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Abstract

We report the results of investigation on the spectroscopic properties of a new fluorescent lipophylic probe. The fluorophore o-aminobenzoic
acid was covalently bound to the acyl chain hexadecylamine, producing the compound 2-amino-N-hexadecyl-benzamide. The behavior of the
probe was dependent on the polarity of the medium: absorption and emission spectral position, quantum yield and lifetime decay indicate distinct
behavior in water compared to ethanol and cyclohexane. The probe dissolves in the organic solvents, as indicated by the very low value of steady
state fluorescence anisotropy and the short rotational correlation times obtained from fluorescence anisotropy decay measurements. On the other
hand, the probe has low solubility in water, leading to the formation of aggregates in aqueous medium. The complex absorption spectrum in water
was interpreted as originating from different forms of aggregation, as deduced from the wavelength dependence of anisotropy parameters. The
probe interacts with surfactants in pre-micellar and micellar forms, as observed in experiments in the presence of sodium n-dodecylsulphate
(SDS), n-cetyltrimethylammonium bromide (CTAB); 3-(dodecyl-dimethylammonium) propane-1-sulphonate (DPS) and 3-(hexadecyl-
dimethylammonium) propane-1-sulphonate (HPS), and with vesicles of the phospholipid dimiristoyl-phosphatidylcholine (DMPC). The results
demonstrate that AHBA is able to monitor properties like surface electric potential and phase transition of micelles and vesicles.
© 2006 Elsevier B.V. All rights reserved.
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1. Introduction

An extrinsic probe with increased use in fluorescence studies
of peptides is ortho-aminobenzoic acid (o-Abz). It has a
structure comparable to those of natural amino acids and can be
bound to the Nα-amino group of peptides without any
significant change in its spectroscopic characteristics [1],
usually maintaining high quantum yield, between 0.3 and 0.6
in water. Forming a pair with the acceptor molecule N-[2,4-
dinitrophenyl]ethylenediamine (EDDnp), it is a convenient
donor group in studies of internally quenched peptides which
are substrates for proteases [2,3]. More recently, techniques
based on Förster resonance energy transfer (FRET) were used to
investigate conformational properties of fluorescent labeled
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bradykinin related peptides [4], heparin-binding peptides [5]
and melanocyte stimulating hormone (MSH) peptides [6].
Donor–acceptor distance distributions were recovered from
fluorescence decay profiles, which demonstrated the occurrence
of conformational changes in the peptides in interaction with
other compounds in the aqueous environment. Furthermore, it is
important to note that, similar to many other fluorophores, o-
Abz emission is dependent on the polarity of the medium and
the probe was also used to monitor the interaction between
bradykinin derived peptides and model membranes [7,8].

A considerable amount of fluorescent compounds have
affinity to non-polar environment, or can be attached to fatty
acids, phospholipids, steroids, and can probe the properties of
different regions of model and biological membranes. In
addition to the several probes of common use in membrane
research, like lipophylic fluoresceins, lipophylic coumarins,
diphenylhexatriene, laurdan, prodan, etc., many other compounds
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have been recently reported as fluorescent probes for micelles
and lipid bilayers. For example, an amino derivative of
benzanthrone was investigated in its binding to liposomes and
was proposed as a probe to study human peripheral blood
mononuclear cells [9]. Absorption and emission properties of 2-
hydroxy-substituted Nile Red (HONR) were examined in
various solvents and micelles, showing differences in the
binding site of the dye in cationic, anionic and nonionic micelles
[10]. An aqueous soluble probe was synthesized which allowed
the study of aggregation in micelles and polymeric micelles and
the determination of critical micelle concentration (CMC) values
at various surfactant compositions [11]. Also the new fluorescent
probe 4-(2-pyren-1-yl-vinyl) pyridine responds to micelles and
phospholipid vesicles of different surface charge, showing a
large red-shift in the fluorescence emission when the surface
charge of the organized media is anionic [12]. A methylamino
derivative of pyrene incorporates in the micellar core and the
emission is sensitive to the changes in surfactant concentration.
Probe–surfactant interaction suggests the possible quantifica-
tion of the chain length dependent premicellar aggregate
formations [13].

