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ABSTRACT: In our recent reports, we have shown that when a
poly(ethylene glycol) (PEG) chain is covalently linked to any ionic
group, the resultant molecule behaves like an amphiphile.
Depending upon the nature of ionic head groups, they selfassemble to form micelles or vesicles, in which the PEG chain
constitutes the micellar core or vesicle bilayer. In this study, we
intend to examine what happens when both hydrocarbon (HC)
and PEG chains are attached to a carboxylate head group.
Therefore, we have synthesized two novel amphiphiles in which a
PEG and a HC chain is covalently linked to L-cysteine. The surface
activities and the solution behavior of the sodium salts of these
amphiphiles were investigated at neutral pH. The amphiphiles selforganize to form large unilamellar vesicles in dilute solutions, which
transformed into small micelles at higher concentrations. The HC
chains of the molecules have been shown to constitute the bilayer membrane of the vesicles and core of micelles. In acidic pH,
the amphiphiles were found to form large disklike micelles. The thermodynamic parameters of self-assembly formation were also
measured by isothermal titration calorimetry. The vesicle and micelle formation was found to be spontaneous and
thermodynamically favorable. The thermal stability of the micelles at neutral and acidic pH was studied. The addition of
cholesterol was observed to increase the physical stability of vesicles.

1. INTRODUCTION
Amphiphiles containing a poly(ethylene glycol) (PEG) chain
have drawn a great attention owing to their widespread
applications in chemistry, biology, medicinal ﬁelds, and
industry.5,6 This is because PEG has low toxicity, nonreactivity,
ﬂexible structure, and water solubility. For this reason, PEG can
be applied as hydrophilic, ionophilic, or stealth-eﬀect units to
develop functional materials and drugs.7 One of the interesting
properties of PEG is the thermal response. It is known to show
lower critical solution temperature (LCST) in water leading to
phase separation because of the self-assembly upon temperature
elevation.8 This is in contrast to ionic surfactants, for example,
sodium dodecyl sulfate (SDS) that forms micelles at room
temperature, but the critical micelle concentration (cmc)
becomes higher and the aggregation number changes upon
elevation of temperatures.9 For a more eﬀective material and
drug design, in-depth understanding on the physicochemical
properties of PEG is of signiﬁcance. However, because
conventional PEGs are polydisperse macromolecules, the
properties of PEG emerge as averages of the monodisperse
species with diﬀerent molecular weights. Also, the properties of
PEG are known to depend on the molecular weights.10
Recently, the molecular topology has also been found to
inﬂuence the properties of PEG.11
© 2016 American Chemical Society

In the past few decades, research on PEG chains have shown
that PEG itself acts as a hydrophilic group at room
temperature.12−15 A number of amphiphilic materials have
been developed by coupling the PEG chain with hydrophobic
units, such as proteins,16−18 cholesterol,19,20 and so forth.
However, there are also some reports on hydrophobicity of
PEG chains, where the PEG chain has been shown to act like
the hydrocarbon (HC) tail of conventional surfactants.1−4
Therefore, it was thought that when both HC and PEG chains
are covalently linked to a polar carboxylate (−COO−) group,
the resulting amphiphilic molecule might behave like a doubletail surfactant. To examine this, we have designed and
synthesized two amphiphilic molecules, CPOLE and CPMYS,
in which both PEG and HC chains of diﬀerent lengths are
covalently linked to L-cysteine amino acids (see Chart 1 for
structures). These amphiphiles may act either like a single-chain
or double-chain surfactant depending upon (i) how the PEG
chain behaves and (ii) what molecular conformation is adopted
in an aqueous medium. Therefore, the aggregation behavior of
these amphiphiles was investigated in detail in pH 7.0 buﬀer at
25 °C using a number of methods. Theoretical calculations
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and checked by measuring the ST of Milli-Q water (18 MΩ cm−1)
before each experiment. To a 10 mL phosphate buﬀer (20 mM, pH
7.0) solution, aliquots of the surfactant solution were added, and the
resulting mixture was gently stirred and allowed to equilibrate for 10
min before starting the measurement. Each measurement was repeated
at least three times until the error was within ±0.01 mN/m. The
temperature of the solution was controlled using a Julabo MC watercirculating bath with a temperature accuracy of ±0.1 °C.
2.2.3. Steady-State Fluorescence Measurements. The steady-state
ﬂuorescence measurements were recorded either on a Perkin-Elmer
LS-55 luminescence spectrometer equipped with a temperaturecontrolled cell holder or on a Horiba FL3-11 spectrophotometer. A
Spex Fluorolog-3 (model FL3-11) spectrophotometer was used for
recording the ﬂuorescence emission spectra of Py. Surfactant solutions
of known concentrations (Cs) were prepared in pH 7.0 buﬀer (or
water) and were incubated for about 30 min before the measurement.
For ﬂuorescence titration using an NPN probe, a saturated solution of
NPN in pH 7.0 buﬀer was used. The ﬁnal concentration of Py and
DPH was kept at 1 μM. Py solutions were excited at 335 nm, and the
emission spectra were recorded in the wavelength range of 350−500
nm using excitation and the emission slit widths of 3 and 5 nm,
respectively. The solutions containing NPN were excited at 340 nm,
and the emission was followed between 350 and 600 nm. The slit
width was set at 2.5 nm for excitation and 2.5−10 nm for emission,
depending upon the sample concentration. Temperature-controlled
measurements were taken using a Thermo Neslab RTE-7 circulating
bath.
2.2.4. Fluorescence Anisotropy Measurements. A Perkin-Elmer
LS-55 luminescence spectrometer was used to measure the steadystate 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 thermostating
and magnetically stirred cell housing that allowed temperature control.
The anisotropy was calculated using the equation

