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Figure 1. The chemical structures of (a) progesterone and (b) β-CD 
and HP-β-CD.

Progesterone (pregn-4-ene-3,20-dione) is a C-21steroid 
hormone involved in the female reproductive systems and 
embryogenesis of humans and other species and consists of 
four interconnected cyclic hydrocarbons (Figure 1a). It is also 
an important drug used clinically to treat advanced ovarian, 
breast and non-small cell lung cancers.1,2 Despite its availabilities 
as a drug, very low water solubility (3.79 × 10-5 M) of progeste-
rone makes a limited usefulness for its use. Although several 
formulations such as cream, oral, intramuscular oily solutions, 
and water suspension injections have been developed, theirs 
bioavailability or patient compliances is low. As one of methods 
to increase the water solubility of progesterone, cyclodextrins 
(CDs) and their derivatives have been used as complexing 
agent with the hormone molecule.3-7 CDs are cyclic oligosac-
charides composed of six, seven and eight α-1,4-linked glucose 
units. CDs have hydrophobic cavities within their interior and 
can form many complexes with a variety of biologically and 
pharmaceutically important substances.8-11 Among them, 
hydroxypropyl-β-cyclodextrin (HP-β-CD, Figure 1b) has been 
reported to be a good inclusion complex agent for a formula-

tion and the therapeutic dosages of progesterone by injection 
are up to 200 mg depending on the specific pathology.12 HP-β- 
CD, which decreases its renal toxicity, allowing parenteral 
administration, has higher water solubility than β-CD.13,14 The 
earlier studies on the inclusion complexes between proge-
sterone and the CDs were based on solubility studies using 
nuclear magnetic resonance (NMR), Fourier transform Infrared 
(FTIR) spectroscopy, differential scanning calorimetry (DSC), 
Raman scattering, and X-ray diffraction pattern.4,5,7 In contrast 
to to the traditional spectroscopic approaches, electrospray 
ionization mass spectrometry (ESI-MS) allows us to detect 
and identify various molecules associates between the host 
and the guest molecules.15 The ESI-MS is also a very useful 
soft ionization technique to detect the non-covalent interactions 
of the molecular complexes in the gas phase.16,17 No works on 
ESI-MS analysis of HP-β-CD- or β-CD-progesterone complexes 
has been therefore reported to date. In this work, we investi-
gated stable noncovalent interactions formed between pro-
gesterone and β-CD or HP-β-CD in the gas phase using ESI-MS.

The complexes of the β-CD or HP-β-CD with progesterone 
formed in mixture of water and methanol were stable during 
characterization by ESI-MS. The stabilities of the complexes 
still remained even by applying a declustering potential as 
high as 120 eV. The relative abundances and the stoichio-
metries of the complexes formed in mixture of water and 
methanol can be determined in the gas phase. All the samples 
were observed as a mixture of the uncomplexed β-CD or HP-β- 
CD and its supramolecular complexes in mass spectra. For the 
complex of β-CD with progesterone, the base peak was 
observed at m/z 1472, which corresponds to [β-CD+Pro-
gesterone+Na]+ ion (Figure 2). This ion indicates that the 1:1 
complex of β-CD with progesterone is predominant in both 
solution and gas phase. In addition, ions corresponding to 
higher ratio complexes were also observed. These higher 
order noncovalent complex patterns of some guest molecules 
with CDs or their derivatives have been often observed in 
supramolecular chemistry using mass spectrometry in the 
pattern of specific noncovalent complex19-23 or nonspecific 
ones.24-26 Although the complex of β-CD-progesterone with 
stoichiometry of 1:1 was thermodynamically characterized 
using differential pulse polarography,18 higher complex ratios 
between β-CD and progesterone formed in mixture of 
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Figure 2. The ESI mass spectrum of the complex of β-CD (2.5 
mM) with progesterone (2.5 mM) analyzed in positive ion mode. P 
indicates progesterone.
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Figure 3. The ESI mass spectrum of the complex of HP-β-CD (2.5 mM) with progesterone (2.5 mM) analyzed in positive ion mode.

