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ABSTRACT: Two new L-cysteine-derived zwitterionic amphi-
philes with poly(ethylene glycol) methyl ether (mPEG) tail of
different chain lengths were synthesized and their surface activity
and self-assembly properties were investigated. In aqueous
phosphate buffered solution of pH 7.0, the amphiphiles were
observed to form stable unilamellar vesicles, the bilayer membrane
of which is constituted by the mPEG chains. The vesicle phase was
characterized by a number of methods including fluorescence
spectroscopy, dynamic light scattering, and transmission electron
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microscopy. The thermodynamics of self-assembly was also studied by isothermal titration calorimetry through measurements of
the standard Gibbs free energy change (AG°,), standard enthalpy change (AH®,) and standard entropy change (AS°,) of
micellization. The self-assembly process was found to be entropy-driven, which implies that the mPEG chain behaves like a
hydrocarbon tail of conventional surfactants. The effects of pH, temperature, salt, and aging time on the bilayer stability were also
investigated. Encapsulation and pH-triggered release of model hydrophobic and hydrophilic drugs is demonstrated.

B INTRODUCTION

The vesicles or liposomes (phospholipid-based vesicles) have
drawn a great deal of attention due to their widespread
application as controlled drug delivery vehicles in the
pharmaceutical industry,' > and as model biomembranes in
chemistry.”® Lundhal and Yang have utilized liposomes for
separating biomolecules.” Because vesicles consist of a
lipophilic membrane and an interior aqueous reservoir, they
can entrap large quantities of substances (hydrophobic or
hydrophilic) either in the lipophilic membrane or in the
aqueous core making them potential encapsulants of cosmetics
in commercial applications. Liposomes have been successfully
used for the treatment of cancers, infectious and autoimmune
diseases, as well as ocular inflammation.””® There are many
reports on vesicle formation from natural surfactants such as
phospholibids'®'" as well as synthetic surfactants.'>"* Usually,
small amphiphilic molecules with a polar hydrophilic head-
group and two long hydrocarbon (either fully saturated or
partially unsaturated) tail exhibit vesicle formation in aqueous
medium above their critical micelle concentration (cmc).
However, examples of vesicle formation by single-tailed
amphiphilic molecules are not rare.'*'* Also, there are reports
on vesicle formation by a mixture of two single-tailed
surfactants with oppositely charged headgroup.'®'” Synthetic
vesicles have gained the most attention not only for providin%
the fundamental insight on the self-assembly phenomena,"®™
but also for a myriad of applications in biomedicine, tissue
engineering, gene therapy, and drug delivery.*'~>*

Generally, small amphiphilic molecules with a polar hydro-
philic headgroup and a long chain hydrocarbon tail exhibit
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good surface activity and self-assembling properties in aqueous
solution due to the difference in interaction of the two
segments of the same molecule with water.?® However,
recently, cationic and anionic surfactants containing poly-
(ethylene glycol) methyl ether (mPEG) tail that formed self-
assembled microstructures were reported from our labora-
tory.”’28 In fact, amphiphiles containing PEG chain have
become a topic of interest due to their biocompatibility and
anomalous behavior in water.”” It is well-known that PEGs of
low molecular weight (M, < 1500) are hydrophilic.*® The
replacement of a —CH,— by oxygen (—O-—) along the
hydrocarbon, —(CH,),—, chain increases its polarity, thereby
favoring its interaction with water. Therefore, when PEG chain
is covalently linked to another polar headgroup, the resulting
molecule is not expected to be surface-active and self-assemble
to form aggregates in water. Thus, traditionally, PEGs are
coupled to hzfdrophobic molecules to develop nonionic
surfactants.>”** Many nonionic surfactants, for example,
Tween-20, Triton-X-100, and so forth, in which the PEGs act
as the polar headgroup are well-known. On the other hand,
micelle-forming copolymers of PEGs with different hydro-
phobic blocks, such as poly(i-amino acids),* diacyllipids,**
poly(propylene oxide), and so forth, have been used to prepare
drug-loaded micelles by direct entrapment of drug into the
micellar core, precluding covalent attachment of drug molecules
to core-forming blocks. Custers et al. have reported that
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modified Pluronic P85 could be used to allow the
thermoreversible binding of multivalent cations in the aqueous
shell of micelles. Again, the incorporation of carboxylic acid
moieties into PEG-based nonionic surfactants showing a pH-
controlled miceller system has been reported by Morikawa and
coworker.>> However, to the best of our knowledge, there are
only a couple of reports, one on anionic>’ and the other on
cationic™® surfactant from our group, on the surface activity and
self-assembly formation of low-molecular-weight amphiphiles
formed by coupling of PEG chain to an ionic headgroup, but
there is no report so far on zwitterionic surfactants with PEG as
hydrophobic tail. Zwitterionic surfactants are attractive
candidates for delivery vehicles of pharmaceutical formulations
and also for industrial applications owing to their ability to form
different assemblies at different pH. Zwitterionic surfactants
having both negative and positive charges in the molecule
exhibit pH-dependent behavior and are less irritating to skin
and eyes than anionic and cationic surfactants.*® Additionally,
they show better wettability, good biocompatibility, and
excellent synergism with other surfactants.’” These unique
properties enable them to find practical use in personal care,
household cleaning, and cosmetics.>®

