Chemistry and Physics of Lipids 163 (2010) 561-568

journal homepage: www.elsevier.com/locate/chemphyslip

Contents lists available at ScienceDirect

Chemistry and Physics of Lipids

Concentration and pH-dependent aggregation behavior of an L-histidine based

amphiphile in aqueous solution

Arjun Ghosh, Saurabh Shrivastava, Joykrishna Dey *

Department of Chemistry, Indian Institute of Technology, Kharagpur 721302, India

ARTICLE INFO ABSTRACT

Article history:

Received 22 December 2009

Received in revised form 9 March 2010
Accepted 6 April 2010

Available online 14 April 2010

Keywords:

Surface activity
Vesicles

Nanotubes
Fluorescence
Electron microscopy

The surface activity and self-assembly behavior of zwitterionic amphiphile N-(2-hydroxydodecyl)-L-
histidine (C;,HHis) were studied in phosphate buffers of pH 2 and 13 using surface tension and
fluorescence probe techniques, respectively. Transmission electron microscopic images of the aggre-
gates have revealed existence of nano-size vesicles in dilute solutions of both acidic and basic pH. In
basic medium, the vesicles are converted to tubular aggregates upon increase of surfactant concentra-
tion. The nanotubes undergo phase transition to form elongated or small rod-like micelles at a much
higher concentration of the amphiphile. The vesicles and nanotubes were found to become more stable
upon addition of 10 mol% of cholesterol.

© 2010 Elsevier Ireland Ltd. All rights reserved.

1. Introduction

Histidine is considered to be an essential amino acid in human
infants and becomes a non-essential amino acid for the adult. His-
tidine has the functions to treat tummy and hookworm. Presence
of histidine in protein cause buffering and is a common coordi-
nating ligand in metalloproteins and is a part of catalytic sites
in certain enzymes (Bertini and Scozzafava, 1981; Casolaro et
al., 2002; Kowalik-Jankowska et al., 1999; Bonomo et al., 1996).
Bhattacharya and coworkers have demonstrated formation of
helical structures in aqueous solution of N-acyl-L-histidine sur-
factants (Ragunath and Bhattacharya, 1995). Histidine is believed
to be a membrane binding residue. Mono-histidylated cationic
amphiphiles have been reported to have remarkable gene trans-
fection properties via the endosome-disrupting characteristics of
the histidine functionalities (Kumar et al., 2003). On the other
hand, comicelles of N-acyl-L-histidine and various cationic sur-
factants have been found to be very effective in stereo-selective
micelle-catalyzed deacylation of long-chain amino acid esters
(Ohkubo et al., 1981). Antioxidant activity toward lipid perox-
idation and excellent emulsifying activity of N-acyl-L-histidine
have also been reported (Murase et al., 1993). In fact, histidine-
derived amphiphiles behave as an unusual surfactant because the
hydrophilic part contains a carboxylate group and an imidazole
side-chain, offering the molecule pH responsive properties (Smith
and Barden, 1975; lhara et al.,, 1981). Smith et al. have reported
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an unusual effect of salt concentration on the critical micelle con-
centration (CMC) of the N-acyl-L-histidine surfactants (Smith and
Barden, 1975). Because of potential uses of N-acyl-L-histidine it
seemed important to us to look at the type of self-assemblies that
could be formed by this class of amphiphiles in water.

In the present work, self-assembly properties of N-(2-
hydroxydodecyl)-L-histidine, C;,HHis (see Scheme 1 for structure),
was studied. Recently we have investigated the self-assembly prop-
erties of N-(2-hydroxydodecyl)-L-valine (C;,HVal) (Ghosh and Dey,
2008a), and N-(2-hydroxydodecyl)-L-alanine (Ci;HAla) (Ghosh
and Dey, 2008b) amphiphiles in aqueous medium. The former
amphiphile has been found to form branching tubular struc-
tures where the latter was observed to form vesicles and twisted
ribbon-like microstructures. Because of this striking difference in
self-organization behavior, it seemed important to us to look at
the type of self-assemblies that could be formed by the L-histidine-
derived surfactant. The surface activity and aggregation behavior
of the amphiphile were studied using surface tension, fluores-
cence, and dynamic light scattering techniques. Microstructure of
the self-assemblies has been examined by transmission electron
microscopy. Stability of the aggregates in the presence of salt and
cholesterol, and with temperature change has also been investi-
gated.

