
Crystal modifications significantly affect various pharma-
ceutical properties such as the solubility, dissolution rate, sta-
bility and bioavailability of drugs.1—3) As a consequence, the
rational control of crystal growth, habit and polymorphic
transition, using pharmaceutical additives, becomes an at-
tractive and intriguing area of drug research and develop-
ment. Cyclodextrins (CyDs), cyclic oligosaccharides consist-
ing 6—8 glucose units linked through a-1,4 glycosidic
bonds, form inclusion complexes with various drug mole-
cules in solution and in solid state and have been utilized
successfully to improve certain properties such as the solu-
bility, stability and bioavailability of drugs.4—6) Many reports
have shown that crystalline drugs can be converted to an
amorphous form by complexation with amorphous CyDs
such as 2-hydroxypropyl-b-CyD (HP-b-CyD), and their
aqueous solubility and dissolution rates thus markedly in-
creased.7—9) However, the effects of storage on pharmaceuti-
cal properties of amorphous CyD complexes, such as crystal-
lization, dissolution and absorption behavior, etc., have not
fully been elucidated.10) In the present study, we studied the
effects of aging on the crystallization, dissolution and ab-
sorption of the HP-b-CyD complex with an oral hypo-
glycemic agent, tolbutamide (Fig. 1), in comparison with
those of the solid dispersion of tolbutamide with
polyvinylpyrrolidone, because HP-b-CyD can convert crys-
talline drugs such as nifedipine to amorphous solids.11,12)

Tolbutamide was chosen because it has several polymorphic
forms, such as a stable form (form I) and metastable forms
(forms II, III, IV).13—16)

Experimental
Materials Tolbutamide and chlorpropamide were donated by Nippon

Hoechst–Marion–Roussel, Ltd. (Tokyo, Japan) and Ono Pharmaceutical Co.,
Ltd. (Osaka, Japan), respectively. HP-b-CyD (DS 4.8, average molecular
weight 1413) was supplied from Japan Maize Co. (Tokyo, Japan).
Polyvinylpyrrolidone K-30 (PVP, average molecular weight 40000) was pur-
chased from Nacalai Tesque, Inc. (Kyoto, Japan). Other chemicals and sol-
vents were of analytical reagent grade, and deionized double-distilled water
was used throughout the study.

Apparatus Powder X-ray diffractograms were measured using a Rigaku
Rint-2500 diffractometer under the following conditions: Ni-filtered Cu-Ka
radiation (1.542 Å), a voltage of 40 kV, a current of 40 mA, a divergent slit
of 1.74 mm (1°), a scattering slit of 0.94 mm (1°), a receiving slit of
0.15 mm, and a goniometer angular increment of 1°/min. The differential
scanning calorimetry (DSC) analyses were carried out using a Perkin–Elmer
DSC-7 thermal analyzer (Norwalk, CT) with a data analysis system (DEC
station 325 computer, U.S.A.), operated with sample weights of 5 mg and a
scanning rate of 10°/min. The heat fusion was calibrated with indium (purity
99.999%; melting point 156.4 °C, DH 28.47 mJ/mg). Viscosity of HP-b-
CyD and PVP solutions was measured using a Low Shear 30 rotational
rheometer (Contraves AG, Zurich, Switzerland) with an accuracy of
60.05%. Water contents of HP-b-CyD and PVP were measured using a
Perkin–Elmer TGA7 thermal gravimeter (Norwalk, CT, U.S.A.), i.e., sam-
ples (1.0 g) were stored at 60 °C and 75% relative humidity (R.H.), and at
appropriate intervals a small amount (5 mg) of the samples was subjected to
the thermogravimetric (TG) analysis. The weight decrease due to evapora-
tion of water was read from the change at about 100 °C in TG curves. The
water content determined by this method was in agreement with the results
as measured by changes in weight.

