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ABSTRACT: Monolayer lipid membrane formation based on
self-assembly of bolaamphiphiles containing hydrophobic
spacer are well-established in the literature, but monolayer
vesicle formation by so-called hydrophilic poly(ethylene
glycol) (PEG) spacer has not been reported to date. Here, a
novel L-cysteine-derived bolaamphiphile with PEG as spacer
has been developed and characterized. The interfacial
properties and the solution behavior of the amphiphile were
investigated in pH 7.0 at 25 °C. The self-assembly properties
of the bolaamphiphile in aqueous buffer were investigated by
using different techniques, such as surface tensiometry,
fluorescence spectroscopy, UV—vis spectroscopy, isothermal
titration calorimetry, dynamic light scattering, transmission
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electron microscopy, and atomic force microscopy. Surprisingly, despite having so-called polar spacer in between two polar head
groups, it exhibits formation of microstructures in aqueous buffer as well as in water at 25 °C. The molecule undergoes self-
organization leading to the formation of monolayer vesicles with hydrodynamic diameters between 100 and 250 nm in a wide
range of concentration. The thermodynamic parameters clearly suggest that the aggregate formation is mainly driven by the
hydrophobic effect. The monolayer vesicles were found to form at a very low concentration (>0.63 mM) and within a wide pH
range (2—10). The vesicles exhibit excellent shelf life at physiological temperature.

1. INTRODUCTION

Conventional bolaamphiphiles are two-headed bipolar amphi-
philes consisting of two hydrophilic head groups separated by a
hydrophobic spacer.'™® The two hydrophilic head groups in a
bolaamphiphile can be charged or uncharged and can even be
identical to or different from each other. On solid surface
bolamphiphiles are known to self-associate into mono-
layers.”~"" On the other hand, bolaamphiphiles form different
types of self-assemblies, including micelle, monolayer lipid
membrane (MLM), vesicles, tubes, helical structures, multi-
layers, and nanofibers in aqueous solution.'””"” However, it has
been found that the basic thermodynamic properties of
bolaamphiphiles, including critical micelle concentration
(cmc) and micellization free energy, are not just twice that of
the corresponding conventional surfactant having just half of its
length.

Bolaamphiphiles have been shown to have enough potential
in effective drug as well as gene delivery. Therefore, they are
now widely employed in formulating stable nanocarrier
systems. In fact, there are many reports on chemical properties
of bolaamphiphiles and their effects on self-assembly
behavior.”*** Thus, after 30 years of initial development,
bolaamphiphiles have now become a new field of research to
formulation chemists and biologists. Bolaamphiphiles can also
serve as important structural blocks of micelles, vesicles, and
other nanostructures for biomedical applications as depicted by
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archaeosomes. A number of reports on bolaamphiphiles depict
that they can be used as the potential candidates for the
formulation of nanovehicles for targeted delivery of drugs and
genes. Extensive research is also going on to assess their safety
profile to establish them as safe excipients for pharmaceutical
applications.

Despite numerous reports on the aggregation behavior and
biomedical applications of bolaamphiphiles containing hydro-
carbon chains, steroids, porphyrenes, etc., until now there is not
a single report on bolaamphiphile bearing poly(ethylene glycol)
(PEG) as spacer. We all know about the versatile uses of PEG
in biomedical and pharmaceutical applications.””** Since PEG
is flexible in nature, nonreactive, less toxic, and water-soluble, it
shows versatile properties. Moreover, very high water solubility
of PEG at moderate temperatures leads to its enormous
applications in drug delivery, biomedical applications, surfactant
chemistry, and osmotic stress methods.”® Indeed, PEGs having
low molecular weight (M, < 1500 Da) are generally considered
hydrophilic.26 However, recently, work from this laboratory has
demonstrated self-assembly formation PEG-containing single-
tailed surfactants where PEG itself acts as the hydrophobic
tail.”’ =" In this work, we were interested in developing a first-
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in-class bolaamphiphile containing PEG backbone as the
spacer. It will be very interesting to see whether the PEG-
containing bolaamphiphile can form aggregates in solution. If
yes, then it would be interesting to see what kind of aggregate
they will form in aqueous solution.

