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Abstract

Chagas disease is a serious health problem in Latin America. Hidroxymethylnitrofurazone (NFOH) is a nitrofurazone prodrug more active
than nitrofurazone against Trypanosoma cruzi. However, NFOH presents low aqueous solubility, high photodecomposition and high toxicity.
The present work is focused on the characterization of an inclusion complex of NFOH in 2-hydroxypropyl-B-cyclodextrin (HP-3-CD). The
complexation with HP-B-CD was investigated using reversed-phase liquid chromatography, solubility isotherms and nuclear magnetic resonance.
The retention behavior was analyzed on a reversed-phase C;g column, using acetonitrile—water (20/80, v/v) as the mobile phase, in which HP-
B-CD was incorporated as a mobile phase additive. The decrease in the retention times with increasing concentrations of HP-3-CD enables the
determination of the apparent stability constant of the complex (K=6.240.3M~") by HPLC. The solubility isotherm was studied and the value
for the apparent stability constant (K=7.9 0.2 M~") was calculated. The application of continuous variation method indicated the presence of a
complex with 1:1 NFOH:HP-B-CD stoichiometry. The photostability study showed that the formation of an inclusion complex had a destabilizing
effect on the photodecomposition of NFOH when compared to that of the “free” molecule in solution. The mobility investigation (by NMR
longitudinal relaxation time) gives information about the complexation of NFOH with HP-B-CD. In preliminary toxicity studies, cell viability tests
revealed that inclusion complexes were able to decrease the toxic effect (p <0.01) caused by NFOH.
© 2008 Elsevier B.V. All rights reserved.
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1. Introduction

Chagas disease affects about one quarter of the Latin Amer-
ican population. According to the World Health Organization,
there are about 120 million people living in risk of contracting
parasitosis and 16—18 million people infected with the parasite
[1]. The main problem with the treatment is the resistance of
Trypanosoma cruzi to drugs [2]. Hydroxymethylnitrofurazone
(NFOH, Fig. 1) is one of the new candidate drugs for the Cha-
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gas disease chemotherapy. It showed to be, in vitro, very potent
against 7. cruzi [3]. However, NFOH presents low aqueous sol-
ubility, high photodecomposition and high toxicity.

Complex formation with cyclodextrin (CD) provides a way
to increase the solubility, stability and bioavailability of drugs
[4,5]. CD is able to form inclusion complexes with different
classes of molecules, modifying their physical, chemical and
biological properties [6]. These cyclic polymers are formed
by glucose molecules bound through 1-4 bonds and can be
composed by 6 (a-CD), 7 (B-CD) or 8 (y-CD) glucose units.
B-Cyclodextrin (Fig. 1, R =H) has been an extensively polymer
studied despite its very low aqueous solubility. Moreover, its
alkylated derivatives, e.g. 2-hydroxypropyl-p-cyclodextrin (HP-
B-CD), have attracted growing interest due to their improved
complexing ability, great water solubility and low toxicity. The
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Fig. 1. Chemical structure of (a) NFOH and (b)HP-B-CD (R =H or 2-hydroxypropy! group)—schematic representation.

non-polar cavity of CDs can form inclusion compounds with
a variety of guest molecules, being the binding governed by
the molecular polarity and ability to closely fit within the cav-
ity [7]. Furthermore, CD allows the accommodation of the
apolar part of some molecules such as hydroxymethylnitro-
furazone. No reports about the complex formation between
antiChagasic compounds and cyclodextrin were found in the
literature.

The aim of the present study was to characterize the inclu-
sion complex formed between NFOH and HP-3-CD through the
study of the HPLC retention behavior of hydroxymethylnitro-
furazone in presence of HP-3-CD, through solubility isotherm,
nuclear magnetic resonance, photostability and cytotoxic assays.
This is an elementary study for the characterization of a poten-
tial formulation to be used as a therapeutic option for the Chagas
disease.

2. Experimental
2.1. Reagents and chemicals

Hydroxymethylnitrofurazone was synthesized as previously
described [3]; HP-B-CD was purchased from Roquette and
characterized by a substitution degree of 4.2. HPLC-grade ace-
tonitrile (ACN) was obtained from J.T. Baker and deionized
water at 18 mS2 from a Waters ultra pure water system.

