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Abstract

The interaction of the local anesthetic tetracaine (TTC) with anionic sodium lauryl sulfate (SLS) and zwitterionic 3-(N-
hexadecyl-N,N-dimethylammonio)propanesulfonate (HPS) micelles was investigated by fluorescence, spin labeling EPR and
small angle X-ray scattering (SAXS). Fluorescence pH titrations allowed the choice of adequate pHs for the EPR and SAXS
experiments, where either charged or uncharged TTC would be present. The data also indicated that the anesthetic is located
in a less polar environment than its charged counterpart in both micellar systems. EPR spectra evidenced that both anesthetic
forms increased molecular organization within the SLS micelle, the cationic form exerting a more pronounced effect. The
SAXS data showed that protonated TTC causes an increase in the SLS polar shell thickness, hydration number, and
aggregation number, whereas the micellar features are not altered upon incorporation of the uncharged drug. The combined
results suggest that the electrostatic interaction between charged TTC and SLS, and the intercalation of the drug in the
micellar polar region induce a change in molecular packing with a decrease in the mean cross-sectional area, not observed
when the neutral drug sinks more deeply into the micellar hydrophobic domain. In the case of HPS micelles, the EPR spectral
changes were small for the charged anesthetic and the SAXS data did not evidence any change in micellar structure,
suggesting that this species protrudes more into the aqueous phase due to the lack of electrostatic attractive forces in this
system. ß 2001 Elsevier Science B.V. All rights reserved.
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1. Introduction

Local anesthetics (LA) are thought to exert their
pharmacological action by binding to a speci¢c site
at the sodium channel, blocking the action potential

[1]. LA also bind to the lipid bilayer, and it has been
shown that the more hydrophobic, the more e¡ective
[2] and the more toxic the drug [3]. Indeed, LA are
able to alter membrane lipid molecular order and/or
mobility (for a review, see [4]), to induce [5] or to
inhibit [6] the bilayer to hexagonal phase transition,
and to promote bilayer to micelle transition [7^9].
These phenomena have been proposed to be involved
both in the mechanism of anesthesia [10,11] and in
the toxic e¡ects of LA [12^15].

In order to reach their postulated binding site, LA
have to cross the lipid bilayer. Most LA are ionizable
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amines and it is widely accepted that the uncharged
form traverses the membrane and the ionization
equilibrium is reestablished in the cytosol. Moreover,
a large body of literature exists showing that both
the cationic and neutral forms of LA bind to mem-
branes, and that, in most cases, their binding sites are
di¡erent, the former being located in the head group
region, while the latter sinks more deeply in the acyl
chain region (see [4]). Studies with model systems
have shown that binding to the membrane modulates
physicochemical properties of LA, such as their ion-
ization degree [16^20] and kinetics of reactions
[21,22]. Membrane surface charge and ionic strength
a¡ect the extent of binding of charged ionizable sol-
utes, and, consequently, their apparent pK (pKapp)
[19].

However, the e¡ects of LA upon mesoscopic prop-
erties of lipid and lipid-like aggregates have not been
the object of much investigation. Here, we make use
of small angle X-ray scattering (SAXS) experiments
performed at the National Laboratory of Synchro-
tron Light (Brazil) to examine the e¡ects of the
charged and uncharged forms of the LA tetracaine
(TTC) on the size and shape of negatively charged
sodium lauryl sulfate (SLS) and zwitterionic 3-(N-
hexadecyl-N,N-dimethylammonio)propanesulfonate
(HPS) micelles.

To establish the conditions where either the cat-
ionic or the neutral form of the anesthetic would be
present, £uorescence titrations were carried out in
the presence of micelles. These studies allowed the
determination of the binding sites of both forms in
the micelles. Information about the location of the
binding sites was also obtained from the analysis of
the EPR spectral lineshapes of a lipid spin probe
incorporated in the micellar aggregates. In addition,
the latter analysis provided information about the
e¡ects of the anesthetic on the organizational proper-
ties within the micelles.