Preparation of Tolbutamide Polymorphs, HP-bb-CyD Complex and
PVP Solid Dispersion The stable form of tolbutamide (form I) was pre-
pared by recrystallization from benzene at room temperature according to
the method of Simons.13) Form II crystals of tolbutamide were obtained by
keeping form IV, a metastable polymorph of tolbutamide prepared by the
spray-drying method reported previously,16) at 60 °C and 75% R.H. for
10 min. Form IV of tolbutamide was prepared by the spray-drying method,
i.e., the drug was dissolved in a mixed solvent of ethanol–dichloromethane
(1.2 : 1 v/v, 150 ml) and subjected to spray-drying using a Pulvis GA32 Yam-
ato spray-drier (Tokyo, Japan) under the following conditions: an air flow
rate of 0.4 m3/min, an air pressure of 1.0 kgf/cm3, inlet and outlet tempera-
tures of 85 and 55 °C, respectively. The solid tolbutamide–HP-b-CyD com-
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Fig. 1. Structure of Tolbutamide
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plex in a molar ratio of 1 : 1 (weight ratio of 1 : 5.2) and the solid tolbu-
tamide–PVP dispersion in a weight ratio of 1 : 5.2 were obtained by dissolv-
ing the components in a mixed solvent of ethanol–dichloromethane, fol-
lowed by spray-drying under the above condition.

Aging Studies The test powder (3—5 g,100 mesh) was placed in glass
containers in desiccators at a constant humidity of 75% R.H. (solution satu-
rated with sodium chloride),16—18) then stored in incubators at constant tem-
peratures (40—70 °C). At appropriate time intervals, samples were with-
drawn, dried under reduced pressure for about 1 d at room temperature, and
subjected to powder X-ray diffractometry and DSC analysis. The content of
tolbutamide polymorphs (form I and form II) in matrices was calculated
from areas of the diffraction peaks at 2q519.9° and 10.3° characteristic of
the former and the latter crystals, respectively. The standard calibration
curve was made by mixing the polymorphs and HP-b-CyD or PVP
(,100 mesh) in appropriate ratios and measuring the areas of above diffrac-
tion peaks (minimum content for the detection of forms I and II was about
3.0%). The content of form II crystals determined by X-ray diffractometry
was in agreement with that calculated from the endothermic peak (DH
1.5 kJ/mol) at 100 °C, characteristic of the transition of form II to form I in
DSC curves.

Dissolution Studies The dissolution rate was measured according to the
dispersed amount method.19) A fixed amount (tolbutamide 100 mg
,100 mesh) of test powders was put into 25 ml of Japanese Pharmacopoeia
XIII (JP XIII) second fluid (pH 6.8) and stirred at 91 rpm at 37 °C. At appro-
priate intervals, an aliquot (1.0 ml) was withdrawn with a cotton-plugged
pipette and spectrophotometrically analyzed for tolbutamide at 230 nm. A
constant volume of dissolution medium was maintained by adding an equal
volume of the original medium.

Absorption Studies In vivo absorption studies were carried out using
male beagle dogs (9—11 kg) that were fasted for 24 h before drug adminis-
tration. The sample (equivalent to 100 mg tolbutamide/body) was wafer
wrapped and administered orally with water (50 ml), using a catheter. Blood
samples (1 ml) were withdrawn from the cephalic vein using a heparinized
injection syringe and centrifuged at 11003g for 10 min. The plasma (0.2 ml)
was added to the acetonitrile solution of an internal standard, chlor-
propamide (1.0 mg/ml, 0.5 ml), and extracted with ethyl ether (4.0 ml). The
organic phase (3.0 ml) was evaporated, the residue was dissolved in acetoni-
trile (0.1 ml), and tolbutamide was determined by HPLC with a Hitachi L-
600 pump and a 635A UV detector (Tokyo, Japan), a Yamamura YMC AQ-
312 ODS column (5 mm, 63150 mm, Kyoto, Japan), a mobile phase of ace-
tonitrile–0.05 M NaH2PO4 solution (45 : 55 v/v), a flow rate of 1.6 ml/min,
and detection at 230 nm. Plasma levels of glucose were determined using a
glucose measuring kit (Glucose CII Test Wako, Wako Pure Chemical, Ltd.,
Osaka, Japan), i.e., the plasma (0.02 ml) was mixed with the kit solution
(3.0 ml) and incubated at 37 °C for 5 min and the UV absorption was mea-
sured at 505 nm.