Taking into account the spectroscopic properties of o-Abz,
which made it a useful probe for peptides, we explored the
possibility of its application as a fluorescent lipophilic probe.
We synthesized the compound 2-amino-N-hexadecyl-benza-
mide (AHBA), where o-Abz is bound to long chain hexade-
cylamide, forming thus a fluorescent labeled alkyl chain
(Scheme 1), which is intended to probe the surface region of
membranes. The spectral properties of the newly synthesized
compound were examined in different solvents: in buffer pH
7.4, representing the usual aqueous medium; in ethanol, a
solvent less polar than water which present proton donor
properties, a very important property to characterize specific
interactions between solvent and probe; and also in cyclohex-
ane, a non-protic solvent with very low polarity, representative
of the interior of micelles and bilayers.

To characterize AHBA as a probe for membranes, we
performed titration experiments with a series of surfactants
which differ by the head group or by the acyl chain: Sodium n-
dodecylsulphate (SDS), an anionic surfactant; the cationic n-
cetyltrimethylammonium bromide (CTAB); 3-(dodecyl-
dimethylammonium) propane-1-sulphonate (DPS), which has
a zwitterionic head group and 3-(hexadecyl-dimethylammo-
nium) propane-1-sulphonate (HPS), which has the same
zwitterionic group bound to the long hexadecyl chain. To
further assess the use of AHBA as a membrane probe we
present also results of measurements in the presence of vesicles
made of the phospholipid dimiristoyl-phosphatidylcholine
(DMPC). The fluorescence parameters, both from steady state
Scheme 1. Schematic representation of 2-amino-N-hexadecyl-benzamide
(AHBA).
as time-resolved experiments, were employed to describe the
interaction of the probe with micelles and vesicles, and to obtain
information like surface potential and phase transition
temperatures.

2. Materials and methods

Optical absorption measurements were performed using an
Ultrospec 2100 (Amersham Pharmacia) UV/Visible spectro-
photometer. For steady state fluorescence experiments we
employed a SLM AMINCO 8100 spectrometer.

Time-resolved experiments were based on the time-corre-
lated single photon counting method (TCSPC). The excitation
source was a titanium-sapphire Spectra Physics laser, pumped
by a Millenia X Spectra Physics laser. The pulses, at a repetition
rate of 8000 kHz were tuned to give output from a third
harmonic generator BBO crystal at 328 nm. They were directed
to an Edinburgh F900 spectrometer and emitted photons were
detected by a refrigerated Hamamatsu R3890U microchannel
plate photomultiplier. Soleil-Babinet compensator in the
excitation beam and a Glann-Thomson polarizer in the emission
beam were used in anisotropy experiments. The FWHM of the
instrument response function was typically 100 ps. Time
resolution was 24 ps or 12 ps per channel in measurements of
intensity decay or anisotropy decay, respectively. A software
from Edinburgh Instruments was used to analyze the decay
curves. The quality of fit was judged by statistical parameters
like reduced χ2 and by plot of residuals.

Organic solvents were from Merck, spectroscopic grade.
Measurements in aqueous medium were performed in HEPES
buffer 5 mM, pH 7.4 or phosphate buffer 5 mM, pH 7.4.
Temperature was controlled using a Julabo refrigerating
circulator. The surfactants SDS (sodium dodecyl sulfate),
CTAB (hexadecyltrimethylammonium bromide), HPS (N-
hexadecyl-N,N-dimethyl-3-ammonio-1-propanesulfonate) and
DPS (N-dodecyl-N,N-dimethyl-3-ammonio-1-Propanesulfo-
nate), were obtained from Sigma Chemical Co. (St. Louis,
MO, USA). DMPC (1,2-dimyristoyl-sn-glycero-3-[phospho-
choline]) was purchased from Avanti Polar Lipids (Birming-
ham, AL, USA).