A number of vesicle-forming amphiphiles consisting of long
hydrocarbon tail and amino acid head are reported in the
literature,>*° but there is no report, so far, on self-assembly
formation by amphiphilic molecules consisting of mPEG tail
and amino acid head. Therefore, in this work, we have
synthesized two zwitterionic amphiphiles mPEG;p-Cys and
mPEG 0o-Cys (see Figure 1 for structures) bearing mPEG tail
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Figure 1. Molecular structures of mPEG;p-Cys and mPEG, oy-Cys.

of different chain lengths and L-cysteine as the polar headgroup.
It was intended to examine if there is any micellization by this
new class of amphiphiles when the ionic head is replaced by a
charged neutral zwitterionic headgroup. Zwitterionic surfac-
tants with mPEG tail are advantageous because the amphiphiles
are pH-sensitive. Also, since both mPEGs and L-cysteine are
biocompatible and eco-friendly, their self-assembled structures
in aqueous medium can have potential applications in drug
delivery. Moreover, these amphiphiles are very easy to
synthesize. Therefore, aggregation behavior of these amphi-
philes was thoroughly investigated in pH 7.0 buffer at 25 °C.
Interfacial properties of the amphiphiles were studied by the
surface tension method. The cmc values, micropolarity, and
microviscosity of the aggregates were measured by the
fluorescence probe technique. The thermodynamics of the
self-assembly process was investigated by isothermal titration
calorimetry through measurements of the standard free energy
change (AG°,), standard enthalpy change (AH°,), and
standard entropy change (AS°,) of micellization. Dynamic
light scattering was used to determine the hydrodynamic
diameters of the aggregates. The shape of the aggregates was
investigated by use of transmission electron microscopy. The
stability of the aggregates with respect to concentration,
solution pH, temperature, and aging time was studied.

Encapsulation and pH-triggered release of model hydrophobic
and hydrophilic drugs will also be demonstrated.

B EXPERIMENTAL SECTION

Materials. Fluorescence probes, N-phenyl-1-naphthylamine
(NPN), pyrene (Py), coumarin-153 (C153), 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. Poly(ethylene glycol) methyl ether
methacrylate (mPEG; MW 300 and 1100) were obtained from Sigma-
Aldrich. L-Cysteine was procured from Lab Chem and used without
further purification. Analytical grade sodium dihydrogen phosphate
(NaH,PO,) and disodium monohydrogen phosphate (Na,HPO,)
were purchased from SRL, Mumbai. Super dry methanol and super dry
triethylamine (TEA) were used for synthesis. Milli-Q water (18 MQ)
was used for the aqueous solution preparation.

The amphiphiles were synthesized by the Michael addition reaction
of L-cysteine with poly(ethylene glycol) methyl ether methacrylate by
thiol—ene “click” chemistry according to the method reported by our
group.*! The details of the chemical identifications like FT-IR spectra,
'H and "*C NMR and the synthetic scheme have been presented in
the Supporting Information (SI).

B METHODS AND INSTRUMENTATION

The 'H and "*C NMR spectra were recorded on a Bruker SEM 200
instrument using tetramethyl silane (TMS) as the internal standard.
Melting points were determined with an Instlnd (Kolkata) melting
point apparatus in open capillaries. The pH measurements were done
with digital pH meter (Model 111, India) using a glass electrode. A
PerkinElmer model 883 IR spectrometer was used for recording FT-IR
spectra. The measurements of optical rotations were performed on a
Jasco P-1020 digital polarimeter. Turbidity (7) measurements were
performed on a Shimadzu 1601 (Japan) UV-vis spectrophotometer at
400 nm using a quartz cell with a path length of 1 cm. All
measurements were carried out at 25 °C unless otherwise mentioned.

