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a  b  s  t  r  a  c  t

A  complex  of  sulfamethoxazole  (SMX)  and  hydroxypropyl-�-cyclodextrin  (HP-�-CD)  was  developed
and  characterized  in  order  to investigate  their  interactions  in  aqueous  solution  and  the  solid  state.
The  SMX  solubility  was  significantly  increased  upon  complexation  with  HP-�-CD,  with  the  solubility
isotherm  being  an AN type  due  to the  presence  of  aggregates  and  the  stability  constant  calculated  for  a
1:1 complex  being  302  ±  3  M−1.  Fourier-transform  infrared  (FT-IR)  spectroscopy  and  scanning  electron
microscopy  (SEM)  experiments  were  used  to  compare  the  freeze-dried  system  with  a  physical  mixture,
eywords:
ulfamethoxazole
ydroxypropyl-�-cyclodextrin
ggregation
onductivity
olid-state analysis

and demonstrated  the  complex  formation  in the  solid  state.  The  differential  scanning  calorimetry  (DSC)
and thermogravimetric  analysis  (TGA)  showed  that  the  thermal  stability  of  SMX  was  enhanced  in the
presence  of  HP-�-CD.

© 2012 Elsevier B.V. All rights reserved.
. Introduction

Cyclodextrins (CDs) are water-soluble cyclic oligosaccharides
omposed by 6 (�-CD), 7 (�-CD) or 8 (�-CD) D-(+)-glucopyranose
nits arranged in a truncated cone-shaped structure [1].
ydroxypropyl-�-cyclodextrin (HP-�-CD) (Fig. 1), derivative of �-
D, has attracted a growing interest due to its improved complexing
bility, high solubility and low toxicity [2,3]. Different molecules
an penetrate into the relatively hydrophobic cavity and form non-
ovalent inclusion complexes modifying their physical, chemical
nd biological properties [4,5]. CDs are used to improve the solu-
ility and dissolution of poorly soluble drugs in water and provide

 way to increase their stability and bioavailability. Recently it has
een observed that non-inclusion complexes can also participate in
he solubilization of poorly soluble drugs by CDs. In aqueous solu-
ions, CDs and their complexes show a tendency to self-associate
o form aggregates with solubilizing properties. Also, the formation
f CD complexes can increase the tendency of CDs to form aggre-
ates and can lead to the formation of micellar-type CD aggregates

apable of solubilizing poorly soluble compounds [6–8].

Sulfonamides are synthetic agents used in human and vet-
rinary therapy for the prevention and treatment of infections

∗ Corresponding author. Tel.: +54 351 4334127; fax: +54 351 4334127.
E-mail addresses: garneroc@fcq.unc.edu.ar (C. Garnero), aiassa@fcq.unc.edu.ar

V. Aiassa), mrlcor@fcq.unc.edu.ar (M.  Longhi).

731-7085/$ – see front matter ©  2012 Elsevier B.V. All rights reserved.
oi:10.1016/j.jpba.2012.01.011
[9].  However, their poor aqueous solubility has hindered their
application in the therapy as pharmaceutical formulations. In previ-
ous studies, we  demonstrated that the CD:sulfonamide complexes
improved their solubility in water compared to that of the free
drugs [10–12].  In addition, the sulfonamides exhibit interesting
solid state properties, among which is the ability to exist in two
or more polymorphic forms through the propensity for hydrogen
bonding due to the presence of various hydrogen bond donors
and acceptors [13]. Sulfamethoxazole (SMX) (Fig. 1) is a sulfon-
amide agent frequently used in human medicine to treat bronchitis
and urinary tract infections. It is widely used in combination with
trimethoprim, since this mixture possesses synergistic antibacte-
rial effects [14]. SMX  is sparingly soluble in water, and is known
to exist in the three polymorphic forms, I, II and III (hemihydrates)
[15].

Studies involving the complexation of SMX  with �-CD have been
reported [16–18].  The formation of a 1:1 complex with HP-�-CD at
various pH values was able to improve the aqueous solubility of
the drug in trimethoprim/sulfamethoxazole parenteral solutions
but could not prevent its precipitation [19]. The chemical stability
under oxidation stress of SMX  in co-trimoxazole (a 5:1 combination
of SMX  with trimethoprim) aqueous buffer solutions was increased
using HP-�-CD [20]. In addition, we previously developed a method

for the simultaneous quantification of trimethoprime and SMX  in
mixtures using HP-�-CD solutions [21]. However, no reports about
the characterization of the new systems SMX:HP-�-CD in solution
or in solid state have been published.

dx.doi.org/10.1016/j.jpba.2012.01.011
http://www.sciencedirect.com/science/journal/07317085
http://www.elsevier.com/locate/jpba
mailto:garneroc@fcq.unc.edu.ar
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1:1 molar ratio was  formed at low HP-�-CD concentrations. The
apparent stability constant (KC) value of 302 ± 3 M−1 was  estimated
from the slope of the initial linear portion of the diagram and the
Fig. 1. Chemical structur

Taking into account these previous studies, in the present work
e prepared and characterized a complex between the commercial

MX  active ingredient and HP-�-CD.

