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Abstract In this work, the complex between three hydro-

phobic efficacious components of plants (anisole, asarone,

curcumin) and modified cyclodextrin (2-hydroxypropyl-

b-cyclodextrin, methyl-b-cyclodextrin) was investigated in

supercritical carbon dioxide medium; and compared with the

corresponding complex in air circumstance. The effect of the

substitute group in the drug molecule on the complex reaction

was also discussed.
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Introduction

Anisole, asarone and curcumin are three hydrophobic effi-

cacious components of Traditional Chinese Medicine

(Fig. 1). Their aqueous solubility is poor; thus their phar-

maceutical usage and bioavailability are limited. To

improve this property, their cyclodextrin inclusion com-

plexes were prepared. Anisole–b-cyclodextrin (anisole–

BCD) complex was prepared with an ultrasound method by

Weng et al. [1]. Asarone–BCD complex was made via sat-

urated water solution–ultrasound process by Li et al. [2].

Asarone–BCD and asarone–2-hydroxypropyl-b-cyclodex-

trin (asarone–HPBCD) complexes were also produced with

grinding treatment by Ma et al. [3]. Curcumin–HPBCD

complex was derived through freeze-drying way by Gao

et al. [4]. Curcumin–methyl-b-cyclodextrin (curcumin–

MBCD) complex was gain with saturated solution technique

by Liu et al. [5]. Curcumin–HPBCD and curcumin–MBCD

complex were also obtained via kneading and common

solvent evaporation approach by Yadav et al. [6]. By com-

plex with the cyclodextrins, the aqueous solubility, the dis-

solution rate and the stability of these hydrophobic

compounds were obviously enhanced. But in most of these

methods, organic co-solvents were used and might remain in

the products, now the organic residue in the drugs was

strictly restricted.

Recently, a clean chemical technique-supercritical car-

bon dioxide (scCO2) approach was developed, and used to

prepare the hydrophilic complex between cyclodextrin and

some hydrophobic drugs, due to the favorable character-

istics of scCO2. There are already more than twenty papers

published [7–27]. In most of the reported reactions both in

the batch mode and in the continuous flowing way, the

hydrophobic compound was dissolved in scCO2, carried

into cyclodextrin powders and then formed complex with

the cyclodextrin molecule. In 2002, Foster et al. [9] found

that the glass transition temperature of methyl-b-cyclo-

dextrin was markedly depressed in scCO2 medium; and got

ibuprofen-MBCD inclusion complex by passing ibuprofen/

scCO2 gaseous solution through the cyclodextrin melt bed.

In recent years, we also investigated the complexing

between MBCD and several efficacious components of

Traditional Chinese Medicine in scCO2 medium. At tem-

perature much lower than the melting point of shikonin, the

MBCD melt can dissolve the shikonin solid and form

complete complex in short reaction time [28]. At suitable

temperature and carbon dioxide pressure, the MBCD melt

can react with the borneol molecules and create crystal

inclusion complex, although MBCD itself is an amorphous

macrocyclic compound [29]. And the MBCD melt can

J. He (&)

Institute of Chemistry, Chinese Academy of Sciences,

The First North Street 2, Zhongguancun, Beijing 100190,

People’s Republic of China

e-mail: hejun@iccas.ac.cn

123

J Incl Phenom Macrocycl Chem (2010) 68:399–410

DOI 10.1007/s10847-010-9799-z



form inclusion complex with cinnamaldehyde but only

generate cluster associations with muskone, due to the

choice of the cavity in cyclodextrin molecule to the size or

shape of the guest molecule [30] in scCO2 media.

In this work, we studied the complex of MBCD with

anisole, asarone, curcumin (Fig. 1) in scCO2; and com-

pared the results with the corresponding complex of

HPBCD in scCO2 medium. The purpose of this research is

to observe the influence of the substituent in the guest

molecule on their complexing with MBCD or HPBCD

matrix in supercritical carbon dioxide media.

Materials and methods

Materials

Anisole, a-asarone and curcumim with 98% purity were

provided by Chinese National Institute for the Control

of Pharmaceutical and Biological Products. MBCD with

1.7–1.9 mol CH3 per unit anhydroglucose was obtained

from the Sigma-Aldrich Co. HPBCD with a purity of 97%

was purchased from Acros Organics. Carbon dioxide with

a purity of 99.95% was supplied by Beijing Analytical

Instrument Factory. Ethanol, chlorobutane and cyclohex-

ane (analytical grade) were produced by Beijing Chemical

Company.

Estimation of solubility of a-asarone and curcumin

in scCO2

The procedure was the same with the process in our previous

work [30]. To measure the solubility of a-asarone in scCO2,

5 mg asarone powder was put in the glass tube

(U = 6.0 mm, l = 10 mm, with one end sealed) and the

tube was weighted. After equilibrated for 20 h in static state,

the CO2 was slowly discharged from the vessel in 4 h. The

tube was weighted again after contacted with air for 10 min.