Results and Discussion
Crystallization of Tolbutamide during Storage Tol-

butamide is known to form a 1 : 2 complex with b-CyDs in
aqueous solution. However, our previous study using nuclear

magnetic resonance spectroscopy indicated that tolbutamide
predominantly forms a 1 : 1 inclusion complex with HP-b-
CyD in aqueous solution and in the solid state, and the
toluene moiety is preferentially included in the cavity (stabil-
ity constants of the 1 : 1 and 1 : 2 complexes: 225 and 25 M

21,
respectively).20) Therefore, the complex was prepared by
spray-drying the drug and the host in a molar ratio of 1 : 1
(weight ratio of 1 : 5.2). The solid dispersion of tolbutamide
with PVP was prepared in a weight ratio of 1 : 5.2. Figure 2
shows changes in the powder X-ray diffraction  pattern of
tolbutamide–HP-b-CyD complex and tolbutamide–PVP
solid dispersion during storage at 60 °C, 75% R.H. The com-
plex and the PVP dispersion gave a halo-pattern in the pow-
der X-ray diffractogram, indicating that they are in an amor-
phous state. On the storage of the complex and the PVP dis-
persion, X-ray diffraction peaks appeared due to tolbutamide
crystals formed in HP-b-CyD and PVP amorphous matrices.
The HP-b-CyD and PVP matrices spray-dried without tolbu-
tamide showed no diffraction peaks under the present storage
conditions. The PVP dispersion gave diffraction peaks char-
acteristic of a stable crystal form (form I) of tolbutamide at
2q58.7°, 12.1°, 12.9°, 14.1°, 15.3°, 17.1°, and 19.9°.16) On
the other hand, the HP-b-CyD complex gave diffraction
peaks at 10.3°, 11.3°, 15.5°, 19.6° and 21.3°, characteristic
of form II, and no form I peaks were observed for at least
one month. On further storage of the HP-b-CyD complex,
the form II diffraction peaks disappeared and the diffraction
pattern changed to that of form I. The crystallization rate of
tolbutamide from the complex and the PVP dispersion was
measured by monitoring the change in peak areas at 19.9°
and 10.3°, characteristic of form I and form II, respectively,
and the results are shown in Fig. 3. In the PVP matrix, tolbu-
tamide crystallized exclusively to form I, and the crystalliza-
tion was completed within about 2 d under the experimental
conditions. In sharp contrast, the HP-b-CyD complex gave
predominantly form II crystals which were stable in the ma-
trix and began to convert to form I crystals from about 2
months after the storage. The crystallization of tolbutamide
to form II in the HP-b-CyD matrix was about 75% of the
original amount of the drug, and the remaining tolbutamide
(about 25%) may exist as a stable amorphous complex. The
crystallization-time profiles of tolbutamide in these matrices
were analyzed according to the Hancock and Sharp equation
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Fig. 2. Changes in Powder X-Ray Diffraction Patterns of HP-b-CyD Complex (A) and PVP Dispersion (B) during Storage at 60 °C and 75% R.H. and
Powder X-Ray Diffraction Patterns of Forms I and II of Tolbutamide (C)



(Eq. 1)21):

ln[2ln(12a)]5m ln t1ln B (1)

where m is the intrinsic value for various theoretical equa-
tions of solid-state decomposition, a is the fraction of the
total sample crystallized to tolbutamide, t is the storage time,
and B is a constant. The plot of ln[2ln(12a)] versus ln t
using data of a50.0—about 0.7 gave straight lines of
m50.9960.03 (mean6standard error (S.E.), n53, correla-
tion coefficient r50.99) for the crystallization to form II in
the HP-b-CyD matrix at 60 °C and 75% R.H. The m value of
0.99 indicates that a random nucleation on each particle is a
rate-determining step for the crystallization of form II in the
HP-b-CyD matrix (a criterion for this conversion is
m51.0),21) and the rate obeys the equation 2ln(12a)5kt.
On the other hand, the PVP system gave an m value of
0.6360.02 (n53, r50.99). The m value of 0.63 for the PVP
system indicates a one-dimensional diffusion-controlled
crystallization (a criterion for this conversion is 0.62),21) and
its rate obeys a25kt. Therefore, the crystallization rates of
tolbutamide from the HP-b-CyD complex and the PVP dis-
persion were analyzed, respectively, according to the afore-
mentioned equations, and the plots of results at various tem-
peratures are shown in Fig. 4. The plots of 2ln(12a) or a2

versus t were linear, and crystallization rate constants (k)
were obtained from the slopes: crystallization of form II
from the HP-b-CyD complex, k51.28 (60.06)31022 h21

