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Structural transitions involving shape changes play an important role in cellular physiology. Such
transition can be induced in charged micelles at a given temperature by increasing ionic strength
of the medium. We have monitored the change in organization and dynamics associated with
sphere-to-rod transition of SDS micelles utilizing pyrene fluorescence. We report here, utilizing
changes in the ratio of pyrene vibronic peak intensities (I1/I3), the apparent dielectric constant expe-
rienced by pyrene in spherical SDS micelles (in absence of salt) to be �32. Interestingly, the apparent
micellar dielectric constant exhibits a reduction with increasing NaCl concentration. The dielectric
constant in rod-shaped micelles of SDS (in presence of 0.5 M NaCl) turns out to be �22. To the best
of our knowledge, these results constitute one of the early reports on polarity estimates in rod-shaped
micelles. In addition, pyrene excimer/monomer ratio shows increase in SDS micelles with increasing
NaCl concentration. We interpret this increase due to an increase in average number of pyrene
molecules per micelle associated with the sphere-to-rod structural transition. These results
could be significant in micellar drug solubilization and delivery, and in membrane morphology
changes.

� 2009 Elsevier Inc. All rights reserved.
Introduction

Detergents are crucial in studies of biological membranes due
to their ability to solubilize membrane proteins and receptors
[1,2]. They are soluble amphiphiles and above a critical concen-
tration (strictly speaking, a narrow concentration range), known
as the critical micelle concentration (CMC), self-associate to form
thermodynamically stable, noncovalent aggregates called mi-
celles, at temperatures above the critical micelle temperature
(CMT) [3]. Micelles are widely used as membrane mimetic sys-
tems to characterize membrane proteins and peptides [4] and
as vehicles for drug delivery [5]. Studies on micellar organization
and dynamics assume significance in light of the fact that the
general principle underlying the formation of micelles (i.e., the
hydrophobic effect) is common to other related assemblies such
as reverse micelles, bilayers, liposomes, and biological mem-
branes [6,7]. Micelles are highly cooperative, organized molecular
assemblies of amphiphiles, yet dynamic in nature. In addition,
they offer certain inherent advantages in fluorescence studies
over membranes since micelles are smaller and optically trans-
ll rights reserved.
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ay).
parent, have well-defined sizes, and are relatively scatter-free.
Micelles can be of any desired charge type and can adopt differ-
ent shapes and internal packing, depending on the chemical
structures of the constituent monomers and the ionic strength
of the medium [8–11].

Structural transition can be induced in charged micelles at a
given temperature by increasing ionic strength of the medium
or amphiphile concentration [8–10,12–14]. For example, spheri-
cal micelles of sodium dodecyl sulfate (SDS) that exist in
water at concentrations higher than CMC assume an elongated
rod-like (prolate) structure in presence of high electrolyte (salt)
concentrations when interactions among the charged headgroups
are attenuated due to the added salt (see Fig. 1). This is
known as sphere-to-rod transition [15]. This shape change in-
duced by increased salt concentration is accompanied by a
reduction in CMC [16]. It has been suggested that large rod-
shaped micelles are better models for biomembranes [17] per-
haps due to the release of curvature stress encountered in spher-
ical micelles, and the hydrocarbon chains are more ordered in
rod-shaped micelles compared to spherical micelles [12]. Micellar
sphere-to-rod transition can be explained in terms of the packing
model described by Israelachvili [18]. In this paper, we have
monitored the change in organization and dynamics associated
with sphere-to-rod transition of SDS micelles utilizing pyrene
fluorescence.
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Fig. 2. Representative fluorescence emission spectra of pyrene in SDS micelles in
the absence (blue solid line), and presence (red broken line) of 0.5 M NaCl. Spectra
are intensity-normalized at the respective emission maximum. Measurements were
carried out at 25 �C. The excitation wavelength used was 335 nm. The ratio of
pyrene to SDS was 1:500 (mol/mol), and the concentration of SDS was 16 mM. See
Materials and methods for other details. (For interpretation of the references to
color in this figure legend, the reader is referred to the web version of this paper.)

Fig. 1. A schematic representation of the sphere-to-rod transition in charged SDS
micelle induced by high ionic strength. The transition of micelle shape from sphere
to rod takes place in SDS at concentrations well above the critical micelle
concentration, when salt (NaCl) concentration is higher than 0.45 M [10]. The
microenvironment and packing for micelle-bound molecules in rod-shaped
micelles are heterogeneous and are shown as spherical ‘end caps’ (darker shade)
and the cylindrical central part (lighter shade). Note that the headgroup spacing is
reduced in the cylindrical part of the rod shaped micelle due to attenuation of
interactions among the charged head groups induced by high ionic strength.
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Materials and methods

Materials. SDS, pyrene, and NaCl were purchased from Sigma
Chemical Co. (St. Louis, MO). DPH was obtained from Molecular
Probes (Eugene, OR). The purity of SDS was checked by measuring
its CMC and comparing with literature CMC. CMC of SDS was deter-
mined fluorimetrically utilizing the enhancement of DPH fluores-
cence upon micellization [16]. The concentration of the stock
solution of pyrene in methanol was estimated from its molar
extinction coefficient of 54,000 M�1cm�1 at 335 nm [19]. Solvents
(methanol, ethanol, n-propanol, n-butanol, n-hexanol, and n-octa-
nol) used were of spectroscopic grade. Water was purified through
a Millipore (Bedford, MA) Milli-Q system and used throughout.