The solubility of asarone in scCO2 was estimated from the

weight loss of the tube and the volume of the vessel.

The solubility of curcumin in scCO2 was determined in

similar way. And solubility of anisole in scCO2 was

referred to the reported values [31, 32].

Preparation of the physical mixture

At a molar ratio of 1.00:1.00, asarone and MBCD were

weighted, mixed and ground in a mortar with a pestle; then

the asarone–MBCD physical mixture with 1:1 stoichiom-

etry was obtained. The other physical mixtures were made

in the same way at the corresponding molar ratio; except

that the 1:1 anisole–MBCD mixture was weight at

1.30:1.00 molar ratio and the 1:1 anisole–HPBCD mixture

can not be produced with this method.

Preparation of the complex

In preparing most of the complexes in scCO2 media, the

process was identical with that described in our previous

paper [28], except that the physical mixture added in the

reaction vessel was 50 mg. To produce the anisole–MBCD

complex, a total of 100 mg physical mixture was put into a

1.0 mL stainless-steel vessel and then treated in similar

way [29].

To make the anisole–HPBCD complex, 100 mg

HPBCD was added in the 1.0 mL stainless-steel vessel,

12 lL anisole was injected to the HPBCD powders. Then

the vessel was sealed at once. After the mixture was left in

static in scCO2 at desired temperature and pressure for

20 h, the vessel was depressurized to atmospheric pressure

in 2 min and the solid product in the vessel was collected.

In the procedure of the sealed heating treatment, the

complex was prepared in similar way in 0.1 MPa air.

Quantitative analysis of the product

At first, the solubility of anisole in ethanol and cyclohex-

ane, the solubility of asarone in ethanol and cyclohexane,

and the solubility of curcumin in ethanol and chlorobutane

were measured. Then the total content of the drug and the

content of free drug in the product were determined by a

UV–VIS spectroscopy method with a TU-1901 UV-VIS

spectrograph.

For example, the molar absorptivity of the drug was

calibrated with corresponding drug/solvent solutions of

known concentration. To determine the total content of

anisole in a certain anisole–MBCD product, the anisole–

MBCD product about 10 mg was accurately weighted

(±0.1 mg), dissolved in 10.0 mL ethanol, and the absor-

bency of this solution at 277 nm was measured. Then the

molar ratio of total anisole to total MBCD (total ratio) in this

product could be calculated [28]. To measure the content of

free anisole in this product, the product about 10 mg was

weighted to ±0.1 mg and put in 5.00 mL cyclohexane. The

mixture was ultra-sounded for 10 s, stirred for 2 min and

centrifuged at 3,200 rpm for 10 min. The absorbency of the

clear filtrate solution was determined at 277 nm. Then the
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Fig. 1 Molecular structure of anisole, asarone and curcumin
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molar ratio of free anisole to total MBCD (free ratio) in this

product was obtained [28]. The molar ratio of complexed

anisole to total MBCD (complex ratio) in this product was

the difference between the total ratio and the free ratio of

anisole in this product.

The quantitative analysis for the other complexes was

similar with the above one, except that the 1:9 water–eth-

anol mixture was used as solvent to measure the total

content of drug in the drug-HPBCD product and chloro-

butane was used as solvent to determine the content of free

curcumin in curcumin–MBCD product.

The powder X-ray diffraction

The powder X-ray diffraction of MBCD, HPBCD, the

individual drug, the physical mixture and the drug-modified

CD product were recorded with a RIGAKU D/MAX 2500

X-ray diffract meter (Rigaku International Corp. Japan), the

2h range was 3–60� and the scan rate was 8�/min with Cu Ka

radiation (40 kV, 200 mA).

The differential scanning calorimetric analysis

The thermal behavior of the sample was observed with a

Perkin Elmer diamond DSC (Perkin Elmer, USA) from 25

to 250 �C at scan rate 10 �C/min with a nitrogen flow at

20 mL/min.

The thermo gravimetric analysis

The thermal stability of the sample was analyzed via a

Perkin-Elmer-S II Diamond TG-DTA (Perkin Elmer, USA)

from 25 to 250 �C at heating rate 10 �C/min with a nitro-

gen flow of 20 mL/min.

Measurement of aqueous solubility

The aqueous solubility of asarone, curcumin, the physical

mixtures and the products were measured by a UV–VIS

spectroscopy method, in which the molar absorptivity (e) of

a drug in water was supposed to be equal to the e of the

drug in ethanol. The process was similar with that in ref-

erence 28.

For pure asarone and its product of sealed heating

treatment, the aqueous mixture was ultrasound for 2 min,

thoroughly stirred for 1 h and 5 min respectively; for its

product of scCO2 processing, the aqueous mixture was just

stirred for 5 min; then the aqueous mixture was centrifuged

at 16,000 rpm and the clear solution was diluted for the

analysis.

