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Alan L. Melo e, José B.B. da Silva b, Rubén D. Sinisterra b,

Cynthia Demicheli b, Frédéric Frézard a,∗
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bstract

It has been previously reported that �-cyclodextrin (�-CD) enhances the oral absorption of the pentavalent antimony (Sb) drug, meglumine
ntimoniate (MA). Contrary to the drugs commonly used in association with �-CD, MA is highly soluble in water (solubility >300 mg/mL) and,
herefore, the mode of action of �-CD in this system requires clarification. ESI(−)-MS analysis of MA and of the MA/�-CD composition indicated
he formation of a 1:1 association compound between 1:1 Sb–meglumine complex and �-CD. A stability constant on the order of 100 L mol−1 was
etermined for this association compound. When MA solution was heated for 48 h at 55 ◦C to mimic the conditions used to prepare MA/�-CD,
A was found to suffer dissociation, from high molecular weight Sb complexes into species of lower molecular weight. Strikingly, heated MA
as found to be more extensively absorbed in mice by the oral route than MA freshly prepared at room temperature. In vitro skin permeation
xperiments using MA and MA/�-CD indicated a two-fold increase in the Sb flux for MA/�-CD. These findings support the hypothesis that the
mproved oral absorption of Sb arises from the increased permeation of MA across lipid bilayers, as a result of the enhanced availability of 1:1
b–meglumine complex.
2006 Elsevier B.V. All rights reserved.

SI-MS

h
t
w
w

eywords: Cyclodextrin; Oral; Topical; Antimony; Meglumine antimoniate; E

. Introduction

Cyclodextrins are cyclic oligosaccharides composed of
lucose units joined through �-1,4 glycosidic bonds, which are

ell known in recognition chemistry as molecular hosts capable
f including, with a degree of selectivity, water-insoluble
uest molecules via non-covalent interactions within their

∗ Corresponding author. Tel.: +55 31 34992940; fax: +55 31 34992924.
E-mail address: frezard@icb.ufmg.br (F. Frézard).
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ydrophobic cavity (Szejtli, 1998). The ability of cyclodex-
rins to enhance oral or dermal absorption of drugs is a
ell-documented property, especially in the case of poorly
ater-soluble drugs (Rajewski and Stella, 1996; Szejtli, 1998;
irayama and Uekama, 1999; Matsuda and Arima, 1999;
oftsson and Masson, 2001). This property has been attributed

o the increase in thermodynamic activity of the drug in the

ehicle and/or to the enhancement of the rate of drug dissolution.

The pentavalent organoantimonial drug, meglumine antimo-
iate (MA), has been used as the first-line drug for the treatment
f leishmaniasis (Berman, 1997). Recently, pentavalent antimo-

mailto:frezard@icb.ufmg.br
dx.doi.org/10.1016/j.ijpharm.2006.06.014
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ials were also found to exert activity against cancer, hepatitis
and AIDS (Yan et al., 2005). We reported previously that

he association of MA with �-cyclodextrin (�-CD) enhances
he oral absorption of Sb in mice and renders MA orally active
n a murine model of cutaneous leishmaniasis (Demicheli et
l., 2004). However, since MA is a highly water-soluble com-
ound and, most probably, does not interact with the internal
ydrophobic cavity of �-CD (Demicheli et al., 2004), this asso-
iation compound differs physicochemically from conventional
nclusion compounds and its mechanism of action remains to be
lucidated.

To obtain further insight into the mode of action of the MA/�-
D composition, MA and MA/�-CD were characterized by
lectrospray ionization mass spectrometry (ESI-MS), circular
ichroism (CD) and vapor pressure osmometry. It is reported that
he process used to prepare the MA/�-CD composition induces
he dissociation of MA from high molecular weight Sb com-
lexes into species of lower molecular weight. Moreover, MA
n its dissociated state was found to be more effectively absorbed
n mice by the oral route. The ability of MA/�-CD to enhance
he permeability of Sb across lipid bilayers was also investigated
sing the in vitro skin permeation model.

. Materials and methods

.1. Materials

N-methyl-d-glucamine (NMG) and SbCl5 were obtained
rom Aldrich Chemical Co. (Milwaukee, WI, USA), �-CD
rom Sigma Chemical Co. (St. Louis, MO, USA) and potassium
exahydroxoantimoniate (KSb(OH)6) from Fluka Chemie
mbH (Switzerland). All other reagents were of at least reagent
rade. Double distilled, deionized water was used throughout
he experiments.

