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Abstract

Cinchonine (Cin) is the primary drug of choice in the treatment of malaria, but its poor sol-
ubility has restricted its use via the oral route. Cyclodextrins (CDs) form inclusion complexes
with cinchonine to form soluble complexes. This interaction was investigated by solubility
studies, electrospray ionization mass spectrometry (ESI-MS), and molecular modeling. ESI-
MS evaluated successfully the nature of the solution-phase inclusion complexes. The experi-
mental results showed that not only 1:1, but also stable 2:1 inclusion complexes can be formed
between CDs and Cin. Multi-component complexes of �-CD–Cin–�-CD (1:1:1), �-CD–Cin–�-
CD (1:1:1), and �-CD–Cin–�-CD (1:1:1) were found in equimolar �- and �-CD mixtures with
Cin. The formation of 2:1 and multi-component 1:1:1 non-covalent CD–Cin complexes indi-
cates that �- and �-CD are able to form sandwich-type inclusion complexes with Cin in high
concentrations. The phase-solubility diagram showed non-linear type Ap proWle, indicating
that more than one cyclodextrin molecule is involved in the complexation of one guest mole-
cule. Molecular modeling calculations have been carried out to rationalize the experimental
Wndings and predict the lowest energy molecular structure of inclusion complex.
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1. Introduction

The cinchona alkaloids such as quinine, quinidine, cinchonine, and cinchonidine
have been used as eVective antimalarial drugs [1]. Cinchonine also exhibit K+ channel
blocking and antiarrhythmic activities [2]. Other pharmacological eVects of these
alkaloids include reversal of multidrug resistance in diVerent types of tumors [3]. In
this activity, cinchonine (Scheme 1) has much lower toxicity and greater activity com-
pared with other quinine related compounds [4]. Cinchonine also exhibits antihyper-
tensive eVects, possibly through blockade of �-adrenoceptor and Ca2+ channels. It is
also a potent inhibitor of human platelet aggregation [5]. However, it is poorly solu-
ble in water which limits its eVectiveness in treating these conditions. Many com-
pounds having molecular recognition capabilities enhance the solubility of the guest
and help to understand numerous biological processes.

Cyclodextrins (CDs) (Scheme 2) are macrocyclic oligosaccharides, containing 6(�-
CD), 7(�-CD), or 8(�-CD) D-glucose units. As an important host compound, cyclo-
dextrins have high molecular recognition ability towards guest molecules with
suitable polarity and dimension because of their hydrophobic internal cavity and
hydrophilic external surface [6]. This ability has been widely used in pharmaceutical
applications. The pharmaceutical interest in CDs is due to their ability to enhance
solubility, chemical stability, and bioavailability of poorly soluble drugs, and reduce
toxicity and control the rate of release [6,7]. Cyclodextrins have also been used as chi-
ral selectors for capillary electrophoresis enantiomer separations and analytical pur-
poses [8]. Cyclodextrin usually forms 1:1 complexes with a guest molecule. When a
guest molecule is bulky or long relative to the dimensions of CD cavity, two CD mol-
ecules are frequently bound to a single guest molecule to form a 2:1 CD–guest
complex [9], The stoichiometric ratio of cyclodextrin and guest are usually character-
ized by Xuorimetric, NMR, and mass spectrometry methods.

Scheme 1. Cinchonine.

Scheme 2. Cyclodextrins.
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Electrospray ionization mass spectrometry (ESI-MS) has many advantages in the
study of inclusion complexes between drug molecules and cyclodextrins including
high sensitivity, speed, and a very low level of sample consumption. Electrospray ioni-
zation is one of the softest methods available to date [10]. ESI-MS allows detection
and study of all kinds of diVerent molecular associations between the guest and the
host (such as enzyme–substrate, receptor–ligand, and protein–nucleic acid bindings).
Strictly speaking, mass spectrometry only reXects the properties of gas-phase species.
Nevertheless, the direct correlation between gas-phase complex and the solution
behaviour is often good for ESI-MS [11,12]. Consequently, this method is used to ana-
lyze solution-phase molecular recognition and inclusion processes. Recently, Guo and
others have successfully studied molecular complexes between various drugs (includ-
ing diclofenac sodium, lorazepam, and the anti-inXammatory drug oleanolic acid) and
cyclodextrins using ESI-MS [13–15]. The driving forces for the complex formation
have been attributed to hydrophobic interactions, van der Waals interactions, hydro-
gen bonding, and release of ring strain in the CD cavity. Due to the limitations of the
experimental methods, molecular modeling is frequently used to rationalize experi-
mental Wndings concerning molecular and chiral recognition by cyclodextrins. Molec-
ular modeling methods are valuable tools for detailed information on the geometry
and the interaction energy of the inclusion compounds. Most computations for CD
employ semiempirical AM1 or PM3 methods due to its large size [16,17].

