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Abstract The interaction of endocrine disruptor chemicals
(EDCs) such as nonylphenol (NP) and β-estradiol with
cationic micelle of hexadecyltrimethylammonium ion
(HTA+) and a monolayer of HTA+ ion adsorbed at the
electrode surface has been investigated in the presence of
hydrophilic modified (2-hydroxypropyl)-β-cyclodextrin.
NP, which has a similar structure to HTA+, decreased the
critical micelle concentration (cmc) of hexadecyltrimethy-
lammonium bromide more effectively. At the low HTA+

concentration, HTA+ inhibited the adsorption of I2. How-
ever, as the HTA+ concentration increased, a monolayer of
HTA+ was formed at the electrode surface and caused the
adsorption of iodine molecule (I2). In the presence of
micelle, the I2 was dissolved in the micelle. Both EDCs
caused the formation of HTA+ monolayer even at the HTA+

concentration below the cmc.

Keywords Nonylphenol .β-Estradiol . Cyclodextrin .
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Introduction

A wide variety of artificial chemicals are currently being
released into the environment. Some of these chemicals
have the potentiality to cause serious effects on wildlife and
human health, even when they are present at very low
concentrations over a period of time. Such effects include
the apparent increase in hormone-dependent cancers and

disorders of the reproductive tract in wildlife and humans
[1–4]. Nonylphenol (NP) was known to be an endocrine
disruptor. NP has a carbon chain and a phenolic group in its
molecule structure. NP is used as a material of nonionic
surfactant, nonylphenolethoxylate. Also, the degradation
process of its surfactant sewage can release the suspicious
NP into the environment. On the other hand, β-estradiol (β-
E2) is a major estrogen and has the highest activity on our
human body [5]. It is used in obstetric treatments. NP and
β-E2 are observed in soil and water. In sewage water, a
wide variety of surfactants can be found and coexist with
those endocrine disruptor chemicals (EDCs). Therefore, it
is very interesting to investigate the interaction between
ionic surfactants and those endocrine disruptors.

We have investigated the interactions between ionic
surfactants and bisphenol A (BPA) [6, 7]. In our previous
paper, we observed the favorable interactions of BPA
especially with cationic hexadecyltrimethylammonium bro-
mide (HTAB). BPA decreased the amount of surfactant
molecules absorbed at the air–solution interface where BPA
adsorbs cooperatively with HTAB. BPA alone does not
adsorb at the air–solution interface. Moreover, BPA
stabilized the micelle formation and the adsorption of
surfactant molecules at the air–solution interface, which
was more significant at the air–solution interface, and
enhanced the degree of micelle ionization [6]. In this paper,
we have studied NP and β-E2. These EDCs are almost
insoluble in water and the solubility of NP is reported to be
22 μM [8]. NP is surface active to some extent (41 mNm at
a saturated aqueous solution) and β-E2 is not surface
active. Their solubilities are too low in water to assess the
interaction with surfactants and it is difficult to prepare the
solutions of accurate concentrations. Therefore, we adopted
(2-hydroxypropyl)-β-cyclodextrin (hp-β-CD) to enhance
the solubility of NP [9]. Herein, we report the interactions
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of the endocrine disruptors NP and β-E2 with HTAB in the
presence of hp-β-CD and compare them with the inter-
actions of BPA. In addition, we have measured the
voltammetry of I2/I

− as an electrochemical probe to
investigate the behavior of NP and β-E2 in the hexadecyl-
trimethylammonium ion (HTA+) monolayer formed at the
platinum electrode surface. The electrochemical reaction of
I2/I

− is strongly affected by the condition of the HTA+

monolayer on that electrode.

Experimental

Materials

Cationic surfactant HTAB (>98.0% pure) was purchased
from Tokyo Kasei (Japan). NP (technical grade), hp-β-CD
(average MW approximately 1,540 g mol−1), and rhodamine
B (approximately 95% pure) were purchased from Sigma–
Aldrich. β-E2 (>99% pure) was purchased from Alfa Aesar.
Sodium iodide (NaI, analytical grade) and sodium sulfate
decahydrate (>98% pure) were purchased from Nacalai
Tesque (Japan). Sodium dihydrogen phosphate (>99.0%
pure) from Kishida Kagaku (Japan) and disodium hydrogen
phosphate (>99.5% pure) from Kanto Kagaku (Japan) were
purchased to prepare a phosphate-buffered solution (20 mM,
pH 7.0). All sample solutions were made with purified water
through a Millipore filter (Milli-Q Laboratory, Nihon
Millipore, Japan, resistivity 18.2 MΩ cm).

