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a  b  s  t  r  a  c  t

The  inclusion  complexation  behavior,  characterization  and  binding  ability  of  sulfadimethoxine  (SDMO)
with  �-cyclodextrin  (�-CD)  and  �-cyclodextrin  (�-CD)  have  been  investigated  both  in  solution  and  solid
state  by  means  of  absorption,  fluorescence,  time-resolved  fluorescence, 1H NMR,  FT-IR,  DSC,  SEM,  TEM,
XRD and  molecular  modeling  methods.  The  spectral  shifts  revealed  that  the part  of  pyrimidine  and  aniline
rings  of  SDMO  are  entrapped  in  the  CD  cavity.  The  stoichiometric  ratio  and  association  constant  were
eywords:
ulfadimethoxine
yclodextrins

nclusion complexation
anoparticles
olecular modeling

determined  by  Benesi–Hildebrand  plots  and  spectroscopic  studies  respectively.  FT-IR  spectroscopy  was
used  to  compare  inclusion  systems  with physical  mixtures,  and  demonstrated  the  complex  formation  in
the solid  state.  The  morphology  and  size  of  the  nanoparticles  of SDMO/CD  complexes  in aqueous  solution
were observed  by  TEM.  The  DSC analysis  showed  that the  thermal  stability  of  SDMO  was  enhanced  in the
presence  of CD.  Investigations  of  energetic  and  thermodynamic  properties  by PM3  method  confirmed
the  stability  of the  inclusion  complexes.
. Introduction

Sulfonamides have been extensively used in pharmaceuticals
or the treatment of human and farm animal infectious diseases
aused by gram-positive and gram-negative microorganisms and
ungi (Perez-Trallero & Iglesias, 2003; Schmitt, Haapakangas, & van
eelen, 2005). Sulfadimethoxine (4-amino-N-(2,6-dimethoxy-4-
yrimidynyl)benzenesulfonamide, SDMO), is one of the synthetic
nti-microbial having the bioactive p-amino group, generally
dministered via food to farm animals such as hen, cow, etc., for
he prevention of bacterial infections and coccidiosis with a broad
pectrum activity. Even though, the over drug dosages of SDMO
n animal foods is of great anxiety, because it can produce residue
hat present in marketed milk, egg and chicken meat (Kishida

 Furusawa, 2005). European Union (EU) and Republic of Korea
ave set maximum residue limit up to 100 �g kg−1 and 10 �g kg−1

espectively, for SDMO in foods of animal origin to assure the food
afety for consumers (Chung, Lee, Chung, & Lee, 2009). Most of the
ntibiotics are poorly absorbed by human and farm animals after
ntake due to their poor bioavailability. The oral bioavailability of
DMO is laid between 25% and 70% (Yu et al., 2011). Thus, it is more

ssential to search for an efficient and non-toxic carrier for SDMO
o extend its therapeutic applications. The solubility of poorly
ater soluble drug can be increased by utilizing several ways,

∗ Corresponding author. Tel.: +91 94866 28800; fax: +91 4144 238080.
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such as modification of drug crystal forms, addition of cosolvents,
addition of surfactants, addition of cyclodextrins (CDs), etc. Among
the different ways to overcome the poor solubility, the molecular
encapsulation of the drug by CDs is of great concern.

CDs are non-toxic, macrocyclic oligosaccharides, consisting of
six or more �-1,4-linked d-glucopyranose units. They have a
hydrophobic central cavity and hydrophilic outer surface and can
encapsulate model substrates to form host-guest complexes of
supramolecular species. Among these CDs, �-, �- and �-CD are
most frequently used and studied for dissolution rate enhancement
(Inoue et al., 1993a). They have the property of forming inclu-
sion complexes with various guest molecules of suitable polarity
and dimension because of their truncated-cone molecular structure
(Connors, 1997). Inclusion complexes of CDs are being formulated
and studied for varied purposes such as dissolution rate enhance-
ment, solubility of the poorly water soluble drugs, stability of the
system and even as drug carriers (Fernandez et al., 2008; Carrier,
Miller, & Ahmed, 2007). Thus CDs have been widely used in pharma-
ceutical industry, foods, separation techniques and environmental
protection (Loftsson & Duchene, 2007; Szejtli, 1998).

In our previous studies, a sequence of sulfonamide derivatives
with �-CD were investigated through experimental (Premakumari
et al., 2011; Prabhu, Venkatesh, & Rajendiran, 2010) and theo-
retical methods (Venkatesh, Sivasankar, Karthick, & Rajendiran,