For pure curcumin, the aqueous mixture was ultrasound

for 2 min and thoroughly stirred for 6 h; for its physical

mixtures and its products, the aqueous mixture was ultra-

sound for 2 min and stirred for 20 min; during the stirring,

the aqueous mixture was protected from light; then the

aqueous mixture was centrifuged at 3,200 rpm and the

clear solution was used for the analysis.

For anisole oil, as its density was almost equal to the

density of water, it is hard to get a completely demixing for

its aqueous mixture, thus its solubility in water was not

measured.

Results and discussion

Solubility of asarone and curcumin in scCO2

The dissolution of asarone in carbon dioxide at 55–65 �C and

0.1–7 MPa was lower than the detection limit. The solubility

of asarone in carbon dioxide at 55–65 �C and 10 MPa was

(2.9 ± 0.3) 9 10-4 and (3.8 ± 0.4) 9 10-4 mol/L respec-

tively; the amount dissolved in scCO2 was corresponding to

10% asarone added in the vessel for the complexing.

And the dissolution of curcumin in carbon dioxide at all

our experimental condition was not found. Thus the loss of

curcumin in the complex reaction should not come from

the dissolution.

Solubility of drug in the solvent

In ethanol, the solubility (Cs) of anisole is higher than

5.0 9 10-3 mol/L, the Cs of asarone is higher than

1.8 9 10-3 mol/L, the Cs of curcumim is higher

than 0.25 9 10-3 mol/L. While using ethanol or water–

ethanol as solvent to determined the total content of the drug

in product, the concentration of anisole–CD solution was

0.7 9 10-3 mol/L; the concentration of asarone–CD solu-

tion was 0.11 9 10-3 mol/L; the concentration of curcumin

in curcumin–MBCD solution was 0.024 9 10-3 mol/L.

In cyclohexane, the solubility of anisole is higher than

6.0 9 10-3 mol/L, the Cs of asarone is higher than

1.0 9 10-3 mol/L; in chlorobutane, the Cs of curcumin is higher

than 4.0 9 10-5 mol/L. In the measurement the free content of

the drug in the product, the maximum concentration (cmax)

of anisole in anisole–CD/cyclohexane mixture was 1.4 9

10-3 mol/L; the cmax of asarone in asarone–CD/cyclohexane

mixture was 0.13 9 10-3 mol/L; the cmax of curcumin in cur-

cumin–CD/chlorobutane mixture was 3.8 9 10-5 mol/L.

In all these analysis, the concentration of the drug in the

solution was lower than the solubility of this drug in the

corresponding solvent.
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Anisole–MBCD complex

Content of anisole in the product

The contents of anisole in anisole–MBCD physical mixture

and their products, the physical forms of the physical

mixture and products were list in Table 1.

In the physical mixture, there was already some inter-

action between anisole and MBCD. In sealed heating

treatment, most of the anisole was complex with the MBCD

matrix, only 5% anisole was left free; and the products were

aggregated powders. When processed in scCO2 at 50–60 �C

and 5.0 MPa, the free anisole was taken away without any

loss in the complex yield, and the products were small

grains. As the pressure of CO2 was raised to 7.0 MPa, the

total content of anisole in the product began to be cut down.

Powder X-ray diffraction pattern

The X-ray diffraction patterns of pure MBCD, the physical

mixture, and the products were shown in Fig. 2.

Compared with that of untreated MBCD, the diffractions

at 11.5 and 18.0� relative to the intensity at 23.5� was

enhanced for the physical mixture; this change in the

MBCD diffraction provided that some interaction already

existed between anisole and MBCD. In the diffraction

pattern of the products, the comparative intensities at 11.7

and 18.0� were further increased, argued that the interaction

in the products were much stronger than that in the physical

mixture. These approved the quantitative analysis results.

TG analysis results

The thermo-stability of some products was displayed in

Fig. 3. There is some difference between the products

made by the two methods.

From 60 �C, the product made at 50 �C and 0.1 MPa

began to loss weight; up to 180 �C, the weight decreased

about 6%, correspond to 90% anisole in the product. Thus,

the interaction between anisole and MBCD was weak in

the product by sealed heating treatment.

Up to 80 �C, the gas absorbed in the product prepared in

50 �C and 5 MPa CO2 was all escaped; from 130 to 180 �C

(the glass transition temperature of MBCD), the weight loss

was 1.8%, amount to 1/4 anisole in the product. Thus the

interaction between anisole and MBCD was much stronger

in the product via scCO2 processing; and about 3/4 anisole

in this complex was included in the MBCD cavities.

