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Research Article

Application of Fluorescence Emission for Characterization of Albendazole
and Ricobendazole Micellar Systems: Elucidation of the Molecular Mechanism
of Drug Solubilization Process

Josefina Priotti,1 Darío Leonardi,1,2 Guillermo Pico,3,4 and María C. Lamas1,2,5

Received 3 October 2017; accepted 25 November 2017

Abstract. Albendazole (ABZ) and ricobendazole (RBZ) are referred to as class II
compounds in the Biopharmaceutical Classification System. These drugs exhibit poor
solubility, which profoundly affects their oral bioavailability. Micellar systems are excellent
pharmaceutical tools to enhance solubilization and absorption of poorly soluble compounds.
Polysorbate 80 (P80), poloxamer 407 (P407), sodium cholate (Na-C), and sodium
deoxycholate (Na-DC) have been selected as surfactants to study the solubilization process
of these drugs. Fluorescence emission was applied in order to obtain surfactant/fluorophore
(S/F) ratio, critical micellar concentration, protection efficiency of micelles, and thermody-
namic parameters. Systems were characterized by their size and zeta potential. A blue shift
from 350 to 345 nm was observed when ABZ was included in P80, Na-DC, and Na-C
micelles, while RBZ showed a slight change in the fluorescence band. P80 showed a
significant solubilization capacity: S/F values were 688 for ABZ at pH 4 and 656 for RBZ at
pH 6. Additionally, P80 micellar systems presented the smallest size (10 nm) and their size
was not affected by pH change. S/F ratio for bile salts was tenfold higher than for the other
surfactants. Quenching plots were linear and their constant values (2.17/M for ABZ and 2.29/
M for RBZ) decreased with the addition of the surfactants, indicating a protective effect of
the micelles. Na-DC showed better protective efficacy for ABZ and RBZ than the other
surfactants (constant values 0.54 and 1.57/M, respectively), showing the drug inclusion into
the micelles. Entropic parameters were negative in agreement with micelle formation.

KEY WORDS: micellar systems; albendazole; ricobendazole; solubilization; polysorbate 80; poloxamer
407; bile salts; fluorescence.

INTRODUCTION

Serious global health problems are caused by helminthic
infections, which are among the most common diseases
worldwide. More than 1.5 billion people are infected, and
approximately 300 million people suffer from severe morbid-
ity which leads to more than 150,000 deaths annually (1,2).
The greatest numbers of helminthic infections occur in sub-
Saharan Africa, East Asia, China, India, and South America

(3). Albendazole (ABZ) and ricobendazole (RBZ) are wide-
spectrum anthelmintic drugs often used against gastrointesti-
nal parasites. Their mechanism of action is related to
microtubule inhibition and glucose uptake blockage in the
larval and adult stages of susceptible parasites (4). Chemi-
cally, both compounds are benzimidazole drugs: ABZ is
methyl 5-(propylthio)-2-benzimidazole-carbamate and RBZ
(or ABZ sulfoxide) is the active metabolite of ABZ (Fig. 1a)
(5,6). ABZ is practically insoluble in water (1 μg/mL); slightly
soluble in acetone, chloroform, and ethanol; and soluble in
acetic acid (7–9). RBZ also has low aqueous solubility (62 μg/
mL), very poor solubility in oils (< 0.25 mg/mL), ethanol
(1.2 mg/mL), propylene glycol (2.6 mg/mL), and slightly
higher solubility in dipolar solvents such as DMSO (16.5 mg/
mL) (10,11). U-shaped pH-solubility profile in aqueous
solutions indicates that RBZ is an ampholyte. It has been
reported that the combination of low pH and surfactant/co-
solvent mixtures improve its solubility (10).

Both ABZ and RBZ are aromatic compounds which
have the property of fluorescence emission as a result of the
benzimidazole group present in their molecules (12–14).

1 IQUIR-CONICET, Suipacha 570, S2002LRK, Rosario, Argentina.
2 Departamento de Farmacia, Facultad de Ciencias Bioquímicas y
Farmacéuticas, Universidad Nacional de Rosario, Suipacha 570,
S2002LRK, Rosario, Argentina.