2.1. Preparation of micelles and vesicles

Stock solutions of SDS, CTAB, HPS and DPS were prepared
suspending the surfactant at the concentration of 0.5 M in Hepes
buffer, 5 mM, pH 7.4. Small aliquots of the stock suspensions
were added to the AHBA solutions to get the desired final
surfactant/AHBA concentration ratio. Vesicles were obtained
from the extrusion method [14]: a lipid film was formed from a
chloroform solution of lipids, dried under a stream of N2 and left
under reduced pressure for a minimum of 2 h, to remove all
traces of the organic solvent. Vesicles were prepared by the
addition of the HEPES buffer to a concentration of lipid near
2 mM. The suspension was then extruded through polycarbo-
nate membranes. The extrusion final step was made using
0.1 μm pore diameter polycarbonate membranes (from Milli-
pore), resulting in large unilamellar vesicles (LUV).



Fig. 1. Titration with surfactants SDS (⁎), CTAB (●), DPS (△) and HPS (▼):
changes in emission (A) and absorption (B) wavelengths. AHBA concentration:
10 μM.

127C.A. Marquezin et al. / Biophysical Chemistry 124 (2006) 125–133
3. AHBA synthesis

Abz-N (C16H34) was obtained by reaction of hexadecyla-
mine with N-Boc-Abz-COOH using O-benzoil-1-yl-N,N,N′,N′-
tetrametyluronium hexafluoroborate (TBTU) and hydroxiben-
zotriazol (HOBt·H2O), followed by treatment with TFA. The
final deprotected compound was purified by semi-preparative
HPLC using Econosil C-18 column (10 μM, 22.5×250 mn) and
a two solvent system: (A) trifluoroacetic acid (TFA)/H2O
(1:1000) and (B) TFA/acetonitrile (ACN)/H2O 1:900:100). The
column was eluted at a flow rate of 5 mL/min with a 10 (or 30)–
50 (or 60)% gradient of solvent B over 30 or 45 min. Analytical
HPLC was performed using a binary HPLC system from
Shimadzu with a SPD-10AV Shimadzu UV–VIS detector and a
Shimadzu RF-535 fluorescence detector, coupled to an Ultra-
sphere C-18 column (5 μM, 4.6×150 mm) which was eluted
with solvent system A1 (H3PO4/H2O, 1:1000) and B1 (ACN/
H2O/H3PO4, 900:100:1) at a flow rate of 1.7 mL/min and a 10–
80% gradient of B1 over 15 min. The HPLC column eluates
were monitored by their absorbance at 220 nm and by
fluorescence emission at 420 nm following excitation at
320 nm.

4. Results and discussion

4.1. Absorption and emission in solvents

Optical absorption and emission spectra in water, ethanol
and cyclohexane are representative of electronic properties of
AHBA in solvents with different polarity. Two absorption bands
are discernible in the near UVabsorption spectra of AHBA (Fig.
1), as usually observed in benzene derivatives [15]: one around
250 nm due to the 1A→La transition, and the other above
325 nm, originated from the 1A→Lb transition. In this work we
pay attention to this last band related to the first excited state,
which is involved with the fluorescence emission.

The results can be compared to those previously obtained for
the free fluorophore and the o-Abz labeled peptides. It has been
shown recently [16] that strong specific effects are present in the
interaction of free o-Abz with proton donor solvents so that in
water the absorption band occurs at 310 nm, strongly blue-
shifted compared to absorption in cyclohexane, where the
maximum is located at 338 nm. In o-Abz peptides the carbonyl
of the fluorophore is covalently bound to the Nα-amino and the
near UV band is positioned around 315 nm in water, with small
shifts (2 nm) in organic solvents like ethanol and trifluoroetha-
nol [4]. In the new probe AHBA, the same type of amide bond is
present, however the presence of the long aliphatic chain
prevents additional specific interaction with the solvent and
absorption in non-polar solvent occurs at 327 nm (Table 1). On
the other hand, the hydrophobic character of the aliphatic chain
in AHBA causes very low solubility in water and the anomalous
position (335 nm) of the UV absorption band in aqueous
medium is attributed to the formation of aggregates. Contrary to
expected from the general solvent effects, the value of Stokes
shift in water is smaller than those in ethanol and cyclohexane.
In this case, specific interactions between molecules in the
aggregates originate the deviation from the linearity expected
from the general solvent effects.