2013). The study in aqueous solution clearly demonstrated that
the presence of intramolecular charge transfer (ICT) or twisted
intramolecular charge transfer (TICT) in the first excited state
as evidenced by the appearance of large Stokes shifted longer

dx.doi.org/10.1016/j.carbpol.2013.10.016
http://www.sciencedirect.com/science/journal/01448617
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avelength (LW) emission. The increased emission intensity of
W with a considerable bathochromic shift in CD solution has
een attributed to the enhancement of TICT in these sulfanilamide
olecules. PM3 calculation has been applied on the large molec-

lar inclusion complex systems. This calculation suggested that
he inclusion complexation process was spontaneous and enthalpy
riven. Further the combination of experimental and theoretical
ork leads to successful results in solving structural, energetic

nd dynamic problems (Sivasankar, Prabhu, Karthick, & Rajendiran,
012; Prabhu, Sankaranarayanan, Venkatesh, & Rajendiran, 2012).
n addition, Longhi and coworkers (Garnero, Aiassa, & Longhi, 2012;
elrivo, Zoppi, & Longhi, 2012) studied the inclusion complexes
f sulfamethoxazole and sulfadiazine with �-cyclodextrin and its
erivatives in aqueous solution and in solid state. However, no
eports about the characterization of the new systems (SDMO/CD)
n solution or in solid state have been published.

Herein we report the preparation and characterization of
nclusion complexes formed by SDMO with �- and �-CD. We
tilized absorption and fluorescence spectral titration techniques
o determine the inclusion stoichiometry and association con-
tant of SDMO/CD complexes, and characterized the solid inclusion
omplexes by 1H NMR, FT-IR, differential scanning calorimetry
DSC), scanning electron microscopy (SEM), transmission electron

icroscopy (TEM) and powder X-ray diffraction (XRD) methods.
M3  method was also applied to study the inclusion process of
he drug within CDs and the minimum energy structures of 1:1
nclusion complexes were proposed.

. Materials and methods

.1. Materials

Sulfadimethoxine (SDMO, 98.5%), �-CD (98%) and �-CD (98%)
ere purchased from Sigma–Aldrich chemical company and used

s such. All other chemicals and solvents used were of the highest
rade (Spectrograde) commercially available. Triply distilled water
as used for the preparation of aqueous solutions. The aqueous

olutions were prepared just before each measurement. Purity of
he drug was checked by melting point and also by fluorescence
echniques, i.e., by getting same spectral profile when excited with
ifferent wavelengths.

.2. Preparation of inclusion complexes in solutions

A serious of samples with constant concentration of SDMO
rug and different concentrations of �-CD and �-CD were pre-
ared. The concentration of the drug solutions was  maintained at

 × 10−5 M and the CD concentrations were varied from 1.0 × 10−3

o 1.0 × 10−2 M.  The mixture of drug-CD solutions were shaken
horoughly and kept for 6 h to bring them to a state of equilibrium.
he experiments were carried out at room temperature (30 ◦C).

.3. Preparation of inclusion complexes in solid state

The solid inclusion complexes were prepared by coprecipita-
ion method. The �-CD or �-CD (0.973 or 1.14 g) was  dissolved in
0 ml  distilled water at 40 ◦C in a water bath. The drug (0.310 g) in
0 ml  methanol was slowly added to the CD solution with contin-
ous agitation. The molar ratio of drug to CD was 1:1. The vessel
as covered with aluminum foil and stirred continuously for 24 h
t room temperature and the solution was refrigerated overnight
t 5 ◦C. The precipitated drug-CD inclusion complexes were recov-
red by filtration and washed with minimum amount of methanol
nd water to remove uncomplexed drug and CD respectively. The
olymers 101 (2014) 828– 836 829

precipitate was then dried in vacuum at room temperature for two
days and stored in an airtight bottle.

2.4. Instruments

Absorption and fluorescence spectral measurements were car-
ried out with Shimadzu UV–visible spectrophotometer (model
1650 PC) and Shimadzu spectrofluorimeter (model RF-5301)
respectively. Fluorescence lifetime measurements were performed
using a pico-second laser and a single-photon counting setup
from Jobin-Yvon IBH (Madras University, Chennai, India). The
fluorescence decay of the sample was analyzed using IBH data
analysis software. One-dimensional 1H NMR  spectra for drug and
its CD inclusion complexes were recorded on a Bruker AVANCE
500 MHz  spectrometer (Germany) using an inverse broadband
(BBI) probe at room temperature. Samples were dissolved in DMSO-
d6 (99.98%) and were equilibrated for at least 1 h. FT-IR spectra
of powder sample of drug, CD and the inclusion complexes were
measured between 4000 cm−1 and 400 cm−1 on a JASCO FT-IR-
5300 spectrometer using KBr pellet with 256 scans at a resolution
of 4 cm−1. Thermal characteristics of solid inclusion complexes
were measured using Mettler Toledo DSC1 fitted with STRe soft-
ware (Mettler Toledo, Switzerland), temperature scanning range
was from 25 to 220 ◦C with a heating rate of 10 ◦C/min. Micro-
scopic morphological structures of the raw materials and the
inclusion complexes were investigated and photographed using
a scanning electron microscope (Hitachi S3400N). The morpho-
logical structures of drug-encapsulated complexes (SDMO/�-CD
and SMDO/�-CD) were investigated by TEM using TECNAI G4

microscope with an accelerating voltage of 200 kV. XRD patterns
of powder samples were recorded using a BRUKER D8 Advance
diffractometer (Bruker AXS GmbH, Karlsruhe, Germany) with Cu
K�I radiation (� = 1.5406 Å), with the voltage of 40 kV and 20 mA
current.

