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Interactions of naproxen (NAP) with amorphous, ran-
domly methylated f-cyclodextrin at a degree of sub-
stitution per anhydroglucose unit of 1.8 (RAMEB) and
with crystalline heptakis-(2,6-di-O-methyl)-3-cyclo-
dextrin (DIMEB) were studied in aqueous solution
and in the solid state using, respectively, phase-solu-
bility analysis (at 25 °C, 37 °C and 47 °C) and differen-
tial scanning calorimetry (DSC) supported by X-ray
powder diffractometry. RAMEB and DIMEB dis-
played similar solubilizing and complexing abilities
towards NAP, suggesting analogous inclusion modes
of the drug in the host cavity in aqueous solution. Dif-
ferences were instead observed in interactions in the
solid state, where the amorphizing capacity of
RAMEB toward NAP (evaluated by DSC) was about
twice that of DIMEB at each drug-to-carrier ratio.
Assuming that inclusion complexation is also
involved in solid-state interactions, molecular model-
ling accounted for the experimental results in terms of
structural features of DIMEB, i.e. the particular
inwards orientation of O-6-C-8 groups of three alter-
nate glucoses on the primary hydroxyl side which
hampers a deep penetration of NAP in the DIMEB
cavity in the solid state. On the contrary, no obstruc-
tion of the cavity apparently occurs with RAMEB due
its noncrystalline state. The aqueous dissolution rate
of NAP from NAP-RAMEB and NAP-DIMEB blends
containing 0.59, 0.73, 0.85, and 0.92 mass fraction of
carrier linearly increased at decreasing drug-to-carrier
ratios. The improvement was 5 to 20 times (from pow-
ders) and 50 to 200 times (from discs) the dissolution
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rate of NAP alone for both carrier. Therefore the
choice of the amorphous RAMEB in pharmaceutical
formulations can be recommended mainly for eco-
nomic reasons, though the anhydrous and non-hygro-
scopic nature of crystalline DIMEB might be of
particular advantage in case of moisture sensitive for-
mulations.

Keywords: naproxen, amorphous methyl-p-cyclodextrin,
heptakis-(2,6-di-O-methyl)-B-cyclodextrin, molecular model-
ling, differential scanning calorimetry, X-ray powder diffrac-
tometry, dissolution rate

INTRODUCTION

Inclusion complexation with cyclodextrins has
been extensively applied to improve the biop-
harmaceutical and technological properties of a
number of drugs (Duchéne, 1987; Fromming,
1994). Previous studies showed that the aqueous
dissolution rate of naproxen ((S)-(+)-6-meth-
oxy-a-methyl-2-naphthaleneacetic acid, NAP), a
very poorly water soluble (= 27 mg-L ! at 25 °C)
non-steroidal antiinflammatory drug, can be
enhanced by complexation with both native
(Bettinetti et al., 1989) and, even more, with
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chemically modified cyclodextrins (Bettinetti et
al., 1992 and 1998; Mura et al., 1995; Melani et al.,
1995). Of all the examined carriers, randomly
methylated amorphous B-cyclodextrin with a
substitution degree per anhydroglucose unit
(DS) of 1.8 (RAMEB) and crystalline hep-
takis-(2,6-di-O-methyl)-B-cyclodextrin (DIMEB)
were the most efficient partners for NAP (Betti-
netti et al.,, 1992 and 1998). Different perform-
ances of these noncrystalline and crystalline
methyl B-cyclodextrin derivatives in improving
the pharmaceutical properties of several drugs
have been reported (Ou et al., 1994; Szeman et
al., 1988; Szeman, 1988; Miiller et al., 1988). It
seemed, therefore, worthy of interest to more
deeply investigate the interactions of NAP with
RAMEB and DIMEB in aqueous solution and in
the solid state, using, respectively, phase-solubil-
ity analysis at various temperatures and differ-
ential scanning calorimetry (DSC) supported by
X-ray powder diffractometry (XRD). Compu-
ter-aided molecular modelling was also carried
out to complement the experimental results and
possibly to shed light on the interaction mecha-
nism responsible for the solubilizing and amor-
phizing properties of the carriers. Dissolution
rates of NAP from NAP-RAMEB and
NAP-DIMEB combinations as both powders and
compressed discs at various drug-to-carrier
ratios were determined according to the dis-
persed amount and rotating disc methods. The
purpose was to find out possible implications of
the solid state (i.e., crystalline or amorphous) of
methylated B-cyclodextrins on their functional-
ity as aqueous dissolution rate-enhancing agents
for NAP in terms of dissolution efficiency and
intrinsic dissolution rate constants.

