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An inclusion complex between chemosterilant quinestrol and 2,6-di-O-methyl-3-cyclodextrin (DM-[3-
CD) was prepared using the solution-ultrasonic method. A 1:1 stoichiometry was confirmed by elemental
analysis. Analytical techniques such as UV-vis spectroscopy, Fourier transform infrared spectroscopy,
differential scanning calorimetry, X-ray diffraction, and scanning electron microscopy were used to char-
acterize the complex. Proton NMR and nuclear Overhauser effect spectroscopy results indicate that the

hydroxyl end and alkynyl end of quinestrol was included in the DM-3-CD cavity, which agrees with the
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most predominant configuration optimized by molecular modeling. The water solubility of quinestrol
was significantly increased through complexation with DM-3-CD. The DM-3-CD complexes can be used
in the design of a novel formulation of quinestrol for rat control products in agriculture.

© 2013 Published by Elsevier Ltd.

1. Introduction

Rodents have caused huge economic losses, particularly in
agriculture, forestry, and animal husbandry. At present, chemi-
cal methods are primarily used to prevent and control rodents,
but with limited efficacy. However, these chemicals have pol-
luted the environment, endangered human and animal safety, and
undermined the stability of ecosystems. These effects make these
compounds unsatisfactory for long-term rodent control. None of
the available rodenticides can be considered sustainable for rodent
control (Liu et al,, 2012). With the gradually increasing environ-
mental awareness, anti-rat measures have transformed from the
extermination of rodents to the control and reduction of the rodent
population density, also called as fertility control. Fertility control
is considered as a non-lethal and sustainable method of managing
rodent populations (Singleton, Leirs, Hinds, & Zhang, 1999). Some
synthetic hormones have been tested for rodent control (Marsh &
Howard, 1970). Ethynyl estradiol 3-cyclopentyl ether (Quinestrol,
Scheme 1a)is a stable estradiol homologue that can be stored in the
adipose tissue and then gradually released. This hormone mainly
inhibits the release of the gonadotropin-releasing hormone from
the hypothalamus and thus inhibits follicle growth (Zhao et al.,
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2007). This compound is also used in hormone replacement ther-
apy and occasionally in breast and prostate cancer treatment (Tang
et al., 2010). Quinestrol has been commercially used not only as
a contraceptive for humans, but also as a chemosterilant for wild
rodents (Kroc & Mischler, 1972; Liang et al., 2006; Zhang et al.,
2004). However, studies on quinestrol as a chemosterilant are sig-
nificantly limited because of its low water solubility. Hence, the
identification of a new nontoxic and efficient carrier for quinestrol
is important in promoting its scientific research and field applica-
tion.

Cyclodextrins (CDs) are nontoxic macrocyclic oligosaccharides
consisting of (a-1,4)-linked a-L-glucopyranose units with a hol-
low hydrophobic interior and a hydrophilic outer surface. These
compounds can form inclusion complexes with a wide variety of
organic compounds, which enter partly or entirely into the rel-
atively hydrophobic cavity of CDs and simultaneously expel the
few high-energy water molecules from the interior (Karathanos,
Mourtzinos, Yannakopoulou, & Andrikopoulos, 2007). This phe-
nomenon usually enhances drug solubility in an aqueous solution
and affects the chemical characteristics of the encapsulated drug in
the pharmaceutical industry (Chen et al., 2011; Misiuk & Zalewska,
2009; Wu, Liang, Yuan, Wang, & Yan, 2010). However, natural CDs
have limited water solubility, which negatively affects the water
solubility of the formed complex. To address this problem, alkyl
moieties such as hydroxyalkyl or methyl on free hydroxyl groups
of 3-CD were introduced. The complexing ability of CD derivatives
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Scheme 1. Structures of ethynyl estradiol-3-cyclopentyl ether (a) and 2,6-di-O-methyl-f-cyclodextrin (b).