2.5. Molecular modeling

The theoretical calculations were performed using Gaussian
03 W package. The initial geometry of SDMO, �-CD and �-CD
were constructed with Spartan 08 and then fully optimized by
PM3  method without any symmetry constraint. The inclusion com-
plexes were constructed from the PM3  optimized CD and guest
molecules. The longer dimension of the guest molecule was  initially
placed onto the Z axis. The position of the guest was  determined
by the Z coordinate of one selected atom of the guest. Complete
geometry optimizations without any restriction with PM3  method
were employed in the study of the complexation process of the drug
within �-CD and �-CD. The most energetically favorable structures
of the drug as well as CD molecules were used to construct CD
inclusion complexes. These drug-CD complexes were constructed
manually by inserting the drug into the CD cavity through the
wider rim, centering it on a vector perpendicular to the mean plane
through the glycosidic oxygen atoms.

3. Results and discussion

3.1. Absorption spectral characteristics of SDMO in CDs

Spectrophotometric and fluorimetric titrations were done to
determine the molecular encapsulation behavior of �-CD and �-
CD with SDMO in aqueous solution. It has been observed that the
shape, position of peak maximum and molar absorption coefficient

of the drug molecule strongly depends on the CD cavity environ-
ments. Fig. 1a and b displays the absorption spectra of the drug
as a function of �-CD and �-CD concentrations at pH ∼ 6.5. The
absorption spectrum of the drug itself in aqueous solution exhibits
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ig. 1. (a and b) Absorption and (c and d) fluorescence spectra of SDMO in differen
.008  and (7) 0.01. Inset figures: intensity versus CD concentration.

 single absorption maximum at ∼268 nm.  Upon the addition of �-
D, the absorption maxima of SDMO are red shifted about ∼5 nm
ith a gradual decrease in absorbance. Whereas there is no remark-

ble spectral shift was noticed in the presence of �-CD except an
ncrease in the intensity. The above spectral changes might suggest
hat the strong interactions between the drug and CDs. However,
he red shift observed in �-CD solutions was caused as a result of
ecreasing polarity of the CD cavity environment experienced by
he drug molecule. Further, the decrease or increase of absorbance
n CD solutions has been attributed to the enhanced dissolution of
he drug through the hydrophobic interaction of CD cavity (Siva,
hulasidhasan, & Rajendiran, 2013).

.2. Fluorescence spectral studies

The fluorescence emission spectra of SDMO in aqueous solution
ontaining various concentrations of �-CD and �-CD are shown
n Fig. 1c and d. The effect of CDs on the emission spectra of
he drug molecule are more pronounced than the corresponding
ffect on the absorption spectra with respect to the concentra-
ion of CDs. The maximum excitation and emission wavelengths
ere 270 and 339, 438 nm respectively. It has been reported earlier

Premakumari et al., 2011) that sulfonamide derivatives undergo
ormal as well as highly Stokes shifted fluorescence. The normal
uorescence takes place from the locally excited (LE) state while
he twisted intramolecular charge transfer (TICT) is responsible
or highly Stokes shifted fluorescence. It can be seen from Fig. 1
hat the LE emission intensity is greater than that of TICT emission
ntensity. It is noteworthy that with increasing concentrations of
-CD, a regular red shift was observed in the TICT emission (about
8 nm), whereas no considerable change was observed in the LE
mission. While the fluorescence intensities of both emissions were
nhanced at the same wavelengths with increasing concentrations
f �-CD. Thus, it can be suggested that the spectral shift might
e corresponding to energy stabilization of the emitting state and
haracteristic for the fluorescence of TICT state. These data sug-

ested that the strong interactions between SDMO and CDs, and
he formation of stable inclusion complexes. The enhancement of
he fluorescence intensity of both LE and TICT emission bands may
e due to lowering of solvent polarity provided by CD cavity and the
D and �-CD concentrations (M): (1) 0, (2) 0.001, (3) 0.002, (4) 0.004, (5) 0.006, (6)

non-radiative path of LE emission is restricted through TICT state.
Further, the enhancement of TICT emission is observed in both CDs
suggesting that the inclusion process plays a major role in the TICT
emission. This inference is supported by similar emission spectra
observed when excited CD solutions containing sulfa drug with
different emission wavelengths at ∼340 and 440 nm,  respectively.

Naturally two different types of inclusion complex formation
are possible: (i) the pyrimidine ring encapsulated in the CD cavity
and (ii) the aniline ring encapsulated in the CD cavity. If the pyrimi-
dine ring is included in to the CD cavity, the monocation maxima of
the sulfonamide molecule (protonation of tertiary nitrogen atom)
should be red shifted in CD than aqueous medium. The red shift
in �-CD solution indicates that the heterocyclic ring interacts with
CD hydroxyl groups. Moreover, in this complex, the CD cavity will
impose a restriction on the free rotation of the OCH3 group or
pyrimidine group in its excited state and TICT emission should
increase in CD medium. These features support the idea that the
TICT state in CD is stabilized through complexation. This confirms
that the environments around the amino group in CD medium are
same as in the bulk aqueous medium. The above results suggest
that a part of aniline and pyrimidine ring is present into the center
of the CD cavity.

