles with aqueous
core loaded with green fluorescent Cal. The vesicles have sizes
in the range of 500 nm to 2 μm. It should be remembered that,
in contrast to TEM, CFM cannot resolve vesicles smaller than
200 nm because of its limitation. Therefore, only larger vesicles
that were formed by fusion of SUVs are observed. Thus, the
CFM image presents a further proof of the presence of
spherical vesicles.

Stability of the Vesicles. Once we confirmed the
formation of unilamellar vesicles, the next challenge was to

Figure 4. Size distribution histograms of surfactant solutions in pH 7.0 PBS (20 mM) at 25 °C for (a) 0.06 mM NaChol-Ala at t = 0 day, and (b)
0.12 mM NaChol-Ala at t = 0 day.

Figure 5. Unstained TEM images of the vesicles of (a) 0.06 mM and (b) 0.12 mM NaChol-Ala solution. (c) CFM image of the Cal-loaded vesicles
(scale bar is 5 μm).
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investigate their stability with respect to aging, temperature, and
pH of the aqueous solution. For that purpose, we measured
zeta potential, turbidity, hydrodynamic size, and steady-state
fluorescence anisotropy of the vesicular assemblies.
Zeta Potential. The ζ-potential is a measure of the degree

of repulsion between adjacent, similarly charged particles in
dispersion. A high ζ-potential value (positive or negative) is
indicative of the system’s stability against flocculation or
coagulation. Low ζ-potential values (−5.5 mV and −8.9 mV for
0.06 and 0.12 mM NaChol-Ala, respectively) suggest that the
dispersion tends to collapse leading to flocculation or
coagulation. Relatively low ζ-values are expected for carboxylate
surfactants as their salts hydrolyze in dilute solution to produce
corresponding acid form, which reduces the intermolecular
repulsion among surfactant molecules in the aggregates, thus
allowing molecules pack tightly. However, the negative charge
density being less, the vesicles are expected to be less stable
because of weaker electrostatic repulsions among vesicles as
discussed below.
Aging Effect. In order to investigate the stability of the

vesicles, the turbidity (τ = 100 − %T) of the surfactant solution
was measured at different time intervals. Basically, turbidity
arises from the scattering of light by the dispersed vesicles, and
depends on their sizes and populations. The turbidity of 0.06
mM and 0.12 mM surfactant solutions in pH 7.0 PBS (20 mM)
buffer was measured at 400 nm at different time intervals
during 25 days. The experimental results are presented in
Figure 6. The plot reveals that the turbidity initially increases

only slightly with time for [NaChol-Ala] = 0.06 mM, and
reaches almost a steady value. In the case of concentrated
solution, turbidity remains almost constant throughout the
aging period. The initial increase in turbidity in the case of 0.06
mM surfactant solution could be traced to the formation and
growth of vesicles, while the subsequent plateau mirrors good
storage life of the vesicles.
The effect of aging was further rationalized in terms of the

time-variation of size distribution of the vesicles. As shown by
the size distribution histograms in the inset of Figure 6, the
mean value of dh increased to ca. 530 nm for 0.06 mM (PDI =
0.482) and to ca. 1025 nm for 0.12 mM (PDI = 0.616)

surfactant solutions, respectively after 22 days. The explanation
can be sought in terms of intervesicular fusion leading to the
formation of larger vesicles (>500 nm) as shown in the TEM
picture Figure 5(b). The PDI value for the 0.12 mM solution is
also observed to increase with aging and is consistent with the
appearance of a trimodal distribution profile. In contrast, for
0.06 mM solution, the PDI value is reduced to 0.482.

Thermal Stability. The thermal stability of the vesicles was
investigated by measuring fluorescence anisotropy (r) of the
DPH probe at various temperatures. Figure 7a represents the
variation of r with increasing temperature for [NaChol-Ala] =
0.06 mM. The plot shows that the r value is quite high at room
temperature, indicating the existence of bilayer vesicles.
However, the r value decreases with the rise in temperature,
but it lies in the vesicular range, even at 70 °C. This tells us that
the bilayer membrane of vesicular aggregates becomes less rigid
at elevated temperatures as an outcome of weakening of the
packing of the Chol units due to gel-to-liquid crystalline phase
transition. The weak packing of the Chol units also results in
water penetration, thus causing hydration of the bilayer
membrane. Such phenomenon has also been reported earlier
by others in the case of Chol-containing niosomes.72,73 The
phase transition temperature Tm as obtained from the inflection
point of the plot is ca. 46 °C, which is higher than the
physiological temperature (37 °C). Because the vesicles are
stable at the physiological temperature, they are expected to
have good lifetime in the blood circulation, unless they bind
serum proteins strongly.