.2. Preparation of MA and of MA/β-CD composition

MA was synthesized as previously described (Demicheli et
l., 1999, 2003), from an equimolar mixture of NMG and freshly
recipitated, hydrated Sb pentoxide, which was obtained from
bCl5 hydrolyzed in water. The resulting product contained 29%
f Sb by weight, as determined by inductively coupled plasma
ptical emission spectrometry. The MA/�-CD composition was
repared, as previously described (Demicheli et al., 2004) by
ixing �-CD and MA in water at a 1:1 �-CD/Sb molar ratio,

eating the mixture for 48 h at 55 ◦C under stirring and finally
reeze-drying the resulting solution.

.3. ESI mass spectrometric analyses of MA and MA/β-CD
omposition

ESI-Q-ToF mass spectrometry analyses were carried out
sing a Q-ToF MicroTM (Micromass, UK) equipped with an

lectrospray ionization source operated in the negative or in the
ositive ion mode. Capillary voltage was 3–3.5 kV and sam-
le cone voltages were 30–60 V. Mass spectrometer calibrations
ere made by using sodium iodide with caesium iodide in the

d

M
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00–2000 m/z range. On the basis of isotope ratios, most ionic
pecies observed in MA appeared to have a charge of −1 or +1
uch that the mass/charge ratio (m/z) is equal to the molecular
eight. In the ESI-MS spectra, Sb–NMG complex ions were

asily characterized as containing Sb by the distinctive isotope
attern of antimony (ratio of 121Sb:123Sb, 75:43). The number
f Sb atom in each complex was also determined from the spe-
ific isotope patterns: doublet for one Sb atom, triplet for two
b atoms and quadruplet for three Sb atoms. The compounds
ere prepared in water, typically at 1 mg/mL, and introduced
sing a syringe pump with a flow rate of 5–10 �L/min. Collision-
nduced dissociation (CID) was performed to confirm the struc-
ure of the compounds, by using argon and collision energies in
he range of 20–50 eV. Data were analysed by MassLynx® 4.0
oftware. Each species is indicated in the following with the m/z
alue of the first peak of its isotopic cluster.

.4. Osmolarity measurements of aqueous MA solutions

A solution of MA was first prepared in water at 0.7 mol/L of
b. At t = 0, this solution was diluted in water at 0.1 mol/L of Sb
nd the resulting solution was immediately divided into three
roups of three samples. The first group was incubated at 25 ◦C,
he second group was incubated at 37 ◦C and the third group
as incubated at 55 ◦C. Osmolarity measurements were carried
ut at 25 ◦C at different time intervals using a Vapor Pressure
smometer, Vapro5520 – Wescor®, Logan (Utah, USA).

.5. Circular dichroism study of the interaction of MA with
-CD

UV absorption and CD spectra were recorded on a Jobin
von-Spex Mark CD6 dichrograph. In the study of the forma-

ion of MA complex, NMG and KSb(OH)6 were mixed in water
t an equimolar ratio and the resulting mixture was incubated
t 55 ◦C. In the study of the formation of MA/�-CD associ-
tion compound, MA was incubated for 90 min at 55 ◦C at a
0 mmol/L final Sb concentration, in the presence of �-CD at
ifferent concentrations (0, 10, 20, 30, 40 or 50 mmol/L). The
olutions were then transferred to a 0.1 cm quartz cuvette and
he CD spectra were immediately recorded. The CD signal is
iven as �ε, which is the differential molar dichroic absorption
oefficient (�ε = εL − εR in L cm−1 mol−1) and is expressed in
erms of the molar concentration of NMG.

Assuming that the main compound formed between �-CD
nd MA is a 1:1 association compound (named MA/�-CD), the
olar concentration of MA/�-CD can be expressed as:

MA/�-CD] = [MA]tot(�ε − �εMA)/(�εMA/�-CD − �εMA)

here [MA]tot = [MA] + [MA/�-CD]; [MA] is the molar con-
entration of free MA; and �εMA and �εMA/�-CD are the differ-
ntial molar dichroic absorption coefficients of MA and of the
A/�-CD association compound, respectively.

The stability constant for the formation of MA/�-CD (K) was

etermined assuming the following equilibrium:

A + �-CD ↔ MA/�-CD
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nd using the following equation:

/[MA] = K{([�-CD]tot/[MA/�-CD]) − 1}.