3.3. Determination of stoichiometry and association constant

The stoichiometric ratio and association constant (K) for the for-
mation of drug/CD complexes have been determined by analyzing
the changes in the intensity of absorption and emission maxima
with the CD concentrations. The stoichiometric ratio and asso-
ciation constant (K) of the inclusion complexes of SDMO can be
determined according to modified Benesi and Hildebrand (1949)
(B–H) equation.

1
(I − I0)

= 1
˛

+ 1
(˛K[CDs])

(1)

where, I0 and I are the absorption/emission intensities of SDMO

in the absence and in the presence of CDS, respectively; K is the
association constant and  ̨ is a constant.

The stoichiometric ratio of SDMO/CD complexes was estimated
from the B–H double-reciprocal plots. Typical double-reciprocal
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ig. 2. Double reciprocal plots for 1:1 complexation of SDMO with �-/�-CD obtained
rom (a) absorption and (b) fluorescence data. Inset figures: double reciprocal plots
or 1:2 complexation.

lots for the studied complexes are shown in Fig. 2. A good
inear relationship is obtained when 1/(I–I0) is plotted against
/[CDs], indicating that the stoichiometry of the complexes is
:1. The association constant (K) for the inclusion complex for-
ation obtained from the slope and intercept of the B–H plots
as found to be SDMO/�-CD ≈ abs = 216 M−1, flu = 347 M−1 and

DMO/�-CD ≈ abs = 284 M−1, flu = 863 M−1. The variation in the
ssociation constants suggested that the inclusion capability of CDs
ith guest molecule. In other words the �-CD has greater inclusion

bility than �-CD. Moreover, the plot of 1/(I–I0) versus 1/[CDs]2

ives an upward and/or downward curves (Inset in Fig. 2). The non-
inearity of the plots ruled out the possibility of 1:2 stoichiometry
etween the drug molecule and CDs. Thus, we have concluded that
he stoichiometry of the inclusion complexes was  1:1 as evidenced
y fitting a double-reciprocal plot of 1/(I–I0) versus 1/[CDs].

The thermodynamic parameter, Gibbs free energy change (�G)
or the binding of guest molecules within �-CD (abs = −3.23,
u = −3.52 kcal/mol) and �-CD (abs = −3.40, flu = −4.07 kcal/mol)
ere determined. The negative �G  values of the complexes suggest

hat the binding process is spontaneous and thermodynamically
avored in the experimental temperature range. The hydrophobic
nteraction between the internal wall of CD and guest molecules
s an important factor for the stability of the inclusion complexes.
n the case of SDMO/�-CD and SDMO/�-CD, it may  safely be con-
idered that the difference in the magnitude of the hydrophobic
nteraction is allied to the contact area of the guest molecule and
he internal wall of CD.

.4. Time-resolved fluorescence analysis
The fluorescence lifetime decay curves of SDMO in water, �-CD
nd �-CD (0.01 M)  have been measured. The fluorescence decay
urve for the free drug (SDMO) in water was fitted to biexponential
unction with �2 values of ∼1.1 in the absence of CDs. This indicates
olymers 101 (2014) 828– 836 831

that the drug has two lifetime components: One causative maxi-
mum  of the total fluorescence (�1 = 0.29 ns) and the other causative
is the rest of fluorescence (�2 = 3.28 ns). The first with a longer life-
time is assigned to LE emission and the other to TICT state of guest
molecule. It is noteworthy that the decay time of the slow com-
ponent is different to that of TICT emission within experimental
uncertainty. This indicates that a little equilibrium between the
LE state and the TICT state is achieved in water rather in a short
period. By the addition of CDs, biexponential decay curve becomes
triexponential. Three lifetimes >(�1 = 0.43/0.55 ns, �2 = 1.14/1.89 ns
and �3 = 4.83/5.58 ns) were obtained in the presence of both �-CD
and �-CD. The above data reflect that the observed lifetime values
increase with the addition of CD concentration in aqueous solu-
tion, due to the inclusion complex formation between the drug and
CDs. The observed enhancement in lifetime indicates that SDMO
molecule experiences less polar hydrophobic environments within
the CD cavity resulting in the reduction of non-radiative decay pro-
cesses. Further, the increase in fluorescence lifetime is a result of the
significant interactions of the sulfa drugs with hydrophobic CD cav-
ity. The efficient lifetime enhancement is found to be higher with
�-CD, which reveals the stronger hydrophobic interaction between
the SDMO and �-CD.