Chart 1. Chemical Structures of (a) CPOLE and (b) CPMYS

were performed to obtain the stable molecular conformation of
the amphiphiles in aqueous solutions. Interfacial properties and
cmc of the amphiphiles were analyzed using the surface tension
(ST) method. The self-assembly behavior, and micropolarity
and microviscosity of the aggregates were measured through
the ﬂuorescence probe technique. Dynamic light scattering
(DLS) was used to determine the hydrodynamic diameters (dh)
of the aggregates. The morphology of the aggregates was
conﬁrmed using transmission electron microscopy (TEM). The
thermodynamics of the self-assembly process was studied by
isothermal titration calorimetry (ITC). The stability of the
aggregates with respect to surfactant concentration, solution
pH, temperature, and aging time was studied. The eﬀect of
cholesterol on the physical stability of the self-assembled
structures formed by these amphiphiles was also investigated.

r = (IVV − GIVH)/(IVV + 2GIVH)

(1)

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 manufacturer
automatically determined the G factor and r. For each measurement,
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 surfactant solutions,
so that the ﬁnal concentration of the probe was 1 μM. The anisotropy
measurements were taken at diﬀerent surfactant concentrations in the
temperature range of 25−75 °C. Before starting the measurement,
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 band
widths of 2.5 and 2.5−10.0 nm, respectively. A 430 nm cutoﬀ ﬁlter was
placed in the emission beam to eliminate the eﬀect of the scattered
radiation. All measurements were started 30 min after the sample
preparation.
2.2.5. Time-Resolved Fluorescence Measurements. An Optical
Building Blocks Corporation Easylife instrument was used to measure
the ﬂuorescence lifetime of DPH probes. The light source was a 380
nm diode laser. The time-resolved decay curves were analyzed using a
single exponential or biexponential iterative ﬁtting program. The best
ﬁt was judged by the χ2 value (0.8−1.2) and by the randomness of the
residual plot.
2.2.6. Determination of Microviscosity. The rigidity or ﬂuidity of
the microenvironment of the self-assemblies was measured by the
determination of microviscosity (ηm) using the DPH probe. The
microviscosity ηm was calculated from the values of r and rotational
correlation time (τR) of DPH probes using the Debye−Stokes−
Einstein relation21

2. EXPERIMENTAL SECTION
2.1. Materials. Fluorescence probes, N-phenyl-1-naphthylamine
(NPN), pyrene (Py), and 1,6-diphenyl-1,3,5-hexatriene (DPH) were
purchased from Sigma-Aldrich (Bangalore, India) and were recrystallized from acetone−ethanol mixture at least twice before use. Purity of
the probes was conﬁrmed by the ﬂuorescence excitation spectra. PEG
methyl ether methacrylate (mPEG; MW 300), oleoyl chloride, and
myristoyl chloride were purchased from Sigma-Aldrich (Bangalore,
India) and were used without any further puriﬁcation. L-Cysteine,
sodium bicarbonate, analytical grade sodium dihydrogen phosphate
(NaH2PO4), and disodium monohydrogen phosphate (Na2HPO4)
were obtained from SRL (Mumbai, India). Super dry methanol and
super dry triethylamine were used for synthesis. Milli-Q water (18 MΩ
cm−1) was used for all aqueous solutions. The amphiphiles, CPOLE
and CPMYS were synthesized according to the procedure reported in
the literature following Scheme S1. The details are described under
“Supporting Information”.
2.2. Methods and Instrumentations. 2.2.1. NMR Measurements. All 1D (1H and 13C NMR) and 2D spectra were recorded on a
Bruker (600 MHz) NMR spectrometer. The spectra of the acid forms
were recorded in CDCl3 using tetramethylsilane as the internal
standard. The 2D nuclear Overhauser eﬀect spectroscopy (NOESY)
measurements were taken using a D2O solvent (Aldrich, 99.6 atom %
D) as the chemical shift reference and for mode locking.
2.2.2. Surface Tension Measurements. ST (γ mN/m) measurements were recorded on a GBX 3S (France) surface tensiometer using
the Du Nüoy ring detachment method. The instrument was calibrated

ηm = kTτR /v h
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where vh is the hydrodynamic volume (313 Å3)22−24 of the DPH
molecule. τR was calculated using the Perrin’s equation