To our knowledge, this is the ¢rst study of LA^
micelle interaction making use of SAXS.

2. Materials and methods

SLS from Merck, HPS, TTC and the spin label
5-doxyl methyl stearate (5-MeSL), from Sigma,
were used without further puri¢cation. Deionized

and bidistilled water was used throughout. All the
experiments were performed at room temperature
(21 þ 1³C).

2.1. Fluorescence measurements

Three micromolar TTC was added to samples con-
taining either 1 % (w/w) SLS (35 mM) or HPS (25
mM) in 5 mM phosphate^borate^citrate bu¡er. The
pH varied from 6.0 to 12.0 (SLS) and from 5.0 to
11.0 (HPS). Fluorescence spectra were obtained in a
Hitachi F4500 spectro£uorimeter. The excitation
wavelength (Vex) was 302 nm; the spectra were
scanned from 310 to 500 nm.

2.2. EPR measurements

The SLS/TTC system was studied at pH 6.5 and
12, to obtain essentially 100% of the charged and
uncharged forms of the anesthetic, respectively (see
Section 4). The LA concentration varied from 0 to
15 mM. The TTC:surfactant molar ratio (MTTC)
varied from 0 to 0.43. For the HPS/TTC system, a
pH of 4.5 was used to obtain essentially 100% pro-
tonated drug. The anesthetic concentration varied
from 0 to 16 mM (MTTC = 0.64). Uncharged TTC
was not investigated in the presence of HPS micelles,
since precipitation occurred at the detergent concen-
tration used. The spin label was incorporated in the
micelles at 0.1 mM. EPR spectra were obtained in a
Bruker ER200D-SRC spectrometer, operating at the
X band (9.5 GHz).

2.3. SAXS measurements

Systems containing 1% (w/w) SLS/water with
MTTC varying from 0 to 0.30 (10.5 mM) were studied
at pH 6.5 and 12.0, while samples containing 1%
(w/w) HPS/water, with MTTC = 0 and 0.30 (8.0 mM),
were examined at pH 4.5. SAXS experiments were
performed at the National Laboratory of Synchro-
tron Light (LNLS, Campinas, Brazil), with a radia-
tion wavelength of 1.608 Aî . The obtained curves
were corrected for detector homogeneity and normal-
ized by taking into account the decrease of the in-
tensity of the X-ray beam during the experiment. The
parasitic background was subtracted considering a
sample's attenuation of 0.25 þ 0.04.
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3. Data analysis

3.1. SAXS

It is well known that intermicellar interactions of
charged systems exist even at low surfactant volume
fractions. In the case of SLS micelles, it has been
previously shown [23^25] that, up to a concentration
of 10% (w/w) SLS/water, the maximum of the inter-
micellar interference function falls almost exactly in
the region of the minimum of the intramicellar factor
in the SAXS curve. As a consequence, the latter
presents a peak which is dominated by the detailed
form of the micelle. Interference e¡ects start to be-
come important in the SAXS curves only at 15%
(w/w) SLS [23,25]. Accordingly, the scattering curves
can be analyzed through the distance distribution
and the electron distribution functions, which allow
the evaluation of the micelle maximum dimension
and symmetry as well as details of its inner structure
as the mean polar head electron density and the tran-
sition between the non-polar and the hydrated polar
head regions. In the current work, the results were
analyzed by using the Indirect Transformation Pro-
cess (ITP program) developed by Glatter [26,27], as
used in [24,25]. The method consists in determining
the distance distribution function p(r) obtained
through the ¢tting of its Fourier transform (convo-
luted with the beam geometry) to the experimental
intensity, according to:

I�q� � 4Z
Z Dmax

0
p�r�sin�qr�

qr
dr; �1�

where p(r) = r2vb2(r) ; vb2(r) is the convolution
square of the scattering density contrast vb(r) aver-
aged over all directions in space. Dmax is the particle
maximum dimension in such a way that p(r) is zero
for rvDmax. In addition, the p(r) function carries
information about the scattering particle shape. In
the ITP method, the p(r) function is approximated
by a sum of cubic B-spline functions. Only the main
ideas are emphasized here and the reader is referred
to the original papers for a more detailed descrip-
tion.