Preparation of (HTA)2SO4

In the cyclic voltammetry, we used dihexadecyltrimethy-
lammonium sulfate (HTA)2SO4 instead of HTAB because
the bromide (Br−) disturbs voltammograms. HTAB was
dissolved in ethanol and 1.2 eq. silver sulfate was added to
precipitate out the Br− as silver bromide crystal. The silver
bromide was removed from the solution with the filtration.
Then, the ethanol solution of (HTA)2SO4 was evaporated
and the dry salt was solubilized in methanol. The
solubilized salt was recrystallized with acetone twice. The
final crystals were filtered and dried in a vacuum desiccator.

Methods

Interfacial tension (γ) measurement

Two types of interfacial tensiometer were used. One was a
pendant drop interfacial tensiometer (Model PD-X assisted
with FAMAS version 1.7.0 software, Kyowa Interface
Science, Japan). A drop of sample was suspended from an
18-gauge stainless steel needle. The water jacket around the

drop was thermostated at 25.0±0.1 °C by a circulating
water bath (Model RTE-5, Neslab, US). All data were
recorded more than 5 min after the drop formation. A Du
Nong-type interfacial tensiometer (Model AquaPi & EZ-Pi,
Kibron, Finland) was also used. This tensiometer was
placed in the box where the humidity was kept high and the
water temperature was 24 °C. All data were recorded after
the reading became constant. These instruments were
calibrated with pure water. All measurements were per-
formed after 1 h equilibrium.

Fluorescence anisotropy measurement

All the fluorescence anisotropy measurements were per-
formed on a BEACON 2000 spectrometer (Pan Vera) at
25.0±0.1 °C. This apparatus is equipped with a 100-W
halogen lamp as an excitation source and a thermostated
cell housing chamber which is fitted with a circulating
water bath to control temperature. Rhodamine B (RB) was
used as a fluorescence probe [10]. Fluorescence anisotropy
was measured by using excitation and emission wave-
lengths of 570 and 630 nm, respectively. The size of both
emission and excitation slits were 10 nm. The concentration
of RB was kept at 0.1 μM. RB is expected to solubilize in
the surface region of micelles and report the information
about microstructural changes in there. The degree of
depolarization of the fluorescence emission of a molecule
probe is a measure of its rotational diffusion during the
excited lifetime. The steady-state anisotropy (r) is related to
the viscosity around the probe by Perrin’s equation:

r0
r
¼ 1þ kTt

Vh
ð1Þ

where r0 is the limiting value of emission anisotropy
obtained in the absence of rotational freedom, C is the
average lifetime of the fluorophore excited state, T is the
absolute temperature, k is the Boltzmann constant, V is
the effective molecular volume of the probe, and η is the
viscosity around the probe. From Perrin’s equation, it is clear
that a larger anisotropy corresponds to a more rigid
environment at a fixed temperature. The obtained polariza-
tion value (P) was converted to the r value by the following
equation:

r ¼ 2P

3� P
ð2Þ

The anisotropy values of the probe RB in micelle medium
are taken as the average value of 10 readings.

DLS

For dynamic light scattering (DLS) measurements, the High
Performance Particle Sizer (Model HPPS, Malvern, UK)
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was used. The excitation source was He–Ne laser light of
633 nm. The scattering angle was chosen at 173° in order to
reduce the multiple scattering. A disposable plastic cuvette
with 1-cm path length was used for each measurement. The
temperature was kept at 25.00±0.01 °C. All data were
recorded 10 min after the setting of the cuvette and as the
cumulus of ten times measurements. The hydrodynamic
radius (RH) of micelle values was taken as the average
value of three readings.

Cyclic voltammetry measurement

The electrode reaction of I2/I
− was studied in micellar

solutions. A platinum disk electrode (BAS, φ=1.6 mm) as
a working electrode, a silver–silver chloride electrode as a
reference electrode, and a platinum wire as a counter
electrode were used. Each scan was performed after the
working electrode was polished with aluminum powder
(0.3 μm) and rinsed with pure water. All sample solutions
contain 0.49 M sodium sulfate and 0.01 M sulfuric acid as
supporting electrolytes. The differential potentiostat (Model
HECS-310B, Huso, Japan) was used. The concentration of
sodium iodide was constant at 0.5 mM. Each scan was
performed at 10 mV s−1. The cyclic voltammograms (CVs)
of sodium iodide solution containing hp-β-CD in the absence
and in the presence of a 10-min argon aeration were recorded.
The influence of the dissolved oxygen on the CV was not
observed (figure not shown). Therefore, all of the CVs were
performed under no pretreatment of Argon aeration.

