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The development of efficient, biodegradable and biocompatible surfactants has become a pressing need
because of adverse effects of surface-active compounds on the aquatic environment and human health.
Cleavable surfactants containing a labile functional group have the ability to eliminate some of these
problems. Consequently, PEGylated amphiphiles have found widespread applications in pharmaceutics,
household purposes, and drug delivery. Herein we report synthesis and characterization of two novel
amphiphiles which to our knowledge are the first examples of double PEG-tailed amphiphiles with an
anionic head group. Considering their chemical structure, they are expected to be biodegradable,
biocompatible, milder and less irritant than conventional surfactants. The solution behavior of these
newly developed amphiphiles was thoroughly investigated in aqueous buffer (pH 7.0) at 25 °C. The
surface activity of the compounds in agueous buffer was studied by surface tension measurements. The
self-assembly properties were investigated by various techniques such as fluorescence and NMR
spectroscopy, dynamic light scattering, transmission electron microscopy, atomic force microscopy, and
isothermal titration calorimetry. Both molecules were found to be surface active in water and exhibit

spontaneous vesicle formation in the absence of any additives at room temperature. As in the cases of
Recelved 27th June 2020 tional surfactants, the self- bly is driven by the hydrophobic effect. The vesicles produced i
Accepted 3rd August 2020 conventional surfactants, the self-assembly is driven by the hydrophobic effect. The vesicles produced in

aqueous media were shown to encapsulate hydrophobic dyes and exhibit structural transitions upon
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1. Introduction

Surfactants are very well-known for their applications in
industrial, household, and pharmaceutical formulations."*
Synthetic surfactant molecules usually consist of a water-
soluble polar head (ionic or uncharged) and a hydrophobic
tail and thus have amphiphilic character. The hydrophobic tail
is usually a long, fully saturated or partially unsaturated
hydrocarbon (HC) chain, but it can also have a fluorocarbon or
aromatic-based composition. For example, phospholipids are
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addition of salts. The sensitivity of the vesicles to change in environments qualifies them for potential use

biosurfactants that have two partially unsaturated hydrocarbon
tails.* Besides surface activity amphiphilic molecules are also
known to exhibit self-assembly in suitable solvents to form
a wide variety of microstructures, including spherical, rod-like
and disc-like micelles, reverse micelles, closed bilayer vesicles,
flat bilayers, etc. above a critical aggregation concentration (cac)
under different conditions."**® The self-assembly behavior in
aqueous solutions, however, depends on the chemical structure
of the amphiphile as well as on the mixing ratios (for multi-
component systems), temperatures, presence of additives, and
so on. However, biological and industrial applications of
surfactant microstructures depend on the creation of aggre-
gates of specified size and shape. Hence, design, control, and
tuning microstructure of amphiphilic molecules have become
an area of active research.

It is well-known that double HC chain synthetic surfactants
and phospholipids form bilayer structures in water above a very
low cac value.>™® There are also reports on bilayer membrane
formation by nonionic double-tailed surfactants which contain
polyglyceryl as head group. The growing interest on vesicular
structures is largely because they have unique structure which
can solubilize both hydrophilic and hydrophobic molecules
within the aqueous core and bilayer membrane, respectively.

This journal is © The Royal Society of Chemistry 2020
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Fig. 1 Chemical structure of (MPEG,4),SOzNa and (mMPEG,3),SOzNa.

Therefore, vesicles find use in pharmaceutical applications,
involving drug solubilization, encapsulation, and delivery.
However, for applications in biology and medicinal fields, the
amphiphilic molecule must be biodegradable, non-cytotoxic,
and non-immunogenic. The biodegradability and biocompati-
bility of amphiphiles have therefore become almost as impor-
tant as their functional performance. Consequently, there is
a pressing need for developing efficient amphiphiles that are
biodegradable and biocompatible. Amphiphiles of this kind
can be obtained by designing molecules that are composed of
biodegradable components. The cleavable (destructible)
amphiphiles that contain a labile functional group have the
potential to eliminate some of the above mentioned problems.
Consequently, the self-assembly of PEGylated phospholipids™®
and synthetic nonionic amphiphiles with mPEG as head
group™™ have attracted tremendous attention. This is because
PEG has low cytotoxicity, flexible structure, and good water
solubility. Further, the stealth effect of the so called hydrophilic
PEG chain makes them useful in developing functional mate-
rials and drug delivery systems (DDS). Thus amphiphiles con-
taining PEG chain have become a topic of interest due to their
biocompatibility,’**® and ability to control particle aggregation
in solution.*