was significantly modified relative to the parents. For example, 2,6-
di-O-methyl-B-cyclodextrin (DM-3-CD, Scheme 1b) shows higher
affinity for various drugs as well as higher solubilizing ability com-
pared with natural 3-CD (Alcaro et al., 2002). The water solubility
of four types of nitroindazole derivatives have been improved in
neutral aqueous solutions through complexation with DM-3-CD
(Pérez-Cruz, Jullian, Rodriguez, Aran, & Olea-Azar, 2009). This com-
plexation induced a low permeation of WIN 51711 across excised
bovine nasal mucosa with a latency of 2 h, thus allowing a topical
action of the drug in the hours immediately following the applica-
tion (Ventura et al., 2006).

Recently, we reported the inclusion complexation of HP-3-
CD with the chemosterilant levonorgestrel. Our results showed
that HP-B-CD increased the water solubility and enhanced the
UV-stability of levonorgestrel (Wang, Liu, Liu, & Liu, 2011). As a
continuation of our studies, an inclusion complex of quinestrol
with DM-[3-CD was investigated. To the best of our knowledge, no
scientific study on this inclusion complex has been reported to date.

This work aims to improve the water solubility of quinestrol
through complexation with DM-3-CD. The inclusion complex of
quinestrol and DM-3-CD was prepared and systematically char-
acterized using elemental analysis, ultraviolet-visible (UV-vis)
spectroscopy, Fourier transform infrared spectroscopy (FT-IR),
differential scanning calorimetry (DSC), X-ray diffraction (XRD),
Proton NMR ('H NMR) and two-dimensional nuclear magnetic res-
onance (2D NMR) spectroscopy, and scanning electron microscopy
(SEM). The inclusion mode of the complex was obtained from both
experimental and theoretical results. The solubilization effect of
DM-[3-CD on quinestrol was also investigated. This study aims to
provide an efficient approach to developing new rodent chemoster-
ilants with high water solubility and low toxicity.

2. Materials and methods
2.1. Materials

Quinestrol (FW=364.50, purity>99%) was obtained from
Sigma-Aldrich (Dorset, UK). DM--CD (FW=1331.39, PC>99.5%)
was purchased from Wako Pure Chemical Industries, Ltd. (Japan).
Other reagents and chemicals were of analytical grade. All experi-
ments were performed using ultrapure water.

2.2. Preparation of the quinestrol and DM-B-CD complex

A solution-ultrasonic method (Miecznik & Kaczmarek, 2007)
was used to prepare the inclusion complex. Quinestrol (0.3 mM,
10.94 mg) and DM-3-CD (0.1 mM, 13.31 mg) were dissolved in a
mixed solution of ethanol and water (10ml, V:V=1:4). The mix-
ture was placed in an ultrasonic bath for 2 h at room temperature
and in the dark to protect from degradation. After evaporating the
reaction mixture, the obtain mixture was added with 10 ml water.
The excess quinestrol was removed using a 0.45 wm hydrophilic

membrane. The resulting solution was then lyophilized with an
EYELA FD-81 freeze-drier at —80°C (Tokyo Rikakikai, Japan) to
obtain the powder. The resulting solid inclusion complex was then
collected.

2.3. Preparation of the quinestrol and DM-B-CD physical mixture

To determine the possible structure of the inclusion, a physical
mixture was prepared using a previously reported method (Yang,
Lin, Chen, & Liu, 2009). In brief, a 1:1 molar mixture of quinestrol
and DM-3-CD was ground with a small amount of water (the min-
imum amount to form a slurry) in a ceramic mortar for 3 min.

2.4. Standard curve of quinestrol

A series of quinestrol ethanol solutions with concentrations
ranging from 20.00 mg/L to 240.0 mg/L were prepared. The mea-
surements were performed using a UV-vis spectrophotometer
(Shimadzu UV-2550, Japan) at 280 nm. A standard curve was then
prepared using the concentrations (C, mg/L) as the x-coordinate
and the absorbance (A) as the y-coordinate. The standard curve of
quinestrol can be expressed by A=5.56C+0.0017 (R =0.9999).

