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Abstract Inclusion properties of the drug omeprazole

(OMP) with peracetylated-beta-cyclodextrin (PAc-b-CD)

prepared by green method, following supercritical carbon-

dioxide (scCO2), were characterized through thermal (TGA

and DSC), crystalline (XRD), NMR spectroscopic and

dissolution studies. Comparison amongst PAc-b-CD,

OMP, physical binary mixture (equimolar ratio of OMP:

PAc-b-CD) and the solid inclusion complex (OMP/PAc-

b-CD) revealed scCO2 as a successful technique for

inclusion complex formation as well, identified character-

istics performances of PAc-b-CD/OMP interactions. For

instance, absence of characteristic DSC or XRD peaks of

either chemical in the complex was quite noticeable with

the shift of proton peaks in 1H NMR spectra. The formed

inclusion complex also showed an important dissolution

performance of OMP for controlled release applications

partly due to the hydrophobic nature of PAc-b-CD.

Keywords Omeprazole � Peracetylated-beta-

cyclodextrin � Supercritical carbon dioxide �
Inclusion complex � In vitro release rate

Introduction

Omeprazole (OMP), a primary member of proton pump

inhibitors, has been extensively used to control acid dis-

orders like- peptic ulcer, reflux disease, erosive esopha-

gitis, Zollinger-Ellison syndrome, duodenal ulcer,

multiple endocrine adenomas, dyspepsia and also in the

treatment of Helicobacter pylori infection and systematic

mastocytosis etc. The molecular structure of OMP con-

tains tri-coordinated sulfur atom in pyramidal structure

(Fig. 1) and thus, exist in both the S and R enantiomers,

i.e. as a racemate. In human body, the ultimate mediator

of acid secretion is the H?/K? ATPase and this pump is

unique to the parietal cells and also to specific inhibitors

it has. In the acid space of the secreting parietal cells,

pharmacologically, OMP is converted to achiral products

(i.e. thiofilic sulfon amide or sulfenic acids), which reacts

mainly with the cysteine-813 residue in the catalytic

subunit of the H?/K? ATPase and this create a situation

which is critical for enzyme inactivation and ultimately

inhibit parietal cells to produce gastric acid. However,

OMP is very slightly soluble in water (*0.5 mg/mL) and

this is a fact for small dissolution rates as well as, low

bioavailability of this drug [1]. More pharmaceutical

drawbacks of omeprazole are mainly related to the
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physico-chemical instability to heat, light, moisture, sol-

vents, exposure to UV light, various salts, metal ions and

acidic media even with coated formulations [2–4]. To

overcome these stability and solubility limitations of

drugs several approaches had been carried out in the past

on different drugs using derivatives of natural cyclodex-

trins (CDs) and utilizing various methods like spray

drying, kneading, freeze drying and physical mixing etc.

[1]. However, not many works have been reported in the

past focusing the delayed release applications for avoiding

frequent doses, though capsules formulated with enteric

coated granules and covered with a shell containing a

large number of inactive ingredients could work. It is well

known that, the most important features of the CDs is the

ability to form inclusion complexes with a large variety of

guest molecules and ions that have a suitable size and

shape to be fully or partially accommodated in their

central cavities [5] and thereby, enlighten the favorable

properties as complex by improving or altering aqueous

solubility, bio-adaptability and stability of a variety of

poorly soluble and labile drugs [6, 7]. Chemically these

CDs are cyclic oligosaccharides containing at least 6 D

(?) glycopyranose units attached by a (1, 4) glycosidic

bonds. The four natural CDs as a, b, c and d with 6, 7, 8

and 9 glucose units, respectively, differ in their ring sizes

and solubility [8]. The cavity size of a CD is insufficient

for many drugs, whereas, c CD is expensive and d CD

has weaker complex forming ability. On the other hand, b
CD because of its ready availability and suitable cavity

size for wide range of drugs is the most popular for

pharmaceutical applications. However, most of the prep-

aration methods used in previous investigations for

inclusion complex formation was time consuming, need

multistage processing, used expensive solvents and

required evaporation of large volume of liquid solvents to

ensure no harmful residue in the final product.

Recently, supercritical carbon dioxide (scCO2) based

technology has emerged as a favored option in food,

pharmaceutical and chemical process industries mainly

for the replacement of organic solvents by non flammable,

non toxic and inexpensive CO2, which avoid chance of

toxic solvent residues, the absence of gas liquid phase

boundary and ease of product recovery etc. [9]. Several

trials for medicine b-cyclodextrin complexes have been

successfully performed in scCO2 for enhanced solubility

and dissolution rate [10–14]. More recently we reported

the complex of water-soluble drug molsidomine and CO2-

soluble peracylated-b-cyclodextrin (PAc-b-CD) (Fig. 2)

[15].