Recently, our group has demonstrated room temperature
self-assembly of low-molecular-mass ionic amphiphiles with
mPEG tail and sulfonate (-SO; ), carboxylate (-COO), or
ammonium (-NR;') head group.?®? In fact, self-assembly of
bolaamphiphiles with PEG as a spacer chain and zwitterionic or
anionic head groups has also been reported. The PEG tail of
these amphiphiles was found to act like a HC tail. These
unconventional amphiphilic molecules self-assembled in water
at room temperature in the same way as conventional amphi-
philes do. We successfully demonstrated formation of different
microstructures including spherical and disc-like micelles, and
vesicles by these single PEG-tailed ionic amphiphiles. The work
has been reviewed in a recent publication.?® The extraordinary
solution and self-organization properties of these amphiphiles
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led to the present investigation to study self-assembly of double
mPEG-tailed amphiphiles in which both mPEG chains are of
equal lengths. Thus sodium di-(mercaptopropanoyl poly(-
ethylene glycol))-propane sulfonate with both mPEG chains of
molar mass, M, ~300 ((mPEG4),SO;Na) or M, ~1100
((mPEG,;3),SO3Na) (see Fig. 1 for structures) were developed and
characterized. In these molecules, the labile ester linkages
connect the hydrophilic -SO;Na head and the so-called hydro-
philic mPEG chains. Cleavage at the ester linkages converts the
molecule into two non-amphiphilic products: an ionic and
a neutral water-soluble compound. According to common
notion the synthesized molecules ((mPEG,),SO;Na) and
((mPEG,3),SO3Na) containing two so-called hydrophilic mPEG
chains are expected to be surface inactive and unable to
produce self-assembled structures. Therefore, we were curious
to see whether such molecules could self-organize like double
hydrocarbon chain ionic surfactants in aqueous solution at
room temperature. Thus solution behavior of the two newly
developed amphiphiles was thoroughly investigated in aqueous
buffer (pH 7.0) at 25 °C. The surface activity of the compounds
in aqueous buffer was measured and compared with those of
their corresponding single-chain analogues and commercial
surfactants. The self-assembly behavior in aqueous solution
was studied by use of various techniques including the steady-
state fluorescence and NMR spectroscopy, dynamic light scat-
tering (DLS), transmission electron microscopy (TEM), and
atomic force microscopy (AFM). The thermodynamics of self-
organization process was investigated by isothermal titration
calorimetry (ITC) to determine the nature of driving force for
self-association. The stability of the aggregates with respect to
the change of temperature, concentration of additives, and
ageing was also investigated.

2. Experimental section
2.1 Materials

Poly(ethylene glycol)methyl ether methacrylate (M,, ~300 (mPEG,)
and M, ~1100 (mPEG,;)) and sodium 2,3-dimercaptopropane-
sulfonate monohydrate (95%) were purchased from Sigma-Aldrich
(Bangalore, India). Triethylamine (TEA, 98%), sodium dihydrogen
phosphate (=99%), disodium monohydrogen phosphate (=99%),
sodium chloride (=99%), and r-lysine hydrochloride salt were
purchased from SRL (Mumbai, India). Methanol (MeOH) was
obtained from Merck (Mumbai, India) and it was of analytical
grade and was dried and distilled following typical procedures
before use. All deuterated solvents, such as D,O and CD;0D were
purchased from Cambridge Isotope Laboratories, Inc (CIL, India).
Millipore filter paper was obtained from Merck, India. Milli-Q
water (pH 6.7, resistivity 18 MQ c¢m) was obtained from a Milli-
pore water purifier (Elix, Bangalore, India).

The fluorescent probes such as N-phenyl-1-naphthylamine
(NPN, 98%), 1,6-diphenyl-1,3,5-hexatriene (DPH, 98%), and
pyrene (Py, 99%) were obtained from Sigma-Aldrich (Banga-
lore, India) and were purified by recrystallization from
ethanol-water mixtures (80 : 20 v/v). The purity of the probes
checked by matching fluorescence excitation and
absorption spectra.

was
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The amphiphiles (mPEG,4),SO;Na and (mPEG,;3),SO;Na
were synthesized by Michael addition reaction of sodium 2,3-
dimercaptopropanesulfonate with poly(ethylene glycol)methyl
ether methacrylate according to Scheme S17 following method
reported in the literature.”*” The chemical structures of
(mPEG,),SO;Na and (mPEG,3),SO;Na were determined by 'H-
and "C-NMR spectra (Fig. S1 and S27). The synthesis proce-
dure and chemical characterization have been included in
ESLT

2.2. Methods

Solution preparation. Aqueous stock solutions of
(mPEG,),SO;Na and (mPEG,;),SO;Na were prepared in 20 mM
phosphate buffer (pH 7.0, I = 0.1). For sample preparation, an
aliquot of the stock solution was diluted using the same buffer
at least 30 min before measurement. A saturated solution of
NPN in pH 7.0 buffer was used for fluorescence titrations using
NPN probe. For measurements using Py and DPH probes, stock
solution (0.1 mM) was made in MeOH. An aliquot of this was
diluted in phosphate buffer to achieve a final concentration of
1.0 uM. All measurements were carried out at 25 °C unless
otherwise mentioned.

Instrumentation. The 'H NMR measurements were per-
formed using Bruker (AVANCE-III) and JEOL (ECA-500) oper-
ating at 400 MHz and 500 MHz FT-NMR spectrometers,
respectively. Spin-lattice and spin-spin relaxation, and pulse
field gradient (PFG) experiments were carried out on the 500
MHz FT-NMR spectrometer. A Shimadzu 1601 (Japan) double-
beam UV-vis spectrophotometer was employed for the
measurements of UV-vis absorbance spectra and transmittance
(T), using a 1 em® quartz cuvette. For pH measurements, an
Instind Model ME (Kolkata, India) pH meter fitted with a glass
electrode was employed. The pH meter was calibrated using
standard buffers of known pH (7.0 and 4.0). For temperature
controlled measurements, a Thermo Neslab RTE-7 (USA)
circulating bath was employed.