3 IPROBYQ- CONICET, Suipacha 570, S2002LRK, Rosario,
Argentina.

4 Departamento de Química-Física, Facultad de Ciencias Bioquímicas
y Farmacéuticas, Universidad Nacional de Rosario, Suipacha 570,
S2002LRK, Rosario, Argentina.

5 To whom correspondence should be addressed. (e–mail:
mlamas@fbioyf.unr.edu.ar)

AAPS PharmSciTech (# 2017)
DOI: 10.1208/s12249-017-0927-6

1530-9932/17/0000-0001/0 # 2017 American Association of Pharmaceutical Scientists

Author's personal copy

http://crossmark.crossref.org/dialog/?doi=10.1208/s12249-017-0927-6&domain=pdf


Several fluorescence probes have been used to measure
protein-membrane interactions (15). Moreover, probes can
be used to follow a solubilization equilibrium and to obtain
information about its molecular mechanism (16,17).

In the last decades, polymeric surfactants have emerged
as a class of materials with a wide range of pharmaceutical
applications. Polymeric surfactants form nanoscopic core-
shell structures above the critical micellar concentration
(cmc), which have the ability to solubilize poorly soluble
drugs (18,19). The hydrophobic cores can be employed as
delivery systems for hydrophobic drugs while the hydrophilic
part can be used as an interface between the bulk aqueous
phase and the hydrophobic domain. Several hundreds of ionic
surfactants have been used to solubilize poorly soluble
substances. Some of them are more efficient but toxic, which
limits their use. The ideal surfactant should be compatible
with the cellular metabolism and also easily eliminated by the
organism (20).

Synthetic surfactants, such as the polysorbate and
poloxamer families, have been shown to be non-toxic and
biocompatible. Polysorbates (also known as Tweens®) are a
class of non-ionic surfactants which are esters of fatty acids
and PEGylated sorbitols. Due to their significant stability and
non-toxicity, they have wide applications in the pharmaceu-
tical, cosmetic, and food industries (21). Polysorbate 80 (P80)

is a derivative molecule from polyethoxylated sorbitan and
oleic acid, the hydrophilic groups being polyethers, which are
polymers of ethylene oxide (Fig. 1b). P80 presents the
remarkable property of being extremely biodegradable under
aerobic and anaerobic conditions even by not specialized soil
bacteria (22).

Poloxamers (also known as Pluronics®) are triblock
copolymers consisting of a central hydrophobic block of
polypropylene glycol flanked by two hydrophilic blocks of
polyethylene glycol (23,24). Regarding the poloxamer 407
(P407) chemical structure, the approximate length of the two
polyethylene glycol blocks is 100 repeated units while the
approximate length of the propylene glycol block is 65
repeated units, as shown in Fig. 1c (25).

Another interesting possibility to develop micellar sys-
tems is the use of natural surfactants such as the family of bile
salts. Bile salts are amphipathic molecules with a hydrophilic
side containing hydroxyl groups (α-side) and a hydrophobic
side with methyl groups (β-side) (26,27). This makes them
very different from the traditional surfactants employed in
pharmaceutical formulations, which are often composed of a
polar head group and a long non-polar tail. Sodium cholate
(Na-C) and sodium deoxycholate (Na-DC) are bile salts that
differ only in a hydroxyl group (Fig. 1d) (28). Several studies
have been focused on the solubilizing effect of bile salts on

Fig. 1. Molecular structures of a ABZ and RBZ, b P80, c P407, and d Na-C and Na-DC
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poorly water-soluble drugs in different formulations (27,29).
Thus, the aim of the present work was to study the capacity of
two physiological surfactants, Na-C and Na-DC, and two
synthetic flexible chain polymer surfactants, P407 and P80, to
solubilize the poorly soluble anti-parasitic agents: ABZ and
RBZ.

MATERIALS AND METHODS

Materials

ABZ (lot 035K1421), RBZ (lot BCBP1728V), P80, Na-
C, and Na-DC were purchased from Sigma-Aldrich Chemie
GmbH (Steinheim, Germany), all more than 98% pure. P407
(Pluronic® F127, average molecular weight 12.6 kDa) was
purchased from BASF (NJ, USA). Dimethyl sulfoxide
anhydrous (DMSO) ≥ 99.9% was obtained from Sigma-
Aldrich Chemie GmbH (Steinheim, Germany). All other
chemicals were of analytical grade.