Surface tension (y) measurements were performed on a GBX 3S
(France) surface tensiometer using the Du Niioy ring method. The
steady-state fluorescence measurements were performed either on a
PerkinElmer LS-55 luminescence spectrometer equipped with a
temperature-controlled cell holder or on a Horiba FL3-11
spectrophotometer. Again, a SPEX Fluorolog-3 (model no. FL3-11)
spectrophotometer was used for recording fluorescence emission
spectra of Py. Optical Building Blocks Corporation Easylife instrument
was employed to measure the fluorescence lifetime of the DPH probe.
The dynamic light scattering (DLS) measurements were performed
with Zetasizer Nano ZS (Malvem Instrument Lab, Malvern, UK.)
light scattering spectrometer equipped with a He—Ne laser operated at
4 mW (4, = 632.8 nm) at 25 °C. The same instrument was used to
measure surface zeta ({) potential of the vesicles. The morphology of
the aggregates was investigated by a transmission electron microscope
(FEI-TECNAI G2 20S-TWIN, FEI, USA) operating at an accelerating
voltage of 80 kV. A microcalorimeter of Microcal iTC,y, (made in
US.A) was used for thermometric measurements. The details of
surface tension, fluorescence, isothermal titration calorimetry (ITC),
transmission electron microscopy (TEM), and DLS are described in
the SL

B RESULTS AND DISCUSSION

Interfacial Properties. To understand the surface activity,
we have performed surface tension measurements for
mPEG;4-Cys and mPEG4-Cys in phosphate buffer at pH
7.0. As shown by the plots of surface tension (y/mN m™)
versus surfactant concentration (log C,) in Figure S1 (SI), the
y-value decreases gradually with the increase of Cs, suggesting
spontaneous adsorption of the surfactants at the air/water
interface. However, the adsorption efficiency, pC,, (= —log C,,
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Figure 2. Plots of (a) spectral shift (A1) and (b) relative fluorescence intensity (I/I,) of NPN as a function of C in pH 7.0 at 25 °C; mPEG,,-Cys
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Table 1. Critical Micelle Concentration (cmc), Standard Gibbs Free Energy Change (AG°,,), Standard Enthalpy Change
(AH®,,), and Standard Entropy Change (AS°,,) of the Vesicle Formation in Aqueous Buffered Solution (pH 7.0) by mPEG;,-

Cys and mPEG,,-Cys at 25 °C

cme (mM)
surfactant fluorescence (NPN) ITC AG®,, (k] mol™) AH®,, (k] mol™") AS°, J K! mol™) TAS®,, (kJ mol™")
mPEG;y,-Cys 1.0 1.13 —16.81 0.42 57.82 17.23
(£ 0.07) (£ 0.02) (x01)
MPEG;00-Cys 02 0.15 -21381 2.20 80.57 24.01
(£ 0.03) (£ 0.03) (£ 0.15)

where C,; is the molar concentration of the surfactant required
to reduce y by 20 units) is less for both mPEG;y-Cys (2.28)
and mPEG5;-Cys (2.36). The reduction of y-value is much
less in comparison to conventional hydrocarbon chain
surfactants.’*® This can be attributed to the hydrophilic
nature of the mPEG chain in comparison to hydrocarbon tail.
Interestingly, unlike conventional surfactants, none of the plots
show any break followed by a plateau in the investigated
concentration range. This is because in aqueous medium,
depending upon the pH, both mPEG;y,-Cys and mPEG -
Cys are expected to be present in the zwitterionic, cationic, or
anionic forms. The pK, values of the cation—zwitterion and
zwitterion—anion equilibria obtained from fluorescence probe
studies discussed below are, respectively, 3.9 and 9.3 for
mPEG;y,-Cys and 5.1 and 9.1 for mPEG(-Cys. The pI values
thus obtained are 6.6 for mPEG;y,-Cys and 7.1 for mPEG oy
Cys. This means that, in pH 7 phosphate buffer, the
amphiphiles should be present mainly in the zwitterionic
form. Further, the mPEG chain is known to be polar. As a
result, the polarity difference between the mPEG tail and
zwitterionic amino acid headgroup is small compared to that of
hydrocarbon chain containing conventional surfactants. For this
reason, the mPEG containing zwitterionic amphiphiles behave
like long chain fatty alcohols in water. The surface behavior of
the fatty alcohols in water has been discussed elaborately by
Posner et al.**

Fluorescence Probe Studies. Fluorescence study by using
different extrinsic probe molecules has been proven to be a
useful technique to probe into the microenvironment of the
aggregates and also to evaluate the cmc value of surfactant in
aqueous solution.*® In this study, NPN, C153, Py, and DPH
were used as efficient extrinsic probes to investigate the
microenvironment of the self-assemblies. These probes are
nonpolar molecules and they preferentially get solubilized in
the hydrophobic microdomain of the surfactant aggregates. The
fluorescence spectra of these probes are sensitive to the
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environment around them and, thus, can provide insight into
the surfactant self-assemblies and microstructure formation.