Molar absorption coefficients are 2670±72 cm−1 M−1 in
water and 2960±21 cm−1 M−1 in ethanol. The quantum yield
(ϕf) of AHBA in aqueous solution and ethanol was calculated
using the value 0.60 in ethanol as reference [17]. Values
obtained were 0.38 and 0.78 in water and ethanol respectively.
Energy homotransfer in the aggregates formed in water can
contribute to decrease quantum yield of AHBA.

4.2. Titration with surfactants

In experiments of titration with SDS, CTAB, HPS and DPS,
the absorption and emission spectra of AHBA gradually
changed with the increase in surfactant concentration, so that
the peak position moved to the values obtained for the probe in
the organic solvents ethanol and cyclohexane (absorption in
326–328 nm and emission in 404–406 nm, Fig. 1). The results
are indicative of the interaction of AHBA aggregates formed in
water with the surfactant molecules, so that the probe assumes



Table 2
Parameters obtained from the fit of titration curves to Eq. (2)

Surfactant SDS CTAB HPS

Ka (mM)−1 24.8±6.0 15.3±1.7 27.9±7.0
Imax 1.21±0.01 1.61±0.02 2.38±0.06

Ka is the association constants for the interaction of AHBAwith surfactants.

Table 1
Position of 1A→Lb transition absorption band and of emission band in different
solvents and values of Stokes shift

Compound Solvent λabsorb
(nm)

λemiss

(nm)
Δν
(×103 cm−1)

o-Abz Water 310 396 7.00
Ethanol 335 407 5.28
Cyclohexane 338 387 3.75

o-Abz-Pept. Water/ethanol 314 to 316 415 to 418 7.71 to 7.37
AHBA Water 335 395 4.53

Ethanol 325 402 5.89
Cyclohexane 327 402 5.70
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monomer form and moves to regions of low polarity in the
surfactant micelles. The spectral changes stabilize at concentra-
tions above the surfactant CMC (0.01–0.06 mM for HPS,
1.0 mM for CTAB and 2.0–4.0 mM for DPS). And the titration
plots show that the probe interacts with pre-micellar structures
in the case of SDS, where the CMC is relatively high, around
7.0 mM.

Intensities are also sensitive to the changes in the environ-
ment around the probe. In the titrations the intensity rises
continuously, even in surfactant concentration as low as 1.0 mM
(Fig. 2). The interaction of AHBA with the pre-micellar forms
of SDS, is observed as a small decrease in intensity before the
increase which takes place above the CMC (7.0 mM).

Association constants were obtained from intensity titration
curves, considering the interaction between probe and surfac-
tant on a molecule-to-molecule basis. Then the association
constant Ka comes from the equation

Ka ¼ ½AHBA� S�
½AHBAf �½Sf � ð1Þ

where [AHBA−S] and [AHBAf] are the concentration of probe
bound to surfactant and probe free, respectively, and [Sf] is the
concentration of free surfactant. The concentration of bound
Fig. 2. Titration with surfactants SDS (⁎), CTAB (●),and DPS (△): changes in
intensity emission. AHBA concentration: 10 μM.
probe was determined from the intensity of emission at different
concentrations of surfactant. As the surfactants were always in
excess compared to the probe, the concentration of free
surfactant was approximated to the total concentration added
in the titration experiments [7]. The association constant was
then obtained from the equation which relates the intensity (I) to
the total surfactant concentration [S]

I
I0

¼ 1þ Ka½S�
1þ Ka½S�

Imax

I0
� 1

� �
ð2Þ

where I0 is the fluorescence intensity in the absence of micelles
and Imax is the maximum intensity corresponding to high
surfactant concentration. The titration curves were fitted to this
equation by non-linear square method, with Ka and Imax as
adjustable parameters, and the results are shown in Table 2.