. Materials and methods

.1. Chemicals and reagents

All the experiments were performed with analytical grade
hemicals and solvents. HP-�-CD, with a degree of substitution of
.63, was kindly supplied by Ferromet agent of Roquette (France).
illipore Milli Q Water Purification System was used to generate

he water used in these studies.

.2. Phase solubility studies

The solubility measurements were performed according to the
ethod of Higuchi and Connors [22] in aqueous solutions contain-

ng different concentrations of HP-�-CD, ranging from 14.3 mM to
43.2 mM.

.3. Conductivity measurements

The conductance measurements were taken in HP-�-CD solu-
ions, in the range 1.65–161.55 mg/ml, in the presence of a
onstant SMX  concentration throughout the experiment. The crit-
cal concentration for the aggregate formation was determined by

easuring the specific conductivity change as a function of concen-
ration, using a Malvern Zetasizer 3000 (Malvern Instruments Inc.,
ondon, UK). All measurements were recorded at 25 ◦C, with the
alues shown being the mean of 20 conductance measurements.

.4. Solid sample preparation

The preparation of a solid complex SMX:HP-�-CD with a 1:1
olar ratio was carried out using the freeze-dry method [23]. Phys-

cal mixtures were prepared by mixing the SMX  and HP-�-CD
owders or the corresponding freeze-dried components, with a 1:1
olar ratio uniformly in a mortar.

.5. Fourier-transform infrared (FT-IR) spectroscopy

The FT-IR spectra (potassium bromide disks) were recorded on
 Nicolet 5 SXC FT-IR Spectrophotometer (Madison, WI,  USA).

.6. Differential scanning calorimetry (DSC) and
hermogravimetric analysis (TGA)
The DSC curves of the samples were produced using a DSC
A 2920, and the TGA curves were recorded on a TG TA 2920.
he samples were placed in aluminum hermetic pans, with the
) HP-�-CD and (b) SMX.

experiments being carried out under a nitrogen gas flow, at a heat-
ing rate of 10 ◦C/min, and over a temperature range of 25–400 ◦C.

2.7. Scanning electron microscopy (SEM)

Microscopic morphological structures of the solid samples were
investigated and photographed using a scanning electron micro-
scope LEO Model EVO 40XVP. To improve the conductivity, samples
were gold-coated under vacuum employing a sputter coater PELCO
Model 3.

3. Results and discussion

3.1. Phase solubility analysis

The phase solubility diagram of SMX  and HP-�-CD, obtained by
plotting the changes in guest solubility as a function of HP-�-CD
concentration (Fig. 2) can be classified as an AN type, with the neg-
ative deviation from linearity at higher concentrations. This curve
form may  originate from both an alteration in the effective nature
of the solvent in the presence of large concentrations of HP-�-CD
and a self-association of HP-�-CD at higher concentrations [22,24].

The initial ascending portion of the diagram had a slope less
than 1, which indicated that a soluble inclusion complex with a
Fig. 2. Effect of HP-�-CD on the solubility of SMX  in an aqueous solution at 25.0 ◦C.
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ig. 3. Conductivity measurements as a function of HP-�-CD concentration for
queous solutions of SMX:HP-�-CD at 25 ◦C.

olubility of SMX  in water (S0), according to the following equation:

c = Slope
S0(1 − Slope)

SMX  (pKa 5.6) mainly existed in its unionized form in aque-
us solutions of pH 4.7, which was the reason why the interaction
ith HP-�-CD occurred efficiently, and consequently, an important

ncrease in solubility was observed as a function of HP-�-CD con-
entration. The aqueous solubility of SMX  in water was 0.4 mg/ml.
his increased approximately 10.5 times (4.6 mg/ml) in 57.3 mM
P-�-CD solution, while 143.2 mM HP-�-CD caused a 20.2-fold rise

n the drug solubility (8.7 mg/ml). Therefore, these results showed
he large solubilizing effect of HP-�-CD. It seems that our results
re in good agreement with those obtained previously by Loftsson
t al. [25]. They have described the phase solubility studies of SMX
ith HP-�-CD and reporting KC value of 370 M−1.