(40 °C), 1.81 (60.04)31022 h21 (45 °C), 2.55 (60.03)3
1022 h21 (50 °C), 3.30 (60.04)31022 h21 (55 °C), 6.62
(60.01)31022 h21 (60 °C), and 1.19 (60.02)31021 h21

(70 °C), and crystallization of form I from the PVP disper-
sion, k55.14 (60.02)31023 h21 (40 °C), 6.32 (60.02)3
1023 h21 (45 °C), 8.09 (60.02)31023 h21 (50 °C), 1.32
(60.03)31022 h21 (55 °C), 2.49 (60.03)31022 h21 (60 °C),
and 6.64 (60.05)31022 h21 (70 °C). The Arrhenius plots of

these rate constants gave straight lines (r50.999), from
which the activation parameters of 68 (61) and 78
(62) kJ/mol were obtained for the crystallization of form II
from the HP-b-CyD complex and form I from the PVP dis-
persion, respectively. The diffusion-controlled crystallization
of tolbutamide in the PVP matrix may be attributable at least
partly to the high water absorption property of the excipient,
because its water content and viscosity were much higher
than those of HP-b-CyD, i.e., the water content of PVP and
HP-b-CyD at equilibrium (stored at 60 °C, 75% R.H for 1 d)
was about 15.2% and 3.4%, respectively, and the viscosities
of the former and latter excipients (15% solution, for exam-
ple) were about 7.1 cp and 1.3 cp, respectively. Therefore,
stable form I of tolbutamide may crystallize from viscous
PVP solution after dissolution in adsorbed water. Similar dif-
fusion-controlled crystallization in a PVP matrix was ob-
served for nifedipine, as reported previously.12) On the other
hand, the crystallization of tolbutamide form II from the HP-
b-CyD complex cannot be ascribed merely to such environ-
mental factors. Although further studies should be done in
order to elucidate its crystallizing mechanism, the inclusion
effect of the host molecule seems to be operative in the form
II crystallization, because the same phenomenon was also
observed in the crystallization from aqueous HP-b-CyD so-
lutions (data not shown here). The detailed crystallizing
mechanism of tolbutamide from CyD complexes will be re-
ported elsewhere.

Dissolution and Absorption Behavior The different
crystallization of tolbutamide from the HP-b-CyD complex
and the PVP dispersion on storage will affect the dissolution
of tolbutamide. Figure 5 shows dissolution profiles of tolbu-
tamide–HP-b-CyD complex and tolbutamide–PVP solid dis-
persion immediately after the preparation, in addition to pro-
files of samples stored for one week at 60 °C, 75% R.H. The
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Fig. 3. Time Courses for Crystallization of Tolbutamide Polymorphs
(Form I (s) and Form II (.)) in HP-b-CyD (A) and PVP (B) Matrices dur-
ing Storage at 60 °C and 75% R.H.

Each point represents the mean6S.E. of 2—3 experiments.

Fig. 4. Plots of [2ln(12a)] or a2 versus Time for Crystallization to
Tolbutamide Polymorphs at 75% R.H. and Various Temperatures

(A) to Form II in HP-b-CyD matrix, (B) to Form I in PVP matrix. (s), 40 °C; (d),
45 °C; (n), 50 °C; (m), 55 °C; (,), 60 °C; (.), 70 °C. Each point represents the
mean6S.E. of 2—3 experiments.