The characterization of the prepared complex of OMP

and PAc-b-CD using scCO2 was carried out following

thermogravimetric analysis (TGA), differential scanning

calorimetry (DSC), X-ray diffractometry (XRD), 1H NMR

and drug dissolution studies. This work also included

comparison of analytical parameters among the drug, the

physical mixtures and the complex formed with OMP and

PAc-b-CD in scCO2. OMP is a poor water-soluble drug but

its solubility and half life is highly pH dependent. There-

fore, most oral preparations available are enteric coated

due to the rapid degradation of OMP in the acidic condi-

tions of the stomach. Theoretically, hydrophilic CDs are

targeted with limited aqueous soluble drugs for complex

formation, whereas hydrophobic CDs are considered as

controlled release carrier. It has been reported that per-

acetylated CDs are hydrophobic in nature and exhibits high

degree of miscibility with dense CO2 over a broad range of

concentration [15, 16]. The solubility of PAc-b-CDs in

scCO2 was comparable to those oligomers of poly (vinyl

acetate), containing an equivalent number of acetate

groups, which are known to be the most CO2-soluble vinyl

homopolymers composed solely of carbon, hydrogen and

oxygen [17]. For example, 5 wt% of PAc-b-CD is soluble

about 34.5 MPa at 45 �C. In these contexts, we have

Fig. 1 Molecular structure of omeprazole (OMP, 5(6)-methoxy-2-{[(4-methoxy-3,5-dimethyl-2-pyridinyl) methyl]sulfinyl}-1H-benzimidazole)

as a 5-methoxy tautomer structure and b 6-methoxy tautomer structure

Fig. 2 Molecular structure of peracetylated beta cyclodextrin (PAc-

b-CD)
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envisaged to use PAc-b-CDs with OMP to investigate the

performances of inclusion complex formed in scCO2.

Experimental

Materials

PAc-b-CD (2,3,6-tri acetyl-b-cyclodextrin/heptakis, C84H112O56,

Mw 2017.75 g/mol) and OMP drug (C17H19N3O3S, Mw

345.4 g/mol) were purchased from Sigma-Aldrich (Korea)

and used as received. All other reagents (chemicals and

solvents) used in this study were of analytical reagent grade.

Formation of inclusion complexes in scCO2

The supercritical CO2 technique used in this study for the

complex formation contains a 10 mL high pressure stain-

less steel reactor equipped with sapphire quartz window. A

high pressure syringe pump (ISCO model 260D series) was

used to introduce densified carbon dioxide into the reactor.

Heating was provided by a water bath and temperature was

recorded with a thermocouple (Doric Trendicator 400A).

Teflon coated magnetic stir bar was used to mix the cell

contents. In a typical inclusion experiment, equimolar

mixture of OMP and PAc-b-CD were placed in the high

pressure reactor and carbon dioxide was charged into the

cell using the syringe pump until the pressure reached to

34.5 MPa at 45 �C. After 2 h of stirring CO2 was slowly

vented off and the product was collected as powder.

The physical mixture of OMP and PAc-b-CD were

prepared by simply blending both solids at 1:1 molar ratio

(12 mg of PAc-b-CD and 2 mg of OMP) uniformly in a

mortar at room temperature.

Characterization of inclusion complexes

Pure materials (i.e. OMP, PAc-b-CD), the inclusion com-

plexes, and physical mixtures of OMP and PAc-b-CD were

investigated for the thermal behavior of each sample using

TGA (with a Perkin-Elmer TGA7) and DSC (with a DSC

60 Shimadzu, Japan). Crystallinity of the samples was

determined using powder XRD (with a Philips X’’ Pert

MPD, Japan). 1H NMR spectra were recorded using a

JNM-ECP 4000 (JEOL) spectrometer with DMSO-d6 sol-

vent. The concentration of OMP in DMSO-d6 was fixed at

0.93 mg/mL.

In vitro drug dissolution studies

The in vitro release rate of OMP from an oily suspension of

drug/PAc-b-CD complex was measured according to the

paddle method of dissolution test described in Japanese

pharmacopeia XIV. OMP or its 1:1 molar complex of PAc-

b-CD (equivalent to 2 mg of OMP) was suspended in

10 mL of peanut oil for 30 min, which was used as a

vehicle for sustained release preparations. 30 mL of acidic

water (pH 4) then added to the suspension and the mixture

was kept at 37 �C. Sample solutions (1 mL) were drawn

with a cotton plug and diluted with 2 mL of acidic water.

The release rate of OMP from the oily phase into water was

assayed by spectrometrically (Lambda 40 UV–Vis spec-

trometer, Perkin Elmer) at a wavelength of ca. 332 nm

where linearity pf the concentration versus absorption

relation was ascertained as reported previously [15].