It was previously observed that the interaction of the free
fluorophore o-Abz with micelles was dependent on the charge
of the surfactant [18]. The interaction was strong with cationic
CTAB micelles, weak with neutral p-tert-octylphenoxy-poly-
oxyethylene ether (TX100) and non-existent with SDS. As o-
Abz was present in acidic form the results were interpreted in
terms of electrostatic effects in the interaction. The importance
of electrostatic effects was verified in studies of the interaction
of SDS and o-Abz containing amino acids and peptides [7]:
compounds with positive residues like Arg and Leu lead to
association constants of 0.49 mM−1 and 0.44 mM−1 respec-
tively. On the other hand, compounds with hydrophobic
residues like Phe and Leu have slightly lower association
constants, 0.24 mM−1 and 0.33 mM−1 respectively. As those
residues are electrically neutral, the results show the importance
of hydrophobic effects in the interaction.

The association constants obtained in this work for AHBA–
surfactant interaction (Table 2) are considerably higher than
reported previously for the free fluorophore and peptides
labeled with o-Abz in interaction with SDS. As our titration
experiments were performed at neutral pH, the probe is
electrically neutral and hydrophobic effects should predomi-
nantly drive the interaction with surfactants. Despite of that,
some minor effects are present, leading to smaller affinity of the
probe for cationic CTAB, compared to anionic SDS or
zwitterionic HPS.
4.3. Time-resolved fluorescence

Decay profiles were obtained at 400 nm with excitation at
328 nm. In ethanol the decay profile of AHBA is practically
monoexponential (Fig. 3), dominated by a lifetime component
of 6.71 ns with a small contribution from a 1.80 ns lifetime



Fig. 3. Fluorescence intensity decay profiles of AHBA in ethanol (a),
cyclohexane (b) and water (c). AHBA concentration 10 μM; excitation
328 nm and emission 400 nm.
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component (Table 2). In cyclohexane the main component of
5.85 ns, showing a normalized pre-exponential factor of 0.77,
was accompanied by minor contribution from a short lifetime of
0.90 ns. The decay of the probe in water is clearly more
complex (Fig. 3) and could only be fitted to a three exponential
curve with the most populated component (normalized pre-
exponential factor of 0.52) having the intermediate lifetime
value of 3.7 ns (Table 3).

The three lifetime components in water are related to
complex aggregation of AHBA. Inside the aggregates formed in
water, there must be an equilibrium between different isomeric
forms of AHBA, with varied degrees of interaction between the
amine, carbonyl and amide groups. That equilibrium can lead to
more than one pathway for the deexcitation of the excited state,
resulting in the heterogeneous fluorescence decay. Some
heterogeneity in the decay is present also in cyclohexane,
suggesting the occurrence of species where the fluorophore
emission is quenched.

From the high quantum yield of AHBA in ethanol it could be
expected a high value for its lifetime. However, the mean
lifetime calculated as the intensity weighted average value
(hsi ¼ P

i ais
2
i =

P
i aisi, where αi and τi are pre-exponential

factor and lifetime of component i respectively), was only
slightly above the values in water or cyclohexane. The values
for the radiative lifetime calculated using the weighted average
Table 3
Parameters obtained from fitting of AHBA decay (10 μM) to multiexponential
function in several conditions

τ1 (ns) τ2 (ns) τ3 (ns) α1 α2 α3 〈τ〉 (ns)

Ethanol 6.71 1.8 – 0.95 0.05 – 6.64
Cyclohexane 5.85 0.9 – 0.77 0.23 – 5.63
Water 10.0 3.7 1.3 0.10 0.52 0.38 5.25
SDS (30 mM) 9.42 3.1 0.32 0.70 0.08 0.22 9.01
CTAB (30 mM) 8.87 3.4 0.37 0.73 0.14 0.13 8.44
HPS (20 mM) 9.61 2.8 0.44 0.83 0.07 0.10 9.39
DMPC (0.5 mM) 9.41 4.3 1.3 0.40 0.39 0.21 7.52

Temperature: 25 °C. Errors: 0.06 for τ1, 0.1 for τ2 and 0.1 for τ3, and 0.02 for αi.
lifetime were then 8.6 and 13.8 ns in ethanol and water
respectively. The numbers have the same order of magnitude as
those for o-Abz in different solvents and for o-Abz peptides in
water [1].

