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Abstract—In this work we prepared and characterized an inclusion complex of the dihydropteroate synthase inhibitor sulfadiazine
(SDZ) in 2-hydroxypropyl-B-cyclodextrin (HPBCD). From the phase-solubility diagram we observed an increase in the water sol-
ubility of the drug, calculating a binding constant of 1879 M~!. The inclusion mode involves a NH,-in orientation of the drug in the
HPBCD cavity, according to the 2D NMR (ROESY) data and confirmed by molecular modeling using the semiempirical PM6 and

RM1 methods.
© 2008 Elsevier Ltd. All rights reserved.

1. Introduction

Toxoplasmosis is a disease caused by Toxoplasma gon-
dii, an intracellular parasite that can infect all warm-
blooded animals.' The infection can remain in a latent
and asymptomatic state, reactivating in immunocom-
promised patients and causing cerebral inflammation
(toxoplasmic encephalitis), a condition prone to result
in seizures and death.* The conventional treatment is
based on mixtures of antiparasitic drugs including sulfa-
diazine  (4-amino-N-(2-pyrimidinyl)  benzenesulfon-
amide) (SDZ), an inhibitor of the essential metabolic
enzyme dihydropteroate synthase. SDZ can induce se-
vere allergic reactions in many patients, as in a study
of 29 patients, ~54% abandoned treatment.>-°

It is well described that the use of drug carriers may im-
prove the treatment efficacy and reduce side effects, by
solubility increase and transport/release of the drug to
specific sites.”® Concerning the drawbacks associated
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with the SDZ treatment, the use of a suitable carrier
could increase its water solubility, potentially reducing
the side effects by the use of lower dosages. On the other
hand, the reduction in the dosage of SDZ and other
pharmaceuticals has become important also in the envi-
ronmental context, since nowadays they are referred to
as a class of emerging contaminants—endocrine disrup-
tors.!® Recent investigations have shown some evidence
that substances of pharmaceutical origin are not elimi-
nated during wastewater treatment, which is an increas-
ing concern due to their continuously growing use.!!

The standard toxoplasmosis therapy also includes pyri-
methamine, a poor water soluble dihydrofolate reduc-
tase (DHFR) inhibitor, and recently we reported its
inclusion complex with cyclodextrin derivatives improv-
ing the water solubility of the drug.'> Cyclodextrins
(CDs), cyclic oligosaccharides formed by glucopyranose
units linked by a-(1,4) glycosidic bonds,'*!* are among
the most studied potential drug carriers. There are three
main natural forms of cyclodextrins, differing in the
number of glucopyranose units: o-(6 units); B-(7 units),
and v-(8 units). The special feature of the CDs is the
ability of forming inclusion complexes by the accommo-
dation of molecules with apolar structures inside cav-
ity.!>!® Inclusion complexes of native and modified
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CDs with many different species have been widely de-
scribed in the fields of supramolecular chemistry, phar-
macology, food science, cosmetics, catalysis,
chromatography, etc.!”23 2-hydroxypropyl-B-cyclodex-
trin (HPBCD) is a hydroxyalkylated CD derivative that
combines a relatively high water solubility with a low
toxicity and a satisfactory inclusion ability.?*2> Several
commercial formulations are composed of cyclodextrin
inclusion complexes, evidencing the importance of the
field.2¢-%°

The use of inhibitors of essential enzymes is the base of
treatment of several other parasitic diseases such as ma-
laria and cryptosporidiosis,® indicating that the use of
this family of drugs is of broad interest. For instance,
Li et al. reported the inclusion complex of trimethoprim,
another DHFR inhibitor, with B-cyclodextrin®! and
Romero and co-workers prepared dimeric sulfadiazine
nanocarriers.>?

In this work we studied the formation of inclusion com-
plexes of SDZ with HPBCD by phase-solubility tech-
niques, molecular modeling by semiempirical and
molecular mechanics methods and characterized the
complexes by thermal analysis and 2-D NMR spectros-
copy (ROESY).

2. Results and discussion
2.1. Phase-solubility

The phase-solubility diagram of the system HPBCD/
SDZ, Figure 1, evidences that the solubility of the drug
increased linearly with increasing HPBCD concentra-
tion. This diagram can be classified as Ay type and
according to the model proposed by Higuchi and Con-
nors*? it can be related with the formation of a soluble
inclusion complex. The apparent stability constant
(Kj.1), was calculated from the linear fit of the curve
according to the following equation:
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Figure 1. Phase-solubility diagram for the HPBCD/sulfadiazine host—
guest system.

where Slope is the value found in the linear regression
and So is the aqueous solubility of the drug at pH 7
(So =40 mg L") in the absence of HPBCD, determined
spectrophotometrically by Lazaro.3* The value calcu-
lated for K., was 1879 M~' suggesting the occurrence
of favorable interactions, since in general the association
constants of drugs to CDs are reported in the range 50—
2000 M~'.8 The constant found here is very similar to
that reported for pyrimethamine complexation with
HPBCD, (K., = 1900.6 M~ ").!2 This finding can be fur-
ther explored in the treatment of toxoplasmosis since the
most common therapy is based on a mixture of these
two drugs.