Fluorescence Titration with NPN Probe. NPN has been
extensively used as an efficient fluorescence probe as it exhibits
a large spectral shift along with a huge intensity enhancement
upon incorporation into the hydrophobic microdomain of the
aggregates.”* In the present study, the self-assembling proper-
ties of mMPEG;p)-Cys and mPEG,oy-Cys were investigated by
NPN in pH 7.0 at 25 °C. In the presence of the surfactants, the
emission maximum of NPN exhibits a 30—35 nm blue shift
accompanied by a huge enhancement of emission intensity
relative to that in pH 7.0 buffer (Figure S2, SI). The large blue
shift of the emission maximum of NPN suggests its
encapsulation within nonpolar environment of the aggregates
formed by the surfactants in aqueous buffered solution. In
addition, the enhancement of the fluorescence intensity
indicates that the microenvironment of NPN probe is viscous.
The variations of the spectral shift of wavelength AA [A1 =
Amm(Water) — A...(surfactant)] of emission maximum and
relative fluorescence intensity, I/I, (where I, and I are the
fluorescence intensities at A = 430 nm in pure buffer and in the
presence of surfactant, respectively) of NPN probe with
surfactant concentration (C,) are depicted in Figure 2. The
sigmoid plot corresponding to a two-state transition clearly
suggests the existence of equilibrium between surfactant
monomers and aggregates. The cmc values (Table 1) obtained
from the onset of the rise of the curves (Figure 2a) are 1.0 mM
and 0.2 mM for mPEG;,,-Cys and mPEG(-Cys, respectively.
It can be mentioned here that due to the presence of longer
mPEG chain of mPEG,(,-Cys, the cmc value of mPEG-Cys
is less than that of mPEGsg-Cys.”” Thus, it can be concluded
that the amphiphiles with mPEG chain behave like conven-
tional hydrocarbon tail surfactants.

Micropolarity of the Self-Assemblies. Study with C153
Probe. C153 has been employed as a polarity probe as well as a
solvation dynamics probe in a number of studies.*’ Thus, the
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Figure 3. Plots of variation of change in enthalpy (AH) versus C at 25 °C: (00) mPEG;-Cys and (@) mPEG;,-Cys. Inset: thermogram of the

respective titration.

microenvironment formed by the mPEG chains was inves-
tigated by C153 probe molecule. C153 is relatively more polar
than NPN. Therefore, the variation of A4 with the increase in
Cs (Figure S3, SI) is small compared to that obtained in NPN
probe study. The fluorescence emission spectra of C153
measured in pH 7.0 buffer in the absence and in the presence of
different C are depicted in Figure S4 of the SI. In addition to
providing information regarding aggregate formation, C153 can
also correlate the microenvironment of the self-assembly with
solvents of different polarity with the help of characteristic
steady-state emission spectrum.*® Micropolarity of the self-
assemblies can thus be evaluated by the emission frequency of
C153 (D). Micropolarity is expressed in terms of solvent
polarity scale (z*). The relationship between ,,, and 7* is
given by eq 1. The 7* values obtained were 0.74 for mPEG;-
Cys and 0.62 for mPEG,,o-Cys, which suggest that the
polarities of the microenvironments of C153 probe were
comparable to those of propionaldehyde (z* = 0.71) and
acetone (7% = 0.62), respectively.*®

0, = 21217 — 3.5057* (1)

Study with Py Probe. The microenvironment of the self-
assemblies was also investigated by Py molecule, particularly to
evaluate the micropolarity of the aggregates. The solvent
dependence of vibronic band intensities in Py fluorescence has
captured great attention in the literature. The intensities of the
various vibronic bands were found to depend strongly on the
solvent polarity.*” More specifically, the ratio (I,/I;) of the
intensities of the first (I, 372 nm) to the third (I;, 384 nm)
vibronic bands in the fluorescence spectrum of Py is very
sensitive to solvent polarity change.*® Therefore, the I/I, ratio
is referred to as micropolarity index. The polarity ratios for
different organic solvents are reported by Kalyansundaram et
al.¥’ So, the I,/ ratio was measured in the presence and
absence of different surfactant concentrations (Figure SS, SI).
The I,/I; ratio has a value of 1.75 in pH 7.0 in the absence of
the surfactant, but the ratio falls off with increasing
concentration of the added surfactant, indicating the formation
of aggregates with less polar local environment. The minimum
values of I,/I; were found to be 1.54 (mPEGs,-Cys) and 1.46
(mPEG; 4p-Cys), which correspond to the dielectric constant of
N-methyl formamide (I;/I; = 1.56) and acetone (I,/I; = 1.46),
respectively.”’ This reveals that the microenvironments formed
by the surfactants with mPEG chain are hydrophilic relative to
that for common long chain hydrocarbon surfactants.*** Thus,
the micropolarity of the self-assemblies evaluated from both of
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the above probe studies (C153 and Py) show a good degree of
agreement with each other.