Results and discussion

Interfacial tension of NP solution at different hp-β-CD
concentrations

The interfacial tension (γ) of the NP solution at different
hp-β-CD concentrations is plotted in Fig. 1. The interfacial
tension decreases with the increase of the NP at any hp-β-
CD concentration. Hp-β-CD is constituted of seven glucose
units and forms a ring which has a hydrophilic outer surface
and a hydrophobic inner cavity and well known to
incorporate guest molecules in the hydrophobic cavity
predominantly in a 1:1 stoichiometry [11]. In aqueous
solution of hp-β-CD, NP is considered to incorporate the
hydrophobic cavity of hp-β-CD. Hp-β-CD is well known
not to adsorb at the air–solution interface because of its
hydrophilic outer surface. It indicates that the NP molecules
which are not incorporated in the hp-β-CD cavity adsorb at
the air–solution interface. The break point which demon-
strates the onset of micellization (i.e., critical micelle
concentration (cmc)) has not been observed at any hp-β-
CD concentration. Because NP is very hydrophobic, the NP

monomer concentration in the bulk phase cannot increase
up to the cmc. From γ vs. log CS, the maximum surface
excess (Γmax) of nonionic NP was estimated by Gibb’s
adsorption equation as follows [12]:

Γmax ¼ �
lim

Cs!cmc

dg
d logCs

� �

2:303RT
ð3Þ

where CS and R are the NP concentration and gas constant,
respectively. The surface excess values are listed in Table 1.
The surface excess values were nearly constant at any hp-
β-CD concentration and had the average value of 4.6 μmol
m−2. It means that hp-β-CD does not influence the
orientation of the NP molecules adsorbed at the air–solution
interface. In comparison to the surface excess value of
HTAB (3.9 μmol m−2) [6], NP seems to occupy a lesser
area per molecule than HTAB at the air–solution interface.
The electrostatic repulsive force between the head groups of
HTAB and the volume of the three methyl groups in
hydrophilic portion of HTAB inhibits the crowded packing.
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Fig. 1 Interfacial tension (γ) vs. log CNP/mol dm−3 at various hp-β-
CD concentrations

Table 1 The surface excess (Γmax) values of the NP at different
concentrations of hp-β-CD

Chp-β-CD/mM Γmax/μmol m−2

0.1 4.92
0.5 4.29
5 4.74
50 4.36

4.6a

a Average
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Interfacial tension of HTA+ solution with hp-β-CD
and sulfate ion

To investigate the influence of the supporting electrolyte on
the adsorptive property of HTA+ at the air–solution
interface, we measured interfacial tension of the HTA+

solution containing sulfate ion. The interfacial tension of
the HTA+ solution containing sulfate ion is plotted in
Fig. 2. The cmc and maximum surface excess values of
HTA+ ion are listed in Table 2. The surface excess value of
HTA+ in the presence of a swamping amount of supporting
electrolyte was estimated by Eq. (3) where CS is the HTA+

concentration. These cmc values are much larger than the
cmc value of HTAB aqueous solution in the absence of hp-
β-CD and sulfate ion (0.92 mM) [6]. This means that HTA+

ion is incorporated inside the hp-β-CD cavity and the
concentration of HTA+-free monomer decreases. We have
observed the decrease in cmc value of HTA+ in the
presence of both EDCs. We can explain this decrease of
cmc with the two possible reasons. The first one is the
stabilization of micelle by EDCs. It is due to the attractive
interaction between the hydroxyl groups and the C electrons
of aromatic rings in NP or β-E2 and the positively charged
ammonium portion in HTA+ ion. It reduces the electrostatic
repulsion between the polar head groups of HTA+ in the
micelle [13]. Moreover, the hydrophobic interaction be-
tween NP or β-E2 and HTAB micelle stabilizes the
micellization [14]. The second one is that both EDC
molecules occupy the hp-β-CD cavity and increase the
concentration of HTA+-free monomer. However, NP de-