2.5. Phase solubility test

Phase solubility studies were performed according to the meth-
ods described by Higuchi and Connors (Higuchi & Connors, 1965).
Excess amounts of quinestrol was suspended in a 0.1 mol/L phos-
phate buffer solution (pH 7.0) containing increasing amounts of
DM-3-CD (from OmM to 10.00 mM). The mixtures were placed
in an ultrasonic bath for 2h at 25°C in the dark and were then
left in the dark for 24 h. After equilibrium was reached, the mix-
tures were withdrawn and subsequently filtered through a 0.45 pm
hydrophilic membrane filter. All samples were prepared in tripli-
cate. The concentration of quinestrol in the filtrate was determined
at 280 nm using a Shimadzu UV-2550 (Japan). The phase solubility
profiles were obtained by plotting the solubility of quinestrol vs.
the concentration of DM-[3-CD. The apparent stability constant, K¢,
of the quinestrol and DM-3-CD complex can be calculated from the
slope and the intercept of the linear segment of the phase solubility
line using the following equation:

k

e=5a-n

(1)

where Sy is the intrinsic solubility of quinestrol in ultrapure water
in the absence of DM-3-CD, and k is the slope of the straight line.



D.-W. Wang et al. / Carbohydrate Polymers 93 (2013) 753-760 755

2.6. Characterization

2.6.1. Elemental analysis

The composition of the complex was determined by elemental
analysis. The data were performed on a Flash EA 1112 elemental
analyzer (Italy).

2.6.2. UV-vis spectra

UV-vis spectroscopy was conducted using a conventional 1cm
path (Icmx1cm x4cm) quartz cell on a Shimadzu UV-2550
(Japan) at 25°C. A water/ethanol (V:V=4:1) solution (pH 7.0) was
used because of the low water solubility of the drug. The quine-
strol concentration was kept constant at 0.137 mM. An appropriate
amount of DM-3-CD was then added to obtain final concentra-
tions of 0, 2.50, 5.00, 7.50, 10.0 and 12.5 mM. UV spectroscopy was
performed after 1 h in the spectral range of 200-400 nm.

2.6.3. FT-IR

The FT-IR spectra of quinestrol, DM-[3-CD, their physical mix-
ture, and the inclusion complex between 4000 cm~! and 500 cm™!
(mid-infrared region) were obtained using a Bruker Tensor 27 FTIR
spectrophotometer (Germany). Each sample was prepared with
spectroscopic grade KBr powder and then pressed into 1 mm pellets
(1 mg of sample per 100 mg dry KBr) using a press sheet.

2.64. DSC

Quinestrol, DM-3-CD, their physical mixture, and the inclu-
sion complex were analyzed using DSC (Mettler Toledo DSC 822e,
Switzerland). All samples were previously dried for 24 h at 105°C.
Each dried powder (3-5mg) was heated in a crimped aluminum
pan between 50 and 240 °C at a scanning rate of 5°C/min and under
a nitrogen flow of 40 ml/min. An empty pan sealed in the same
manner was used as a reference. The reproducibility was verified
by running the sample in triplicate.

2.6.5. XRD

The XRD patterns were obtained using a Rigaku D/Max-2500V
X-ray diffractometer (Japan) with Cu Ka radiation (40 kV, 200 mA)
at a scanning rate of 10°/min. The powder samples were mounted
on a vitreous sample holder and scanned between 26 =3° and 60°
at a step size of 20=0.02°.

2.6.6. SEM

The surface morphologies of the samples were examined using
a Hitachi s-4800 high-resolution SEM (Japan). The samples were
prepared by mounting approximately 0.5 mg of powder onto a
5mm x 5 mm silicon wafer prior to examination. The powder was
then sputter-coated with gold particles, and the samples were
examined using SEM at 5.0 or 15kV.