2.2. Effect of cyclodextrin on NFOH retention time by
HPLC

The chromatographic experiments were performed using
a Shimadzu SCL-10VP controller pump, a Shimadzu SIL-
10AD VP auto injector, a UV-vis SPD-10A VP detector
(detection: 260nm for NFOH) and Class-VP 6.12 as soft-
ware. A reversed-phase Phenomonex Gemini Cjg, 5 pm,
10cm x 0.46cm was employed. The mobile phase used for
these studies was acetonitrile—water (20/80, v/v), in which HP-
B-CD was dissolved (0, 5, 10, 15, 20, 30 mM). The whole
solution was filtered through a 0.2 um pore size nylon mem-

brane filter. The mobile phase was pumped at a flow rate of
1.0mL/min. The chromatographic experiments were carried
out at 25°C. The NFOH concentration in the injected solu-
tion was 60 M and the injection volume was 0.2mL in all
experiments.

The retention behavior of NFOH was governed by the drug
partition coefficients between the mobile and stationary phases.
In presence of cyclodextrins, there is an additional contribu-
tion in the drug retention behavior due to the complexation
process.

The capacity factors for NFOH were monitored in the pres-
ence of increasing concentration of HP-B-CD. The apparent
stability constant of the complex, K, was determined in triplicate,
using equation (1) [8]:
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where k' is the capacity factor at each cyclodextrin concentra-
tion [CD], and k' is the solute capacity factor in absence of
cyclodextrin, x is a stoichiometry coefficient. For a 1:1 stoi-
chiometry complex, a plot of 1/k" versus [CD] yields a straight
line and K is obtained from the slope-to-intercept ratio.

2.3. Determination of the apparent stability constants

Excess amounts of NFOH were added to 10 mL glass tubes
containing different concentrations of HP-3-CD. The tubes were
shaken until equilibrium was reached (32h) at 25°C. Then,
the solutions were centrifuged and the concentration of NFOH
was spectrophotometrically determined at 260 nm using a Femto
spectrophotometer. The presence of HP-3-CD did not interfere
in the spectrophotometric assay of NFOH.

When a linear relationship was obtained between the NFOH
solubility and the concentration of HP--CD, the diagram was
classified as Ay, according to Higuchi and Connors [9] and the
experimental data fit equation (2):

slope
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where S, is the molar solubility of NFOH. The apparent stability
constant of the complex formed, K, is obtained from the slope
of the straight line.

2.4. Photostability assays

The photostability of NFOH (60 M) was assessed in water
solution in the presence (60 wM) and absence of HP-3-CD. The
suspensions were filtered through 0.22 pwm membrane filters in
order to obtain a clear solution. These solutions were positioned
30cm away from a 1.8 kW xenon lamp as a light source, trans-
mitting light corresponding to exposure behind window glass
(cut-off approximately 310 nm). The solutions were inserted in
an incubator at 30 °C, sampled at specified time intervals (0, 1, 2,
3,4, 5 and 6 h) and the concentration of NFOH was determined
by HPLC assay, using an analytical curve (concentration range:
10-100 uM, area= 1.6 x 107 [NFOH] —2.7 x 10*, r=0.999).
The results were expressed as percentages of the remaining
NFOH. Each test was carried out in triplicate. The HPLC con-
ditions were described in Section 2.2.

2.5. Study of the complex by nuclear magnetic resonance

One-dimensional "H NMR spectra were recorded on a Varian
Inova 500 MHz spectrometer, in unbuffered deuterated water
(D,0) for NFOH, HP-3-CD and the complex. NFOH (0.2 mM)
and HP-B-CD (0.2 mM) stock solutions were mixed in 5 mm
NMR tubes, in a total sample volume of 600 L, and left 32 h for
equilibration before the NMR analysis. The probe temperature
was regulated to 25 °C.

The '"H NMR spectra were recorded using a simple pulse-
acquire sequence with solvent presaturation. Typical acquisition
parameters consisted of 32 K points covering a sweep width of
6000 Hz, a pulse width (pw 90) of 10 s and digital zero filling to
128 K; a 0.5 Hz exponential function was applied to FID before
Fourier transformation. Resonance at 4.81 ppm, which presents
a residual solvent peak, was used as internal reference. Data
were collected without an external reference to avoid possible
interactions with HP-3-CD.