Brief summary

Anisole is a colorless liquid with a boiling point at 155 �C

and is easy to react with MBCD matrix. In the physical

Table 1 Content of anisole in anisole–MBCD product

T

(�C)

P

(MPa)

Total

ratio

Free ratio Complex

ratio

Physical

form

Troom 0.1 0.95:1.00 0.53:1.00 0.42:1.00 Powder

50 0.1 0.95:1.00 0.05:1.00 0.90:1.00 Powder

50 5.0 0.94:1.00 \0.01:1.00 0.94:1.00 Small block

50 7.0 0.83:1.00 \0.01:1.00 0.83:1.00 Grain

60 0.1 0.94:1.00 0.05:1.00 0.89:1.00 Powder

60 5.0 0.91:1.00 0.01:1.00 0.90:1.00 Small block

60 7.0 0.82:1.00 \0.01:1.00 0.82:1.00 Grain

The uncertainty of the determined value is ±5% except that the

uncertainty is ±0.005:1.00 for the low free ratio
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Fig. 2 X-ray diffraction pattern of anisole–MBCD: (a) MBCD, (b)

anisole–MBCD mix, (c) anisole–MBCD 60 �C 0.1 MPa, (d) anisole–

MBCD 60 �C 7.0 MPa
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Fig. 3 TG thermogram of anisole–MBCD: (a) anisole–MBCD 50 �C

0.1 MPa, (b) anisole–MBCD 50 �C 5.0 MPa
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mixture, there was already some interaction between ani-

sole and MBCD. In sealed heating treatment, anisole

molecules were permeated into MBCD powders and most

of them were associated with the MBCD matrix. In the

scCO2 processing, the anisole/MBCD mixture was lique-

fied; the opportunity for the anisole molecule to enter the

MBCD cavity was enhanced; the anisole left in the product

was all complex with MBCD and majority of them was

included in the MBCD cavities.

Anisole–HPBCD complex

Content of anisole in the product

The content of anisole in the products and the physical

form of the products were demonstrated in Table 2.

In sealed heating treatment, the complex increased from

56 to 98% as the temperature rise from 50 to 80 �C. At

50 �C, the complex yield was raised to 80% after carbon

dioxide was added in. At 7 MPa the total content of anisole

in the product was reduced due to its dissolution in scCO2,

and the anisole left in the product was all complex. And all

the products were in powder state.

X-ray diffraction pattern

The X-ray diffraction of HPBCD and the products were

exhibited in Fig. 4.

After treated in dry CO2, the diffraction of HPBCD was

not changed; thus the HPBCD matrix is rigid even in

scCO2 medium. In the product’s pattern, the intensity of

HPBCD at 18.7� contrast to the intensity at 23� was

obviously amplified; implied that there are some change in

the HPBCD matrix structure. This change affirmed that

there are obvious interactions between anisole and HPBCD

in the product; and that was consisted with the quantitative

analysis results.

TG analysis results

The stabilities were similar for products both by sealed

heating treatment and via scCO2 processing (Fig. 5). Up to

90 �C, the gas all got rid off the product. From 130 �C on,

the weight of the product constantly decreased. Up to

250 �C (a little bit lower than the glass transition temper-

ature of HPBCD), the weight loss was about 6%; almost all

anisole in the product was got out. Thus most part of the

anisole in anisole–HPBCD product was associated with the

HPBCD matrix.

Brief comparison

Via both approaches, the anisole can also react with

HPBCD at moderate temperature and pressure. In our

experiments, the anisole diffused or penetrated into HPBCD

Table 2 Content of anisole in anisole–HPBCD product

T

(�C)

P

(MPa)

Total

ratio

Free

ratio

Complex

ratio

Physical

form

50 0.1 0.95:1.00 0.39:1.00 0.56:1.00 Powder

50 5.0 0.94:1.00 0.12:1.00 0.82:1.00 Powder

50 7.0 0.85:1.00 0.04:1.00 0.81:1.00 Powder

80 0.1 0.99:1.00 0.01:1.00 0.98:1.00 Loose block

80 5.0 0.89:1.00 0.03:1.00 0.86:1.00 Loose block

80 7.0 0.84:1.00 0.02:1.00 0.82:1.00 Loose block

The uncertainty of the determined value is ±5% except that the

uncertainty is ±0.005:1.00 for the low free ratio
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Fig. 4 X-ray diffraction pattern of anisole–HPBCD: (a) HPBCD

untreated, (b) HPBCD 80 �C 7.0 MPa, (c) anisole–HPBCD 80 �C

0.1 MPa, (d) anisole–HPBCD 80 �C 7.0 MPa
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Fig. 5 TG thermogram of anisole–HPBCD: (a) anisole–HPBCD

80 �C 0.1 MPa, (b) anisole–HPBCD 80 �C 7.0 MPa
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powders; as HPBCD matrix was rigid, most of the anisole

were located between the HPBCD molecules.

At 55–75 �C 0.1–10 MPa, anisole can easily interact

with both MBCD and HPBCD in sealed heating treatment

or in scCO2 processing. The complex yield for anisole–

HPBCD reaction was a little lower compared with that of

anisole–MBCD reaction. In scCO2 medium, the anisole

diffused into the HPBCD solid matrix and most of them

formed association with HPBCD molecules. But in scCO2

medium, the anisole reacted with the MBCD melt and the

main part of the anisole formed inclusion complex with

MBCD molecules.

Asarone–MBCD complex

Content of asarone in the product

The contents of asarone in the physical mixture and the

products, the physical forms of the physical mixture and

the products, were demonstrated in Table 3.