.6. Oral absorption of Sb in mice from MA and MAβ-CD
omposition

Swiss mice (female, weighing 25 ± 3 g) were obtained
rom Cebio (Centro de Bioterismo do Instituto de Ciências
iológicas, Universidade Federal de Minas Gerais). Free access
as allowed to standard diet and tap water was supplied ad

ibidum.
Animals received, through oral inoculation with the aid of

needle gauge, the following preparations at 100 mg Sb/kg
f body weight: MA in water, freshly prepared at 25 ◦C and
.05 mol/L of Sb from acetone-precipitated MA (as described
n Section 2.2.); MA in water, freshly prepared at 25 ◦C and
.05 mol/L of Sb from freeze-dried MA after incubation for 48 h
t 55 ◦C in water at 0.05 mol/L of Sb; MA in water, freshly
repared at 0.05 mol/L of Sb and 25 ◦C in the presence of
.05 mol/L �-CD; MA/�-CD composition in water, freshly pre-
ared at 0.05 mol/L of Sb from freeze-dried MA/�-CD obtained
s described in Section 2.2. Four mice from each group were
acrificed 3 h after administration.

Experimental protocols were performed in accordance with
he guidelines for the humane use of laboratory animals and
eceived approval from the Ethics Committee in Animal Exper-
mentation of the Federal University of Minas Gerais (protocol
o 004/03). The time of 3 h was chosen because it represents the
hase of drug elimination, as evidenced by the serum pharma-
okinetics of Sb previously determined for MA and MA/�-CD
n Swiss mice (Demicheli et al., 2004). Blood samples were
btained and the serum was recovered and frozen.

The serum was assayed for Sb by atomic absorption spec-
rometry with a graphite furnace (ETAAS) without digestion of
he sample, as previously described (Demicheli et al., 2004),
sing zirconium (Zr) and rhodium (Rh) as permanent modi-
ers. Briefly, samples were diluted five times with 1% (v/v)
itric acid containing 0.02% cetyltrimethylammonium chloride
CTAC). Pyrolytic graphite coated tubes were pre-treated with
50 �L of noble metal solution (1000 mg/L) and then submit-
ed to the temperature gradient program. This procedure was
epeated five times in order to obtain a deposit of 500 �g Zr
nd 250 �g Rh. The diluted samples (20 �L) were then added
nto the graphite tube. All measurements were carried out using
yrolysis and atomization temperatures of 900 and 1900 ◦C,
espectively, with a Hitachi (Mitorika, Ibaraki, Japan) Z-8200
tomic absorption spectrometer, equipped with a graphite fur-
ace and an autosampler (SSC-300, Hitachi) and with polarized
eeman effect background correction.

.7. In vitro skin permeation of Sb from MA and MA/β-CD

omposition

Full thickness skin was excised from the abdominal surface of
–8 weeks old hairless mice (HRS/J strain, originally obtained

w
t

(
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rom Jackson Laboratories, Bar Harbor, ME) and immediately
ounted in a Franz diffusion cell. Experiments were carried out,

nder non-occlusive conditions, in the absence or presence of
he stratum corneum (SC). The SC was removed by stripping
he skin with a cellophane tape. The available diffusion area of
he diffusion cell was 1.76 cm2. Receptor phase, maintained at
7 ◦C, was an isotonic phosphate buffer saline (PBS, pH 7.2)
ontaining 0.01% of HgCl2 as preservative. MA and MA/�-CD
issolved in water were applied onto the skin (100 �L containing
30 �g of Sb). The receptor fluid was removed at specific times
2, 4, 6, 8 h) and immediately replaced by fresh solution. After
h, the skin surface was washed three times with an aqueous

olution containing 1% (w/v) of polyoxyethylene 20-oleyl ether
nd then dried with a cotton swab. The extraction of Sb from the
kin fragments was performed by dilacerating the skin in 5 mL
f PBS using an Ultra-Turrax.

Sb was assayed in the receptor phase and the skin extract by
TAAS, using a mixture of ruthenium (Ru) and rhodium (Rh)
s permanent modifiers. Briefly, samples were diluted five times
ith 1% (v/v) nitric acid containing 0.02% CTAC. Pyrolytic
raphite coated tubes were pre-treated, as previously described
Demicheli et al., 2004), with 150 �L of noble metal solution
1000 mg/L) and then submitted to the temperature gradient
rogram. This procedure was repeated five times in order to
btain a deposit of 500 �g Ru and 250 �g Rh. The diluted
amples (20 �L) were then added into the graphite tube. All mea-
urements were performed, as described above, using pyrolysis
nd atomization temperatures of 900 and 1600 ◦C, respectively,
hich gave symmetric absorption peaks and Sb recuperation

fficiency for Sb-contaminated samples close to 100%.