2.5.1. Study of the complex stoichiometry

The continuous variation method was adopted to determine
the stoichiometry of the complex (Djedaine et al.). '"H NMR
spectra were obtained for a series of NFOH:HP-3-CD mixtures,
in which the total initial concentration of both species was kept
constant (0.2 mM) but the mol fraction of each component varied
from O to 1 [10].

2.5.2. Relaxation times measurement (T;)

The relaxation time measurements (77) experiments were
recorded at 25 °C on a Varian Inova 500 MHz NMR spectrome-
ter. Samples were degassed, bubbling nitrogen slowly for 5 min
through the solution using a thin hard plastic tube (PTFE 1/32 in.
diameter), to avoid the interference of dissolved O,. For 'H
NMR, the 90° pulse was typically of 10—15 ws and the recy-
cling time was set to three times the largest value of Ty, i.e.,

15s [11]. Longitudinal relaxation times were obtained by the
conventional inversion-recovery method.

2.6. Cell culture and cytotoxic assays

Balb/c mice fibroblasts (3T3 cells) were cultured in DMEN
supplemented with 15% fetal bovine serum, 100 UI/mL peni-
cillin and 100 pg/mL streptomycin sulfate (pH 7.2—7.4) under a
humidified atmosphere, at 37 °C and 5% CO,. Cells were seeded
(1 x 10* cells/well) in 98 wells tissue culture plates and cultured
for 48 h. The cells were incubated for 3 and 24 h with three dif-
ferent concentrations, 0.050, 0.075 and 0.100 mM of the vehicle
(NFOH, HP-B-CD or complex). Cell viability was assessed by
the tetrazolium reduction [12] (MTT test). 0.5 mg/mL of MTT
was incubated for 3 h with treated 3T3 cells, at 37 °C. The num-
ber of viable cells was determined by measuring the amount
of MTT converted to formazan by mitochondrial dehydroge-
nases [12]. The formazan crystals formed were dissolved in
ethanol and shaken for 20 min at room temperature. Cytotoxic
assays data were analyzed by one-way analysis of variance (one-
way ANOVA) with Tukey—Kramer as a post hoc test. Statistic
significance was defined as p <0.05.

3. Results and discussion

3.1. Chromatographic determination of the apparent
stability constant

When cyclodextrins are added to the mobile phase, solute
retention is driven by the drug partition between the mobile and
stationary phases and the solute complexation with the cyclodex-
trins. According to the solute retention time and the void time,
capacity factors were calculated for each solute in the pres-
ence of increasing concentrations of HP-B-CD. As expected,
the retention times decrease as the concentration of HP-[3-
CD in the mobile phase increases due to the formation of the
analyte—cyclodextrin complex, which enhances the guest solu-
bility in the mobile phase and reduces its residence time in the
column [13,14] (Fig. 2). The variation in the retention times
obtained by replication was always lower than 1%.

The above mentioned formation constant for the NFOH:HP-
B-CD complex was calculated according to Fig. 3 and Eq. (1).
The linear relationship between 1/k and HP-B-CD concentration
(Fig. 3) with correlation coefficient higher than 0.99 indicates
that the NFOH behavior is well described by the model, assum-
ing a 1:1 stoichiometry between the guest and HP-3-CD [15,16].

The apparent stability constant of NFOH with HP-3-CD
was 6.2 £0.3M~! (1/k' =5.72 [HP-B-CD] + 0.92), indicating a
weak interaction in this complex formation at these chromato-
graphic conditions.