As an extension of the method, also developed by
Glatter [28], the electron density distribution func-
tion b(r) of particles with spherical, cylindrical, and
lamellar symmetry can be obtained from p(r) via the

convolution square-root method (Decon program).
Similarly to the p(r) function, the b(r) function is
approximated by a series of N step functions (for
details, see [28,29]). The Decon program generates
the b(r) function correlated with a p(r) which best
agrees with the p(r) function generated by the ITP
program. If the chosen particle symmetry deviates
from the actual one, the p(r) function is a poor ap-
proximation of the input p(r) function [28].

From the micellar maximum dimension values,
Dmax, obtained from the p(r) curves, it is possible
to calculate the anisotropy X of spheroidal micellar
aggregates, the ratio between the longest and the
smallest axes, as:

X � Dmax

2�Ref � c � �2�

In the case of SLS micelles, an e¡ective radius of
the para¤nic medium is calculated as Ref =
(13x)16.7+x17.6 (where 16.7 Aî and 17.6 Aî corre-
spond, respectively, to the extended dodecyl chain
[30] and the TTC's hydrophobic extension (Santin
Filho, O., personal communication); x is the anes-
thetic molar fraction and c is the polar shell thick-
ness.

From X values one can calculate the volume of
the SLS micelle polar shell (Vpol) and, consequently,
the electron density distribution of the shell (bpol)
as:

b pol �

nSLS ne�SO4Na� � nTTC ne�HN�CH3�2� �NH n ne�H2O�
Vpol

�3�
where nSLS is the SLS aggregation number; in the
absence of TTC, nSLSX1 = 4/3ZXpar(16.7)3 where X1 is
the volume of the hydrocarbon portion of SLS
(350 Aî 3 [30]) and Xpar is the para¤nic anisotropy;
nTTC = MTTC nSLS is the TTC aggregation number;
n = nSLS+nTTC = nSLS(1+MTTC) is the total aggrega-
tion number; NH is the number of water molecules
per monomer; ne(SO4Na) = 59, ne(HN(CH3)2) = 26
and ne(H2O) = 10 are, respectively, the number of
electrons of the SLS headgroup, of the aliphatic ami-
no group of TTC, and of water.

Once the total aggregation number n is obtained,
one can calculate the mean cross-sectional area a
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through the following relationship:

ZD2
max=2 � n:a �4�

3.2. EPR

The shapes of molecules (inverted cones) that fa-
vor micelle formation, as well as their organization in
these approximately spherical aggregates lead to sys-
tems where the components are not tightly packed
(the lateral pressure in these systems corresponds to
10 N/cm [31]). This loose packing allows for the con-
tribution of various kinds of motion to the EPR
spectral lineshapes of lipid spin probes in the micellar
aggregates: probe rotation about its long molecular
axis, intramolecular segmental motion (in the case of
alkyl chains) [32^34], di¡usion of the probe long mo-
lecular axis [35], and rotational di¡usion of the mi-
celle itself [34].

Although the molecular organization in a micelle
implies a certain degree of order, the EPR spectra of
an intercalated spin probe do not tend to display
inner and outer extrema that allow the calculation
of the order parameter [36]. Instead, often these spec-
tra present three reasonably narrow lines, similar to
those observed for isotropic motion, and, for this
reason, they have been referred to as corresponding
to pseudoisotropic motion [32^34]. Such features in-
dicate that the spectral lineshapes are mostly deter-
mined by intra-micellar motion and orientation.
Therefore, the EPR spectra of 5-MeSL in the systems
studied in the present work will be discussed in terms
of organizational properties of the micellar molecular
components within the aggregates. Because it is not
strongly anchored at the membrane^water interface,
the probe was also found to exhibit pseudoisotropic
motion in phospholipid bilayers [18]. Its spectra were
analyzed in terms of an empirical parameter, h�1/h0

(the ratio of the heights of the low-¢eld to the mid-
¢eld resonances), which contains the contribution of
both order and mobility. Lower h�1/h0 values corre-
spond to either higher order, or lower mobility, or
both. We use the term organization to refer to the
sum of both contributions [18].