.8. Statistical analysis

Comparisons between serum Sb levels were performed by
nalysis of variance (one-way ANOVA, with Tukey’s Multiple
omparison Post-test). A P-value of <0.05 was considered sta-

istically significant.

. Results

.1. Characterization of MA and MA/β-CD composition by
SI-MS

The chemical compositions of MA and of its association
ompound with �-CD (MA/�-CD) were investigated using elec-
rospray ionization mass spectrometry in the negative mode
ESI(−)-MS). The MA/�-CD association compound could not
e detected in the positive mode at the neutral pH of the MA/�-
D solution (data not shown), because of the zwitterionic char-
cter of this specie and, presumably, the very low pKa of the
ntimonic acid group (Demicheli et al., 1999).

Fig. 1A and B display the negative ESI spectra obtained for
A and MA/�-CD, respectively. Table 1 shows the molecular

eight of the main species observed in the spectra as well as

heir proposed structure.
ESI(−)-MS data for MA shows Sb–N-methyl-D-glucamine

Sb–NMG) major complex ions at m/z 364, 516, 541, 675
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Fig. 1. ESI(−)-MS spectra obtained

nd 845. This data confirms previous ESI(+)-MS observa-

ions (Roberts et al., 1998; Demicheli et al., 2003), indicat-
ng that MA consists of a mixture of polymeric structures
ith the general formula, (NMG–Sb)n, (NMG–Sb)n–NMG and

Sb–NMG)n–Sb. Taking into account the value of the pKa

1
n
w
n

A (A) and MA/�-CD (B) in water.

f NMG amine group on the order of 10 (Demicheli et al.,

999), the major 1:1 Sb–NMG complexes observed in the
egative mode (m/z of 328, 346 and 364) are in equilibrium
ith their zwitterionic form, which should predominate at
eutral pH. This notion is further supported by the observa-
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Table 1
Ionic species identified in the ESI(−)-MS spectra obtained with meglumine
antimoniate and its association compound with �-CD

Ionic species m/z

[Sb(O)2(OH)2]− 187
[(NMG)Sb(O)–4H]− 328
[(NMG)Sb(O)(OH)–3H]− 346
[(NMG)Sb(O)(OH)2–2H]− 364
[(NMG)(Sb)2(O)2(OH)2–5H]− 498
[(NMG)(Sb)2(O)2(OH)3–4H]− 516
[(NMG)2Sb(O)–4H]− 523
[(NMG)2Sb(OH)2–4H]− 541
[(NMG)2(Sb)2(O)(OH)–8H]− 657
[(NMG)2(Sb)2(OH)3–8H]− 675
[(NMG)2(Sb)3(O)5–6H]− 827
[(NMG)2(Sb)3(O)4(OH)2–6H]− 845

[�-CD–H]− 1134
m/z 364 + �-CD 1499
m/z 346 + �-CD 1481
m
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m
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t

v
time course of osmolarity changes of MA solutions in water
/z 328 + �-CD 1463

ion that MA behaves as a weak electrolyte (Demicheli et al.,
999).

The ESI(−)-MS spectrum obtained for MA/�-CD associa-
ion compound (Fig. 1B) shows peaks related to the presence of
ree MA (at m/z 328, 346, 364, 498, 516, 657, 675, 693, 827,
45) and free �-CD (at m/z 1134, 1170). Some other peaks, cor-
esponding to new species containing one atom of Sb, could also

e observed at m/z 1499, 1481 and 1463. The molecular struc-
ure proposed for the m/z 1499 species was further confirmed by
CID experiment. As shown in Fig. 2, the fragmentation of the

(
d
(

Fig. 2. CID experiment performed for m/z 1499 species id
ig. 3. Time-course of osmolarity changes of freshly prepared MA solution at
.1 mol/L of Sb at different temperatures: 25 ◦C (�), 37 ◦C (©) and 55 ◦C (�).
ata are given as means ± S.D. (n = 3).

/z 1499 species led to the appearance of a major complex ion at
/z 364. The appearance of this species is in agreement with the

ormation of a compound in which one 1:1 Sb–NMG complex
s associated to one �-CD molecule (364 + 1135 = 1499).