In previous work [18], it was concluded that there were two 1:1 binding models
between �- or �-cyclodextrin and cinchonine based on the Xuorimetric and NMR
measurements. However, we have now obtained direct evidence in ESI-MS experi-
ment for not only 1:1, but also 2:1 binding models of CDs and cinchonine. In addi-
tion, we have carried out solubility measurements and molecular modeling of these
complexes to fully characterize the binding behavior between cyclodextrin and cin-
chonine. The work provide evidence for the formation of a 2:1 binding model
between cyclodextrin and cinchonine.

2. Experimental

2.1. Materials

�- and �-cyclodextrin (99.5%) were purchased from Sigma Chemical and puriWed
by recrystallization from distilled water. Cinchonine was commercially available
from Aldrich Chemical. Standard solutions of �- and �-CD with concentrations of
0.01 M were prepared in deionized water. In addition, a 0.01 M cinchonine solution
was prepared in methanol.

2.2. Solubility measurement

The phase-solubility diagram was determinated according to the Higuchi and
Connors method [19]. Aqueous solutions of �-CD or �-CD with concentrations of 0,
1.0, 2.0, 3.0, 4.0 and 5.0 £ 10¡4 M were prepared. Excess amounts of cinchonine were
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added to each solution of CD. The solutions were sealed and shaken at ambient tem-
perature for 48 h, followed by an equilibrium period (7 days), then centrifuged and
Wltered. Their absorption was measured by SPECORD 2000(752 type) UV spectro-
photometry at 285 nm. The presence of CDs did not interfere with the spectrophoto-
metric assay of the drug. Each experiment was performed in triplicate.

2.3. Mass spectrometry

ESI-MS experiments were performed using a LCQ DECA XP ion trap mass spec-
trometer (ThermoFinnigan) equipped with an electrospray source. The sample was
introduced via a syringe pump at a Xow rate of 3 �L/min. High Xow rate nitrogen gas
was employed as the nebulizing gas as well as the drying gas to aid desolvation. The
sheath gas Xow rate was 0.5 L min¡1. After optimization of the MS parameters, the
spray voltage was set to 5.0 kV in the positive mode, and the heated metal capillary
temperature was set at 275 °C. The capillary voltage and tube lens oVset were set at
15 and 40 V, respectively. The mass scale was calibrated by using the standard cali-
bration procedure and compounds provided by the manufacturer.

2.4. Molecular modeling

All calculations were performed with Gaussian 98 soft (SGI64-G98RevA.11.2) on
an SGI workstation with 8 parallel CPU and 2G memory. The initial structures of
cinchonine and �-cyclodextrin were constructed with the help of Chem3D and opti-
mized with AM1 from the crystal structure. Modeling calculations were performed in
two steps [20]. In the Wrst step, for one �-cyclodextrin and one Cin, two inclusion
models were assumed, i.e., the naphthyl (model 1), or the ethylene one, and were step-
wise inserted into the cavity of CD. Subsequently, the geometry of the host–guest
complex was completely optimized by AM1 without any restriction in order to
determine the minimum-energy geometry. In the second step, for two �-cyclodextrin
and one Cin, the optimized �-CD–Cin complex was allowed to dock into the second
�-CD from the ethylene group side or naphthyl side. Subsequently, the structure of
2:1 host–guest complex was completely optimized to determine the minimum-energy
structure. All structures were minimized using a conjugate gradient optimization pro-
cedure until a root mean square (RMS) value of 0.01 kcal mol¡1 Å¡1 was obtained.

3. Results

3.1. Solubility measurement

One of the most important applications of cyclodextrins in the pharmaceutical
Weld is to enhance the aqueous solubility of drugs through complexation. The phase-
solubility diagram, i.e., plots of solubility of guest as a function of cyclodextrin con-
centration, of the complex formation between Cinchonine and CDs are presented in
Fig. 1. According to the Higuchi and Connors classiWcation, the diagrams obtained
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were of Ap type (a soluble complex is formed), where the guest solubility of this type
increases linearly with cyclodextrin concentration having a positive deviation from
the straight line. From this curve, it can be seen that the apparent solubility of Cin
increases due to the formation of a soluble inclusion complex between Cin and CDs.
Dissolution of Cin from the �- and �-CD complexes was three and Wvefold greater,
respectively, than that of the pure drug in water. The AP type indicated higher order
complex formation in which more than one cyclodextrin molecules are involved in
the complexation [6,13,19].