creased the cmc values more significantly than those of β-
E2. From the viewpoint of molecular structure, NP has a
long carbon chain in itself and is similar to HTA+ ion. It
makes a higher affinity between HTA+ and NP in micelle
formation and increases the concentration of HTA+-free
monomer more significantly. Although the maximum
surface excess value of HTAB in the presence of β-E2 is
larger than that value in the presence of NP, the interfacial
tension of the latter EDC is very much lower than that of
the former EDC. In the NP solution, the NP molecules are
also adsorbed at the air–solution interface, which also
works to lower the interfacial tension. However, above the
cmc, as the CHTAB and the micelle concentration increase,
the adsorbed NP molecules desorb from the air–solution
interface and are distributed in micelle and the composition
of NP at the interface decreases. Therefore, the interfacial
tension largely goes up again.

Fluorescence anisotropy

The more rigidly the RB molecule is solubilized in the
surface region of micelle, the larger the r value is [15]. The
change in r value is shown in Fig. 3. At 0.1 mM, the r value
decreased. It indicates that the beginning of solubilization
of EDCs into micelle disturbs the close packing of RB
molecule at the micelle surface. As the concentration of NP
increased, the r value increased. However, as the concen-
tration of β-E2 increased, the r value once recovered and
seemed to decrease little by little. It indicates that the
solubilization of NP makes the micelle surface more rigid
but the solubilization of β-E2 does not. NP is more similar
to HTA+ in structure. Therefore, NP solubilizes between the
ionic heads of HTA+ in micelle, reduces the electrostatic
repulsion of the ionic heads at the micelle surface, and
makes the micelle more stable and rigid [16]. On the other
hand, β-E2 seems to disturb the orientation of HTA+ and
lessen the rigidity of micelle surface.

DLS

We investigated the RH of HTA+ micelle by dynamic light
scattering method in the presence of each EDC (Fig. 4)
[17]. As the concentration of EDCs increases, the hydro-
dynamic radius of micelle seems to increase little by little.
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Fig. 2 Interfacial tension (γ) vs. log CHTA
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of each endocrine disruptors: 5 mM hp-β-CD, 0.49 M Na2SO4, and
0.01 M H2SO4

Table 2 The cmc and surface excess (Γmax) values of the HTA+

solution at different NP or β-E2 concentrations in the presence of
5 mM hp-β-CD containing 0.49 M Na2SO4 and 0.01 M H2SO4

CEDCs cmc/mM Γmax/μmol m−2

0 mM 3.95 4.59
0.5 mM NP 3.06 3.40
0.5 mM β-E2 3.50 7.73
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This trend was similar in both EDCs. In our pyrene
fluorescence I1/I3 experiments, the polarity in the micelle
did not change by the addition of each EDC (data not
shown). Hence, this small increase in hydrodynamic radius
is not due to the invasion of water molecule in the micelle;
rather, it is due to the invasion of EDC molecules.
Moreover, the invasion of EDCs at the micelle surface
seems to lower the electric density at the surface and
possibly increases the aggregation number.

Cyclic voltammetry of I2/I
− in the presence of hp-β-CD

Here, we have chosen the I2/I
− as the electrochemical

probe because the charge of I− was expected to make its
binding to cationic micelle easy, and the electroneutral I2
was expected to solubilize between the hydrophobic
portions of surfactant in micelle and to solubilize in the
surfactant monolayer at the electrode surface. We investi-
gated the influence of hp-β-CD to the redox peaks of I2/I

−

(Fig. 5). In the absence of hp-β-CD, an anodic peak of I−

at about 530 mV and a cathodic peak of I2 at around
480 mV were observed. In the presence of 50 mM hp-β-
CD, both anodic and cathodic peak currents decreased and
their peak potentials shifted to the negative direction. The
decrease of the anodic peak current is caused by the
binding of I− with the hydrophilic surface of hp-β-CD. On
the other hand, the decrease of the cathodic peak current is
caused by the inclusion of I2 in the hydrophobic cavity of
hp-β-CD [18]. The negative shift of the peak potentials
indicates that the I2 incorporated in the hp-β-CD cavity
was more stabilized than the I− bonding to the surface of
hp-β-CD.

