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Abstract

In this paper, the hypotheses proposed for the action of urea on the perturbation of molecular assemblies have been tested thro
of the effects of urea on the aggregation properties of a chiral surfactant, sodiumN -(11-acrylamidoundecanoyl)-L-valinate in water. Surfac
tension, fluorescence, and circular dichroism were used to characterize the solution behavior of the amphiphile in the presen
Surface tension measurement indicated decrease of critical aggregation concentration (cac) with the addition of urea in the low co
range. Fluorescence probe studies using pyrene and 1-anilinonaphthalene indicated solubilization of urea molecules near the
water interface. Fluorescence anisotropy measurements using 1,6-diphenylhexatriene as probe molecule suggested increase o
the hydrocarbon chains of the amphiphiles upon addition of low concentration of urea. Dynamic light scattering measurements s
increase of the hydrodynamic radius (Rh) in the presence of increased concentration of urea. At higher concentrations of urea, theRh value
decreased. Circular dichroism spectra showed the presence of chiral aggregates even in the presence of high concentration of ur
 2005 Elsevier Inc. All rights reserved.
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1. Introduction

The micellar association of an amphiphilic molecule
a result of a delicate balance between “hydrophobic”
“hydrophilic” interactions in a solvent[1]. The micellar ag-
gregates are known to enhance solubility of hydropho
compounds through concomitant change of their micro
vironment such as polarity and viscosity. The structure
the micelles and the physicochemical properties, suc
critical micellar concentration (cmc), aggregation num
(Nagg), thermodynamics of micelle formation, and deg
of counterion binding, of micellar solutions depend up
this balance between “hydrophobic” and “hydrophilic” i
teractions[2–4]. The balance between “hydrophobic” a
“hydrophilic” interactions can be perturbed by addition
salts or organic additives. Micellar association in the pr

* Corresponding author. Fax: +91 3222 255303.
E-mail address:joydey@chem.iitkgp.ernet.in(J. Dey).
0021-9797/$ – see front matter 2005 Elsevier Inc. All rights reserved.
doi:10.1016/j.jcis.2005.04.071
ence of different organic additives has been extensively
amined[5–10]because of their enhanced use in combina
with one or more additives simultaneously for their sci
tific, experimental, industrial, and theoretical applicatio
[11–13]. Shinoda[14] and Harkins et al.[15] presented the
first systematic studies on the effect of added solutes,
ticularly alcohols, on the cmc values of ionic surfactan
A good amount of work has been done on the interac
of organic solubilizates with ionic and nonionic surfacta
micelles and also on the effect of the solubilizate on a
gle, specific property of the surfactant micelle[16–21]. It
is reported that short-chain alcohols (methanol to propa
are solubilized mainly in the aqueous phase and affec
micellization process by modifying solvent properties. A
dition of these alcohols has been found to cause reductio
the size of the micelles and also a progressive breakdow
the surfactant aggregate at very high concentration.

The most commonly used additive whose effects on
cellization processes have been studied is urea. This i
cause urea is often used as a denaturating agent for pro

http://www.elsevier.com/locate/jcis
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and other biopolymers[22–25]. Several studies have bee
performed in the past using urea as an additive to study
effect of this additive on the denaturation of proteins[26,27].
To elucidate the mechanism of protein denaturation by u
many researchers have studied its effect on micelles[28–35],
as the denaturation of proteins can be taken as equivale
demicellization in aqueous urea solutions. It has been
served that urea increases cmc and decreases the s
both ionic and nonionic micelles. Urea is also found to p
turb structure of molecular self-assemblies. This is thou
to be due to the ability of urea to act as a “water str
ture breaker.” In fact, these studies have suggested tha
additive can act through either a direct or an indirect me
anism. In the direct mechanism, the additive molecules
teract with surfactant molecules and thereby help solva
of hydrophobic molecules by replacing some of the wa
molecules from the hydration shell of the solute. On
other hand, in the indirect mechanism, the additives ac
water structure breakers and thereby promote solvatio
the hydrophobic solute. In general, the indirect mechan
is more widely accepted and there are experimental re
that seem to support this hypothesis[34,36–38]. However,
there are also many theoretical as well as experimental s
ies that support the direct mechanism for the effect of ure
micellar properties[35,39–42]. It should be noted here tha
most of these studies have been performed with urea con
trations higher than 1.0 M. Mukherjee had proposed tha
additive that is surface-active at the hydrocarbon–wate
terface would mainly be solubilized at the headgroup reg
and would promote micellar growth[43]. More recently it
has also been shown that urea is a water structure bre
not a structure maker, and there is no direct correlation
tween a solute’s effect on water structure and its effec
protein or micellar stability[44].