3.3. Fluorescence

Binding of TTC to the micelles was assessed by

changes in £uorescence intensity and maximum emis-
sion wavelength (Vem).

4. Results

4.1. Fluorescence studies

The apparent pK, pKapp, of ionizable compounds
is altered upon binding to model membrane systems;
vpK is a function of both solute and surface charge
[19].

For compounds that ionize according to the equi-
librium

AH�3A : �H�;

pKapp is expected to decrease in the presence of a
zwitterionic interface and to increase in the presence
of a negatively charged interface. Such e¡ects are a
consequence of the di¡erence between the binding
constants of both forms: in the presence of a zwit-
terionic interface, the binding constant of the neutral
form of a solute is greater than that of the cationic
form, while the opposite is true in the presence of a
negatively charged interface [19].

Thus, we determined pKapp for TTC in the pres-
ence of micellar HPS and SLS.

Fig. 1 shows that the £uorescence intensity of TTC
increases as a function of pH in the presence of both
SLS and HPS, albeit to a di¡erent extent. The lower
intensity in the presence of SLS is probably due to a
quenching, since the surfactant has been found to
quench the £uorescence of some compounds. The
experimental and calculated titration curves show
that the pK of TTC changed from 8.26 in water
[17] to 7.0 and 9.3 in the presence of HPS and SLS
micelles, respectively, in good agreement with the
expected pK changes and with results found for
TTC in the same [17,20] or similar [18] systems.

The value of vpK = 1 in the presence of SLS in-
dicates that the binding constant of charged TTC is
greater than that of the neutral form. Previous £uo-
rescence measurements by Desai et al. [20] showed
that at 20 mM SLS, both forms of TTC are totally
bound. Therefore, at 35 mM detergent (used in the
present case), the drug should be essentially totally
bound to the micelle. Thus, the increase in £uores-
cence with increasing pH (Fig. 1) is due to the bind-
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ing of the neutral drug to an environment of lower
polarity.

Conversely, in the case of HPS, vpK =31.3 is an
indication that neutral TTC binds more strongly
than the cationic drug, in agreement with the values
of (3 þ 1)103 M31 and (0.10 þ 0.05)103 M31 for their
respective binding constants, Kb [37]. One can con-
vert these constants into partition coe¤cients (P)
[22], making use of the expression P = Kb/Vp (where
Vp is the detergent partial molar volume, 0.36 l
mol31), and calculate that, under the present condi-
tions, 74 and 99% of the LA bind to HPS at pH 4.5
and 10.0, respectively. Thus, the observed increase in
£uorescence intensity at higher pH is due both to
enhanced binding and, very likely (see below), to
the uncharged form being located in an environment
of lower polarity.

The maximum emission wavelength, Vem, de-
creased from 373 nm for TTC in water [37] to 358
and 355 nm in the presence of SLS and HPS micelles,
respectively, and remained constant during the pH
titration. The decrease in Vem is also an indication
that the anesthetic bound to the micelles, experienc-
ing an environment of lower dielectric constant [37].

The titration experiments allowed the choice of
appropriate pHs for the EPR and SAXS measure-
ments in order to investigate the e¡ects of binding
of charged and uncharged TTC on molecular orga-
nization, shape, and size of both micellar systems.

4.2. EPR studies

Fig. 2 exhibits EPR spectra of 5-MeSL in SLS

micelles in the absence and presence of protonated
(pH 6.5) and neutral (pH 12.0) TTC. They resemble
reported spectra of the probe in micellar aggregates
[32^34].

