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Purpose. The deformation behaviors of compressed freeze-dried and
spray-dried tolbutamide/hydroxypropyl-B-cyclodextrin molecular dis-
persions were eval uated and compared with similarly prepared tolbuta-
mides (TBM), hydroxypropyl-B-cyclodextrins (HP-B-CD) and astheir
physical dispersions.

Methods. TBM, HP-B-CD, and their 1:1 molecular dispersions were
prepared by freeze-drying and spray-drying, and physical dispersions
of TBM and HP-B-CD were blended. Deformation properties of the
prepared materials were evaluated by using a compaction simulator
and constants derived from Heckel plots. Molecular dynamics (MD)
simulations were performed in order to gain a molecular-level view
on the deformation behavior of TBM-HP-B3-CD inclusion complex.
Results. The freeze-dried TBM polymorphic form Il was less prone
to overall particle deformation than the spray-dried stable form 1.
Formation of molecular dispersions decreased the plastic and elastic
behaviors of these materials. Also, the MD simulations showed a
reduced molecular flexibility of the TBM-HP-B-CD inclusion complex,
as compared to HP-B-CD.

Conclusions. The formation of TBM and HP-B-CD molecular disper-
sion resulted in more rigid molecular arrangements, which were less
prone to deformation than either HP-B-CDs or physical dispersions.
Theresults showed how differing molecular, solid, particle, and powder
state properties affect the deformation properties of the materials
studied.

KEY WORDS: Hydroxypropyl-B-cyclodextrin; tolbutamide; inclu-
sion complex; physico-technical properties, deformation properties,
molecular dynamics simulation.

INTRODUCTION

The oral administration of solid drug-cyclodextrin (CD)
complexes has received a considerable amount of attention in
recent years, and tablet dosage forms of drug-CD complexes
are of great interest. However, surprisingly few studies have
dealt with the deformation properties of CDs or drug-CD inclu-
sion complexes. Mufoz-Ruiz and Paronen reported that CDs,
and especially hydroxypropyl-B-CD (HP-B-CD), are highly
prone to plastic deformation (1). Similar observations have
been made of commercial and physicaly modified 3-CDs,
particularly concerning the significant role of moisture content
on compactibility (2,3). Recently, B-CD hasbeen used to modify
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the physico-technical properties of both excipients and drugs.
For example, theco-drying of B-CD with microcrystallinecellu-
loseimproved powder and tabl etting properties of microcrystal-
line cellulose (4), and the compressional properties of paraceta-
mol were improved by preparing solid dispersions of paraceta-
mol with an excess of B-CD (5).

Computational chemistry, e.g., molecular dynamics (MD)
simulations, have also been used to study CDs and drug-CD
inclusion complexes (6). Koehler et al. (1988) were among the
first to use MD in order to study the conformational differences
of a-cyclodextrin in both aqueous solution and crystaline
form (7).

In our preliminary studies, we used spray-drying and
freeze-drying to prepare 1:1 molar molecular dispersions of
TBM and HP-B-CD, and evauated their solid-state, physical
and tableting properties by comparing to similarly prepared
TBMs, HP-B-CDs and their physical dispersions (8,9). Freeze-
drying and spray-drying produced amorphous TBM-HP-B3-CD
dispersions that were assumed to contain solid inclusion com-
plexes. This assumption has been verified recently in another
study, where a spray-dried amorphous dispersion of TBM pref-
erably formed 1:1 solid-state complexes with HP-B-CD (10).
Our preliminary studies also revealed that freeze-dried TBM
crystallized into a thermodynamically less stable polymorphic
form 1l and spray-dried TBM resulted in a stable polymorphic
form | (8,9). Both were comparable to the results reported
earlier (11). Tablet strengths of both molecular dispersionswere
poor, and was associated with a complex formation between
TBM and HP-B-CD, which increased molecular rigidity and
reduced the interparticulate bonding capacity. Moreover, al of
the prepared materials primarily deformed by plastic flow, even
though the TBM-HPB-CD mol ecular dispersions had somewhat
greater resistance towards particle deformation under com-
pression.

The aim of the present work was to study the effect of
complex formation and deformation properties of both freeze-
dried and spray-dried TBM and HP-3-CD. Deformation behav-
ior of the prepared materials was analyzed by using constants
derived from the Heckel eguation. MD simulations of TBM-
HP-B-CD inclusion complex and HP-B-CD were performed to
evaluate the mechanical properties on the molecular level.