Microviscosity of the Self-Assemblies. The steady-state
fluorescence anisotropy (r) measurement was carried out with
the help of DPH probe to further investigate the micro-
environment formed by the mPEG chains. DPH is a well-
known membrane fluidity probe and its r-value can be used as
an index of membrane rigidity of liposomes or vesicles.*”** The
r-values were found to be 0.168 and 0.183 for mPEG;y,-Cys (S
mM) and mPEG;;5-Cys (2 mM), respectively. Such high r-
values imply tight packing of mPEG chains housing the DPH
probe, which is indicative of bilayer formation.*” The
concentration-dependent anisotropy study was also carried
out to measure the variation of microfluidity at different
concentrations. SI Figure S6 clearly suggests that with the
increase in surfactant concentration, the r-value increases up to
a particular concentration and then becomes constant, which
suggests formation of a more rigid microenvironment with
increase in surfactant concentration.

The rigidity of the microenvironment of the self-assemblies is
also manifested by the large microviscosity (77,,) values,
calculated from the Debye-Stokes-Einstein relation®' using
the steady-state fluorescence anisotropy (r) and fluorescence
lifetime (7;) data of DPH probe (SI Table S1). It is also
reported that the 7; value of DPH in nonpolar and viscous
solvents is usually observed to be greater than 4 ns.>”
Therefore, time-resolved fluorescence measurement by using
DPH probe in the presence of 15 mM mPEG;y,-Cys and S mM
mPEG(o-Cys was carried out to examine the lifetime of the
probe molecule in the hydrophobic microdomain of the self-
assemblies and also to evaluate the microviscosity of the
aggregates. The experimental time-resolved intensity profile fits
well to biexponential decay with y* values (0.8—1.2) in a fairly
accepted range for both the surfactants. The 7, values thus
obtained are 65 mPa s and 79 mPa s for mPEG;y,-Cys and
mPEG()-Cys, respectively. The 1,,, values are larger than those
of micelle-forming hydrocarbon surfactants such as SDS,
DTAB, and CTAB.*° The large 7, values for both the
surfactants suggest bilayer formation at concentration above
cme. On the other hand, the low micropolarity index (I,/I;) and
larger spectral shift of NPN probe imply formation of
aggregates having a microenvironment less polar compared to
water. The 10- to 20-fold increase in fluorescence intensity of
NPN probe upon incorporation into the hydrophobic micro-
environment is a strong proof of stable and well-packed
aggregate formation.

dx.doi.org/10.1021/1a5022214 | Langmuir 2014, 30, 13516—13524
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Thermodynamics of Self-Assembly Formation. The
self-organization (vesicle formation) of surfactants in solution is
an important and amply studied thermodynamically favorable
physicochemical phenomenon.> Although there are a number
of methods to determine cmc and energetics of the
micellization, the thermometric titration method has a
distinction in that it can estimate both cmc and energetics of
surfactant self-organization from a stepwise addition mode,
providing an excellent process to evaluate all the thermody-
namic parameters in a single run. Generally, thermodynamic
parameters are calculated to conjecture the mechanism of self-
assembly formation. In the present study, the thermodynamic
parameters were determined by ITC for both mPEG;-Cys
and mPEG,o-Cys at 25 °C using different stock concen-
trations. However, measurements using lower surfactant stock
concentration (5 mM of mPEG;,-Cys and 2 mM of
mPEG,0o-Cys) failed to give reproducible results (see Figure
S7, SI). The thermograms obtained by using higher surfactant
stock concentration (30 mM of mPEG;y-Cys and S mM of
mPEG; 4-Cys) are presented as insets of Figure 3a,b. The plots
show a sigmoid increase of enthalpy with the increase of C..
The thermodynamic parameters obtained from the plots are
included in Table 1. The cmc values of mPEG,p-Cys (~1.1
mM) and mPEG;;4,-Cys (~0.2 mM) were obtained from the
inflection point of the respective plot. The cmc values thus
obtained are close to the corresponding value obtained by
fluorometric titration and they correspond to the respective
zwitterionic form of the amphiphiles. The AH®  value was
obtained by subtracting the initial enthalpy from the final
enthalpy indicated by the vertical arrow in each figure. Basically,
enthalpy levels between nonmicellar and micellar regions give a
measure of the enthalpy of micellization.>* For both the
amphiphiles, the vesicle formation procedure is endothermic,
which is emphasized by the positive AH®,, values. The AG°,
value was calculated from the measured cmc value using the
following relation:>®

AG®, = (1 + f)RT In cmc (2)

where f stands for the fraction of counterions bound to a
micelle. In this case f = 0, as the surfactants are zwitterionic.
The AS°,, was evaluated by the Gibbs equation