τR = τf (ro/r − 1)−1

in the surfactant concentration. The surface activity of the
amphiphiles can be compared by the minimum ST (γmin) and
pC20 [negative log(concentration of surfactant (Cs) at which
the γ value of water is reduced by 20 units)] values. For both
CPOLE and CPMYS, the γmin value is approximately 30 mN/m
and is similar to that of conventional HC chain surfactants.
Also, the pC20 values of CPOLE (5.25) and CPMYS (4.84) are
higher than those of conventional anionic surfactants,
suggesting higher surface activity. Furthermore, the cmc values
obtained from the corresponding break points are very low and
are similar to those of neutral surfactants.25 This suggests that
although there is a −COO− group at the head, the PEG chain
acts as a stealth making the amphiphiles behave like a neutral
surfactant. In other words, the HC chain acts as the tail, and the
PEG chain acts as a head group of the amphiphile.
3.2. Self-Assembly Studies. The steady-state ﬂuorescence
emission spectrum of NPN is known to exhibit a large blue shift
accompanied by a concomitant increase in intensity in going
from a polar to nonpolar environment. Therefore, NPN has
been extensively used as a hydrophobic probe to study the selfassembly behavior of surfactants. In fact, ﬂuorescence titration
using NPN probes is widely used for the determination of cmc
of the surfactants and micropolarity of the aggregates.26
Therefore, the ﬂuorescence emission spectra of NPN were
recorded in the absence and presence of varying concentrations
of both amphiphiles. Not only the ﬂuorescence spectrum shifts
toward the shorter wavelength relative to that in water but also
the ﬂuorescence intensity increases with the increase in Cs, as
shown in Figure S9. This is due to partitioning of the probe
molecules into relatively less polar microenvironment and
indicates self-assembly formation by the amphiphiles. The plots
of spectral shift (Δλ) of the emission maximum relative to
those in water (Δλ = λwater − λsurfactant) as a function of Cs are
shown in Figure 2. The large blue shift of the ﬂuorescence

(3)

where ro (=0.362)22 and τf are the steady-state ﬂuorescence anisotropy
of DPH in a highly viscous solvent and measured ﬂuorescence lifetime
of DPH in the surfactant solution, respectively.
2.2.7. Dynamic Light Scattering Measurements. The DLS
measurements were recorded using a Zetasizer Nano ZS (Malvern
Instrument Laboratory, Malvern, U.K.) light scattering spectrometer
equipped with a He−Ne laser operated at 4 mW (λo = 632.8 nm) at 25
°C. The solution was ﬁltered directly into the thoroughly cleaned
scattering cell through a Millipore Millex syringe ﬁlter (Triton free,
0.22 μm). The sample was allowed to equilibrate inside of the DLS
optical system chamber for 10 min before starting the measurement.
The scattering intensity was normally measured at θ = 173° to the
incident beam. The data acquisition was carried out for at least 15
counts, and each experiment was repeated thrice.
The surface zeta (ζ) potential of the aggregates was also measured
using the same Zetasizer Nano ZS (Malvern Instrument Laboratory,
Malvern, U.K.) optical system. The measurements were taken by
taking diﬀerent surfactant concentrations in pH 7.0 at 25 °C. An
average of three successive measurements was noted for each sample.
2.2.8. TEM. The morphology of the aggregates was investigated
using a high-resolution transmission electron microscope (JEM-2100
HRTEM, Make-JEOL, Japan) operating at an accelerating voltage of
200 kV. A 4 μL volume of the surfactant solution was dropped on to a
400 mesh carbon-coated copper grid and allowed to stand for 1 min.
The excess solution was blotted using a piece of tissue paper, and the
grid was air-dried. The specimens were kept in desiccators overnight
before the measurement. Each measurement was repeated at least
twice to check the reproducibility.
2.2.9. ITC. A microcalorimeter, MicroCal iTC200 (USA), was used
for thermometric measurements. In a microsyringe of capacity 40 μL,
the concentrated surfactant solution (0.5 or 3 mM CPOLE, and 1 or 4
mM CPMYS) were taken and added in multiple stages to pH 7.0
buﬀer kept in the calorimeter cell of capacity 200 μL under constant
stirring conditions, and the stepwise thermogram of the heats of
dilution of the surfactant solution was recorded. The stirring speed was
ﬁxed at 400 rpm, and the pH 7.0 buﬀer was taken in the reference cell.
Each run was duplicated to check reproducibility. Enthalpy
calculations were carried out with the help of ITC software provided
by the manufacturer. All measurements were taken at 25 °C.

