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Abstract The objective of this study was to investi-

gate the effectiveness of supercritical carbon dioxide

(SC CO2) technique for preparing solid complexes

between b-cyclodextrin and three local anesthetic

agents (benzocaine, bupivacaine, and mepivacaine) by

comparing it to more traditional methods such as

kneading, co-evaporation, co-grinding, and sealed-

heating. Effects of variation of experimental condi-

tions, i.e. temperature, pressure and exposure time, on

the products prepared by SC CO2 method were also

examined. The products obtained were characterized

by powder X-ray diffractometry and Fourier transform

infrared spectroscopy, and tested for dissolution

properties. Results suggested the possibility of complex

formation between b-cyclodextrin and the three anes-

thetic agents, and indicated that it was influenced by

the preparation technique. The co-grinding method

was the only one resulting in completely amorphous

products for all three drugs. Almost amorphous prod-

ucts, with only limited residual crystallinity, were ob-

tained by co-evaporation and kneading techniques,

while SC CO2 and sealed-heating methods gave rise to

more crystalline systems. As for the SC CO2 method,

temperature (for benzocaine and bupivacaine) or

exposure time (for mepivacaine) had significant effects

on the solid-state properties of the final products.

Dissolution studies indicated that all the examined

methods were more effective than the simple physical

mixing in improving drug dissolution properties, but

the different rank orders observed for the different

drugs suggested that there is no general rule for the

selection of the most effective preparation method,

which depends on the type of drug-Cyd system con-

sidered. Nevertheless, in all cases, products obtained

by the SC CO2 method showed satisfactory dissolution

properties.
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Introduction

Local anesthetics are a class of drugs able to induce

pain relief by causing physicochemical disturbance of

the neuron myelin sheath and thus inhibiting the

opening and closing of sodium ion channels in neural

membranes [1]. Despite their short half-lives, anes-

thetic drugs are widely used for regional anesthesia

during surgery as well as for regional control of acute

and chronic pain [2]. However, anesthetic drugs with

prolonged actions are preferred in order to reduce the

toxicity and dosage frequency of such drugs.

Among the various approaches that have been used

to improve the performance and prolong the action of

anesthetic drugs, complexation with cyclodextrins

is one of the most interesting and promising ones.

Cyclodextrins are cyclic oligomers of glucose which,

because of the particular arrangement of their gluco-

sidic units, have cone-like structures, whose exterior
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surface has hydrophilic properties, whereas the interior

is hydrophobic in nature. The particular feature of

cyclodextrin molecules allows the formation of non-

covalent inclusion complexes with various drugs of

appropriate size and polarity leading to changes in

their physicochemical and biopharmaceutical proper-

ties, improving their solubility, dissolution rate, chem-

ical stability and bioavailability and reducing side

effects and toxicity [3–10]. Moreover, cyclodextrins can

act like a sort of reservoir, allowing a controlled release

of the drug included in their cavity, thus prolonging its

duration of action [11–12]. Finally, inclusion complex-

ation may suppress unpleasant odors or tastes associ-

ated with the drug, reduce its volatility and avoid

incompatibility problems [13–14].

Different techniques (i.e. kneading, co-evaporation,

co-grinding, sealed-heating, spray-drying, freeze-dry-

ing) have been used for the preparation of solid inclusion

complexes between cyclodextrins and various drugs [15–

18]. The most proper method for a given drug-cyclo-

dextrin system must be carefully selected, considering a

series of factors including yield, simplicity, rapidity, ease

of scaling up, low cost, and the performance of the

obtained product [19]. In fact, it has been proven that the

preparation technique can clearly affect the properties

of the final solid systems [20–23]. The use of supercritical

fluid carbon dioxide (SC CO2) [24] has been recently

proposed for the preparation of inclusion complexes

between some anti-inflammatory or antifungal drugs

and different cyclodextrins [25–30]. The main advanta-

ges of such an approach are the good solvent properties

of supercritical CO2, which avoids the use of water or

organic solvents (and thus the need to resolve toxic

solvent residual), and the lack of toxicity of CO2, which

returns to the gaseous state after decompression.