Methods

Solutions

ABZ and RBZ solutions were prepared in DMSO (1 and
3 mg/mL, respectively). Surfactant solutions (5% w/v) were
prepared by dissolving in citric acid-sodium phosphate dibasic
buffer (pH 4.0, 6.0, and 7.0). P407 and P80 were dissolved at
pH 4.0 and 6.0 while bile salts were prepared at pH 7.0 due to
their pKa (Na-C, 6.4, and Na-DC, 6.6).

Mathematical Model for the Study of the Surfactant—ABZ
and RBZ Inclusion Equilibrium. Fluorescent probes have been
widely applied to study micelle formation in surfactants. The
method is based on the polarity change in the dielectric constant
of the microenvironment where the probe is included in the
micelle (30). The micelle formation process may be written in a
simplified form according to the method reported by Sepúlveda
and Pérez-Cotapos (31) by the following equilibrium:

X þDm↔X−Dm ð1Þ

where

X The optical probe
Dm The surfactant under the micelle form

Kx is the equilibrium constant of micelle formation in the
presence of the optical probe, defined as follows:

Kx ¼ X‐Dm½ �
X½ � Dm½ � ð2Þ

[X - Dm] is the total molar concentration of the optical
probe incorporated to the micelle, [X] the free concentration
of the optical probe in water and [Dm] the concentration of
the surfactant below the cmc. Assuming that the fluorescence
emissions of the optical probe are Fo in the absence of
surfactant, Fi in the presence of i concentration of surfactant

and Fm when all the optical probe is included in the micelle,
the fraction of optical probe (f) in the micelle can be
calculated as

f ¼ Fi−Fm

F0−Fm
ð3Þ

It is easy to demonstrate the following relationship
between Kx and f:

f
1− f

¼ Kx Dt½ �− Xt½ �ð Þ ð4Þ

where [Dt] and [Xt] are the total concentrations of surfactant
and optical probe in the medium, respectively.

A plot of f/(1 − f) versus ([Dt] − [Xt]) yields a strength
line with a slope of Kx (31).

The thermodynamic function values (standard Gibbs
energy (ΔG), enthalpic (ΔH), and entropic changes (ΔS))
were estimated by applying thermodynamic Eqs. 5, 6, and 7
as follows:

ΔG ¼ −RTln Kxð Þ ð5Þ

ln
K1

K2

� �
¼ ΔH

R
1
T1

−
1
T2

� �
ð6Þ

ΔG ¼ ΔH−TΔS ð7Þ

where K1 and K2 are the equilibrium constants at tempera-
ture T1 and T2, respectively, R is the universal gas constant
(8.3 × 103 kJ/mol K), and T is the absolute temperature
(30,32,33).

Fluorometric Titration of ABZ and RBZ by Addition of the
Surfactants. ABZandRBZ stock solutions (5μL)were added to
citric acid-sodium phosphate dibasic buffer to obtain a final
solute concentration of 6.3 × 10−3 and 17 × 10−3 mM, respectively.
The final concentration of DMSO was lower than 0.1% (v/v).
Thus, the effect on the fluorescence emission in aqueousmedium
can be considered negligible. Aliquots of 5 to 30 μL of surfactant
solutions were added to the buffer containing the fluorophore.
Then, the fluorescence emission spectrum was obtained between
310 and 430 nm (exciting at 294 nm) for ABZ, and between 300
and 400 nm (exciting at 290 nm) for RBZ. Spectrofluorometric
measurements were performed on an Aminco Bowman S2
spectrofluorometer (AB2, Rochester, NY) using a
thermostatized 1-cm path length cell.

Localization of ABZ and RBZ Incorporated in the
Surfactant Micelle. The solvent accessibility to the optical
probe incorporated in the micelle can be easily determined by
the fluorescence quenching technique. If the fluorescent
probe is situated in a micelle area where the solvent is
accessible to the quencher (Q), which is the substance able to
decrease the fluorescence emission, Q will have access to the
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fluorescent probe and will induce a decrease in its fluores-
cence. If Q cannot have access to the optical probe, the
fluorescence emission of the probe will not be modified. The
Stern-Volmer equation relates the intensity of the fluores-
cence to the Q concentration in a quantitative form through
the Eq. 8:

I0
Ii

¼ 1þK Q½ � ð8Þ

where Io and Ii are the fluorescence intensities of the optical
probe included in the micelle in the absence and presence of i
concentration of Q; K is the quenching constant, which is
directly related to the capacity of Q to have access to the
optical probe. In micelles where the optical probe is not
accessible to the solvent, K values are low (protective effect
of the micelle) while K value is maximum in the absence of
surfactant (free optical probe) (34). This method enables us
to determine the position of the optical probe molecule in the
micelle. The determination of K was carried out by measuring
the fluorescence emission of the probe incorporated in the
micelle after the addition of different concentrations of
acrylamide, which was used as Q. The experiment was
performed using the minimum concentration surfactant
solutions to solubilize the drugs. Then, samples were titrated
with acrylamide solution (12 M). ABZ or RBZ fluorescence
emission intensity was measured at 350 and 324 nm, exciting
at 294 and 290 nm, respectively. The experiments were
performed in triplicate, and the results were analyzed using
the Stern-Volmer equation.

Zeta Potential and Size of the Surfactant Micelles with
ABZ and RBZ Included. A Zetasizer Nano ZS90 (Malvern
Instruments, Worcestershire, UK) using dynamic light scat-
tering (DLS) was employed to measure the micelle size and
zeta potential (Zp). Surfactant solutions with ABZ or RBZ
were prepared in citric acid-sodium phosphate dibasic buffer,
varying the pH value from 4.0 and 7.0. Micelle sizes
(hydrodynamic diameter) were measured by taking into
account the first order result from a DLS experiment as an
intensity distribution of the particle size. The intensity
distribution was weighed according to the scattering intensity
of each particle fraction or family. All analyses were carried
out three times and sample readings were done in triplicate
within an angle of 90 at 25°C.

RESULTS

Effect of the Surfactant on the ABZ and RBZ Fluorescence
Emission Spectrum

No fluorescence change was observed in the course of
time, after the addition of surfactant aliquots which suggests
that the inclusion of ABZ or RBZ in the surfactant micelle is
a very fast process. ABZ aqueous solution showed a well-
defined emission peak at 350 nm (exciting at 294 nm). The
presence of P407 did not induce any significant shift in the
position of the ABZ fluorescence band. However, a little

enhancement in the fluorescence emission was observed,
suggesting an increase in the population of the exited state
of ABZ (Fig. 2). A significant blue shift of the band position
with an enhancement of the fluorescence emission was
induced by Na-C, Na-DC, and P80 (Table I). Therefore,
ABZ can be used as an optical probe to measure the polarity
of the environment where its molecule is included.

Table I shows that the new emission peak position was
displaced around 6 nm as is the case of Na-DC. On the other
hand, the assayed surfactants did not produce any effect on
the RBZ fluorescence spectrum. The micro-dielectric con-
stants (Ds) of the environments where ABZ or RBZ are
situated in the micelle of the surfactants were calculated from
their fluorescence spectra in ethanol-buffer mixtures and are
shown in Table I.

Solubilization of ABZ and RBZ by P80, P407, and Bile Salt
Solutions

ABZ solutions at 6.3 × 10−3 mM were titrated with
increased concentrations of P80, P407, and bile salts.
Figure 3 shows ABZ titration with P80 and P407. Titration
curves were expressed as the change in fluorescence intensity
(ΔF) versus surfactant concentration.

The curves had a hyperbolic shape for P80, while Na-C,
Na-DC, and P407 showed a sigmoidal behavior, in agreement
with previous reports (16). In all cases, the fit curves reached
a plateau, suggesting the presence of a saturation process in
micelle formation.

The cmc of these surfactants in the presence of ABZ was
calculated from the non-linear fitting of the ΔF versus the
total concentration of the surfactant. The cmc was estimated
as the surfactant concentration where 50% of fluorescence
change is observed. The values of cmc for the surfactants
assayed are shown in Table I. The values observed for the
surfactants in the presence of the anthelmintic compounds are
higher than those in their absence (cmc values of the
surfactants previously reported) (16,35,36).