3.2. Determination of the apparent stability constant by
solubility isotherm

The solubility enhancements obtained with cyclodextrins
have been widely employed in the improvement of drugs
bioavailability [17,18]. Despite the fact that the solubility
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Fig. 2. Decrease in NFOH retention time in the presence of increasing con-
centrations of HP-B-CD (0, 5, 10, 15, 20, 30 mM) at 25 °C. Chromatographic
conditions—column: Phenomenex C18, 5 wm, 10 cm x 0.46 cm; mobile phase:
acetonitrile—water (20/80, v/v).

isotherm for NFOH and HP-B-CD (Fig. 4) has presented a low
increase in solubility, it has occurred as a linear function of
HP-B-CD concentration, corresponding to the Ay -type profile
defined by Higuchi and Connors [9]. This relationship suggests
the formation of a 1:1 NFOH:HP-B-CD complex. The appar-
ent stability constant (K) determined from the slope and the
intercept ((NFOH] =0.010 [HP-B-CD] + 1.28, correlation coef-
ficient, r=0.995) of this plot was 7.9+ 0.2 M~!, indicating the
formation of a weak complex [19].

112
1.104
1.084
1.061
1.044 -

x 1024

™ 1.001
0.981
0.96-

0.94}/

0.92-5
0

5 10 15 20 25 30
[HP-B-CD] mM

Fig. 3. Plot of 1/k vs. HP-B-CD concentration for NFOH at 25 °C. Chromato-
graphic conditions—the same used in Fig. 2.

The increase in solubility caused by the complexation of
NFOH with HP-3-CD was lower than those reported for oth-
ers drugs in literature [20,21]. The apparent stability constant
obtained is similar to the one measured by chromatography
experiments.

3.3. Photostability assays

In this study, the photostability of NFOH and NFOH:HP-
B-CD inclusion complex were examined in aqueous solution.
A control was carried out using a solution of NFOH in
water, in absence of cyclodextrin. The data produced indi-
cated that HP-B-CD retarded the photodegradation of NFOH,
making it more stable in the presence of light (Fig. 5). The
same effect is described in the literature for other drugs
[22,23].

The data revealed that the addition of HP-3-CD was not
able to completely inhibit the photochemical decomposition of
NFOH. HP-B-CD decreases the observed apparent-first-order
rate of photochemical decomposition of NFOH in a non-linear
relationship. This result was consistent with a kinetic system in
which a free drug is degraded at higher rates than the drug in the
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e
1

1.2 T T T T T T T T T T T T
0 10 20 30 40 50 60

[HP-p-CD] mM

Fig. 4. Solubility diagram of NFOH (mM) with HP-B-CD (mM) at 25 °C.
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Fig. 5. Photodegradation profiles of NFOH under photoexposure radiation of
an aqueous solution containing NFOH free and complexed with HP-B-CD.

complex form [23]. Photochemical degradation constants (kobs)
for NFOH in the absence and presence of HP-3-CD were deter-
mined by the data from Fig. 5, using the first-order kinetics. The
values of kqps for NFOH in absence and presence of HP-3-CD
are 5.19 x 107! £0.03min~! and 3.83 x 107! £0.07 min~!,
respectively. The formation of an inclusion complex had a
stabilizing effect on NFOH regarding the photodecomposition
compared to that of the “free” molecule in solution [24]. Based
on the binding constant between HP-3-CD and NFOH and on the
concentrations of HP-3-CD and NFOH under the experimental
conditions, about 4% of the NFOH can form an inclusion com-
plex with HP-B-CD. However, the observed kqps values are far
beyond the expected maximum effect, indicating that not only
the inclusion complex formation but also other mechanisms must
be considered [25].

3.4. Study of the complex by nuclear magnetic resonance

NMR spectroscopy is the most powerful tool for the study
of inclusion complex formation between CDs and a variety of
guest molecules, which has been successfully used to confirm
the conformations of inclusion complexes [26].

The interaction of NFOH and HP-B-CD was investigated by
NMR, which revealed the stoichiometry of the complex and the
dynamic properties of NFOH in the presence of cyclodextrin.

Fig. 6 and Table 1 show the "H NMR spectra of NFOH, HP-3-
CD and NFOH in the presence of HP-B-CD as well as the NMR
chemical shifts and assignments, respectively. The assignments
of NFOH [3] and HP-B-CD [27-30] are in agreement with the
literature.