In the physical mixture, no asarone was reacted. After

treated in sealed heating method at 55–65 �C for 20 h,

about 10% asarone was left free and the product was

agglomerated powders. While CO2 was added in to 5 MPa,

the complex was completed without any visible loss and

the product was granules. When CO2 pressure was raised to

10 MPa, the total contain of asarone was evidently reduced

and the loss of asarone was proportion to the solubility of

asarone in scCO2.

The influence of the reaction time was also investigated

for both methods (Fig. 6). After reacted for 1–6 h at 55 �C

and 0.1 MPa, the free asarone remained in the products

was reduced from 36 to 14%. In 55 �C and 7 MPa scCO2,

the complex was already finished in 1 h, and that was

similar with the reaction in air at 75 �C. At 55 �C 0.1 MPa,

the solid asarone was gasified little by little and diffused

into MBCD powders then form complex. In addition to the

above approach, at 75 �C 0.1 MPa the asarone could

melted and penetrated into MBCD matrix then reacted. In

scCO2 media at 55 �C and 7 MPa, the asarone–MBCD

mixture was liquefied and complex. Thus at 75 �C 0.1 MPa

or in 55 �C 7 MPa scCO2, the complexing was much faster

than the reaction at 55 �C 0.1 MPa.

X-ray diffraction pattern

The diffraction pattern of the physical mixture and the

products was exhibited in Fig. 7.

The untreated asarone has a series of crystalline dif-

fraction. In the physical mixture, the diffraction intensity of

asarone at 14.8� was 4 time for the maximum diffraction of

Table 3 Content of asarone in asarone–MBCD product

T

(�C)

P

(MPa)

Total

ratio

Free

ratio

Complex

ratio

Physical form

Troom 0.1 1.02:1.00 0.96:1.00 0.06:1.00 White powder

55 0.1 1.05:1.00 0.11:1.00 0.94:1.00 White powder

55 5.0 0.95:1.00 0.01:1.00 0.94:1.00 White block

55 7.0 0.95:1.00 0.02:1.00 0.93:1.00 White granule

55 10.0 0.67:1.00 0.02:1.00 0.65:1.00 White granule

65 0.1 1.01:1.00 0.08:1.00 0.93:1.00 White powder

65 5.0 0.97:1.00 0.02:1.00 0.95:1.00 White granule

65 7.0 0.94:1.00 0.02:1.00 0.92:1.00 Light granule

65 10.0 0.51:1.00 0.01:1.00 0.50:1.00 Colored

granule

The uncertainty of the determined value is ±5% except that the

uncertainty is ±0.005:1.00 for the low free ratio
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Fig. 6 Influence of reaction time on the complexing between asarone

and MBCD
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Fig. 7 X-ray diffraction pattern of asarone–MBCD: (a) asarone–

MBCD mix, (b) asarone–MBCD 55 �C 0.1 MPa 1.0 h, (c) asarone–

MBCD 55 �C 7.0 MPa 1.0 h, (d) asarone–MBCD 75 �C 0.1 MPa

1.0 h (e) MBCD orig
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the MBCD. In the product reacted at 55 �C 0.1 MPa for

1 h, the diffraction of asarone at 14.8� was lowed about

60% and the other peaks was vanished. In the product

reacted for 1 h in 55 �C 7 MPa scCO2, all the diffraction of

the crystal asarone was disappeared. Thus consisted with

the quantitative results, about 60% asarone was complex

with MBCD in this sealed heating product, and all the

asarone was reacted with MBCD in the scCO2 medium.

TG analysis result

The thermo-stability for the product reacted in air at 55 �C

for 3 h or for the product reacted in scCO2 at 55 �C 7 MPa

for 3 h was displayed in Fig. 8. Under temperature lower

than the glass transition temperature of MBCD, the asarone

lost was less than 10% of the total asarone in the product.

This result demonstrated that most of the asarone was

included in MBCD cavities and a few asarone may be

located between MBCD molecules in these products.

Aqueous solubility

The intrinsic and apparent aqueous solubility of asarone

was determined and was list in Table 4.

The dissolution of pure asarone in water was slow and

the dissolution of the product by scCO2 processing was fast.

With 6.6 9 10-2 mol/L MBCD, the aqueous solubility of

asarone was enhanced about 3–5 times; in water, the molar

ratio of the asarone to the total MBCD was about (0.03–

0.05):1.00. Thus only part of the asarone molecule was

included in the MBCD cavity and the long substituent on

benzene may locate out of the cavity.

Preliminary study for the asarone–HPBCD complex

The complex between asarone and HPBCD was tested

through both approaches. At 75 �C, more than 2/3 asarone

was not complex with the HPBCD even in the scCO2

media (Table 5).