AS° = (AH°, — AG°.)/T (3)

The spontaneity of vesicle formation is expressed from the very
large negative values of AG®,, and the very large positive values
of AS°,,. Thus, TAS®,, values for both surfactants are found to
be much larger than that of the AH® values, which clearly
suggests that the spontaneous aggregate formation is an
entropy-driven process. The essence of the entropy-driven
process is the hydrophobic interaction.*® The release of water
molecules around the mPEG tails contributes to the entropy
rise which is beneficial for the self-assembly process. This
means that the aggregation process of mPEG;y-Cys and
mPEG,(-Cys is similar to that of most hydrocarbon
surfactants. In other words, the mPEG chains behave like
hydrocarbon tails.

Light Scattering Study. DLS measurements were
performed to obtain the mean hydrodynamic size and size
distribution of the self-assemblies in pH 7.0 at 25 °C. The size
distribution (expressed in percentage volume) profiles for both
amphiphiles of different concentrations are depicted in Figure
4. A bimodal distribution is observed, suggesting the
coexistence of larger aggregates along with smaller ones.
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Figure 4. Size distribution profiles of mPEG;y-Cys (2 mM and 20
mM) and mPEG(o-Cys (1 mM and 10 mM) in pH 7.0 at 25 °C after
2 h of sample preparation.

Aggregates of two different sizes with mean diameter of about
20—80 nm and 200—500 nm coexist in concentrated as well as
in dilute aqueous solutions of the surfactants. From the plots it
is also obvious that the mean hydrodynamic diameters remain
almost invariant with concentration of the surfactant, indicating
stability of the vesicles with respect to concentration dependent
phase change.

Transmission Electron Microscopy. To further visualize
the actual morphology of the aggregates TEM images were
taken. Representative TEM images of stained specimens
prepared from both surfactant solutions at pH 7.0 buffer are
shown in Figure Sad. The micrographs clearly reveal the
formation of small unilameller closed vesicles (SUVs) with an
aqueous cavity. Close insight into the size and shape of the
microstructures shows that the vesicles have distorted spherical
shapes of relatively small size (50—200 nm) along with some
larger ones. The TEM images (Figure S8, SI) of concentrated
surfactant solutions also exhibit large unilamellar vesicles
(LUVs). The existence of LUVs at higher concentrations as
also indicated by the DLS data (Figure 4) may be attributed to
the fusion of the SUVs in the presence of the electric field,
produced by the highly energetic electron beam, which again is
strong proof of the hydrophobic nature of the PEGs. Thus, the
TEM microstructures are consistent with the findings from
DLS and fluorescence studies.

Stability of the Vesicles. It is well-known that the
spontaneously formed surfactant self-assemblies are usually a
reversible organization of molecules to a higher-ordered
structure and their physical stability can be altered by external
stimuli.** The vesicle stability was therefore investigated under
various physical conditions including time, temperature, pH,
salt, and surface charge, emphasizing the stability of
spontaneously formed vesicles and their ability in incorporation
and exemption of drugs.

Thermal Stability of the Vesicles. Temperature is an
important factor in self-assembly, and it also affects the size
and shape of the aggregate. Fluorescence anisotropy of the
DPH probe has been used to observe the phase transitions of
the membrane. The effect of temperature on r-values was
studied using 15 mM mPEG;4-Cys and S mM mPEG 4,-Cys
in pH 7.0. Figure 6 depicts the variation of r as a function of
temperature. As seen from the plots, r-value decreases with the
increase in temperature, but it lies in the vesicular range, even at
75 °C. This suggests that the PEG chains become more fluid at
elevated temperatures. This is due to weakening of the
hydrophobic interactions caused by the thermal motion

dx.doi.org/10.1021/1a5022214 | Langmuir 2014, 30, 13516—13524
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Figure S. Negatively stained (1% uranyl acetate) TEM pictures of 20 mM mPEG;,-Cys solutions of pH (a) 7.0, (b) 3.0, and (c) 12.0, and S mM

mPEG, 0o-Cys solutions of pH (d) 7.0, (e) 3.0, and (f) 12.0.
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Figure 6. Plots showing variation of fluorescence anisotropy (r) of
DPH with temperature.

among PEG chains. In other words, phase transition from a
highly ordered gel-like bilayer state to a slightly less ordered
liquid-crystalline state occurs upon increase in temperature.
The temperature corresponding to the inflection points of the
curves was taken as the melting or phase transition temper-
ature, T, of the bilayer membrane. The high melting
temperatures, 52 °C and 43 °C for mPEG,;p-Cys and
mPEG;-Cys, respectively, clearly suggest that the vesicles
are quite stable at physiological temperature (37 °C). The
existence of unilamellar vesicles at higher temperatures (75 °C)
is evidenced by the size distribution histogram and TEM
picture (Figure S9, SI) of 15 mM mPEGs,-Cys solution, as a
representative example.