2.6.7. 'Hand 2D NMR

The 'H NMR spectra of DM-B-CD and the quinestrol/DM-B-CD
inclusion complex were obtained using a Bruker ARX400 spec-
trometer at 298 K. Tetramethylsilane (TMS) was used as an internal
standard. Chemical shifts (§) are expressed in ppm relative to TMS.
All samples were dissolved in 99.98% D, 0 and filtered prior to use.

Two-dimensional (2D) nuclear Overhauser effect spectroscopic
(NOESY) experiments were run on a Bruker ARX600 spectrome-
ter. The samples were equilibrated for at least 24 h prior to the
measurement. The NOESY spectra were acquired at 298 K with
presaturation of the residual water resonance and at a mixing (spin-
lock) time of 170 ms. The analyses were conducted at a 6 kHz field.
All 2D NMR experiments were performed in D,0.

2.7. Molecular modeling

2.7.1. Molecular docking

A Schrédinger suite 2009 software package was used for com-
putational studies to verify the structure of the DM-3-CD and
quinestrol complex. Three-dimensional structures of DM-3-CD and
quinestrol were initially constructed on Maestro (Maestro, version
9.0, Schréinger, 2009). The structures were then manipulated using
aMacroModel (MacroModel, version 9.7, Schroinger, 2009) module
for energy minimization through a 5000-step Polak-Ribiere conju-
gate gradient, with OPLS-2005 as the force field and a GB/SA model
as the solvation treatment. Docking was performed using the DM-
[3-CD centroid to center the enclosing box, which was used as the
docking space, with the Glide (Glide, version 5.5, Schréinger, 2009)
program. Quinestrol was then flexibly docked using the Glide extra
precision mode. Finally, the optimum scoring pose of the inclusion
modes was selected as output.

2.7.2. Energy calculation

The energy of the inclusion complexes in water was calculated
with an MM3* force field using a MacroModel software. As the
proportional stability of complex formation, the relative thermo-
dynamic relationship was considered in the molecular mechanics
calculations. According to de Jesus et al. (2006), the enthalpy of for-
mation (AHs) can be obtained from the MM calculations, which are
proportional to the stability constant of the inclusion complex. AH
can be calculated from the minimum energy structure according to

AH = Achomplex - (AHfQuinestrol + AHfDIVI-B—CD)~ (2)
3. Results and discussion
3.1. Phase solubility studies

Phase solubility studies have been extensively used in inves-
tigating the solubility of several drugs and agrochemicals in the
presence of CDs (Rajabi, Tayyari, Salari, & Tayyari, 2008; Villaverde
et al., 2004). A linear relationship between the amount of solubi-
lized quinestrol and the DM-[3-CD concentration in solutions was
observed. This relationship was classified as a typical A, -type. The
stoichiometry of the quinestrol and DM-3-CD inclusion complex
was then determined. The regression equation is as follows:

Y =1.512x 107X +3.04 x 107>, R% =0.994

where Y is the concentration (mM) of quinestrol and X is the con-
centration (mM) of DM-3-CD. According to Higuchi and Connors’s
theory (Higuchi & Connors, 1965), this condition may be attributed
to the formation of a 1:1 inclusion complex between quinestrol and
DM-B-CD.

According to Meylan’s reports (Meylan, Howard, & Boethling,
1996), the calculated water solubility of quinestrol is 0.0378 mg/L.
The calculated apparent stability constant of the quinestrol/DM-
B-CD complex was 1.45 x 103 M~ according to Eq. (1), suggesting
that a favorable interaction generally occurs in the drug-CD asso-
ciation constants ranging from 50M-! to 2000M-! (Loftsson,
Hreinsdéttir, & Masson, 2005). Compared with the solubility of
quinestrol in ultrapure water in the absence of DM-3-CD, a 14.8-
fold increase in the presence of 10.0 mM DM-{3-CD was found.