RESULTS AND DISCUSSION

Host-Guest Interactions in Aqueous Solution

Comparative studies on the solubilizing proper-
ties of various B-cyclodextrin derivatives for

¢(NAP), mmol

\d T v - ]

15 20 25

0 5 10
¢(Cd), mmol

FIGURE 1 Phase-solubility diagrams of naproxen {(NAP)
with randomly methylated B-cyclodextrin DS 1.8 (RAMEB)
(closed symbols) and heptakis-(2,6-di-O-methyl)-B-cyclodex-
trin (DIMEB) (open symbols) in aqueous solution at 25°C
(®,0), 37°C (O,M) and 45°C (A, A)

poorly water soluble drugs showed that the per-
formance of both DIMEB and RAMEB (Ou et al.,
1994; Szeman et al., 1988; Miiller et al., 1988) is
much higher than that of the parent -cyclodex-
trin. Phase-solubility analysis showed that NAP
aqueous solubility linearly increased as a func-
tion of carrier concentration, giving similar
A -type curves (Higuchi and Connors, 1965) for
both carriers (Figure 1). The analogous complex-
ing power and solubilizing efficacy of DIMEB
and RAMEB for NAP (Table I} was also dis-
played for ibuprofen (Ou et al,, 1994) and keto-
profen {Szeman et al., 1988), in accordance with
the similar complexation mechanism and inclu-
sion mode of these drugs postulated previously
(Mura et al.,, 1998). Thermodynamic parameters
obtained from the temperature dependency of
the stability constants of NAP-DIMEB and
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NAP-RAMEB complexes indicate similar bond-
ing modes of NAP within the cyclodextrin cav-
ity, suggesting that both dipolar or induced
dipolar and Van der Waals interactions between
host and guest molecules are involved (Table I).
A significant contribution of hydrophobic bond-
ing, involving the removal of ordered water mol-
ecules surrounding the apolar guest molecule
inside the cavity, can also be assumed by the
positive entropy changes (Cromwell et al., 1985).

Host-Guest Interactions in Solid State

DSC Analysis

The results of DSC analysis concerning the effect
of mechanical grinding on crystallinity changes
of NAP in combinations with RAMEB and
DIMEB are shown in Figure 2. A sharp endother-
mal effect (Tpeqx = 156.740.3°C, fusion enthalpy
14046 J-g7!) indicated the crystalline anhydrous
state of NAP, while the broad endotherms asso-
ciated with water loss over the 70-130 °C tem-
perature range were characteristic of the carriers.
The fusion endotherm of NAP broadened and
the peak temperature shifted to lower values
(down to 130 °C) in blends with RAMEB and
DIMEB, as a consequence of interactions
between the components in the respective binary
system (Kim et al., 1985). The corresponding
decrease in drug fusion enthalpy, which can be
directly related to the increase in NAP amor-
phicity, was clearly more marked in blends with
RAMEB than those with DIMEB of the same
composition. Actually, at each carrier content,
RAMEB was about twice more effective than
DIMEB in this respect. The amorphizing effect
became more pronounced in ground mixtures,
probably as a consequence of a more intimate
physical contact between the components
brought about by the mechanical treatment (Bet-
tinetti et al., 1996). The extent of drug amor-
phization increased with the progress of
grinding time, and at prefixed grinding times
was higher for the combinations at lower

drug-to-carrier ratios. It should be noted that in
mixtures of NAP with linear maltooligomers, the
equimolar ratio was the optimal composition for
the strongest amorphizing capacity of the carrier
(Bettinetti et al., 1996; Sorrenti et al., 1998). The
higher amorphizing capacity of RAMEB (appar-
ent total loss of NAP crystallinity in the mixtures
at 0.50 and 0.67 mole fraction of carrier, respec-
tively, ground for 20 min and 10 min,) than
DIMEB (50% loss of NAP crystallinity under the
same experimental conditions) was evident.

