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a  b  s  t  r  a  c  t

The  molecular  interactions  of  5,6-dichloro-2-(trifluoromethyl)-1H-benzimidazole  (G2),  an  antiprotozoa
with  poor  aqueous  solubility,  with  2-hydroxypropyl-�-cyclodextrin  (HP�CD),  methyl-�-cyclodextrin
(M�CD)  and  2-hydroxypropyl-�-cyclodextrin  (HP�CD)  were  examined.  The  aqueous  solubility  enhance-
ment  by  cyclodextrins  (CDs)  was  evidenced  in  phase-solubility  diagrams,  and  the  stoichiometry  of  G2/CD
systems  was  determined  by  Job’s  plots.  Two-dimensional  NMR  spectroscopic  data  revealed  that  a dif-
ferent mode  of  interaction  took  place  between  G2  and  CDs  in  solution.  With  HP�CD,  a  non-inclusion
enzimidazole
yclodextrins
upramolecular association
eishmania mexicana
rypanosoma cruzi

complex  was  generated.  In  the  case  of  M�CD,  a typical  host–guest  system  was  obtained  and  with  HP�CD
a  partial  inclusion  complex  through  the  narrow  side  of the macrocycle  was  formed.  ESI-mass  spectro-
metric data  confirmed  the stoichiometry  and  mode  of  interaction  of  these  systems  in  solution.  Solid-state
characterization  (scanning  calorimetry  and  powder  X-ray  diffraction)  supported  the  inclusion  complex
formation.  The  leishmanicidal  activity,  trypanocidal  activity  and  non-toxic  profile  of G2/M�CD  showed
the  advantages  of using  this  inclusion  complex  to promote  the  biological  assays  extension  of  G2.
. Introduction

Neglected tropical diseases (NTDs) are still a major public health
oncern for most developing countries (Renslo & McKerrow, 2006).
mong these diseases, those caused by protozoa have great impor-

ance because some have reemerged over the last few decades as
mportant threats to human health and economic development.
ccording to their prevalence, there are 17 diseases currently listed
s NTDs. Of great concern are leishmaniasis, caused by various
eishmania species, and American trypanosomiasis (also known as
hagas’ disease and caused by Trypanosoma cruzi) which rank 5th
nd 6th in the list, respectively (Gyapong et al., 2010; Anonymous,
011, http://www.who.int/neglected diseases/diseases/en/). Both
nfections are widespread mostly in tropical and subtropical
ountries, with a worldwide incidence of more than 20 million
ffected people (Clayton, 2010; Coura & Pinto, 2009; Desjeux,
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2004; Lannes-Vieira, Correia, Corrêa-Oliveira, & de Araújo-Jorge,
2009; Santos et al., 2008). In the absence of effective vaccines,
chemotherapy plays a critical role in the control of these dis-
eases. Pentavalent antimonials (e.g. Pentostam and Glucantime),
Amphotericine B, and more recently Miltefosine, are used for
leishmaniasis (Croft & Coombs, 2003; Natera et al., 2007; Santos
et al., 2008). On the other hand, Benznidazole and Nifurtimox
are drugs used to treat Chagas’ disease (Croft, Barrett, & Urbina,
2005; Iatropoulos, Wang, von Keutz, & Williams, 2006; Maya
et al., 2003). Besides limitations in terms of costs and difficulty
of administration, the efficacy of these chemotherapeutic agents
are variable, the treatment often causes severe side effects, and
there is an increasing emergence of resistant strains. All these facts
underline the urgent need for the development of new, safe, and
easy-to-administer molecules for the treatment of these infectious
diseases.

Following our ongoing project to develop new antiparasitic

agents using the 2-(trifluoromethyl)-1H-benzimidazole system as
a scaffold (Navarrete-Vázquez et al., 2001, 2003, 2006), we recently
reported the synthesis of 5,6-dichloro-2-(trifluoromethyl)-1H-
benzimidazole, in this work named G2 (Fig. 1), which presented
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http://www.sciencedirect.com/science/journal/01448617
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mixed in different proportions varying the molar ratio while keep-
Fig. 1. Chemical structure of G2.

n interesting antiprotozoal profile due to its biological activ-
ty against Giardia intestinalis,  Entamoeba histolytica,  Trichomonas
aginalis and Leishmania mexicana (Hernández-Luis et al., 2010).
owever, G2 showed poor aqueous solubility, which hampered

he biological assays and restricted the continuity of subsequent
valuations.