3.5. Characterization of solid inclusion complexes

3.5.1. 1H NMR spectral studies
A direct evidence for the complexation of SDMO with CDs and

the possible inclusion mode of the inclusion complexes can be
obtained from 1H NMR  spectroscopy, which has been proved to
be a useful analytical tool in the study of CD inclusion complexes
(Lehman & Klienpeter, 1991). In this study, 1H NMR  spectroscopy
provides an effective means of evaluating the interaction mode of
CD with that of the sulfa drug. The information obtained from 1H
NMR spectroscopy is the chemical shift displacement, loss of res-
olution and broadening of selective signals of the host and guest
protons. Fig. S1a (see Supplementary data) displays the 1H NMR
spectrum of SDMO drug and the assignment of signals. The spectral
data for pure SDMO and the drug in �-/�-CD complexes (in paren-
thesis) are as follows: Ha ∼ 11.105 (11.084/11.077), Hb ∼ 7.552
(7.526/7.523), Hc ∼ 6.590 (6.552/6.547), Hd ∼ 6.097 (6.082/6.081),
He ∼ 5.919 (5.905/5.902), Hf ∼ 3.778 (*), Hg ∼ 3.771 (*). It can be seen
from the above data that Ha, Hb, Hc, Hd, and He protons of SDMO
showed larger chemical shift changes by about 0.014–0.032 ppm,
because of the diminished freedom of rotation caused by the inser-
tion of the SDMO molecule into the CD cavity. This reveals that a
part of the aniline moiety and pyrimidine ring were entered into
the center of CD cavity. However, the chemical shift change values
for Hf and Hg protons could not be determined due to the merging
of these signals with that of CDs.

To further explore the inclusion mode, the chemical shifts of
CD protons in the absence and in the presence of SDMO were
investigated. The resonance assignments of the CD protons are
well established and consist of six types of protons. The chemical
shift of CD protons reported by different authors are very close
to those reported in this work. The insertion of SDMO into the CD
cavity caused an upfield shift of CD protons. As can be seen from
Fig. S1, inclusion complexation with the sulfa drug had a negligible
effect on the ı values of H-1, H-2, H-4 and H-6 protons of CD
(∼0.007 ppm). In contrast, those values of H-3 and H-5 protons
which are located in the interior of the cavity exhibited significant
changes (∼0.032–0.048 ppm). It is fairly noteworthy that H-3
protons shifted about ∼0.048 ppm, but H-5 protons showed weak

shifts (∼0.032 ppm) after the formation of inclusion complexes.
Because both H-3 and H-5 protons are located in the interior of CD
cavity, and H-3 protons are nearer to the wider side of cavity while
H-5 protons are nearer to the narrow side, this phenomenon may
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ndicate that the aniline moiety of SDMO should penetrate into the
D cavity from the wider rim side.

.5.2. FT-IR spectroscopy
The encapsulation of SDMO into CD cavity was  confirmed by

T-IR spectroscopy because the bands resulting from the inserted
art of the guest molecule are generally shifted or their intensi-
ies changed. FT-IR spectra of SDMO, �-CD, �-CD, physical mixture
nd the inclusion complexes are presented in Fig. 3. The IR spec-
rum of the drug (Fig. 3a) was characterized by principal absorption
eaks at 3450 and 3348 cm−1 (for NH stretching in SO2 NH group),
231 cm−1 (for NH2 stretching), 1651 cm−1 (for NH2 deforma-
ion), 1593 cm−1 (for C C stretching), 1444 and 1352 cm−1 (for
H3 deformation), 1305 cm−1 (for SO2 asymmetric stretching),
260 cm−1 (for C O stretching in COCH3 group), 1186 cm−1 (for
O2 symmetric stretching), 1089 and 810 cm−1 (for C H defor-
ation in phenyl ring), 1005 cm−1 (for C N stretching), 875 cm−1

for S N stretching) and 545 cm−1 (for SO2 deformation), which
re in agreement with the FT-IR spectrum corresponding to SDMO
eported by Ulusoy, Topacli, and Ide (1998). The FT-IR spectra of
D consists of the prominent absorption peaks of O H stretch-

ng (3392 cm−1), C H stretching (2926 cm−1), H O H bending
1646 cm−1), C O stretching (1157 cm−1) and C O C bending
1028 cm−1). It can be seen that in the FT-IR spectra of the physi-
al mixture (Fig. 3b and c), there were no changes since they were
erived from the superimposition of the spectra of the single com-
onents, suggesting the absence of interactions. In these spectra the
H and NH2 stretching frequencies of SDMO were masked by huge
umber of OH groups of �-/�-CD (showed as dotted circle in Fig. 3b
nd c). Similar results have been observed by other researchers for
he physical mixtures of sulfamethoxazole and sulfadiazine with

-CD (Garnero et al., 2012; Delrivo et al., 2012). In contrast, the IR
pectral features of the pure drug were completely disappeared in
he inclusion complexes (Fig. 3d and e). The band assigned to the NH
n SO2 NH group and NH2 stretching was completely disappeared
Fig. 4. DSC curves of (a) SDMO, (b) �-CD, (c) �-CD, (d) SDMO/�-CD complex and (e)
SDMO/�-CD complex (25–220 ◦C at 10 ◦C/min).

in the inclusion complexes. The bands positioned at ∼1651, 1593,
1260–1089 cm−1 were shifted and their intensities were dimin-
ished. The NH2 deformation and CH3 deformation frequencies were
shifted in the inclusion complexes to 1654 and 1446, 1355 cm−1

respectively. However, the C N stretching was  shifted to lower fre-
quency (992 cm−1) in the inclusion complexes. The S N stretching
and SO2 deformation bands became shorter and shifted to lower
frequencies of 871 and 542 cm−1, respectively. The above changes
can be due to the formation of SDMO/CD inclusion complexes in
solid state. According to the above FT-IR analysis of inclusion com-
plexes, we might suggest that the aniline ring of the SDMO was
involved in the complexation and the amino group is present out-
side of the CD cavity. Nevertheless, no new chemical bonds were
formed, reveals that the non-covalent interactions between the
drug and CDs. These results may  be due to the presence of van
der Waals interactions between CD and SDMO. In this regard, van
der Waals interactions are generally considered to contribute to the
formation of inclusion complexes with CDs.