Vesicle Stability with Respect to pH Change. The pH-
sensitive vesicles have shown potential importance in controlled
drug release, as the pH around any damaged tissue differs from
that of normal tissue. The variation of solution pH shows a
predominant change in the bilayer structure and affects the
stability of vesicles formed by surfactants with ionizable
headgroups. Since the surfactants under study are zwitterionic
at neutral pH, the stability of the vesicles was studied by varying
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pH of the medium. The pH-stability measurement was carried
out by monitoring the fluorescence anisotropy of the DPH
probe. The pH of the solution containing fixed concentrations
of mPEG;,-Cys (20 mM) and mPEG;;4p-Cys (5 mM) was
varied from 2 to 12 at 25 °C. Each solution was incubated for
30 min prior to the measurement. Figure 7 shows the variation

0.176{o mPEG,, -Cys
4 mPEG™ -Cys -0-200
0.168+ 10.195
30.160- -— _0.19055:‘
2 a2
80.152 H0.1858
= 5]
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<
0.1361 L0.175
0.1281 a L0.170
0 2 4 6o 81012

Figure 7. Plots of variation of fluorescence anisotropy (r) of DPH as a
function of pH at 25 °C.

of r-values with the change in pH of the surfactant solution. It
has been found that the r-values decrease with the decrease in
solution pH and show maximum stability at pH ~ 6.5—8. This
indicates that the bilayer membranes of vesicular aggregates
become less rigid at lower and higher pHs as a result of
weakening of the packing of the mPEG units. The weak
packing of the mPEG units results from greater electrostatic
repulsion between anionic or cationic head groups of the
amphiphiles in water than that of the zwitterionic forms.
However, in both lower and higher pHs, the r-values lie in the
vesicular range, suggesting the existence of cationic and anionic
vesicles, respectively. The pK, values for the proton transfer
equilibria were evaluated from the pH variation profiles and
were found to be 3.9 and 9.3 for mPEG;;-Cys, and 5.1 and 9.1
for mPEG; ;o-Cys. The pI values calculated from the respective
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Scheme 1. Schematic Representation of Encapsulation and Release of Dye Molecules (DPH and CAL) at pH 7.4 and Their

Release at pH 3.0
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pK,s are 6.6 and 7.1 for mPEG;-Cys and mPEG,-Cys,
respectively. This clearly indicates that at pH 7.0 both
surfactants remain in the zwitterionic form as shown in Figure
1.

The size distributions (SI Figure S10) of the vesicles in acidic
and basic pH solutions of the surfactants were also measured in
order to examine if there is any structural change of the vesicles.
The hydrodynamic diameters of the species formed in acidic
(pH 3) and basic (pH 12) pHs though smaller than that of the
corresponding zwitterionic vesicles (see Figure 4), but they are
much larger than normal micelles which have diameters in the
range of 3—5 nm.”” The existence of unilamellar vesicles in
acidic as well as in basic pH is further confirmed by the
respective TEM picture in Figure S.

Aging Effect. Vesicle stability was also confirmed with
respect to time. The turbidity () of the surfactant solutions
was measured over a period of one month taking 6 mM
mPEG;4-Cys and 2.5 mM mPEG;(y-Cys in pH 7.0 buffer at
400 nm to ensure vesicle stability. The turbidity of a colloidal
solution is mainly caused by the scattering of light by the
vesicular aggregates, and the extent of turbidity depends on the
size and population of vesicles. Figure S11 (see SI) shows a
slight increase in turbidity for both surfactant solutions in the
initial aging interval, which remains constant thereafter at the
equilibrium value (~30%) for about 30 days. The formation
and growth of the vesicles cause the initial increase of turbidity
while the subsequent constant turbidity indicates evolution of
high stability with aging time, which is also supported by the
size distribution profiles (Figure S12, SI). Thus, for both
systems, the vesicles are found to be fairly stable. It should be
noted here that the vesicular solutions of both surfactants at pH
3.0 and 12.0 did not show any change of turbidity after storage
for a month. This is expected as the vesicles in these solutions
are jonic in character; they repel each other, thus preventing
any intervesicular interaction that enlarges the vesicle.

On the other hand, the vesicles in neutral pH are relatively
less stable because the overall electric charge of the vesicles is
zero, as indicated by the zeta ({) potential value. The (-
potential measurement was performed to get the surface charge
of the vesicles at different concentrations. The data collected in
Table S2 (see SI) show that the {-potential values are almost
zero, which is highly expected as the surfactants are present in
the zwitterionic form in pH 7 buffer. As the vesicles are charge-
neutral at pH 7, there remains some possibility of vesicle—
vesicle interactions which enhances the size of the vesicles, as
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indicated by the small change in turbidity of the surfactant
solutions when stored for a longer period of time.