Benzocaine, bupivacaine, and mepivacaine are local

anesthetic agents whose poor water solubility restrict

their use in parenteral administration, and limit their

application to topical formulations for treating pain

[31–32]. The properties of these drugs could be

enhanced by complexation with cyclodextrins, which

would both improve drug solubility and act as a res-

ervoir, thus prolonging their duration of action. At

present, only the freeze-drying method has been used

to examine the ability of some anesthetic drugs to form

complexes with b-cyclodextrin and its derivatives

[33–34]. Therefore, the aim of the current study was to

investigate the actual effectiveness of SC CO2 method

for obtaining solid inclusion complexes between

b-cyclodextrin, and the above anesthetic agents, by

comparing it to traditional techniques, such as knead-

ing, co-evaporation, high-energy co-grinding and

sealed-heating. These traditional techniques were

mainly selected on the basis of their low cost, practi-

cality, and simplicity. The products were characterized

by X-ray diffractometry and Fourier transform infrared

spectroscopy, and tested for dissolution properties. For

the complexes prepared by the SC CO2 method, the

effects of variations of experimental conditions (tem-

perature, pressure and exposure time) were also

investigated.

Materials and methods

Materials

Benzocaine (BZC), bupivacaine hydrochloride

(BPVH), mepivacaine hydrochloride (MPVH) and

b-cyclodextrin (b-Cyd) (Fig. 1) were obtained from

Sigma Chemical Co. (St. Louis, MO, USA). All other

reagents and solvents were of analytical grade.

Preparation of drug:Cyd solid systems

Physical mixtures at 1:2 drug:Cyd mol/mol ratio were

prepared by gently blending the previously weighed

and sieved drug and b-cyclodextrin powders, in a

mortar with a spatula.

Kneaded products were obtained by adding a small

volume of a water-ethanol (50/50 v/v) solution to the

drug-b-Cyd physical mixture and kneading thoroughly

with a pestle to obtain a homogeneous slurry, contin-

uing until the solvent was completely removed. The

sample was kept in a desiccator overnight to remove

traces of solvent.
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Fig. 1 Chemical structure of
local anesthetics benzocaine,
bupivacaine and mepivacaine
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Co-evaporated products were prepared by dissolv-

ing known amounts of b-Cyd and drug (to obtain the

desired molar ratio) in bi-distilled water and ethanol,

respectively, and then mixing the two solutions. The

solvents were then removed using a rotary evaporator

at 75 �C and 210 rpm. The sample was kept in a

desiccator overnight to remove traces of solvents.

Co-ground products were obtained by co-grinding

the drug-b-Cyd physical mixtures in a high-energy

vibrational mill (Retsch, GmbH, Düsseldorf, Germany)

at 24 Hz for 60 min.

Sealed-heating products were prepared by placing a

known amount of drug-b-Cyd physical mixture in a

glass container. About 10 ll bidistilled water was ad-

ded to the glass container, which was then sealed using

a flame. The sample was kept in an oven at 75 �C for

3 h, after which time the sample was removed and kept

in a desiccator overnight to remove traces of water.

Preparation of drug:Cyd solid systems

by supercritical carbon dioxide method

The supercritical fluid experimental apparatus con-

sisted of a 260 ml syringe pump and controller system

(ISCO 260D), and an ISCO series 2000 SCF Extraction

system (SFX 220) consisting of a dual-chamber

extraction module with two 10 ml stainless steel vessels

as described previously [29, 35]. Temperature and

pressure within the vessels were measured and could

be independently adjusted. Preparation of inclusion

complexes by the SC CO2 technology started by filling

the 10 ml cell with the drug-Cyd physical mixture. The

system was then pressurized and heated up to the

desired pressure and temperature and left in a static

mode for 3 h. At the end of the process, the pressure in

the cell was dropped to atmospheric pressure within

15 min. The contents of the cell were ground and

homogenized in a mortar.

Fourier transform infrared spectroscopy (FTIR)

FT-IR spectra of individual drugs, b-Cyd, and selected

drug-Cyd binary systems were obtained as Nujol

dispersion using a Perkin-Elmer Mod. 1600 FTIR

spectrophotometer in the 4,000–600 cm–1 wave number

range.