.2. Study of the dissociation of MA at different
emperatures

The state of dissociation of MA in water was evaluated from
apor pressure osmometry measurements. Fig. 3 depicts the
at 0.1 mol/L of Sb) incubated at different temperatures, imme-
iately after their dilution from a concentrated MA solution
at 0.7 mol/L of Sb). The initial osmolarity was equal to about

entified in the ESI(−)-MS spectrum of MA/�-CD.
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3 h after administration of each preparation at 100 mg Sb/kg
of body weight. A significantly greater Sb level was observed
after dissociated MA (MAh), when compared to non-dissociated
4 P.S. Martins et al. / International Jou

.055 osmol/L, indicating an average of two Sb atoms per parti-
le in solution. At the three temperatures studied, an increase in
smolarity was observed during the first 3 h of incubation. These
hanges can be attributed to the dissociation of MA from high
olecular weight Sb complexes into species of lower molecular
eight. Increases on the order of 10%, 60% e 85% were observed

t 25, 37 and 55 ◦C, respectively. The final value of osmolar-
ty of 0.11 ± 0.01 osmol/L achieved at 55 ◦C corresponds to an
verage of one Sb atom per particle in solution, suggesting the
redominance of 1:1 Sb–NMG complex.

When the MA solution, after 48 h of incubation at 55 ◦C, was
reeze-dried and then reconstituted in water at its original con-
entration, an osmolarity of 0.10 ± 0.01 osmol/L was obtained,
ndicating that the freeze-drying process preserved the higher
bundance of low molecular weight species in MA.

ESI(−)-MS and ESI(+)-MS experiments were also per-
ormed in order to evaluate the molecular changes in MA
nduced by the heating. After heating of the MA solution
0.1 mol/L of Sb) for 3 h at 55 ◦C, significant changes in the
elative abundance of the different peaks were observed in the
ositive mode, but not in the negative mode (data not shown).
he main changes in the positive mode were a two-fold increase
f the relative abundance of NMG peak (m/z = 196) and a two-
old decrease of the relative abundance of the peak at m/z 818,
reviously attributed to a 2:3 Sb–NMG complex (Roberts et al.,
998). This data further supports the notion that the heating of
he MA solution promoted the dissociation of MA into species
f lower molecular weight. Nevertheless, one should keep in
ind that the mass spectrum does not necessarily reflects the

omposition of the starting material, since detection efficiency
ay decrease with mass and some aggregation may occur as an

rtifact of the electrospray process.

.3. Determination of the stability constant for MA/β-CD
ssociation compound

We have shown previously that incubation of potassium anti-
oniate with NMG at 55 ◦C leads to the formation of MA

Demicheli et al., 2003). Antimoniate in water exhibits an UV
bsorption below 250 nm but did not show any detectable CD
and. We report here that the reaction of potassium antimoniate
ith NMG is accompanied by the appearance of a CD band with
maximum intensity at 215 nm, evidencing an induced chirality
s a consequence of the binding of NMG to Sb. Fig. 4 shows the
inetics of appearance of the CD signal at 215 nm, following the
eaction of Sb with NMG at 55 ◦C.

We took advantage of this characteristic CD signal to inves-
igate the interaction of MA with �-CD. Fig. 5 displays the
hanges induced in the CD spectrum of MA in the presence of
-CD at varying concentration, after incubation for 90 min at
5 ◦C. A red shift and a decrease of CD signal intensity were
bserved until a plateau was reached.

Assuming that MA consists mainly of a 1:1 Sb–NMG com-

lex at 55 ◦C and that �-CD forms essentially a MA/�-CD
ssociation compound according to the following equation:

A + �-CD ↔ MA/�-CD

F
i
4

ig. 4. Kinetics of appearance of circular dichroism signal at 215 nm, following
eaction of KSb(OH)6 with NMG at 55 ◦C. [KSb(OH)6] = [NMG] = 10 mmol/L.
ata are shown as means ± S.D. (n = 3).

stability constant (K) for MA/�-CD could be estimated. Its
alue was found to be equal to 104 ± 24 L mol−1.