3. RESULTS AND DISCUSSIONS
3.1. Surface Activity. Surface activity and the interfacial
properties of the amphiphiles were studied by ST measurements in pH 7.0 buﬀer at 25 °C. Figure 1 shows the plots of γ
versus log Cs, which exhibits two break points. This is indicative
of change in the morphology of the aggregates with the increase
Figure 2. Plots of spectral shift (Δλ) of NPN as a function of
surfactant concentration (Cs) in pH 7.0 at 25 °C: (■) CPOLE and
(□) CPMYS.

spectrum suggests that the NPN molecules are solubilized
within some HC-like environment. The feature of the plots of
CPOLE and CPMYS shows two distinct inﬂections in the
sigmoid curve, indicating the existence of two overlapping
equilibrium processes in the concentration range used. This is
consistent with the existence of two break points in the ST
plots and suggests the existence of two types of aggregates in
the buﬀered solution of the surfactants above a critical
concentration. The concentrations corresponding to the
inﬂection points were taken as the cmc values and are included
in Table 1. It is observed that the cmc values obtained by

Figure 1. Plots of ST (γ) vs log Cs in pH 7.0 at 25 °C: (■) CPOLE
and (□) CPMYS.
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Table 1. Self-Assembly Properties of CPOLE and CPMYS Surfactants in Aqueous Solutions of pH 7.0 and 3.0 at 25 °C
cmc (μM)
pH
7.0

surfactant

ST

ﬂuorescence

I1/I3

CPOLE

±
±
±
±

±
±
±
±
±
±

1.02 ± 0.02

CPMYS
3.0
a

10
100
37
150

10
30
10
50

CPOLE
CPMYS

10
110
28
160
4
8

10
15
10
30
2
2

ηm

dh (nm)

22.3 ± 3.0

a

a

5.5a

1.02 ± 0.03b

25.8 ± 5.0b

10.5b

1.05 ± 0.01a
1.06 ± 0.01b

45.2 ± 4a
56.3 ± 5b

30a
40b

[CPOLE] = 2 mM. b[CPMYS] = 2 mM.

Table 2. cmc, Standard Gibbs Energy Change (ΔGom), Standard Enthalpy Change (ΔHom), and Standard Entropy Change (ΔSom)
of Vesicle/Micelle Formation in Aqueous-Buﬀered Solution (pH 7.0) by CPOLE and CPMYS at 25 °C
surfactant

cmc1 (μM)

cmc2 (μM)

ΔH1 (kJ/mol)

ΔH2 (kJ/mol)

ΔG1 (kJ/mol)

ΔG2 (kJ/mol)

ΔS1 (J K−1/mol)

ΔS2 (J K−1/mol)

CPOLE
CPMYS

20 (±10)
37 (±20)

160 (±40)
200 (±40)

−1.13 (±0.10)
−0.61 (±0.09)

+0.42 (±0.06)
+1.78 (±0.07)

−48.25
−44.74

−38.98
−37.56

+158
+149

+132
+131

ﬂuorescence titration are closer to the respective value obtained
by ST measurements.
3.3. Thermodynamics of Self-Assembly Formation.
Generally, thermodynamic parameters are calculated to
conjecture the mechanism of self-assembly formation. As the
ITC method involves a stepwise addition mode, it provides an
excellent procedure to evaluate all thermodynamic parameters
in a single run. Therefore, all thermodynamic parameters of the
surfactants were evaluated by ITC measurements. In the
present study, the thermodynamic parameters were determined
by ITC at 25 °C using 0.5 or 3 mM stock solution of CPOLE
and 1 or 4 mM stock solution of CPMYS. The ITC
thermograms of the amphiphiles at both lower and higher
stock concentrations are depicted in Figure S8. The plots show
a sigmoid increase in enthalpy with the increase in Cs. The
thermodynamic parameters obtained from the plots are
included in Table 2. The cmc values of the amphiphiles were
obtained from the inﬂection point of the respective plot. ITC
measurements also suggest the existence of two aggregation
processes for both CPOLE and CPMYS in the concentration
range used. The cmc values thus obtained are close to the
corresponding value obtained by ST measurements and
ﬂuorimetric titrations. The ΔHmo value was obtained by
subtracting the initial enthalpy from the ﬁnal enthalpy indicated
by the vertical arrow in each plot of Figure S10. Basically, the
enthalpy levels between nonmicellar and micellar regions give a
measure of the enthalpy of micellization.27 The ΔGom value was
calculated from the measured cmc value using the following
relationship28
ΔGmo = (1 + β)RT ln(acmc)

solutions. Furthermore, the TΔSom values for all surfactants are
found to be much larger than the ΔHom values, which means
spontaneous aggregate formation is an entropy-driven process.
This means that the driving force for aggregation is an
hydrophobic interaction.29 The release of water molecules
around the HC tails contributes to the entropy rise facilitating
the self-assembly process. This suggests that the aggregation
process of the two surfactant systems is similar to most HC tail
surfactants. The thermodynamic parameters of the surfactants
demonstrate that the aggregate formation is much more feasible
and spontaneous when compared not only with conventional
ionic surfactants with a HC tail but also with those with only a
PEG tail.3,4 This must be a result of the reduction of ionic
repulsion among −COO− groups owing to the stealth
properties of the PEG chains on the surface.
3.4. Hydrodynamic Size of Aggregates. To investigate
the structural transition in surfactant solutions, DLS measurements were taken to measure the hydrodynamic diameter (dh)
of the aggregates at diﬀerent concentrations of the surfactants.
The size distribution histograms of the aggregates are shown in
Figure 3. In dilute solutions, a monomodal distribution with a
large mean dh value of ∼60 nm for CPOLE and ∼250 nm for
CPMYS is observed, suggesting the existence of large