An alternative to increase the water solubility, stability, and
ioavailability of drugs has been the formation of inclusion com-
lexes with cyclodextrins (CDs) (Brewster & Loftsson, 2007; Carrier,
iller, & Ahmed, 2007; Loftsson & Duchêne, 2007; Loftsson,
reinsdóttir, & Másson, 2005; Rojas-Aguirre et al., 2011). CDs
re cyclic oligosaccharides formed by glucopyranose units bound
hrough 1–4 bonds, and are most commonly composed by 6 (�-CD),

 (�-CD) or 8 (�-CD) glucose units. Due to the lack of free rota-
ion about the bonds connecting the glucopyranose units, CDs are
ot perfectly cylindrical molecules but are cone shaped creating a
ydrophobic micro-environment in the interior of the cavity, while
he outer surface of the cone remains hydrophilic. Therefore, CDs
ct as hosts in the formation of inclusion complexes with appropri-
tely sized molecules (guests); the resulting complexes generally
ffer a variety of physicochemical advantages over the free guest
Dodziuk, 2006; Tong & Wen, 2008). Furthermore, chemically mod-
fied CDs represent an excellent alternative for complexation of

olecules since the dimensions of their cavities can be tailored,
nd their water solubility can be improved relative to parent CDs.
mong modified CDs, HP�CD and M�CD appear to be especially
seful based on their low toxicity, complexation potential, and
ater solubility (Brewster & Loftsson, 2007; Csempesz, Süle, &

uskás, 2010; Danel et al., 2008).
Considering the advantages provided by modified CDs, we  pre-

ared the G2/HP�CD, G2/M�CD and G2/HP�CD systems in order
o enhance the aqueous solubility of G2 to extend its biological
valuation. The studies of molecular associations were obtained
y phase-solubility diagrams and Job’s plots. The association mode

n solution was determined by one and two-dimensional 1H NMR
pectroscopy and ESI-mass spectrometry. Additionally, differential
canning calorimetry (DSC) and powder X-ray diffraction (XRD)
ere employed to characterize the complex in the solid state.

inally, the in vitro activity against L. mexicana and T. cruzi of free
2, G2/HP�CD, G2/M�CD and G2/HP�CD systems was evaluated
nd their cytotoxicity profiles were determined.

. Materials and methods

.1. Materials

We prepared the benzimidazole derivative G2 according to the
ethod described earlier (Hernández-Luis et al., 2010). HP�CD and
P�CD, with an average MW of 1180 and 1380, respectively (both

ith a degree of molar substitution of 0.6) and M�CD with an

verage MW of 1310 (extent of labeling of 1.6–2.0 mol  CH3 per
nit anhydroglucose) were purchased from Sigma–Aldrich. Other
 Polymers 87 (2012) 471– 479

reagents and chemicals were of analytical reagent grade. All exper-
iments were carried out using ultrapure water (MILLI Q-Millipore).

2.2. Complex preparation

The complexes were prepared according to the coevaporation
method. An ethanolic solution of G2 was added to an aqueous
solution of HP�CD, M�CD or HP�CD at 1:1 host/guest mole ratio
(concentration 1 mM).  The mixture was  magnetically stirred at
room temperature for 7 days. After this period, the solvent was
evaporated to dryness at 45 ◦C under vacuum (Vacuubrand CVC2II).
The resulting solid was  collected, pulverized and sieved (200 �m
sieve). Physical mixtures (PM) were prepared in the same molar
ratio (1:1) in a mortar for 5 min. The mixtures were then passed
through a 200 �m sieve.

2.3. Determination of intrinsic solubility

The solubility profile of G2 and its complexes was determined
by the shake-flask method (Baka, Comer, & Takács-Novák, 2008).
Briefly, an aliquot of 5 mL of phosphate buffer solution, pH 7.4, was
added to a glass vial containing 5 mg  of G2 or its mass equivalent
as a complex in order to have excess of solid. The vials were stirred
during 48 h at 25 ◦C followed by a sedimentation period of 18 h for
phase separation. The amount of dissolved compound was  mea-
sured by UV spectrophotometry at 290 nm (Genesys10uv, Thermo).
Three independent experiments were carried out.