Therefore, in this work, we have developed a pH-sensitive
zwitterionic bolaamphiphile, poly(ethylene glycol) di(propionyl
cysteine) (PEGDPC) (see Chart 1 for structure), bearing PEG

Chart 1. (A) Molecular Structure of the Amphiphile
(PEGDPC) and (B) Energy-Minimized Structure of the
Amphiphile in Solution Phase (Water) (Gray: C; White: H;
Red: O; Blue: N; Yellow: S)

as spacer and L-cysteine as the polar head groups. It was
intended to examine if there is any micelle formation by this
new class of amphiphile. Zwitterionic bolaamphiphile with PEG
spacer is advantageous because the amphiphile is pH-sensitive.
Also, since both PEGs and L-cysteine are biocompatible and
eco-friendly, their self-assembled structures in aqueous medium
can have potential applications in drug delivery. Therefore, self-
assembly properties of this amphiphile were investigated in pH
7.0 buffer at 25 °C. The cmc of the amphiphile and
micropolarity and microviscosity of the nanostructures were
estimated by the fluorescence probe technique. The energetics
of the self-assembly process was investigated by isothermal
titration calorimetry (ITC). The standard free energy change
(AG®,,) and standard enthalpy change (AH®,,) of micellization
were measured to understand the nature of molecular
interactions. The size and shape of the aggregates were
determined by using methods, including dynamic light
scattering (DLS), transmission electron microscopy (TEM),
and atomic force microscopy (AFM). The stability of the
aggregates with respect to aging, concentration, solution pH,
and temperature was examined.

2. EXPERIMENTAL SECTION

Materials. Poly(ethylene glycol) diacrylate (M, 575), N-phenyl-1-
naphthylamine (NPN, 98%), pyrene (Py, 99%), 1,6-diphenyl-1,3,5-
hexatriene (DPH, 98%), and D,O (99.6 atom % D) were obtained
from Sigma-Aldrich (Bangalore, India). For further purification, the
fluorescent probes were recrystallized from acetone—ethanol mixture
two times before use. Fluorescence excitation spectra of the probes
were recorded to confirm purity. L-Cysteine was obtained from Lab
Chem (Kolkata, India) and was used without further purification.
Sodium dihydrogen phosphate (NaH,PO,) and disodium monohy-
drogen phosphate (Na,HPO,) obtained from SRL (Mumbai, India)
were of analytical grade. Methanol and triethylamine (TEA, 98%)
purchased from Merck (Mumbai, India) were further dried for use in
synthesis. Milli-Q water (18 MQ cm) was used for the preparation of
aqueous solutions.

The amphiphile PEGDPC was synthesized following a method
reported earlier by our group.””*° The details of synthetic procedure
are available in the Supporting information.
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NMR Measurements. All 1D ("H and '*C) and 2D NMR spectra
were recorded on a Bruker (600 MHz) NMR spectrometer. D,0
solvent was used as the chemical shift reference for mode locking.

Surface Tension Measurements. Surface tension (y) measure-
ments were carried out with a surface tensiometer (GBX 3S, France)
applying the Du Niioy ring method. Before each measurement, the
instrument was calibrated by measuring the surface tension of Milli-Q
water (18 MQ cm). The y value was measured by successive addition
of aliquots of PEGDPC stock solution to a 10 mL phosphate buffer
(pH 7.0) solution. Before each measurement the solution was
equilibrated for 10 min at 25 °C. Each measurement was repeated
three times to minimize any error. A JULABO MC water-circulating
bath with a temperature accuracy of +0.1 °C was used for temperature
control.

Steady-State Fluorescence Measurements. The fluorescence
spectra of NPN and DPH probes were recorded on a PerkinElmer LS-
SS luminescence spectrometer equipped with a temperature-controlled
cell holder. A SPEX Fluorolog-3 (FL3-11, USA) spectrophotometer
was used to measure fluorescence emission spectra of Py. For
fluorescence measurements surfactant solutions of required concen-
trations were prepared in pH 7.0 buffer and were equilibrated for
about 30 min prior to measurement. The final probe concentrations
(Py and DPH) were kept at 1 uM. Py solutions were excited at 335
nm, and emission spectra were recorded in the wavelength range of
350—500 nm using excitation and emission slit widths of 3 and 1 nm,
respectively. For fluorescence titration using NPN probe, a saturated
solution of NPN in pH 7.0 buffer was used. NPN solutions were
excited at 340 nm, and the emission spectra were measured using
excitation slit width of 2.5 nm and emission slit width of 2.5—10 nm,
depending upon sample concentration. The temperature of the cuvette
holder was controlled by a Thermo Neslab RTE-7 circulating bath.

Fluorescence Anisotropy Measurements. Steady-state fluo-
rescence anisotropy (r) of DPH was measured by the PerkinElmer LS-
55 luminescence spectrometer equipped with a polarization accessory
that uses the L-format instrumental configuration. A Thermo Neslab
RTE-7 circulating bath was used for temperature control of the
magnetically stirred cuvette holder. The anisotropy was calculated
employing the equation

r = (Iyy — Glyy)/(Iyy + 2GLy) (1)
where Iy and Iy are the fluorescence intensities when the emission
polarizer is oriented parallel and perpendicular to the excitation
polarizer, and G (= Iiy/Iyy) is the instrumental grating factor. The
software supplied by the manufacturer automatically determined the G
factor and r. In all measurements, the r value was recorded over an
integration time of 10 s, and an average of five readings was accepted
as the r value. A stock solution of 1 mM DPH was prepared in super
dry methanol. The final concentration of DPH was maintained at 1
UM by addition of an aliquot of the stock solution. Variable
temperature anisotropy measurements were performed in the
temperature range 25—75 °C. 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
emission cutoff filter was employed to reduce the effect of scattered
and stray radiation. The fluorescence measurements started 30 min
after sample preparation.