Powder X-ray diffractometry (PXRD)

The PXRD patterns of individual drugs, b-Cyd, and

the different drug-Cyd combinations were recorded

using the X-ray diffractometer (Bruker D8-advance�),

with Cu Ka radiation, voltage 40 kV, current 40 mA,

and 2h over a 2–70o range at a scan rate of 1o/min.

The Sol-X� solid state Si(Li) detector was used.

C/Ni Goebel–Spiegel mirrors in the incident beam

were used as monochromator; 1.0 mm divergence, 0.2

scatter and 0.1 for the receiving slits were used.

Dissolution studies

Dissolution studies were performed in water at

37 ± 0.5 �C according to the dispersed amount method,

by adding a suitable amount of drug or drug-equivalent

to 250 ml of water, in a 400 ml beaker. A 19 mm

diameter glass three-blade propeller was immersed

at 25 mm from the bottom and rotated at 100 rpm.

Suitable aliquots were withdrawn with a 0.45 lm filter-

syringe at specified times and spectrometrically

assayed for drug concentration (UV/VIS 1601 Shima-

dzu). The same volume of fresh medium was added

and the correction for the cumulative dilution was

calculated. Each test was repeated three times

(C.V. <5%). Dissolution Efficiency (D.E.) was calcu-

lated from the area under the dissolution curve at time

t [36].

Results

Characterization of drug-Cyd solid binary systems

FTIR and PXRD analyses were used to investigate the

effectiveness of the examined methods for the forma-

tion of solid complexes between the selected anesthetic

drugs and b-Cyd. For the SC CO2 method, the influ-

ence of different exposure time, pressure and temper-

ature, on the complex formation were also

investigated. Previous studies about preparation of

itraconazole complex with b-Cyd by the SC CO2

method, showed that an increase of the exposure time

had a positive influence on the inclusion formation,

ensuring a better inclusion yield [29–30]. Therefore, a

3 h exposure time was used in most of the runs in this

investigation. However, to evaluate the effect of this

parameter, some runs were conducted with 15 min

exposure time. Moreover, the same study indicated

that higher pressures allowed higher inclusion yields

for the itraconazole system. Therefore, most of the

runs in this investigation were performed at 45 MPa,

while a few runs were carried out at 10 MPa. Finally,

also an increase in temperature should give rise to an

improved interaction between the components, and

thus, to investigate the role of this factor, experiments

were performed at 50, 75 and 100 �C.
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Infrared spectroscopy

Infrared spectra of pure drug, pure b-Cyd, and drug-

b-Cyd (1:2 mol–mol) products obtained by physical

mixing, kneading, co-evaporation, co-grinding, sealed-

heating, and SC CO2 method are presented in Fig. 2 A,

B, and C for BZC, BPVH and MPVH, respectively.

The FTIR spectra of all physical mixtures can be

considered as the result of the sum of those of the pure

components, indicating the absence of interactions

between each examined drug and b-Cyd. In all cases,

spectra of physical mixtures maintained for 3 h in an

oven at 100 �C were essentially identical to those of the

corresponding original products, indicating that only

an increase in temperature is not enough to promote

drug-Cyd interaction. On the contrary, the FTIR

spectra of products obtained by SC CO2, sealed-heat-

ing, kneading, co-evaporation, and co-grinding were

different from that of the corresponding physical

mixture, indicating some drug-Cyd interactions. Com-

paring the FTIR spectra of the binary products with

those of pure drug and Cyd, different degrees of

modification, such as shift of peaks, or their attenua-

tion up to almost complete disappearance, were

observed depending on the preparation method,

indicative of different degrees of inclusion formation

and/or sample amorphization.

With regard to the influence of the experimental

conditions used in the SC CO2 method on the char-

acteristics of the products obtained, in the case of BZC

(Fig. 2A), a decrease of pressure (from 45 to 10 MPa)

and a shortening of exposure time (from 3 h to 15 min)

only gave rise to slight spectral differences. In partic-

ular, the band of the carbonyl stretching vibration at

1,686 cm–1, typical of pure drug, was only maintained

in the product treated at 10 MPa for 15 min, and that

of aromatic NH2 in plane bending vibration at

1,636 cm–1 appeared at 1,637 cm–1 for the sample

treated at 10 MPa for 15 min, while it shifted at

1,642 cm–1 for the product obtained at 45 MPa and 3 h

exposure time. These results seem to indicate a minor

influence of the pressure and exposure times used in

the SC CO2 method in promoting interactions between

BZC and b-Cyd.

