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Abstract

The physicochemical and tableting properties of hydroxypropyl-b-cyclodextrin (HP-b-CD) and its tolbutamide
(TBM) complex were studied. The kinetics of TBM/HP-b-CD inclusion complex formation in solution were
determined by the phase solubility method. Solid complexes were prepared by freeze-drying and spray-drying. Water
sorption–desorption behaviour of the materials were studied and compacts were made using a compaction simulator.
TBM and HP-b-CD formed 1:1 inclusion complexes in aqueous solution with an apparent stability constant of 63
M−1. HP-b-CDs and TBM/HP-b-CD complexes were amorphous whereas the freeze-dried and spray-dried TBMs
were polymorphic forms II and I, respectively. Sorption–desorption studies showed that HP-b-CDs were deliquescent
at high relative humidities. TBM/HP-b-CD complexes had slightly lower water contents at low relative humidities
than the physical mixtures. However, at high humidities their water sorption and desorption behaviours were similar
to those of corresponding physical mixtures, indicating a glass transition of the complexed materials. TBM/HP-b-CD
complexes demonstrated a worse compactibility than similarly prepared HP-b-CDs or physical mixtures. Also particle
properties that resulted from these preparation methods affected the compactibility of the materials. In conclusion,
the physicochemical and tableting properties of HP-b-CD were modified by complexation it with TBM. © 2001
Elsevier Science B.V. All rights reserved.
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1. Introduction

Cyclodextrins (CDs) have several well estab-
lished pharmaceutical applications (Thompson,
1997). Particularly b-CD, which is the most
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widely used CD in oral drug delivery, is consid-
ered to be a promising material as a direct com-
pression excipient because of its favourable
compactibility and dilution potentials, and low
lubricant sensitivity (Pande and Shangraw, 1994).
It has been used, for example, to modify the
physical and tableting properties of microcrys-
talline cellulose (Tsai et al., 1998). Various CD
derivatives have been synthesized in order to im-
prove the usefulness of the parent b-CD (Thomp-
son, 1997). Hydroxypropyl-b-CD (HP-b-CD) is
one of the most commonly used b-CD derivatives
in this class, due to its high water-solubility, par-
enteral safety and complexation ability. In the
solid state, it readily lends itself to plastic defor-
mation, which is beneficial for successful tablet
formation (Muñoz-Ruiz and Paronen, 1996).
However, complexation of HP-b-CD with tolbu-
tamide increased resistance towards plastic defor-
mation, which might cause some changes in tablet
formation properties (Suihko et al., 2000).

Tolbutamide (TBM) is used clinically in tablet
form as an oral hypoglycemic agent. It is practi-
cally insoluble in aqueous solutions, which is con-
sidered to be a rate-limiting step in its oral
absorption (Miralles et al., 1982). The inclusion
complex of TBM with b-CD or HP-b-CD in-
creases its aqueous solubility, dissolution rate and
rate of oral absorption (Kedzierewicz et al., 1993;
Veiga et al., 1996), which makes such combina-
tions suitable candidates for more efficacious
formulations.

Both the preparation method of solid drug–CD
complexes and the nature of the particular CD
play important roles in the performance of a
drug–CD formulation application (Mura et al.,
1999). Among several frequently used techniques,
both freeze-drying and spray-drying been have
shown to be suitable for the preparation of solid
drug–CD inclusion complexes (Veiga et al., 1996;
Mura et al., 1999).

Although the benefits and pharmaceutical ap-
plications of CDs are well established, little atten-
tion has been paid to the tableting properties of
HP-b-CD, and how these properties change in
drug–HP-b-CD complexes. The aim of this study
was to investigate the physicochemical and tablet-
ing properties of HP-b-CD and its TBM complex.

Spray-drying and freeze-drying were used to pre-
pare solid TBM/HP-b-CD complexes, and their
properties were compared to identically prepared
pure TBMs, HP-b-CDs and TBM/HP-b-CD
physical mixtures.