Time-Resolved Fluorescence Measurements. The fluores-
cence lifetime (7;) of DPH probe was measured by an Optical
Building Blocks Corporation Easylife instrument that uses a 380 nm
diode laser. The time-resolved decay curves were analyzed by single-
exponential or biexponential iterative fitting program. Best fitting was
judged by the * value (0.8—1.2) and by the residual plot.

Determination of Microviscosity. The fluorescence lifetime ()
and fluorescence anisotropy (r) of DPH probe were used to determine
the microviscosity (77,,) of the aggregates. The #,, value was calculated
using Debye—Stokes—Einstein relation:

N, = KTt /v, @)
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where v, is the hydrodynamic volume (313 A®)*' of the DPH probe.
The 7 was calculated using Perrin’s equation:

Ty = 7(rg/r = 1) 3)
where r, (= 0.362)* is the steady-state fluorescence anisotropy of
DPH in a highly viscous solvent and 7 is the measured fluorescence
lifetime of DPH in surfactant solution.

Dynamic Light Scattering. The hydrodynamic diameter (d,) of
the aggregates in aqueous media was measured with a Zetasizer Nano
ZS (Malvern Instrument Lab, Malvern, U.K.) dynamic light scattering
(DLS) spectrometer equipped with a He—Ne laser operated at 4 mW
at Ay = 632.8 nm. The scattering intensity was measured at @ = 173° to
the incident beam. Surfactant solutions were prepared in pH 7.0 buffer.
Before each measurement the solution was filtered through Millipore
Millex syringe filter (Triton free, 0.22 um). For all light scattering
measurements, the temperature was set at 25 °C, and the sample was
equilibrated inside the DLS optical system chamber for 10 min before
the measurement started. The data acquisition was carried out for at
least 100 counts, and each experiment was repeated three times.

Zeta-Potential Measurements. The surface zeta ({)-potential of
the aggregates was determined using the same Zetasizer Nano ZS
(Malvern Instrument Lab, Malvern, UK) at 25 °C. For each sample, an
average of the values of three successive measurements was noted.

Transmission Electron Microscopy (TEM). High-resolution
transmission electron micrographs of the specimens were taken on
HRTEM (JEOL-JEM 2100, Japan) operating at 200 kV. For sample
preparation, 4 uL of surfactant solution was dropped on to a 400 mesh
carbon-coated copper grid and allowed to stand for 1 min. The excess
solution was then blotted with a tissue paper, and the grid was air-
dried. The specimens were kept in vacuum desiccators until before
measurement. Each measurement was repeated at least three times to
check the reproducibility.

For cryo-TEM measurements, 3 and 10 mM PEGDPC solutions
were prepared in pH 7.0 buffer. Specimen preparation was done in a
controlled environment vitrification system (CEVS). The specimens
were prepared in a chamber at 100% relative humidity (Cryoplunge 3)
in order to keep surfactant concentration fixed. S pL of the sample
solution was applied via the side port of the Vitrobot directly onto the
carbon-coated side of the Formvar carbon-coated perforated polymer
film TEM grid held by tweezers inside the chamber by using a pipet.
The excess solution was then blotted with a filter paper wrapped on a
metal trip to thin the drop into a film the thickness of which was less
than 300 nm. The grid was then plunged into liquid ethane at its
freezing point (—170 °C) cooled by liquid nitrogen. Until imaging, the
vitrified specimens were kept under liquid nitrogen, and the
temperature was maintained at —170 °C. Cryo-specimens were
imaged in JEM-2100F transmission electron microscope (JEOL,
Japan), operated at 200 kV, using a Gatan 655 (Gatan, Pleasanton,
CA) cooling holder and transfer station. Specimens were equilibrated
in the microscope below —170 °C. To nullify the electron beam
radiation damage, the specimens were investigated under low-dose
intensity. The images were recorded at a nominal under focus to
enhance phase contrast and were acquired digitally by CCD cameras
(Gatan, Pleasanton, CA), using the Digital Micrograph software
(Gatan UK, Abingdon, UK).

Atomic Force Microscopy (AFM). AFM measurements were
conducted by a Nanoscope IIIA from Digital Instruments in tapping
mode under ambient conditions. For the sample preparation, one drop
of 10 mM PEGDPC solution was placed on a clean mica surface. The
specimen was then dried in air overnight.

