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Abstract

The microviscosities of the self-assemblies formed by sodium N-(11-acrylamido-undecanoyl)-aminoacidate, and N-(4-n-dod-
ecyloxybenzoyl)-aminoacidate surfactants were estimated by fluorescence anisotropy measurements using 1,6-diphenyl-1,3,5-hex-
atriene as probe molecule. The self-assemblies have high microviscosities in consistence with their bilayer membrane structures.
In order to test the validity of the method, the results have been compared with those of micelle forming surfactants, sodium dode-
cylsulfate, dodecyltrimethylammonium bromide, cetyltrymethylammonium bromide, and Triton X-100 for which the microviscosity
data are available in the literature.
� 2005 Elsevier B.V. All rights reserved.
1. Introduction

The concept of �microviscosity� (or more appropri-
ately, microfluidity) for micellar aggregates is relatively
new and, therefore, is not well understood. Usually,
the polarity and viscosity (or fluidity) within assemblies
of amphiphiles are referred to as micropolarity and
microviscosity (or microfluidity) since these assemblies
are microscopic objects. Unlike Newtonian fluids, there
are not many methods to determine microviscosity.
However, a considerable effort has been made in the
past to measure microviscosity of various self-assemblies
formed by synthetic and natural lipids [1–13]. Among
various methods, fluorescence probe [2–9], ESR [10–
12], and NMR [13] techniques have been widely used
by researchers. Since fluorescence probe technique is rel-
atively easy, it remains to be the most popular method.
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Usually in fluorescence methods, either the intensity ra-
tio of monomer to excimer emission [3–5] of suitable
probe molecule or fluorescence anisotropy [2] is used
to determine microviscosity. Even though in most of
the cases, a very good agreement between the microvis-
cosity values were obtained by these two methods often
a large difference between microviscosities determined
by use of two different probes using the same technique
is reported in the literature [2,4,5]. Since the organized
assembly is microheterogeneous in nature, the property
of the probe depends on its location. Different probes
are preferentially located at different sites and are there-
fore expected to report different values of the parameter
[6]. Nevertheless, microviscosity studies remain mean-
ingful for investigations involving series of homologous
surfactants having the same headgroup but of varying
alkyl chain length or surfactants with the same head-
group and chain length but of differing chemical
structure.

One of the most commonly used fluorescent probes
for anisotropy measurement is DPH. DPH is a rather ri-
gid, linear rod-like fluorophore characterized by the
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absence of polar groups, and accordingly, it partitions
spontaneously into the hydrophobic acyl chain region
of lipid bilayers. It has been shown that DPH prefers
to locate itself close to the acyl chains, its center of mass
being approximately in the middle of the lipid tails and
it favors to orient itself approximately in the direction of
the membrane normal [14]. Consequently, DPH is used
in both static and time-resolved fluorescent techniques
[15–20]. The behavior of DPH closely reflects the prop-
erties of its local environment in a bilayer. It is com-
monly used to study both static and dynamic
properties of membranes, such as membrane fluidity,
ordering of lipid acyl chains, and the location of phase
transition boundaries [15,21–23].

We have recently reported aggregation behavior of
two homologous series of N-acylamino acid (NAA) sur-
factants [24–26]. The first consists of sodium N-(11-acry-
lamidoundecanoyl)-glycinate (SAUG), L-alaninate
(SAUA), L-valinate (SAUV), L-serinate (SAUS), L-thr-
eoninate (SAUT), L-phenylalaninate (SAUPA), L-aspar-
aginate (SAUAS), and L-glutaminate (SAUGL) [25].
The second series of surfactants includes sodium N-(4-
n-dodecyloxybenzoyl)-L-valinate (SDBV), L-leucinate
(SDBL), and L-isoleucinate (SDBIL) [26]. The general
chemical structures of the surfactants are shown in
Fig. 1. These surfactants including sodium 11-acrylami-
doundecanoate (SAU) [24] were found to produce bi-
layer self-assemblies in water having pH above the pKa

(�5.0) of free surfactant molecules. The aim of the pres-
ent study is to determine microviscosities (gm) of the bi-
layer membranes through measurements of steady-state
fluorescence anisotropy and lifetime using DPH as a probe
molecule. In order to test the validity of the method, we
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Fig. 1. Molecular structures of SAU, sodium N-(11-acrylamidoun-
decanoyl)-aminoacidate, and N-(4-n-dodecyloxybenzoyl)-aminoaci-
date surfactants.
have also determined gm values for the micelles formed
from sodium dodecylsulfate (SDS), dodecyltrimethy-
lammonium bromide (DTAB), cetyltrymethylammo-
nium bromide (CTAB), and Triton X-100 (TX-100)
and have compared with those reported in the literature.
2. Experimental section

2.1. Materials

The fluorescence probe, all trans-DPH, was obtained
from Aldrich. The probe was purified by repeated
recrystallization from acetone/ethanol mixture. The pur-
ity was checked by matching absorbance spectrum in
methanol with the fluorescence excitation spectra mea-
sured at different emission wavelengths. Sodium dode-
cylsulfate, dodecyltrimethylammonium bromide,
cetyltrymethylammonium bromide, and Triton X-100
were obtained from Aldrich and were used after recrys-
tallization either from ethanol or ethanol/acetone mix-
ture. The NAA surfactants were synthesized in the
laboratory according to the methods described in the lit-
erature [24–26].