2.2. "TH NMR spectroscopy

'"H one- and two-dimensional (‘H-'*C HSQC and
"H-"H ROESY) spectra were measured in order to con-
firm the inclusion of sulfadiazine in HPBCD and also to
characterize the binding mode.* Owing to the observa-
tion of superimposed signals in HPBCD 'H spectrum,
an HSQC measurement was obtained, Figure 2, in order
to provide a tentative assignment. This spectrum is in
good agreement to that reported previously by Zoppetti
and co-workers.>® As commercial HPBCD contains a
mixture of hydroxypropyl B-CD derivatives with differ-
ent substitution degrees, a special characteristic of this
spectrum is the presence of signals spread over a range
of & values. Figure 3a shows the 'H spectrum for
HPBCD below 5.5 ppm. In Figure 3b a zoom from 6
to 8.7 ppm evidences the SDZ signals: 6 = 6.628 ppm
(d, Ha), 6 = 6.933 ppm (t, Hd), 6 = 7.717 ppm (d, Hb),
and 0 = 8.411 ppm (d, Hc), see Figure 3¢ and d for pro-
ton identification.

The two-dimensional '"H-'H ROESY spectrum of the
inclusion complex (Fig. 4) shows that Ha protons of
the p-substituted aniline ring of sulfadiazine correlate
both with H-3 and H-5 protons of HPBCD, apparently
a slightly stronger correlation with H-3. As cross peaks
correlate protons with separation lower than 4.0 A in
space, the observed correlations indicate that the aniline
ring is included in the CD cavity. As H-3 protons are
closer to the secondary CD rim, the inclusion mode
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Figure 2. HSQC spectrum of HPBCD with a tentative assignment.
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Figure 3. (a) "H NMR spectrum of the HPBCD in D,O showing the region of HPBCD signals; (b) "H NMR spectrum of the SDZ in CD;0D
showing the region of sulfadiazine signals; (c) identification of HPBCD protons from the glucopyranose units; (d) identification of sulfadiazine

protons.
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Figure 4. "H ROESY spectrum of the HPBCD/sulfadiazine system in
D>0O at 298.1 K.

may involve a relatively low penetration degree in the
cavity.

2.3. Thermal behavior and X-ray diffraction of the
inclusion complex

Figure 5(a—d: DSC, e-h: TG) shows thermal analysis re-
sults for the samples studied. Free SDZ starts to melt
with decomposition at 259 °C, as can be observed by a
comparison of the TG and DSC curves, Figure 5a and
5e. HPBCD loses water at temperatures slightly above
100 °C and decomposes above 269 °C, as evidenced by
the mass loss in the TG curve, Figure 5f. The physical
mixture of HPBCD and SDZ apparently contains only
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Figure 5. DSC (a—d) and TG (e-h) (N5, 10 °C/min) curves for (a and e)
sulfadiazine; (b and f) HPBCD; (c and g) HPBCD/sulfadiazine 1:1
(mol proportion) physical mixture, and (d and h) HPBCD/sulfadiazine
inclusion complex.

the free species, as indicated by the endothermic peak
due to melting of SDZ at 255 °C (Fig. 5c), followed by
the decomposition of both compounds, represented by
a continuous mass loss in the TG curve (Fig. 5g). Final-
ly, apart from a broad endothermic peak near 100 °C
due do water loss, the melting peak of free SDZ is absent
in the DSC curve of the lyophilized sample (Fig. 5d).
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The curve also presents a sharp peak at 310 °C, absent
from the curve of free SDZ. We suggest that this event
may be related to the melting of non-included drug?’
or to the beginning of decomposition, since the peak
at 310 °C coincides with the beginning of mass loss in
the TG curve (Fig. 5h).

Powder XRD patterns allowed us to examine the med-
ium and long range ordering of the materials.>® In con-
trast to the amorphous character of HPBCD, Figure 6a,
free sulfadiazine is a crystalline solid, Figure 6b. The
XRD pattern of the physical mixture confirmed that it
contains both species as isolated solids, as the diffracto-
gram presents SDZ peaks in addition to the amorphous
halo of HPBCD. Finally, the lyophilized inclusion com-
plex has an amorphous structure, probably as a result
both the structure of HPBCD and of the lyophilization
process and evidence the absence of SDZ crystalline
particles.