The surfactant/fluorophore stoichiometry (S/F) ratio for
the solubilization capacity of the surfactants was determined
from the fluorometric titrations (Table I). S/F gives the
surfactant the necessary mass to solubilize the mass unity of
fluorophore. As it can be seen fromTable I, P80 showed the best

Fig. 2. Fluorescence emission spectrum of ABZ (6.3 × 10−3 mM) in
the absence and presence of non-ionic surfactants, P407 (0.0802 mM)
and P80 (0.747 mM) in citric acid-sodium phosphate dibasic buffer
(pH 4.0), 20 °C
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solubilization capacity for ABZ at pH 4.0, and good solubiliza-
tion capacity for RBZ at pH 6.0, with respect to the other
surfactants assayed. The physiological surfactants (Na-C and
Na-DC) showed concentrations tenfold higher than those of the
other two surfactants to solubilize the same amount of
fluorophore. This finding may be due to the different micelle
structure of the synthetic surfactants compared to the bile salts.
The latter have a planar spatial structure, which produces the
formation of Bsandwich^ micelles, with a low capacity to
introduce the hydrophobic solute in its interior, whereas P80
and P407 produce spherical micelles which facilitate the
inclusion of the fluorophores (26,37).

Kx (the equilibrium constant for the micelle formation
process) in the presence of ABZ was calculated using Eqs. 1–
4. The results obtained for the different surfactants are shown
in Table II. The micelle formation equilibrium was measured
at two different temperatures (293 and 310 K) and the values
of the thermodynamic function associated to the equilibrium
were calculated by applying Eqs. 5–7 (Table II).

The enthalpy associated with the micelle formation in the
presence of ABZ showed minor changes, while the entropic
changes were negative, in agreement with the formation of an
ordered structure (the micelle). However, the low enthalpy
values suggest the loss of water structure around the
hydrophilic zones or chains of the surfactants when the
micelle is formed (30).

Quenching of the ABZ and RBZ Fluorescence Included in
the Surfactant Micelle

Quenching experiments were employed to evaluate the
protection efficiency that surfactant micelles produce to the
incorporated ABZ or RBZ molecules. The fluorescence
intensity in the absence and presence of surfactant decreased
with the increase of acrylamide concentration.

Quenching plots were linear (Fig. 4), which suggests that
themolecular mechanism is only collisional.K values, calculated
from Eq. 8, decreased in the presence of all the surfactants
assayed, in comparison with the value observed in the absence
of surfactants (Table I), suggesting a partial protective effect of
the surfactants from the attack of the acrylamide. These

experiments were carried out at S/F ratio (above the cmc values)
since, under this experimental condition, all the fluorophore
molecules are included in the surfactant micelle and the free
fraction of fluorophore is negligible. Therefore, the fluorescence
quenching may be attributed only to the fluorophore in the
micelle exposed to the solvent.

As low K values were observed, it can be assumed that a
high protective effect on ABZ was produced by both P80 and
Na-DC. These values indicated that ABZ was situated in a
hydrophobic region of the micelle. On the other hand,
considering the K values observed, the surfactants P80, P407
and Na-C had a low protective effect on RBZ while Na-DC
showed a higher protective effect (Table I).

Micellar Size and Zp Analysis of the Surfactant Micelles in
the Presence of ABZ and RBZ

Micelle formation implies the presence of an auto-
ordered structure with electro-kinetics properties, such as
electrical potential, which occurs not only when the surfactant
has net electrical charge, like Na-DC and Na-C, but also with
non-ionic surfactants. These surfactants in particular, have the
capacity to absorb small ions from the medium in different
ways, acquiring an electro-kinetic potential (38).

Table I. Physicochemical Parameters that Show the Solubilization Capacity of the Surfactants, Surfactant/fluorophore (S/F) Ratio and Critical
Micellar Concentration (cmc) to ABZ (3.77 μM) and RBZ (3.55 μM), Stern-Volmer Constant (K) Values, Maximum Emission Wavelength

(λmax), and Microdielectric Constant (D)

Surfactant pH S/F (w/w) cmc (mM) K (/M) λmax (nm) D

ABZ None – – – 2.17 ± 0.05 350 79.7
P80 4.0 688 ± 4 0.343 ± 0.002 0.79 ± 0.05 345 56.1
P80 6.0 1527 ± 4 0.679 ± 0.002 0.59 ± 0.02 344 36.3
P407 4.0 860 ± 3 0.071 ± 0.002 1.28 ± 0.03 351 78.1
P407 6.0 1410 ± 3 0.116 ± 0.003 0.88 ± 0.03 349 76.5
Na-C 7.0 7590 ± 20 17.63 ± 0.04 0.93 ± 0.04 343 47.0
Na-DC 7.0 4470 ± 122 10.8 ± 0.3 0.54 ± 0.03 344 51.7