2.4. Phase solubility diagram

To investigate the effect of CDs on the solubility of G2,  phase
solubility studies were performed according to the method estab-
lished by Higuchi and Connors (1965).  Briefly, aqueous solutions
containing increasing concentrations of the three CDs were pre-
pared (0.0002, 0.0004, 0.0006, 0.0008 and 0.001 M).  A constant
amount of G2 in five-fold molar excess relative to the highest con-
centration of CD solution was  added to each CD solution and the
resulting suspensions were stirred for 48 h at room temperature.
After this period, the suspensions were filtered through 0.2 �m
membranes (Millex, Millipore) and G2 concentration was  analyzed
using an UV spectrophotometer at 290 nm (Genesys10uv, Thermo).
The experiments were repeated three times.

Phase solubility diagrams were obtained by plotting G2 solubil-
ity versus CD concentration.

From these curves, a linear regression analysis was done in order
to obtain the following equations for G2/HP�CD, G2/M�CD and
G2/HP�CD systems, respectively:

y = 0.203x + 6 × 10−5 (1)

y = 0.305x + 5 × 10−5 (2)

y = 0.326x + 5 × 10−5 (3)

where x is the concentration of the corresponding CD and y is the
concentration of G2.

2.5. Stoichiometry determination by the continuous variation
method (Job’s plot)

To determine the stoichiometry of the complexes, the con-
tinuous variation technique (Job’s method) was  adopted (Job,
1928). Aqueous G2 and CDs solutions of equal concentration were
ing the total concentration constant (0.2 mM).  The differences in
absorbance between G2 and the complexes, measured using UV
spectrophotometer at 290 nm at 25 ◦C, were plotted against the
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Table 1
Solubility of G2 and its CD complexes.

Compound Solubility (mg/mL)(mean ± SD) aSCD/bSG2

G2 0.060 ± 0.001105 –
G2/HP�CD  0.069 ± 0.001252 1.15
G2/M�CD 0.121 ± 0.000847 2.01
G2/HP�CD  0.100 ± 0.000528 1.66

1:1
0–100,000 M−1 with 0 being the value for a drug that is incapable
of forming an inclusion complex; values less than 100 M−1 denote
weak guest–host associations, whereas values close to 10,000 M−1
Y. Rojas-Aguirre et al. / Carboh

iven molar fraction (varying from 0 to 1); the maximum of the
urve indicated the stoichiometry.

.6. 1H NMR  spectroscopy

1H and ROESY NMR  spectra were acquired on a JEOL Eclipse
00 or a Bruker Avance III spectrometer at 300 and 400 MHz,
espectively; samples of G2 were referenced relative to the residual
ethyl peak of CD3OD at ı 3.31 ppm, while those of the complexes
ere referenced relative to the residual peak of D2O at ı 4.80 ppm.
OESY spectra were acquired with a mixing time of 200 ms.

.7. ESI-mass spectroscopy

Electrospray mass spectrometry experiments were performed
ith a Bruker Daltonics Esquire 6000 spectrometer with ion trap;
ata were collected from ca. 5 mM 1:1 G2/CD aqueous solutions.

.8. X-ray powder diffractometry

Powder X-ray diffractograms of free G2, cyclodextrins, com-
lexes and physical mixtures were obtained from a Siemens Dn
000 diffractometer using Cu K� (� = 1.5406 Å) radiation with
0 mA  current and voltage of 35 kV. The instrument operated over
he 2� range of 2–38 ◦C at a scanning rate of 1 ◦C/min.

.9. Differential scanning calorimetry (DSC)

Thermal analyses of free G2, CDs, complexes and physical mix-
ures were conducted using differential scanning calorimetry. The
olid samples were placed in sealed aluminum pans (an empty pan
as used as reference) and DSC curves were recorded on a Mettler

oledo DSC 821e instrument, and then scanned at a heating rate of
◦C/min over a temperature range of 20–200 ◦C under 100 mL/min
itrogen constant flow (Veiga, Merino, Fernández, & Lozano, 2002).

.10. Biological assays

.10.1. Trypanocidal assay
Two T. cruzi strains (NINOA and INC5), isolated from acute and

hronic chagasic patients from two different endemic areas of
exico, were used. Both strains were maintained in the vector Mec-

us pallidipennis (Insecta: Hemiptera), and by serial passages in NIH
emale mice. Free G2, CDs and the three complexes were evaluated
n vitro against bloodstream trypomastigotes of T. cruzi according
o the method described by Brener (1962).