.4. Oral bioavailability of Sb from dissociated MA

The observation that MA suffers dissociation into 1:1
b–NMG complex in the conditions of temperature and con-
entration used in the process of preparation of the MA/�-CD
omposition led us to investigate the contribution of MA dis-
ociation to the improved oral absorption of MA/�-CD. Four
ifferent preparations of MA were obtained and evaluated for
heir ability to promote the oral absorption of Sb in mice: solu-
ions of MA in water, freshly prepared at 25 ◦C and 0.05 mol/L
f Sb, in the absence (MA) or in the presence of 0.05 mol/L �-
D (MA + �-CD); a solution of MA in water, freshly prepared
t 25 ◦C and 0.05 mol/L of Sb, from freeze-dried MA previously
eated for 48 h at 55 ◦C and 0.05 mol/L of Sb (MAh); the con-
entional MA/�-CD association compound freshly prepared in
ater at 0.05 mol/L of Sb.
Fig. 6 displays the level of Sb achieved in the serum of mice,
ig. 5. Circular dichroism spectra of solutions of MA in the presence of increas-
ng concentration of �-CD (0, 10, 20, 30, 40, 50 mmol/L for spectra 0, 1, 2, 3,
and 5, respectively), after incubation for 90 min at 55 ◦C. [Sb] = 10 mmol/L.
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Fig. 6. Serum Sb concentrations in Swiss mice, 3 h after oral administration of
MA under different chemical forms at 100 mg Sb/kg. MA: MA in water, freshly
prepared at 25 ◦C and 0.05 mol/L of Sb from acetone-precipitated MA; MAh:
MA in water, freshly prepared at 25 ◦C and 0.05 mol/L of Sb from freeze-dried
MA after incubation for 48 h at 55 ◦C in water at 0.05 mol/L of Sb; MA + �-CD:
MA in water, freshly prepared at 25 ◦C and 0.05 mol/L of Sb in the pres-
ence of 0.05 mol/L �-CD; MA/�-CD: MA/�-CD in water, freshly prepared
at 0.05 mol/L of Sb from freeze-dried MA/�-CD association compound. Data
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re given as means ± S.D. (n = 4). Statistically significant differences were found
etween MAh and MA (P < 0.05) or MA + �-CD (P < 0.05), between MA/�-CD
nd all other groups, using One-Way ANOVA followed by Tukey’s Post-test.

A (MA), indicating that the dissociation of MA resulted in an
mproved oral absorption of Sb. Nevertheless, MAh was signif-
cantly less effective than MA/�-CD composition, indicating a
pecific contribution of �-CD to the enhanced oral absorption of

A. The fact that �-CD, in the MA + �-CD physical mixture,
ailed to improve the oral absorption of MA strongly suggests
hat specific interactions between MA and �-CD are required
or achieving an enhanced oral absorption of Sb.

.5. In vitro skin permeation of Sb from MA and MA/β-CD
omposition

The ability of MA/�-CD composition to enhance the perme-
bility of Sb across lipid bilayers was investigated using the in
itro skin permeation model. Fig. 7A shows the in vitro skin per-
eation profiles of Sb across hairless mouse skin, when Sb was

iven as MA or MA/�-CD. A linear relationship was obtained
hen the total amount of Sb in the receptor phase was plot-

ed against time. The amounts of permeated Sb after 8 h, across
ntact skin, were 7% and 14% of the applied dose for MA and

A/�-CD, respectively. Therefore, the association of MA to
-CD enhanced two times the flux of Sb across the skin. Strik-

ngly, the skin retention of Sb was also increased significantly
rom 20.3 ± 1.5 �g (MA) to 27.0 ± 2 �g (MA/�-CD).

Stripped skin was employed to investigate the importance of
he SC as a diffusion barrier for MA and MA/�-CD and also to
imulate the loss of SC barrier as frequently observed in cuta-
eous leishmaniasis when lesions progress to ulcers. Fig. 7B
hows the permeation profiles of Sb across stripped skin. As con-
equence of SC removal, the flux of Sb was strongly enhanced
or both compounds. Furthermore, Sb flux was six- to eight-

old greater for MA/�-CD than for MA. This data is consistent
ith the idea that the SC is the main diffusion barrier for both

ompound and that �-CD easily permeates across stripped skins
Loftsson and Masson, 2001).

t
m
d
a

ice. Compounds were applied as 430 �g of Sb in 100 �L of water. Data are
hown as means ± S.D. (n = 3). The error bars smaller than the symbols were
ot shown.

. Discussion

Cyclodextrins have been applied to optimizing the oral and
ermal delivery of drugs (Rajewski and Stella, 1996; Szejtli,
998; Hirayama and Uekama, 1999; Matsuda and Arima, 1999;
oftsson and Masson, 2001). This relevant property, however,
as been reported mainly for poorly water-soluble drugs. It has
een attributed to the increase in the drug thermodynamic activ-
ty and/or in the rate of drug dissolution, as a result of the
ormation of an inclusion compound.