Calculation of the h�1/h0 ratios for these spectra
indicates that essentially no change in the molecular
organization occurs within SLS micelles up to
MTTC = 0.10 (Fig. 3). For higher LA concentrations,
the h�1/h0 ratio decreased at both pHs, the e¡ect
being greater for protonated (13%) than for neutral
(4%) TTC at MTTC = 0.30. The data suggest an in-
crease in intramicellar organization upon binding of
charged and, to a lesser extent, of uncharged TTC.

Since the spectra of 5-MeSL report on the region
close to the micellar^aqueous interface, the above
data indicated that cationic TTC has a stronger in-
£uence on molecular organization near the polar^
apolar interface of SLS micelles.

Fig. 4 presents the h�1/h0 ratios obtained for HPS
micelles. At pH 10.0 the TTC^HPS system precipi-
tates even at low anesthetic concentrations. For this
reason, the h�1/h0 ratio at pH 10.0 is given only for
HPS in the absence of TTC. The spectral linewidths
(Fig. 4, insert) are broader than in SLS, indicating a
higher molecular organization in HPS. In the ab-
sence of TTC, the h�1/h0 ratio is 0.87 in SLS (Fig.
3), and 0.66 in HPS (Fig. 4).

In contrast with the ¢ndings for SLS, although
74% of protonated TTC was incorporated into the
HPS micelles, the anesthetic did not signi¢cantly

Fig. 2. EPR spectra of 5-MeSL incorporated in 1% (w/w) SLS
at pH 6.5 (top and middle) and 12 (bottom). [TTC] = 0 (top)
and 15 mM (middle and bottom). The ¢gure shows how h�1

and h0 were measured for the calculation of the h�1/h0 ratio.

Fig. 1. Fluorescence intensity of 3 WM TTC as a function of
pH in the presence of: (a) 1% (w/w) (35 mM) SLS; (E) 1%
(w/w) HPS (25 mM). (9) theoretical ¢ttings according to the
Henderson^Hasselbalch equation.
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a¡ect the molecular organization near the polar shell,
since only a slight increase of h�1/h0 was observed
(Fig. 4). Charged TTC was also found to have a
small e¡ect on zwitterionic egg phosphatidylcholine
bilayers by spin labeling EPR [18].

4.3. SAXS studies

The scattering curves for micelles at increasing
TTC concentrations are presented in Fig. 5a (pH
6.5) and Fig. 5b (pH 12.0). The corresponding dis-
tance distribution functions p(r) are shown in Figs.
6a and 7a and the micelle maximum dimensions,
Dmax, are given in Table 1. While a signi¢cant change
of the p(r) function occurred at pH 6.5 and Dmax

increased between MTTC = 0.10 and 0.20, at pH
12.0 both p(r) and Dmax remained essentially unal-
tered.

The SLS micelle electron density pro¢le was deter-
mined by assuming spherical symmetry and using a
¢ve equidistant steps model (Figs. 6b and 7b). The
b(r) values provided by the program are arbitrary
and were normalized considering the CH3 group
electron density (0.167 e/Aî 3) and the water electron
density (bw = 0.327 e/Aî 3). Fig. 6a and 7a present the
best ¢ttings of the p(r) functions (as calculated by the

Decon program) to the p(r) functions retrieved from
the experimental curves (ITP program). The good
agreement between both functions indicates that the
micelles kept spherical symmetry with increasing
anesthetic concentration.

The electron density levels did not change upon

Fig. 4. h�1/h0 ratio in the EPR spectra of 5-MeSL incorporated
in 1% (w/w) HPS as a function of TTC concentration at pH
4.5 (a) and 10.0 (E). Inset: EPR spectra of 5-MeSL incorpo-
rated in 1% (w/w) HPS micelles at 0 and 16.0 mM TTC (bot-
tom), pH 4.5.