These findings were essentially confirmed in the case

of products with BPVH (Fig. 2B). In fact, some

appreciable spectral differences were observed by

increasing the temperature from 50 to 75 up to 100 �C,

by keeping the pressure (45 MPa) and the exposure

time (3 h) constant in the samples obtained by the SC

CO2 method. On the contrary, no important modifi-

cations of the FTIR spectra were observed by keeping

the temperature constant at 100 �C and reducing the

pressure to 10 MPa and the exposure time to 15 min.

Products obtained by sealed-heating, kneading, and

co-grinding methods resulted in similar FTIR spectra

to those of the products obtained by SC CO2 at 75 �C

while the FTIR spectrum of the co-evaporated product

was somewhat similar to those of the products

prepared with SC CO2 at 100 �C.

Some different results were instead obtained for the

binary systems with MPVH (Fig. 2C). In fact in this

case no appreciable differences were observed in FTIR

spectra of the products obtained by the SC CO2

method when increasing the temperature from 75 to

100 �C and the pressure from 10 to 45 MPa, and

keeping the exposure time constant at 15 min. On the

contrary, products exposed to SC CO2 for 3 h, at any of

the tested temperatures and pressures, resulted in

some spectral differences. Therefore, in this case

exposure time seems to affect the characteristics of the

products treated with SC CO2 more than temperature

variations.

The spectra of sealed-heated, kneaded and co-ground

products were similar to those of the samples exposed to

SC CO2 for 3 h (at any of the tested temperatures and

pressures), while some differences were observed in the

pattern of the co-evaporated system, where the char-

acteristic carbonyl stretching band of the drug at

1,675 cm–1 was shifted to 1,666 cm–1.

Powder x-ray diffraction (PXRD) analysis

Figure 3 A, B, and C show, respectively, the PXRD of

pure BZC, BPVH and MPVH, together with those of

pure b-Cyd, and their corresponding 1:2 mol–mol sys-

tems obtained by the different preparation methods.

The diffraction patterns of all pure drugs and b-Cyd

displayed several sharp peaks, indicative of their crys-

talline nature. Some slight crystallinity loss can be

noted in all untreated physical mixtures (25 �C) and in

the corresponding mixtures heated for 3 h at 100 �C,

but they were substantially the sum of the spectra of

the respective pure components. Interestingly, in the

case of BZC, some new peaks were observed in the

samples prepared by SC CO2 as indicated by arrows in

Fig. 3A. In detail, the spectral pattern of the sample

treated with SC CO2 at 45 MPa and 50 �C for 3 h

exhibited a new peak at a 2h value of 13.5, while the

product exposed to 75 �C and the same pressure and

exposure time resulted in four new peaks (at 2h values

of 7.2, 10, 12, and 13.5). These new peaks are attributed

to the formation of new bonds induced by the com-

plexation of BZC with b-Cyd. The sample treated with

SC CO2 at 100 �C and 45 MPa for 3 h showed a diffuse

pattern with very few low-intensity peaks and one new
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peak obtained at a 2h value of 26.8, suggesting partial

drug amorphization and/or complexation in this prod-

uct. The pattern of the product treated with SC CO2 at

75 �C and 10 MPa for 15 min was similar to that of the

sample exposed at the same temperature but higher

pressure (45 MPa) and longer exposure time (3 h),

except that only three new peaks, instead of four, were

observed, lacking the additional new peak at 13.5 2h.

These results are in agreement with the results

obtained by FTIR analysis, suggesting a poor influence

of higher pressures or longer exposure times in facili-

tating interactions between BZC and b-Cyd using the

SC CO2 method.

The sealed-heated product also resulted in a crys-

talline pattern with three new peaks observed at the

same values of 2h as in the sample treated with SC CO2

at 75 �C, indicating that the two products have similar

solid state structural characteristics. A pattern with a

very few low-intensity peaks was obtained for the

kneaded and co-evaporated samples, suggesting partial

drug amorphization and/or complexation in these

products.