Structure and Molecular Modelling

Crystalline DIMEB is reported as adopting a
round shape, with the cyclodextrin cavity closed
at one end by the O-6-C-8 groups of three alter-
nate glucoses (2, 4 and 6) that are oriented
towards the molecular axis and stabilized by
Van der Waals contacts (Steiner and Saenger,
1995). Moreover, in the crystal packing, the
remaining volume of the bowl-shaped cavity is
further reduced, being occupied by part of the
C-6-0-6-C-8 rim of a neighboring molecule
(self-inclusion). This steric hindrance, which
hampers solid-state inclusion of a guest mole-
cule which still fits the DIMEB cavity, does not
occur in RAMEB where the crystal structure is
lacking, so that the cavity of the amorphous car-
rier is more easily accessible to guest molecules.
Molecular modelling confirmed the easier acco-
modation of NAP within the amorphous carrier
cavity in terms of Van der Waals interaction
energy values at 0 K, which were -26.8+1.4
kecal-mol ! (average of fifteen different substitu-
tion patterns with all primary OH groups meth-
ylated and six of the fourteen secondary OH
groups per glucose unit randomly methylated)
for the NAP-RAMEB complex and -21.2
kcal'mol™! for the NAP-DIMEB complex. Com-
puter-generated structures of the complexes
clearly show that a deeper penetration of NAP
into the RAMEB than the DIMEB cavity can be
reached, leading to formation of a more stable
inclusion complex with the amorphous partner
(Figure 3). The results accounted for a direct
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FIGURE 2 DSC curves of naproxen (NAP), randomly methylated B-cyclodextrin DS 1.8 (RAMEB), hep-
takis-(2,6-di-O-methyl)-B-cyclodextrin (DIMEB) and NAP-carrier combinations at 0.20 (a), 0.33 (b), 0.50 (c), and 0.67 (d) mole
fraction of carrier (grinding time (min} and NAP crystallinity (% NAP mass fraction) on the curves)

implication of inclusion complexation in the
solid state interactions of NAP with RAMEB and
DIMEB.

XRD Analysis

XRD patterns showed that the diffraction charac-
teristics of the individual components were
maintained in drug-carrier blends, where NAP
crystallinity appeared almost unchanged
(Figure 4). An appreciable loss of NAP crystal-
linity was instead observed in ground mixtures,
probably as a consequence of loosening of crys-
tal forces of NAP which is finely dispersed
within RAMEB or DIMEB. The phenomenon
became more evident at increasing carrier con-
tents, and was clearly more marked for
NAP-RAMEB combinations. The total loss of

drug crystallinity in the NAP-RAMEB mixture
of equimolar composition ground for 20 min
which resulted from DSC analysis (see Figure 2),
however, was not evident in the XRD pattern
where characteristic peaks of NAP crystals still
appeared. Thermal energy supplied during a
DSC scan was probably responsible for complete
amorphization of NAP, which was brought to a
highly dispersed (but not totally amorphous)
state by grinding. Complete disappearance of
NAP diffraction peaks in the XRD pattern of the
ground equimolar mixture previously heated at
130°C for 10 min (Figure 4c¢") accounted for the
supposed physical state of NAP, prone to be
brought into an amorphous state by supply of
thermal energy.
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TABLE I Solubilizing efficiency (S.E), apparent stability constants, and derived thermodynamic parameters for the interaction
of naproxen (NAP) with randomly methylated B-cyclodextrin DS 1.8 (RAMEB) and heptakis(2,6-di-O-methyl)-3-cyclodextrin

(DIMEB)
Apparent stability constant, Ky.1 (L mol™) AG®y50¢ AH® AS®;500
Cyclodextrin S.E* 7
25°C 37°C 45°C k] mol™! k] mol” Jmol 1 K71
DIMEB 89 6200 5370 5180 -21.9 -7.3 48.1
RAMEB 94 6778 5720 5550 -21.6 9.4 41.8

a.  At25°C in the presence of 0.025 mol L™'Cd.

Dissolution Rate Experiments

Dispersed amount experiments (Figure 5)
revealed that the aqueous dissolution rate of
NAP from blends of the same composition was
improved substantially to the same extent (not
statistically significant differences at P>0.1) by
RAMEB and DIMEB. The enhanced dissolution
rate can be mainly attributed to an increase in
solubility and wettability of the drug. The disso-
lution efficiency (Khan, 1975) was linearly
related to the carrier content in the blend and
tended to increase in ground combinations, as
shown for those at 0.33 carrier mole fraction. The
effect could be explained by both the greater sur-
face areas of contact between drug and carrier
and the decrease in drug crystallinity. Analo-
gous results were obtained from rotating disc
experiments (Figure 6), where for both carriers a
paralle]l increase in NAP dissolution rate was
observed at decreasing drug-to-carrier ratios.
Intrinsic dissolution rate constants, kip, calcu-
lated from the slope of the dissolution profiles,
showed that DIMEB was a slightly more effec-
tive enhancer than RAMEB for NAP. A statisti-
cally significant difference (P =0.05) was
however found only between discs containing
excess of drug with respect to the equimolar
composition.