In the titration experiments we observed that the addition of
surfactant did not affect greatly the values of the three lifetime
components: the long (9.5–10.0 ns), the intermediate (3.0–
4.0 ns) and the short (0.5–1.0) lifetimes are present in the
deconvolution of the experimental decay (Table 3). However,
the relative population of the lifetime components, expressed by
the normalized pre-exponential factors, drastically changed in
the presence of the micelles, and the contribution of the long
lifetime becomes dominant (Table 3). As a result, the mean
lifetime increases with the concentration of surfactant, as seen in
Fig. 4. At high concentration of surfactant the percentile
contribution of the short lifetime is lower than 2%. The
contribution of the intermediate lifetime also decreases and the
decay profiles are almost monoexponential.

4.4. Fluorescence anisotropy

Steady state anisotropy measured at 26 °C was very low
for the probes in cyclohexane (0.004±0.001) or ethanol
(0.0060±0.0005), at probe concentrations up to 130 μM. In
buffer solution, the anisotropy was considerably higher: even
at low concentration (5 μM) the anisotropy was already 0.060,
increasing to values around 0.100 at probe concentration
above 80 μM, evidencing the occurrence of aggregates in
water.

Anisotropy decay of the probe was strongly dependent on the
solvent. Sub-nanosecond decay was observed in the experi-
ments in ethanol (0.22 ns) indicating that the probe was
dissolved and freely rotating as monomer. Short rotational
correlation time (0.135 ns) from the probe in monomeric form
dominates the anisotropy decay in cyclohexane, with minor
contribution of a rotational correlation time of 4.64 ns which
may come from oligomeric species formed in the low polarity
solvent possibly stabilized by interactions between the head
Fig. 4. Titration with surfactants SDS (⁎), CTAB (●) and HPS (▼): changes in
average weighted lifetimes. AHBA concentration: 10 μM.



Fig. 5. Dependence of steady state anisotropy on excitation (emission at 400 nm)
and emission (excitation at 328 nm) wavelength in buffer, pH 7.4, temperature
25 °C, AHBA concentration 140 μM.

Fig. 6. Steady state anisotropy dependence with addition of surfactants SDS (⁎),
CTAB (●) and DPS (△). AHBA concentration 10 μM; excitation 328 nm and
emission 400 nm.

Fig. 7. Rotational correlation time dependence with addition of surfactants SDS
(⁎) and CTAB (●). AHBA concentration 10 μM; excitation 328 nm and
emission 400 nm.
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groups of neighboring AHBA molecules. In water the
anisotropy decay was fitted to a long rotational correlation
time of 7.15 ns, reflecting the rotational diffusion, as a whole, of
the aggregates formed in aqueous medium.

The steady state anisotropy in aqueous medium was
observed to be dependent on the excitation wavelength: the
absorption in the blue side of the band is related to anisotropies
around 0.06 while excitation in the red side of the band results in
higher values of anisotropy, around 0.10 (Fig. 5). This
observation can be correlated to the broad absorption band of
AHBA in water, anomalously red shifted compared to monomer
absorption in polar solvents: within the aggregates there are
several possibilities for the internal arrangement of the aromatic
ring of the probe, leading to different interactions between the
fluorophores, so that the complex absorption band should be the
result of the superposition from different types of aggregates.
The anisotropy dependence with the excitation wavelength
reflects the contribution of species in the aggregates with
different mobility or subjected to different internal depolariza-
tion processes.

The anisotropy of the AHBA aggregates is also dependent on
the emission wavelength (Fig. 5). The same electronic state
seems to be involved with the red side of the absorption band
and the shorter wavelengths of the emission band. Correspond-
ingly, excitation at shorter wavelength would be associated to
the emission at longer wavelengths. No dependence with
excitation or emission wavelength was observed in the probe in
ethanol or cyclohexane, where the probe is predominantly
present as monomer.