Fig. 3. h�1/h0 ratio in the EPR spectra of 5-MeSL incorporated in 1% (w/w) SLS as a function of TTC concentration at pH 6.5 (a)
and 12.0 (E).
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varying the TTC amount (Figs. 6b and 7b). Since the
para¤nic electron density (bpar) is lower than the
water electron density (bw) and the polar shell den-
sity (bpol) is higher than bw, one can estimate the
para¤nic region extension (the boundary between
the non-polar and the hydrated polar shell) Rpar to
be the point where b(r) intersects with bw. Following
this procedure, values of Rpar = 16 þ 2 Aî were ob-
tained, in full agreement with the e¡ective radius Ref .

A micellar anisotropy, X= 1.43 þ 0.05, obtained
from Dmax = 61 þ 2 Aî (Table 1), according to Eq. 2,

by assuming 4.6 Aî as the thickness c of the polar
shell [38], indicates that in the cases of absence of
drug, for MTTC up to 0.10 of charged TTC, and
for all concentrations of the uncharged LA, the
SLS micelles are prolate ellipsoids, in good agree-
ment with previous results in the absence of anes-
thetic [23]. Moreover, an average polar electron den-
sity (bpol) of 0.35 e/Aî 3 (Figs. 6b and 7b) is
compatible with a polar shell containing ca. six water
molecules per SLS monomer (Eq. 3), in the absence
of LA, with an aggregation number n of 94 and a

Fig. 5. SAXS curves for 1% (w/w) SLS/water as a function of TTC concentration, pH 6.5 (a) and 12.0 (b).
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mean area per SLS headgroup of 62 Aî 2 (Eq. 4), in
agreement with the literature [39].

For MTTC = 0.20 of charged LA, Dmax increased to
75 Aî . This increase was veri¢ed by trying to ¢t the
data with other Dmax values, without satisfactory re-
sults. At the same time, greater Dmax values were
tried for MTTC = 0.10, also without success. There-
fore, there is a considerable increase in Dmax

(V23%) between MTTC = 0.10 and 0.20. By taking
into account that bpol = 0.35 e/Aî 3 remained the
same upon TTC addition (Fig. 6b) and making use
of Eq. 2 with a shell thickness of 4.6 Aî , a value of
X= 1.75 is obtained, which leads to n = 94 for NH =
6 water molecules per monomer and a cross-sectional
area a of 94 Aî 2 (Eqs. 3 and 4). Obviously, the latter
value is physically impossible due to micellar geomet-

Fig. 6. (a) Distance distribution functions p(r) of systems containing 1% (w/w) SLS/water in the presence of increasing TTC concentra-
tion at pH 6.5 (E) ; p(r) obtained theoretically by the Decon program (9). (b) Electron density distribution pro¢le corresponding to
the p(r) functions (Decon). For MTTC = 0.10, seven electron density steps were used in order to get a better de¢ned crossover from the
para¤nic to the polar region.
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rical packing constraints [39]. If we consider a greater
number of water molecules in the shell, a increases
even more. On the other hand, if the micellar aniso-
tropy remained invariable (X= 1.43) upon incorpora-
tion of protonated TTC, the polar shell thickness c
would have to increase to ca. 9 Aî (Eq. 2), which is
compatible with the electron density maps (Fig. 6b).
With this assumption, a = 42 Aî 2 for NH = 6 and
n = 212 (Eqs. 3 and 4). This value of a is too small;
it is comparable to that observed in lamellar systems
[39]. In contrast, for NH = 10 and 12, a = 56 Aî 2 and
63 Aî 2 (n = 157 and 139), respectively. Therefore, a

small decrease in the hydration number decreases
the mean cross-sectional area per monomer.

For MTTC = 0.30 of the charged LA, Dmax remains
practically unaltered (Fig. 6 and Table 1), within the
experimental uncertainties, leading to, for X= 1.4 and
89NH9 10, a values between 54 and 61 Aî 2.