MATERIALS AND METHODS

Materials

Tolbutamide was purchased from Sigma Chemicals Co.
(USA). Hydroxypropyl-B-cyclodextrin (Encapsin HPB) was
purchased from Janssen Biotech (Belgium).

Preparation of the Samples

Sample preparation was performed as described earlier
(8,9). Briefly, molecular TBM-HP-B-CD dispersions, plain
TBMs and HP-B-CDs were prepared by freeze-drying (Multi-
Dry, FTS-Systems|Inc., NY) and spray-drying (Biichi 190 Mini
spray-dryer, Buchi Labortechnik, Switzerland). Physical disper-
sions (1:5 w/w) of the materials were blended with a Turbula
mixer (Turbula, Switzerland). All sampleswere passed through
a 297 pm sieve and stored at 20°C and 33% relative humid-
ity (RH).
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Physical Properties

Mean particle size of the powders, coated with gold, was
determined from scanning electron micrographs taken with a
JEOL JSM-35 scanning electron microscope (JEOL Ltd.,
Japan). The equivalent Martin diameter was determined for
380-411 particles from each sample. The ratio between equiva-
lent diameters of a sphere having the same area, and a sphere
having the same perimeter was referred to as the shape factor
(12). Larger values of the shape factor indicated that particles
became moreregular, where unity represented atotally spherical
particle. The material densities were determined with ahelium-
pycnometer (Multipycnometer MVP-1, Quanta Chrome, NY)
using helium as the inert measurement gas. Specific surface
areas were measured with a single point BET gas adsorption
apparatus (Flowsorb 2300, Micromeritics, GA) using nitrogen
as the adsorbent gas. The water content of the samples was
determined with a Karl Fischer titrimeter (Mettler DL 35 Karl
Fischer titrimeter, Mettler Toledo AG, Switzerland).

Compression Studies

Densification properties of the powders were studied with
a compaction simulator (Puuman Ltd., Finland). Quantities of
powder were manually filled into a die (10 mm in diameter)
to produce flat faced tablets having a theoretical thickness of
1.4 mm at zero porosity. Single-sided sawtooth profiles and
upper-punch velocities of 6, 60 and 300 mm/s, at compression
pressures of 50, 100 and 150 MPa, were used. The tablets in
the compression experiments were made with die-wall lubrica-
tion by treating the punches and die wall with a 2% (w/w)
suspension of magnesium stearate in acetone before every test.
During compression, both the upper and lower punch forces
and displacementswere recorded, and the obtained compression
displacement data were corrected according to upper and lower
punch deformations.

Evaluation of the consolidation mechanism of the powders
was determined form the Heckel equation (13,14):

In1U(1— D) = KP+ A @)

which relates the packing fraction, or relative density, D, (i.e.,
the ratio between the apparent density of a powder bed and the
material density) to the applied pressure, P. The slope of the
linear portion of the graph, K, was expressed as a reciprocal,
and considered as the mean of the yield pressure, P,. Both the
Heckel tablet-in-die and gjected-tablet methods were used (15).
In the tablet-in-die method, the applied pressure and packing
fractions of the powder column were determined during the
loading phase of the compression process, i.e., both the upward
part of the Heckel plot and theyield pressure (Py, asthe recipro-
ca of the slope) were determined from the linear portion of
the Heckel plot from four parallel measurements. When using
the ejected-tablet method, the packing fractions were deter-
mined by measuring the dimensions and weights at 24 h after
gjection from the die from four parallel compacts stored at 20°C
and RH 33%. Time-dependent densification behavior of the
powders was evaluated on the basis of the variation of yield
pressure, at different punch velocities, and using the strain-rate-
sensitivity (SRS) index (16). SRS was calculated by using the
following equation:

SRS = {(Py2 — Py1)/Py5} * 100 (%) 2
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where Py, is the mean yield pressure at 6 mm/s and P, the
mean yield pressure at 300 mm/s.

Molecular Dynamic Simulations

All molecular modeling studies were carried out an a SGI
02 workstation using the Sybyl 6.5 software package. The
crystal structures of TBM (17) and B-CD (18) were obtained
from the Cambridge Crystallographic Data Centre. Four ran-
domly chosen hydroxyl groups on the B-CD were substituted
with hydroxypropyl sidechainsto simulatethe average structure
of HP-B-CD, which was used in the experimental section. TBM
was manually docked within the CD cavity, and the subsequent
inclusion complex was minimized by using MMFF94 prior to
MD simulationsin vacuo at 300 K. The length of the simulation
was 10 ns, and data were collected every 0.5 ps. The root mean
square (RMS) deviation in molecular deformation of a CD
structure, as compared to the last frame of trajectory, was calcu-
lated for each frame.