Surface tension (ST) measurements were performed with
a surface tensiometer (Model 3S, GBX, France) at 25 °C using Du
Nudy ring detachment method. A microcalorimeter from Microcal
iTC,00, (made in U.S.A) was used for thermometric measurements.

A PerkinElmer LS-55 luminescence spectrometer equipped
with a temperature-controlled cell holder and a polarization
accessory that uses the L-format instrumental configuration
was used to measure the steady-state fluorescence spectra of
NPN and DPH probes. The fluorescence emission spectra of Py
was recorded on a SPEX Fluorolog-3 (FL3-11, USA) spectropho-
tometer. An Optical Building Blocks Corporation Easylife
instrument equipped with a nanosecond diode laser (2 = 380
nm) used for the time-resolved fluorescence
measurements.

A dynamic light scattering (DLS) spectrometer Zetasizer
Nano ZS (Malvern Instrument Lab, Malvern, U.K.) fitted with
a He-Ne laser operated at 4 mW at A, = 632.8 nm was employed
to measure hydrodynamic size and size distribution of aggre-
gates in solution. The same equipment was used also for surface
zeta ({)-potential measurements.

was
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High-resolution transmission electron micrographs were
taken on an HRTEM (JEOL-JEM 2100, Japan) operating at an
accelerating voltage of 200 kV, at room temperature. All AFM
measurements were carried out by use of a Nanoscope IIIA from
Digital Instruments (USA) in tapping mode under ambient
conditions.

The details of all methods employed in this work can be
found under ESL.}

3. Results and discussion
3.1 Surface activity

To examine whether (mPEG,),SO;Na and (mPEG,;),SO;Na can
act like amphiphilic molecules we investigated their surface
activity in phosphate buffer (20 mM, pH 7). The surface activity
was measured by measuring surface tension (y/mN m ") values
of phosphate buffer in the presence of varying concentrations
(Cs) of (mPEG,),SO3;Na or (mPEG,;),SO;Na. The results are
presented in Fig. 2. It is observed that y value decreases with the
increase in Cg, showing amphiphilic nature of both (mPEG,),-
SO3;Na and (mPEG,;),SO;Na at room temperature. The values of
PCso (—log Cyo, where C,, is the concentration of the amphi-
philes required to reduce v of buffer by 20 units) is ca. 2, which
suggests that the molecules are weakly surface active in
comparison to corresponding single HC tail surfactant.*® In
fact, the surface activity of both (mPEG,),SO;Na and
(mPEG,3),SO5Na is even less than that of corresponding single
mPEG-chain amphiphiles.”*** This means that the second
mPEG chain enhances polarity of the molecule thereby
reducing its amphiphilic character. This is reflected in the
feature of the ST plots which is different from those of HC chain
surfactants. Unlike conventional surfactants ST decreases over
a wide concentration range without any clear inflection or
breakpoint. However, the concentration (~3 x 10 * M) corre-
sponding to the point as indicated by upward and downward
arrows may be taken as the cac value.
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Fig. 2 Plots of variation of surface tension (y) phosphate buffer
(20 mM, pH 7) as a function of log Cs at 25 °C: () (mPEG,),SO3Na,
(D) (mPEng)st3Na.

This journal is © The Royal Society of Chemistry 2020
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Fig. 3 (a) Representative fluorescence spectra of NPN in pH 7 buffer

containing different concentrations of (mMPEG,4),SOzNa; (b) plots of
spectral shift (AA = Amaxwater — Amax.sampte) Of NPN as a function of Cj
for (MPEG,4),SOzNa (H) and (MPEG;3),SO=sNa () in pH 7 buffer at
25 °C.

3.2 Self-assembly behavior

Fluorescence probe studies. The steady-state fluorescence
spectrum of the hydrophobic molecule, NPN is known to be very
sensitive to solvent polarity and viscosity change.*® In polar
solvents such as water, the fluorescence emission intensity of
NPN is very weak and the emission maximum is highly red-
shifted. But in a nonpolar solvent, the emission maximum
exhibits a blue shift with a simultaneous rise in intensity. A
similar phenomenon is also observed in aqueous solutions of
conventional surfactants when surfactant concentration is
increased above their respective cac value. Consequently, NPN
has been widely exploited to study self-assembly of surfac-
tants.*** Therefore, the fluorescence spectra of NPN were
measured in aqueous solutions in the presence of different
concentrations (Cg) of both (mPEG,),SO;Na and (mPEG,3),-
SO;Na. Representative spectra of NPN in solutions of
(mPEG,),SO;Na have been depicted in Fig. 3a. Notably, the
emission maximum is observed to shift toward shorter wave-
length with a concomitant rise of emission intensity with
increasing concentration of (mPEG,),SO;Na. This suggests that
both amphiphiles form aggregates of micropolarity much less
than that of bulk water.*® In other words, both (mPEG,),SO;Na
and (mPEG,3),SO;Na behave like conventional HC tail surfac-
tants at room temperature.