These apparently conflicting reports led us to investig
the effect of urea, a well-known cheotrope, on the s
assembly properties of a chiralN -acyl amino acid surfactan
sodiumN -(11-acrylamidoundecanoyl)-L-valinate (SAUV),
to test the suggested mechanisms. We have recently
ied the aggregation behavior of SAUV and other structur
related surfactants in aqueous solution by various techni
including surface tension, fluorescence, light scattering,
transmission electron microscopy. Details have been
ported elsewhere[45]. Briefly, the surface tension and flu
orescence studies have indicated the initial formation of
bilayer structures above a low critical aggregation conc
tration (cac) of the surfactant. With the increase of surfac
concentration above the cac value the bilayer lamellar st
tures transform into spherical vesicles. The cac value
observed to decrease with the increase in pH of the s
tion. The bilayer structures were found to form at solut
pH above the pKa (5.0) of the free surfactant molecule. T
results of dynamic light scattering and transmission elec
microscopic (TEM) studies have confirmed the presenc
large spherical vesicles in surfactant solutions above
The bilayer structure is stabilized by intermolecular am
of

-

-

r,

-

hydrogen bonding at the surfactant headgroup as well a
the end of the hydrocarbon tail. The amphiphile has a
been shown to form chiral helical aggregates in aqueous
lutions. Thus there is a similarity between microstructure
the amphiphile and that of a protein in aqueous solution.
focus of this work is to study the mechanism of how urea
fluences the aggregation properties of the amphiphile.

2. Experimental section

2.1. Materials

Sodium N -(11-acrylamidoundecanoyl)-L-valinate was
prepared according to a procedure described elsewhere[45]
and was purified by recrystallization from ethanol–acet
mixture. Urea (molecular biology grade) was procured fr
SRL and was used without further purification. The fluor
cence probes, pyrene, 1,6-diphenyl-1,3,5-hexatriene (D
and 1-anilinonaphthalene (AN), were all obtained fro
Aldrich and were purified by repeated recrystallization fr
ethanol. All the solvents used were reagent grade and
used after distillation. Stock solutions of the amphiphi
were prepared in deionized water (18.2 M�, pH 6.0) puri-
fied by a Milli-Q water system (Millipore).

2.2. Methods

2.2.1. Surface tension measurement
The surface tension measurements were performed w

torsion balance (Hurdson and Co., India) using the Du N
ring detachment method. The platinum–iridium ring w
regularly cleaned with ethanol–HCl solution. A stock so
tion of SAUV was made either in Milli-Q water (18.2 M�)
or in aqueous urea solution. An aliquot of this solution w
transferred to a beaker containing a known volume of
ter. The solution was gently stirred magnetically and allow
to stand for about 5 min at room temperature (∼30◦C) and
then the surface tension was measured. For each mea
ment three readings were taken and the meanγ value was
recorded. Before each experiment the instrument was
ibrated and checked by measuring the surface tensio
distilled water.

2.2.2. Fluorescence measurements
The steady-state fluorescence spectra were measur

a SPEX Fluorolog-3 spectrofluorometer. A stock solution
pyrene of strength 0.39 µM was made either in Milli-Q w
ter or in aqueous urea solution. These solutions were
to make stock solution of the surfactant. Appropriate v
umes of the surfactant and urea stock solutions were t
in a 5-ml flask and the volume was made up with the sa
pyrene stock solution. Thus solutions of constant surfac
and probe concentration with varying concentration of u
were obtained. The solutions were excited at 335 nm
emission intensity was measured in the wavelength rang
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350 to 550 nm. The excitation and emission slit widths w
both set at 1 nm. Each spectrum was blank subtracted
was corrected for lamp intensity variation during measu
ment.

The fluorescence anisotropy measurements were
formed with a Perkin–Elmer LS-55 equipped with a pol
ization accessory that uses theL-format configuration and
thermostated cell holder. The temperature of the sam
was controlled (within±0.1◦C) by use of a Thermo Nes
lab (Model RTE 7) circulating bath. The sample was exc
at 350 nm and the emission intensity was followed at 430
using excitation and emission slits with bandpass of 2.5
5 nm, respectively. The fluorescence anisotropy values(r)

were calculated employing the equation

(1)r = (IVV − GIVH)/(IVV + 2GIVH),

whereIVV and IVH are the fluorescence intensities pol
ized parallel and perpendicular to the excitation light, a
G (=IVV/IVH) is the instrumental grating factor. All fluo
rescence measurements were carried out at 30± 0.1◦C. The
measurements started 2–3 hr after sample preparation.