Gauss View Analysis. To get the energy-minimized monomeric
structures of the amphiphile in solution state (water), the theoretical
study was performed. All the calculations were done using the
Gaussian 09 software package.>> The geometries were optimized with
the spin-unrestricted formalism using B3LYP functional and 3-21G*
basis set. The polarized continuum model (PCM) was used to model
the solvation effects of water.

Isothermal Titration Calorimetry (ITC). The thermometric
measurements were performed by use of an isothermal titration
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calorimeter (Microcal iTC,y,, U.S.A.) at 25 °C. For the measurements,
concentrated surfactant stock solution (5 mM) was taken in a
microsyringe of capacity 40 L and was added in multiple steps to pH
7.0 buffer kept in the calorimeter cell of capacity 200 pL under
constant stirring conditions. The stirring speed was set at 400 rpm.
The reference cell contained pH 7.0 buffer. The thermogram of the
heats of dilution by stepwise addition of the surfactant solution was
recorded. Each run was performed twice to check reproducibility. The
calculation of heat changes was performed with the help of ITC
software provided by the manufacturer.

3. RESULTS AND DISCUSSION

Surface Tension. Amphiphilic molecules are known to self-
organize at the air/water interface which is indicated by the
reduction of y value of water. The surface tension of the
aqueous solutions of PEGDPC at different concentrations was
measured at pH 7.0 and 25 °C. The decrease of y value upon
increase of PEGDPC concentration (C,) (Figure 1) suggests
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Figure 1. Plot of surface tension (y) versus log C, (M) of PEGDPC in
pH 7.0 at 25 °C.

amphiphilic character and spontaneous adsorption of PEGDPC
molecules at the interface. The surface activity of an amphiphile
as usually measured by the pC,, value (—log(concentration of
the amphiphile required to lower y value of water by 20 units))
was observed to be ~2.3. Since for good surfactants the pC,,
value is >3, PEGDPC can be considered as a reasonably good
surfactant.>** Interestingly, unlike conventional surfactants,
the plot does not show any break followed by a plateau in the
investigated concentration range. However, a dent in the curve
can be seen at C, of about 0.5 mM, which may be taken as the
cmc value. The reduction of y value at higher concentrations
(>cmc) can be attributed to formation of larger aggregates.
Similar behavior has already been reported in the literature for
other surfactants.””*°

Self-Assembly Studies. NPN has been extensively used as
an efficient fluorescent probe as it shows a large spectral shift
along with a huge increase of intensity upon incorporation into
the hydroghobic microdomains of the self-assembled micro-
structures.’® In the presence of PEGDPC the fluorescence
emission maximum (/,,,.) of NPN exhibits a 55 nm blue-shift
and about 10 times enhancement of fluorescence intensity
relative to that in pH 7.0 buffer (Figure 2a). The large blue-shift
of Ap. of NPN suggests its encapsulation within less polar
environment of the microstructures formed by PEGDPC
molecules in aqueous solution. In addition, the enhancement
of the fluorescence intensity indicates a viscous microenviron-
ment of the NPN probe. The plot showing variation of the
spectral shift Al (= A, (water) — A, (surfactant)) of the
NPN probe with C is depicted in Figure 2b. The sigmoid plot
corresponding to a two-state process clearly suggests existence
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Figure 2. (a) Representative fluorescence emission spectra of NPN in pH 7.0 buffer in the presence of different concentrations of PEGDPC (C;).
(b) Plot of variation of spectral shift (A1) of NPN probe in phosphate buffer (20 mM, pH 7.0) with the change in C; at 25 °C.
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Figure 3. Schematic representation of monolayer vesicle structure formed by the monomers.

of equilibrium between surfactant monomers and self-
assembled aggregates. The cmc value (0.60 + 0.04 mM)
obtained from the onset of rise of A/ is almost equal to the
value obtained from surface tension plot.

The microenvironment of the aggregates was also inves-
tigated using Py probe to estimate micropolarity and thereby to
have an idea about the nature of the aggregates. The ratio of the
intensities of first (I;, 374 nm) and third (I;, 384 nm) vibronic
bands in the Py fluorescence spectrum is usually used as an
index of apparent polarity of the medium.”” The fluorescence
emission spectra of Py measured in pH 7.0 buffer at different C;
are depicted in Figure S4. In pure buffer medium, the I,/I; ratio
has a value of 1.81. But the ratio falls off with increasing C;, and
the limiting value reaches to 148 + 0.03 at C, = 20 mM,
indicating formation of microstructures with micropolarity less
than that of water. However, this micropolarity index is higher
than that of aggregates formed by the single PEG tail surfactant
with the L-cysteine head group.”” The micropolarity value
corresponds to the polarity of ethylene glycol.”® In pH 3.0
buffer, however, the decrease of the I,/I; ratio is much larger,
and the limiting value (1.38 + 0.04) is reached at 20 mM
PEGDPC. That is, when the head groups become cationic
(—NH;") in nature, the microenvironment of the aggregates
becomes less polar. This suggests that the Py or NPN probes
are solubilized within the microdomains of the aggregates
constituted by the PEG spacer of the amphiphile.