A diffuse pattern was obtained for the co-ground

product, indicating full drug amorphization as a con-

sequence of the intimate dispersion of BZC in the

carrier induced by the mechanical treatment, and/or of

the inclusion of the drug in the Cyd cavity.

As for the BPVH samples (Fig. 3B), products trea-

ted with SC CO2 displayed crystalline patterns, with

some drug crystallinity loss. Higher crystallinity losses

were observed for the products exposed to 75 and

100 �C at higher pressure (45 MPa) and longer expo-

sure time (3 h), as compared to the sample treated at

the same pressure and exposure time but at lower

temperature (50 �C). No additional new peaks were

observed in any of the BPVH-b-Cyd samples treated

with SC CO2, contrary to what was observed in the

case of the corresponding BZC-b-Cyd products.

The BPVH-b-Cyd product obtained by sealed-

heating also displayed a crystalline pattern with most

characteristic peaks at lower intensities except the

peak at a 2h value of 21, which had a higher intensity

than that in the pure drug or Cyd. The products

prepared by kneading and co-evaporation methods

resulted in similar diffraction patterns, showing high

crystallinity losses, like in the case of samples exposed

to SC CO2 for 3 h at 45 MPa and 75 or 100 �C.

An almost completely diffuse pattern was obtained

for the BPVH-b-Cyd product obtained by co-grind-

ing, indicating complete drug amorphization and/or

complexation.

The MPVH-b-Cyd samples obtained by the SC CO2

method also displayed crystalline patterns with some
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(1:2 mol–mol) systems prepared by physical mixing, kneading,
co-evaporation, co-grinding, sealed-heating, and SC CO2 at
different temperatures, pressures, and exposure times.(A) ben-
zocaine (BZC) system, (B) bupivacaine (BPVH) system,
(C) mepivacaine (MPVH) system
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drug crystallinity loss (Fig. 3C). In particular, in the

sample treated at 75 �C and 10 MPa for 15 min, some

characteristic peaks of the drug disappeared or their

intensities were decreased (i.e. peaks at 2h values of 16,

20 and 26) while the intensity of the peak at 2h value

of 19 was increased. Samples exposed to SC CO2 under
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complexes prepared by
physical mixing, kneading, co-
evaporation, co-grinding,
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at different temperatures,
pressures, and exposure
times. (A) benzocaine (BZC)
system, (B) bupivacaine
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other temperature, pressure or exposure time condi-

tions all resulted in a decrease in the intensity of the

drug peaks, and did not display an increase in the

intensity of any peaks. Moreover, like the BPVH-

b-Cyd samples, the MPVH-b-Cyd systems prepared

by the SC CO2 method did not result in any new

peaks, contrary to what was observed for BZC-b-Cyd

products.

The MPVH-b-Cyd product obtained by sealed-

heating displayed a crystalline pattern similar to that of

the product treated with SC CO2 at 75 �C and 45 MPa

for 3 h. As mentioned above, similar results were ob-

tained for the corresponding BZC-b-Cyd samples

treated with these two methods, showing the similari-

ties between the characteristics of the products

obtained by sealed-heating method and SC CO2

method at 75 �C and 45 MPa for 3 h. However, the

BPVH-b-Cyd systems did not show such a similarity

between the two methods.

On the other hand, the results obtained for BZC-

b-Cyd, BPVH-b-Cyd and MPVH-b-Cyd products

prepared by kneading and co-evaporation methods

resulted in similar diffraction patterns, showing high

crystallinity losses. Nevertheless, in all cases the high-

est crystallinity loss for the three binary systems was

observed for the products obtained by the co-grinding

method, which showed an almost completely diffuse

pattern, indicative of complete drug amorphization

and/or inclusion of the drug in the Cyd cavity.

Dissolution studies

The mean dissolution curves of BPVH from the binary

systems with b-Cyd prepared by the different tech-

niques are shown in Fig. 4, while the main dissolution

parameters are collected in Table 1. It is evident that

the technique used for obtaining BPVH-b-Cyd solid

systems influenced the dissolution properties of the fi-

nal product, and that all the examined preparation

methods were more effective than the simple physical

mixing. The rank order of the dissolution rates was

COE > GR > SC CO2 > KN > S.H. > P.M.