2. Materials and methods
2.1. Materials

Cholesterol, N-phenyl-1-naphthylaniline (NPN) and 1,6-
diphenyl-1,3,5-hexatriene (DPH), and 1,2-epoxydodecane were
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Scheme 1. Prototropic equilibria in aqueous solution of C;,HHis.

obtained from Aldrich (Milwaukee, WI, USA). The fluorescent
probes NPN and DPH were purified by repeated recrystallization
from ethanol-acetone mixture. Cholesterol, 1,2-epoxy-dodecane,
and r-histidine (SRL, Mumbai) were used without further purifi-
cation. All solvents used were obtained locally and were distilled
and dried whenever required. Analytical grade disodium hydrogen
phosphate, sodium hydroxide and hydrochloric acid were procured
locally and were used directly from the bottle. The amphiphile
N-(2-hydroxydodecyl)-L-histidine was prepared according to the
procedure described elsewhere (Hidaka et al., 1984; Watanabe et
al., 1988) and was purified by recrystallization from ethanol or
ethanol-water mixture. The chemical structure of the amphiphile
was identified and checked for purity by usual methods (IR, 1H
NMR, TLC). The TH NMR spectrum of the amphiphile has been
shown in Fig. 1.

2.2. Methods

The 'H and '3C NMR spectra were recorded on a Bruker AVANCE
400 MHz instrument. Surface tension measurements were carried
out with a surface tensiometer (model 3S, GBX, France) using Du
Nuoy ring detachment method. A Thermo Orion (model 710 A+)
pH meter that uses a combined glass electrode was used for all
pH measurements. All measurements were carried out at room
temperature (~303 K) unless otherwise mentioned.

All the solutions containing different concentrations of
amphiphiles were prepared in pH 13 phosphate buffer made using
double distilled water and were stored in closed glass bottles.
For solutions containing cholesterol were prepared by first mixing
aliquots from C1,HHis and cholesterol stock solutions in methanol
in volumetric flasks. The solvent was then evaporated by purging
dry nitrogen and finally dried in vacuum desiccators for 5-6 h. The
solid mixture was diluted with required volume of 20 mM phos-
phate buffer (pH 2 or 13.0) and sonicated for 5 min.

Steady-state fluorescence spectra of NPN and DPH probes were
measured on a PerkinElmer LS-55 luminescence spectrometer
equipped with filter polarizers that uses the L-format configuration.
Since NPN and DPH are poorly soluble in water, a stock solution
(1.0mM) of the probe in methanol was prepared. The final con-
centration of the probe was adjusted to 1.0 uM in the case of
DPH and 10 uM in the case of NPN by addition of an appropri-
ate amount of the stock solution. All fluorescence measurements
started 2-3 h after sample preparation. Solutions containing NPN
were excited at 360 nm. For steady-state fluorescence anisotropy

measurements, DPH was excited at 350 nm and the fluorescence
intensity was measured at 450 nm. A 430 nm cutoff filter was placed
in the emission beam to reduce the effect of scattered light, if any.
The excitation and emission slit widths were 2.5 and 5 nm, respec-
tively. The software supplied by the manufacturer automatically
determined the correction factor and anisotropy value. In all cases,
the anisotropy values were averaged over an integration time of
10 s and maximum number of five measurements for each sample.
The temperature (303 + 0.1 K) of the water-jacketed cell holder was
controlled by use of a JEO TECH RW-0525G circulating bath.

Time-resolved fluorescence measurements were performed on
a time-correlated single-photon counting method. Fluorescence
lifetimes were determined from time-resolved intensity decay by
the method of time-correlated single-photon counting that uses a
picosecond diode laser at 370 nm (IBH, UK, nanoLED-07) as light
source. The typical response time of this laser system was 70 ps.
The decays were analyzed using IBH DAS-6 decay analysis software.
For all the lifetime measurements the fluorescence decay curves
were analyzed by biexponential or triexponential iterative fitting
program provided by IBH.