In the present study, new insights into the mode of action of
-CD as an absorption enhancer of the water-soluble drug MA
ere achieved.
In a first step, MA and its association compound with �-

D were characterized physicochemically by ESI-MS and CD.
tructural studies of the �-CD association compounds should

ake into account the truncated cone-shaped structure of �-CD
hat exhibits a hydrophilic outer surface and a hydrophobic cen-
ral cavity. The occurrence of interactions between �-CD and

A was previously suggested through the changes induced in
he spin lattice relaxation times of protons in both compounds
Demicheli et al., 2004). However, the fact that no change in
H NMR resonance of the protons of both MA and �-CD
as observed upon formation of the association compound and
hat �-CD hydrophobic cavity did not loose the included water
olecules led us to propose that MA/�-CD is not a conventional

rug/cyclodextrin inclusion compound but, rather, an associ-
tion compound in which MA interacts with the hydrophilic



4 rnal

o
r
(

c
c
a
c
f
t
w
C
i
p
C
(
w
s
t

o
(
e
u
a
s
m
e
t
o
t
e

M
t
o
o
a
p
a
t
t
M
t
m
a
(
i
s
i
e
i

C
S
w
p

t
M
t
m
t
c
o
a
t
c
C
a
c
c
1

a
a
(
r
O
t
Y
h
p
e

b
a
p
a
p
fl
c
w
S
t
�
t
s
2
m
s
i
d
a
1
n
a
c
a
s
o

6 P.S. Martins et al. / International Jou

uter surface of the �-CD molecule, presumably at the largest
im’s torus, where OH-3 (hydroxyls at the 3 position) are located
Demicheli et al., 2004).

In the present study, the MA/�-CD composition was further
haracterized physicochemically. It was found to contain a new
hemical entity, in which one 1:1 Sb–NMG complex is associ-
ted to one �-CD molecule. Although other antimonial/�-CD
ompounds resulting from multiple associations may also be
ormed, those were not detected by ESI-MS and are not expected
o be predominant at the 1:1 Sb/�-CD molar ratio used in our
ork. The low stability constant determined for the 1:1 MA/�-
D association compound further supports the hypothesis that

t is a non-covalent complex and that weak interactions, most
robably hydrogen bonds, are taking place between MA and �-
D. The high stability constant determined previously for MA

K ∼ 8600 L mol−1) (Ferreira et al., 2006) is also in agreement
ith the notion that the 1:1 Sb–NMG complex does not suffer

ignificant dissociation upon formation of MA/�-CD associa-
ion compound.

ESI(+)-MS analyses of MA have suggested the existence
f a mixture of polymeric structures with the general formula,
NMG–Sb)n–NMG, (Sb–NMG)n–Sb and (NMG–Sb)n (Roberts
t al., 1998; Demicheli et al., 2003). The existence of high molec-
lar weight polymers in concentrated aqueous MA solutions is
lso supported by particle size analysis using photon correlation
pectroscopy that reveals the presence of nanoparticles with a
ean hydrodynamic diameter in the range of 1.5–3 nm (Frézard

t al., unpublished results). It was also reported that, upon dilu-
ion of concentrated aqueous MA solution, a slow increase in the
smolarity of MA solution occurs, evidencing a depolymeriza-
ion and/or dissociation of Sb–NMG complexes in MA (Roberts
t al., 1998).

This observation led us to investigate possible changes in
A’s polymerization state under the conditions used to prepare

he association compound as well as the influence of the state
f polymerization of MA on its oral bioavailability. The heating
f the MA solution at 55 ◦C was found to promote the dissoci-
tion of MA, presumably into 1:1 Sb–NMG complex, and the
redominance of these low molecular weight species persisted
fter freeze-drying. Moreover, our data obtained in mice indicate
hat the dissociation of MA resulted in an improved oral absorp-
ion of the drug. These findings suggest that the heating of the

A solution before administration may be an effective means
o improve the oral bioavailability of Sb and, thus, this process

ay encounter applications for the oral treatment of leishmani-
sis (Demicheli and Frézard, 2005), cancer, hepatitis C or AIDS
Yan et al., 2005). This data is of great importance, especially
f we consider that conventional antimonial chemotherapy con-
ists of daily intramuscular injections for at least 30 days and
s often accompanied by local pain (Berman, 1997). Thus, an
ffective oral formulation would result in fewer side effects and
n improved patient compliance, reducing treatment failures.