.10.2. Antileishmanial activity assay
In vitro tests against promastigotes of L. mexicana

MNYC/BZ/62/M379 strain) were performed to evaluate the
ntileishmanial activity of free G2, CDs and the three complexes.
o estimate the 50% inhibition concentration (IC50) the Alamar
lue micromethod was used (Mikus & Steverding, 2000).

.10.3. Cytotoxicity assays
The effect of free G2, CDs and the three complexes on the

roliferation of human lymphocytes was evaluated using the
ulphorodamine B method (Skehan et al., 1990).

.10.4. Hemolysis assays
Freshly drawn blood was obtained from healthy 30–32 years old,
on-smoker, and non-medicated male donors. Erythrocytes were
eparated by centrifugation at 1000 rpm for 5 min, washed 3 times
ith isotonic phosphate buffer (pH 7.4) and resuspended in the

uffer solution to give a hematocrit of 2%. The release of hemoglobin
a SCD, G2/CD complex solubility.
b SG2, G2 solubility.

from treated cells with G2, CDs and the three complexes, was mea-
sured spectrophotometrically at 543 nm in a microplate reader
(Labsystems Multiskan MS). Results were expressed as percentages
of hemolysis relative to the absorbance of water treated cells.

3. Results and discussion

3.1. Determination of intrinsic solubility

The aqueous solubility of G2 and G2/CDs is presented in Table 1.
The greatest change was  observed in G2/M�CD, wherein G2 solu-
bility was  increased by 50%. With G2/HP�CD, G2 had an increase
of 1.6 times. The minimum change was  observed with G2/HP�CD
system.

3.2. Phase-solubility diagram

Each solubility curve in Fig. 2 can be classified as AL type (Higuchi
& Connors, 1965) since each one of them shows that there is a lin-
ear increase in G2 solubility with increasing concentrations of the
macrocycle, indicating the association between G2 and CD.

A slope of less than 1 in all profiles (equations shown in Section
2.4) indicates that the solubility increase was due to the formation
of a 1:1 complex (Higuchi & Connors, 1965). The apparent stability
constant (K1:1) was estimated from the straight line of the phase-
solubility diagram according to the expression K1:1 = m/So(1  − m),
where m is the slope of the linear plot and So is G2 solubility
(So = 0.06 mg/L, 0.000239 M)  determined as described in Section
2.3. K1:1 is a useful index to compare the affinity of G2 to the
different CDs and consequently estimate the binding strength of
the complex. The magnitude of K is generally in the range
Fig. 2. Phase-solubility diagrams of G2/HP�CD, G2/M�CD and G2/HP�CD systems.
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Table 2
Chemical shifts of the three CDs and their inclusion complexes with G2.

Assignment ı (free compound) ı (complex) �ı  (complex-free)

HP˛CD
H-1 5.175 5.177 0.002
H-3 3.999 4.006 0.007
H-5 3.867 3.875 0.008
H-2 3.770 3.792 0.022
H-4 3.585 3.597 0.012
Me  1.154 1.157 0.003
Me  1.133 1.141 0.008
MˇCD
H-1 5.148 5.141 −0.007
H-3 3.860 3.860 0.000
H-5 3.773 3.780 0.007
H-2 3.610 3.603 −0.007
H-4 3.595 3.580 −0.015
Me 3.509 3.516 0.007
HPˇCD
H-1 5.132 5.129 −0.003
H-3 3.923 3.930 0.007
H-5 3.797 3.790 −0.007
H-2 3.695 3.697 0.002
H-4 3.536 3.535 −0.001
ig. 3. Continuous variation plot of G2/HP�CD, G2/M�CD and G2/HP�CD systems.

ndicate strong interactions, and 100,000 M−1 being near the upper
alue observed experimentally for cyclodextrin complexes of drugs
Rajewski & Stella, 1996). K1:1 values for G2/HP�CD, G2/M�CD
nd G2/HP�CD were 1073, 2266 and 2037 M−1, respectively. This
uggests that there was a favorable interplay between G2 and
Ds, where G2/M�CD displayed the strongest interaction and thus
ppears as the most stable system.