The plots of spectral shift (A = Apaxwater — Amax,samplte) Of
NPN as a function of Cy are depicted in Fig. 3b. It is observed
that the AA value increases with Cs until a limiting value is
reached corresponding to the plateau region. The sigmoidal
feature of the curves clearly suggests a two-state process
involving solubilization of NPN molecules within the less polar
microdomains of aggregates. The concentration corresponding
to the inflection point (indicated by arrows) can be taken as cac
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of the amphiphile. The cac values thus obtained are listed in
Table 1. The slightly lower cac value of (mPEG,;),SO3;Na can be
attributed to the conformational change of the longer mPEG
tail. In fact, molecular dynamics (MD) simulations and spec-
troscopic data suggested random coil structure of longer PEG
chain and helical structure of shorter PEG chain.?” This means
longer PEG chains are more flexible and the shorter PEG chains
have stiff rod-like structure in an aqueous environment.

To estimate micropolarity of the aggregates formed by the
amphiphilic molecules, we employed pyrene (Py) as a fluores-
cent probe. The ratio (I;/I5) of the intensities of the first (I;) and
third (I5) vibronic peaks of the Py fluorescence spectrum has
been shown to be sensitive to solvent polarity change and
therefore has been used as a solvent polarity parameter.*® The
I/I; ratio is found to be large in water (1.79) and is small for
hydrocarbon solvents (0.90).>® Consequently, steady-state fluo-
rescence spectra (Fig. S371) of Py probe were recorded in aqueous
solutions of (mPEG,),SO;Na and (mPEG,3),SOs;Na. The values
of I,/I; ratio are listed in Table 1. It is observed that the I,/I;
ratios of both amphiphiles are relatively higher than those of
HC tail surfactants.* It should be noted that the I,/I; ratio is
also greater than the corresponding single mPEG-tailed
amphiphiles.”*** Indeed, the microenvironments of Py mole-
cules are polar like alcohol solvent,*® indicating that Py mole-
cules are partly exposed to aqueous environment. This is
possible only if Py molecules are unable to penetrate into the
core of aggregates and therefore are solubilized near the
aggregate surface. This is substantiated by the results of NPN
probe study which showed micropolarity of the aggregates is
similar to those of micelles of HC chain surfactants.

To study the internal fluidity (microfluidity) of the aggre-
gates, the steady-state fluorescence spectra of DPH, a water-
insoluble hydrophobic probe, were measured in the presence
of both (mPEG,),SO;Na and (mPEG,;3),SOsNa. The rise of
emission intensity (not shown) indicates solubilization of the
probe molecules within the much less polar microdomains of
the aggregates formed by the amphiphiles. We also measured
steady-state fluorescence anisotropy (r) of DPH probe in
aqueous solutions containing different concentrations (>cac) of
(mPEG,),SO;Na and (mPEG,;3),SO3;Na. The relevant data can be
found in Table S1.1 The r value which is widely used as an index
of microfluidity, is known to change when encapsulated within
the hydrophobic microdomains of surfactant aggregates.* In
the cases of (MPEG,),SO;Na and (mPEG,3),SO;Na, the r value is
observed to increase with concentration. It is important to note
that the r values for both amphiphiles are much higher than
that of SDS micelles (r = 0.045), but are comparable to many

Tablel The self-association properties of (NMPEG,4),SO3sNa and (mMPEG;3),SOzNa in phosphate buffer (20 mM, pH 7) and fluorescence properties
of DPH probe in solutions of (MPEG4),SO3zNa and (MPEG53),SOzNa at 25 °C

Surfactant cac (mM) L/I; Nm” (mPa s) Ry” (nm) ¢{-Potential® (mV)
(mPEG,),SO;Na 0.6 & 0.05 1.65 £ 0.03% 56.0 + 1.0 200 + 10 ~16.00
(MPEG,;),S0;Na 0.3 + 0.05 1.70 + 0.04% 37.0 £ 1.0 7545 —7.61

“ Measured using 5 mM solutions. ” Measured using 2 mM solutions.

This journal is © The Royal Society of Chemistry 2020
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vesicle- or liposome-forming amphiphiles.*®** This suggests
that both (mPEG,),SO;Na and (mPEG,3),SO;Na produce bilayer
aggregates (e.g, flat lamellar or vesicles) in buffer and the DPH
molecules are solubilized within the tightly packed bilayer
constituted by the mPEG chains (Fig. S4t). That the bilayer
membrane is composed of mPEG chains is also suggested by
the results of {-potential measurements as discussed below. In
order to estimate rigidity of the bilayer, we have also estimated
microviscosity (n,,) around DPH probe from its fluorescence
lifetime (t7) and r values (Table S1t).** The higher 7,, values
compared to micellar aggregates of SDS (16.5 mPa s)** suggests
formation of bilayer structures.