Further, in order to investigate whether there is any
structural change of the aggregates with increase of PEGDPC
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concentration, steady-state fluorescence anisotropy (r) of DPH
probe was measured. As reported in the literature, the rigidity
of the microenvironments of aggregates is manifested by the r
value of DPH probe.*”*” A high r value (>0.14) indicates
viscous microenvironment. Thus, the high r value (0.185 +
0.003) of DPH in 20 mM PEGDPC solution indicates that the
microenvironment of the probe molecules is very rigid and is
constituted by tight packing of PEG chains."” The micro-
viscosity (7,,) was calculated from the steady-state r value
(0.185) and fluorescence lifetime (7; = 5.28 + 0.10 ns) of the
DPH probe using the Debye—Stokes—Einstein relation.”” The
N value thus obtained is ca. 70.14 mPa-s, which is much higher
than those of conventional surfactant micelles.”’ The plot
(Figure SS) showing variation of r value with the increase of C,
shows an increase of 7, of the aggregates with the increase of
C, above the cmc. This can be attributed to formation of
aggregates with core constituted by tighter packing of the
PEGDPC molecules.

On the basis of the results of fluorescence probe studies, we
propose vesicle formation by the amphiphiles as shown by the
cartoon pictures depicted in Figure 3. The vesicle wall is
constituted by the monolayer arrangement of the PEGDPC
molecules. The constitution of vesicle membrane was also
confirmed by 2D NOESY analysis. The NOESY analysis reveals
through-space interactions among the protons of close
proximity in a molecule as well as in a complex of
molecules.”** The distance of two specific protons ("H—'H)
in a NOESY spectrum predominantly controls the intensity
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Figure 4. 2D NOESY spectrum of 1 mM PEGDPC in D,0 (aggregated state).

(volume) of cross-peak formed by the protons. The NOESY
spectrum of 1 mM PEGDPC solution (in D,0) as depicted in
Figure 4 shows mostly diagonal peaks that arise from the
interactions of the nearby H atoms in the same molecule. It is
evident from Figure 4 that along with diagonal interactions a
number of key cross interactions can also be observed. The
interactions among g < a, b, ¢, d, e, f protons imply the
intermolecular interactions among the PEG chains. Further, the
interactions among a <> b, ¢, d and b < ¢, d protons suggest
the strong intermolecular interactions among the head groups.
All these strong key cross-peak interactions suggest only
monolayer formation after reaching a certain concentration
(cmc). These cross-peaks signify the spatial proximity of the
surfactant in the self-assembled aggregates. This means that the
monolayer vesicle is constituted by the PEG spacer of the
bolaamphiphile.

Thermodynamics of Aggregate Formation. The ITC
method was employed to further investigate the self-assembly
behavior of the surfactant and to understand the thermody-
namics of aggregate formation. The thermogram along with the
titration curve is displayed in Figure 5. The cmc value was
obtained from the corresponding differential plot as shown in
Figure S6. From this calorimetric titration curve, the AH®
value was directly obtained from the enthalpy difference
between final and initial states. The other thermodynamic
parameters AG°,, and AS° associated with the micellization
process were calculated using the pseudophase separation
model. ™" The values of cmc and other thermodynamic
parameters evaluated from the data presented in Table 1. The
spontaneity of vesicle formation is confirmed by the large
negative values of AG®,, as well as by the large positive values
of AS°.. Since the TAS®,, value for the amphiphile is observed
to be much larger than that of the AH® value, it clearly
suggests that the spontaneous vesicle formation is an entropy-
driven process. The essence of entropy-driven process is the
hydrophobic interaction. The release of water molecules
around the PEG tails contributes to the entropy rise which is
beneficial for the self-assembly process. This means that the
hydrophobic effect plays an important role in vesicle formation.
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Figure S. Thermogram (upper panel) and plot of variation of enthalpy
change (AH) with surfactant concentration (C;) at 25 °C;
concentration of surfactant stock solution was 5 mM.