Cyclic voltammetry of I2/I
− in the presence of HTA+ ion

and hp-β-CD

We have also investigated the influence of HTA+ cation
(Fig. 6). The cmc of HTA+ ion from interfacial tension
measurement in the same composition with the solution of
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CV measurements stated in the caption of Fig. 6 was
3.95 mM. Both the anodic and cathodic peaks of I2/I

− are
higher than those in the absence of HTA+. The increase of
the anodic and cathodic peak currents is due to the release of
trapped I− and I2 from the hp-β-CD into the bulk, which is
caused by the replacement of I− and I2 in the hp-β-CD cavity
with HTA+. On the other hand, as the concentration of HTA+

increases above the cmc, both the anodic and cathodic peak
currents become lower than those at the premicellar
concentration. Before the I2 and I− bonding to the micelle
experience electron transfer, the micelle has to turn around
so that the I2 and I− face against the electrode surface. It
causes the decrease of peak currents. Moreover, both the
anodic and cathodic peak potentials shifted to the negative
direction. It indicates that the I2 solubilized in the HTA+

micelle was more stabilized than the I− bonding to the
surface of HTA+ micelle. As the HTA+ concentration
increases up to 5 mM, a sharp adsorptive reduction peak
was observed at 330 mV. The I2 formed at the platinum
electrode surface in the absence of any surfactant is known
to adsorb at the electrode surface [19]. In our systems, the
HTA+ inhibited the adsorption of I2 at the low HTA+

concentration. However, as the HTA+ concentration in-
creased, the HTA+ monolayer was formed, which caused
the absorption of I2 in the HTA+ monolayer on the electrode
surface. As the HTA+ concentration increased up to 10 mM,
the adsorptive reduction peak disappeared. At this concen-
tration, the I2 formed at the electrode surface dissolved into
the HTA+ micelle. Therefore, the adsorptive peak was not
observed.

Cyclic voltammetry of I2/I
− in the presence of NP or β-E2,

HTA+, and hp-β-CD

The cyclic voltammograms of I2/I
− in the systems contain-

ing NP or β-E2 are shown in Fig. 7a and b, respectively.
The cmc of HTA+ of the respective systems were 3.06 and
3.50 mM from the interfacial tension measurement and
listed in Table 3. The peak potential shifted to the negative
direction even in the premicellar concentration of HTA+. It
indicates that the I− is solubilized in the HTA+ monolayer
formed at the electrode surface even at the low HTA+

concentration below the cmc. In the HTA+ monolayer, the
I2 is more stabilized than the I−. At the postmicellar HTA+

concentration, the negative shift of the peak potential was
larger in the NP solution than in the β-E2 solution. It is
because NP decreases the cmc more effectively and, in the
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Table 3 The cmc values of the HTAB solution at different NP or β-
E2 concentrations in the presence of 50 mM hp-β-CD containing
20 mM phosphate buffer and 0.5 μM pyrene

CEDCs cmc/mM

0 mM 4.61
0.5 mM NP 3.85
0.5 mM β-E2 4.47
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bulk phase at the same concentration (0.5 mM) of NP or β-
E2, the amount of formed micelle is larger in NP. The
outstanding adsorptive reduction peak observed in Fig. 6
was not observed in Fig. 7a. However, in Fig. 7b, there was
a broad adsorptive peak observed at around 340 mV at the
HTA+ concentration of 4 mM. In NP solution, the larger
amount of micelle dissolved the I2 formed at the electrode
surface, carried them away from there, and reduced the
adsorption peak current of I2.

Conclusion

We investigated the interactions of EDCs such as NP and β-
E2 with HTA+ micelle and HTA+ monolayer formed at the
electrode surface via interfacial tension, fluorescence anisot-
ropy, dynamic light scattering, and cyclic voltammetry in the
presence of hp-β-CD. Hp-β-CD can be useful for the
experiments using less soluble chemicals in water such as
these EDCs. The solubilization of EDCs in the micelle
increases the rigidity of micelle surface and the hydrody-
namic radius but does not change the polar environment in
the micelle. At the low HTA+ concentration, HTA+ works to
prevent I2 from adsorbing at the electrode surface. The HTA+

monolayer formed at the electrode surface adsorbs I2 in it.
However, in the presence of HTA+ micelle, the I2 dissolves
in the micelle. The cyclic voltammetry of I2/I

− can be a very
helpful tool to investigate the adsorbing condition of
surfactants at the solid-solution interface. NP, which has a
more similar structure to HTA+, decreased the cmc more
effectively.
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