2.4. Molecular modeling

The structures of the inclusion complex in the two orien-
tations considered were initially optimized by the MM3
method, with the guest aligned with the centroid axis of
the CD cavity. An energy map representing the energy
variation of the system with SDZ entrance as well as
dihedral between SDZ rings for each orientation is also
shown in Figure 7. For the NH,-out orientation the en-
ergy depended on both factors resulting in a 2-D energy
map, in contrast to the NHy-in, for which the energy
was found to be dependent only on the distance. This
difference may arise from the influence of the NH, group
orientation outside the cavity, for the NH,-out mode.
The distance between the SDZ amino group and the
closest hydroxyl group from HPBCD for NH,-in orien-
tation of the inclusion complex was 2.2 A, suggesting the
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Figure 6. Powder X-ray diffractograms (Cu-xa) for: (a) HPBCD; (b)
sulfadiazine; HPBCD/sulfadiazine 1:1 (mol proportion) physical mix-
ture; (d) HPBCD/sulfadiazine inclusion complex collected by
lyophilization.

existence of a hydrogen bonding. On the other hand, a
distance of 3.2 A separating the closest HPBCD hydro-
xyl and the SDZ molecule was found for the NH,-out
orientation.

After this initial procedure, the energy minimization
was carried out without constraint using the semiem-
pirical PM6*° and RM1%° methods, which yielded the
enthalpies of formation for both orientations in addi-
tion to Gibbs free energy and entropy variation
(NH,-in and NH,-out, Table 1). According to calcu-
lation the NH,-out orientation was favored over
NH»-in in vacuum, in contrast to the overall orienta-
tion of the SDZ molecule in the HPBCD cavity evi-
denced by the ROESY measurement (NH,-in). On
the other hand, when a continuum medium with the
water dielectric constant is considered, an inversion
in the most stable inclusion orientation is observed
for both methods. The value of AG calculated for
the formation of the complex pointed out a spontane-
ous process, both in vacuum and in water as contin-
uum medium. Alternatively enthalpy of the complex
was calculated from the vibrational energy, leading
to positive AG values. Positive AG values can be ob-
served for calculations performed in vacuum, as re-
ported previously by Piel and co-workers,*!
suggesting the role of the elimination of water mole-
cules from the cavity.

The optimized host-guest molecular structures for the
complexation of HPBCD with sulfadiazine in the two
binding orientations obtained by PM6 and RMI1 cal-
culations (vacuum and water continuum medium) are
shown in Figure 8. The aniline ring has a very low
penetration degree in the cavity for the vacuum
NH»-in structures from both methods, in contrast
to the higher penetration for the vacuum NH,-out
structures. This fact can account for the preferred
NH,-out orientation in vacuum from both methods.
When the aqueous medium is considered, an in-
creased penetration degree can be observed for the
aniline ring in the NHj-in orientation from both
methods, stabilizing the configuration in comparison
to the NHj-out, probably as a result of favorable
interactions. In general a very good agreement was
observed between the optimized NH,-in orientations
(continuum medium) and experimental ROESY data,
in which protons from the aniline ring are closer to
the secondary face.

3. Conclusions

In conclusion, encapsulation of sulfadiazine in 2-
hydroxypropyl-p-cyclodextrin causes a linear increase
of the drug solubility with increasing host concentration.
This is an important finding since sulfadiazine is widely
used in the treatment of parasitic diseases, both in hu-
mans and in animals. Characterization of the inclusion
mode by 2D NMR spectroscopy, in addition to theoret-
ical calculations by the AM1 method, pointed out that
the preferred orientation involves inclusion of the ani-
line ring into the CD cavity.
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Figure 7. Minimum energy structures and energy maps for the two orientations considered, by the MM3 method: (a) NH,-out with 2D
conformational map, showing the energy dependence of the system with SDZ entrance in HPBCD cavity and with the dihedral angle between the two
SDZ rings; (b) NH»-in with 1D conformational map. The energy increases following the color sequence blue-green—yellow-red.