RESULTS
Physical Properties

The physical properties of the materials are presented in
Table I. The mean Martin's particle diameter of freeze-dried
materials were fairly close to each other and somewhat greater
than diameters of the spray-dried materials. The freeze-dried
materials had an irregular and “flaky” particle shape, i.e, a
smaller particle shape factor than the spray-dried materials,
whose particles shape were more spherical and typical of the
spray-dried materials. Both forms of TBM powders consisted of
larger particles when compared to the other similarly prepared
materials. However, their particle surface structures were more
irregular than those of the other materials, eventhough they
resembled the characteristic flaky and spherical features of
the freeze-dried and spray-dried materias, respectively. This
irregular surface structure of TBM particles is aso indicated
by relatively high specific surface areas. Freeze-dried powders
had smaller specific surface areas than the corresponding spray-
dried materials. Both molecular dispersions had significantly
smaller specific surface areas than the similarly prepared physi-
cal dispersions or HP-B-CDs. Freeze-dried and spray-dried
molecular dispersion powders contained 18 and 14% less water,
respectively, than physical dispersions made by using the same
method. The hydrophilic HP-B-CDs water content was related
to the relative humidity (33%) of the stored samples, whereas
the low water content of TBM was a consequence of its
hydrophobicity.

Packing Fractions

The packing fraction of a powder, Dy, was defined as the
relative density of the powder bed at the point where an upper
punch force of 100 N appeared. For TBM and molecular disper-
sions, Dg-vaues tended to decrease slightly, and for HP-B-
CD and physical dispersions Dg-values remained constant with
increasing punch velocity (Table I1). Unexpectedly, small parti-
cles of both molecular dispersions densified more easily in
the pre-compression phase than either HP-3-CDs or physical
dispersions. Both HP-B-CDs had low Dg-values, in line with
values reported earlier (1).
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Tablel. Physical Properties of Freeze-dried (FD) and Spray-dried (SD)

Suihko et al.

Tolbutamide (TBM), Hydroxypropyl-B-cyclodextrin (HP-3-CD), and

Their Physical and Molecular Dispersions. Standard Deviations in Parentheses

Materia density Mean Martin's Specific surface Water content
(g/cmd) diameter (pm) Particle shape factor area (m?/g) (%)
Material FD sSD FD SD FD SD FD SD FD sD
TBM 1.34 (0.01) 1.30 (0.00) 38.3 (28.9) 27.3 (19.3) 0.85 (0.07) 0.85 (0.06) 0.96 (0.17) 0.97 (0.02) 0.2 (0.1) 0.1 (0.0)
HP-B-CD 1.48 (0.00) 1.49 (0.01) 39.3(39.8) 4.2 (2.8) 0.80 (0.09) 0.95 (0.06) 0.59 (0.05) 2.40 (0.01) 7.4 (0.1) 7.3 (0.1)

Physica dispersion  1.452 1452
Molecular dispersion 1.45 (0.00) 1.46 (0.01) 20.8 (23.1)

245 (257) 43 (32)
3.9 (25)

0.83 (0.08) 0.94 (0.05) 0.68 (0.04) 2.01 (0.02) 6.0 (0.0) 5.7 (0.0)
0.81 (0.08) 0.96 (0.05) 0.49 (0.04) 1.47 (0.06) 4.9 (0.1) 4.9 (0.1)

a Calculated values.

Densification arising from die filling and particle
rearrangement was described by the Da-values. The extent of
this phase for the freeze-dried and spray-dried material s showed
the same tendency as Dg-values in the pre-compression (bulk)
stage (Table ). The DA-values of both TBM forms, and freeze-
dried physical and molecular dispersions decreased asthe punch
velocity increased. For other materials, the Da-values were
nearly constant with increasing punch velocity. Freeze-dried
materials, except TBM, had greater D-values than spray-dried
materials. Both HP-B-CDs had the lowest Dj-values, while
TBM the highest. The freeze-dried physical dispersion had
dlightly greater Da-values. To the contrary, the spray-dried
physical dispersion had smaller DA-value than the correspond-
ing molecular dispersions.