If the bilayer membrane is constituted by the mPEG chains,
then the surface charge of the aggregates should be negative.
The surface charge of the aggregates is usually measured by
the {-potential value. The {-potential values of the bilayer
aggregates in 2 mM solutions (pH 7) of (mPEG,),SO3;Na and
(mPEG,3),S0;Na were measured at different concentrations at
25 °C. The data are collected in Table 1. A significant negative
{-potential value confirms that the outer surface of the
aggregates is negatively charged and is constituted by the
-SO;~ groups. This undoubtedly proves that the bilayer
membrane of the aggregates is constituted by the mPEG
chains.

3.3 Nuclear magnetic resonance studies

It is well-established that charged surfactant layers of arbitrary
curvature such as a micelle, or a vesicle is stabilized by
a balance of the hydrophobic effect which tends to decrease
the interfacial area per surfactant (a) and electrostatic repul-
sions among head groups which tends to increase a.***
However, later it was realized that an additional contribution
arising from the effect of conformational entropy associated
with the more or less flexible tails of a surfactant consisting of
one or more aliphatic chains should also be considered.***®
Theoretical calculations have strongly suggested that when
chain conformational entropy effects are taken into account
single ionic surfactants with rigid tails preferentially form
small micelles with a large curvature while ionic surfactants
with a flexible tail form comparatively large aggregates with
low curvature.*” In fact, a pronounced flexibility of the tails of
amphiphilic molecules appears to be a prerequisite for the
formation of stable bilayer structures such as vesicles. It has
been reported that the bending of a bilayer into a geometri-
cally closed vesicle can only be formed by surfactants with
flexible aliphatic chains.*”

In the case of conventional surfactants, the self-assembly
process is driven by the increase in entropy of the system
due to breakdown of the highly ordered water structure
around the HC chain (hydrophobic effect). The PEG/water
system has also been shown to consist of mPEG chain sur-
rounded by a sheath of water molecules, forming a loose coil
of water molecules around the mPEG chain.*®»* The water
spiral is formed in such a way that more water molecules
accumulate in the cavities surrounding the oxygen atoms of
the mPEG chain.* The MD simulation and spectroscopic data

32526 | RSC Adv, 2020, 10, 32522-32531
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suggest that the most likely conformation of mPEG chain is
helical with -O- atoms stuck inside the helix and thus mPEG-
water interactions are strong inside the helix.’” To further
verify this we have determined the mPEG chain conformation
in water at room temperature by NMR spin-relaxation (7; and
T,) and self-diffusion measurements. The T; and T, values are
sensitive to local and global dynamics, respectively, and
provide rich dynamical information on the surfactants form-
ing micelles.”** The dynamics via T, is beneficial in extracting
activation energy of molecular processes when T; is measured
as a function of temperature. Therefore, T; and T, measure-
ments were made using solutions of both (mPEG,),SO;Na and
(mPEG,3),SO;3Na and the data are listed in Tables S2 and S3
under ESI.1 From the data in Table S2 (or Table S37) it may be
noted that, at any given temperature, Ty, > Ty1, > T1g (for H,, Hy
and H, protons; see Fig. S11) which indicates their respective
mobility in a decreasing fashion. For instance, higher T,
reflects more mobile nature of H, protons in -OCH; group,
while H, protons are experiencing somewhat restricted
mobility. From spin-relaxation data measured at 500 MHz, an
increasing tendency of both T; and T, against temperature can
also be observed for (mPEG,),SO;Na (Table S2f) and
(mPEG,3),SOsNa (Table S31). An inspection of the data reveals

7.38906 F————————————————
s (MPEG,),SO,Na °
2.71828 | o H]
~ . A Hb ]
- - .
I [ S ]
1F \1

F(A) :

C_1 n 1 1 1 M

3.1 3.2 3.3
1000/T (K™)
d ? T ’ T y ]
(mPEG,,),SO,Na ]
211828 - o H, —
t‘_ & o Hb 5
£ s~ H |
e é\i\\‘\?\%\\,‘\,\i\; :
) E
0.36788 T T
3.1 3.2 3.3 3.4
1000/T (K™

Fig. 4 Variable-temperature T, data for (A) (MPEG,4),SOsNa and (B)
(MPEG,3),SO3Na; the solid line represents the best Arrhenius fit of the
experimental data described by the egn (1).
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Table 2 Critical aggregation concentration (cac), change of standard molar Gibbs free energy (A,G°), enthalpy (A,H°) and entropy (A,S°) for
the self-assembly process of (MPEG,4),SO3zNa and (mMPEG;3),SO=Na in phosphate buffer (20 mM, pH 7.0) at 25 °C

Surfactant cac (mM) ApG® (k] mol ™) AH® (k] mol ™) ALS° (JK 'mol ™) TA,S® (k] mol ™)
(mPEG,),SO3Na 1.7+ 0.1 —28.45 0.25 96 28.70
(mPEG,3),S0;Na 0.4 +£ 0.1 —34.90 0.68 119 35.58

that T; and T, values are not significantly different from each
other, which facilitates the analysis of relaxation data in the
frame of fast motions.’>*® Hence the obtained T;'s are well
described by an Arrhenius fit described by the equation:**