(4)

where β is the degree of counterion binding of the surfactant
molecule and is usually taken as 0.8 for anionic surfactants29
and acmc is the activity of the surfactant solution at cmc, which
is numerically equal to the value of cmc as the solution is very
dilute. The ΔSom value was evaluated by the Gibbs equation
ΔSmo = (ΔHmo − ΔGmo)/T

(5)

The spontaneity of vesicle formation is suggested by the very
large negative and positive values of ΔGmo and ΔSmo ,
respectively. The very large negative values of ΔGom also
indicate that the transition between the two types of aggregates
at high surfactant concentrations is spontaneous but less
favored in comparison with the vesicle formation in dilute

Figure 3. Size distribution histograms of CPOLE in solutions of pH
7.0 with Cs = 0.05 and 2.0 mM and of CPMYS with Cs = 0.08 and 2.0
mM at 25 °C.
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Figure 4. HRTEM micrographs of (A) 0.05 mM CPOLE, (B) 3 mM CPOLE (inset: enlarged image), (C) 0.08 mM CPMYS, (D) 3 mM CPMYS
(inset: enlarged image) in pH 7.0 buﬀer, and (E) and (F) 2 mM CPOLE and 2 mM CPMYS, respectively, at pH 3.0.

against ﬂocculation or coagulation. Therefore, ζ-potential
values of the vesicles or micelles formed by the surfactants
were measured in diﬀerent pHs at diﬀerent concentrations. The
data are listed in Table S1. Relatively low ζ values are expected
for the −COO− surfactants, as the salts hydrolyze in dilute
solutions to produce their corresponding acid form, facilitating
the formation of an acid−soap dimer. Thus, lower values of ζpotential in dilute solutions mean stronger intermolecular
attraction among the surfactant molecules in the aggregates,
allowing the molecules to pack tightly thereby producing large
vesicular aggregates. On the other hand, higher ζ-potential
values in the concentrated solution mean greater repulsion
among the head groups and hence the formation of smaller
aggregates. The very low ζ-potential values for the aggregates of
both surfactants at pH 3.0 suggest the formation of uncharged
micelles due to the conversion of soap to an acid form of the
amphiphile, as discussed below.
3.7. Vesicle-to-Micelle Transition. From the above
discussion, it can be concluded that the ﬁrst cmc (cmc1)
corresponds to vesicle formation and therefore it can be
referred to as critical vesicle concentration (cvc). On the other
hand, the second cmc (cmc 2) is actually the critical
concentration for the vesicle-to-micelle phase transition. Several
mechanisms of vesicle-to-micelle transition, including monomer
diﬀusion and fusion of vesicles have been suggested.30,31 The
vesicles have a dynamic structure between the monomers and
the vesicles. Actually in dilute solutions of the amphiphiles at
pH 7.0, hydrolysis of the salt form of the surfactant produces its
acid form. When their concentrations are equal, they interact
through hydrogen bonding and thus produce acid−soap
dimers. Because the electrostatic repulsion between the head
groups is eliminated, the acid−soap dimers self-organize to
produce large aggregates-like bilayer vesicles. Such behavior of
the surfactants is quite similar to the medium- and long-chain
fatty acid salts.32−35 However, at higher surfactant concentrations, due to the decrease in the degree of hydrolysis, the
−COO− form predominates. This results in an increase in
electrostatic repulsion among the surfactant molecules
triggering the reorganization of vesicle bilayers to form smaller
aggregates-like spherical micelles.
According to the results of ﬂuorescence probe studies, the
HC chain of the amphiphiles constitutes the bilayer membrane
of vesicles at low concentrations and the core of micelles at
higher concentrations. The spatial arrangement of the