Sample preparation. The concentration of SDS (16 mM) used was
double its CMC, to ensure that it is in the micellar state in all exper-
iments. The molar ratio of pyrene to SDS was carefully chosen
[1:500 (mol/mol)] to give optimum signal-to-noise ratio with min-
imal perturbation to the micellar organization and negligible
interprobe interactions. In order to incorporate pyrene into mi-
celles, a small aliquot containing 48 nmol of pyrene from a meth-
anol stock solution was added to 1.5 ml of preformed micelles
(containing varying amounts of NaCl) and mixed well by vortexing
for 3 min. The resultant pyrene concentration was 32 lM in all
cases and the methanol content was always low (<0.25% v/v).
Background samples were prepared in the same way except that
pyrene was not added to them. Samples were equilibrated in the
dark for 12 h before measuring fluorescence. Since the CMT of
SDS in presence of 0.5 M NaCl (highest concentration of NaCl used)
is 24.7 �C [10], all sample preparations and experiments were per-
formed at 25 �C.

Fluorescence spectroscopic measurements. Steady state fluores-
cence measurements of samples containing pyrene were per-
formed with a Hitachi F-4010 spectrofluorometer using 1 cm
path length quartz cuvettes. For measuring pyrene fluorescence,
samples were excited at 335 nm. Excitation and emission slits with
a nominal bandpass of 3 nm were used for all measurements. The
background intensities of samples in which pyrene was omitted
were negligible in most cases and were subtracted from each sam-
ple spectrum to cancel out any contribution due to the solvent Ra-
man peak and other scattering artifacts. Due to relatively small size
of micelles, samples were relatively scatter-free. The ratio of the
first (373 nm) and third (384 nm) vibronic peak intensities (I1/I3)
was calculated from pyrene emission spectra. The excimer/mono-
mer fluorescence intensity ratio was determined by measuring
the fluorescence intensity at the monomer (393 nm) and excimer
(480 nm) peaks.
Results and discussion

In this work, we have used the hydrophobic membrane probe
pyrene to explore the change in organization and dynamics associ-
ated with sphere-to-rod transition of SDS micelles. The fluores-
cence emission spectrum of pyrene is sensitive to environmental
polarity [20]. Pyrene also forms excimers with very different fluo-
rescence characteristics and the ratio of excimer/monomer is
known to be dependent on host dynamics [21,22]. It has been pre-
viously shown that pyrene is localized predominantly in the inter-
facial region in micelles [23–25]. This is consistent with the
observation that practically all types of molecules (aromatic mole-
cules in particular) have a surface-seeking tendency in micelles
(due to very large surface area to volume ratio) and the interfacial
region is the preferred site for solubilization, even for hydrophobic
molecules [24,26]. Interestingly, this is the region of the micelle
that is sensitive to polarity changes due to water penetration
(see later).

Fluorescence emission spectra of pyrene in spherical and rod-
shaped micelles are shown in Fig. 2. A characteristic feature of
the structured spectra is the emission maxima at 373, 384 and
393 nm. This type of structured vibronic band intensities, dis-
played by fluorophores such as pyrene [20] and dehydroergosterol
[27], are known to be environmentally sensitive. This property has
previously been effectively used for elucidating microenviron-
ments of pyrene [22,28,29]. The ratio of the first (373 nm) and
third (384 nm) vibronic peak intensities (I1/I3) in pyrene emission
spectrum provides a measure of the apparent polarity of the envi-
ronment. An increase in the ratio is indicative of increased polarity.