Addition of surfactants leads to an initial rise in anisotropy,
followed by a continuous decrease towards values around 0.02–
0.03 (Fig. 6). The initial increase reflects the progressive
transformation of the AHBA aggregates, formed in aqueous
medium, to complexes formed with surfactant pre-micellar
structures, similar to the observed in the titrations examined by
peak position, fluorescence intensity and lifetime ((Figs. 1, 2
and 4)). After concentrations above the CMC (1 mM for CTAB,
2–4 mM for DPS, 8 mM for SDS), the probe incorporates into
the micelles and the anisotropy decreases to values dependent
on the surfactant molecule. Higher final anisotropy was
obtained for CTAB whose aggregation number (170) is larger
than for DPS (55) and SDS (62).

Time-resolved anisotropy experiments were performed in
the presence of SDS and CTAB. In the absence of surfactant
the anisotropy decay was fitted to a monoexponential curve
and the rotational correlation time was around 7 ns as obtained
for the probe aggregates in water. After addition of surfactants,
the experimental curves were fitted to a two component decay:
a long correlation time, Φlong, initially raised to 15 ns, due to
the interaction with pre-micellar structures, and, above CMC,
converged to 7.0 ns in CTAB and 5.5 ns in SDS (Fig. 7a),
values which should be representative of the tumbling of the
micelles; it also appeared a short component, Φshort in Fig. 7b,
which goes to 0.7 ns in CTAB and 0.4 in SDS at high



Fig. 9. Dependence with temperature of steady state anisotropy (A) and
rotational correlation time (B) of AHBA (10 μM) in DMPC (0.5 mM) vesicles.
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surfactant concentration, which are related to rotational
diffusion of the probe in the micelles.

4.5. Interaction with DMPC vesicles: monitoring phase
transition

Probe (10 μM) was added to DMPC vesicles (0.5 mM in
phosphate buffer) prepared by extrusion method. Similar to the
observed for the probe in the presence of surfactant micelles, the
emission spectrum presented a peak at 404 nm. Time-resolved
fluorescence intensity profiles were best fitted to three
exponential decay curves and lifetimes decreased slightly with
increase in temperature in the interval from 15 to 31 °C. The
long lifetime ranged from 10.0 to 9.1 ns, the intermediate from
5.1 to 4.3 ns and the short from 1.7 to 1.3 ns (see Table 2 for
values at 25 °C). The pre-exponential factors remained
practically unchanged and calculated values of average intensity
weighted lifetime suggests that the parameter is able to describe
the fact that the above temperature interval spans the transition
between the liquid crystal to the gel phase of the bilayer (Fig. 8).

Steady state anisotropy of AHBA in DMPC vesicles is
relatively high (0.160) at low temperature (15 °C) and decreased
to 0.060 at temperatures above 30 °C. The plot of anisotropy
versus temperature (Fig. 9A) allows the discrimination of the
transition from the liquid crystal phase to the gel phase of
DMPC bilayer, and the determination of the phase transition
temperature. The result, 22 °C is in good agreement with values
reported in the literature [19].

Time-resolved anisotropy decay data were adjusted to bi-
exponential curves. The long rotational correlation time, related
to the rotation of the whole probe, was quite high at 15 °C (circa
12.0 ns) and diminished to circa 4.5 ns above 30 °C. The plot of
the long correlation time versus temperature (Fig. 9B) also
reflected the phase transition of the bilayer near to 22 °C. The
short correlation time varied between 0.10 and 0.30 ns and was
related to the movement of the fluorescent aromatic ring. We did
not observe a definite trend with the variation of temperature,
due to the relatively large errors associated to those times.
Fig. 8. Dependence with temperature of average lifetime of AHBA (10 μM) in
DMPC (0.7 mM) vesicles.

Fig. 10. Dependence with pH of fluorescence intensity of AHBA in SDS 40 mM
(⁎), DMPC 0.5 mM at 30 °C (□) and DMPC 0.5 mM at 16 °C (●). AHBA
concentration 10 μM, in buffer, pH 7.4.