aggregates. On the other hand, the monomodal size
distribution with a smaller mean dh value of ∼5 nm for
CPOLE and ∼10 nm for CPMYS in moderately concentrated
solutions clearly indicate the existence of small micelles. This
means that both CPOLE and CPMYS surfactants produce
larger aggregates at lower concentrations, which transform into
much smaller micelle-like aggregates upon increase in the
surfactant concentration. To determine the morphology of the
aggregates, we have performed TEM measurements in both
dilute and concentrated solutions of CPOLE and CPMYS as
discussed below.
3.5. Morphology of Aggregates. To visualize the
microstructures formed by the surfactants, HRTEM measurements were taken at diﬀerent concentrations of the surfactants
at pH 7.0. The micrographs obtained without negative staining
of the specimens are shown in Figure 4. Large-closed spherical
vesicles can be observed in dilute aqueous solutions of both
surfactants. However, at higher surfactant concentrations, only
small micelle-like microstructures are found in the case of
CPOLE and CPMYS. It should be noted that although the
sample preparation involved drying, the results were reproducible. However, negatively stained (with 1% phosphotungstic
acid, pH 7.0) specimens showed only large and elongated
micelle-like aggregates (see Figure S11). This is probably due
to increased counterion condensation in the presence of
sodium salts leading to the formation of elongated micelles.
Although because of low resolution, we are unable to comment
on the exact number of lamellas of the vesicles, they appear to
have a thin boundary corresponding to unilamellar vesicles
(ULVs). The deformation observed in the vesicular structure
could be due to the fusion of smaller vesicles facilitated by the
exchange of amphiphiles between two interacting vesicles. As a
result, the vesicles are polydisperse (which is normal with
spontaneously formed vesicles) in size with dh values in the
range of 50−200 nm. However, the results are consistent with
those of DLS measurements. The existence of small aggregates
(micrographs B and D) in concentrated surfactant solutions is
also consistent with the results of DLS measurements.
3.6. Surface Charge of Aggregates. The stability of
colloidal particles is determined by a ζ-potential value, which is
a measure of its surface charge. In fact, ζ-potential is a measure
of the degree of repulsion between the adjacent and the likecharged particles in dispersion. A high ζ-potential value
(positive or negative) is indicative of the stability of the system
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surfactant molecules in the aggregated state was further inferred
from the 2D NOESY spectra (Figure S12) of CPOLE, as a
representative example. Such experiments have been shown to
give excellent insights into the nature of interactions in the selfassembly process in a number of aggregated systems.36−38 As
the cvc values of the amphiphiles are very low, it was diﬃcult to
record the NOESY spectra in the vesicular state of the
surfactant. Therefore, a 2D NOESY spectrum was recorded in
D2O at the micellar state of CPOLE at Cs = 2 mM. From the
NOESY spectrum (Figure S12), it is clear that there are mainly
diagonal interactions along with some key cross interactions,
which imply that the only interactions between the adjacent H
atoms in the PEG chain and HC chain were observed. In other
words, only intra- and intermolecular interactions among the
PEG chains and HC chains were observed for CPOLE in their
aggregated state. Thus, the spatial interactions of the H atoms
indicate the micelle-like aggregate formation for CPOLE at
higher concentrations.
3.8. Microenvironment of the Aggregates. The micropolarity of the self-assemblies was measured using Py as the
ﬂuorescent probe. The intensities of the vibronic bands of the
Py ﬂuorescence spectrum are found to depend strongly on the
solvent polarity.39 More speciﬁcally, the ratio (I1/I3) of the
intensities of the ﬁrst (I1, 372 nm) to the third (I3, 384 nm)
vibronic bands in the ﬂuorescence spectrum of Py is very
sensitive to solvent polarity change, and therefore, it is used as
the micropolarity index.39 The ﬂuorescence spectra of Py in the
presence of diﬀerent concentration surfactants are depicted in
Figure S13. The I1/I3 values (Table 1) for CPOLE (2 mM) and
CPMYS (2 mM) are very low compared with those in water
(1.82). This means that Py is solubilized within the
hydrophobic microdomains of self-assemblies consisted only
of the HC tails.39 Such a highly nonpolar microenvironment is
consistent with the formation of aggregates consisting only of
the HC tails.40 Moreover, the I1/I3 values, within the limit of
experimental error, are almost equal for CPOLE and CPMYS.
This is because Py is solubilized deep into the HC region of the
aggregates. It is interesting to note that the I1/I3 values of
CPOLE and CPMYS are much less than those of the
conventional HC tail surfactants. This means that the HC
tails of the surfactant molecules in the aggregates are tightly
packed, and as a result, the degree of water penetration is very
low. These results thus indicate that such self-assembled
structures will be useful for the solubilization of hydrophobic
drugs.
To further estimate the rigidity of the microenvironment of
the aggregates formed by the surfactants, we have performed
steady-state ﬂuorescence anisotropy (r) measurements using
DPH as a probe molecule. The ﬂuorescence spectra as shown
in Figure S14 indicate the gradual incorporation of DPH
molecules within the microenvironment of the aggregates and
is consistent with the results of ﬂuorescence titration carried
out using the NPN probe. The ﬂuorescence anisotropy r is an
index of microﬂuidity (or microviscosity) of the vesicle
membrane or micelle core. In fact, DPH is a widely used
probe for the study of both static and dynamic properties of
membranes, such as membrane ﬂuidity and ordering of lipid
acyl chains.41,42 Therefore, the r value of DPH was measured at
diﬀerent concentrations of the surfactants above their cvc
values in pH 7.0 buﬀer at 25 °C. The plots in Figure 5 show
that the r value is very high at low concentrations of both
surfactants, which decreases to a large extent with the increase
in Cs. The higher value of r at low concentrations implies an

Figure 5. Plots of ﬂuorescence anisotropy (r) of DPH vs surfactant
concentration (Cs) at 25 °C: (■) CPOLE and (□) CPMYS.