Analogous results were obtained for the various

BZC-b-Cyd binary systems, but a different rank order in

the dissolution performance was found, i.e. S.H. > SC

CO2 � GR > COE > KN > PM, as it can be seen in

Fig. 5, where the Dissolution Efficiency values at 60 min

obtained for the two series of binary systems with the

two drugs are compared. In particular, it can be observed

that sealed-heating was the least effective technique in

the case of BPVH-b-Cyd products, whereas it was the

best one for the BZC-b-Cyd binary systems; on

the contrary, co-evaporation was the most successful

preparation method in the case of BPVH, while it was

almost the worst in the case of BZC. On the other hand,

with both drugs, products obtained by the SC CO2

method showed satisfactory dissolution properties,

similar to those of the corresponding ones obtained

by co-grinding, and only slightly lower than the corre-

sponding most effective system, i.e. the co-evaporated

product for BPVH or the sealed-heated one for BZC.

Similar results were also found in the case of MPVH-

b-Cyd systems; however, due to the greater dissolution

properties of these products, it was not possible to

perform dissolution tests under the same experimental

conditions used for BZC and BPVH binary systems, and

therefore, the results were not directly comparable.

Conclusions

Solid systems of BZC, BPVH and MPVH with b-Cyd

in the 1:2 mol:mol ratio were prepared by SC CO2

method and compared to products obtained using dif-
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Fig. 4 Mean dissolution curves of bupivacaine (BPVH) from the
1:2 mol–mol binary systems with b-Cyd obtained by the different
preparation methods. Key: (e) BPVH alone; (n) P.M.; (M) S.H.;
(h) SC CO2 (50 �C, 45 MPa, 3 h); (m) GR; (s) COE; (d) KN

Table 1 Percent dissolved (P.D.) and dissolution efficiency
(D.E.) at 30 min and relative dissolution rate (Rdr) of BPVH
from the 1:2 mol–mol binary systems with b-Cyd prepared by the
different methods

Sample P.D.30 D.E.30 Rdr 2 min

BPVH 74.8 63.0 –
BPVH-b-Cyd P.M. 80.1 67.1 1.1
BPVH-b-Cyd KN 92.7 80.9 1.4
BPVH-b-Cyd COE 100 92.1 1.8
BPVH-b-Cyd GR 98.7 87.0 1.6
BPVH-b-Cyd SC CO2* 95.4 83.5 1.5
BPVH-b-Cyd S.H. 88.8 77.1 1.3

* (50 �C, 45 MPa, 3 h)
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ferent techniques such as physical mixing, kneading,

co-evaporation, high-energy co-grinding, and sealed-

heating. A similar PXRD pattern was observed for the

BZC-b-Cyd, BPVH-b-Cyd, and MPVH-b-Cyd systems

obtained by co-grinding, suggesting that this technique

leads to complete amorphization and/or complexation

of the drugs with b-Cyd. The other methods instead led

to crystalline or partially amorphous products

depending on both the type of drug and the prepara-

tion method. The different degrees of modification

observed in the spectral analyses of products prepared

by diverse methods suggest the possibility of drug-Cyd

interactions of different strengths, which may give rise

to different degrees of inclusion formation and/or

amorphization of the sample.

Dissolution studies indicated that all the examined

methods were more effective than the simple physical

mixing in improving the drug dissolution performance

of the final product. However, the different rank orders

observed for the different drugs suggested that there is

no general rule for the selection of the most effective

preparation method, which depends on the type of

drug-Cyd system considered. Nevertheless, in all cases,

products obtained by the SC CO2 method showed

satisfactory dissolution properties. Therefore, super-

critical fluid technology proved to be a novel and useful

complexation method of anesthetic drugs into b-Cyd.

Moreover, products obtained using SC CO2 should

provide minimal side effects in humans, compared to

those obtained by techniques requiring the use of or-

ganic solvents, since this method has no toxic solvent

residuals. However, also with this technique, the most

effective conditions to obtain the best result with

the shortest exposure time and the most appropriate

temperature and pressure values should be carefully

investigated.
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