The dynamic light scattering (DLS) measurements were per-
formed with a Zetasizer Nano ZS (Malvern Instrument Lab, Malvem,
UK) optical system equipped with an He-Ne laser operated at 4 mW
at A, =632.8 nm, and a digital correlator. The solution was filtered
directly into the scattering cell through a Millipore Millex syringe
filter (Triton free, 0.45 m). Before measurement, the scattering cell
wasrinsed several times with the filtered solution. The data acquisi-
tion started after 10 min and each experiment was repeated at least
two times. Apparent diffusion coefficients (Dapp) were calculated
by first-order cumulant analysis of an autocorrelation function
of scattered light intensity fluctuations. Effective hydrodynamic
diameter (dy ) were calculated from diffusion coefficients using the
Stokes-Einstein equation:

kB T

- 37'[1’}(1].[ (1)

app
where kg, 1, and T are Boltzmann constant, viscosity of the solvent
and absolute temperature, respectively.

The specimens for TEM measurements were prepared by placing
5L of the surfactant solution (pH 13) on a 400 mesh carbon-
coated copper grid and allowed to adsorb for a minute. The excess
liquid was then wicked off with a filter paper, air-dried, and
negatively stained with freshly prepared 0.75% aqueous sodium
phosphotungstate (pH 13). The specimens were dried overnight
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Fig. 1. 'H NMR spectrum of C;,HHis in D,O/NaOD solvent.

in desiccators before measurement with an electron microscope
(JEOL-JEM 2100, Japan) operating at 200 kV.

3. Result and discussion

The amphiphile C;,HHis has ionizable imidazole ring apart from
COOH group. Thus, depending upon the solution pH C;,HHis can
exist in the form of anion, monocation, dication, and zwitterions or
as amixture of two. The prototropic species were found to be poorly
soluble in all pHs, except at 12 <pH < 3. Therefore, all studies were
performed in solutions of pH 2 and 13. At pH> 12, the dominant
form is expected to be anionic, but at pH <3, only dication specie
exists in solution (Scheme 1). However, it should be noted that the
dication has also limited solubility (<0.3 mM) in water at 303 K.

3.1. Critical aggregation concentration

Surface tension (y) measurements were performed to deter-
mine critical aggregation concentration (CAC) of the surfactant.
The plots of y versus log[C;,HHis] for the aqueous buffer solu-
tions (pH 2 and 13) of the amphiphile are presented in Fig. 2. Both
plots exhibit two breaks as indicated by the upward arrows. This
might be either due to phase change of the surfactant monolayer
at the air/water interface or stepwise aggregation of the surfactant
in solution. Phase transitions of Langmuir monolayers of lipids at
the air/water interface as a result of even small changes in mono-
layer density or physical variables, such as temperature, pH, ionic
strength, and composition of the subphase have been reported in
the literature (Wang et al., 2005; Velazquez et al., 2005). How-
ever, in the present case, based on fluorescence probe study as
described below, the double breaks in the surface tension plot can
be attributed to stepwise aggregation of the amphiphile in solution.
Thus the concentrations corresponding to the first and second break
can be considered as CAC; and CAC,, respectively. The CAC val-
ues obtained from the break points of the surface tension plots are
listed in Table 1. The CAC values of both anionic and cationic forms
are very low as compared to N*-dedecanoyl-L-histidine (1.0 mM)
amphiphile (Smith and Barden, 1975) The ycac; values suggest that
the anionic form is more surface active than the cationic specie. The
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Fig. 2. Plots of surface tension (y) versus log[Ci2HHis] in 20 mM phosphate buffer
(2)pH2.0,(v) pH 13.0 at 303 K.

surface area per surfactant headgroup, Ay, Was calculated from
the slope (corresponding to the part showing steepest decrease in
y) of the plots using Gibbs adsorption equation (Rosen, 2004):

1 dy

Tinax = = 3RT dinc )

Table 1

Critical aggregation concentrations (CACs), surface tension at CAC, surface excess
concentration (/'max ), minimum area per head group (Amin ), packing parameter (P)
of Cy2HHis, and hydrodynamic diameters (dy ) of the vesicles in solutions of different
pH at 303 K.