Table 1. Enthalpies of formation (AAgH), enthalpy of complexation from vibrational energy including zero-point energy corrections (AH" b0y
entropy variations (as TAS) and Gibbs free energy (AG, from AAH and AG, from AH'®©) at 298 K upon the inclusion complexation of HPBCD

with SDZ
Method AAH (kcal/mol) AH"™O (kcal/mol) TAS (kcal/mol) AG; (kcal/mol) AG, (kcal/mol)
PM6 Vacuum NH,-in —1952.25 —-8.77 —~19.41 —1932.84 10.64
NH,-out —1964.19 —-9.55 —19.54 —1944.65 9.99
Water NH,-in —2023.88 —14.81 —22.39 —2001.49 7.58
NH,-out —2014.29 —-15.07 —26.83 —1987.46 11.76
RMI Vacuum NH,-in —1898.53 —19.87 —25.29 —1873.24 5.42
NH,-out —1906.13 —21.03 —26.15 —1879.98 5.12
Water NHo-in —1956.28 —26.34 —-30.23 —1926.05 3.89
NH,-out —1933.36 98.03 —24.56 —1908.80 122.60

4. Experimental
4.1. Materials

2-hydroxypropyl-B-cyclodextrin (FW = 1540) and sulfa-
diazine (FW = 250.28) were purchased from Sigma and
used as received. Other reagents and chemicals were of
analytical reagent grade. All experiments have been car-
ried out using ultrapure water (MILLI Q).

4.2. Preparation of inclusion complexes

The inclusion complexes were prepared by the suspen-
sion method.!? Briefly, SDZ and HPBCD were mixed
in water in the molar proportion 1:1 and stirred at room
temperature for 48 h protected from light to prevent
degradation of the molecules. After this period the solid
residue was separated by centrifugation at 15,000 rpm
for 15 min and the upper liquid layer was filtered over
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Figure 8. Complex SDZ/HPBCD in two orientations: NH»-in (a, c, e, g) and NH,-out (b, d, f, h) from PM6 and RM1 methods calculated in vacuum

and in water (continuum medium).

0.45 pm Millipore membrane. The solution was then
dried by lyophilization for the solid inclusion complex
to be collected.

A physical mixture was also prepared to test for possible
inclusion by grinding together a 1:1 molar mixture of
HPBCD/SDZ for 5 min with a small amount of water
(the minimum amount to form a slurry) in an agate
mortar.

4.3. Phase-solubility diagram

The phase-solubility diagram was studied according to
the method proposed by Higuchi and Connors.>* A ser-
ies of HPBCD solutions was prepared with increasing
concentrations: 0.1, 0.2, 0.3, 0.4, 0.5 mM. A constant
mass of SDZ, in fivefold molar excess relative to the
highest concentrated HPBCD solution, was added to
each solution and the suspensions were stirred for 48 h
in dark conditions. After this period, all suspensions
were centrifuged and the supernatants were filtered over
0.45 um Millipore membranes. The absorbance at
258 nm (¢ = 13,066 + 211 L mol ' cm~'3*) was then re-
corded for each solution after 1:100 dilution in a Perkin-
Elmer Lambda 45 UV/vis spectrophotometer.

4.4. Characterization of the complexes
Thermal analyses (thermogravimetry—TG and differen-

tial scanning calorimetry—DSC) were recorded using
TA Instruments models 2960 and 2010, respectively,

both with 10 °C/min heating rate and under 100 mL/
min N, flow. Powder X-ray diffraction (XRD) was mea-
sured in a Rigaku diffractometer using Cu-ka
(2 =1,5460 A) with 40 mA, 40kV, and scanning rate
of 3°/min. All NMR spectra were obtained in a Varian
INOVA spectrometer at 500 MHz. 'H spectra for SDZ
and HPBCD were obtained in CD;OD and DO,
respectively. HSQC spectrum was obtained in D,O
using relaxation delay 1.5s and acquisition time
0.232 s. Rotating-frame overhauser effect spectroscopy
(ROESY) experiment was carried out with D,O as sol-
vent, relaxation delay 2.0 s, and mixing time = 2.00 ms.

4.5. Molecular modeling-geometry optimization

In the present work, two different inclusion orientations
were considered. An orientation in which NH, points
toward the narrower HPBCD rim (NH»-in) and another
in which the pyrimidine ring points toward the narrower
rim (NH,-out). The inclusion complex was emulated by
entering the guest molecule from one end of the HPBCD
molecule and then letting it pass through the host mol-
ecule by steps and the dihedral angle between rings
change for each step using the MM3 method. The min-
imum structure found was optimized, without any con-
straint, with semiempirical PM6*° and RM1%° methods
implemented within the Cache worksystem 6.14* pro-
gram. Consideration of solvent effects was accomplished
with the use of conductor like screening model (COS-
MO)* model implemented within CaChe, with the
water dielectric constant (78.4).
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