3.5.3. Differential scanning calorimetry (DSC)
DSC represents an effective and inexpensive analytical tool for

an accurate physicochemical characterization of encapsulation
(drug-CD) systems in the solid state and is widely used for a rapid
preliminary qualitative investigation of the thermal behavior of
the isolated components and the inclusion complexes prepared
according to a standard procedure such as coprecipitation (Kacso,
Borodi, Farcas, Hernanz, & Bratu, 2010). The DSC  thermograms of
pure drug, �-CD, �-CD and their inclusion complexes are displayed
in Fig. 4, as comparatively. The thermal curve of SDMO was typical
of a crystalline anhydrous substance with a sharp endothermic
peak at ∼207 ◦C indicating the melting point of the drug. The
DSC profile of �-CD showed three endothermic peaks around at
∼79, 109, 137 ◦C and a broad endothermic peak at ∼128 ◦C was
observed for �-CD. These endothermic peaks are mostly associated
to crystal water losses from CD cavities. However, the complete
disappearance of characteristic melting peak of SDMO in the DSC
curves of the solid inclusion systems is an indicative of molecular
encapsulation of the drug inside the CD cavity. The characteristic
endothermic peaks corresponding to the free �- and �-CD were
shifted to ∼58, 100, 115 ◦C and 103 ◦C respectively, accompanied by
significant decrease in the intensity. These findings revealed that

the formation of inclusion complexes of CDs with the guest in solid
dispersion and/or inclusion complexes with different properties.
The shifts of thermal features of CDs and reduced peak intensity
could be the evidence for the replacement of water by drug due to
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Fig. 5. SEM photographs of (a) SDMO, (b) �-CD, (c) 

omplex formation. Similar reduction in maximum dehydration
eak was also observed by Hadaruga and coworkers (Hadaruga
t al., 2006) after complex formation. Further the second scans in
SC thermograms in the region 40–140 ◦C without appearance of
ny peak confirms that the endothermic peaks appearing in this
rea at the first scans were due to evaporation of water and drug.
he DSC data indicated that usual thermal properties of the drug
s well as the isolated CDs were altered during inclusion complex
ormation.

.5.4. Scanning electron microscopy (SEM)
The surface morphology and size of the pure materials and the

hanges produced on inclusion complexes were analyzed by SEM.
ig. 5 illustrates the SEM images of solid complexes along with the
ure components, i.e., SDMO, �-CD and �-CD. These images were
tilized to evaluate the effect of coprecipitation process on the mor-
hology of the solids used for the formation of solid systems. The
EM photographs clearly elucidate the difference between the pure
omponents and their inclusion complexes. It can be seen in SEM
mages that the SDMO crystals are in the form of sheets with smooth

urface. Pure �-CD particles existed in prismatic shape with well-
eveloped faces and �-CD was observed as plate shaped crystals.

n contrast, the SDMO/�-CD samples were appeared in irregular
hapes with variable size whereas a bar like shape was observed
/�-CD complex, (d) �-CD (e) SDMO/�-CD complex.

for SDMO/�-CD complex. Furthermore, the size and shape of the
SDMO and CDs were different from those of the solid complexes
in which the actual morphology of both pure components disap-
peared. These changes can be taken as a proof for the formation of
new inclusion complexes by molecular encapsulation.

3.5.5. Transmission electron microscopy (TEM)
TEM is a more reliable analytical tool in order to investigate the

nano-structural features of the wall of the CD encapsulated sulfa
drug in aqueous solution (Li & Mcgown, 1994; Sun et al., 2011).
The molecular encapsulations of the drug within the CD cavity
are reflected in TEM images as shown in Fig. 6. The images show
well-ordered zero-dimensional (0D) nano sized particles for both
inclusion complexes. In the case of SDMO/�-CD complex, the par-
ticles were obtained in the range of 90, 95 and 110 nm at higher
magnification in TEM. In �-CD complex, the nanoparticles were
highly agglomerated (Fig. 6c and d), because of this it was some-
what complicated for us to predict the shape of nanoparticles.
Previously, a similar guest encapsulation associated with nanopar-
ticle formation was  found for another hydrophobic drug molecule

(Saikosin, Limpaseni, & Pongsawasdi, 2002). The above results
suggest that the CD may  serve as delivery carrier for hydropho-
bic drugs. The irregularity in the size of the nano-encapsulated
complexes is an essential topic to be addressed. Further, the
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anipulation of controllable nanoparticle by molecular encapsu-
ation is a very challenging and attractive field to be focused for
urther study. The inset in Fig. 6c shows the selected area electron
iffraction (SAED) pattern of SDMO/�-CD complex. From the SAED
attern, it is confirmed that in the complexation process of SDMO
ith CDs, the crystalline drug is completely transferred into amor-
hous nature, which is in accordance with the powder XRD results.