CONCLUSION

Solid-state interactions of NAP with RAMEB
and DIMEB resulting in drug amorphization

mediated by a highly dispersed physical state of
the drug can be related to an inclusion process,
which is more favoured for the amorphous than
the crystalline carrier. Significant improvements
of NAP aqueous dissolution rate (5 to 20 times
for powders, 50 to 200 times for discs) can be
obtained using blends of the drug with RAMEB
or DIMEB at 0.59-0.92 mass fraction of carrier.
Such combinations are even more effective than
equimolar colyophilized products of NAP with
native f-cyclodextrin (Bettinetti et al., 1989). The
performance of RAMEB and DIMEB in improv-
ing the aqueous NAP dissolution properties
being similar, the choice of the amorphous car-
rier in pharmaceutical formulations can be rec-
ommended mainly for economic reasons. The
anhydrous and non-hygroscopic nature of crys-
talline DIMEB, however, might be of particular
advantage in case of moisture sensitive formula-
tions (Szeman et al., 1988).

MATERIALS AND METHODS

Materials

NAP from Sigma (St. Louis, MO, USA) was
recrystallized twice from 95% ethanol and
DIMEB from Cyclolab (Budapest, HU) was used
as received. RAMEB (water content 3.2+0.2% as
mass fraction) was kindly donated by Wacker
Chemie GmbH (Miinchen 70, FRG). Blends of
NAP (75-250 pum sieve granulometric fraction)
with RAMEB or DIMEB at 0.20, 0.33, 0.50, and
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RAMEB

DIMEB

FIGURE 3 Computer-generated inclusion complexes between naproxen (NAP) and methylated B-cyclodextrin at 0 K. Top: NAP
inclusion in a model molecule (all primary OH groups and six of the fourteen secondary OH groups per glucose unit methyl-
ated) of randomly methylated B-cyclodextrin DS 1.8 (RAMEB); front view (left), side view (right). Bottom: NAP-hep-
takis-(2,6-di-O-methyl)-B-cyclodextrin (DIMEB) complex; front view (left), side view (right)

0.67 mole fraction (i.e. 0.59, 0.73, 0.85, and 0.92 bula mixing for 15 min. Ground mixtures were
mass fraction) of carrier were prepared by tur-  prepared by manual grinding of the blends in an
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FIGURE 4 Powder X-ray diffraction patterns of naproxen (NAP), randomly methylated B-cyclodextrin DS 1.8 (RAMEB), hep-
takis-(2,6-di-O-methyl)-B-cyclodextrin (DIMEB) and NAP-carrier blends and mixtures ground for 20 min at 0.20 (a), 0.33 (b) and
0.50 (c) mole fraction of carrier. Pattern c' refers to the ground mixture kept at 130°C for 10 min

agate mortar with a pestle for prefixed times (10,
20, 30 and 40 min). )

Phase-solubility Analysis

Solubility measurements of NAP were carried
out by adding 30 mg of drug to 30 mL of water
or aqueous solution of DIMEB or RAMEB in the
5 to 25 mmol-L™! concentration range in sealed
glass containers equilibrated upon electromag-
netical stirring at constant temperature (25+0.5
°C, 37+0.5 °C, 4510.5 °C) for 3 d. Aliquots were
withdrawn, filtered (pore size 0.45 um) and spec-
trophotometrically analyzed for drug concentra-
tion (Perkin Elmer Spectrophotometer Mod.
5525) with a second derivative spectroscopic
method as described elsewhere (Bettinetti et al.,

1989). Each experiment was performed in tripli-
cate (coefficient of variation CV < 5%). The
apparent 1:1 binding constants (K;.;) of the
NAP-DIMEB and NAP-RAMEB complexes were
calculated from the slope of the straight lines of
the phase-solubility diagrams and the aqueous
solubility of NAP (Higuchi and Connors, 1965).