Another important aspect of the complexes is the solubilizing
fficiency of the CDs in an aqueous vehicle. This can be determined
ither from the slope of the phase-solubility profile, or from the
atio of the concentration of the dissolved complex to the con-
entration of the free CD, which is referred to as complexation
fficiency (CE) (Loftsson et al., 2005). Thus, CE = slope/1 − slope,
here the slope is taken from the phase solubility diagram. The

omplexation efficiencies for G2/HP�CD, G2/M�CD and G2/HP�CD
ystems corresponded to 0.255, 0.539 and 0.484, respectively.
hese values are in agreement with the results obtained in Sec-
ion 3.1 since G2/M�CD complex showed the highest capacity to
ncrease the guest aqueous solubility.

.3. Stoichiometry determination by the continuous variation
ethod (Job’s plot)

Stoichiometry of the systems was the same for the cyclodextrins
sed (Fig. 3); the three plots have a maximum value at r = 0.5 and

 symmetrical shape, indicating that the complexes were formed
ith 1:1 stoichiometry. These results are in agreement with the

utcomes reported on phase-solubility experiments (Section 3.2).

.4. 1H NMR  spectroscopy

The inclusion mode of G2 with the three cyclodextrins was
robed by NMR  spectroscopy. Due to the poor G2 aqueous solubil-

ty, its 1H NMR  spectrum was acquired in CD3OD; the only signal
resent was a sharp singlet corresponding to the aromatic pro-
ons of the benzimidazole nucleus at ı 7.89 ppm, while a broad
houlder near ı 4.90 ppm may  be assigned to the NH proton
artially exchanged with the deuterated solvent (Supplementary
ata). Direct comparison of G2 chemical shift relative to the inclu-
ion complex was precluded by the insolubility of benzimidazole
n D2O/CD3OD (80:20), solvent mixture employed for analysis of
he complexes. Nonetheless, the association of one molecule of G2
n the CD cavities was evidenced by the differences in the 1H NMR
pectra of the cyclodextrin (Rojas-Aguirre et al., 2011).

In the specific case of G2/HP�CD, the CD signals showed small

hemical shift displacements relative to HP�CD. For example, the
esonances at ı 4.00 and 3.87 ppm (corresponding to H-3 and H-5,
espectively) shift downfield to ı 4.01 and 3.88 ppm, a difference
ı of 0.01 ppm. Although this appears to indicate that G2 is within
Me  1.102 1.101 −0.001
Me  1.073 1.080 0.007

the HP�CD cavity, 2D NMR  data suggested that the benzimida-
zole derivative interacts with H-1 located on the oligosaccharide
periphery (see below).

The association of G2 with M�CD was also reflected in the dis-
placement of the signal corresponding to H-5 of the cyclodextrin,
which have been attributed to the inclusion of guest. Likewise,
the signal corresponding to H-3 of HP�CD shifts to lower field in
G2/HP�CD, likely due to inclusion of G2 through the wide side of
the cyclodextrin (Table 2). The spectra of the three complexes are
shown in Supplementary data.

Detailed information on the mode of interaction of G2 with
CDs was  obtained by 2D NMR  experiments. Rotating-frame NOE
spectroscopy (ROESY) provided information on the spatial prox-
imity of G2 with CDs. ROESY spectra of G2/HP�CD, G2/M�CD and
G2/HP�CD systems were acquired in 80:20 D2O/CD3OD  mixtures.
The contour plots revealed that the singlet corresponding to G2 aro-
matic protons had intermolecular cross-peaks with CDs protons,
in all cases. For G2/HP�CD, the peak had a weak intermolecular
interaction with H-1 of HP�CD at ı 5.177 ppm (Supplementary
data). This indicates that G2 might form a non-inclusion complex
through hydrogen bonding on the outer surface of the oligosac-
charide (Brewster & Loftsson, 2007). Although this observation is
valid for the solvent system employed in NMR  measurements, fur-
ther support for the weak interaction between G2 and HP�CD in
aqueous solution is given by the small K1:1 value determined by
phase-solubility.

In the case of G2/M�CD, the strongest interactions were given
between G2 aromatic protons and H-3 and H-5 of the CD,  which
overlap in a broad signal in the 1H NMR  spectrum (Supplementary
data). Thus, G2 appears to be completely included within the cavity,
with G2 aromatic protons in the proximity of H-3 and H-5. These
observations agree with the favorable association determined by
phase-solubility studies.

