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Abstract Although not being the ideal drug due to its low
solubility and high toxicity, the benznidazole is the drug
currently chosen for Chagas disease treatment. The deep
knowledge about the characteristics of the drug in addition to
the knowledge of more effective vectorization techniques of
drugs in pharmaceutical forms allows a faster and cheaper
development of a new therapeutic alternative in comparison
to the introduction of a new molecule in the treatment.
The aim of this study is the characterization of inclu-
sion complexes Benznidazole and cyclodextrins in solid
state. The interactions between Benznidazole (BNZ) and
f-cyclodextrins (f-CD) modified: randomly methylated
f-CD (RMfCD) and sulfobutylether 5-CD (SBSCD) were
studied by differential scanning calorimetry (DSC), fourier
transform-infrared spectroscopy, RAMAN, and scanning
electron microscopy. The preparation of solid-state binary
systems by different techniques, namely, kneading, evapo-
rated, and freeze-drying. The results suggest the formation of
inclusion complexes of the drug with both CDs types in solid
state by the techniques which were used, based on physico-
chemical data of interaction compared to the drug or the
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CDs/drug physical mixture. Thus, the preparation technique
played an important role in the BNZ and modified CDs.

Keywords Inclusion complex - Chagas disease -
Preformulation - -Cyclodextrin modified

Introduction

Chagas disease is a global problem and estimated to infect
9.8 million people worldwide. Scientists from all over the
world have been working on the development of new
therapeutic alternatives to treat the disease, since the dis-
covery of new biochemistry targets to the development of
new drugs, with potential action against Trypanosoma
cruzi . Several chemotherapeutic agents have already been
identified, and continue being tested almost a century after
the discovery of the disease in 1909, by Carlos Chagas [1].

The morbidity and mortality rates associated with
Chagas Disease in Latin America show a greater magni-
tude than the rates related to malaria, schistosomiasis, and
leishmaniasis, which constitutes one of the biggest public
health problems of developing nations [1, 2].

Although not being the ideal drug due to its low solubility
and high toxicity, the benznidazole (BNZ), namely,
N-benzyl-2-(2-nitroimidazol-1-yl) acetamide (Fig. 1) is the
drug currently chosen for Chagas disease treatment [3]. The
deep knowledge about the characteristics of the drug in
addition to the knowledge of more effective vectorization
techniques of drugs in pharmaceutical forms allows a faster
and cheaper development of a new therapeutic alternative in
comparison to the introduction of a new molecule in the
treatment. Few technological boarding had been carried out
until the present time aiming the better vectorization of BNZ
and, none of them are related to a solid pharmaceutical
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Fig. 1 Molecular structure of benznidazole

form [2, 4] had delineated BNZ liposomes, with the aim of
developing a pharmaceutical form of parenteral use.
Silva et al. [5] obtained the ruthenium complex, trans-
[Ru(Bz)(NH3)4SO,](CF3S03), changing the solubility of
the compound and increasing the drug effectiveness.

Various techniques such as solid dispersion [6], sol-
emulsion [7], inclusion complexation [8], and conjugation
with water-soluble polymer or cyclodextrin [9] have been
developed to enhance the solubility of various drugs. The
potential use of natural cyclodextrins (CDs) and their
synthetic derivatives has been extensively studied to
improve certain drug properties such as solubility, stability,
and/or bioavailability. The property of enhancing solubility
may be explained by the formation of water-soluble
““inclusion complexes’” in which the hollow, truncated,
cone-like CD structure encapsulates the hydrophobic drug
molecules in the apolar interior. In contrast, the outer,
hydrophilic region of the CD enables the solubilization
through interaction with water molecules [10].

Nevertheless, natural CDs have limited water solubility.
In order to obtain a significant increase in water solubility,
some chemical derivatives have been synthesized by deriv-
atization of the free hydroxyl groups of the CDs with alkyl
and sulfobutyl groups. The result is hydroxyalkyl, methyl,
and sulfobutyl derivatives with higher water solubility [11].