Properties pH 13 pH2

CAC; (mM) 0.02 (0.03)2 0.025(0.03)?
CAC; (mM) 0.14 (0.13)2 0.14 (0.08)2
Ycac2 (mN 1'1'171 ) 243 349

Imax x 108 (mol m~2) 4.44 3.25

Amin (nm? molecule~!) 037 0.51

P 0.72 0.52

dy (nm) 70(87)° 35(55)P

2 Data within the parentheses were obtained from fluorescence titration.
b Data within the parentheses were obtained in the presence of 10 mol% Chol.
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where INnax (molecules/m?) is the maximum surface excess con-
centration, n is the number of molecular species involved, and C is
the concentration of surfactant. For the anionic and cationic forms
of C1,HHis n-value was assumed to be equal to 1.0 and 2.0, respec-
tively since the surface tension measurements were carried out in
the presence of salt (20 mM) of relatively high concentration. Gibbs
adsorption isotherm allows one to determine the minimum surface
area (Anin) occupied by a surfactant head group at the air-water
interface from the following equation:

1

Amin = ————
min NAFmax

(3)
where Ny is Avogadro’s number. The corresponding I"max and Apin
values of the anionic and cationic forms of the amphiphile have
been collected in Table 1. It is observed that the A, values are
very small suggesting close packing of the hydrocarbon chains.
The Anin values are close to those of other carboxylate surfactants
(0.45nm?2) reported in the literature (Huang et al., 1999). In fact, it
has been reported that in the case of histidine-derived amphiphiles,
the imidazole ring functions as the polar head group with the NH
directed toward the water surface resulting in a more condensed
packing of the histidine amphiphiles (Smith and Barden, 1975; Abel
etal,, 2000) in which the imidazole rings are parallel to each other.
The condensed packing in the case of C;;HHis is manifested in the
higher value of packing parameter P (Table 1) calculated from Eq.
(4) (Israelachvili, 1985):

v
= Aminlc (4)
where v (0.372nm?3) (Ghosh and Dey, 2008a) and . (1.40 nm)
(Ghosh and Dey, 2008a) are the volume and length of the hydro-
carbon chain. The large value of P (>0.5) indicates formation of
bilayer aggregates at concentrations above CAC; of both anionic
and cationic forms of the C;,HHis amphiphile.

3.2. Fluorescence probe studies

Morphological changes of surfactant aggregates often involve
change in the chain packing and hence in their microenvironments.
Fluorescent probes, such as NPN and DPH have been used exten-
sively to study microenvironments of micellar aggregates (Félix
and Goiii, 2000; Saitoh et al., 2007; Nemkovich et al., 1997). The
emission maximum of NPN exhibits a large blue shift accompanied
by a huge enhancement of emission intensity relative to that in
water upon its incorporation into the hydrophobic environments
of micelles (Nayak et al., 2006; Roy et al., 2006). On the other
hand, steady-state fluorescence anisotropy (r) of DPH probe can
be used to distinguish micelles from bilayer aggregates. Normally
micelles of ionic surfactants have very low r-value (~0.05) and vesi-
cles have r-value usually greater than 0.14 (Shinitzky, 1984; Zana et
al., 1997; Roy et al., 2005). The self-assembly formation by C;;,HHis
was, therefore, studied using both NPN and DPH probes. The plot
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Fig. 3. Plots of relative fluorescence intensity (I/I,) of NPN (M), and fluorescence
anisotropy (r) of DPH (a) probes versus [C;;HHis] in 20 mM phosphate buffer, pH
13.0 at 303 K; inset: chemical structure of NPN.
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Fig. 4. Plots of relative fluorescence intensity, I/I, (O) and fluorescence anisotropy,
r (a) of DPH versus [Ci2HHis] in 20 mM phosphate buffer, pH 2.0 at 303 K; inset:
chemical structure of DPH.

of relative fluorescence intensity (I/I,) of NPN probe at pH 13 ver-
sus [C12HHis] is shown in Fig. 3. The plot exhibits two inflections,
one at a concentration around CAC; and the other at around CAC,.
This supports the surface tension data and thus confirms stepwise
aggregation of C;;HHis in aqueous medium.