Dg-values described the particle rearrangement in the die,
and were obtained as the difference between D, and D,. Spray-
dried materials had low Dg-values, which are characteristic for
plastic materials (19), wheress the freeze-dried materials had
somewhat higher Dg-values (Table I1). Dg of the freeze-dried
materialstended to be slightly decreased, except for the molecu-
lar dispersions, which increased with increasing punch velocity
for the spray-dried materials. Both TBM forms had relatively
high Dg-values. The physica dispersions, HP-B-CDs and
molecular dispersions, in decreasing sequence, had relatively
low Dg-values.

Deformation Properties

The Heckel tablet-in-die plots of the freeze-dried and
spray-dried materials are presented in Fig. 1, which show short

initial curvatures, especialy for the spray-dried materials. This
type of Heckel plotsaretypical for plastically deforming materi-
as (20). Thus, according to the shape of the Heckel tablet-
in-die plots, al the materials had a predominant deformation
propensity towards plastic flow. The tendency of materials
towards total deformation, with both plastic and elastic compo-
nents, was demonstrated by the mean yield pressure values
obtained from the upward portion of the Heckel plot, using the
tablet-in-die method (Table I11). The mean yield pressures of
thefreeze-dried HP-B-CD and its physical dispersionwith TBM
were lower than those of the freeze-dried molecular dispersion
and TBM. Similarly, the spray-dried TBM and physical disper-
sion had lower mean yield pressures than the corresponding
HP-B-CD and molecular dispersion.

Both of the molecular dispersions had slightly lower mois-
ture contents than the corresponding physical dispersions (Table
1). Therefore, we examined the effect of absorbed moisture on
the deformation behavior of HP-B-CD in order to determine if
water possessed a more critical role in deformation of the CDs
than inclusion complex formation. The freeze-dried and spray-
dried HP-B-CDs were vacuum dried at 40°C for 24 h, and
thereafter stabilized for one week at relative humidities of near
0% (silica gel) and 70% (saturated Kl solution). Dry freeze-
dried and spray-dried HP-B-CDs contained 3.1 and 2.9% (w/
w) water, and had high tablet-in-die mean yield pressure values
of 117.6 = 3.3and 105.9 + 3.5 MPa, respectively. Both freeze-
dried and spray-dried HP-B-CDs, stored at 70% relative humid-
ity, contained 12.6% (w/w) water and had low mean yield
pressurevaluesof 58.3 = 4.9 and 50.7 = 4.7 MPa, respectively.

Tablell. Packing Fractions of the Freeze-dried (FD) and Spray-dried (SD) Tolbutamide (TBM), Hydroxypropyl-B-cyclodextrin (HP-3-CD),
and Their Physical and Molecular Dispersions Obtained from the Heckel Tablet-in-die Method

Compression speed (mm/s)

6 60 300
Doa DAb DBC DO DA DB DO DA DB

Material FO sb FD SO FOD SO FD SO FD SO FD SO FD SO FD SD FD SD
TBM 044 052 067 071 023 020 044 050 065 0.68 021 018 041 049 060 069 0.19 0.19
HP-3-CD 037 034 054 040 017 0.06 037 033 053 039 016 006 038 0.34 054 041 0.16 0.08
Physical dispersion  0.37 0.38 0.60 0.44 023 0.06 0.37 037 059 043 022 006 038 0.37 056 045 0.18 0.08
Molecular dispersion 043 047 057 051 013 0.05 041 046 054 050 0.13 005 038 043 053 051 0.15 0.08
@ Dg describes the relative density of the powder bed under 100 N load.
b D, describes the densification arising from the die filling and particle rearrangement.

¢ Dg descrubes the particle rearrangement in the die.
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Freeze-dried

—o— Tolbutamide
—4— HP-beta-CD

—o— Physical
dispersion

—a— Molecular
dispersion

In 1/(1-D)

200
Compression Pressure (MPa)

Spray-dried

4
3.5
3

—o— Tolbutamide
—&— HP-beta-CD

—o— Physical
dispersion

—a— Molecular
dispersion

In 1/(1-D)

200

Compression Pressure (MPa)
Fig. 1. Heckel tablet-in-die plots of freeze-dried (A) and spray-dried
(B) tolbutamide, hydroxypropyl-B-cyclodextrin, and their physical and
molecular dispersions.