2.2. Fluorescence anisotropy measurements

The fluorescence anisotropy measurements were per-
formed with a Perkin–Elmer LS-55 spectrophotometer
with a thermostated and magnetically stirred cell hous-
ing that allowed temperature control of ±0.1 �C using
a Thermo Neslab RTE-7 circulating water bath. The
instrument is equipped with a polarization accessory,
which uses the L-format instrumental configuration.
The steady-state fluorescence anisotropy values (r) were
calculated employing the equation,

r ¼ ðIVV � GIVHÞ=ðIVV þ 2GIVHÞ; ð1Þ
where IVV and IVH are the fluorescence intensities polar-
ized parallel and perpendicular to the excitation light,
and G ( = IVV/IVH) is the instrumental grating factor.
The software supplied by the manufacturer automati-
cally 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 six measurements for each sample. A 2 mM solution
of the probe was prepared in 20% methanol–water mix-
ture. The final concentration of the probe was adjusted
to 2 lM by addition of an appropriate amount of the
stock solution. Before measurement started, the solution
was equilibrated 10 min at 30 �C. The sample was ex-
cited at 370 nm and the emission intensity was followed
at 450 nm using excitation and emission slits with band-
pass of 2.5 and 2.5–5.0 nm, respectively. A 390-nm emis-
sion cut-off filter was used to reduce scattered and stray
radiation.
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2.3. Time-resolved fluorescence measurements

The concentration of the probe in the surfactant solu-
tions was 2.5–3 lM. The solutions were equilibrated for
3 h and then subjected to measurements. All fluores-
cence lifetime measurements were carried out at
�30 �C. The time-resolved fluorescence intensity decay
was measured with a pico-second time-correlated-sin-
gle-photon-counting (TCSPC) spectrofluorometer. A
mode-locked Ti:Sapphire laser (Spectra Physics, Tsu-
nami-3950M 3S) pumped by a diode-pumped CW visi-
ble laser (Spectra Physics, Milenia SN 1638) was used
as a light source. The frequency doubled output laser
(k = 370 nm) obtained by a flexible harmonic generator
(Spectra Physics, GWU 23 PS) was used for sample exci-
tation. The decay kinetics of DPH was recorded at the
emission wavelength of 450 nm. The emission was de-
tected at magic angle (54.7�) polarization using a Ham-
amatsu MCP photomultiplier tube (2809 U). The
instrument response function of the system was
�49 ps. The decay was analyzed by use of IBH DAS-6
decay analysis software. The goodness of the data fit
was judged by the v2-value (in the range 1–1.2) and by
the randomness of residual function.
3. Results and discussion

3.1. Fluorescence anisotropy studies

Fluorescence anisotropy (r) of DPH probe was mea-
sured in the presence of surfactants at concentration
above the respective critical vesicle concentration (cvc).
The measured r-values and the corresponding surfactant
concentrations are listed in Table 1. It can be observed
Table 1
Fluorescence anisotropy (r), lifetime (sf), rotational correlation time (sR), and
SAUT, SAUAS, SAUGL, SDBV, SDBL, and SDBIL membranes and in TX

Surfactant [Surf] (mM) r

SDS 40.0 0.054
DTAB 81.0 0.045
CTAB 5.0 0.058
TX-100 1.5 0.108
SAU 10.0 0.140
SAUG 5.0 0.220
SAUA 5.0 0.180
SAUPA 10.0 0.170
SAUS 10.0 0.140
SAUV 10.0 0.200
SAUT 10.0 0.190
SAUAS 3.5 0.214
SAUGL 5.0 0.186
SDBV 0.125 0.221
SDBL 0.125 0.194
SDBIL 0.125 0.195

a From [7].
b From [28].
that r-values for the micelle forming surfactants are
much less compared to bilayer membrane forming sur-
factants. Slightly higher value of r in TX-100 surfactant
is because of its charge neutrality, which facilitates com-
pact packing of the hydrocarbon tails in the self-assem-
blies. The high value of r in the presence of NAA
surfactants, and SAU suggests that the acyl chains are
also tightly packed in the aggregates. This means that
the fluidity of the hydrophobic core of the self-assem-
blies is less.