Dye Entrapment and Release Kinetics. To investigate
the drug encapsulation and its release profile, we have chosen
two water-soluble dyes, such as methylene blue (MB) and
calcein (CAL) as model drugs. The encapsulation of MB and
CAL into the aqueous core of the vesicles was performed
following a method reported elsewhere."*>® The encapsulation
was confirmed by the characteristic size exclusion chromato-
gram. The detailed procedure can be found under “Exper-
imental Methods” included in the SI. The peaks with low
absorbance at low elution volume correspond to the vesicle
entrapped dye molecule. It has been found that there was a
small initial portion containing vesicles entrapping approx-
imately 2.77% of the total dye followed by a large peak which
was due to the unentrapped dye (see Figure S13 in SI).

Following the same procedure CAL was also entrapped in
the vesicles in pH 7.4. The encapsulation was confirmed by the
characteristic fluorescence spectra of the dye (see Figure S14 of
SI). The release study using entrapped CAL was carried out in
pH 3.0 buffer at 37 °C. It can be observed that when an aliquot
of dilute HCI solution was added (to attain pH 3.0) to the
vesicular solutions containing CAL, the fluorescence intensity
of the dye decreased immediately by a large extent. This can be
attributed to the burst release (~55%) of the dye molecules due
to the large change in permeability of the bilayer membrane as
a result of a change in ionization behavior of the amphiphile in
acidic pH (see Scheme 1). Another factor which plays an
important role is the acid hydrolysis of the ester linkage which
causes the release of dye molecules by disrupting the vesicle
membrane. Consequently, after the rapid initial decrease the
fluorescence intensity of the dye decreased slowly with time.
The fluorescence spectra were therefore recorded at different
time intervals following the burst release. The % release of dye
molecule was calculated from the relative fluorescence
intensities at the emission maximum using the equation (1 —
I/I,) X 100%, where I and I, are the fluorescence intensities at
any time ¢ and at the start of the experiment, respectively. From
the representative release profile (Figure 8) for mPEGs,,-Cys
amphiphile it is obvious that following burst release a slow
release occurs, reaching a plateau at about 62%. The slow
release can be attributed to the disruption of the vesicle
membrane due to acid catalyzed hydrolysis of the ester linkage.
The release of the model drug CAL at pH 7.4 was also carried
out as a control study. The release profile is included in Figure
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Figure 8. Release of calcein (%) with the variation of time (min) of
mPEG;-Cys at pH 3.0 and 37 °C (inset: calcein release profile at pH
7.4).

8.1t can be observed that there is almost zero percent release of
the dye within the experimental time period of 2 h.

A similar experiment using the hydrophobic dye DPH was
also carried out in both surfactant solutions. The release profiles
are shown in SI Figure S1S. In this case also, a burst release
(35%) followed by a slow release (up to 50%) was observed,
and the control experiment at pH 7.4 did not show any release
during the period of experiment. The results of these
experiments show that the self-assembled vesicular structures
of mPEG;y-Cys and mPEG(,-Cys amphiphiles can be used as
efficient sustained-release delivery systems in pharmaceutical
applications.

B CONCLUSIONS

Two novel L-cysteine-based zwitterionic surfactants with mPEG
tail were synthesized and characterized. The surface activity and
aggregation behavior were thoroughly examined in pH 7.0
buffer at 25 °C. On the basis of the experimental results of
surface tension, fluorescence, DLS, and TEM measurements,
the amphiphiles were found to be less surface active, but were
observed to have strong tendency to self-organize sponta-
neously to form stable unilamellar vesicles in dilute as well as in
concentrated solutions. Unlike amino acid-based hydrocarbon
surfactants, a relatively polar but rigid bilayer membrane is
observed to form by the mPEG chains. The thermodynamics of
vesicle formation was observed to be very similar to
conventional hydrocarbon surfactants. The large positive values
of AS°,, indicate that the driving force behind the spontaneous
vesicle formation is hydrophobic interaction. The vesicles were
observed to be stable in the temperature range 20—75 °C over
a long period of time. The amphiphiles exhibit vesicle
formation in both acidic and basic pH. The vesicles were
found to be capable of encapsulating hydrophilic as well as
hydrophobic dyes. However, the vesicles are sensitive to pH
change and therefore can find potential application as efficient
sustained drug delivery vehicles in the pharmaceutical industry.
Studies on the self-assembly of amphiphilic molecules
consisting of mPEG tail and other amino acid head groups
are currently underway in this laboratory.
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