The ROESY spectrum of G2/HP�CD is characterized by an inter-
molecular interaction of G2 aromatic protons with H-5 on the
narrow rim of the macrocycle. Interestingly, G2 had another cross-
peak that appears to be correlated with H-7 of the hydroxypropyl
pendant arms (Fig. 4). Moreover, the strongest cross-peaks in the

spectrum corresponded to interactions between CH3 of the hydrox-
ypropyl arms, centered at ı 1.091, with H-3 and H-5 of HP�CD
(Fig. 4c), placing the hydroxypropyl groups entirely within the cav-
ity. Inclusion of the hydroxypropyl substituents within the CD has
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Fig. 4. (a) Identification of HP�CD protons; (b) 1H NMR  spectrum of G2/HP�CD; (c) ROESY spectrum of G2/HP�CD; (d) section of the ROESY spectrum with cross peaks
between the benzimidazole and H-5 of HP�CD.
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Fig. 5. Electrospray mass spectrum of G2/M�CD in aqueous solution; num

een previously observed (Harata, Rao, Pitha, Fukunaga, & Uekama,
991), suggesting that this substituent may  compete for inclusion
ith potential guest molecules. A reasonable interpretation of the
OESY spectrum in Fig. 4 would place the hydroxypropyl arms

nside the cavity, and therefore strongly interacting with H-3 and
-5, whereas G2 would be partially included through the cyclodex-

rin narrow side, placing it in the proximity of both H-5 of the
ligosaccharide structure and H-7 of the hydroxypropyl groups.

.5. ESI-mass spectroscopy

ESI-mass spectrometry was also used to assess qualitatively the
2 and CDs species present in solutions at 1:1 molar ratio. The
xperiments provided information on the extent of non-covalent
nteractions, as well as on the stoichiometry of the inclusion com-
lexes, when they were present (De Paula et al., 2011; Rekharsky,

noue, Tobey, Metzger, & Anslyn, 2002; Toma et al., 2004). In
he case of G2/HP�CD, the spectrum did not differ from that of
P�CD, indicating that no inclusion complex was formed. Thus, the
bserved distribution of peaks between m/z  = 1111.5–1517.8 cor-
esponded to sodium cationized HP�CD with 2–9 hydroxypropyl
roups (Supplementary data). In contrast, G2/M�CD spectrum
as clearly distinct of M�CD. Macrocyclic solutions gave rise

o six major peaks between m/z = 1283.7–1353.7, which corre-
pond to sodium cationized M�CD. G2/M�CD spectrum showed
dditional peaks at m/z = 1537.6, 1551.7, and 1565.7, which were
ssigned to inclusion complex of CD with 11, 12, and 13 methyl
roups: [(11) + G2 + Na]+, [(12) + G2 + Na]+, and [(13) + G2 + Na]+.
hese experimental data revealed the dominant inclusion com-
lexes with 1:1 stoichiometry; moreover, it appears that M�CD
ith a lower methylation degree were more capable of hosting the

enzimidazole derivative (Fig. 5).
With respect to the HP�CD spectrum, nine peaks were

bserved between m/z = 1215.5–1679.8, which correspond to
odium cationized CDs with 1–9 hydroxypropyl groups. The
2/HP�CD spectrum displayed additional peaks at m/z = 1527.5,
585.6 and 1643.7, associated with the inclusion complexes:
(2) + G2 + Na]+, [(3) + G2 + Na]+ and [(4) + G2 + Na]+ (Supplementary
ata). As in the case of M�CD, a low degree of substitution with 2–4
ydroxypropyl groups creates an environment that is not sterically
emanding that hinders the association with G2.

.6. X-ray diffraction analysis
Powder X-ray diffraction allows the identification of a com-
lexation process due to the differences between the diffraction
atterns of solid state complex and those of the components
shown in brackets refer to the number of methyl groups bound to the CD.