In order to study the concentration-dependent phase change,
the fluorescence anisotropy of DPH probe was also measured at
different [C;oHHis]. As shown in Fig. 3, the r-value above CAC,
is quite high and can be associated with bilayer aggregates. With
the rise in concentration the r-value increased following a sigmoid
function reaching maximum at about 1.5 mM. This small rise of
r-value might be due to growth of the bilayer aggregates. Similar
feature can also be observed with the plot (Fig. 4) for surfactant
solutions at pH 2. Fig. 4 also depicts plot of I/, of DPH probe versus
[C12HHis] in pH 2 solution. A huge rise in the fluorescence inten-
sity of DPH probe is observed in presence of the cationic form which
suggests very high solubility of the probe molecules in the aggre-
gates formed in solution. However, unlike in pH 13 solution, the

Steady-state fluorescence anisotropy (r), time-resolved fluorescence data, and microviscosity (7m) of DPH probe in phosphate buffer solutions (pH 2 and 13) of different

[C12HHis] at 303 K.

pH [C12HHis] (mM) 7¢ (NS) Amplitude (a) x> Anisotropy (r) Nm (MPas)
13.0 0.1 3.28 0.16 1.15 0.122 53.1
7.82 0.84
13.0 1.5 335 0.18 1.20 0.142 70.2
8.14 0.82
13.0 12.0 330 0.25 1.20 0.105 394
7.22 0.75
2.0 0.2 2.96 0.14 1.18 0.27 323.0

8.24 0.86
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plot shows only one inflection corresponding to a CAC value of ca.
0.08 mM. This might be due to closeness of the two CAC values. It
should be noted that, in the case of cationic specie, the r-value is
much higher than that of the anionic form indicating tighter pack-
ing of the hydrocarbon chains as compared to the anionic form.
Interestingly, for the anionic form, the increase of [C;,HHis] beyond
the CAC; value results in a decrease of the r-value which reaches
minimum at 12 mM. The r-value at this concentration, however, is
much smaller and close to that normally observed for small micelles
of ionic surfactants. The sigmoid change of r-value with concentra-
tion is indicative of a phase change and the large bilayer aggregates
are transformed into micelles. Perhaps the same may be true with
the cationic specie and the large aggregates that are formed from
the bilayer aggregates appeared in the form of precipitate. The
concentration-dependent phase change of vesicles to micelles has
been observed with other N-acyl amino acid surfactants (Khatua
and Dey, 2007).

In aid to the above conclusion, we have measured microvis-
cosity (nm) of the aggregates formed in different concentration
ranges. The 7, values were calculated from the steady-state r-
value and fluorescence lifetime (t5) of DPH probe at concentrations
corresponding to the maximum and plateau region following a pro-
cedure already described in the literature (Roy et al., 2005). The data
are collected in Table 2. It is observed that the 1y value for both
species at 0.1 mM Cq,HHis is higher than that of SDS micelles (16.33
mPa s) (Roy et al., 2005) and is consistent with the bilayer structure
formation. At [Cy,HHis] equal to 1.5 mM, 1, for the anionic specie
has the highest value. However, the nny, value decreased in the pres-
ence of 12 mM Cq,HHis, but it is higher than that of SDS micelles.
This is consistent with the results shown by the plots in Fig. 2. Thus,
it can be concluded that initially formed bilayer aggregates are first
transformed into another type of bilayer structures, which again
are converted to small micelles.

3.3. Transmission electron microscopy (TEM)

To investigate the shape of the microstructures formed by the
amphiphile, TEM images (Fig. 5) were taken in aqueous buffer solu-
tions of C1,HHis. The micrograph A for the acidic solution (0.2 mM,
pH 2)in Fig. 5 clearly reveals existence of unilamellar vesicles with
internal diameters in the range 50-100 nm. The micrograph B of
0.2mM Cy,HHis solution at pH 13 also exhibits vesicular struc-
tures with internal diameter in the range 20-100 nm. Although
it is not very clear, the vesicles look like unilamellar ones. It is
interesting to see that the micrograph C for1.5 mM solution at pH
13 reveals tubular structures. The tubules are 0.5-2 wm long with
inner diameter in the range of 50-70 nm. The tubules might have
formed by the fusion of the vesicles that are produced in dilute
solution. This is consistent with the results obtained from fluores-
cence probe studies. However, we were unable to get any good
micrograph for the 12 mM solution at pH 13. This is possibly due
to smaller size of the micellar aggregates as suggested by the flu-
orescence probe studies. The branching nanotube formation in pH
13 solution of a structurally similar C;;HVal amphiphile has been
reported earlier by us (Ghosh and Dey, 2008a). Branching tubu-
lar structures in aqueous dispersions of peptide surfactants were
also found Zhang and coworkers (Sylvain et al., 2002). On the other
hand, Ghadiri and coworkers (Bong et al., 2001; Fernandez-Lopez et
al., 2001) have reported that alternating p,L-a-peptides and cyclic
[-peptides form self-assembling nanotubes. Tube-like structures
were also observed with mixtures of cationic bolaamphiphile and
anionic sodium dodecyl surfate (SDS) (Yan et al.,, 2003; Han et
al,, 2004; Lu et al.,, 2006). Lu and coworkers have suggested salt-
induced transformation of vesicles to tubules in a catanionic system
consisting of a cationic bolaamphiphile and anionic SDS surfactant
(Lu et al., 2006).