The tendency of a materia to deform in a plastic fashion,
i.e., undergo permanent deformation, is shown by the mean
yield pressure obtained from the Heckel gected-tablet plots
(Fig 2). Freeze-dried and spray-dried molecular dispersions
showed a decreased propensity towards plastic flow when com-
pared to ordinary TBMs, HP-B-CDs or physical dispersions
(Table I11). The freeze-dried TBM form Il showed dightly
higher plasticity than the spray-dried form I.

Thereciprocal of the difference between the Heckel tabl et-
in-die and ejected-tablet upward plot slopes can be used as a
parameter to describe the tendency of a material to deform
eastically (20). The results from the present study pointed out
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Fig. 2. Heckel gjected-tablet plots of freeze-dried (A) and spray-dried
(B) tolbutamide, hydroxypropy!-B-cyclodextrin, and their physical and
molecular dispersions.

150

that both of the molecular dispersions were less elastic than
similarly prepared HP-B-CDs or physical dispersions as seen
in the Combined-values in Table I11. TBM polymorphs have
opposite elastic characteristics, where TBM form Il was the
least elastic of the freeze-dried materials, and the spray-dried
TBM form | showed highest elasticity. The freeze-dried HP-
B-CD seemed to be more elastic than the spray-dried material.
These differences overlapped each other in both of the physical
dispersions, where elastic behavior was a mean of the
counterparts.

Typically plastic materials with an elastic component in

Tablelll. Yield Pressure Values (MPa) and Strain Rate Sensitivities (SRS %) Derived from Heckel Plots for Freeze-dried (FD) and Spray-
dried (SD) Tolbutamide (TBM), Hydroxypropyl-B-cyclodextrin (HP-B-CD) and Their Physical and Molecular Dispersions

Tablet-in-die .
Ejected-
6 mm/s 60 mm/s 300 mm/s tablet Combined SRS %
Material FD SD FD SD FD SD FD SD FD SD FD SD
TBM 83(5* 59(3° 83(7)2 57(6)P 69 (2)2 60 (9)° 1568 175 176® 83 <O? 0.5°
HP-3-CD 58 (1) 63 (1) 59 (2) 68 (2) 69 (1) 86 (5) 143 133 101 140 159 261
Physical dispersion 64 (2) 62 (1) 66 (1) 65 (2) 65 (1) 83 (2 161 143 112 117 13 259
Molecular dispersion 76 (1) 93(1) 77 (2 96 (10) 78 (1) 109 (11) 192 196 128 187 26 149

Note: Standard deviation in parentheses and correlation coefficient was always >0.986.

a pPolymorph I1.
b Polymorph I.
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Fig. 3. Orthographic views of the most probable molecular structure of the 1:1 molar tolbutamide-hydroxgpoypiddextrin
inclusion complex.

their deformation behavior have high strain rate sensitivity (1&)at its loss of deformation is due to increased molecular rigidity
In general, the freeze-dried materials had lower SRS valwéghe hydroxypropyl side chains. However, a similar effect is
than the spray-dried (Table Ill). The SRS of the both freezaso seen witB-CD, which suggest this idea that this phenome-
dried and spray-dried TBMs were negligible, as the moleculeon is caused by the inclusion complexation.

dispersions and physical dispersions had intermediate values,

and HP-B-CDs had the highest SRS values. DISCUSSION

The packing fractions and observed mean yield pressure
values indicate that all of the studied powders underwent densi-

In the case of TBM there were two different ways to dodication rather easily and were primarily deformed by plastic
the ligand within HP3-CD, as either the aromatic ring or theélow. However, deformation of the freeze-dried materials was
lipophilic chain had favorable interactions with the hydrophobless time-dependent, indicating partial fragmentation propen-
cavity. MD simulations indicated, that the aromatic ring wasty, which was also seen as relatively highvalues, presum-
more probable as the interacting structure for TBM, with ably resulting from their greater mean particle size and irregular
energy difference between the two possibilities of 20 kJ/m@larticle shape. These particle properties of the amorphous
During the simulations, the aromatic ring of TBM was firmljreeze-dried HR3-CD, physical dispersion (mostly amorphous
located within the CDs cavity. The NH and Sfpoups in the HP-B-CD) and molecular dispersion could explain the lower
chain of TBM formed hydrogen bonds with the hydroxyl groupsbserved mean yield pressure values when compared to the
and hydroxypropyl side chains of HRRCD. A molecular model smaller and more spherical particles of the corresponding amor-
showing the most probable structure of the 1:1 stochiometploous spray-dried materials. Also, Wong and Pilpel had reported
TBM-HP-B-CD inclusion complex is illustrated in Fig. 3. Insimilar behavior with plastically deforming excipients (21).
all MD simulations, the TBM-HEB-HP inclusion complex Both of the amorphous molecular dispersions were less
resulted in a lower molecular deformation than ordinary Hprone to plastic and elastic particle deformation, when compared
B-CD or TBM (Table IV). For HR3-CD, it could be suggestedwith similarly prepared HPB-CDs and physical dispersions,