The SAXS curves for HPS (data not shown) are
similar to those for SLS micelles. The corresponding
p(r) and b(r) functions in the absence and presence of
TTC and the Dmax values are given in Fig. 8 and
Table 1, respectively. Within the estimated errors,
neither p(r) nor Dmax underwent alterations upon

Fig. 7. (a) Distance distribution functions p(r) of systems containing 1% (w/w) SLS/water in the presence of increasing TTC concentra-
tion at pH 12.0 (E) ; p(r) obtained theoretically by the Decon program (9). (b) Electron density distribution pro¢le corresponding to
the p(r) functions (Decon).
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incorporation of the drug. The good agreement be-
tween the p(r) and p(r) functions shows that the mi-
celles are also spherically symmetric.

The electron density pro¢les were not altered upon
addition of protonated TTC. From the electron den-
sity pro¢les (Fig. 8) a para¤nic radius Rpar = 21 þ 3 Aî

was determined, in good agreement with that esti-
mated by Baptista et al. [40]. Considering the thick-
ness of the hydrating shell around the bipolar region
including the sulfonate anions as ca. 10 Aî , and com-
pared with the Dmax value (Table 1), the HPS mi-
celles, at these concentrations, are spheroids of low
anisotropy.

5. Discussion

The changes in £uorescence intensity and in Vem

provided evidence for the incorporation of both

Fig. 8. (a) Distance distribution functions p(r) of systems containing 1% (w/w) HPS/water at pH 4.5 for MTTC = 0 and 0.30 (E) ; p(r)
obtained theoretically by the Decon program (9). (b) Electron density distribution pro¢le corresponding to the p(r) functions (De-
con).

Table 1
Micellar maximum dimension (Dmax) obtained from the p(r)
functions of the systems containing 1% (w/w) SLS/water and
1% (w/w) HPS/water, for varying TTC concentration

Surfactant pH MTTC Dmax ( þ 2) (Aî )

SLS 6.5 0 59
0.10 61
0.20 75
0.30 70

12 0 63
0.10 62
0.20 63
0.30 63

HPS 4.5 0 82
0.30 77

The error bars were estimated from the plots by dividing Dmax

by the number of points in the p(r) curve, which yielded the in-
terval (in Aî ) occupied by each point.
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forms of TTC into anionic as well as zwitterionic
detergent aggregates. In both cases, £uorescence in-
tensity increased with increasing pH, suggesting that
the uncharged form of the anesthetic must be located
more deeply in the hydrocarbon region. In addition,
it was possible to estimate that under the conditions
used in the EPR and SAXS experiments essentially
all the drug was bound to SLS micelles, both at low
and high pH, whereas 74 and 99% of charged and
uncharged TTC, respectively, were bound to HPS
micelles.

The calculation of rotational correlation times
from the EPR spectra of 5-MeSL according to the
formalism of Kivelson [41], assuming pseudoiso-
tropic motion, yields values of 0.93 ns and 3.3 ns
in SLS in the absence and presence of TTC
(MTTC = 0.30) at pH 6.5, respectively, and of 5.0 ns
in HPS both in the absence and in the presence of
the anesthetic. In contrast, similar calculations mak-
ing use of the Stokes^Einstein equation for the
SAXS data yield, respectively, 24 ns and 48 ns for
SLS at pH 6.5 in the absence and presence of the
LA, and 58 ns for HPS both in the absence and in
the presence of TTC. Both sets of values di¡er by
one order of magnitude, indicating that the EPR
spectral lineshapes are mostly determined by the mo-
tional and organizational properties of the micelle
constituents. Thus, while the EPR studies yielded
information about the e¡ects of the LA^detergent
interaction upon the organizational properties within
the micellar aggregates, the SAXS data reported on
properties of the whole particles, such as size and
shape.