According to the results of Pérez-Cruz et al.’s research (Pérez-
Cruz et al., 2009), a 1:1 inclusion complex of NI and DM-3-CD was
formed. In addition, the aqueous solubility of NI was improved
in a neutral aqueous solution through complexation with DM-3-
CD. Ventura et al. (2006) reported Ap-type diagrams at different
temperatures, which imply the presence of two WIN 51711-DM-
[3-CD complexes in the solution at 1:1 and 1:2 molar ratios. The 1:1
complex formed more easily than the other one.



756 D.-W. Wang et al. / Carbohydrate Polymers 93 (2013) 753-760

Table 1

Elemental analytical results for the inclusion complex of quinestrol and DM-3-CD.
Element Calculated (1:1 complex) (%) Found (%)
C 50.88 50.37
H 8.12 8.26

3.2. Characterization results and discussion

3.2.1. Elemental analysis

The analytical data for the elemental composition test on
the inclusion complex are shown in Table 1. The composition
and stoichiometry of the inclusion complex was confirmed by
elemental analysis (He, Deng, & Yang, 2008). The results sug-
gest that the molecular formula of the inclusion complex is
C56Hgg035-Co5H32,05-12H, 0, which indicates the formation of the
inclusion complex of quinestrol and DM-3-CD at a 1:1 mole ratio.
Twelve water molecules were also found in the inclusion complex.
Xia et al. (Ge et al., 2011) reported that an inclusion complex can
form between 6-benzylaminopurine and (3-CD at a mole ratio of
1:1, and that eight water molecules are also found in the complex.

3.2.2. UV-vis spectral analysis

UV-vis spectroscopy is an important tool in the study of com-
plexation (Lauro et al., 2012; Wang, Cao, Sun, & Wang, 2011). The
inclusion behavior of DM-3-CD with quinestrol was investigated in
a water/ethanol (V:V=4:1) solution system because of the rather
limited water solubility of quinestrol. No perceptible change in the
pH of the solution was observed during the entire experiment. Fig. 1
shows that the spectrum of quinestrol exhibits a slight redshift.
In addition, its absorbance intensity gradually increases with the
stepwise addition of DM-3-CD, which may have been caused by
the conjugation effect of the two compounds. In the spectrum of
quinestrol in the aqueous solution without DM-3-CD, two Amax
values were found at 287.1 nm (w-7 transition of the phenolic
group)and 279.6 nm (-7 transition of the phenyl ring). However,
the absorption maxima of the inclusion complex shifted to 280.6
and 288.3 nm, respectively, compared with that of quinestrol alone.
Given that the size-, shape-, and charge-fit effects are the dominant
controlling factors in the formation of inclusion complexes of CDs
(Liu&Chen, 2006), these results indicate that the inclusion behavior
mainly depends on the individual structural features of DM-3-CD
and quinestrol.

All these results suggest that DM-3-CD can form an inclusion
complex with quinestrol, indicating the possibility of interactions
between quinestrol and DM-3-CD as a result of a partial shielding
of quinestrol into the DM-[3-CD cavity.
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Fig. 1. Absorbance spectra of quinestrol (0.137 mM) and DM-B-CD (0, 2.50, 5.00,
7.50,10.0, 12.5, 15.0, and 17.5mM) at 25°C, pH 7.0.
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Fig. 2. Fourier transform infrared (FT-IR) spectra of (a) DM-B-CD, (b) quinestrol,
(c) physical mixture of quinestrol and DM-3-CD, and (d) quinestrol and DM-3-CD
inclusion complex at a 1:1 molar ratio.