The purpose of this study is the characterization of
inclusion complexes BNZ and CDs to develop a promising
oral drug delivery system. The possible inclusion complex
formation was assessed through different physicochemical
techniques, including infrared spectrophotometry (FTIR),
RAMAN, differential scanning calorimetry (DSC) [12, 13],
and scanning electron microscopy (SEM). In addition, the
intramolecular interaction was supported by molecular
modeling.

Materials and methods
Materials

Benznidazole, N-benzyl-2-(2-nitroimidazol-1-yl) acetam-
ide was supplied by Roche, Purity estimated by DSC
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and high-performance liquid chromatography (HPLC) is
99.9%. RMPCD (degree of molar substitution of 0.57)
was donated by Roquette (Barcelona, Spain); SBSCD
(degree of molar substitution of 1.0) by CyDex (Lenexa,
KS). All other materials were of analytical grade. The
solutions were prepared using distilled water, filtered
through 0.22-um Millipore filters (Millipore Corp, Bille-
rica, MA).

Analytical methods

The UV spectrophotometric method was used according
to a previously reported method Soares-Sobrinho et al.
[14] for quantitative determination of BNZ, with the use
of an UV-visible spectrophotometer Agilent 8453 (Agi-
lent Corp, Santa Clara, CA) with photodiode array
detector at 324 nm. Calibration curve in water was made
with the use of standard solutions in the range of
4-40 pg mL™". No effect of CDs addition on the UV
spectrum of BNZ solution was verified for any of the CDs
studied.

Molecular modeling

The geometry optimization of the BNZ-RMfCD and BNZ-
SBACD inclusion complexes was performed in vacuum
and in the presence of water molecules using MM?2 force
field as an implement in HiperChem (release 6.03 for
windows). The presence of water was simulated by placing
the solute molecules into a 20 x 20 x 20 A box with
approximately 200 water molecules and a minimum dis-
tance of 2.0 A between BNZ and water molecules. The
most stable complex conformation was considered through
the lowest interaction energy [15, 16].

Preparation of solid-state complexes
Preparation of physical mixture

A physical mixture (PM) of BNZ and the cyclodextrins
RMfCD or SBSCD was obtained by mixing in a Turbula
WAB T2C mixer (Willy A. Bachofen Corp, Basel, Swit-
zerland) in 1:1 M ratio for 25 min.

Preparation of kneaded systems

The kneaded system (KN) was prepared from PM in a
mortar by the slow addition of ethanol/water (1:1 v/v), in
an amount of 20% wt/wt, and mixed until the homogeneous
system was obtained [17]. Samples were dried for 24 hin a
40 °C oven and powdered.
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Freeze-dried systems preparation

The PM was dissolved in ethanol:water (1:1 v/v). The
solution was frozen by immersion in liquid nitrogen and
freeze-dried (FD) in a Labconco apparatus (Labconco
Corp, Kansas City, MO).

Evaporated

The PM was dissolved in ethanol:water (1:1 v/v). The
solution was evaporated (EV) under vacuum at 50 °C in a
rotary evaporator (Biichi Rotavapor R-200)

Solid-state complexes characterization
Differential scanning calorimetry

Samples weighing 3—4 mg were placed in aluminum open
pans and heated from 30 to 250 °C at a rate of 10 °C min~"
using a temperature modulated DSC Q100 calorimeter (TA
Instruments, New Castle, DE). Nitrogen was used as purge
gas at a flux rate of 50 mL min~'. Temperature calibration
and heat flow were performed with standard indium
samples.

Fourier transform-infrared spectroscopy

Infrared spectra were obtained using a Bruker IFS-66 V
spectrometer (Bruker Daltonics Inc, Bremen, Germany).
Samples were ground, thoroughly mixed with potassium
bromide, and compressed by a hydraulic press. Thirty-two
scans were obtained at a 4 cm™ ' resolution.