.2. Aggregation behavior of SMX:HP-ˇ-CD complex

The formation of aggregates in aqueous solution and the criti-
al concentration for the SMX:HP-�-CD complex was studied, by
onductivity, to interpret the phase solubility diagrams observed.
n Fig. 3, a plot of conductivity is shown as a function of the
P-�-CD concentration for aqueous solutions of SMX:HP-�-CD at
5 ◦C. The results revealed a significant increase in the conduc-
ance of the solutions caused by SMX:HP-�-CD system compared
o pure HP-�-CD (with this latter value has already been deter-

ined in our previous work, [26]), demonstrating that the complex
MX:HP-�-CD was more effective as charge carrier than the free
acromolecule in aqueous solution, because the conductivity of
ater is dependent on the concentration of the conducting species
resent. A break point on the slope of the plot demonstrates that
t high concentrations of HP-�-CD was favored the formation of
ggregates. The critical concentration, defined as the point corre-
ponding to the maximum change in gradient of a physical property
f solution against ligand concentration, was determined from the
ntersection point of the linear segments, corresponding to the

onomeric and aggregate forms, and the best correlation coeffi-

ient was chosen. A value of was 70.99 mg/ml  (about 50.8 mM)
as determined, and its similarity with the value of 69.3 mg/ml

eported for free HP-�-CD [26] suggests that the complex forma-
ion did not affect the balance of the intermolecular forces that
d Biomedical Analysis 63 (2012) 74– 79

held the HP-�-CD molecules together in the aggregates. These
experimental results indicated that the self-association between
SMX:HP-�-CD complexes as well as that between free HP-�-CD
molecules and the complexes may  explain why the observed sol-
ubilization phenomena had a negative deviation from linearity at
higher host concentrations (Fig. 2).

Taken together, the results suggest that the increase in the sol-
ubility of SMX, at low concentrations of HP-�-CD, was  the result of
the formation of an inclusion complex. However, at ligand concen-
trations above the critical concentration, water-soluble aggregates
were formed, which possess the capacity to solubilize SMX  by form-
ing non-inclusion complexes [6].

3.3. Solid-state studies

The pure materials, the freeze-dried system SMX:HP-�-CD and
the corresponding physical mixture were examined.

3.3.1. Fourier-transform infrared (FT-IR) spectroscopy
In order to identify the polymorph form of SMX in the com-

mercial sample, the characteristic FT-IR bands in the region
3500–3100 cm−1 were examined. As shown in Fig. 4a, bands were
found at 3467.3 and 3375.7 cm−1 (NH2), 3300 cm−1 (NH) and
3143.7 cm−1 (CH), which are in agreement with the FT-IR spec-
trum corresponding to the SMX  form I reported by Takasuka et al.
[15]. Also, other bands were located at 1620.9 cm−1 (a combina-
tion of NH2 and isoxazole ring CN), 1596.9 and 1504 cm−1 (phenyl
ring C C), 1473.4 and 1380.8 cm−1 (isoxazole ring), 1307.5 and
1145.8 cm−1 (SO2), 926.2 cm−1 (SN), 884.3 cm−1 (isoxazole ring CH)
and 829.4 cm−1 (benzene ring CH). SMX  showed a large variation
in the hydrogen-bond pattern between polymorphs, and the poly-
morphic conversion resulted in a change in the hydrogen-bond
pattern of the amido proton. It is also noteworthy that Form I
appeared to have the weakest hydrogen bonds [13,27].

The FT-IR spectrum of the freeze-dried system (Fig. 4b) did
not reveal any new bands, although if SMX  and HP-�-CD form a
solid inclusion complex, the non-covalent interactions between
them such as hydrophobic interactions, Van der Waals interac-
tions and hydrogen bonds lower the energy of the included part of
SMX, thereby reducing the intensity of the corresponding absorp-
tion bands. Based on these considerations, the differences between
the spectra of SMX, freeze-dried system and the physical mixture
were analyzed to obtain supporting evidence of complexation. We
can see an absence of SMX  bands in the region 3700–3000 cm−1,
demonstrating that the aniline NH2, and the sulphonamide NH and
the CH of the isoxazole ring of the drug were involved in the inter-
action process. In addition, the band assigned to the combination of
the NH2 group and the CN isoxazole ring was  broader and shifted
to 1619.3 cm−1 with intensity reduction, indicating a host restric-
tion of vibration within the cavity of the HP-�-CD. The isoxazole
ring bands became broadened and shifted to lower frequencies of
1465.3 and 1376.2 cm−1, respectively, with the bands assigned to
SO2 group being broader and shifted to higher frequencies of 1325.9
and 1154.9 cm−1 respectively, suggesting that the sulphonamide
group of SMX  interacts with the groups of the host during inclusion
complexation. The characteristic band assigned to CH of the isox-
azole ring disappeared, and the band of the aromatic protons was
broader and shifted to a higher frequency of 838.6 cm−1. According
to these observations, there seemed to be formation of an inclu-
sion complex between SMX  and HP-�-CD in the solid state. In

contrast, the FT-IR spectra of the physical mixture (Fig. 4c) there
were no changes since they were derived from the superposition
of the spectra of the single components, suggesting the absence of
interactions.
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Fig. 5. (a) DSC curves of SMX (solid line), SMX:HP-�-CD freeze-dried (short dash)
SMX:HP-�-CD physical mixture (dash dot line) and HP-�-CD (broken double dash
line). (b) TGA curves of of SMX  (solid line), SMX:HP-�-CD freeze-dried (short dash)
SMX:HP-�-CD physical mixture (dash dot line) and HP-�-CD (broken double dash
line).