Table 1. Critical Micelle Concentration (cmc), Standard
Gibbs Free Energy Change (AG°,), Standard Enthalpy
Change (AH®,,), and Standard Entropy Change (AS°,) for
the Self-Assembly Formation in Aqueous Buffered Solution
(pH 7.0) by PEGDPC at 25 °C

AGS, AR, AS, TAS®,,
cmc (mM) (kJ mol ™) (K mol™)  (JK'mol™) (k] mol™)
063 (+0.02)  -1826  0.19 (+0.1) 6191 18.45

In other words, the PEG chain of the bolaamphiphile behaves
like a hydrocarbon chain. However, when the thermodynamic
data for the vesicle formation by PEGDPC are compared with
those of the corresponding single-headed zwitterionic amphi-
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phile, it is found that the aggregate formation is more feasible in
the latter.””

Hydrodynamic Size and Shape of Aggregates. DLS
measurements were performed to determine mean hydro-
dynamic diameter (d,) of the aggregates formed at different
concentrations and pH. The histograms in Figure 6 represent

20

161 10 mM M
124 r

: 1

| LA

1 100
d, (nm)

1000

Figure 6. Concentration-dependent size distribution profiles of the
aggregates formed by PEGDPC in pH 7.0 buffer at 25 °C.

the number distribution graphs for the amphiphile at different
concentrations. It is observed that the aggregates formed in pH
7.0 have bimodal size distributions. The aggregates are found to
have mean d,, much larger than that of small spherical micelles.
The size distribution histograms presented in Figure 6 clearly
suggest formation of vesicles having dj, value in the range of
50—250 nm. As expected at higher concentrations (5 and 10
mM), a monomodal size distribution with a mean d;, of ca. 250
nm is observed. This indicates that size of the vesicles remains
almost unchanged when surfactant concentration is increased.
The surface potential of the vesicles in 3 mM PEGDPC
solution was also measured and the data are collected in Table
S1. Slightly negative {-potential value (—5.2 mV) of the vesicles
in neutral pH (~6.0—7.0) clearly suggests that the L-cysteine
head group of the bolaamphiphile is oriented toward bulk
water.

Further HRTEM images of PEGDPC solutions of two
different concentrations were taken to visualize the shape of the
microstructures formed in aqueous solution. The TEM images
as shown in Figure 7 reveal the existence of spherical vesicles
with an aqueous core. It is important to note that the surfactant
solution in pure water also exhibits formation of vesicular
structures (Figure S7). The vesicle diameters (50—150 nm) in
3 mM surfactant solution as seen in the micrographs are slightly
less than the values obtained by DLS measurements, which is
due to drying of the sample. A very careful insight into the
vesicular pictures (Figure 7b) reveals that the thickness of the
vesicle wall is ~4 nm, which is almost equal to the length of the
spacer PEG chain (40.51 A) as obtained from the Gaussview
model of the molecule. The microscopic investigations thus
confirm the existence of monolayer vesicle formation in both
dilute and concentrated surfactant solution. Since the PEG
chain is relatively short, monolayer lipid membrane (MLM)
formation is much more favorable than bilayer lipid membrane
(BLM) formation. This is because for BLM formation the
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Figure 7. Unstained HRTEM images of PEGDPC in pH 7.0 buffer: (a,
b) 3 mM and (c) S mM. Cryo-TEM image of (d) 3 mM PEGDPC in
pH 7.0 buffer.

molecule has to be bent in a U-shape, which is energetically
unfavorable.

To illustrate the molecular packing of PEGDPC in the vesicle
wall, the aggregates were further characterized by AFM in a
dehydrated state. As shown in Figure 8, the tapping-mode AFM
image of 10 mM PEGDPC solution reveals spherical aggregates
with diameters of 80—220 nm. This is in good agreement with
the result obtained from TEM and DLS measurements. The
section analysis profile of a selected aggregate is shown in
Figure 8. The collapsed aggregate height was observed to be ~8
nm. This means the average wall thickness of the hollow sphere
is about 4 nm, which is almost equal to the spacer length of
PEGDPC (40.51 A) calculated using the Gaussview model.
This coincidence indicates that the vesicle wall is composed of
only one monolayer of PEGDPC molecules rather than the
usually observed bilayer structure in vesicles of phospholipids.
Considering its similarity to a symmetric bolaamphiphile with
short chain, PEGDPC could not adopt a U-bent shape but
spanned the wall to form a “monolayer-like” structure.

As the HRTEM and AFM methods are associated with the
drying of the sample, the images might appear as artifacts.
Therefore, in order to rule out the possibility of any artifact in
the HRTEM and AFM images, cryo-TEM measurements were
performed at two different concentrations. The cryo-TEM
image of the 3 mM PEGDPC solution is shown in Figure 7d.
The image clearly reveals existence of vesicles having outer
diameters in the range of 120—180 nm. Also, no significant or
only a slight increase of vesicle diameter was observed in 10
mM PEGDPC solution (Figure S7). Thus, the results are
consistent with the results of DLS, HRTEM, and AFM
measurements.