The UV–vis spectrum of the physical mixture and the

products in ethanol were displayed in Fig. 9. The spec-

trogram of the product processed in scCO2 at 75 �C was

the same with that of the mixture. The spectrogram of the

product treated in air at 75 �C was quite different, two new

absorption bands appeared around 232 and 297 nm. In their

work, Yuan et al. [33] found that a-asarone could be

dimerized into bisasaricin, the later has two UV absorption

at 233 and 294 nm. Thus in our work, some side reaction

such as dimerization already happened in air at 75 �C but

was prevented in the scCO2 media. When the temperature

was raised to 95 �C, the side reaction could not be avoided

even in scCO2 media.

But this phenomenon was not found for the asarone–

MBCD complex in air or in scCO2 medium.
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Fig. 8 TG thermogram of asarone–MBCD: (a) 50 �C 0.1 MPa 3.0 h,

(b) 50 �C 7.0 MPa 3.0 h

Table 4 Solubility of asarone

with or without MBCD in water

a The uncertainty is ±10%

Pure

asarone

1:1 Product

in air

1:1 Product

in scCO2

CMBCD (10-3 mol/L) 0 66 66

Casarone (10-3 mol/L)a 0.62 2.4 3.4

Table 5 Content of asarone in asarone–HPBCD product

T

(�C)

P

(MPa)

Total

ratio

Free

ratio

Complex

ratio

Physical form

75 0.1 1.00:1.00 0.98:1.00 0.02:1.00 Aggregate

powder

75 5.0 1.01:1.00 0.76:1.00 0.25:1.00 Aggregate

powder

75 7.0 1.03:1.00 0.70:1.00 0.33:1.00 Aggregate

powder

75 10.0 0.86:1.00 0.59:1.00 0.27:1.00 Aggregate

powder

The uncertainty of the determined value is ±5% except that the

uncertainty is ±0.005:1.00 for the low free ratio
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Brief summary

Asarone was a crystalline compound with a melting point

(Tm) at 63 �C. In its molecule, there are three methoxyl

groups and one propenyl group substituted on benzene;

thus may bring some steric hindrances. Asarone could

complete complex with MBCD in short reaction time: in

air at temperature higher than its Tm, the asarone liquid can

penetrated into flexible MBCD matrix and react; in scCO2

at temperature even lower than its Tm, the asarone/MBCD

mixture was melted and complex; for most of the asarone

in the product, part of the molecule was included in the

MBCD cavity and the long substituent on benzene may

locate out of the cavity. When it reacted with HPBCD,

which was a rigid solid in our experimental condition, the

asarone molecule was difficult to diffuse into the HPBCD

matrix and the complex yield was low even in scCO2

medium; thus the steric effect was adequately expressed.

Curcumin–MBCD complex

Content of curcumin in the product

At constant reactant ratio, the effects of temperature and

pressure on the complexing were investigated. At constant

temperature and a series of pressure, the influence of

reactant molar ratio was also studied. The curcumin con-

tents and the physical form of the product were show in

Table 6.

At first the molar ratio of curcumin to MBCD was fixed

at 1:2. In 0.1 MPa air, the complex yield increased from 13

to 44% as the temperature raise from 100 to 120 �C and the

product was in powder state. In scCO2 medium at the same

temperature, the complex yield could be improved to 80%

without visible curcumin loss and the products were grains

in most cases. At 140 �C, the amount of curcumin in the

product was obviously decreased due to the unstable of

curcumin at high temperature.

In sealed heating treatment, the curcumin solid was

gasified bit by bit then enter the MBCD solid matrix and

reacted, thus the complex yield was only 65% even at

200 250 300 350 400

(c)

(b)

(a)

wave length (nm)