methanol and water were first detected in this study using 
ESI-MS. The ion at m/z 1786 corresponds to the singly 
charged 1:2 complex ([β-CD+2Progesteron+Na]+) between 
β-CD and progesterone. Also, the doubly charged ions at m/z 
1315, 1629, and 1882 correspond to the 2:1 ([2β-CD+Pro-
gesteron+2Na]2+), the 2:3 ([2β-CD+3Progesteron+2Na]2+), 
and the 3:1 ([3β-CD+Progesteron+2Na]2+) complexes, respec-
tively. The 1:1 complex of β-CD with progesterone in the gas 
phase may result from specific noncovalent interaction, 
which was also evidenced by the thermodynamic method in 
the solution phase.18 However, the ions corresponding to the 
other complexes containing the 1:2 complex of β-CD with 
progesterone may be due to nonspecific noncovalent adducts, 
which are often formed during the ESI-MS process. Actually, 

it has been reported that these nonspecific adducts are 
observed in the mass spectra of the complexes of CDs with 
amino acids or small peptides in the gas phase.24-26

In the solution phase, the 1:1 and 2:1 complexes of HP-β- 
CD with progesterone were suggested through phase solubility 
diagram and nuclear magnetic resonance (NMR) spectroscopic 
analysis, as described previously.4,5 In the ESI mass spectra of 
the complexes of HP-β-CD with progesterone in the gas 
phase, interestingly, doubly and triply charged ions showing 
noncovalent associations between the host and the guest were 
observed, but no ions corresponding to 1:1 complex were 
observed (Figure 3). Among the complex ions, the doubly 
charged ions at the region from m/z 2161 to 2480 were dominant 
and were assigned as the 2:4 complex of HP-β-CD with 
progesterone ([2HP-β-CD+4progesterone+K]2+). Also, triply 
charged ions corresponding to the 3:4 ([3HP-β-CD+4pro-
gesterone+Na+K]3+) complex and the 3:5 ([3HP-β-CD+5pro-
gesterone+K]3+) complex of the host with the guest were clearly 
observed in the mass spectra as shown in inset of Figure 3. 
Although noncovlent complexes of hydroxypropylated CD 
derivatives with specific guest molecules such as lorazepam 
often yield specific noncovalent complexes of higher ratios, 
as evidenced by ESI mass spectra,19 these unusual higher 
complex ratios of HP-β-CD with progesterone were first 
detected in this study. This result strongly suggests that the 
noncovalent complexes of HP-β-CD with progesterone may 
be the anomalous nonspecific adducts formed during the ESI 
process rather than hydrophobic inclusion complex.

In the present work, we first detected supramolecular entities 
with the higher complex ratios based on stable supramolecular 
noncovalent interactions between β-CD or its HP-β-CD and 
progesterone in gas phase using ESI-MS. ESI-MS could be a 
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useful analytical tool to characterize stoichiometries of the 
noncovalent complexes formed in mixture of water and 
methanol. Supramolecular host-guest structures based on stable 
noncovalent interactions between β-CD and the hormone formed 
in solution yielded not only 1:1 complex but also 1:2, 2:1, 2:3, 
and 3:1 complexes. In the case of HP-β-CD, stable non-
covalent interactions induced by HP-β-CD yielded doubly- and 
triply-charged ions in which 2:4, 3:4, and 3:5 complexes between 
the HP-β-CD and progesterone were observed in cationized 
forms with Na and/or K. These results suggest that nonspecific 
interactions may be the main driving force for the formation 
of the noncovalent complexes of β-CD or HP-β-CD with 
progesterone rather than hydrophobic inclusion interactions. 
This study will help to characterize supramolecular entities 
with the higher complex ratios in other steroid-CD complexes.

Experimental Section

Materials. HP-β-CD, β-CD, and progesterone were purchased 
from Sigma Chemical Co. (St. Louis, MO, USA).

Preparation of the complexes of HP-β-CD or β-CD with pro-
gesterone. A stock solution of progesterone (2.5 mM) was 
prepared in methanol. One mL of the stock solution of pro-
gesterone in a vial was mixed with each 1 mL of HP-β-CD or 
β-CD (2.5 mM) dissolved in water. The mixtures were stirred 
for 1h at room temperature before ESI-MS analysis.

The ESI-MS analysis. The ESI-MS experiments were 
performed with an API 4000TM triple quadrupole LC/MS/MS 
System (Applied Biosystems, Foster City, CA, USA) equipped 
with a turbo electrospray ion source. The sample solutions 
were directly infused into the ESI source with a flow rate of 10 
µlmin-1. Spray voltage, declustering potential, and entrance 
potential were set to 4.5 keV, 120 eV, and 10 eV in the positive 
ion mode, respectively. Pressures of curtain gas and ion 
source gas 1 were 10 and 17 psi., respectively.
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