dissolution rates of these amorphous complexes and PVP
dispersion were fast, and there was insignificant difference in
the dissolution rate between them. With storage, however, the
dissolution rate from the PVP dispersion significantly de-
creased, whereas that of the HP-b-CyD complex only slightly
decreased. Under the above storage conditions, tolbutamide
had crystallized to form I in PVP matrix and to form II in the
HP-b-CyD matrix. The dissolution rate of tolbutamide poly-
morphs was in the order of form IV5form II..form III
.form I, as reported previously.16) Therefore, the large decel-
eration of the PVP system as a result of storage is attribut-
able to the formation of form I crystals with a slow dissolu-
tion characteristic, whereas the slight deceleration is attribut-
able to the formation of form II crystals with a fast dissolu-
tion characteristic. The insignificant decrease in dissolution
rate of the tolbutamide–HP-b-CyD complex was reflected in
the in vivo absorption behavior of the drug. Figure 6 shows
plasma levels of tolbutamide after oral administration in dogs

of a tolbutamide–HP-b-CyD complex, tolbutamide–PVP dis-
persion immediately after the preparation, or those after stor-
age for one week at 60 °C, 75% R.H. Table 1 summarizes
their bioavailability parameters. No appreciable aging effect
on the plasma tolbutamide levels was observed when the HP-
b-CyD complex was administered, whereas the aged PVP
dispersion significantly lowered the level, i.e., the area under
the curve (AUC) was 1/4 that of the drug alone. As shown in
Fig. 7, the plasma glucose levels also decreased when the
aged PVP dispersion was administered, whereas the aged
HP-b-CyD complex showed an insignificant decrease in the
glucose level.

The present results suggest that HP-b-CyD is useful not
only for converting crystalline tolbutamide to an amorphous
substance, but also for maintaining the fast dissolution rate
of the drug for a long period. Furthermore, it is to be empha-
sized that the crystallization of drugs from CyD complexes
on storage may be different from complexes with polymer
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Table 1. Bioavailability Parameters of Tolbutamide after Oral Administration of Tolbutamide–HP-b-CyD Complex or Tolbutamide–PVP Dispersion
(Equivalent to 100 mg Drug/Body) in Dogsa)

System tmax (h)b) Cmax (mg/ml)c) AUC (h·mg/ml)d ) MRT (h)e) F (%) f )

HP-b-CyD complex
Before storage 3.360.4 105.8611.4 1043.8623.7 7.560.3 88.862.6
After storage 2.860.3 95.163.1 811.0615.9 7.160.2* 69.061.4

PVP dispersion
Before storage 2.960.4 107.469.0 989.2616.7 7.760.4 84.262.1
After storage 3.160.3 52.464.2** 259.0611.3*** 6.960.3* 22.061.3**

Each value represents the mean6S.E. of 3—4 dogs; significant differences from HP-b-CyD complex or PVP dispersion before storage are noted as follows: ∗ p,0.05;
∗∗ p,0.01; ∗∗∗ p,0.001. b) The time required to reach the maximum plasma level. c) The maximum plasma level. d ) The area under the plasma level versus time curve up
to 24 h post-administration. e) The mean residence time in plasma. f ) The extent of bioavailability compared with the AUC value of intravenously administered tolbutamide.

Fig. 5. Dissolution Profiles of Tolbutamide (Form I (s) and Form II (.))
and Tolbutamide from HP-b-CyD Complex (d) and PVP Dispersion (n)
Containing Amounts Equivalent to 100 mg Drug, in JP XIII Second Fluid
(pH 6.8) at 37 °C, Measured by Dispersed Amount Method

(A) before storage, (B) after storage for one week at 60 °C and 75% R.H. Each point
represents the mean6S.E. of 2—3 experiments.

Fig. 6. Plasma Levels of Tolbutamide after Oral Administration of Tolbu-
tamide–HP-b-CyD Complex (A) or Tolbutamide–PVP Dispersion (B)
(Equivalent to 100 mg Drug/Body) in Dogs

(s), immediately after preparation; (d), after storage for one week at 60 °C and 75%
R.H. Each point represents the mean6S.E. of 3—4 experiments.



excipients such as PVP, and attention should be given to the
crystallization of drugs from CyD complexes, particularly
drugs with many polymorphs.
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Fig. 7. Plasma Glucose Levels after Oral Administration of Tolbutamide–
HP-b-CyD Complex (A) or Tolbutamide–PVP Dispersion (B) (Equivalent to
100 mg Drug/Body) in Dogs

(s), immediately after preparation; (d), after storage for one week at 60 °C and 75%
R.H. Each point represents the mean6S.E. of 3—4 experiments.