Fig. 9 UV–vis spectrum of asarone–HPBCD: (a) asarone–HPBCD

mix, (b) asarone–HPBCD 75 �C 0.1 MPa, (c) asarone–HPBCD 75 �C

5.0 MPa

Table 6 Content of curcumin in curcumin–MBCD product

T (�C) P (MPa) React ratio Total ratio Free ratio Complex ratio Physical form

100 0.1 1.00:2.00 0.95:2.00 0.82:2.00 0.13:2.00 Powder

100 7.0 1.00:2.00 0.99:2.00 0.72:2.00 0.27:2.00 Powder

100 10.0 1.00:2.00 0.98:2.00 0.30:2.00 0.68:2.00 Block

100 12.0 1.00:2.00 0.97:2.00 0.20:2.00 0.77:2.00 Grain

120 0.1 1.00:2.00 0.97:2.00 0.53:2.00 0.44:2.00 Powder

120 7.0 1.00:2.00 0.94:2.00 0.13:2.00 0.81:2.00 Grain

120 10.0 1.00:2.00 0.96:2.00 0.13:2.00 0.83:2.00 Grain

120 12.0 1.00:2.00 0.95:2.00 0.17:2.00 0.78:2.00 Grain

140 0.1 1.00:2.00 0.78:2.00 0.13:2.00 0.65:2.00 Powder

140 7.0 1.00:2.00 0.81:2.00 0.12:2.00 0.69:2.00 Grain

140 10.0 1.00:2.00 0.81:2.00 0.12:2.00 0.69:2.00 Grain

120 0.1 1.00:1.00 0.95:1.00 0.59:1.00 0.36:1.00 Powder

120 7.0 1.00:1.00 0.94:1.00 0.22:1.00 0.72:1.00 Grain

120 10.0 1.00:1.00 0.92:1.00 0.26::1.00 0.66:1.00 Grain

120 0.1 1.00:2.50 1.00:2.50 0.47:2.50 0.53:2.50 Powder

120 7.0 1.00:2.50 1.00:2.50 0.06:2.50 0.94:2.50 Grain

120 10.0 1.00:2.50 0.97:2.50 0.08:2.50 0.89:2.50 Grain

The uncertainty of the determined value is ±5% except that the uncertainty is ±0.005:1.00–0.005:2.50 for the low free ratio
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140 �C, as the gasification of curcumin was low. In scCO2

medium, part of the curcumin solid could be dissolved in

MBCD melt and then complex, thus the complex yield was

much enhanced.

Then the temperature was kept at 120 �C, the molar

ratio of curcumin to MBCD was changed from 1:1 to 1:2.5.

In 0.1 MPa air, the complex yield was slight increased; in

scCO2 at 7 MPa, the complexing was improved from 72 to

94%. A few curcumin was still left free at 1:2.5 reactant

ratio, thus the complexing between curcumin and MBCD

must be a equilibrate reaction and 1:1 complex was formed

in most situation.

In previous work reported [4–6], in water curcumin

formed 1:1 inclusion complex with BCD, HPBCD and

MBCD; the association constant was only 1 9 102–

4 9 102 L/mol. After inclusion, the X-ray diffraction

peaks and DSC peak of curcumin were all disappeared for

the complex.

X-ray diffraction pattern

The X-ray diffraction of pure curcumin, the physical

mixture and 1:2 products was displayed in Fig. 10.

The curcumin has a lot of crystalline diffraction. The

diffraction of the physical mixture was the superposition of

the two separate, argued that there was no interaction

between curcumin and MBCD in the mixture. In the gram

of product made at 100 �C 0.1 MPa, the intensity of cur-

cumin diffraction was almost equal to that in the pattern of

the physical mixture; thus most of the curcumin in this

product was free. In the spectrum of the product prepared

at 120 �C 0.1 MPa, some of the curcumin diffraction still

existed with reduced intensity and the diffraction of the

MBCD was not changed, thus the curcumin must react with

MBCD solid matrix and some of them were not complex.

In the spectrogram of the product produced in 120 �C and

7 MPa scCO2, the curcumin diffraction was low and the

diffraction pattern of MBCD was altered, thus the curcu-

min should react with the MBCD melt and most of them

were complex. These were in accordance with the quanti-

tative analysis results.

DSC analysis results

The thermogram of the product obtained at 120 �C was

demonstrated in Fig. 11.

The 1:1 product made in air dehydrated from 40 to

110 �C and the free curcumin in the product melted at

167 �C. As the curcumin’s melting peak was broaden and

shift from 183 to 167 �C, the particle size of the free

curcumin was evidently reduced. After treated with scCO2,

a lot of uncomplex curcumin also existed in the 1:1 prod-

uct. While the molar ratio of curcumin to MBCD was

adjusted to 1:2.5, a smaller peak of free curcumin could

still be observed. Thus the DSC analysis affirmed that the

interaction between curcumin and MBCD was compara-

tively weak and the complex between curcumin and

MBCD was not completed even after reacted at 1:2.5

reactant ratio in scCO2 medium for 20 h.

Aqueous solubility

The aqueous solubility of curcumin with or without MBCD

was listed in Table 7.
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Fig. 10 X-ray diffraction of curcumin–MBCD: (a) curcumin

untreated, (b) curcumin–MBCD mix, (c) curcumin–MBCD 1:2

100 �C 0.1 MPa, (d) curcumin–MBCD 1:2 120 �C 0.1 MPa, (e)

curcumin–MBCD 1:2 120 �C 7.0 MPa
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Fig. 11 DSC thermogram of curcumin–MBCD: (a) curcumin–

MBCD 1:1 120 �C 0.1 MPa, (b) curcumin–MBCD 1:1 120 �C

7.0 MPa, (c) curcumin–MBCD 1:2.5 120 �C 7.0 MPa
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The intrinsic solubility of curcumin reported in literature

was in 3 9 10-8–8 9 10-6 mol/L [4–6], the solubility

determined in our work was 4 9 10-7 mol/L. In the

presence of MBCD at 1.7 9 10-4 mol/L, the solubility of

curcumin in water could be enhanced about 17, 27 and 54

times respectively for the physical mixture, the product

prepared by sealed heating treatment and the product pro-

duced by scCO2 processing. With 6.7 9 10-3 mol/L

MBCD, the aqueous solubility of curcumin could be

amplified about 800 and 1,400 times separately for the

physical mixture and the product made by scCO2 pro-

cessing. Thus the apparent solubility of curcumin was

distinctly improved by complex with the MBCD.