3.2.3. FT-IR analysis

FT-IR was used to confirm the formation of an inclusion complex
(Wang, Liu et al., 2011). The FT-IR spectra of DM-3-CD, quinestrol,
their physical mixture, and the inclusion complex are shown in
Fig. 2. The IR spectra of DM-3-CD (Fig. 2a) is characterized by the
prominent band at 3397 cm~! (for the O-H stretching vibrations)
and 2931 cm~! (for the C-H stretching vibrations), as well as by
the 1154, 1085, and 1036 cm~! bands (for C-H and C-O stretching
vibrations). Meanwhile, the FT-IR spectrum of quinestrol (Fig. 2b)
is characterized by several peaks. The absorption band of O-H was
found at 3462 cm~'. The C=CH stretching vibrations are indicated
by the sharp band at 3284 cm~!. Another group of characterstic
absorption peaks is that of the stretching vibration of the ben-
zene ring skeleton at 1612, 1571, 1497, and 1444 cm~!. The peak at
1249 cm~1 is attributed to the C-O-C asymmetric stretching vibra-
tion. Meanwhile, the spectra of the physical mixture correspond to
the superposition of the spectra of the two individual components
(Fig. 2c). However, not all of these characteristic bands are present
in the spectra of the inclusion complex of quinestrol and DM-3-
CD. A number of bands decreased and even disappeared in the new
complex, most notably the C=CH stretching vibrations. Compared
with DM-3-CD, the spectral result of the inclusion complex exhibits
a certain shift of the peak assigned to the O-H stretching vibrations
from 3397 cm~! to 3399 cm1.

All these phenomena indicate the formation of the inclusion
complex. In addition, some parts of quinestrol were included
into the DM-3-CD cavity, possibly the hydroxy and ethynyl
ends.

3.2.4. DSC analysis

The thermal properties of quinestrol, DM-3-CD, their physical
mixture, and the inclusion complex were investigated using DSC
tests; the results are shown in Fig. 3. A broad endothermic peak
(Fig. 3a) was observed at approximately 72°C as a result of the
amorphous nature of DM-[3-CD. By contrast, quinestrol exhibited
one sharp endothermic peak at 110°C (Fig. 3b), which corresponds
to the melting point of the drug’s crystalline form. A similar phe-
nomenon was observed for quinestrol in its physical mixture with
DM-[3-CD (Fig. 3c). The thermal profile shows the unchanged broad
bands of DM-3-CD at 72°C as well as a distinct melting peak,
which has the same shape and melting temperature as pure quine-
strol. However, a completely different pattern was obtained in the
thermogram of the quinestrol and DM-3-CD inclusion complex
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Fig. 3. Differential scanning calorimetric (DSC) thermograms of (a) DM-B-CD, (b)
quinestrol, (c) physical mixture of quinestrol and DM-3-CD, and (d) quinestrol and
DM-3-CD inclusion complex at a 1:1 molar ratio.

(Fig. 3d). The disappearance of the melting peak of quinestrol at
110°C and the appearance of a new peak at 85 °C are indicative of
an essential change in the substance structure as well as a strong
interaction between the quinestrol and DM-3-CD of the inclusion
complex.

These findings show that the solution-ultrasonication, along
with the freeze-drying method, yields a new inclusion com-
pound. However, no association occurs when the two powders
are simply mixed together. Furthermore, the stability of quine-
strol deteriorated after the inclusion complexation, which may
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Fig. 4. X-ray diffraction (XRD) patterns of (a) DM-3-CD, (b) quinestrol, (c) physical
mixture of quinestrol and DM-B-CD, and (d) quinestrol and DM-B-CD inclusion
complex at a 1:1 molar ratio (d).

be beneficial in reducing the risks of harmful organisms in the
field.