.5.6. XRD analysis
Supporting evidence for the complexation of SDMO with �-CD

nd �-CD was also obtained from Powder X-ray diffractometry
XRD). XRD is a useful method for the detection of CD encapsula-
ion and it has been used to assess the degree of crystallinity of the
iven sample. When a true complex is formed, the overall number
f crystalline structure are reduced and more number of amor-
hous structures are increased (Wang, Cao, Sun, & Wang, 2011;
id et al., 2011). Hence, the solid complexes exhibit less numbered
s well as less intense peaks. This shows that overall crystallinity of
omplex is decreased and due to amorphous nature the solubility
s increased. Therefore in this work, the XRD patterns for SDMO,
-CD, �-CD and the solid complexes were collected at diffraction
ngles (2�) from 5◦ to 50◦ and are depicted in Fig. 7. SDMO exhibits
haracteristic peaks at 2� values of 10.28◦, 12.10◦, 14.10◦, 19.02◦,
0.93◦, 22.02◦, 24.94◦, 28.13◦, 31.77◦, 32.95◦, 35.14◦ and 39.23◦,

ndicating the high degree of crystallinity. The XRD pattern of �-
D showed characteristic peaks at 2� values of 9.46◦, 11.82◦, 14.19◦,
7.93◦, 21.57◦ and 27.12◦. However, the diffractogram of �-CD crys-
als exhibited important peaks at 2� values of 8.95◦, 10.56◦, 12.46◦,
8.75◦, 22.57◦, 27.03◦, 31.86◦ and 34.59◦. Most of the characteristic

eaks of SDMO were present in the diffraction patterns of phys-

cal mixtures of the drug with CDs (Figures not shown) without
oss of intensity. In contrast, the XRD patterns of the SDMO/�-CD
nd SDMO/�-CD complexes differed considerably from those of the
articles. Inset in figure (c) shows SAED pattern of SDMO/�-CD complex.

drug and the CD alone with a completely diffuse diffraction pattern,
which reveals the amorphous nature of the samples. The intensity
of peaks at 10.28◦, 14.10◦, 19.02◦, 20.93◦, and 24.94◦ of SDMO were
reduced significantly in SDMO/CD inclusion complex diffraction
patterns which suggests reduction in crystallinity of SDMO (Fig. 7)
(Siva et al., 2013). Some low intensity peaks of SDMO at 32.95◦,
35.14◦, 39.23◦ were absent after complexation with CDs. This dif-
ferent pattern might be due to inclusion of SDMO molecule into
the cavity of CD. Further, appearance of new peaks at 2� values for
the patterns of SDMO/�-CD (12.19◦ and 13.19◦) and SDMO/�-CD
(15.29◦, 24.85◦ and 28.22◦) inclusion complex indicates the change
in SDMO and CD environment after inclusion complexation.

3.6. Molecular modeling

In order to further scrutinize the mechanism of inclusion
complexation between SDMO and CDs, semiempirical quantum
mechanical calculations using PM3  program were performed for
the most favorable inclusion modes and to obtain a meaningful
three-dimensional visualization of the complex. This method is
a very useful tool for investigating the CD inclusion complexes
in order to calculate the binding energy as well as the geometri-
cal structure of the inclusion complexes and it is already proved
that this method is more reproducible when compared with the
experimental data (Castro et al., 1996). Fig. S2 (see Supplementary
data) illustrates upper and side views of the optimized structure of
inclusion complexes obtained by energy minimization at PM3  level
of theory. The energetic features and thermodynamic parameters
(enthalpy, entropy, and free energy change) of the guest (SDMO),

host (�/�-CD) and the inclusion complexes are summarized in
Table 1. In the case of SDMO/�-CD complex (Fig. S2a), the confor-
mation obtained has the SO2 NH group oriented at the center of the
cavity, while amino and methoxy groups exposed to outer side of
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Table  1
Energetic features and thermodynamic parameters for SDMO, �-CD, �-CD and its 1:1 inclusion complexes obtained by PM3  method.