Results and discussion

Prior to the inclusion experiment, the solubility of PAc-b-

CD and OMP was examined by using a variable volume

cell equiped with sapphire window [18]. 12 mg of PAc-b-

CD was fairly soluble in 10 mL of supercritical CO2 at

34.5 MPa and 45 �C. The solution became transparent

immediately after mixing and the cloud point of the solu-

tion was detected at 18.6 MPa from isothermal expansion.

On the other hand, OMP was completely insoluble at this

condition, as white power was clearly observed through the

sapphire window and the cloud point was not detected

upon expansion. However, 2 mg of OMP was put in the

cell together with 12 mg of PAc-b-CD, the solid drug

slowly disappeared in the reactor and the whole system

became homogeneous in 40 min under the experimental

conditions (34.5 MPa and at 45 �C). The cloud point of the

solution was found at 21.0 MPa from isothermal expan-

sion. This result clearly indicates the phenomena of

molecular complexation of the drug with PAc-b-CD in the

presence of scCO2. It has been known that PAC-b-CD

rarely showed inclusion behavior possibly due to the self-

inclusion and its low solubility in water [5]. Here the

complexation mechanism is not clear, but it is assumed that

CO2-philic acetate groups favor bulk scCO2 phase to result

in strong interaction between the host and guest molecules.

To investigate the pharmaceutical characteristics, the

inclusion complex, OMP/PAc-b-CD, obtained after vent-

ing scCO2 was subjected to TGA and DSC analysis. The

TGA thermograms of OMP, PAc-b-CD, and the complex

of OMP/PAc-b-CD recorded up to 800 �C at a heating rate

of 10 �C/min under nitrogen atmosphere are shown in

Fig. 3. OMP started to decompose at ca. 165 �C and the

weight loss continued to around 500 �C, while a rapid

weight loss was found at ca. 350 �C for PAc-b-CD. The

complex showed the combined weight loss behavior of

OMP and PAc-b-CD upon heating. For DSC analysis, the

samples were heated up to 300 �C with a rate of 10 �C/
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min. As shown in Fig. 4a, free OMP exhibits sharp fusion

endothermic at 160 �C corresponding to its melting points.

The exothermic peaks between 170 and 190 �C are

attributed to decomposition. In the DSC of PAc-b-CD

(Fig. 4b), an endothermic peak appears at 205 �C, which

can be assigned to solid–liquid phase transition [19].

Similarly, two peaks corresponding to the melting of OMP

and PAc-b-CD were observed in the same range of ther-

mograms for the physical mixture, consisting of 1:1 molar

ratio of the OMP and PAc-b-CD (Fig. 4c). It is worth

notice the absence of exothermic peaks at around

170–190 �C on the DSC, which may be attributable to the

increased thermal stability of OMP in the physical mixture.

In contrast, there were no such detectable peaks for the

inclusion complex prepared with the similar composition in

scCO2 and this absence of peaks indicated a more stable

and strong interaction of OMP with PAc-b-CD (Fig. 4d).

As it is well known that the disappearance or shifting of

endo- or exothermic peaks is a strong evidence of thermal

behavioral for the encapsulation of host species by the

cyclodextrin at the molecular level [20]. Further,

crystalline behavioral observations with XRD showed

additional support for the formation of the complex in

scCO2 (Fig. 5). For instance, XRD patterns of both OMP

and PAc-b-CD powder showed sharp peaks, which sug-

gested the high crystallinity of individual compounds. In

the XRD of the physical mixture of OMP and PAc-b-CD

(Fig. 5c), the wide peak of amorphous phase is not

apparent, indicating that it is mostly additive sum of the

XRD of pure OMP and PAcCD. In contrast, very wide

peaks are seen in the amorphous complex between OMP

and PAc-b-CD from scCO2 (Fig. 5d). These results con-

firm that OMP is no longer present as a crystalline material

and its solid inclusion complexes exist in the amorphous

state.

Theoretically, H bonding and non specific forces change

in both the drug and the carrier molecules when these host

and guest molecules form inclusion complex and which

ultimately affects the chemical shift of nuclear magnetic

resonance [21]. Therefore, the use of equimolar amounts of

OMP and PAc-b-CD in the complex is expected to cause

detectable complexation shifts of both OMP and PAc-

b-CD protons. The 1H NMR spectra presented in Fig. 6

shows a comparative displacement of 1H-chemical shifts

among individual bulks, the physical mixture and the

complex to extract additional supportive information for

the OMP/PAc-b-CD complex. The NMR spectra of the

complex and equimolar physical mixture were almost

identical at the same concentration of OMP. Even though

the differences in characteristic peaks are extremely small,

the detectable changes observed are chemical shifts of both

guest and host peaks in the complex formed. For instance,

considering the host (carrier PAc-b-CD) molecule first,

chemical shift changes of ca. 0.001 ppm were measured for

the ring proton peaks in the OMP/PAc-b-CD complex For

Fig. 3 Thermogravimetry of a OMP, b the OMP/PAc-b-CD com-

plex, and c PAc-b-CD

Fig. 4 DSC thermograms of a OMP b PAc-b-CD c physical mixture

of OMP and PAc-b-CD and d the OMP/PAc-b-CD complex

Fig. 5 XRD diffractograms of a PAc-b-CD b OMP c physical

mixture of OMP and PAc-b-CD and d the OMP/PAc-b-CD complex
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the drug molecule (OMP), four protons attached to the