The change in the ratio of vibronic peak intensities (I1/I3) in
pyrene emission spectra in SDS micelles with increasing concen-
trations of NaCl is shown in Fig. 3A. The figure shows that increas-
ing ionic strength resulted in a reduction in the vibronic peak
intensity ratio. This could imply a decrease in apparent polarity
experienced by pyrene in SDS micelles in presence of NaCl, possi-
bly due to a reduction in micellar water content accompanying
shape transition in presence of NaCl (or deeper localization of pyr-
ene in rod-shaped micelles). In presence of NaCl, the electrostatic
repulsion between negatively charged headgroups of SDS is atten-
uated due to shielding (screening) of charges, thereby reducing



Fig. 3. (A) Change in fluorescence intensity ratio of the first (373 nm) and third
(384 nm) vibronic peaks of pyrene (I1/I3) in SDS micelles as a function of increasing
concentration of NaCl. Data points are means ± SE of at least four independent
measurements. The line joining the data points is provided merely as a viewing
guide. The ratio of pyrene to SDS was 1:500 (mol/mol), and the concentration of SDS
was 16 mM. (B) Calibration plot between the fluorescence intensity ratio of the first
(373 nm) and the third (384 nm) vibronic peaks of pyrene (I1/I3) and static dielectric
constant (�) of various alcohols at 25 �C, ranging between 10.3 (n-octanol) and 32.6
(methanol) taken from [49]. The calibration plot indicates an excellent linear
correlation (y = 0.0145x + 0.7022; r = 0.99) between the ratio I1/I3 and the static
dielectric constant of various alcohols. See Materials and methods for other details.

Table 1
Apparent dielectric constants (�) determined from pyrene vibronic peak intensity
ratio (I1/I3) measurementsa.

Experimental condition Dielectric constant
(NaCl concentration) (�)

0 32.00
0.1 M 25.14
0.2 M 23.71
0.3 M 22.93
0.4 M 23.14
0.5 M 22.00

a The concentration of SDS was 16 mM in all cases. The dielectric constant was
obtained from the calibration plot shown in Fig. 3B using I1/I3 values from pyrene
vibronic peak intensities in the emission spectra. The first (373 nm) and third
(384 nm) vibronic peak intensity ratio (I1/I3) of pyrene under different conditions is
from Fig. 3A. The concentration of pyrene was 32 lM and the ratio of pyrene to SDS
was 1:500 (mol/mol). See Materials and methods for other details.

Fig. 4. Pyrene excimer (480 nm)/monomer (393 nm) fluorescence intensity ratio in
SDS micelles as a function of increasing concentration of NaCl. Data points are
means ± SE of at least four independent measurements. The line joining the data
points is provided merely as a viewing guide. The ratio of pyrene to SDS was 1:500
(mol/mol) and the concentration of SDS was 16 mM. See Materials and methods for
other details.
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surface area per headgroup (see Fig. 1) which results in less water
penetration in the interfacial region.

In order to obtain an estimate of the decrease in apparent polar-
ity experienced by pyrene in SDS micelles with NaCl concentration,
we utilized the linear relationship between the ratio of the vibronic
peak intensities (I1/I3) and dielectric constant (�) [27–29]. Fig. 3B
shows the calibration plot between I1/I3 and static dielectric con-
stant of various alcohols ranging from 10.3 to 32.6. Since the only
polar group in these alcohols is the hydroxyl group, the I1/I3 ratio
corresponding to each one of them can be attributed to their rela-
tive polarity. A higher value of I1/I3 corresponds to a relatively po-
lar solvent (such as methanol) while a lower value of I1/I3

corresponds to a relatively nonpolar solvent (such as n-octanol).
We utilized this calibration plot in order to gain information on
the apparent polarity experienced by pyrene in SDS micelles with
increasing NaCl concentration. The apparent dielectric constants
derived from the calibration plot (Fig. 3B) are summarized in Table
1. The apparent dielectric constant experienced by pyrene in
spherical SDS micelles (in the absence of NaCl) is �32. As is evident
from the table, the apparent dielectric constant experienced by
pyrene displays a reduction with increasing NaCl concentration.
This reinforces our earlier conclusion from Fig. 3A. The dielectric
constant experienced by pyrene in rod-shaped micelles of SDS (in
presence of 0.5 M NaCl) turns out to be �22. To the best of our
knowledge, these results constitute one of the early reports on
change in dielectric constant of SDS micelles upon shape transition
induced by high ionic strength.

A commonly used parameter related to pyrene fluorescence is
the excimer/monomer fluorescence intensity ratio [21,22]. This
parameter is indicative of the extent of pyrene excimerization that
is believed to depend on the monomer lateral distribution and
dynamics (diffusion) in the host assembly, although the exact
mechanism of excimerization is not clear [30]. Fig. 4 shows the
excimer/monomer ratio in SDS micelles with increasing NaCl con-
centration, with a sharp increase at high NaCl concentrations. The
extent of excimer formation appears to increase with increase in
salt concentration. It has been proposed that excimer formation
in micelles is determined by the rate of diffusion of pyrene and
the distribution of the probe among the micelles [31]. In relatively
small SDS spherical micelles (at low NaCl concentration), a fraction
of micelles will have more than one pyrene molecule incorporated
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in them. This fraction will contribute to the excimer/monomer
fluorescence intensity ratio since the intermicellar exchange of
pyrene is slow with respect to the fluorescence lifetime of pyrene
(pyrene has a long lifetime, typically �300 ns in SDS micelles
[32]). The distribution of probes in micelles is determined by Pois-
son statistics [33]. If x is the ratio of concentrations of the probe to
micelles such as x = [probe]/[micelles], the probability distribution
is given by:

PðnÞ ¼ xne�x=n!

where P(n) represents the probability that a micelle is occupied by n
probe molecules (n is the number of probe molecules per micelle).
The concentration of micelles can be calculated from:

½micelles� ¼ ðS� CMCÞ=N

where S is the concentration of surfactant, and N is the aggregation
number. Using this formalism, we calculated that for spherical SDS
micelles (in absence of salt) the probability of more than one pyrene
molecule present (necessary condition for excimer formation) in a mi-
celle is �3% (assuming a CMC of 8.2 mM [3] and aggregation num-
ber of 62 [3]). The same calculation, in case of rod-shaped SDS
micelles yields a probability of �26% for the presence of more than
one pyrene molecule per micelle (assuming a CMC of 0.5 mM [34]
and aggregation number of 480 [8]). Thus, there is an increase in
average number of pyrene molecules per micelle associated with
the sphere-to-rod structural transition that is reflected in the in-
crease the excimer/monomer ratio.

A comparison of the dependence of I1/I3 and excimer/monomer
ratio on ionic strength merits comment. The I1/I3 ratio displays
sharp reduction with the addition of 0.1 M NaCl, followed by less
appreciable change with increasing salt concentration (Fig. 3A). In
contrast, the excimer/monomer ratio exhibits a sharp increase be-
tween 0.4 and 0.5 M NaCl (Fig. 4), the concentration range where
the shape change has been reported to occur [9]. The reduction in
I1/I3 ratio at low ionic strength could be due to decrease in micellar
water content. The geometry and packing features of spherical mi-
celles are somewhat loose [35] that allows more water penetration
into the micellar interior [23]. Upon addition of NaCl, there is a de-
crease in headgroup spacing due to screening of headgroup charges,
thereby inducing tighter packing of detergent monomers in the
micellar assembly. This results in a reduction in micellar water con-
tent, as evident by decrease in I1/I3 ratio. This enables more mono-
mers to pack in each micelle that ultimately results in shape change
at higher ionic strength.

Structural transitions involving shape changes play an impor-
tant role in cellular physiology [36]. For example, the shape of
erythrocytes (red blood cells) has been shown to change with
the pH and ionic strength of the medium [37]. The shape of
the erythrocyte is believed to be maintained by the membrane
skeleton in close interaction with the plasma membrane [38].
Investigations into the role of the membrane in such shape
changes have revealed that modification of either the membrane
composition or the structure of its individual constituents can
lead to shape changes [39]. Alteration of cholesterol level, selec-
tive removal of phospholipids from the outer membrane leaflet,
pH and membrane potential alterations, metabolic depletion,
and introduction of lysophospholipids, fatty acids, and charged
amphipathic agents in membranes leads to shape changes of
erythrocytes [39–41]. Shape changes can be induced even in lip-
osomes by mechanical stress, temperature or pH variation, osmo-
tic shock, and by asymmetric transmembrane distribution of
phospholipids [42]. Shape changes in cellular membranes that
occur due to modifications of membrane composition [39–41]
can directly affect the function of membrane proteins such as
mechanosensitive channels that respond to changes in mem-
brane curvature [43]. For example, the function of the gramicidin
channel has been shown to be sensitive to curvature changes of
the membrane bilayer [44]. Interestingly, SDS micellar shape
change induced by chlorpromazine, an amphiphilic cationic phe-
nothiazine drug, has been reported [45].

In this paper, we have explored the changes in organization and
dynamics associated with the salt-induced sphere-to-rod struc-
tural transition in charged micellar assemblies by monitoring
changes in pyrene fluorescence. Our results show that the polarity
of the micellar interface, as experienced by pyrene, is reduced upon
structural transition to rod-shaped micelles (Table 1). Interest-
ingly, the apparent dielectric constant reported here for rod-
shaped micelles compares well with the apparent polarity of
hippocampal [46] and model [47] membranes. This reinforces the
proposition that the rod-shaped micelles have an organization of
amphiphiles similar to that of a bilayer and therefore are better
models for membrane bilayers [17,31]. Interestingly, micellar
polarity (dielectric constant) plays an important role in the incor-
poration (solubilizing capacity) of drugs [48]. The difference in
organization of spherical and rod-shaped micelles, as reported here
using pyrene fluorescence, could have implications in conforma-
tion of membrane proteins and peptides. For example, it has been
recently reported that the conformation and dynamics of the ion
channel gramicidin is sensitive to structural changes in the host
assembly [14].
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