(Muñoz-Botella et al., 1996; Veiga, Teixeira-Dias, Kedzierewicz,
Sousa, & Mincent, 1996). Visual inspection of Fig. 6Ia indicates
that G2 has a diffraction pattern which consists of several high
intensity peaks, demonstrating the crystalline character of the com-
pound, in contrast to amorphous character of HP�CD (Fig. 6Ib),
M�CD and HP�CD (Supplementary data). The XRD pattern of PM
prepared from HP�CD and G2 (Fig. 6Ic) clearly shows the peaks
corresponding to the superposition of the diffractograms of the
individual components; this behavior is also observed with the
other mixtures (Supplementary data). On the other hand, none of
the inclusion complexes displayed the characteristic peaks of G2
and the observed amorphous halo is indicative of the association
process (Fig. 6Id and Supplementary data) (Muñoz-Botella et al.,
1996).

3.7. Differential scanning calorimetry

Differential scanning calorimetry (DSC) was  used to con-
firm complex formation. Visual inspection of Fig. 6IIa reveals
a sharp endothermic peak, typical of a crystalline material at
238 ◦C, corresponding to G2 melting point; a second endotherm
shows decomposition (260 ◦C) (Hernández-Luis et al., 2010). The
endothermic peaks at 53–54 ◦C in the DSC diagrams of CDs are
attributed to the loss of a varying number of water molecules
(Fig. 6IIb for HP�CD; for M�CD and HP�CD see Supplementary
data), which can be surrounding the CD or inside the cavity (Fini,
Ospitali, Zoppetti, & Puppini, 2008; Veiga et al., 2002); no decom-
position of the CDs is observed. The curve of PM of G2 and HP�CD
(Fig. 6IIc) shows a shift of the melting point and decomposition
endotherm of G2 to 190 ◦C and 284 ◦C, respectively. A similar
change in the thermal profile of G2 was  observed in the PM of
G2 and HP�CD, since the G2 sharp peak was  shifted to 187 ◦C.
With respect to PM of G2 and M�CD, a less notorious change was
observed since a small peak is present at 227 ◦C (Supplementary
data). Thermograms of inclusion complexes showed a change
related to the large and broad peaks corresponding to the loss
of water suggesting that dehydration of the complexes occurs
over a large temperature range. Those water molecules are likely
hydrogen-bonded to the CD OH groups outside the cavity (Fini et al.,
2008), with different degrees of binding strength, and therefore
are freed in a large range of temperatures. On the other hand, the
absence of the melting point peak in the G2/M�CD and G2/HP�CD
systems, is indicative that the formation of new amorphous enti-

ties has occurred. With respect to G2/HP�CD a different situation
is observed (Fig. 6IId); the endotherm corresponding to G2  melt-
ing point is still present. Although the peak is not as intense as for
free G2, it suggests that an inclusion complex may  not be formed.
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ig. 6. (I) Powder X-ray diffractograms: (a) G2; (b) HP�CD; (c) G2/HP�CD PM;  (d
2/HP�CD  complex.

espite DSC experiments being part of the solid-state characteri-
ation, this result is in agreement with the observations made by
MR  spectroscopy.

.8. Antiparasitic activity

The in vitro leishmanicidal activities of G2, G2/HP�CD,
2/M�CD and G2/HP�CD, against promastigotes of L. mexicana
re shown in Table 3, with Amphotericin B and Glucantime as
eferences. Although G2 displayed antileishmanial activity, its per-
ormance was not better than the drug references. However, the
hree G2/CD systems showed a surprising augment in antileishma-
ial activity. G2/HP�CD and G2/HP�CD had a comparable behavior
ith IC50 of 5.1 and 4.9 �g/mL, respectively. In contrast, G2/M�CD
isplayed an IC50 of 1.9 �g/mL, enormously surpassing not only
he increased activity of the other systems, but also the activity
f Amphotericine B and Glucantime. It is important to note that
P�CD, M�CD and HP�CD had activity that could contribute to

he antiparasitic effect of the G2/CD associations. The most active

as HP�CD, although G2/HP�CD was not as high as G2/M�CD.

Table 3 also presents the results of the trypanocidal activity
ssays of G2, G2/HP�CD, G2/M�CD and G2/HP�CD. In this case, free

able 3
ntiparasitic activity of G2 and the complexes against T. cruzi and L. mexicana.