Chemical shifts variations of specific host or guest nucleus
could provide evidence for the formation of inclusion complexes
in solution, since significant changes in microenvironment are
known to occur between the free and bound states. Informa-
tion about the interaction of NFOH and HP-3-CD is primarily
inferred from the changes in chemical shifts. From Fig. 6 and
Table 1, it can be seen that the H3 hydrogens, located inside
the cavity close to the end of the HP-B-CD, shift up-field. The
other HP-3-CD hydrogens present changes in the chemical shift

NFOH

b

—_—T T T T
8.0 76 7.2 6.8 6.4

NFOH:HP-§-CD |
/ " CH,

H Hs

H \‘i / H,

\ i/H
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HP-6-CD My "l J
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15 105 95 85 75 65 55 45 35 25 15 05 -05

Fig. 6. 'H NMR spectra (500 MHz) of NFOH (0.2 mM), HP-B-CD (0.2 mM)
and NFOH:HP-B-CD (1:1 molar ratio). Samples in D,0O at 25°C.

<0.010 ppm. The effect on H3 hydrogens in comparison to Hs
(and Hg) was higher, thus it can be assumed that NFOH was
preferentially inserted into the HP-3-CD close to secondary
hydroxyls [27]. For NFOH, all the hydrogens presented up-field
shift.

Table 1

'H chemical shifts (ppm) data and assignment of NFOH hydrogens (in the
presence and absence of HP-3-CD) and HP-3-CD (in presence and absence of
NFOH), at 25°C in D,O

Hydrogen ‘Sabsence 8presence AB
NFOH
H, 7.610 7.685 0.075
Hp 7.512 7.563 0.051
H. 6.803 6.833 0.030
Hy 2.821 2.849 0.028
HP-B-CD
H, 5.114 5.115 0.001
H, 3.674 3.677 0.003
H; 4.030 4.092 0.062
H, 3.540 3.541 0.001
H;s 3758 3.767 0.009
He 3918 3.923 0.005

[NFOH] and [HP-B-CD]=0.2mM. The chemical shifts are referenced by the
residual solvent peak (H,O and HDO) at 4.81 ppm.
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Fig. 7. Job’s plots corresponding to the chemical shift displacement of (a) HP-
B-CD (H3) and (b) NFOH hydrogens.

3.4.1. Stoichiometry

The continuous variation method was employed to estab-
lish the stoichiometry of the complex using NMR. If a physical
parameter directly related to the concentration of the complex
is plotted as a function of the mol fraction (r) of NFOH or
HP-B-CD, its maximal value occurs at rnroy =m/(m+n) or
rHp-g-cD =h/(m+n), where m and n are the molar ratios of
NFOH and HP-B-CD in the complex, respectively. In the NMR
spectra and under fast conditions, for a signal belonging to
NFOH, for example, the calculated quantity Aé. [NFOH] will
be proportional to the complex concentration, being able to be
plotted against r [10].

The continuous variation method was applied for all hydro-
gens of the molecules (host and guest) and yielded identical
results. The NFOH and HP-B3-CD that experienced the largest
shifts are reported in Fig. 7.

In all cases, Job’s plots show a maximum value at r=0.5 and
high symmetrical shape, indicating the existence of a complex
with a 1:1 stoichiometry, within the range of the investigated
concentrations. These results were in agreement with the chro-
matography and phase-solubility studies between NFOH and
HP-3-CD.

In general, inclusion complex formation is a diffusion-
controlled process; so, most of the inclusion complex formation
can instantly reach the equilibrium. Thus, for the HP-(3-
CD:NFOH inclusion complex, the complexation-induced shift
in 'H NMR were utilized for estimating the complexation molar

0.40+
a b o d

0.35 J 7 oH

0.30 ° c

a b c

Hydrogen

0.254
0.204

0.15

AT1 (T1 NFOH™ T1 NFOH:HP<[X-CD) (S)

Fig. 8. Changes in the longitudinal relaxation times (AT}, s) of NFOH at 25 °C,
500 MHz.

ratio and these comportaments were observed for a fast equilib-
rium process

3.4.2. Dynamic properties

The longitudinal relaxation times (71 ) give information about
the nucleus mobility in the solution. To study the interaction
between host and guest molecules, the measurement of 7 can
give information about which region of the molecule presents
mobility changes after the interaction with another molecule
[11]. Fig. 8 shows the AT} variation of the NMR signals of the
hydrogen from NFOH in the presence and absence of HP-3-CD.