ordered environment around the DPH probe in the selfassemblies and thus supports the existence of bilayer vesicles in
dilute solutions of the amphiphiles. However, the smaller value
of r at higher surfactant concentrations suggests the existence of
loosely packed self-assemblies, such as micelles.43 The decrease
in the steady-state r value of DPH probes clearly indicates that
the vesicles with a rigid bilayer membrane are transformed into
small micelles with the increase in surfactant concentration.
To quantify the rigidity of the microenvironments of the
aggregates, we have also determined ηm around the DPH probe
within the aggregates. The ηm value was calculated from the
measured r value and ﬂuorescence lifetime (τf) of the DPH
probe in the presence of surfactants according to a reported
method,44 which is brieﬂy described under Supporting
Information. The τf values (Table S2) were obtained from
the analysis of ﬂuorescence intensity decays of the DPH probe
in the presence of surfactants at pH 7.0. The ηm values thus
obtained are included in Table 1. The ηm values of the
concentrated (2 mM) CPOLE and CPMYS is 22.3 and 25.8
mPa s−1, respectively, which are similar to those of the micellar
aggregates of SDS and dodecyltrimethylammonium bromide
surfactants.44 However, at low surfactant concentrations, for
example, in 0.08 mM CPOLE (49.6 mPa s−1) and 0.1 mM
CPMYS (55.8 mPa s−1) the ηm values of the self-assemblies are
relatively higher, which is indicative of the formation of closed
bilayer vesicles as already suggested by the TEM pictures
(Figure 4).
3.9. Eﬀect of pH. The surfactants being sodium salts of
carboxylic acids, it is expected that the change in pH will have
an eﬀect on the aggregation behavior of the amphiphiles. This
is because the pH-induced protonation of the −COO− group
aﬀects the hydrophilic interaction between the head groups of
the ionic surfactants and hence will have a deﬁning eﬀect on the
cvc value and on the shape and size of the aggregates formed by
the surfactant molecules. The cmc values of the surfactants
were therefore measured at pH 3.0 using NPN as a ﬂuorescent
probe. The ﬂuorescence titration curves are shown in Figure 6.
It is interesting to note that the plots exhibit only one inﬂection
point. The cmc values obtained from the concentration
corresponding to the inﬂection point are found to be much
less than the cvc value obtained at neutral pH. This is expected
because at pH 3.0 the −COO− group being protonated, the
surfactant molecule exists mainly in the neutral form. Thus, as a
result of elimination of charge repulsion among the head
groups, the cmc value decreased for both surfactants (Table 1).
As can be seen from the ﬂuorescence titration curves, the
ﬂuorescence spectrum of NPN is highly blue-shifted relative to
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Figure 6. Plots of spectral shift (Δλ) of NPN as a function of
surfactant concentration (Cs) in pH 3.0 at 25 °C: (■) CPOLE and
(□) CPMYS.

Figure 8. Size distribution histograms of (A) 2 mM CPOLE and (B) 2
mM CPMYS at diﬀerent pHs.

that in water, suggesting that the micelles have a HC-like
micellar core.
The eﬀect of the pH on the microenvironment was
monitored by measuring the I1/I3 ratio of Py. The data in
Table 1 show that the micelles in pH 3.0 have micropolaritylike HC solvents. The rigidity of the microenvironment was
monitored by ﬂuorescence anisotropy of DPH. The representative plots of the variation in r as a function of pH are shown
in Figure 7. The sigmoidal plots clearly indicate the existence of

3.10. Eﬀect of Temperature. Temperature is a physiological parameter in colloidal chemistry. It is well-known that
PEG chain-containing neutral surfactants or polymers undergo
dehydration at higher temperatures and fall out of solution
showing appearance of turbidity.45 The critical temperature
above which this occurs is called LCST. However, the
surfactant solutions at pH 7.0 did not exhibit any LCST
phenomena in the concentration range (0.05−2 mM) studied
as shown by the plots in the inset of Figure 9. The study thus

Figure 7. Plots of ﬂuorescence anisotropy (r) of DPH in (■) 2 mM
CPOLE and (□) 2 mM CPMYS as a function of pH.
Figure 9. Plots of turbidity (τ) as a function of temperature (°C) of
the surfactant solutions (0.5 mM) at pH 3.0: (■) CPOLE and (□)
CPMYS (inset: turbidity plots at pH 7.0).

a two-state equilibrium between the −COO− and −COOH
forms of the surfactant molecule. The pKa values thus obtained
from the inﬂection points of the plots are approximately 5.5
and 4.5 for CPOLE and CPMYS, respectively. This suggests
that at pH 3.0, both surfactant molecules are present mostly in
the neutral carboxylic acid form. This means the reduction of
electrostatic repulsion between the head groups and hence tight
packing of the surfactant monomers in the aggregates at pH ≤
3, as indicated by the higher ηm value (Table 1) of the micelles.
The tight packing of the charge neutral surfactant monomers
in the aggregates as discussed above will result in the growth of
micelles at low pH. Therefore, we measured the hydrodynamic
diameter of the micelles of both surfactants at diﬀerent pHs.
The size distribution histograms can be found in Figure 8. It is
observed that the mean dh value increased relative to that in
neutral pH. This suggests the formation of larger micelles in
acidic pH, which is conﬁrmed by the HRTEM images of the
surfactant solutions at pH 3.0. Indeed, both micrographs (E)
and (F) in Figure 4 exhibit large disklike micelles for CPOLE
and CPMYS surfactants.