Molecular Dynamics Simulations
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TablelV. Molecular RMS Deformation in nm for B-cyclodextrin (8-CD), Hydroxypropyl--cyclodextrin (HP-B-CD), Tolbutamide (TBM),
and CD-TBM Inclusion Complexes

Hydroxypropyl- TBM
B-D/ITBM HP-3-CD/TBM chains of included in
B-CD inclusion complex ~ HP-B-CD inclusion complex HP-3-CD TBM HP-B-CD
RMS deformation  0.13 (0.04) 0.11 (0.04) 0.14 (0.02) 0.09 (0.02) 0.12 (0.03) 041 (0.12) 0.10 (0.02)

Note: Standard deviation in parentheses.

although they were not purely fragmenting either. Thisindicates
that the flexibility of TBM and HP-B-CD molecules was dimin-
ished in the molecular dispersions, making the materials more
rigid and less prone to deformation than HP-B-CDs or physical
dispersions. Thisphenomenon can be explained by theinclusion
complexation, which causes rigid molecular arrangements.
However, the primary deformation mechanism of the amor-
phous molecular dispersions seemsto be plastic flow. Similarly,
the amorphous structure of lactoseisknown to facilitate particle
deformation by plastic flow (22).

CDs mainly deform by plastic flow and the yield pressure
values of HP-B-CD obtained in this study are of the same
magnitude reported earlier (1,2). Water plays a critical role in
the deformation of HP-B-CD, which is shown by a great differ-
ence in mean yield pressure values between dry and “moist”
HP-B-CDs. The dry HP-B-CDs probably exist in their glassy
state, i.e., below their glass transition temperature (23). Thus,
the low water content could result in low molecular mobility
and high interparticulate friction, both of which result in high
resistance against particle rearrangement and deformation dur-
ing compression. This is seen as high mean yield pressure
values. In moist HP-B-CDs, absorbed water in the interior of
the CD cavity does not reinforce the molecular structure in the
same way as a guest molecule would, but acts as a plasticizer
together with the adsorbed water. Thus, high water content
could increase molecular mobility and reduce interparticulate
friction under compression, which results in low mean yield
pressure values. In short, moist HP-B-CD is easily compressed.
This behavior isin agreement with that of hydroxypropylmeth-
ylcellulose, where increases in moisture content affects densifi-
cation and deformation properties by enhancing particle
deformation and reducing interparticulate friction (24).

Both freeze-dried and spray-dried TBMs were of different
polymorphic forms. The differences in particle size and poly-
morphism created dissimilaritiesin their resulting densification
and deformation performances. Large particles of the both
freeze-dried and spray-dried TBM had lowest interparticulate
cohesive forces and friction and thus became more dense in
the pre-compression phase. During compression, both TBM
forms primarily deformed by plastic flow. In the case of form
| theseresults arein line with the results of Humbert-Droz et al.
(25). However, the freeze-dried form |1 had some fragmentation
propensity, presumably due to its larger mean particle size and
dlightly flaky particle shape. In general, a decrease in particle
size of partidly fragmenting materials lead to an increased
deformation stress until a plateau value at the brittle-ductile
transition point was achieved (26). Also, particle deformation
behavior that was independent of particle size was typical for
plastically deforming materials.

In this study the less stable freeze-dried TBM form Il was

less proneto overall densification and particle deformation than
the spray-dried stableform |, which al so showed some el asticity.
Initialy, these results seem to be contradictory with earlier
reports, where the | ess stabl e polymorph was reported to deform
moreeasily (27,28). However, the volumereduction mechanism
of freeze-dried TBM form Il could change during compression
from brittle, as seen in the precompression phase, to ductile,
with a greater propensity towards plastic flow when compared
to spray-dried TBM form I. Thelower tendency towards plastic
flow and the higher elasticity of theform | could indicate higher
stability and strength of the intermolecular bond network within
the crystal lattice, when compared to the less stable form I1.
Thus, the thermodynamically more stableform | isalso mechan-
ically more stable to irreversible lattice deformation.