RBZ None – – – 2.29 ± 0.03 325 89.0
P80 4.0 688 ± 4 0.343 ± 0.002 2.07 ± 0.04 325 87.5
P80 6.0 656 ± 1 0.259 ± 0.002 2.23 ± 0.07 325 88.8
Na-C 7.0 4530 ± 10 5.99 ± 0.01 2.11 ± 0.06 324 78.7
Na-DC 7.0 7110 ± 20 8.71 ± 0.02 1.57 ± 0.02 324 78.7

Fig. 3. Fluorometric titration curves of ABZ (6.3 × 10−3 mM) with
increasing surfactant concentrations (P80 and P407) in citric acid-
sodium phosphate dibasic buffer (pH 4.0), 20 °C
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Table III shows average size, polydispersity index, and
Zp observed for the surfactant micelles in the presence of the
two anti-parasitic compounds. The effect of pH values was
studied for P80 and P407 (according to the fluorometric
titrations previously obtained).

The micellar size of P80 with ABZ and RBZ was not
affected by pH variation, while P407-ABZ system showed an
increase when pH varied from 4.0 to 6.0. This finding is
consistent with Zp values observed for these systems. In the
case of P80, Zp value did not changewith pH variation, while for
P407, the pH change led to a decrease in Zp value at pH 6.0,
resulting in a great capacity of interaction among the micelles.

The micelles formed by P80 were the smallest in size and
monodisperse, the mean diameter being around 10 nm, while
those formed by P407 presented larger size values and a high
polydispersity index, with a mean diameter of around 400 nm.
Micellar size of Na-C was larger for ABZ in comparison to
RBZ, which might be due to a higher concentration of Na-C
in the ABZ micellar system. The parameters could not be
determined due to the gelation process in the system
prepared with Na-DC and ABZ, while, in the case of Na-
DC and RBZ, a great deviation in size values was observed.

DISCUSSION

Fluorescence properties of ABZ and RBZ are favorable
to elucidate the process of micellization. Thus, the fluores-
cence emission process has been used as a tool to determine
the capacity of the selected surfactants to solubilize the two
anthelmintic drugs.

The Lippert theory predicts a shift in the energy of the
optical probe fluorescence emission due to a change in the
polarity of the solvent where the fluorophore is located. As a
consequence, the maximum emission wavelength (λmax)
position of the fluorescence band is a reflex of the environ-
ment polarity where the drug is dissolved in the micelle of the
surfactants assayed (39,40). Thus, a null or very poor shift in
the λmax when ABZ is included in the micelle, as is the case
of P407, suggests that the environment has a polar character
and the solvent molecules have access to the optical probe.
The blue shift from 350 to 345 nm observed when ABZ was
included in P80, Na-DC and Na-C, suggests a major non-
polar character of the ABZ microenvironment in the micelles
of these surfactants. RBZ showed a poor change in the
fluorescence band when the molecule was included in the
micelle, which could be caused by the presence of a S=O
group in its molecule, which is very polar and could
deactivate the excited state (34).

The mechanism of micelle formation is usually associated
with high cooperativity, multiplicity of organization, and also

Table II. Thermodynamic Parameters of ABZ in the Presence of P80
and P407. Medium Citric Acid-sodium Phosphate Dibasic Buffer

(pH 4.0), Temperature 293 K

Surfactant Kx

(× 105/M)
ΔG°
(kJ/mol)

ΔH°
(J/mol)

TΔS°
(kJ/mol)

P80 2.67 − 30.42 − 79.15 − 30.5
P407 2.79 − 30.53 914 − 29.6

Fig. 4. Stern-Volmer plots for ABZ alone and ABZ incorporated in surfactant micelles. a P80 and P407 micelles in
citric acid-sodium phosphate dibasic buffer (pH 6.0). b Na-C and Na-DC in citric acid-sodium phosphate dibasic
buffer (pH 7.0), 20 °C