3.2. Mass spectrometry characterization

Mass spectrometry is a powerful analytical tool, which provides unique selectivity,
improved sensitivity, and valuable structural information. The use of ESI-MS for
characterizing the stoichiometry and strength of interactions between synthetic or
biological hosts and guests is a growing area of research [21]. In this experiment, the
same volume of the host and guest solutions were mixed and shaken on a microvibra-
tor (3500 spin/min) for 5 min to mix eVectively before being introduced to the mass
spectrometer. Preliminary experiments on solutions of CD–Cin were performed to
determine the optimal electrospray ionization parameters. The analytes were found
to give greater response in the positive mode. Therefore, the optimal electrospray ion-
ization parameters and positive mode were selected for MS analyses. To eliminate the
non-speciWc complexes, the heated metal capillary temperature was changed from
150 to 275 °C, but the relative abundance of complex was not diminished in high tem-
perature up to 275 °C, so the experiment capillary temperature was set at 275 °C.

Fig. 2 illustrates the mass spectra of equimolar CD and Cin mixture. From the
Fig. 2A, the peaks observed at m/z 295 and 1157, correspond to the singly charged
[Cin + H]+ and [�-CD + Na]+, respectively. The most abundant peaks at m/z 1429 and
m/z 2563 correspond to [Cin + �-CD + H]+ and [Cin + 2�-CD + H]+ which might be a

Fig. 1. Phase-solubility diagrams for cinchonine in the presence of �-CD (�), �-CD (�) in water at 25 °C.
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sandwich-type complex. In Fig. 2B, a similar result is seen: the most abundant ion is
at m/z 1591, corresponding to [�-CD + Cin + H]+, and the next peak is at m/z 2887,
which corresponds to [2�-CD + Cin + H]+. The experimental results show that not
only the 1:1 CD/Cin complex, but also the single charged state of the ions corre-
sponding to 2:1 CD–Cin complexes are all found for �- and �-CD in the positive ion
mode. The 2:1 CD–Cin complexes between �- and �-CD and Cin suggest that the eth-
ylene and naphthyl group may be simultaneously included in the CDs'cavity.

To provide a reasonable estimate of the relative gas-phase stabilities of the com-
plexes between the two CDs and Cin, we performed diVerent mass spectrometry
experiments where the two CD species were mixed in equimolar amounts with Cin
under identical experimental conditions. The Wnal concentration of �-CD, �-CD, and
cinchonine was 3.3 mM.The ESI mass spectra of the two kinds of CDs mixed
together with Cin in equimolar amounts are shown in Fig. 3. There are mainly Wve
peaks, at m/z 295, m/z 1429, m/z 1591, m/z 2563, and m/z 2887, corresponding to
[Cin + H]+, [Cin + �-CD + H]+, [�-CD + Cin + H]+, [Cin + 2�-CD + H]+, and [2�-
CD + Cin + H]+, respectively. Also, a relative high abundance at m/z 2725 was
observed, which corresponded to [�-CD + �-CD + H]+. No cluster ions of CDs were
observed in the mass spectrum, which implies that the 2:1 CD–Cin complexes
between �- and �-CD and Cin were sandwich-type complexes (�-CD–Cin–�-CD),
and not �-CD–�-CD–Cin non-special aggregation complexes [13,22]. The relative
intensities for 1:1 and 2:1 �-CD–Cin complexes were greater than those of �-CD–Cin
complex. The intensity decreases with an increase in the mass of the CD, as expected.

Fig. 2. ESI mass spectra of CD–Cin complexes: (A) �-CD with Cin (1:1 equimolar mixture) and (B) �-CD
with Cin (1:1 equimolar mixture).
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This is primarily due to the fact that the energy required for the phase change of a
gaseous ion from a liquid sample will typically increase with increasing mass within a
series of like molecules.

To study the eVect of sample concentration on the complex, the mass spectrome-
try experiments were carried out where the stock solution concentrations of cyclo-
dextrin and cinchonine were diluted 10- and 50-fold. The Wnal concentrations of
cyclodextrin and cinchonine were 5 £ 10¡4 M in Fig. 4A. In Fig. 4B, they were
1 £ 10¡4 M. From Figs. 4A and B, the 1:1 and 2:1 CD–Cin complexes were clearly
observed although the concentrations of CD and Cin were diluted. The signal to
noise ratio has decreased. The 2:1 complex didn't disappear more rapidly than the 1:1
complex upon dilution. Hence, we considered that the 2:1 complex is a speciWc com-
plex and not an experimental artifact.