2. Materials and methods

2.1. Materials

Tolbutamide (TBM) was purchased from
Sigma Chemicals (USA), 2- hydroxypropyl-b-cy-
clodextrin (HP-b-CD) (Encapsin® HPB) from
Janssen Biotech (Belgium), disodium phosphate
dihydrate from Merck (Germany), sodium chlo-
ride and methanol (HPLC-grade) from J.T. Baker
(The Netherlands), hydrochloric acid and ammo-
nium from Riedel-de Haën AG (Germany), and
sodium hydroxide from Eka Nobel AB (Sweden).
All the materials were of analytical grade.

2.2. Apparatus

The high pressure liquid chromatographic
(HPLC) system consisted of a Beckman solvent
module (Model 116), UV detector (at 215 nm), a
System Gold data module (Beckman Instruments,
USA), a Marathon autosampler equipped with a
column thermostat (Spark Holland, The Nether-
lands), a Rheodyne 7080-080 20 ml loop injector
(Rheodyne, USA), and a Supelcosil LC8-DB (15
cm×4.6 mm i.d., 5 mm) reversed-phase column
(Supelco). Chromatographic conditions were as
follows; column temperature 40°C, flow rate was
isocratic at 1.0 ml/min, the mobile phase consisted
of a 40% aqueous monobasic potassium phos-
phate buffer (0.2 M, pH 4.0) in methanol. An
Orion SA 520 pH meter (Orion research Inc.,
USA) equipped with a combination pH electrode,
was used to determine pH.

2.3. Solubility studies

The complexation of TBM with HP-b-CD in
aqueous solution was determined by the phase-
solubility method (Higuchi and Connors, 1965).
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Excess amounts of TBM were added to phosphate
buffer solutions (0.16 mol, pH 7.4, ionic strength
0.5) which contained various concentrations (3.6–
144.6 mmol) of HP-b-CD. The suspensions were
shaken at room temperature for 72 h and pH was
monitored throughout equilibration. The pH of
the suspensions was adjusted to pH 7.4 with HCl
or NaOH, if necessary. After equilibration, the
suspensions were filtered through 0.45 mm mem-
brane filters and analyzed by HPLC. The determi-
nation of intrinsic solubility (So) of TBM in
CD-free phosphate buffer (0.16 mol, pH 7.4) was
made in triplicate.

2.4. Preparation of freeze-dried and spray-dried
materials

TBM/HP-b-CD complexes were prepared as so-
lutions by adding an excess amount of TBM to a
244.6 mmol HP-b-CD solution (20% w/w) at pH
8.0, equilibrated, filtered and freeze-dried (Multi-
Dry, FTS-Systems) (Suihko et al., 2000). Both
TBM and HP-b-CD were also freeze-dried as pure
materials from aqueous solutions at pH 8.0.

Similarly prepared TBM/HP-b-CD, TBM and
HP-b-CD solutions were spray-dried (Büchi 190
Mini Spray Dryer, Büchi Labortechnik AG,
Switzerland) under the following conditions (re-
ported as inlet and outlet temperatures, respec-
tively, 910°C); TBM/HP-b-CD solution, 145 and
100°C; HP-b-CD, 160 and 110°C; TBM, 150 and
95°C (Suihko et al., 2000).

The freeze-dried and spray-dried samples were
passed through a 297 mm sieve and stored at least
72 h at 20°C and 33% relative humidity (Suihko et
al., 2000). The physical mixture was made by
mixing TBM and HP-b-CD powders with a Tur-
bula 2P mixer (Turbula, Switzerland) at a 1:5 w/w
ratio, which is equal to the theoretical TBM/HP-
b-CD molar ratio of a 1:1 inclusion complex.

2.5. Solid state identification

Powder X-ray diffraction patterns were ob-
tained from a Philips PW1820, ADP1700 Auto-
mated Powder diffractometer System (Philips,
The Netherlands) under the following conditions;
Ni filtered CuKa radiation (l=0.15418 nm), 50

kV voltage, 40 mA current, and peak angle range
3.00–35.00°. Data were collected and analyzed by
the Philips ADP1700 software package.

KBr disks of the powdered samples were ana-
lyzed by a FT-IR Spectrometer (Nicolet 510P
FT-IR Spectrometer, Nicolet Instruments Corp.,
USA). The data were averaged from 32 scans over
the range of 400–4000 cm−1 for each sample.