In this context, in the case of SLS micelles, the
EPR spectra showed that, while addition of the cat-
ionic anesthetic increased the molecular organization
close to the charged surface of the SLS micelles,
binding of the uncharged LA had a much less pro-
nounced e¡ect. These results provide additional sup-
port for the conclusion that uncharged TTC is lo-
cated more deeply in the micelle than its charged
counterpart.

The electrostatic interaction between the positively
charged TTC and the negatively charged SLS causes
a decrease in the repulsive forces between the deter-
gent molecules. This phenomenon should diminish
the optimum area per head group, bringing about
an increased molecular packing at the micellar sur-

face. Taking this event into account, geometrical cal-
culations showed that the most compatible interpre-
tation of the SAXS results implies, for MTTC v 0.10,
an increase in micellar polar shell thickness, hydra-
tion number, and aggregation number, without much
of an e¡ect on the aggregate anisotropy. Since the
increase in the polar shell thickness is accompanied
by an increase in molecular organization within the
aggregate, the hydration number must be such that
the mean cross-sectional area is reduced due to the
presence of the protonated LA in the anionic SLS
micellar system. It has been observed that, upon salt
addition, the change in the balance of forces respon-
sible for the self-association process leads the system
to assemble as more elongated spheroidal or even
cylindrical micelles [42]. However, the ions are lo-
cated at the water^micelle interface, whereas charged
TTC resides within the micelle, giving rise to an addi-
tional hydrophobic contribution to the anesthetic^
detergent interaction. This could explain the di¡erent
e¡ects of both agents on micellar size and shape.

When analyzing the uncharged TTC^SLS system,
in spite of the fact that the EPR results indicate an
increase in the molecular organization of the aggre-
gates (Fig. 3), the SAXS data do not reveal any
change in the micellar dimensions (Fig. 7). The in-
creased molecular organization is probably due to
the structure of TTC, which is more rigid than that
of SLS. The lack of electrostatic interactions and the
greater hydrophobicity of the neutral drug contribute
to its deeper penetration in the micelle hydrophobic
core.

In a theoretical simulation of the interaction of
TTC with membranes, making use of a water^mem-
brane interface model, represented by a dielectric dis-
continuity, charge e¡ects were analyzed through the
method of images [43] (Ota, A. and Ito, A.S., unpub-
lished data). It was found that, whereas neutral TTC
crosses the interface very easily going to the mem-
brane interior, the charged drug is accomodated
close to the water^membrane interface.

The present results are analogous to those ob-
tained in deuterium NMR studies that showed that,
while charged TTC is localized in the bilayer polar
region, altering the packing of the zwitterionic phos-
pholipid head groups, uncharged TTC penetrates
more deeply into the membrane [44]. However, while
uncharged TTC decreased the molecular organiza-
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tion in the bilayer [9,18,44], in the present study the
neutral drug increased the organization of the micel-
lar aggregate.

As for the HPS system at pH 4.5, although the
£uorescence data indicated that 74% of protonated
TTC was bound to 25 mM detergent, neither the
SAXS nor the EPR measurements provided evidence
for a signi¢cant e¡ect of the charged LA upon the
structure or the molecular organization of the HPS
micelles. This could be explained in terms of a more
exposed location of the anesthetic due to the lack of
a signi¢cant electrostatic interaction between the
zwitterionic HPS headgroup and cationic TTC.

In conclusion, the combined use of £uorescence,
EPR and SAXS provided a very detailed description
of the e¡ects of binding of the ionizable LA TTC to
micellar aggregates.

From the point of view of the drug, binding to the
micelles causes a change in its degree of ionization;
as for the aggregates, information was obtained re-
garding the location of the charged and uncharged
forms of the ligand, as well as the e¡ects of binding
on intra-micellar molecular organization. Finally, the
consequences of binding on micellar mesoscopic
properties were also evaluated.

The ability of LA to induce changes in packing
and phase changes in model systems has been corre-
lated with their pharmacological and toxic e¡ects
(see [4]). The information obtained in the present
study should be of value for the understanding of
these e¡ects at the molecular level.
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