2.2.3. Circular dichroism spectra
The circular dichroism (CD) spectra were recorded

Jasco J-810 spectropolarimeter using quartz cells of
length 2 or 10 mm. Solutions containing 2.5 mM SAU
were prepared in water and in aqueous urea solution.
spectra were corrected for solvent blank.

2.2.4. Dynamic light scattering
The dynamic light scattering (DLS) measurements w

performed with a Photal DLS-7000 (Otsuka Electronics
Ltd., Osaka, Japan) optical system equipped with an Ar+ ion
laser (75 mW) operated at 16 mW atλ0 = 488 nm, a digital
correlator, and a computer-controlled and stepping-mo
driven variable-angle detection system. A 5 mM solut
of the amphiphile was prepared in Milli-Q water conta
ing different amounts of urea. The solution was filtered
rectly into the scattering cell through a Millipore Millex s
ringe filter (Triton free, 0.22 µm). Before measurement,
scattering cell was rinsed several times with the filtered
lution. The DLS measurements started 5–10 min after
sample solutions were placed in the DLS optical sys
to allow the sample to equilibrate at the bath temperat
For all light-scattering measurements, the temperature
25± 0.5◦C. The scattering intensity was measured at a◦
angle to the incident beam. The data acquisition was
ried out for 10 min and each experiment was repeated tw
three times. The time decay of the autocorrelation func
of the concentration fluctuations has a characteristic de
rate,Γ , which is proportional toq2 (Γ = Dq2), which char-
acterizes a translational diffusion with the mutual diffus
constantD. The scattering vector,q, is given by the equation

(2)q = 4πn/λ0 sin(θ/2),
-

wheren is the refractive index of the solvent, andθ is the
scattering angle. For data analysis we adopted the sec
order cumulant method[46]. The measured translational d
fusion constant was related to the average hydrodyna
radiusRh of the particles through the equation

(3)D = kT /6πηRh,

wherek is the Boltzmann constant,η the solvent viscosity
andT the absolute temperature.

3. Results and discussion

3.1. Effect of urea on cac

The cac values of the SAUV aggregates in the prese
of urea were determined by surface tension method.
concentration at the break point of theγ – logC plot (not
shown) was taken as the cac. The cac values have been
ted as a function of mole fraction urea inFig. 1, which
shows a decrease of cac value with the addition of ure
the concentration range studied. The surface tension me
could not be used for the determination of cac at hig
concentrations of the additive because of its adsorption
the air/water interface. However, fluorescence probe s
ies with solutions containing urea greater than 1.0 M (m
fraction 0.0177) indicated an increase of the cac of SA
(results not included). This indicates a decrease of the i
repulsion among the polar headgroups that facilitates
gregation. It has been recently proposed that upon add
of urea there is an increase of the hydrophilic (dielect
property of water, which results in more strongly solva
polar headgroups of amphiphilic molecules[47]. If this were
true then one would observe a continuous decrease o
cac value of an amphiphilic molecule in aqueous solut
The results suggest that there is a direct interaction of
molecules with the amphiphiles forming the bilayer. At lo
concentrations the urea molecules replace the water m
cules from the hydration shell of the amphiphile. The la

Fig. 1. Plot of log(cac) vs mole fraction(x) of urea.
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size (2.5 times that of water) of the urea molecule compa
to that of a water molecule reduces the headgroup re
sion, facilitating aggregation of the amphiphile. This resu
in a decrease of cac. Recently, molecular dynamics sim
tion [48–50]and NMR studies (NOESY)[51,52]on interac-
tion between ethanol and phospholipid bilayers contain
palmitoyloleoyl–phosphatidylcholine lipids have sugges
that ethanol molecules interact strongly with the lipid he
groups and accumulate near the membrane–water inter
However, if this direct mechanism for the action of urea w
considered to be true, then at higher concentrations, the
molecules would penetrate into the hydrocarbon core
would increase the volume of the micellar core, which
equivalent to increasing the volume of the hydrocarbon p
tion of the amphiphilic molecule. This in turn will result i
an increase in the packing parameter[2], which is responsi-
ble for micellar growth. This means an increase in size of
aggregate with the increase of urea concentration. Fur
recently it has been shown that penetration of urea m
cules into the micellar core results in an increase of lo
viscosity[35]. Therefore, we have investigated the micro
vironment of the bilayer self-assemblies of SAUV to find t
location of urea molecules.