2.6. Water sorption studies

For water sorption study, powder samples were
dried in a vacuum oven (Heraeus Instruments,
Germany) at 40°C for 24 h, and then placed in a
desiccator at a relative humidity (RH) of 22%.
After 24 and 48 h the samples were weighed and
transferred to a second desiccator maintained at
RH 33%. This procedure was repeated over a
range of increasing RHs (i.e. 22, 33, 45, 58, 70, 85
and 95%), which was achieved with saturated salt
solutions (Nyqvist, 1983). Desorption studies were
made by repeating the sorption procedure over
the same series of RHs, but in the reverse order.

2.7. Determination of powder surface area

The specific surface areas of the powders were
measured using a single point BET gas adsorption
apparatus (Flowsorb 2300, Micromeritics, GA).
Nitrogen was used as absorbent gas. Before the
analysis samples were dried in a vacuum oven
(Heraeus Instruments) at 40°C for 24 h and also
degassed in the BET apparatus. The expressed
values were means of three parallel measurements.

2.8. Compaction studies

Compacts were prepared with a compaction
simulator (PuuMan, Finland). Quantities of pow-
der were manually filled into a 10 mm (diameter)
die to produce tablets having a theoretical thick-
ness of 1.4 mm at zero porosity. A single-sided
sawtooth profile with an upper-punch velocity of
60 mm/s and compression pressure of 150 MPa
was used. The tablets were made with a die-wall
lubricant by treating the punches and die wall
with a 2% w/w suspension of magnesium stearate
in acetone before each test.
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Diametral crushing strength of the compacts
was determined by a CT5 universal tester (Engi-
neering Systems) with a constant cross-head ve-
locity of 1 mm/s. Thickness and diameter of the
compacts were measured with a micrometer
screw before the crushing strength determina-
tions, and compact porosity was calculated from
both the weight and dimensions of the compacts
and the material density. The tensile strength of
compacts was derived according to the method
reported by Fell and Newton (1970). The results
presented as the means of 20 or 21 determina-
tions, except for spray-dried HP-b-CD where the
results are the mean of 13 determinations.

3. Results and discussion

3.1. Solubility studies

The solubility studies were performed at pH
7.4 where TBM (pKa 5.3) is in its ionized form.
The aqueous solubility of TBM increased lin-
early as a function of increasing HP-b-CD con-
centration (Fig. 1). The phase-solubility diagram
was classified as an AL-type (Higuchi and Con-
nors, 1965), which indicates the formation of 1:1
TBM/HP-b-CD complexes at pH 7.4 over the
investigated HP-b-CD concentration range. The
apparent stability constant (K1:1) for these com-
plexes was calculated according to Equation 1:

K1:1=Slope/{[S0]*(1−Slope)} (1)

where K1:1 is the apparent stability constant for
the complex and S0 the solubility of TBM in
the absence of HP-b-CD. The intrinsic solubility
(S0) of TBM in phosphate buffer solution (pH
7.4) at room temperature was 7.6290.19 mg/ml
(mean9S.E., n=3), and the K1:1 for the TBM/
HP-b-CD complex was 63 M−1. These results
are in good agreement with earlier reported val-
ues (Veiga et al., 1996).

3.2. Solid-state properties

According to phase-solubility studies, the
complexed materials contained 14.3% of TBM
and 85.7% of HP-b-CD. Theoretical amounts of
free and complexed TBM and HP-b-CD in equi-
librium were calculated according to Equation 2:

K(1:1)=SL/{(Stot−SL) (L−SL)} (2)

where SL, Stot and L are molar concentrations
of the inclusion complex, TBM and HP-b-CD,
respectively. Thus, the degree of complexation
of TBM and HP-b-CD in freeze-dried and
spray-dried materials were 76 and 65% w/w, re-
spectively. In practice, the freeze-dried and
spray-dried complexed materials contained 17.2
and 16.2% w/w of TBM, respectively, as deter-
mined by HPLC. The minor differences between
the values obtained from the solubility studies
and the measured values from powders probably
results from differences in pH between the phase
solubility studies (pH 7.4) and sample prepara-
tion (pH 8.0).