Preliminary study for the curcumin–HPBCD complex

The content of curcumin in the product was showed in

Table 8. As HPBCD was a rigid matrix in our experimental

condition, the complex yield was lower than 25%, even if

curcumin and HPBCD was reacted at 1:2.5 molar ratio in

scCO2 medium at 120 �C.

Brief summary

As shown in Fig. 1, two derivatives of benzene have been

linked together by a chain of 7 carbon atoms in curcumin

molecule. Its melting point is 183 �C and its solubility in

scCO2 is low. In both processing at 100–140 �C, the

complexing between curcumin and MBCD was a equili-

brate reaction and 1:1 complex was formed in most situa-

tion. In sealed heating treatment, the curcumin solid was

gasified bit by bit and then reacted with MBCD solid

matrix. In scCO2 medium, part of the curcumin solid could

be dissolved in MBCD melt and complex, thus the complex

yield was markedly enhanced. As one of the benzene

derivatives in curcumin molecule was outside the MBCD

cavity, its apparent solubility in water was still low even

after it was enhanced for about 1 9 103 times by com-

plexing with MBCD.

As HPBCD was a rigid matrix, the complex yield of

curcumin was quite low in our experimental condition.

Conclusion

Anisole, asarone and curcumin are three derivatives of

benzene. Anisole is a sheet benzene substitute; asarone is a

benzene molecule substituted with three methoxyl groups

and one propenyl group; curcumin is two benzene deriva-

tives linked together by a chain of 7 carbon atoms. In this

work, the complexing between these hydrophobic effica-

cious components of Traditional Chinese Medicine and

modified-b-cyclodextrin were investigated both in air and

in scCO2 medium.

Via sealed heating treatment and scCO2 processing,

anisole can easily complex with both MBCD and HPBCD

at 50–80 �C and 0.1–7 MPa. At the same condition, the

complex yield for anisole–HPBCD reaction was a little

lower compared with that of anisole–MBCD reaction. In

scCO2 medium, the main part of the anisole formed

inclusion complex with MBCD molecules and most of the

anisole formed association with HPBCD matrix. Asarone

could complete complex with MBCD in short reaction time

in air at temperature higher than its Tm or in scCO2 at

temperature even lower than its Tm. For most of the asa-

rone in the product, the aromatic part of the molecule was

included in the MBCD cavity and the long substituent on

benzene was out of the cavity. When it reacted with

HPBCD, which was a rigid solid in our experimental

condition, the asarone molecule was difficult to enter the

HPBCD matrix even in scCO2 medium at temperature

higher than its Tm. For curcumin, the complexing between

it and MBCD was a equilibrate reaction and 1:1 complex

was formed in most cases. The complex was not completed

Table 7 Solubility of curcumin with or without MBCD in water

Product CMBCD

(10-3 mol/L)

Ccurcumin

(10-5 mol/L)a
Enhancement

Pure curcumin 0 0.04

Physical mixture 0.17 0.7 18

6.8 33 800

1:1 120 �C 7.0 MPa 0.16 1.1 28

1:2.5 120 �C 7.0 MPa 0.17 2.2 55

6.7 55 1375

a The uncertainty is ±10%

Table 8 Content of curcumin in curcumin–HPBCD product

T (�C) P (MPa) React ratio Total ratio Free ratio Complex ratio Physical form

120 0.1 1.00:2.50 0.98:2.50 0.81:2.50 0.17:2.50 Powder

120 7.0 1.00:2.50 0.96:2.50 0.79:2.50 0.17:2.50 Powder

120 10.0 1.00:2.50 0.97:2.50 0.78:2.50 0.19:2.50 Powder

120 12.0 1.00:2.50 1.00:2.50 0.76:2.50 0.24:2.50 Powder

The uncertainty of the determined value is ±5% except that the uncertainty is 0.005:2.50 for the low free ratio
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even after reacted at 1:2.5 curcumin–MBCD molar ratio for

20 h in scCO2. At least one of the benzene derivatives in

curcumin molecule was outside the MBCD cavity in the

product. And the complex yield for curcumin was quite

low, even if curcumin and HPBCD was reacted at

1:2.5 molar ratio in scCO2 medium.

In scCO2 media, when the three drugs reacted with

MBCD, they all can complex with the MBCD molecule,

but the complex yield and the structure of the product was

different; the substitute effect was partly exhibited due to

the liquefaction of MBCD. In scCO2 when the drugs

reacted with HPBCD, the sheet benzene substituent—ani-

sole was easy to be complex; the benzene derivate substi-

tuted with three methoxyl groups and one propenyl

group—asarone was difficult to enter the rigid matrix; and

the complex between curcumin and HPBCD was quite low,

as curcumin is two benzene derivatives linked together by a

chain of 7 carbon atoms. As HPBCD was a rigid solid in

our experimental condition, the substitute effect was ade-

quately expressed due to the space hinders.
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