Spin-lattice relaxation times (7'1) were measured for NFOH
hydrogens before and after the addition of HP-B-CD. A reduc-
tion in 7' values of the hydrogens from the nitroheterocyclic
group of the NFOH molecule is an indicative that the movement
of the whole molecule is changed in the presence of HP-3-CD
[31]. Owens et al. [31] have showed that the reduction in T}
values for hydrogens of molecule on addition of CD molecules
was reported to be due to increased correlation time, ., con-
firming the restricted rotation of hydrogens atoms as a result of
a probably existence of a complex in an aqueous solution.

The effect on the 77 of the hydrogens from NFOH in the
presence of cyclodextrin is due to the interaction between these
molecules and not due to possible changes in the solution vis-
cosity, since the CD concentration was very small (0.2 mM)

3.5. Cell culture and cytotoxic assays

Measurement of NFOH, complex and HP-B-CD effects on
3T3 cell viability was a way to evaluate the cytotoxicity of these
chemical substances. The treatment of 3T3 cells was realized
in three different concentrations (0.05, 0.075 and 0.100 mM) of
the compounds. Fig. 9 shows the concentration effect on the cell
viability of 3T3 (%) after 3 and 24 h of incubation.

The effect of increasing concentrations of the compounds
in the cell viability seems to be an increase in the cytotoxic
effect. NFOH reduces cell viability up to values of 69 and 40%
at 0.100mM of NFOH for 3 and 24 h, respectively, indicat-
ing that the increase in concentration causes more cytotoxic
effect than the observed for NFOH:HP-B-CD and HP-3-CD.
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Fig. 9. Cytotoxic effects of NFOH, NFOH:HP-B3-CD, HP-B-CD at 0.05, 0.075 and 0.100 mM on Balb/c 3T3 cells incubated for 3h at 37 °C and 5% CO, as evaluated
by MTT reduction test. Data expressed as % cell viability (mean & S.D., n =8 experiments). Cell viability without NFOH, CD and complex is 100% (data not shown).

The NFOH:HP-3-CD induced maximum effects at 0.100 mM,
values comparable to the ones obtained by HP-3-CD, i.e., not
affecting cell viability up to 3 and 24 h (p <0.001), as compared
to NFOH.

One of the most important considerations about this in vitro
toxicity model is that NFOH induced cytotoxic effects in a dose-
dependent manner and the cellular protective effects observed
after the treatment with NFOH:HP-3-CD could be explained
by the sustained release of NFOH from HP-B-CD cavity. These
results were in agreement to related study in literature [32,33].

Therefore, since free HP-B-CD showed low activity over the
concentration range used in this study, the low cytotoxicity of
the NFOH:HP-3-CD complex compared to free NFOH was
attributed to the formation of a host—guest complex between
NFOH and HP-3-CD, thereby avoiding the NFOH side effects.

Cyclodextrins accelerate or decelerate various types of reac-
tions, with kinetic features similar to those of enzyme reactions,
i.e., catalyst—substrate complex formation, competitive inhi-
bition, saturation and stereospecific catalysis [34]. The most
important primary consequence of the interaction between a
poorly soluble guest and a cyclodextrin in aqueous solution that
could explain the reduction in the cytotoxicity of NFOH when
complexed with HP-3-CD is a modification in the reactivity of
the included molecule. In most cases, the reactivity decreases
due to guest stabilization, but in other cases, the cyclodextrin
behaves as an artificial enzyme that can accelerate and modify
the reaction pathway [34] . The rate of reaction is changed by the
inclusion because the guest is transferred from the polar envi-
ronment of water to a less polar one of the cyclodextrin cavity,
i.e., there is a microsolvent effect. The reaction rate increases
when flexible guest molecules are forced to adjust to a reactive
conformation and vice versa [35].

4. Conclusion
This study showed the physical-chemical characterization

and in vitro evaluation of an inclusion complex of NFOH and
HP-3-CD. Based on the results reported here, it is possible to

see that the complexation of NFOH with HP-B-CD modified
the physicochemical characteristics of the guest molecule and
diminished its cytotoxicity. Then, we believe that the inclusion
complex between NFOH and cyclodextrin might be a poten-
tial formulation as a therapeutic option for the treatment of the
Chagas disease.
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