3.2. Influence of urea on the microenvironment of the
bilayer self-assemblies

Any structural change or disruption of molecular asse
blies should be indicated by a change of the microenvir
ment of a suitable probe molecule. The local environme
of the molecular assemblies including micellar-type agg
gates can be determined by introducing hydrophobic mo
ular probes. The extremely low solubility of pyrene in wa
[53] is known to cause its partition almost completely in
the hydrophobic region of the aggregates. The aggreg
formation is thus easily detected with the change of the
cal polarity sensed by pyrene molecule and therefore py
is widely used as a polarity probe[54]. It is well established
that the ratio of the first and third vibronic bands(I1/I3)

of the fluorescence emission spectrum of pyrene is sens
to solvent polarity[55]. Therefore, we have measured t
I1/I3 ratio of pyrene fluorescence in the presence of u
Fig. 2 shows the dependence of theI1/I3 ratio on the urea
concentration in 5 mM SAUV solution. It is evident that t
polarity does not change significantly (see inset ofFig. 2) un-
til the urea concentration is greater than 0.3 M (mole frac
0.0054). Since pyrene molecules are solubilized in the
of the bilayer aggregates, low concentrations of the add
cannot perturb their environment. At higher concentratio
the polarity parameter increases only slightly. This could
due either to displacement of the probe molecule toward
aggregate surface or increased solvation of the hydroph
tail of the amphiphile that breaks the bilayer structure.

The fluorescent molecule AN is also an excellent pr
because of its very low fluorescence quantum yield as
as poor solubility in water. Upon transfer to a less polar
.

,

Fig. 2. Plot ofI1/I3 vs mole fraction of urea; inset: plot ofI1/I3 vs mole
fraction of urea in the low concentration range.

vironment, it fluoresces strongly and exhibits a high deg
of sensitivity to environmental changes by the large b
shift of the emission spectrum. The AN probe is known
be solubilized in the palisade layer of a micellar aggreg
Therefore, we have used AN to study the change of the
croenvironment of its solubilization site in aid to the resu
obtained using pyrene as probe molecule. In 5 mM SA
solution, in the absence of urea the fluorescence spec
(not shown here) of AN is blue-shifted relative to that
water, indicating that the probe molecules are solubilize
an environment that is less polar than water. The spec
exhibits a continuous red shift upon addition of urea e
in the low concentration range. The plot of emission m
ima versus mole fraction of urea is shown inFig. 3. This
suggests that the probe molecule is solubilized in the
isade layer of the bilayer aggregate and that the additio
urea increases the local polarity of the probe. This confi
our earlier conclusion that at low concentrations, the u
molecules replace the water molecules in the hydration s
facilitating the aggregation process. The fluorescence s
trum of AN in the presence of 6.0 M (mole fraction 0.09
urea is still blue-shifted relative to that in pure water. T
suggests that the bilayer structure of the amphiphile is st
even at high urea concentrations.

To explore changes in the interior of the organized s
assemblies of SAUV, we have studied the effect of urea
the fluorescence anisotropy of the DPH probe, which
titions into the deeper regions of the aggregates. The
orescence anisotropy is a measure of the viscosity of
local environment. Therefore, the steady-state fluoresc
anisotropy of DPH in 5 mM SAUV solution was measur
as a function of urea concentration. The results are plotte
Fig. 4. The plot shows an initial increase in anisotropy va
upon addition of urea at low concentrations and a decrea
higher concentrations. The dependence ofr upon urea con
centration in the low concentration range has been separ
shown in the inset ofFig. 4. At low urea concentration, re
placement of the water molecules from the hydration s
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Fig. 3. Shift of emission maximum(�λ) of AN as a function of urea con
centration(x).

Fig. 4. Plot of fluorescence anisotropy(r) vs urea concentration(x); inset:
plot of r vs mole fraction of urea in the low concentration range.

of the amphiphile results in tighter packing of the hyd
carbon chains. This means an increase in viscosity of l
environment that increases the rotational restriction of
DPH molecule. This is consistent with the decrease of
value with the increase in urea concentration. The decr
of anisotropy at urea concentrations above 0.2 M (mole f
tion 0.0036) indicates decrease of the local viscosity of
aggregate. This can result from the slow disruption of the
layer structure. As indicated above for complete disrup
of the bilayer assemblies it requires a very high concen
tion of urea. The stability of the bilayer vesicle structure
SAUV is further suggested by the CD spectra of SAUV
discussed below.