The inclusion complex formation between
TBM and HP-b-CD in the freeze-dried and
spray-dried materials were also confirmed by
XRPD and FTIR. The freeze-dried and spray-
dried HP-b-CD and complexed materials had
diffuse X-ray diffraction patterns, which indi-
cates the formation of an amorphous phase dur-
ing these processes (Fig. 2). The physical
mixtures showed typical characteristics of TBM.
The freeze-dried and spray-dried TBM samples
had X-ray diffraction patterns matching those of
polymorphic forms II and I, respectively
(Kimura et al., 1999).

Fig. 1. Phase-solubility diagram of tolbutamide with hydroxy-
propyl-b-cyclodextrin at pH 7.4.
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Fig. 2. X-ray powder diffraction patterns of freeze-dried tolbut-
amide (A), hydroxypropyl-b-cyclodextrin (B), physical mixture
(C), complexed material (D), and spray-dried tolbutamide (E),
hydroxypropyl-b-cyclodextrin (F), physical mixture (G), and
complexed material (H).

weaker forces in the complexed materials (Gandhi
and Karara, 1988). Spectra of the freeze-dried and

Fig. 3. FT-IR spectra of freeze-dried tolbutamide (A), hydrox-
ypropyl-b-cyclodextrin (B), physical mixture (C), complexed
material (D), and spray-dried tolbutamide (E), hydroxypropyl-
b-cyclodextrin (F), physical mixture (G), and complexed mate-
rial (H).

Differences between the FTIR spectra of freeze-
dried and spray-dried complexed materials and
physical mixtures indicate a solid-state interaction
between TBM and HP-b-CD. In particular, the
characteristic carbonyl (C�O) absorption bands at
1659 and 1701 cm−1 for freeze-dried TBM, and
1663 and 1703 cm−1 for spray-dried TBM (Fig. 3)
appeared as one broad band at 1701 cm−1 in both
complexed materials. Both freeze-dried and spray-
dried complexed materials showed similar changes
in the FTIR spectra, which might be attributed to
the dissociation of intermolecular hydrogen bonds
in the TBM crystal lattice that are replaced by
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Table 1
The specific surface areas of powders, porosities, tensile strengths and surface specific tensile strengths of compacts made of
freeze-dried (FD) and spray-dried (SD) tolbutamide (TBM), hydroxypropyl-b-cyclodextrin (HP-b-CD), their physical mixtures and
complexed materialsa

Specific surface area (m2/g) Porosity (%) Tensile strength (MPa) Surface specific
tensile strength

SD FD SD FD SD FD SDFD

1.42 (0.10) 12.9 (0.4) 9.8 (0.2)TBM 2.1 (0.2)0.76 (0.02) 2.3 (0.1) 2.8 1.6
1.63 (0.02) 14.0 (0.3) 14.1 (1.1) 5.1 (0.5)HP-b-CD 4.0 (1.7)1.00 (0.02) 5.1 2.5

0.80 (0.05) 1.82 (0.04) 14.7 (0.2) 13.1 (0.4) 4.6 (0.3)Physical 5.3 (1.4) 5.8 2.9
mixture

0.69 (0.06) 1.64 (0.09) 14.2 (0.7)Complexed 14.4 (0.5) 1.7 (0.8) 3.6 (1.2) 2.5 2.2
material

a Compacts were made by using an applied load of 150 MPa. Standard deviations are listed in parentheses.

spray-dried physical mixtures showed unchanged
carbonyl absorption bands for TBM. Freeze-dried
and spray-dried TBM had absorption bands
equivalent to those of polymorphic forms II and
I, respectively (Kimura et al., 1999).

The results by both XRPD and FTIR demon-
strated that the freeze-dried and spray-dried com-
plexed materials were amorphous and primarily
contained mostly TBM-HP-b-CD inclusion com-
plexes. However, the actual amount of solid inclu-
sion complexes in the complexed materials could
not be accurately determined by these methods.
The oligosaccharide structure of HP-b-CD en-
ables a molecular interaction with TBM in ways
that are not distinguishable in the amorphous
state. During spray-drying, for example, the equi-
librium between solvent, free and complexed
TBM and HP-b-CD changes and, therefore, the
fractions of complexed TBM and HP-b-CD could
be somewhat different than the theoretical values.
During freeze-drying, the formation of new inclu-
sion complexes is hindered due to the continuous
solid phase, as the amount of inclusion complexes
should not change during the drying process.