Table 4
pK values in the presence of micelles and vesicles and surface electric potential
ΨS

pK ΔpK16 ΔpK30 ΨS 16 (mV) ΨS 30 (mV)

DMPC 16 °C 3.26±0.05 – – – –
DMPC 30 °C 2.98 – – – –
SDS 4.95 1.69 1.97 −93.2 −108.7
CTAB 1.47 −1.79 −1.51 98.7 83.3
DPS 1.66 −1.60 −1.32 88.3 72.8

132 C.A. Marquezin et al. / Biophysical Chemistry 124 (2006) 125–133
4.6. Interaction with DMPC vesicles: monitoring pH effects
and surface potential

The amine group of the fluorophore o-Abz is titratable and
the fluorescence properties of the molecule is dependent on the
pH of the medium. At low pH's the amino group of the
fluorophore protonates and the fluorescence intensity decreases.
In buffer, the intensity and lifetime of AHBA aggregates did not
modify in the pH range between 3.0 and 10.0. However, after
dissolving in surfactant micelles, the fluorescence intensity of
the probe was strongly dependent on the pH of the medium, as
illustrated in Fig. 10 for the titration in the presence of SDS.
From the curves of intensity versus pH we could determine the
pK of the protonation of the fluorophore, which was dependent
on the surfactant (Table 4). Similar observation was made for
AHBA in the presence of DMPC vesicles (Table 4), both above
and below the phase transition temperature.

As the probe is located in the micelles and vesicles, the pK's
differ from the values obtained for the fluorophore free in
solution. Differences in pK values reflect differences in local pH
compared to the bulk pH, originating from the surface potential
of micelles or vesicles [20]. As shown by Fornés et al.,
comparison of [21] the local pHS with the bulk pHb allows the
calculation of surface potential ψS of micelles or vesicles,
through

wS ¼ �2:3
kT
e

pHS � pHbð Þ

where k is the Boltzmann constant, equal to 1.281×10−23 J
K−1, T is the temperature and e is the electron charge, equal to
1.602×10−super 19 C. In the calculations we used as pHS the
value of the pK for the probe inserted in the micelles and for
pHb, the bulk pH, the pK value obtained when the probe was
inserted in the neutral DMPC vesicles. We suppose, thus, that
the pK in the presence of neutral micelles is the same as would
be obtained for the probe in the bulk. Such direct observation of
the pK in the bulk was not possible due to the aggregation of
AHBA in aqueous medium.

The values for the surface potential of SDS and CTAB
micelles, shown in Table 4, are comparable to those obtained
with the lipophilic probes derived from hydroxicoumarin [20].
It should be expected for the surface potential of DPS micelle
values around zero. However we obtained a positive value for
the potential surface. As the positive and negative charges of
this zwitterionic surfactant are separated by three carbon atoms,
it is possible that the aromatic ring of AHBA is positioned near
to the charged nitrogen, in a region of positive potential.
5. Conclusions

Fluorescence and optical absorption results show that the
newly synthesized compound dissolves in solvents like ethanol
and cyclohexane and, due to the low solubility in water, forms
aggregates in aqueous medium. In the presence of surfactants
and phospholipids the spectral position of absorption and
emission bands are typical of the probe in low polarity solvents.
In the titration with surfactants the fluorescence intensity and
lifetime increases, while steady state and rotational correlation
times decreases, due to the disruption of aggregates formed in
water and the insertion of the probe in the hydrophobic regions
of the micelles of SDS, CTAB, HPS and DPS. The high
association constant reveals the strong affinity of the probe with
surfactants, independent of the state of charge of the micelles, in
a process driven by the hydrophobic interactions between probe
and surfactant. Several fluorescence parameters measured in the
presence of DMPC vesicles demonstrate that the probe has also
affinity to the lipid region of the bilayers, and is able to monitor
phase transition between liquid crystalline and gel phases. The
fluorescence of the probe is pH dependent and the pK for the
titration of the benzoamino group is dependent on the charge of
the head group of the surfactant micelles. Relating the
differences in pK values with the differences in local pH, it
has been shown that the AHBA probe is useful also to
determine electric potential of micelles surface.
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