3.2.5. XRD analysis

Powder XRD patterns allow the examination of the medium-
and long-range ordering of materials (Correia et al., 2002).
The diffraction pattern of the complex is assumed to be dis-
tinct from that of the superposition of each of the components
if a true inclusion complex is formed (Veiga, Teixeira-Dias,
Kedzierewicz, Sousa, & Maincent, 1996). The powder XRD pat-
terns of DM-3-CD, quinestrol, their physical mixture, and the
inclusion complex are shown in Fig. 4. The XRD pattern of
DM-3-CD shows three broad peaks in the 10-30° (26) range,
thus confirming the amorphous character of this compound
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Fig. 5. Scanning electron microscopy (SEM) images of (a) DM-B3-CD, (b) quinestrol, (c) physical mixture of quinestrol and DM-B-CD (1:1 molar ratio), and (d) quinestrol and

DM-B-CD inclusion complex (1:1 molar ratio).
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(Fig. 4a). Meanwhile, the XRD pattern of quinestrol shows intense,
sharp peaks at 20 of 13.8°, 16.3°, 17.3°, 19.5°, 21.4°, and 22.7°,
as well as several minor peaks at 12.0°, 15.5°, 18.0°, 23.5°,
and 25.1°. These peaks confirm the crystalline nature of the
compound (Fig. 4b). The XRD pattern of the quinestrol and
DM-3-CD physical mixture (Fig. 4c) is simply the superposi-
tion of the patterns of amorphous DM-(3-CD and crystalline
quinestrol. However, the inclusion complex of quinestrol and DM-
[3-CD gave a large, broad background under the crystalline peaks
(Fig. 4d). The pattern is similar to that of the amorphous DM
-B-CD and does not exhibit the characteristic peaks of quinestrol.
This result indicates the formation of a new kind of amorphous
material.

3.2.6. SEM analysis

SEM is a qualitative method used to study the structural aspects
of raw materials such as CDs and drugs, or of the products
obtained by different methods of preparation such as physi-
cal mixing, solution complexation, and coevaporation (de Araujo
et al., 2008; Duchéne, 1987). The surface morphology of the
powders, namely, DM-3-CD, quinestrol, their physical mixture,
and their inclusion complex was determined using SEM. Fig. 5a
shows that DM-B-CD exists as a spherical crystal containing
cavity structures similar to shrinking balls. However, quinestrol
(Fig. 5b) exists as a typical needle-like crystal. The structural
characteristics of the physical mixture of quinestrol and DM-
B-CD (Fig. 5c) show some similarities with those of the two
isolated molecules. By contrast, the inclusion complex of quine-
strol and DM--CD (Fig. 5d) appeared as irregular particles. In
this complex, the original morphologies of both components dis-
appeared, and the sizes and shapes of quinestrol and DM-3-CD
changed.

A comparison of these images shows that the inclusion com-
plex is structurally distinct not only from the free components,
but also from the physical mixture of quinestrol and DM-3-CD.
These results confirm the formation of the quinestrol and DM-3-CD
inclusion complex.

3.2.7. 'Hand 2D NMR analysis

NMR spectroscopy is one of the most powerful tools for the
study of inclusion chemistry in a solution. The information pro-
vided by the chemical shifts has been used to establish inclusion
modes (Jiang et al., 2007; Kwon et al., 2009). The chemical shifts
of the hydrogen atoms in the interior of the CD cavity (H-3 and
H-5) become shielded and generally show a significant upfield
shift in the presence of a guest molecule, whereas the hydro-
gen atoms on the outer surface (H-1, H-2, and H-4) are not
affected or experience only a marginal shift upon complexation
(Chen et al,, 2011; Ge et al,, 2011; Onnainty, Longhi, & Granero,
2011).

To investigate the possible inclusion mode of the quinestrol
and DM-3-CD complex, the TH NMR spectra of DM-3-CD both
in the absence and presence of quinestrol in D,O were com-
pared (Fig. 6a and b). The protons of quinestrol showed distinct
changes in the presence of DM-[3-CD, especially for the H-3 and
H-5 protons, suggesting that quinestrol was inserted into the
cavity.