Raman spectroscopy

The Raman spectra of the samples (Sp and complex) were
collected employing a 180° Raman spectrometer. The
Raman spectrometer was equipped with a ZnSe beam
splitter and a TE cooled InGaAs detector. Rayleigh filtering
was afforded by a set of two Holographic technology fil-
ters. The laser power on the sample was 800 MW. The
spectra were collected with 2 cm™' resolution by coadding
the results of about 2000 scans. Resolution: 4 cm™'/Pot
laser: 90-100/Scans: 120.

Scanning electron microscopy

Surface morphologies of samples were examined using a
LEO-435VP SEM (Leica Microsystems, Cambridge, UK).
Particles were fixed on a brass stub using double-sided tape
and vacuum-coated gold.

Results and discussion
Molecular modeling

From BNZ, chemical structure analysis (Fig. 1) is possible
to distinguish two regions which could be included them-
selves inside the CD cavity—the molecule imidazolic
portion and its benzenic group. All simulations considered
both possibilities. Molecular modeling was carried out on
vacuum, and the presence of water as solvent was also
taken into consideration. The energies calculated for the
stoichiometry systems 1:1 and 1:2 (drug: cyclodextrin) are
described in Tables 1 and 2. The inclusion stoichiometry
2:1 cannot be determined since the mathematical model of
optimization expelled one of the drug molecules from the
cavity due to its eventual association high instability,
which was probably caused by steric impediment.

In all cases, the more stable conformations were reached
in the presence of solvent. The 1:1 stoichiometry was the
one which presented the higher stability. In the complexes
of 1:2 stoichiometry (drug:CD) the volume of the substit-
uents of the modified CDs (RMSBCD and SBSCD) disabled
the formation of complexes with such stoichiometry, which
also occurred due to a matter of steric, presenting very high
enthalpy values. In the case of SBPCD, electrostatic
repulsion caused by the substituent groups contributes to
highlight the enthalpic differences when compared to 1:1
stoichiometry (Tables 1 and 2) [18]. The inclusion com-
plexes more energetically favorable were obtained with the
RMpCD.

Apparently, there are no significant differences between
the assessed conformations according to the vacuum sim-
ulations, which suggest the coexistence of all conforma-
tions in the inclusion complexes with BNZ. However, in
the simulation of BNZ-RMfCD complexes in aqueous
medium it is possible to notice a little enthalpy difference
for the conformation whose the aromatic portion of the
molecule is inserted in the narrow part of CD, being
apparently more stable than the other ones (Table 1).

Table 1 Calculated enthalpy for the formation 1:1 BNZ-RMpCD
and BNZ-SBSCD stoichiometry complexes

Included group AH/kcal mol™!

BNZ-CD Vacuum Aqueous medium
RMBCD  SBBCD  RMACD  SBACD

Imidazol-narrow 86.3 3334 —519.3 —296.7

Benzyl-narrow 85.3 334.3 —532.4 —207.7

Benzyl-broad 90.5 330.1 —511.8 —2433

Imidazol-broad 82.7 320.1 —518.6 —259.2
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Table 2 Calculated enthalpy for the formation 1:2 BNZ-RMSCD
and BNZ-SBfiCD stoichiometry complexes

Included group AH/kcal mol™!

CD-BNZ-CD Vacuum Aqueous medium

RMBCD SBBCD RMBCD SBBCD

Narrow-benzyl/imidazol- 166.0 604.2  —298.8 —13.6
narrow

Narrow-benzyl/imidazol- 162.3 619.0 3353 —-10.3
broad

Broad-benzyl/imidazol-broad 158.9 598.8  —317.7 —4.1

Broad-benzyl/imidazol- 164.4 5813  —=3525 —17.22

narrow

Characterization of solid-state complexes
Differential scanning calorimetry

The thermal analysis of the processed samples noticed
displacement at lower temperatures and endothermic peak
enlargement corresponding to the fusion of the drug, more
pronounced in mixtures with RMSCD (Fig. 2). The same
effect is also found with a lower intensity in the PM and
may be explained by the interaction provided by the
heating process inherent to the DSC test.