Properties SDMO �-CD �-CD SDMO/�-CD SDMO/�-CD

E (kcal/mol) −87.12 −1247.62 −1457.75 −1341.45 −1555.18
�E  (kcal/mol) −6.71 −10.31
H  (kcal/mol) 89.47 −570.84 −667.55 −485.96 −584.01
�H  (kcal/mol) −4.59 −5.93
G  (kcal/mol) 42.35 −676.37 −789.52 −598.46 −725.35
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�G  (kcal/mol)
S (kcal/mol-Kelvin) 0.158 0.353 

�S  (kcal/mol-Kelvin) 

he CD cavity. The theoretical results obtained for SDMO/�-CD com-
lex, Fig. S2b, demonstrated that the encapsulation occurs in a sim-

lar fashion to SDMO/�-CD complex. The pictures clearly pointed
ut the possibility for the interactions of the NH2 or OCH3 groups
ith the CD cavity. However, the orientation of these inclusion

omplexes adopted by this conformation is more favored. These
esults are well consistent with our geometry obtained by the spec-
ral titration measurements and 1H NMR  results. The theoretically
alculated formation energy values for these structures by PM3
ethod are given in Table 1 along with results for those of isolated

rug and CD molecules for comparison purpose. The PM3  calcula-
ions express that the formation energy of the inclusion complex
s always lower than that of the sum of the energies of the isolated
rug and host molecules, suggesting SDMO formed the most favor-

ble complexes with both CDs. The more negative magnitude of
ormation energy obtained for �-CD complex indicates that �-CD
omplex is more stable when compared to �-CD complex.

ig. 7. Powder XRD patterns of (a) SDMO, (b) �-CD, (c) �-CD, (d) SDMO/�-CD com-
lex and (e) SDMO/�-CD complex.
35.56 21.82
0.409 0.438 0.488

−0.073 −0.079

To inspect the thermodynamics of the complexation process,
we carried out statistical thermodynamic calculations at 1 atm
and 298.15 K by PM3  method. The thermodynamic quantities of
the encapsulation process, such as binding energy (�E), enthalpy
change (�H), Gibbs free energy change (�G) and entropy change
(�S) were determined and the results are summarized in Table 1.
In order to quantify the interaction between SDMO and CDs in
the optimized geometries, we have calculated the binding energy
(�E) for the minimum energy structures. The variation in the
�E values indicates the nature of the driving force involved
in the complexation process. More negative is the stabilization
energy, more thermodynamically favorable is the formation of
the inclusion complex. From Table 1, it can be observed that the
negative binding energies for the inclusion complexes indicate
that the encapsulation processes are thermodynamically favor-
able in nature. The difference in binding energies for the inclusion
complexes of the drug with CDs is 3.60 kcal/mol, which suggests
that the SDMO/�-CD complex is more stable than that of �-CD
complex.

It is observed from the results that the complexation reactions of
SDMO with CDs were exothermic, which was judged from the neg-
ative �E  and �H  values. The negative binding energy and enthalpy
changes suggested that the inclusion processes were energetically
and enthalpically favorable in nature. Further, the �H value for
the encapsulation complex of SDMO with �-CD is more negative
indicating strong interactions between SDMO and CD cavity in this
orientation. The theoretical �G values were different from our
earlier experimental findings. The theoretically calculated Gibbs
free energy changes (�G) using PM3  calculations are found with
positive magnitude, suggesting that the inclusion reaction was
a non-spontaneous process. The difference in �G  values can be
explained by the solvent effect. The actual experiments were con-
ducted in aqueous medium but the computational work was done
at vacuum phase. Unfortunately, because of limitations in the cal-
culating ability of our computer and the large molecular size of
CD, the statistical thermodynamic calculations for these systems
could not be performed in aqueous phase as well as in excited
state. However, it was observed that the solvent effect on the
host-guest interactions easily changes the inclusion process from
a non-spontaneous process in the gas phase to a spontaneous
one in the aqueous phase. The host-guest interaction causes an
enthalpy–entropy compensating process in the gas phase whereas
the same interaction causes an enthalpy–entropy codriven pro-
cess in aqueous solution, because inclusion complexation releases
a number of water molecules from the cavities of CD. However,
the PM3  results are in good agreement with that of experimental
results.

4. Conclusions
The inclusion complexation behavior of SDMO with �-CD and
�-CD have been investigated by absorption, fluorescence, time-
resolved fluorescence, 1H NMR, FTIR, DSC, SEM, TEM, XRD and
molecular modeling methods. The association constant of inclusion
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omplexes was determined and 1:1 stoichiometry was  confirmed
y Benesi–Hildebrand double reciprocal plots. Nanosecond time-
esolved studies indicated that SDMO exhibits biexponential decay
n water whereas triexponential decay in CD as a consequence of
omplex formation. The application of FT-IR spectroscopy allowed
he physicochemical characterization of physical mixtures and
olid inclusion complexes. The inclusion complexes showed dif-
erences in spectroscopic profiles when compared to free SDMO
nd CDs, and the physical mixtures showed a simple combina-
ion of these substances. The results obtained from 1H NMR, FT-IR,
SC, SEM, TEM and XRD studies confirmed that the formation of

nclusion complexes in solid state. TEM examinations revealed that
he nano-sized particles could be produced from the molecular
ncapsulation of SDMO within the CD cavity. Both experimental
nd molecular modeling methods proved that the drug was par-
ially included in the CD cavity with aniline moiety located nearer
t primary rim and the pyrimidine ring nearer at secondary rim.
hermodynamic parameters (�G, �H and �S) suggested that the
nclusion complex formation is an enthalpy driven process and the
riving force governing the complexation process is van der Waals

nteractions.
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