3.2. Fluorescence lifetime of DPH in the presence of

surfactants

Fluorescence lifetime of the DPH probe was mea-
sured in the presence of surfactants at concentration
equal to that at which fluorescence anisotropy was mea-
sured. A representative fluorescence intensity decay pro-
file of the DPH probe in SAUA is shown in Fig. 2. In the
case of N-(4-n-dodecyloxybenzoyl)-aminoacidate surfac-
tants, the experimental intensity decay profile fits to
monoexponential decay function with v2 values in the
range 1.0–1.2. That is DPH probe has only one fluores-
cence lifetime (sf) when solubilized in the bilayer assem-
blies of the above surfactants. This is consistent with the
results reported in the literature for DTAB, and TX-100
micelles. However, in the case of N-(11-acrylamidoun-
decanoyl)-aminoacidate surfactants, the decay fits better
to a three-exponential decay function with v2 values in
the range 1.0–1.2. It was observed that two shorter life-
time components of the three-component decays have
less contribution (<10%) compared to the major compo-
nent. For example, in the case of SAUA the three sf val-
ues were 0.26, 1.65, and 7.05 ns having amplitudes 7.9%,
8.9%, and 83.2%, respectively. The aqueous surfactant
microviscosity (gm) of SAU, SAUG, SAUA, SAUPA, SAUS, SAUV,
-100, SDS, DTAB, and CTAB micelles at room temperature (�30 �C)

sf (ns) sR (ns) gm (MPa s)

6.97 1.22 16.33
6.97a 0.99 13.22
6.97 1.33 17.77
7.01b 2.98 39.81
6.23 3.93 52.50
7.25 11.23 150.02
7.05 6.97 93.11
7.20 8.13 108.61
7.33 4.62 61.72
7.41 9.15 122.23
7.65 8.45 112.88
7.18 10.38 138.67
6.61 6.99 93.38
6.95 10.89 145.48
6.82 7.88 105.27
7.09 8.28 110.61



Fig. 2. Fluorescence intensity decay of DPH in 5.0 mM SAUA
surfactant; Inset: plot of residual vs. time.
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solutions in the absence of any probe did not exhibit any
measurable fluorescence intensity at the excitation wave-
length of DPH fluorescence. Therefore, the shorter life-
time components were discarded as spurious results,
which may have originated from the light scattering by
the large vesicular bodies in the solution. Further, the
lifetime corresponding to the major component resem-
bles lifetime values measured in the presence of other
surfactants as well as in organic solvents of low polarity
[27]. The fluorescence lifetime values along with the
measured fluorescence anisotropy values of DPH probe
in the presence of various surfactants that were used for
the calculation of microviscosity of the bilayer mem-
branes are listed in Table 1. The lifetime data of DPH
in the presence of DTAB [7], and TX-100 [28] surfac-
tants were obtained from the literature reports. As seen,
the fluorescence lifetimes of DPH probe in all the surfac-
tant assemblies are close to each other. Therefore, the
fluorescence lifetime values of DPH in the presence of
SDS and CTAB surfactants were taken to be equal to
that in DTAB micelle. The similarity in the lifetime val-
ues suggests that the microenvironments of the probe
molecule are closely similar in all the self-assemblies.
This means that DPH molecule is mainly solubilized in
the hydrocarbon core of the self-assemblies.

3.3. Microviscosity

The microviscosity, gm, can be calculated from the
Debye–Stokes–Einstein relation [29].

gm ¼ kT sR=vh; ð2Þ
where vh is the hydrodynamic volume of the probe mol-
ecule and sR is rotational correlation time of the fluoro-
phore. The rotational correlation time, sR, can be
obtained from Perrin�s equation [23],

sR ¼ sfðr0=r � 1Þ�1
; ð3Þ
where r0 is the steady-state fluorescence anisotropy in a
highly viscous solvent and is taken to be 0.362 [30]. The
hydrodynamic volume (313 Å3) [31] of DPH molecule
was estimated from the experimental molecular volume
of trans-stilbene by employing Edward�s atomic incre-
ment method [32]. The rotational correlation times
and hence microviscosity values thus obtained are pre-
sented in Table 1. As can be observed, the microviscosity
values of the vesicles formed by the NAA surfactants are
in the range 50–150 MPa s. These values are larger com-
pared to the micelle forming DTAB, CTAB, SDS, and
TX-100 surfactants. Similar gm values are reported in
the literature for SDS (19 MPa s at 20 �C) [4,33] and
CTAB (16.6, 18.8 MPa s at 25 �C) [9] micelles. There-
fore, it can be concluded that the gm values of the bilayer
membranes of NAA surfactants studied in this work are
accurate within the limit of experimental errors. Slightly
higher value of gm for TX-100 is because of the fact that
the surfactant is charge neutral, which results in tighter
packing of the hydrophobic tails.
4. Conclusion

It has been shown that DPH is a very good microvis-
cosity probe. The results of the present study demonstrate
that the probe is solubilized in the hydrophobic core of the
self-assemblies and thus reports the fluidity of this region
of the self-assemblies. It can be used to measure microvis-
cosities of molecular self-assemblies having low as well as
high values with a fairly good accuracy. Micellar
structures formed by SDS, DTAB, CTAB, and TX-100
surfactants have low microviscosities. However, the self-
assemblies of N-acylamino acid surfactants employed in
this work have high microviscosity, which confirms
formation of bilayer membranes in aqueous solutions.
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