Fig. 5. TEM micrographs of C;;HHis in 20 mM phosphate buffer (A) 0.2 mM (pH 2.0)
(stained with 0.75% (w/v) uranyl acetate), (B) 0.2mM (pH 13) and (C) 1.5mM (pH
13.0) (stained with 0.75% w/v sodium phosphotungstate, pH 13).

3.4. Hydrodynamic size of the aggregates

The mean hydrodynamic diameters of the aggregates formed at
different concentrations and pH were also determined by dynamic
light scattering (DLS) measurements. The mean hydrodynamic
diameters (dy) of the vesicles formed in pH 2 and 13 solutions
of C13HHis are listed in Table 1. The size distributions have been
depicted in Fig. 6 (panel (A)). It can be observed that the size
of the vesicles formed by Ci,HHis amphiphile in both acidic and
basic pH solutions is very similar to that observed in the respec-
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Fig. 6. Panel (A) Size distributions of the aggregates in 20 mM phosphate buffer in pH 2.0: (i) 0.2 mM; in pH 13.0: (ii) 0.2 mM, (iii) 1.5 mM, and (iv) 12.0 mM C;,HHis; Panel (B)
Size distributions of the aggregates in 20 mM phosphate buffer in pH 2.0: (i) 0.2 mM C;,HHis; in pH 13.0: (ii) 0.2 mM, (iii) 1.5 mM, and (iv) 12.0 mM C;,HHis in the presence

of 10 mol% Chol.

tive TEM picture. The solution at pH 13 containing 1.5 mM C;,HHis
exhibits bimodal size distributions indicating existence of two dif-
ferent types of aggregates. The smaller particles with higher volume
percentage are clearly due to the vesicles. The large particles with
smaller volume percentage can be associated to the tubular struc-
tures. However, as far as DLS measurement is concerned, they
cannot be assigned to any hydrodynamic size because the method
is not applicable for nonspherical aggregates. This means that both
vesicles and tubular structures are in equilibrium. It is important to
observe that the large aggregates disappear and aggregates of much
smaller diameters are formed when surfactant concentration is
12 mM. The size of the aggregates is, however, greater than normal
spherical micelles and thus can be attributed to ellipsoid or rod-
like micelles. This is consistent with the lower microviscosity value
(Table 2) obtained from fluorescence anisotropy measurements in
12 mM solution of pH 13. Transition of nanotube to micelles in
aqueous solution of potassium N-Acyl phenylalaninate has also
been reported recently (Ohta et al., 2006).

3.5. Stability of vesicles and tubules

3.5.1. Effect of salt concentration

Biological systems often contain a large amount of salt (equiv-
alent to 150 mM Nacl). Under this condition the vesicle structures
may become unstable thus causing burst release of its content. In
fact, such behavior was recently observed by us with an amphiphile
sodium 4-(N-octyloxybenzoyl)-L-valinate surfactant (Mohanty et
al., 2007). We observed vesicles-to-micelle transition in the pres-
ence of salts. The influence of salt concentration on the stability
of vesicle formed by C;,HHis was investigated by monitoring fluo-
rescence anisotropy (r) of DPH probe in surfactant solutions. Fig. 7
shows the plots of variation of r as a function of [NaCl] for a given
concentration of CioHHis at two different pH. It is observed that
for both pH 13.0 and 2.0, the r-value does not change significantly
with the increase of salt concentration, suggesting no change of
shape and size of the vesicles. Indeed, DLS measurements showed
no significant change in hydrodynamic diameter in the presence of
200 mM NacCl. This means that the vesicles are quite stable under
physiological condition.