Further to demonstrate the presence of aqueous core in the
vesicular aggregate, encapsulation of a hydrophilic dye,
methylene blue (MB), was attempted. For the dye entrapment
study, SO mg of PEGDPC (to make 60 mM stock solution)
with 100 L of 2 mM MB in methanol was mixed and dried
slowly in a RB flask by use of a rotavapor to make a thin film.
The flask was kept overnight in desiccators for complete
evaporation of the solvent. The film was then rehydrated with a
small amount of buffer solution for overnight. The rehydrated

DOI: 10.1021/acs.langmuir.7b01877
Langmuir 2017, 33, 7741-7750


http://pubs.acs.org/doi/suppl/10.1021/acs.langmuir.7b01877/suppl_file/la7b01877_si_001.pdf
http://pubs.acs.org/doi/suppl/10.1021/acs.langmuir.7b01877/suppl_file/la7b01877_si_001.pdf
http://pubs.acs.org/doi/suppl/10.1021/acs.langmuir.7b01877/suppl_file/la7b01877_si_001.pdf
http://pubs.acs.org/doi/suppl/10.1021/acs.langmuir.7b01877/suppl_file/la7b01877_si_001.pdf
http://dx.doi.org/10.1021/acs.langmuir.7b01877

Langmuir

40.51 A

>
2

9

21

o

PRI I A I )

Sh 0 b % 0 0 UK 0 U 0 Y,
2

o N & o ®

25pm

Figure 8. (a) AFM height image, (b) the energy-minimized structure of PEGDPC in solution phase (water) showing the spacer length, (c) AFM
image with scale bar, and (d) 3D sectional analysis of PEGDPC solution (10 mM, pH 7.0) on mica.
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Figure 9. Plots of variation of fluorescence anisotropy (r) of DPH as a function of (a) temperature (inset: TEM image at 80 °C) and (b) pH.

suspension was vortexed for 30 min followed by dilution with
pH 7.0 buffer to attain 0.1 mM MB (4., = 665 nm). The
resulting solution (2 mL) was then loaded into a column
packed with Sephadex G-75 (25 cm height and 1.2 cm
diameter) pre-equilibrated in the eluting buffer. The elution
was carried out using pH 7.0 buffer, and the eluent was
collected in 2 mL fraction each. The vesicular suspensions
eluted just after the void volume. However, the filtration was
continued to gel filter all the free MB dye. The absorbance for
all the fractions was measured at 665 nm. The data are plotted
against the elution volume as shown in Figure S8. The
encapsulation was confirmed by the characteristic UV spectrum
of MB in water. The peak with low absorbance corresponds to
the vesicle entrapped dye molecule, whereas the peak of very
high absorbance corresponds to the free dye. It was found that
approximately 1.75% of the total dye was entrapped into a small
initial portion containing vesicles. This study clearly demon-
strates that the vesicles contain inner aqueous pool which can
entrap water-soluble drugs.

Stability of the Vesicles. Temperature has an important
factor of self-assembly formation, and it also affects the size and
shape of self-assembled aggregate. Since the microenvironment
of the vesicle membrane formed by the PEG spacer is slightly
polar in character, it can be concluded that the PEG chains in
the membrane are partially hydrated. Thus, heating of the
PEGDPC solution is expected to cause dehydration of the PEG
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chains and hence change the membrane rigidity. The
fluorescence anisotropy of DPH probe was used to determine
the phase transition, if any, of the vesicle membrane. Figure 9a
depicts the variation of r with temperature. As seen, the r value
decreases with the increase of temperature, but the limiting
value of r lies in the vesicular range, even at 80 °C. The
existence of vesicle phase at 80 °C was confirmed by the TEM
image depicted in the inset of Figure 9a. This suggests that the
PEG chains become more fluid and hence leaky at elevated
temperatures. This is due to weakening of the hydrophobic
interactions caused by the thermal motion among PEG chains.
The temperature corresponding to the inflection point of the
curves can be taken as the melting or phase transition
temperature, T,, of the membrane. The high melting
temperature, 48 °C for PEGDPC, clearly suggests that the
vesicles are quite stable at the physiological temperature (37
°C).

Since the surfactant headgroup is zwitterionic in nature at pH
~6.0—7.0, the stability of the vesicles was studied by varying pH
of the medium. The pH-stability measurement was carried out
by measuring r of DPH probe in surfactant solutions of
different pH. The pH of the solution containing 20 mM
PEGDPC was varied from 2 to 12 at 25 °C. Each solution was
incubated for 30 min prior to the measurement. Figure 9b
shows the variation of r values with the change in pH of the
surfactant solution. It is observed that both decrease and
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increase of solution pH result in a decrease of r value and show
a maximum at pH ~6.0—7.0. This suggests that the MLM
becomes less rigid at both lower and higher pHs as a result of
weakening of the packing of the PEG units. The weak packing
of the PEG units results from increased electrostatic repulsion
between anionic or cationic head groups of the amphiphiles at
the surface. This is associated with the change in ionization
equilibrium with pH. The pK, values for the proton transfer
equilibria were obtained from the inflection point of the pH
titration curves. The pK, values thus obtained are 4.8 and 8.4
for cation—zwitterion and zwitterion—anion equilibrium,
respectively. The pl value calculated from the respective pK,
value is ~6.6, which means that at around neutral pH the
surfactants remain in the zwitterionic form and the aggregates
exist either as uncharged or weakly charged entities.