Ty = Ae 5/RT (1)

where A is a constant, E, is the activation energy and other
symbols have their usual meaning. A plot of In(T}) vs. 1000/T
yielding the activation energies (E,s) of 19.5 kJ mol ’,
19.1 kj mol " and 13.6 k] mol ' for H,, H;, and H,, respectively,
for (mPEG,),SO;Na (Fig. 4A). In a similar fashion, for
(mPEG,;),SO;Na (Fig. 4B), the E,s obtained are 18.2 k] mol ",
16.6 k] mol™* and 13.8 k] mol " for H,, H,, and Hg, respectively.
In general, an activation energy of ~15 k] mol " is a good
indication of trans-gauche conformation changes within
hydrocarbon chains of surfactants.> Hence, the obtained E,s
for both (mPEG,),SO3;Na and (mPEG,;),SO;Na reflect gauche-
trans conformational changes and is consistent with previous
reports.”** It is interesting to note that the E,s noted are well
corroborated with the results of MD simulations.*”

That the PEG chains assumes helical conformation in water
is confirmed by the results of diffusion NMR experiments.
Details are described under ESL.{ The extracted self-diffusion
coefficients for (mPEG,),SO;Na and (mPEG,;),SO;Na
(Fig. S51) are 3.53 x 107" m*> s and 1.74 x 10 m* s,
corresponds to hydrodynamic radius, Ry equal to 0.56 and
1.14 nm, respectively. Nevertheless, a deviation from single-
exponential decay is observed for (mPEG,;),SO;Na portrayed
in Fig. S5.7 In this regard, a biexponential fit with two diffusion
coefficients is a reasonable description of diffusion data of
(mPEG,3),SO0;Na. The two diffusitivies with D equal to 2.22 X
107" m® s and 0.91 x 107" m® s7' corresponding to Ry
values 0.90 and 2.19 nm, respectively, can be associated with the
rigid helical and flexible random coil structures of (mPEG,3),-
SO;Na at equilibrium. It is interesting to note that the amphi-
philes do not form aggregates in D,O at the concentration (1
mM) employed for the experiments which is confirmed by the
diffusion constants and the respective Ry, values.

3.4 Thermodynamics of vesicle formation

In order to understand the self-assembly process of (mPEG,),-
SO;Na and (mPEG,;),SO3Na, we measured thermodynamic
parameters such as standard free energy (A,,G°), enthalpy
(AmH®), and entropy (A,S°) of micellization at 25 °C using ITC.
The titration curves are depicted in Fig. S6T under ESI. The cac
and A,,H° values were directly obtained from the inflection
point of respective plot. The other thermodynamic parameters,

This journal is © The Royal Society of Chemistry 2020

AnG° and A,,S° associated with the micellization process were
calculated using pseudophase separation model.** The ther-
modynamic data are collected in Table 2. The A,,,G° values are
found to be negative, which imply spontaneous aggregation of
the amphiphiles. The TA,,S° value calculated from the respec-
tive A;,S° value is observed to be much higher than the corre-
sponding A,H° value. This means that the aggregate formation
by both amphiphiles is driven by positive entropy change
associated with the hydrophobic effect as well as conforma-
tional change of the mPEG chains. The contribution of
conformational entropy to A,,G° is reflected by the higher A,,S°
value in case of (mPEG,;),SO;Na that has relatively longer
mPEG chains.

3.5 Size and shape of vesicles

The hydrodynamic size distribution of the aggregates formed in
2 mM (mPEG,),SO;Na and (mPEG,;),SO;Na are presented in
Fig. 5 and the mean R;, values thus obtained are collected in
Table 1. Though a bimodal distribution is observed in the case
of (mPEG,),SO;Na, the volume percentage of smaller aggregates
is much less than the larger aggregates. It is interesting to note
that mean Ry, value of the aggregates of (mPEG,),SO;Na is less
than that of (mPEG,;3),SO;Na. The morphology of the aggre-
gates can be visualized in the HRTEM images of the buffered
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Fig. 5 Upper panel: Size distribution histograms of aggregates in
2.0 mM solutions (pH 7) of (a) (MPEG,4),SOsNa, and (b) (MPEG,3),SOzNa
at 25 °C; lower panel: unstained HRTEM images of 2 mM (c)
(MPEG4),SO3Na and (d) (mMPEG;3),SOsNa solutions in phosphate buffer
(pH 7.0).
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solutions of the amphiphiles. The corresponding HRTEM
images of the unstained specimens have been shown in Fig. 5.
The micrographs clearly reveal existence of vesicles of R}, in the
range of 50-100 nm in 2 mM solution of both amphiphiles. It
should be noted that the size of the vesicles is slightly smaller
than that obtained by DLS measurements. However, this is very
common with the conventional HRTEM measurements that
involve drying of the samples. The results of DLS and HRTEM
measurements are thus consistent with the results of fluores-
cence probe studies that predicted existence of bilayer aggre-
gates. Though the bilayer thickness of the vesicles could not be
measured, the presence of aqueous core surrounded by a thin
membrane suggests existence of small unilamellar vesicles
(SUVs) in solutions of the amphiphiles.