Compound % lysis T. cruzi IC50 (�M)
L. mexicana

Concentration (�g/mL)

5 10 50 100

HP�CD 36.9 30.9 41.7 30.6 16
M�CD  6.1 18 23.4 39.6 18.5
HP�CD  9.4 11 15.3 10.8 5.8
G2/HP�CD  8.3 77 29.9 13.7 5.1
G2/M�CD 12.6 39 57.4 82.7 1.9
G2/HP�CD  26.1 7.8 9.9 41.7 4.9
G2  5.6 16.9 51.4 58.4 31.3
Nifurtimox 0 33 45 50 –
Benznidazole 0 4.5 16 43 –
Amphotericin B – – – – 6.5
Glucantime – – – – 18.4
P�CD complex. (II) DSC thermograms: (a) G2; (b) HP�CD; (c) G2/HP�CD PM;  (d)

G2 had a higher activity than Nifurtimox and Benznidazole (drug
references) despite its poor solubility in the vehicle (water/ethanol
99:01). Regrettably, the activity of G2/HP�CD decreased in com-
parison to free G2, while the activity of G2/HP�CD was comparable
to drug references. Nonetheless, G2/M�CD demonstrated to be
the best system to enhance the trypanocidal activity because
it exceeded the activity of reference drugs, as happened in the
antileishmanial trials. Contrary to the activities observed for the
CDs in antileshmanial assays, HP�CD had the smallest contribution,
followed by HP�CD, and finally by M�CD. Moreover, the activity
of the latter increased as a function of the concentration; conse-
quently, it seems that there is an additive effect between M�CD
and G2 trypanocidal activity.

Further studies must be done to determine the reason for the
activity of the CDs, although it can be tentatively argued that these
oligosaccharides disrupt the membrane of the parasites (Kiss et al.,
2010).

In both assays, the least active system was G2/HP�CD. This result
is in agreement with all the physicochemical analyses reported
above. Although this system could be functioning as drug carrier
when tested against L. mexicana, it did not work as such against
T. cruzi. In the case of G2/M�CD, it is noteworthy that this com-
plex had the highest K1:1 and solubility, therefore acted as the best
drug carrier. This can be explained based on reports that M�CD
reduces the barrier function and thereby enhance drug delivery
through biological membranes (Loftsson, Vogensen, & Brewster,
2007), resulting in the highest antiprotozoal activity observed in
this work.

3.9. Cytotoxicity and hemolytic assays

Although numerous works have determined the toxicity of CDs
(Gould & Scott, 2005; Kiss et al., 2010; Loftsson & Duchêne, 2007;
Salem et al., 2009), the study of inclusion complexes on human
lymphocytes and erythrocytes has been the most relevant, mainly
because an augment of compound aqueous solubility could gener-

ate a change in its toxicity profile. Fig. 7I reveals that neither G2 nor
G2/CDs systems affected cell proliferation of human lymphocytes
at any concentration tested. The hemolytic activity was evaluated
at 10–500 �M and not more than 25% of hemolysis was  detected.
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Fig. 7. Cytotoxicity assays. (I) Effect of G2/CD systems on lymphocy

onetheless, from 500–1000 �M,  the hemolytic activity increased
inearly with G2/CD concentrations; this effect can be attributed to
2 since CDs did not show hemolytic activity at this concentration

ange (Fig. 7II). These results were favorable since the maximum
2/CD concentration for antiprotozoal activity tests was  390 �M

100 �g/mL), concentration where G2/CD systems were completely
afe.

. Conclusion

We have confirmed the formation of supramolecular association
tructures between G2 and the three modified CDs. 1H NMR  data
nd ESI-mass spectrometry indicated that three different modes
f interaction between G2 and modified CDs were possible. The
rst type consisted of a non-inclusion complex between G2 and
P�CD; the second type consisted of a conventional inclusion com-
lex between G2 and M�CD, akin to the most commonly reported
orks. The third type of interaction was a partial inclusion through

he narrow side of G2 and HP�CD. All the data obtained from
he NMR  spectroscopy, ESI-mass spectrometry and solubility stud-
es, as well as solid state characterization, correlated with the
bserved results in the antiparasitic trials since the enhancement
n biological activity was G2/M�CD > G2/HP�CD > G2/HP�CD. It is
oteworthy that G2/CDs showed no cytotoxicity at the concentra-
ions tested as antiparasitic agents. Finally, results indicate that
2/M�CD is a good alternative of G2 formulation to further bio-

ogical evaluations.
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