3.5.2. Effect of cholesterol

Cholesterol (Chol) is known to increase rigidity and hence stabil-
ity of the bilayer membrane of liposomes (Roy et al., 2006). In order
to increase vesicle stability, we investigated the effect of addition
of Chol on the r-value of DPH probe. The results are presented in
Fig. 8. It is observed that for the vesicle solutions at pH 2 and 13,
the r-value of DPH probe increases with [Chol] reaching maximum
at ca. 10% (mol/mol) of Chol. However, the plot for the solution
containing tubular aggregates exhibits only a small increase of the
r-value in the presence of Chol. DLS measurements, on the other
hand, show that hydrodynamic size of the vesicles increases in the
presence of 10 mol% Chol at both pH (Table 1). The corresponding
size distributions in the presence of 10 mol% Chol for the vesicular
and tubular phases have been depicted in panel (B) Fig. 6. It can
be observed that the size distribution for the tubular phase also
shifts toward larger diameter range. However, it is interesting to
note that size of the rod-like micelles in 10 mM C;,HHis solution
decreased slightly upon addition of Chol. Thus it can be concluded
that addition of Chol results in a growth of vesicles as well as tubular
aggregates, indicating increase of stability.
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Fig. 7. Variation of fluorescence anisotropy (r) of DPH with [NaCl]: (a) 0.3 mM
Cy2HHis at pH 2, (W) 0.2 mM C;,HHis at pH 13, and (@) 1.0 mM C;,HHis at pH 13.
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Fig. 9. Plots of fluorescence anisotropy (r) of DPH in 20 mM phosphate buffer ver-
sus temperature: (H) 0.1 mM Cy,HHis, pH 13.0, (a) 0.1 mM C;,HHis containing 10%
(mol/mol) cholesterol, pH 13, (®) 0.1 mM Cq;HHis, pH 2.0, and (A) 0.1 mM C;;HHis
containing 10% (mol/mol) cholesterol, pH 2.0.

3.5.3. Effect of temperature

The temperature stability of the vesicles formed in dilute
solution of C;,HHis was also investigated by monitoring the steady-
state fluorescence anisotropy of DPH probe. The plots in Fig. 9 show
the variation of r-value of the DPH probe with temperature. The
data were fit to sigmoid curve corresponding to a two-state pro-
cess. It can be seen that the r-value decreases rapidly with the rise
of temperature. This could be attributed to transformation of vesi-
cle to micelles. The vesicle-to-micelle phase transition temperature
(Tm) is around 310K, which is equal to the physiological tempera-
ture and thus will have limited use. However, as discussed above,
the vesicle stability increased upon addition of Chol. Therefore,
we measured the temperature stability of the vesicle phase in the
presence of 10% Chol. The plots presented in Fig. 9 show that in
the presence of Chol, the r-value decreases only slightly with the
rise of temperature, thus broadening the phase transition temper-
ature range. The small change in r-value might be due to increase
of chain mobility of the hydrocarbon tail of the amphiphile. The
melting temperature is thus enhanced up to 333K in the presence
of 10 mol% Chol, showing enhanced vesicle stability.

4. Conclusions

In summary, the zwitterionic amphiphile C;;HHis with L-
histidine head group exists in the cationic and anionic forms in
phosphate buffers of pH 2 and 13, respectively. The anionic form
of the amphiphile is more surface active than the cationic form.
The surface tension plots of both forms exhibit two breakpoints

corresponding to two CAC values. In dilute solution, both forms
of the amphiphile produce unilamellar vesicles with sizes in the
nanometer range. In alkaline medium, the vesicles are transformed
into nanotubes upon increase of surfactant concentration. The nan-
otubes are further converted to rod-like micelles at a much higher
surfactant concentration. Addition of salt, however, does not affect
the stability of the vesicle phase significantly. However, addition
of cholesterol increases the stability and size of the vesicles and
tubules in solution. The vesicles, in dilute solution, undergo tran-
sition to form micelles above a temperature of ca. 310 K. However,
vesicle-to-micelle phase transition becomes broad in the presence
of 10 mol% cholesterol.
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