In order to investigate the change in vesicle structure with
pH, DLS measurements were performed with the PEGDPC
solutions of varying pH. The existence of large aggregates in
higher as well as in lower pH is confirmed by the size
distribution histograms (Figure S9) of the corresponding
solution. The size distribution histograms show that with
increase or decrease in pH from 7.0 the aggregate size
decreases. The aggregate size is highest in pH 7.0 and is
consistent with the zwitterionic headgroup of the surfactant at
pH 7.0. The existence of vesicles in both lower and higher pHs
is demonstrated by the TEM picture (Figure S10) of the
respective solution. Indeed, spontaneous vesicle formation was
found at pH 3.0 and 10.0. However, the vesicle size becomes
smaller in comparison to that in neutral pH, which is consistent
with the size distribution histograms in Figure S9. This is due to
the cationic and anionic nature of the amphiphile at acidic and
basic pH, respectively. In both cationic and anionic forms,
electrostatic repulsion among the ionic head groups results in a
formation of smaller vesicles.

However, the vesicles were found to be stable enough at all
the pHs. The stability of the aggregates is manifested by the
surface {-potential. A high positive or negative {-potential value
suggests repulsive interaction among particles and hence their
stability against flocculation or coagulation, whereas a low (-
potential value indicates that the dispersion tends to collapse
leading to flocculation or coagulation. Therefore, { values of the
vesicles in 3 mM PEGDPC were measured at different pHs.
The data are listed in Table S1. The results clearly indicate that
at pH 3.0 the surface charge is positive and at pH 10.0 the
surface charge is negative, whereas at around pH 6.0—7.0, the
surface charge is slightly negative. This means the vesicles are
stable in a wide range of pH. Since the zwitterionic vesicles at
around neutral pH have tendencies to either grow in size or
coagulate producing precipitates, turbidity () measurement of
the surfactant solution (3 mM, pH 7.0) was monitored over a
period of two months at 400 nm to ensure vesicle stability.
However, the plot in Figure S11 shows only a slight increase in
turbidity for the surfactant solution and can be attributed to the
development of the vesicles. This is supported by the size
distribution profiles (Figure S12) of the surfactant solution at
different time intervals. The monolayer vesicles in 3 mM
PEGDPC solution are found to be highly stable even after two
months. The excellent stability of the vesicles makes them
potential candidate for drug delivery applications.

To investigate whether there is any effect of salt on the
stability of monolayer vesicles, fluorescence anisotropy of DPH
in vesicle solution of PEGDPC was measured at different NaCl
concentrations. The plot in Figure S13 shows only a slight
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increase of r value with the rise of [NaCl]. The slight increase
of r value of DPH at [NaCl] = 200 mM suggests that the
monolayer vesicles remain unaffected even in the presence of
moderately high salt concentration. The size distribution
histogram of 5 mM PEGDPC in the presence of 200 mM
NaCl has been depicted as inset in Figure S13. As seen, the size
of the monolayer vesicles also remains unaltered even at high
NaCl concentration.

4. CONCLUSIONS

In summary, in this work, a novel L-cysteine-derived
bolaamphiphile (PEGDPC) with PEG as spacer was developed
and characterized. The solution behavior of the amphiphile was
investigated in different pHs and temperatures. Despite having
so-called polar PEG spacer, the molecule exhibits a reasonably
good surface activity in water. Different techniques including
fluorescence spectroscopy, DLS, TEM, and AFM confirm
formation of monolayer vesicles by the amphiphilic molecules
in neutral, acidic, and basic pHs. The surfactant monomers
organize themselves to form monolayer vesicle in very dilute as
well as in concentrated solution. To the best of our knowledge,
this is the first report on vesicle formation by a bolaamphiphile
containing PEG as spacer chain. The thermodynamic data
suggest that the driving force for vesicle formation is a
hydrophobic effect. The monolayer vesicles were observed to
be fairly stable with respect to increase of surfactant
concentration and temperature. But, the hydrodynamic size of
the monolayer vesicles is found to decrease with both decrease
and increase of solution pH. The vesicle stability under
physiological condition suggests that they can have potential
use in drug delivery applications.
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