Dissolution Studies

Dispersed amount experiments were performed
at 3740.5 °C by adding 60 mg of NAP or NAP
equivalent to 75 mL of unbuffered water (pH =
6) in a 100 mL beaker, where a glass three-blade
propeller was centrally immersed and rotated at
100 rpm. In rotating disc method, samples of
300 mg were compressed (disc area 1.33 cm?)
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FIGURE 5 Dispersed amount experiments on naproxen (NAP) (B) and its blends with (A) randomly methylated B-cyclodextrin
DS 1.8 (RAMEB), (B) heptakis-(2,6-di-O-methyl)-B-cyclodextrin (DIMEB) at 0.20 ([3), 0.33 (), 0.50 (<), 0.60 (A) and 0.67 (A) mole
fraction of carrier. Top: dissolution curves. Bottom: NAP dissolution efficiency DEgq (area under the dissolution curve at t = 60
min (measured using the trapezoidal rule) expressed as ¢ of the area of the rectangle described by 100% dissolution in the same

time). The effect of grinding for 10 (/////) and 30 (----) min on DEg, of NAP from the mixtures at 0.33 carrier mole fraction is
shown
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FIGURE 6 Dissolution rate (rotating disc method) of naproxen (NAP) (M) and its blends with (A) randomly methylated B-cyclo-
dextrin DS 1.8 (RAMEB), (B) heptakis-(2,6-di-O-methyl)--cyclodextrin (DIMEB) at 0.20 ({1), 0.33 (), 0.50 (<), 0.60 (A) and 0.67
(A) mole fraction of carrier (intrinsic dissolution rate constants (kyp, mg cm™ min! with standard deviations in parentheses) on
the curves)

and the tablets were inserted into a stainless steel  dissolution medium; the holder was centrally
holder, so that only one face was exposed to the  immersed in a 200 mL beaker containing 150 mL
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of unbuffered water at 37+0.5 °C and rotated at
100 rpm. In both methods, at appropriate time
intervals suitable aliquots were withdrawn with
a filter-syringe (pore size 0.45 um) and spectro-
photometrically assayed for drug content as in
Phase-solubility Analysis. A correction was cal-
culated for the cumulative dilution caused by
replacement of the sample with equal volume of
original medium. Each test was repeated 4 times
(coetficient of variation CV < 1.5% for dispersed
amount experiments and CV < 8% for rotating
disc experiments).

Differential Scanning Calorimetry (DSC)

Temperature and enthalpy values were meas-
ured with a METTLER STAR® system equipped
with a DSC821° Module on 3-5 mg samples in
open Al pans, at the heating rate of 10 K-min ™! in
the 30-180°C temperature range under static air
atmosphere. The relative degree of crystallinity
of NAP in physical and ground mixtures,
expressed as percent of the NAP mass fraction in
the starting sample, was estimated by the ratio
between the heat of fusion of NAP calculated in
the sample and that of pure NAP (Kim et al,
1985).

X-ray Powder Diffractometry (XRD)

XRD patterns were taken with a computer-con-
trolled Philips PW 1800/10 apparatus equipped
with specific PC-APD software. Wavelengths:
CuK, ;= 1.54060 A, CuK,,= 1.54439 A. Scan
range: 2-50 °20. Scan speed: 0.02 °20-s ™.

Molecular Modelling

Analysis and modelling of the NAP-DIMEB and
NAP-RAMEB complexes were carried out using
the INSIGHT II 95.0 program (Biosym/MSI).
NAP molecule was made as described previ-
ously (Mura et al, 1995) through the proper
Builder Module of the INSIGHT II programme.

The molecular structure of B-cyclodextrin was
obtained from crystallographic parameters pro-
vided by the Cambridge Structural Data Base
System (Cambridge crystallographic data Cen-
tre; Lindner and Saenger, 1982). DIMEB mole-
cule was built-up on the basis of crystal structure
data (Steiner and Saenger, 1995), by applying
suitable constrains to the carbon atoms to stabi-
lize the intramolecular O-3-H---O-2 hydrogen
bonds between neighboring glucose units, and
to comply with the inward orientation of
0-6-C-8 groups of 2, 4 and 6 glucoses. RAMEB
molecule was built-up by randomly adding to
the base B-cyclodextrin molecule 13 methyl
groups according to the average substition
degree DS (1.8 per anhydroglucose unit, i.e. 12.6
methyl groups per macrocycle). Several patterns
of substituent distribution were examined by
varying the relative position of methyl groups
on glucoses according to the preferential distri-
bution found for statistically partially methyl-
ated B-cyclodextrin (Yamamoto et al., 1988).
NAP was fitted into the cavity of methylated
B-cyclodextrin in an axial orientation, with the
carboxyl group directed towards the widest rim
of the cavity (Bettinetti et al., 1991). Each struc-
ture was subjected to a simulated annealing
process, from 900 to 0 K, performing iterations
up to a minimum constant value of conforma-
tional energy.
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