Table III. Average Size, Polydispersity Index and Z Potential (Zp)
Observed for the Surfactant Micelles in the Presence of ABZ and

RBZ

Surfactant pH Average
size (nm)a

PI Zp (mV)a

ABZ P80 4 10.2 ± 0.3 0.277 − 4.7 ± 0.9
P80 6 10.1 ± 0.5 0.218 − 4.4 ± 0.5
P407 4 360 ± 159 0.967 − 1.5 ± 0.2
P407 6 459 ± 105 0.838 − 0.0 ± 0.8
Na-C 7 226 ± 20 0.764 − 8.3 ± 0.6
Na-DC 7 ND ND ND

RBZ P80 4 9.8 ± 0.5 0.129 − 6 ± 2
P80 6 10.19 ± 0.08 0.144 − 3.1 ± 0.6
Na-C 7 101.7 ± 6.8 0.836 − 16 ± 1
Na-DC 7 49 ± 46 0.349 − 42 ± 3

aThe measurements were done in triplicate. Table shows mean ±
standard deviations
PI polydispersity index (≤ 0.5 monodisperse; > 0.5 polydisperse), ND
not determined
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with the dynamics of micellar environments, such as a non-
polar core, a slightly polar palisade layer and a more polar
micelle-water interface (30).

Typical ionic and non-ionic surfactants contain a flexible
cylindrical body and aggregate in spherical or ellipsoidal
micelles with the hydrophobic chains forming a liquid hydro-
carbon core (30), allowing the incorporation of the hydrophobic
molecules into their interior. Thus, synthetic surfactants have a
high capacity to solubilize hydrophobic molecules, as is the case
with P407 and P80 assayed in this work.

Bile salts do not behave analogous to conventional
surfactants that contain a clear-cut polarity gradient between
the hydrophilic and the hydrophobic parts. They show well-
defined behavior to self-association and molecular solubiliza-
tion. The cmc for a given bile salt is largely determined by its
hydrophilic-hydrophobic balance. Bile salts are rigid mole-
cules, and when several of them are side by side, the
hydrophobic faces are considered to be in contact with each
other, while the hydrophilic faces are in contact with the
aqueous environment (41). Small et al. (42) demonstrated
that the micelle formation of bile salts proceeds in two steps:
(1) primary micelles of low molecular mass are formed
through hydrophobic interactions; (2) secondary micelles are
then formed by the aggregation of these primary micelles. As
this model involves a polydispersity in the aggregation
number, cmc does not appear as a point but as a concentra-
tion range (43). This mechanism of micelle formation has two
consequences: first, the micelle formation process is highly
cooperative, as found in this work; and second, since the
hydrophobic molecules are situated among the bile salt
molecules forming the micelle, the solubilization capacity of
these surfactants is lower than that of the conventional
micelle of the synthetic surfactants. Also, this model implies
that the inclusion of ABZ and RBZ into these micelles
follows a sigmoidal behavior as it was seen from the titration
curves. Tenfold higher concentrations of bile salts were
required to solubilize a given amount of ABZ or RBZ, in
comparison to P80 and P407, which is a clear disadvantage for
bile salts as solubilizers. However, bile salts do not have any
administration incompatibilities due to their physiological
character.

No differences in the solubilization capacity of surfac-
tants P80 and P407 to solubilize ABZ and RBZ were found.
Nevertheless, both surfactants were more efficient to protect
ABZ than RBZ from the acrylamide attack. In these non-
ionic surfactants, solubilization capacity for ABZ was better
at pH 4.0 than at pH 6.0.

CONCLUSIONS

In summary, micellar solutions were prepared with two
poorly soluble compounds. Fluorescence emission was
employed as the main tool to analyze the inclusion of the
ABZ and RBZ into the micellar systems. Among the
surfactants, P80 and P407 showed higher solubilization
capacity than the bile salts assayed, especially for ABZ at
pH 4.0. Moreover, P80 micellar system presented the smallest
size, monodispersity and good protective efficacy in the
quenching experiments. On the other hand, Na-DC had
better protective efficacy for ABZ and RBZ, showing the
inclusion of the drug into the micelles.

Our results are the first step in the design of novel anti-
parasitic solutions so as to improve current pharmaceutical
formulations.
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