3.3. Physical properties

The basic physical properties, e.g. particle size
and shape, material density and specific surface
areas of powders of the freeze-dried and spray-
dried materials have been reported in a previous
study (Suihko et al., 2000). However, specific

surface area of the powders which were used in
compacts was measured and the results are pre-
sented in Table 1. The values show similar trend
with respect to material and preparation method
as reported earlier (Suihko et al., 2000).

All the sorption-desortion isotherms of the
studied materials were type II and had open hys-
teresis loops, except those of the TBMs (Fig. 4).
This type of isotherm is characteristic of hy-
drophilic polymers having both surface adsorp-
tion and also absorption in the solid phase
(Umprayn and Mendes, 1987). The spray-dried
HP-b-CD absorbed slightly more water than the
freeze-dried material, presumably due to the
smaller particle size and greater specific surface
area of spray-dried HP-b-CD (Suihko et al.,
2000). However, both materials were hygroscopic
at higher humidities and became to deliquescent
at RH 95%. The freeze-dried and spray-dried
physical mixtures absorbed 1 to 2 additional
moles of water (per mole of HP-b-CD) during,
and more water during the sorption phase (up to
RH 85 and 70%, respectively) when compared to
similarly prepared complexed materials. At high
humidities the water content of the similarly pre-
pared physical mixtures and complexed materials
were equivalent. In both complexed materials the
hysteresis loop was greater than that of the physi-
cal mixtures, indicating that water is more tightly
bound in the complexed materials during
desorption.
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A lower particle surface area that is available
for water sorption could partly explain the lower
water content and reduced water uptake of the
complexed materials at low humidities. This dif-
ference could, however, also result from disor-
dered water molecules in the HP-b-CD cavity,
where there are 11 partially occupied positions for
seven water molecules in the cavity of 11H2O · b-
CD (Saenger et al., 1998), which are partially
replaced by TBM. Uncomplexed TBM could also
reduce available binding sites for water outside
the central torus of the HP-b-CD ring. On the
other hand, homo-inclusion of the hydrox-
ypropyl-chains into the HP-b-CDs cavity, as re-
ported by Harata et al. (1993), partly explains the
small difference observed in water content be-

tween the physical mixtures and complexed mate-
rials. Complex formation of TBM with HP-b-CD
increased structural rigidity, resulting in lower
deformability of the complexed materials when
compared to the HP-b-CDs or physical mixtures
(Suihko et al., 2000). This molecular rigidity could
also hinder the moisture sorption of the com-
plexed materials at low humidities. At high hu-
midities moisture adsorption and desorption
behaviours of complexed materials resembled to
that of the physical mixtures. This behaviour is
presumably related to a glass transition of the
complexed materials, which increases molecular
mobility and releases more sites for hydrogen
bonding with water. This suggestion is also sup-
ported by the fact that the complex formation of
aspirin with HP-b-CD at high humidity decreases
the glass transition temperature of solid aspirin/
HP-b-CD complex more than that of HP-b-CD
(Duddu and Weller, 1996).

3.4. Tableting properties

Porosities of the compacts of freeze-dried and
spray-dried materials were almost the same, ex-
cept for the TBM polymorphs, whose compact
porosities were lower (Table 1, Fig. 5). Spray-
dried materials yielded stronger compacts than
freeze-dried materials, except in case of the HP-b-
CDs. The tensile strength of compacts produced
from freeze-dried and spray-dried complexed ma-
terials were lower than that of the HP-b-CDs or
physical mixtures. Tensile strength of spray-dried
TBM (form I) compacts was slightly higher than
that of the less-stable freeze-dried TBM (form II)
compacts. This is in accordance with earlier re-
ports which have concluded that the stable poly-
morph generally forms stronger interparticulate
bonds and, thus, stronger compacts than the less
stable form (Ragnarsson and Sjögren, 1984).
However, this difference could also result from
the slightly smaller particle size and lower poros-
ity of the compacts resulting from spray-dried
TBM (Suihko et al., 2000).