These results also suggest that the ability of the MA/�-

D association compound to improve the oral absorption of
b arises, at least in part, from the dissociated state of MA,
hich resulted in a higher concentration of low molecular weight
ermeable Sb species. The fact that the MA/�-CD associa-

i
s
[
t

of Pharmaceutics 325 (2006) 39–47

ion compound was more effective than the heated MA and the
A + �-CD physical mixture also suggests that factors related

o the specific interaction of MA with �-CD are involved in the
ode of action of MA/�-CD. It may be that MA/�-CD main-

ains a higher proportion of the 1:1 Sb–NMG complex when
ompared to the heated MA or promotes an ionization state
f the 1:1 Sb–NMG complex more favorable to its permeation
cross the gastrointestinal barrier. Alternatively, since cyclodex-
rins are poorly digested in the small intestine but are almost
ompletely degraded in the colon, the association of MA to �-
D may change the drug absorption site (colon). However, such
property has been described only for drugs covalently bound to
yclodextrins and is not expected in the case of drug/cyclodextrin
omplex of very low stability constant (Hirayama and Uekama,
999).

The mechanism of permeation of pentavalent antimonials
cross biological membranes is still poorly understood. Whereas
quaglyceroporins and multidrug-resistance associated proteins
MRP) were found to mediate the passive and active transport,
espectively, of Sb(III) across biological membranes (Borst and
uellette, 1995; Vernhet et al., 1999; Liu et al., 2004), these

ransporters do not seem to recognize Sb(V) (Brochu et al., 2003;
an et al., 2005; Dzamitika et al., 2006). Since no transporter
as been identified so far for Sb(V) compounds, it is likely that
entavalent antimonials cross biological membranes either by
ndocytosis or by simple diffusion through the lipid bilayer.

In order to evaluate the permeation of Sb(V) across the lipid
ilayer and test the hypothesis that MA/�-CD enhances the
vailability of low molecular weight permeable Sb species, the
ermeation of Sb was studied across lipid bilayers, from MA
nd its association compound with �-CD, using the in vitro skin
ermeation model. A two-fold increase in the Sb permeation
ux across the intact skin was observed for MA/�-CD asso-
iation compound. Moreover, the partition of Sb into the skin
as also enhanced significantly with the association compound.
ince the experiment was performed under non-occlusive condi-

ions, water evaporation should take place and the proportion of
-CD-associated MA is expected to increase rapidly. Assuming

hat �-CD does not cross the intact skin and does not affect the
kin barrier (Matsuda and Arima, 1999; Loftsson and Masson,
001), the present data strongly supports the model that the per-
eability of Sb was enhanced as a consequence of the modified

tate of polymerization of MA. Indeed, if improved permeabil-
ty did not take place, one would expect on the contrary, a
ecreased Sb flux because of the reduced availability of MA
s a result of its association with �-CD (Matsuda and Arima,
999; Loftsson and Masson, 2001). Presumably, the predomi-
ance of 1:1 Sb–NMG complex in the MA/�-CD composition
nd the low stability constant of MA/�-CD resulted in a higher
oncentration of the permeable species. Although the perme-
ble specie(s) in MA is not yet known, it is expected that the
pecies, that are, at the same time, electrically uncharged and
f low molecular weight, should exhibit the highest permeabil-

ty coefficient across lipid bilayers. Taking into account the Sb
pecies identified by ESI-MS, one can propose that the neutral
O Sb–NMG] species, with a molecular weight of 329, may be
he permeable species.
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ig. 8. Proposed model for the effect of heating of MA, in the absence (1)
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Considering the efficacy of intralesional MA in the treatment
f cutaneous leishmaniasis (Alkhawajah et al., 1997), our data
lso suggest that the ability of MA/�-CD composition to control
he permeation of Sb across the skin may be useful in the devel-
pment of topical formulation for the treatment of cutaneous
eishmaniasis.

Fig. 8 illustrates the model proposed for the effect of heating
f MA, in the absence or presence of �-CD, as well as its impact
n the permeation of Sb(V) across biological membranes.

In conclusion, the physicochemical characterization of
A/�-CD composition indicated the formation of an associ-

tion compound, in which one 1:1 Sb–NMG complex binds to
ne �-CD molecule through weak hydrophilic interactions. Our
ata strongly suggests that the dissociated state of MA, induced
y the heating and the binding of MA to �-CD, resulted in
he enhanced oral absorption of Sb in mice. Finally, it is pro-
osed that the improved oral absorption of Sb may arise from
he increase in the permeability coefficient of the antimonial
rug across lipid bilayers.

This work also suggests that the ability of cyclodextrins to
nhance the oral absorption of drugs can be extended to some
ater-soluble drugs that self-associate in aqueous solution and

an bind to the hydrophilic surface of the oligosaccharide.
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