In the inclusion complex, the phenyl ring of TBM is pro-
truding from the wider end of the hydrophobic cavity of HP-
B-CD in most cases, and the structure has a lower energy than
the other inclusion complex studied. Similar observations have
also been made in solid-state NMR studies of TBM and HP-
B-CD (10). The MD simulations indicate that formation of the
inclusion complex decreases the molecular deformability of the
system, when compared to free HP-B-CD. This phenomenon
has been theoretically characterized by MD simulations of a
self-included B-CD derivative (29), and experimentaly by
Munoz-Botella(30). Mufioz-Botellafound that 3-CD nanotubes
deformed moreeasily by atomic force microscopy inthetapping
mode, because of its lower loca rigidity when compared to
retinal-B-CD inclusion complex nanotubes. This change in the
elastic properties was explained as a consequence of retinal-
B-CD inclusion process. Our resultsfrom the compression stud-
ies and the MD simulations affirm that the inclusion complex
formation of guests molecules with CDs reduces the flexibility
of the complex when compared with free CDs or guest-CD
physical dispersions.

CONCLUSIONS

This study examined how physico-technical properties of
materials are affected by different molecular, solid, particulate
and bulk state properties. In the freeze-dried and spray-dried
amorphous molecular dispersions, the flexibility of TBM and
of HP-B-CD molecules was decreased, and these materials
became morerigid and less prone to deformation in the particu-
late and bulk state than HP-B-CDs or physica dispersions.
The TBM polymorphs demonstrated how crystalline structure
affects the deformation properties of materials under compres-
sion. The stable TBM form | had higher resistance against
irreversible particle deformation than the less stable form I1.
Freeze-drying and spray-drying resulted in different particle
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and bulk state properties, which aso affect the deformation
behavior of these materials.

ACKNOWLEDGMENTS

This work was supported by the National Technology

Agency of Finland, The Pharmacal Research Foundation, The
Pharmaceutical Association in Finland, and The Association of
Finnish Pharmacies. Wethank J. C. Callaway, Ph. D. for revising
the manuscript.

REFERENCES

1

10.

11

12.

A. Mufioz-Ruiz and P. Paronen. Time-dependent densification
behavior of cyclodextrins. J. Pharm. Pharmacol. 48:790—-797
(1996).

G. S. Pande and R. F. Shangraw. Characterization of B-cyclodex-
trin for direct compression tableting. Int. J. Pharm. 101:71-80
(1994).

G. S. Pande and R. F. Shangraw. Characterization of B-cyclodex-
trin for direct compression tableting: 1. The role of moisture in
the compactibility of B-cyclodextrin. Int. J. Pharm. 124:23—
239 (1995).

T. Tsal, J-S. Wu, H.-O. Ho, and M. T. Sheu. Modification of
physical characteristics of microcrystalline cellulose by codrying
with B-cyclodextrin. J. Pharm. Sci. 87:117-122 (1998).

Lj. Tasic, K. Pintye-Hodi, and P. Sabo-Revesz. Evaluation of
compression behavior of paracetamol tablets produced with B-
cyclodextrin dispersions. Part |l. Energy distribution study of
tablets. Drug Dev. Ind. Pharm. 23:1153-1158 (1997).

K. B. Lipkowitz. Applications of computational chemistry to the
study of cyclodextrins. Chem. Rev. 98:1829-1873 (1998).

J. E. H. Koehler, W. Saenger, and W. F. van Gunsteren. Conforma-
tional differences between a-cyclodextrin in aqueous solution and
in crystalline form. A molecular dynamics study. J. Mol. Biol.
203:241-250 (1988).

E. Suihko, O. Korhonen, T. Jarvinen, A. Poso, J. Ketolainen, E.
Laine, and P. Paronen. Preparation and characterization of asolid
tolbutamide: Hydroxypropyl-B-cyclodextrin inclusion complex.
AAPS Pharm. Sci. 1(Suppl):3731 (1999).

E. Suihko, O. Korhonen, T. Jarvinen, J. Ketolainen, E. Laine, and
P. Paronen. Evaluation of the physical properties of atolbutamide/
hydroxypropyl-B-cyclodextrin inclusion complex. In M. H.
Rubinstein (ed.), Proceedings in the 16th Pharmaceutical Tech-
nology Conference, Athens, Greece, 1997, vol. 2, pp. 286—294.
K. Kimura, F. Hirayama, H. Arima, and K. Uekama. Solid-state
13C nuclear magnetic resonance spectroscopic study on amor-
phous solid complexes of tolbutamide with 2-hydroxypropyl-a-
and-B-cyclodextrins. Pharm. Res. 16:1729—-1734 (1999).