There also seemed to be a correlation between
tensile strength of compacts and specific surface
areas of the powders (Table 1). Therefore, surface
specific tensile strength (SSTS), which has been

Fig. 4. The water sorption-desorption isotherms of the freeze-
dried (A), and spray-dried (B), powders. TBM ("), HP-b-CD
(), physical mixture (	), and complexed materials (+ ).
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Fig. 5. Tensile strength of freeze-dried (A) and spray-dried (B)
TBM ("), HP-b-CD (), physical mixture (	), and com-
plexed materials (+ ) compacts as a function of compact
porosity. Compacts were prepared at 150 MPa.

of an inclusion complexation with TBM and HP-
b-CD, and subsequent increased molecular rigid-
ity and resistance against particle deformation as
reported earlier (Suihko et al., 2000). Even a
subtle decrease in the deformability of particle
asperities could decrease the particle surface area
that is available for interparticulate bonding, and
thus, diminish desired compactibility properties
when compared to compacts of HP-b-CDs. In
addition, the low water content of the complexed
materials at the RH 33% might also diminish their
compactibility to some extent. The lowest tensile
strength and surface specific tensile strength of the
freeze-dried complexed material showed that, in
this case, the compact strength was mostly depen-
dent on complex formation between TBM and
HP-b-CD. On the other hand, the spray-dried
materials had small differences in surface specific
tensile strengths. This indicates that also particu-
late properties, and especially the available sur-
face area for interparticulate bonding, determines
the compact strength.

4. Conclusions

Little attention has been paid to the tableting
properties of HP-b-CD and its drug complexes.
The present study demonstrates that the forma-
tion of freeze-dried or spray-dried TBM/HP-b-
CD complexes change water sorption-desorption
and tableting properties of the materials when
compared to HP-b-CDs or physical mixtures
made of the same materials. These subtle changes
could substantially affect stability and tableting
performance of a tablet formulation containing
drug/CD complexes.
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used to distinguish between different interparticu-
late bonding mechanisms in compacts (Nyström
et al., 1993), was used to estimate the effect of
available particle surface area for the effect of
interparticulate bonding on compact strength:

SSTS=TS/SSA (3)

where TS is the tensile strength of compacts and
SSA is the specific surface area of prepared pow-
ders. The rank-order of surface specific tensile
strength for the freeze-dried materials was essen-
tially the same as for tensile strength (Table 1).

The observed trend towards a slightly lower
tensile strength of compacts that were compressed
from complexed materials could be a consequence
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Ragnarsson, G., Sjögren, J., 1984. Compressibility and tablet
properties of two polymorphs of metoprolol tartrate. Acta
Pharm. Suec. 21, 321–329.

Saenger, W., Jacob, J., Gessler, K., Steiner, T., Hoffman, D.,
Sanbe, H., Koizumi, K., Smith, S.M., Takaha, T., 1998.
Structures of common cyclodextrins and their larger ana-
logues — beyond the donut. Chem. Rev. 98, 1787–1802.

Suihko, E., Poso, A., Korhonen, O., Gynther, J., Ketolainen,
J., Paronen, P., 2000. Deformation behaviors of tolbu-
tamide, hydroxypropyl-b-cyclodextrin and their disper-
sions. Pharm. Res. 17, 940–946.

Thompson, D.O., 1997. Cyclodextrins-enabling excipients:
their present and future use in pharmaceuticals. Crit. Rev.
Ther. Drug Carr. Syst. 14, 1–104.

Tsai, T., Wu, J.-S., Ho, H.-O., Sheu, M.T., 1998. Modification
of physical characteristics of microcrystalline cellulose by
codrying with b-cyclodextrin. J. Pharm. Sci. 87, 117–122.

Umprayn, K., Mendes, R.W., 1987. Hygroscopicity and mois-
ture adsorption kinetics of pharmaceutical solids: a review.
Drug Dev. Ind. Pharm. 13, 653–693.

Veiga, F., Teixeira-Dias, J.J.C., Kedzierewicz, F., Sousa, A.,
Maincet, P., 1996. Inclusion complexation of tolbutamide
with b-cyclodextrin and hydroxypropyl-b-cyclodextrin. Int
J. Pharm. 129, 63–71.

.