The existence of spherical aggregates can also be observed in
the AFM images as shown in Fig. 6. In both images, well-defined
spherical structures with Ry, values in the range 25-125 nm for
(mPEG,),SO;Na and 40-75 nm for (mPEG,3),SO;Na can be
detected which agree well with the results obtained by HRTEM.
The height profile obtained using AFM is representative of the
thickness of two closely stacked membranes tilted together after
drying and collapse of the vesicles. Consequently, half of the
thickness can be considered as the thickness of the vesicle
membrane. That is, the height of ~8 nm corresponds to
a membrane thickness of 4 nm (Fig. 6). From the ChemDraw
energy-minimized structure analysis the length of the mPEG tails
of (mPEG,),SO;Na molecule is found to be ~1.9 nm, which is
about one half of the membrane thickness confirming bilayer
vesicle formation by the (mPEG,),SO3;Na molecules. The same is
also true with (mPEG,;),SO3;Na amphiphile for which the height
obtained is equal to ~17 nm and the calculated fully-extended
length of the mPEG chains is ~8.5 nm. That is, the bilayer
membrane thickness of the vesicles of (mPEG,;),SOsNa amphi-
phile is exactly twice the mPEG chain length. This also suggests
that the helical structure of the mPEG chains in free (mPEG,),-
SO;Na or (mPEG,;),S0;Na molecules gets stretched leading to
the formation of random coil structure upon aggregation.

3.6 Stability of vesicles

Effect of temperature. For practical applications, the vesicles
should have sufficient physical stability under physiological

B3 - £ P I S R S R |

Fig. 6 AFM images (upper panel) with scale-bar and height distribu-
tion (lower panel) of the aggregates in 2 mM solutions of (a)
(MPEG,4),SO3Na and (b) (MPEG53),SO3Na in pH 7.0.
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conditions (pH 7.4, 37 °C). Therefore, the effect of temperature
on their stability in phosphate buffer (pH 7) was studied using
DPH probe the r value of which is sensitive to change in
microviscosity. The r values of DPH in 5 mM (mPEG,),SO;Na or
(mPEG,3),SO;3Na solutions were measured in the temperature
range 25-75 °C and the results are presented in Fig. S7a.T The
plots of both the amphiphiles show a gradual fall of r value with
increasing temperature, indicating decrease in microviscosity
with the rise in temperature as a result of weakening of the
hydrophobic interaction and other weak physical forces that are
responsible for forming vesicles. This results in a phase tran-
sition of the bilayer membrane from more rigid gel state to
a more fluid liquid-crystalline state. Thus the temperature cor-
responding to the inflection point of the sigmoidal curves can
be taken as the phase transition temperature, Ty,. The T, values
of (MPEG,),SO3;Na (51 °C) and (mPEG,3),SO3Na (51 °C) are
consistent with the stronger interactions among mPEG chains
in the vesicle bilayer at room temperature. It is important to
note that unlike PEGylated polymers,*” clouding phenomenon
(LCST) was not observed even at 75 °C. In other words, the
vesicles produced by (mPEG,),SO;Na and (mPEG,;),SO;Na
amphiphiles are highly stable at the physiological temperature
(37 °C), thereby making them good candidates for use as DDSs
in pharmaceutical industry.

Effect of aging. In order to investigate the shelf-life of the
vesicles, the turbidity (t = 100 — %7T) of 1 mM solutions (pH 7.0)
of (mPEG,),SO;Na and (mPEG,3),SO;Na was measured at 37 °C
at different time intervals during 60 days. The experimental
results are presented in Fig. S7b.T The plots reveal that the
turbidity initially increases only slightly with time, reaching
almost a steady value after 60 days. The initial increase in
turbidity could be due to the formation and/or growth of the
vesicles, while the subsequent plateau refers to the storage life
of the vesicles. Thus, the vesicles produced by the double
mPEG-tailed amphiphiles exhibit excellent stability at the
physiological temperature at least for two months.

Salt-induced morphological transition. As the surfactants
are anionic in nature there might be a significant effect of salt
concentration on the aggregation behavior of the surfactants. It
is well known that the addition of counter ion usually induces
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Fig.7 (a) Variation of rin 5 mM (mPEG4),SO<Na with concentration of
NaCl () and t-lysine hydrochloride (H); (b) size distribution histo-
grams of solutions of 5 mM (MPEG,4),SOszNa containing 200 mM NaCl
(A), 5 mM (MPEG;3),SOsNa containing 200 mM NaCl (B), 5 mM
(MPEG,4),SO3Na containing 100 mM L-lysine hydrochloride (C), and
5 mM (MPEG;3),SOsNa containing 100 mM L-lysine hydrochloride (D).
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transition of vesicle to other structures.*®** To investigate the
influence of salt concentration on aggregate morphology, the r
value of DPH probe was measured in solution of (mPEG,),-
SO;Na in the presence of varying concentration of NaCl. The
plot of variation of r with [NaCl] can be found in Fig. 7a. The plot
shows a slight increase of r value with the rise of NaCl
concentration, suggesting transformation of SUVs to more
ordered structures. The size distribution histograms (Fig. 7b) of
the vesicles in 5 mM (mPEG,),SO;Na or (mPEG,;3),SO;Na
solutions containing 200 mM NacCl show that the mean Ry, value
is higher than the value obtained in the absence of salt. Since no
significant increase in solution viscosity is observed, this can be
associated with the transformation of SUVs to large multi-
lamellar vesicles (MLVs), tubules, or disk-like aggregates.
Indeed the TEM micrograph of the 5 mM solution (containing
200 mM NacCl) of the amphiphiles shows formation tubular
aggregates (Fig. 8a) in the case of (mPEG,),SO;Na and large
disk-like micelles in the case of (mPEG,3),SO3;Na (Fig. 8c). The
tube-like aggregates have inner diameter of ~50-100 nm. This
can be attributed to tight packing of the mPEG chains caused by
the removal of ionic repulsion upon addition of salt.
Surprisingly, addition of L-lysine hydrochloride was observed
to have significant effect on the stability of the SUVs formed by
both the amphiphilic molecules. The plot of  of DPH in 5 mM
(mPEG,),SO;Na as a function of [t-lysine hydrochloride] is
presented in Fig. 7a which shows an exponential fall of r value
with the increase of [i-lysine hydrochloride], indicating trans-
formation of bilayer structure to some less ordered structures.
Also, the size distribution histograms (Fig. 7b) of aggregates in
5 mM (mPEG,),SO;Na and (mPEG,;3),SO;Na solution contain-
ing 100 mM r-lysine hydrochloride show the presence of