Fig. 3. ESI mass spectra of an equimolar mixture of �-CD, �-CD with equimolar Cin.

Fig. 4. ESI mass spectra of CD–Cin complexes. (A) 10 times diluted and (B) 50 times diluted.
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3.3. Molecular modeling

Computational studies on host–guest interactions were carried out to Wnd the
most probable conformation of the complex and the appropriate three-dimensional
representation of the complex. The energy minimum structures of �-CD–Cin com-
plex calculated by Gaussian98 are showed in Fig. 5. Stabilization energy (�E) upon
complexation was calculated for the minimum energy structure according to Eq. (1)
[23,24]:

�E D Ecomplex ¡ (Ehost C Eguest).

From Table 1, it can be seen that the complexation of Cin with �-CD through the
ethylene moiety is less favorable than that with �-CD through the naphthyl moiety
by an energy diVerence of 12.1 kJ/mol. In Fig. 5A, the ethylene moiety of Cin entered

Fig. 5. Energy-minimized structure obtained by AM1 calculations for the �-CD–Cin complexes. (A) the
ethylene moiety of Cin entering into CD, (B) the naphthyl moiety of Cin entering into CD, and (C) two
CD included one Cin simultaneously.
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fully into cavity of CD so that the hydroxy group of Cin was close to the wider ring
of CD, and the distance of O–H,O (of cyclodextrin) was 2.17 Å. Similarly, in
Fig. 5B, the ring A of naphthyl moiety was fully included by cyclodextrin, but ring B
was only buried partly and the nearest distance of O–H,O (of cyclodextrin) was
2.16 Å. Because the distance is within 2.2 Å, intermolecular hydrogen bonds are
formed between Cin and cyclodextrin [25,26]. For the energy-minimized structure
show in Fig. 5C, not only one hydrogen bond exists between the hydroxy group of
Cin and cyclodextrin, but two hydrogen bonds between two CDs are formed. Aro-
matic ring A and ethylene moiety were fully included by two CDs. However, the aro-
matic ring B containing the heteroatom only partly entered cavity and the formation
of the 2:1 �-CD–Cin complex was the most energetically favorable of the three com-
plexes. The driving forces for the complex formation could been attributed to these
hydrogen bonds and hydrophobic interaction between non-polar parts of cinchonine
(such as aromatic ring A and ethylene moiety) and cyclodextrins.

4. Discussion

In previous work, Liu et al. [18] characterized the complex between cyclodextrins
and cinchonine using NMR and Xuorimetry method. Molecular modeling calcula-
tions have now been carried out to rationalize the experimental Wndings. In a 1H-
NOESY experiment, cross-peaks were observed between protons in the ethylene
group of ring A and cyclodextrins. These observations were explained by the coexis-
tence of two diVerent 1:1 binding modes. On the basis of molecule modeling, we Wnd
that the 1H-NOESY spectrum could also be explained by a 2:1 CD–guest molecular
complex. Although Xuorescence spectral titrations gave evidence of a 1:1 stoichiometric

Table 1
The interaction energy between �-cyclodextrins and cinchonine calculated with AM1

Species CD:Cin Ecomplex (kJ/mol) Ehost + Eguest (kJ/mol) �E (kJ/mol)

�-CD–Cin (naphthyl side) 1:1 ¡6849.5 ¡6819.3 ¡30.2
�-CD–Cin (ethylene side) 1:1 ¡6837.4 ¡6819.3 ¡18.1
�-CD–Cin (two sides) 2:1 ¡13912.9 ¡13765.9 ¡147.0

Fig. 6. Three binding models of cyclodextrins with cinchonine.
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ratio between CD and Cin, it may not be true. In a 2:1 CD–guest complex, an unprot-
onated nitrogen heteroatom of the guest entered the interior cavity of cyclodextrin,
which would quench the Xuorescence, but the other less polar part of the guest mole-
cule in the hydrophobic internal cavity may cause enhancement of Xuorescence sig-
nal. As a result, the total Xuorescence intensity may be very complicated. Under these
conditions, the Xuorimetric spectral titration methods to ascertain the stoichiometric
rate are no longer reliable. If guest binds to cyclodextrin only in a 1:1 model, the
phase-solubility curve would be the linear Al type. In contrast, our experiment result
gave non-linear Ap type curve. Furthermore, the mass spectrometry gave direct evi-
dence for the 2:1 binding model. For these reasons, it is concluded that not only 1:1
but also a 2:1 cyclodextrin and cinchonine complex exist in solution. The models for
cyclodextrins and cinchonine are showed in Fig. 6.
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