One may still observe an exothermic rise in the PM of
BNZ-RMpCD after the fusion of the drug. The rise may be
related to the formation of inclusion complexes from the
fusion (Fig. 2). This phenomenon is less noticeable in the
KN, FD, and EV processed since these already present a
fraction of the mixture which was previously complexed.

Fig. 2 DSC of BNZ, RMBCD,

Another point that should be also commented is the
thermal profile presented by KN from the BNZ-RMpCD
binary mixture which shows a marked loss of resolution in
the fusion peak of BNZ. The hypothesis of thermal
superposition between possible different crystalline phases
is not discarded.

Fourier transform-infrared and Raman spectroscopy

Results from FTIR and Raman for BNZ and RMpCD
mixtures in Fig. 3 show minor changes in the region which
corresponds to stretching vibrations of the BNZ benzene
group (3100-2900 cm™"), mainly for the EV and FD
samples. One also observes changes in the bands which
correspond to the drug in the regions of 1300-1000 cm ™',
related to the amide C-N bonds. These results point to a
higher interaction in the central-aromatic portion of the
drug, which indicates a possible inclusion of BNZ in the
CD through its benzene group. The spectroscopic data are
in accordance with the results found on the molecular
modeling, which suggest that more favorable values of
enthalpy for the inclusion complex obtained by the aro-
matic part of the BNZ included by the narrow part of the
CD (Table 2).

FTIR and Raman spectra (Fig. 4) show no appreciable
interactions for the BNZ and SBSCD mixtures. Only slight
displacements or reduction of relative intensity in the
position of some bands corresponding to the drug may
be assessed in the regions of 3300-3200 cm ™' and 1300—
1200 cm™'. These regions virtually coincide with those
found for BNZ and RMSCD mixtures; however, changes
are much less visible in this case.
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Fig. 3 FTIR and RAMAN
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Fig. 5 (I) Scanning electron
microphotographs of
benznidazole (a), randomly
methylated-f-CD (b), physical
mixture (c¢), kneaded (d),
lyophilized (e), and evaporated
(f) systems. (II) Scanning
electron microphotographs of
benznidazole (g),
sulfobutylether f-CD (h),
physical mixture (i), kneaded
(j), lyophilized (1), and
evaporated (m) systems

Scanning electron microscopy

Morphological changes can be used as evidence to verify
interactions between the molecules and complexes forma-
tion [19, 20]. The selected photomicrographs of BNZ,
RMpCD, and SBSCD, besides the processed binary sys-
tems are represented in Fig. 5. Regular crystals character-
ize BNZ [21], while amorphous particles originally
compose RMBCD and SBSCD [8].

In general, all the processed samples change in the mor-
phological aspect of particles. Amorphous particles charac-
teristics of the non-manipulated CDs were not observed. The
KN form aggregates (granules) that are somewhat uniform
sized. The FD of both CDs and the EV of RMSCD show a
reduction in the size of particles that take the form of needles
which are completely different from the starting materials.
The changing of shape and size reduction of particles seems
less intense for the EV of SBSCD.

Conclusions

In conclusion, the results suggest possible formation of
inclusion complexes by EV, freeze-drying, and kneading
techniques with compared to the drug or the CD/drug PM.
The results obtained by SEM, DSC, FTIR/RAMAN, and
Molecular Modeling show that a BNZ:CDs inclusion
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complex could be prepared at a 1:1 M ratio for all methods.
Taking these results into account, we believe that the
complexation effectively will enhance the solubility of
BNZ, which may consequently increase its bioavailability
and might improve its pharmaceutical potential.
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