aromatic ring (H-2, H-3(4), H-5, and H-7) in the complex

are too weak in the NMR spectra to compare with those of

pure OMP. However, the complexation shift (Dd) of

0.01 ppm was shown for the peak 11 (–OCH3) of OMP in

the complex, whereas the chemical shift of the peak 10

(–OCH3) was negligibly changed, indicating that the

presence of PAC-b-CD much affected the H-11 protons of

OMP. Therefore, methoxy groups of benzimidazole moiety

might be involved in the complexation with PAc-b-CD.

The result suggests that complexation involving an inclu-

sion of the benzimidazole fragment into the cavity of the

host. This is in accord with the experimental results and

ab initio calculations from the OMP and b-CD complex

produced in aqueous NaOH [22].

OMP is amphoteric with pKa values of 3.98 for

accepting a proton on the pyridine nitrogen atom, and 8.7

for releasing a proton from the NH group of the benz-

imidazole [23]. Basically it has poor aqueous solubility,

thus the release test in neutral water did not give appre-

ciable change in UV peaks in the time interval. On the

other hand, inconsistent result was obtained at pH 2 where

OMP was fairly soluble, possibly due to decomposition of

OMP in strong acidic condition. Therefore the release

experiment was performed at weak acidic water (pH 4),

which is the pH environment between in stomach and small

intestine. OMP itself was also fairly soluble in this condi-

tion. The dissolution profiles of the drug OMP from the

oily suspension containing the drug alone, physical mixture

and inclusion complex into the acidic water phase are

compared in Fig. 7. It is apparent that in vitro release rate

of OMP retarded slightly by the addition of PAc-b-CD as

can be observed from the physical mixture of equimolar

ratio. This can be partly explained by the fact that a few

complexes may be produced in the mixture [24]. However,

comparing to the release pattern of the inclusion complex,

the dissolution rate of both drug alone or the physical

mixture were very fast as the released percentage of the

drug after 2 h was 100%. Whereas, 65% release of drug

was measured after 2 h from the inclusion complex, which

slowly reached to 82% and the maximum 100% after 4 and

7.5 h respectively. Therefore, it is noticeable that interfa-

cial transfer of OMP was significantly retarded by the

complexation with PAc-b-CD. Moreover, the complexa-

tion might contribute to the stability of OMP in the acidic

condition. OMP was insoluble in peanut oil and its solu-

bility was not increased by complexation with PAc-b-CD.

As a consequence, the drug is dispersed with an oily matrix

through a moderate drug/CD interaction and/or the affinity

of hydrophobic CDs to the vehicle. The extended duration

of the drug release is attributed to the slow dissolution of

the inclusion complex at oil/water interface due to poor

water solubility of PAc-b-CD.

Conclusions

In this study, application of green technology using scCO2

was a successful approach for the formation of inclusion

complex of drug OMP, a major proton pump inhibitor with

PAc-b-CD. The prepared OMP/PAc-b-CD complex was

characterized by DSC, XRD, 1H-NMR and release rate

analysis through comparison with other samples, which

Fig. 6 1H NMR spectra of a PAc-b-CD, b OMP, c physical mixture

of OMP and PAc-b-CD, and d the OMP/PAc-b-CD complex in

DMSO-d6

Fig. 7 In vitro drug dissolution profiles of OMP from the oily

suspension in acidic water (pH 4) at 37 �C containing a OMP alone,

b physical mixture, and c the OMP/PAc-b-CD complex
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were pure drug, pure carrier and the equimolar physical

mixtures of those. The complex showed no detectable and

characteristic DSC and XRD peaks like individual OMP or

PAc-b-CD sample as successfully treated in scCO2, how-

ever, noticed peaks were identified from the physical

mixture. The investigation of the proton peak shift in 1H

NMR spectra suggested that the inclusion process involves

encapsulation of the benzimidazole fragment of OMP in

the PAc-b-CD cavity. The OMP dissolution pattern from

peanut oil into acidic aqueous phase was remarkably sus-

tained and the stability of OMP was increased by the

complexation with PAc-b-CD mainly due to the hydro-

phobic properties of the host molecules. Therefore, this

green method could be applied for the sustained/controlled

release formulations of clinically demanded OMP drugs.
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