demonstrates that the aggregates of CPOLE and CPMYS
surfactants are stable at the physiological pH and temperature
(37 °C). By contrast, surfactant solutions (0.05 mM) of both
surfactants at pH 3.0 exhibit LCST phenomena. Therefore,
temperature variation turbidity (τ = 100 − %T) was measured
with surfactant solutions (0.5 mM) at a concentration much
above their cmc values at pH 3.0. As can be seen in Figure 9,
CPMYS exhibits ∼50% turbidity upon elevation of temperatures to 85 °C. The LCST value appears to be ∼43 °C. The
LCST value, however, is found to be less at higher
concentrations of CPMYS. On the other hand, for CPOLE,
the turbidity of 0.05 mM solution was found to be less (<20%)
at the highest achievable temperature (85 °C) in water and the
LCST is observed to be ∼55 °C. This suggests that the
nonionic CPMYS (at pH 3.0) may have potential applications
in the ﬁeld of drug delivery for hydrophobic therapeutic agents.
3.11. Eﬀect of Cholesterol. Cholesterol (Chol) is a major
component of biological membrane lipids and is known to
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control the membrane ﬂuidity, diﬀusional mobility, and
permeability.46 The intravesicle interactions of Chol are
hydrophobic, hydrophilic, and steric interactions that determine
the molecular order and membrane properties.47−50 As
mentioned earlier, the ULVs get deformed as a result of fusion
with each other because of the exchange of surfactant
molecules. Therefore, to enhance the stability of vesicles in
dilute solutions, we studied the eﬀect of the addition of Chol.
Usually, there is an upper limit to Chol incorporation within
the aggregate, above which Chol seems to precipitate as crystals
of pure Chol either in the monohydrate or in the anhydrous
form. In fact, the solubility of Chol in the vesicle bilayer was
found to be very low (∼2 mol %) in 0.08 mM surfactant
solution. In the presence of 2% Chol, the r value of DPH
probes was observed to increase from 0.162 to 0.263 for
CPOLE and from 0.175 to 0.282 for CPMYS (Figure S16),
indicating the increase in bilayer rigidity and hence physical
stability of the vesicles.
3.12. Aging Eﬀect. It should be noted that the PEG chain
covalently attached to the surfactant head group contains a
hydrolyzable ester linkage. The hydrolysis of the surfactant
could destabilize the vesicles or micelles at room temperature
even at neutral pH. Therefore, it is important to determine the
shelf-life of the micelles formed by the surfactants in neutral pH
at room temperature. To determine the stability of colloidal
formulation, the turbidity (τ = 100 − %T) of the surfactant
solution was measured at diﬀerent time intervals. Turbidity,
generally, arises from the scattering of light by the aggregates
and depends on their sizes and populations. The turbidity of
0.05 and 0.5 mM CPOLE and 0.08 and 0.5 mM CPMYS
solutions in pH 7.0 buﬀer (20 mM) was monitored at 400 nm
at diﬀerent time intervals during 30 days. The results are
summarized in Figure S17. It is important to note that in the
concentration range used, turbidity remains almost constant at
≤10% throughout the aging period, showing good storage life
of the vesicles and micelles.

of the PEG chains. The ULVs formed in dilute solutions of
CPOLE and CPMYS become more stable upon the addition of
cholesterol as an additive. Despite having ester linkage in the
molecular structure of the surfactants, the ULVs of both
surfactants were found to be stable at pH 7.0 for more than 30
days. Therefore, the ULVs can have potential applications in
drug delivery.
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(43) Zana, R.; In, M.; Lévy, H.; Duportail, G. Alkanediyl-α,ωbis(dimethylalkylammonium bromide). 7. Fluorescence Probing
Studies of Micelle Micropolarity and Microviscosity. Langmuir 1997,
13, 5552−5557.
(44) Roy, S.; Mohanty, A.; Dey, J. Microviscosity of Bilayer
Membranes of Some N-Acylamino Acid Surfactants Determined by
Fluorescence Probe Method. Chem. Phys. Lett. 2005, 414, 23−27.
(45) Cui, Q.; Wu, F.; Wang, E. Thermosensitive Behavior of
Poly(ethylene glycol)-Based Block Copolymer (PEG-b-PADMO)
Controlled via Self-Assembled Microstructure. J. Phys. Chem. B
2011, 115, 5913−5922.
(46) Yeagle, P. L. Cholesterol and the Cell Membrane. Biochim.
Biophys. Acta, Biomembr. 1985, 822, 267−287.
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