cess. The considerably higher temperature needed for degrading
ig. 4. FT-IR spectra of: (a) SMX, (b) HP-�-CD, (c) SMX:HP-�-CD freeze-dried, (d)
MX:HP-�-CD physical mixture.

.3.2. Differential scanning calorimetry (DSC) and
hermogravimetric analysis (TGA)
The DSC and TGA profiles in Fig. 5 SMX  showed a sharp endother-
ic  peak at 170.5 ◦C due to drug melting. The exothermic peak at

83.8 ◦C ascribed to the oxidation of evolved products [28] was
associated with a loss in the mass fraction of 30%, between 200
and 300 ◦C in the TGA curve. HP-�-CD exhibited a typical broad
endothermic peak between 50 and 175 ◦C, which resulted from a
dehydration process (6.5% mass loss) that corresponded to a loss of
about 4.5 water molecules per HP-�-CD molecule. Also, at temper-
ature higher than 300 ◦C, the CD decomposition began to appear.

The DCS curve of the binary freeze-dried system showed com-
plete disappearance of the SMX  melting peak, indicating molecular
encapsulation of the drug inside the CD cavity. Interestingly, the
TGA curve for the system showed that the dehydration stage con-
tained only 3.3% of water compared to the 5.0% present in the
physical mixture, which indicates that most of the water molecules
in the HP-�-CD cavity were replaced by SMX during the inclu-
sion process. In addition, in the physical mixture, the characteristic
events observed for the individual curves of SMX  and HP-�-CD
were also found.

Finally, the TGA curves showed mass losses indicating the fol-
lowing order of thermal stability: freeze-dried system > physical
mixture > SMX, with the drug being thermally stable up to 243, 234
and 200 ◦C, respectively. Furthermore, the mass loss observed for
the freeze-dried system and physical mixture occurred through a
fast process whereas the mass loss for SMX  began as a slow pro-
the freeze-dried system compared with the pure drug, suggests a
substantial enhancement of the thermal stability of SMX  in solid
state through the formation of the inclusion complex.
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Fig. 6. Scanning electron microphotographs of: SMX  (a) powder and (b) freeze-dried, HP-�-CD (c) powder and (d) freeze-dried; SMX:HP-�-CD freeze-dried (e and f);
S ed com

3

w
p

MX:HP-�-CD  physical mixture prepared with (g) pure powders and (h) freeze-dri
.3.3. Scanning electron microscopy (SEM)
Supporting evidence for complexation of SMX with HP-�-CD

as also obtained from SEM microphotographs (Fig. 6). Sam-
les of SMX  and HP-�-CD freeze-dried powders were included
ponents.
in the assays to evaluate the effect of the lyophilization pro-
cess on the morphology of the solids used to prepare the solid
systems. SMX  showed a plate like habit crystal, compact struc-
tures can be observed with irregular shapes and different sizes,
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haracterized by a smooth surface. Their morphology was not
ffected by the lyophilization process. On the other hand, the HP-
-CD microphotographs reveal hollow spherical particles with a
road size distribution (10–50 �m).  In addition, large particles were
etected containing smaller particles, which may  be assumed to be
n aggregation of HP-�-CD in the solid powder. However, the HP-�-
D freeze-dried appeared in the form of irregular particles in which
he original morphology disappeared.

The images of the freeze-dried system showed a less crystalline
tructure. By image magnification, it was possible to visualize lam-
nated structures of irregular size and shape, with smooth surfaces
nd a fragile aspect. By contrast, both physical mixtures, pre-
ared with pure powders or freeze-dried components, showed
he characteristic crystals of SMX  mixed with particles of HP-�-
D, confirming the presence of crystalline drug and revealing the
bsence of interaction in the solid system.

Considering the drastic change in the shape of particles obtained
y the freeze-dried method in which the original morphology of
oth components disappeared, together with their differences with
he systems obtained by physical mixing, reveals a solid-state inter-
ction and constitutes clear evidence of a new solid phase formation
esulting from the molecular complexation of SMX in the cavity of
P-�-CD.

. Conclusions

This study clearly evidence that the complexation with HP-�-CD
s an effective strategy to increase the solubility of SMX  form I. Fur-
hermore, the results show that the ligand is capable of producing
inary complexes in solution and solid state.
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