Fig. 8 HRTEM images of 5 mM (mPEG,),SOzNa containing (a)
200 mM NaCl, (b) 100 mM L-lysine hydrochloride; and 5 mM
(MPEG,3),SO3Na containing (c) 200 mM NacCl, (d) 5 mM 100 mM -
lysine hydrochloride; inset (a): one section analysis; inset (c): one
section analysis.
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aggregates with mean R, < 5 nm. The corresponding TEM
images (Fig. 8b and d) which show existence of very small
micelles-like aggregates for both the amphiphiles are consistent
with the results of DLS and fluorescence probe measurements.
The transformation of bilayer vesicles to small micelles with the
increase of [t-lysine hydrochloride] can be attributed to the
strong electrostatic attraction among the negatively charged
-SO;™ head group of the surfactant molecules and large, posi-
tively charged r-lysinium cations. Strong electrostatic interac-
tion of the r-lysinium cation with the -SO;™ head group results
in a complete destruction of vesicles forming small micellar
aggregates. This kind of behavior has also been observed with
single-tailed amphiphiles having -SO;™ head. The results of this
experiment suggest that -lysinium cation can be used to induce
release of drug molecules encapsulated by the vesicles in solu-
tions of (MPEG,),SO;Na and (mPEG,;),SO;Na amphiphiles.

4. Conclusions

In summary, two novel unconventional double mPEG-tailed
amphiphiles (mPEG,),SOs;Na and (mPEG,;),SO3;Na with -SO;™
head group were developed and characterized. The mPEG
chains of (mPEG,),SO;Na and (mPEG,;),SO;Na, respectively
assumes a helical and random coil conformation in water such
that more water molecules accumulate in the cavities
surrounding the oxygen atoms of the mPEG chain. Despite
having two so called polar mPEG tails and an anionic (-SO;™)
head group both molecules were found to be surface active in
water. Also, both (mPEG,),SO3;Na and (mPEG,;),SO;Na were
observed to have a strong tendency to self-assemble in aqueous
buffered solution above a low cac at room temperature. The self-
assembly process is accompanied by a conformational change
of the mPEG chains of the amphiphilic molecules. To the best
of our knowledge this is the first report on the self-assembly of
double mPEG-chain containing anionic amphiphiles. The
double mPEG-tailed amphiphiles exhibit formation of SUVs in
dilute solutions. The polar mPEG chains of these amphiphiles
behave like hydrocarbon tails of conventional double-tail
surfactants and constitute the bilayer membrane of the
vesicle. The driving force behind the vesicle formation is the
well-known hydrophobic effect that is entropy gain by the
system due to breakdown of the iceberg water structure inside
the helical cavity of the mPEG chain which leads to stretching of
the mPEG chain in the vesicle bilayer. Interestingly, unlike
PEGylated polymers, the amphiphiles do not exhibit clouding
phenomenon (LCST) even at 75 °C. Thus, vesicles produced by
(mPEG,),SO;Na and (mPEG,3),S0;Na amphiphiles are highly
stable at the physiological temperature. Also, the SUVs of
(mPEG,),SO;Na and (mPEG,;),SO;Na are found to be stable for
at least two months at the physiological temperature. However,
in the presence of NaCl, the vesicles of both amphiphiles are
transformed into either tubules or disk-like aggregates. But, in
the presence of r-lysine hydrochloride salt the SUVs are trans-
formed into small micelles. The vesicle-to-micelle transition
can find application in t-lysinium cation-triggered delivery of
drug molecules. Further, these amphiphilic molecules have
hydrolysable ester bonds which can be cleaved in acidic pH
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thereby releasing encapsulated drug molecules. As (mPEG,),-
SO;Na and (mPEG,3),SO;Na are biodegradable and mPEG is an
FDA approved molecule, we believe that they can have potential
uses in the biomedical sciences and pharmaceutical industries.
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