Dye Entrapment and pH Stability. The surfactant under
study has a COO− headgroup which can be protonated in pH
below its pKa value. On the other hand, the surfactant has a
carbamate linkage (−O−(CO)−NH) connecting the Chol
unit with the amino acid headgroup. The carbamate bond is
susceptible to hydrolysis at low pH, thus making the vesicle
structure unstable. Further, it is known that different tissues of
biological system and biofluids (e.g., blood, tear, saliva, urine,
gastric juice, etc.) have pH in the range of 2.0 to 8.74 Therefore,
to test whether the vesicles were stable at acidic pH, we
encapsulated DPH (1 μM) within the hydrophobic membrane,
and monitored its release at bulk pH of 7.4 and ∼4.5 at 37 °C.
Because DPH has negligible water solubility, there must be a
decrease in fluorescence intensity when the vesicles are
disrupted, resulting in release of DPH molecules to bulk
water. To a 5 mL of DPH-trapped NaChol-Ala solution (0.12
mM) in pH 7.4 PBS, 245 μL of HCl (pH 0.60) was added to
attain a bulk pH of 4.5. The addition of HCl was taken to be
done at t = 0. The fluorescence intensity of DPH was measured
at different time intervals. The % release was calculated from
the value of (1 − F/F∞) × 100%, where F and F∞ are the
fluorescence intensities of DPH at any time t and at the end of
the 2 h time period, respectively. Notably, only ∼5% of
encapsulated DPH probe was released in 2 h in pH ∼ 4.5 (see
Figure 7b). This shows that the vesicles are stable enough even
at acidic pH and could serve as a system for sustained release of
hydrophobic drugs.

Interactions with HSA. HSA is the most abundant protein
in human blood and is responsible for the transport of various
metabolites, fatty acids, and drug molecules.75,76 It is a globular
protein with a single tryptophan (Trp214) residue. The
interaction of HSA with a DDS (particularly injectable) is
important in the viewpoint of the lifetime of the latter in the
circulation. To investigate the fate of the vesicular assemblies in
the circulation, we have studied the interaction of HSA with the

Figure 6. Effect of aging on the vesicular aggregates: Plot of turbidity
versus aging time; inset shows size distribution histograms after 22
days for 0.06 mM and 0.12 mM NaChol-Ala.
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vesicles after a 24 h incubation period at room temperature.
When excited at 295 nm, the protein (0.1% w/v) alone showed
its emission maximum around 348 nm in pH 7.0 PBS (20
mM), but in the presence of 0.12 mM NaChol-Ala, we
observed a 13 nm blue shift in the emission maximum as well as
a quenching of the Trp fluorescence (Figure 8a). This suggests
binding of the vesicles with HSA. In the presence of NaChol-
Ala, the Trp214 experienced a more hydrophobic region, which
may be attributed to the presence of hydrophobic Chol
moieties. In fact, the binding of bile salts to HSA and BSA are
also known to occur through hydrophobic interactions.77,78

This means NaChol-Ala binds to hydrophobic pocket of HSA
near Trp214. To be sure of it, we further performed DLS
measurements with the protein (0.1%) in the absence and
presence of NaChol-Ala. Figure 8b−d clearly show that the
distribution corresponding to vesicular aggregates completely
vanishes in the presence of protein which means disruption of
vesicles. Therefore, it can be concluded that despite small size
and sufficient stability such vesicles cannot be employed as
injectable DDS.

■ CONCLUSIONS
In conclusion, we have designed and synthesized a new
carboxylate surfactant with Chol as hydrophobic tail. The

physicochemical and self-assembly properties of the amino
acid-derived steroidal surfactant, NaChol-Ala, have been
reported. Unlike conventional fatty acid surfactants with
hydrocarbon tail or bile salts, the amphiphile showed weak
surface activity. In fact, the surface-activity of NaChol-Ala is
much weaker than NaDC or NaC. We have investigated the
intriguing self-assembly properties of the surfactant. Unlike bile
salts, NaChol-Ala is shown to form small (50−250 nm) and
stable unilamellar vesicles in neutral as well as in slightly acidic
pH. The vesicles were also observed to be sufficiently stable at
physiological temperature for a longer period of time. The
driving force for vesicle formation is the large hydrophobic
interactions between Chol blocks leading to compact packing,
which makes the vesicles stable and robust. The vesicular
aggregates may find applications in sustained drug delivery.
Since the vesicles bind to HSA strongly, without the
incorporation of further stabilizing agent (for example,
poly(ethylene glycol)), they may not be useful as injectable
drug delivery system. However, their tendency to form larger
aggregates on standing can offer them potential for dermal
delivery of antibacterial agents, sunscreens, or cosmetics. Work
on Chol-derived surfactants bearing other amino acids is
currently underway in this laboratory.

Figure 7. (a) Plot showing thermal stability of the vesicles. (b) Release profile of DPH encapsulated in the vesicles in pH 7.4 and 4.5 at 37 °C.

Figure 8. (a) Fluorescence intensity profile of HSA in the absence and presence of NaChol-Ala; Size distribution profiles after 24 h incubation: (b)
HSA (0.1%), (c) NaChol-Ala (0.12 mM), and (d) HSA (0.1%) + NaChol-Ala (0.12 mM).
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