3.3. Effect of urea on the size of the bilayer self-assemb

The increased packing of the surfactant tails in the
layer assembly should result in an increase in the siz
the vesicles. In order to study the effect of urea on the
of the vesicles, we have performed DLS measuremen
obtain the hydrodynamic radius,Rh, of a 5 mM SAUV solu-
tion containing different concentrations of urea. The aver
Fig. 5. Size distribution of SAUV vesicles in pure water (pH 8.0).

Fig. 6. Plot ofRh against urea concentration(x).

Rh values thus obtained are large, which excludes forma
of micellar aggregates. A representative size distributio
the vesicles in pure aqueous solution (pH 8.0) is show
Fig. 5. As observed, the distribution is very broad. In fa
the TEM picture also showed spherical vesicles of broad
distribution[45]. The dependence of theRh value upon urea
concentration is depicted inFig. 6. TheRh value increase
first and then decreases, passing through a maximum
responding to a urea concentration of 0.4 M (mole frac
0.0071). This is consistent with the decrease of cac in
concentration range. This means that the size of the bil
aggregates of SAUV grow in the presence of low concen
tion of urea. However, at concentrations higher than 0.4
(mole fraction 0.0071), it starts to break down. Thus it
pears that when urea concentration becomes higher the
vent properties play an important role. As the concentra
is increased the enhanced solvation of the hydrocarbon
of the amphiphile reduces the hydrophobic interactions
tween amphiphilic molecules. This means an increase o
value and a decrease of size of the self-assembly.

3.4. Circular dichroism spectra

In a recent report[45], we have demonstrated the form
tion of chiral bilayer aggregates through hydrogen bond
in an aqueous solution of SAUV. Therefore, to investig
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Fig. 7. Circular dichroism spectra of SAUV in water: (a) below c
(b) above cac, and in the presence of (c) 3.0 M (mole fraction 0.051)
(d) 6.0 M (mole fraction 0.097) urea.

how the morphology of the bilayer aggregates changes
have measured CD spectra of the amphiphile in the p
ence of urea. The CD spectra (Fig. 7) of a 2.5 mM aqueous
solution of SAUV containing 3.0 (mole fraction 0.051) a
6.0 M (mole fraction 0.097) urea, where, in general, the
factant molecules are not expected to form any aggreg
were recorded. The spectra in the presence of urea are
shifted relative to that in pure water. Though the molar el
ticity of the red-shifted band at around 220 nm is less t
that in pure water, it clearly indicates the presence of
ral helical aggregates. We have also shown that in aqu
methanol solution there is a CD band at∼215 nm corre-
sponding to the formation of chiral helical structure throu
aggregation. Formation of similar type of chiral aggrega
has been reported for other optically activeN -acyl amino
acid surfactants in methanol solution[56]. It is well known
that the hydrogen bonds might break under certain co
tions. Fasman[57] has reported that urea breaks hydrog
bonds. Therefore, it can be concluded that the decrea
the intensity of the CD band is due to the partial breaking
the intermolecular amide hydrogen bonds causing disrup
of the bilayer self-assembly.

4. Conclusion

The effects of addition of urea on the bilayer se
assembly of SAUV in water were investigated. At lo
concentrations (<0.3 M, mole fraction 0.0054), the ure
molecules were found to be located in the surfactant bilay
water interface. The replacement of water molecules f
the hydration shell of the amphiphiles by urea molecu
leads to the decrease of the cac and increase of the
(Rh) of the vesicles. That is, formation of bilayer-type se
assemblies is facilitated in the presence of low concen
tions of urea. However, higher concentrations (>0.3 M,
mole fraction 0.0054) of the additive result in disruption
the organized assemblies as indicated by the decreaseRh
,
-

f

e

value. Moderately high concentration of urea is unable
break the intermolecular amide–amide hydrogen bond
the bilayer self-assemblies of SAUV. The results of fluor
cence anisotropy and light-scattering studies data elimin
the hypothesis of direct mechanism of action of urea. Th
fore, it appears that the perturbation of the organization
the molecular assemblies by urea is due to its ability
enhance solvation of the hydrophilic surfactant headgr
through localization at the bilayer–water interface at l
concentrations. However, at higher concentrations, the
molecules act as “water structure breaker” resulting in a
ruption of the bilayer spherical vesicles of SAUV. It has be
shown that the bilayer structures of SAUV are stable eve
the presence of 6.0 M (mole fraction 0.097) urea at wh
most protein structures get denatured in water.

Looking at the results reported in the literature we hav
feeling that the apparently conflicting results of various s
factant systems might be due to the difference in microst
tures of their molecular self-assemblies and the chosen
centration range employed for the study. Further system
studies on the effects of organic additives on well-kno
bilayer-membrane-forming lipids are currently being carr
out in our laboratory.
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