K. Kimura, F. Hirayama, and K. Uekama Characterization of
tolbutamide polymorphs (Burger’sforms |1 and 1V) and polymor-
phic transition behavior. J. Pharm. Sci. 88:385-391 (1999).

H. Rumpf. The characteristics of system and their changes of

13.
14.
15.

16.

17.

18.

19.
20.

21.

22,

23.

24,

25,

26.

27.

28.

29.

30.

Suihko et al.

state. In B. Scarlett (ed.), Particle Technology, Chapman and Hall,
London, UK, 1990, pp. 14-15.

R. W. Heckel. Density pressure relationship in powder compac-
tion. Trans. Metall. Soc. AIME. 221:671-675 (1961a).

R. W. Heckel. An analysis of powder compaction phenomena.
Trans. Metall. Soc. AIME. 221:1001-1008 (1961b).

P. Paronen and M. J. Juslin. Compressional characteristics of four
starches. J. Pharm. Pharmacol. 35:627—635 (1983).

R. J. Roberts and R. C. Rowe. The effect of punch velocity on
the compaction of a variety of materials. J. Pharm. Pharmacol.
37:377-384 (1985).

K. A. Nirmala and D. S. Sake Gowda. Structure determination
of tolbutamide. Acta Crystallogr., Sect. B 37:1597—-1599 (1981).
P. Charpin, I. Nicoalis, F. Villain, C. de Rango, and A. W. Coleman.
B-Cyclodextrin-potassium hydroxide-water (1/1/8). Acta Crys-
tallogr., Sect. C (Cr. Sr. Comm.) 47:1829-1832 (1991).

E. Doelker. Recent advances in tableting science. Boll. Chim.
Pharm. 127:37-49 (1988).

P. Paronen. Heckel plots as indicators of elastic properties. In
M. Rubinstein (ed.), Tablet technology, vol. 1. Ellis Horwood,
England, 1987, pp. 139-144.

L. W. Wong and N. Pilpel. The effect of particle shape on the
mechanical properties of powders. Int. J. Pharm. 59:145-154
(1990).

H. Vromans, G. K. Bolhuis, C. F. Lerk, K. D. Kussendrager,
and H. Bosch. Studies on tableting properties of lactose. VI.
Consolidation and compaction of spray dried amorphous lactose.
Acta Pharm. Suec. 23:231-240 (1986).

S. P. Duddu and K. Weller. Importance of glasstransition tempera-
ture in accelerated stability testing of amorphous solids: Case
study using a lyophilized aspirin formulation. J. Pharm. Sci.
85:345-347 (1996).

A. Nokhodchi, J. L. Ford, P. H. Rowe, and M. H. Rubinstein.
The effect of moisture on the Heckel and energy analysis of
hydroxypropylmethylcellulose 2208 (HPMC K4M). J. Pharm.
Pharmacol. 48:1122—-1127 (1996).

Humbert-Droz, R. Gurny, D. Mordier, and E. Doelker. Densifica-
tion behaviour of drugs presenting availability problems. Int. J
Pharm. Technol. Prod. Manuf. 4:29-35 (1983).

R. J. Roberts and R. C. Rowe. Mechanical properties. In G.
Alderborn and C. Nystrd (eds.), Pharmaceutical powder compac-
tion technology, Marcel Dekker Inc., New York, NY, 1996, pp.
283-322.

Ragnarsson and J. Sjogren. Compressibility and tablet properties
of two polymorphs of metoprolol tartrate. Acta Pharm. Suec.
21:321-329 (1984).

Kopp-Kubel, C. Beyer, E. Graf, F. Kubel, and E. Doelker. Einfluss
der Polymorphie von Phenobarbital auf Tabletteneigenschaffen.
Eur. J. Pharm. Biopharm. 38:17—25 (1992).

P. Berthault, D. Dushesne, H. Desvaux, and B. Gilquin. A self-
included cyclomaltoheptaose derivative studied by NMR spec-
troscopy and molecular modelling. Carbohydr. Res. 278:267—
287 (1995).

Mufioz-Botella, M. A. Martin, B. ddl Castillo, and L. Vasguez.
Differentiating inclusion complexes from host molecules by tap-
ping-mode atomic force microscopy. Biophys. J. 71:86—90 (1996).