NOESY experiments are generally performed to determine the
geometry of the inclusion complexes of organic molecules with
CDs (Kemelbekov et al, 2011). Two protons that are closely
located in space can produce a nuclear Overhauser effect cross-
correlation in NOESY or ROESY. To gain additional conformational
information, the 2D NOESY of the inclusion complex of quine-
strol with DM-B-CD was obtained. The NOESY spectrum of
the quinestrol and DM-3-CD complex (Fig. 6¢) shows appre-
ciable cross-correlations between the H-15 of quinestrol and
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Fig. 6. Proton nuclear magnetic resonance ('"H NMR) spectra of DM-B-CD in the
absence and presence of quinestrol in D,0 at 25°C, respectively: (a) DM-B-CD, (b)
the inclusion complex of quinestrol and DM-3-CD (“*” highlights the water peak).
(c) Nuclear Overhauser effect spectroscopy (NOESY) pattern in D,0 at 25°C of the
inclusion complex of quinestrol and DM-3-CD.

the H-3 protons of DM-B-CD. These results indicate that the
hydroxyl end of quinestrol was included into the DM-3-CD cav-

ity.
3.3. Molecular modeling studies

Docking predicts the preferred orientation of one molecule
to a second molecule when these are bound to each other
to form a stable complex (Lengauer & Rarey, 1996). Molecular
modeling of the DM-3-CD and quinestrol interactions was per-
formed to determine the most probable conformation of the
complex as well as to provide a visual three-dimensional pro-
file of the complex. Docking studies and energy calculation were
also conducted. To gain an insight into the binding modes and
observe the changes from a different perspective, simulations of
the inclusion complexes of DM-3-CD with quinestrol in three dif-
ferent orientations were performed. The complex 3D mode results
(Fig. 7) indicate that the DM-3-CD cavity contained hydroxy and
ethynyl ends. This finding is consistent with the FT-IR and NMR
results. Furthermore, the distances between quinestrol and the
DM-[3-CD protons were calculated. Fig. 7(d) shows that the short-
est distances between quinestrol and H-3 and H-5 are 2.004 and
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Fig. 7. Modes for the inclusion complex of quinestrol and DM--CD as obtained using docking calculations at different orientations: from (a) top, (b) side, (c) bottom, and

(d) the nearest distance between the protons of quinestrol and DM-3-CD.

1.790, respectively. This result is consistent with that of the 2D
NMR.

The enthalpy of formation of the possible complex is
—27.16k]J/mol, as calculated using Eq. (2). The AH values indi-
cate that the complex is stable in water. Thus, the docking studies
show that quinestrol interacted with DM--CD in one binding
mode.

4. Conclusions

The inclusion complexation behavior, characteristics, molec-
ular modeling, and solubilization of quinestrol with DM-3-CD
were investigated. First, the inclusion complex of quinestrol with
DM-[3-CD was prepared. The stoichiometry was confirmed by ele-
mental analysis, clearly indicating that an inclusion complex of
quinestrol with DM-3-CD with a 1:1 molar ratio can be prepared
using the solution-ultrasonic method. Second, the UV-vis, FT-IR,
DSC, XRD, and SEM results show that the inclusion complex has
different physicochemical characteristics from free quinestrol. In
addition, several parts of quinestrol were inserted into the DM-
3-CD cavity. The stability also deteriorated after the inclusion
complexation. Third, "H NMR and NOESY experiments show that
the hydroxyl terminal of quinestrol was encapsulated within the
DM-[3-CD cavity. Furthermore, molecular modeling studies, includ-
ing molecular docking and energy calculations, were performed
to construct a three-dimensional model of the complex and ver-
ify the experimental results. In summary, the water solubility
of quinestrol was significantly improved by complexation with
DM-[3-CD. This inclusion complexation is a promising strategy for

improving the applicability of quinestrol in agriculture and rat con-
trol in order to maintain the ecological balance and protect the
environment.
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