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Purpose. To study the effect of mechanical grinding on crystallinity
changes of naproxen (NAP) in mixtures with a-cyclodextrin (aCd),
amorphous aCd, and maltohexaose (M6); and the possible formation of
a pseudo-inclusion complex between NAP and M6 in aqueous solution.
Methods. NAP-additive physical mixtures at 0.30, 0.18, and 0.10 mass
fraction of drug were tested, after increasing grinding times, by differen-
tial scanning calorimetry (DSC) and X-ray powder diffractometry
(XRD). Interaction in aqueous solution was examined by phase-solubil-
ity and fluorescence analyses supported by molecular modelling.
Results. In the mixtures with each additive the fusion enthalpy per
unit mass of NAP decreased and the half width at half maximum of
selected X-ray diffraction peaks of NAP increased with the progress
of grinding time following the loss of crystallinity of the samples. The
mechanical treatment apparently did not affect the chemical integrity
of the drug. Particularly active in the equimolar mixture was the best
amorphizing agent, M6. Solution studies and molecular modelling
confirmed M6 may have the feature of a supermolecule for NAP, which
forms a 1:1 pseudo-inclusion complex that was as stable as the true
inclusion complex with aCd.

Conclusions. The intrinsically amorphous linear analog of ®Cd might
be a potential amorphism-inducing agent and solubilizer for scarcely
water soluble drugs.

KEY WORDS: naproxen; a-cyclodextrin; maltohexaose; thermal
analysis; powder X-ray diffraction; molecular modelling.

INTRODUCTION

Conversion of poorly water soluble crystalline drugs into
the amorphous state is a possible approach for improving the
biopharmaceutical properties of solid oral dosage forms (1).
Drug amorphization can be obtained by producing a molecular
dispersion by grinding the drug with pharmaceutical additives
(cellulose, chitin or chitosan, cyclodextrins, polyvinylpirroli-
done, etc.) to an extent which generally depends on the relative
amount of the additive and grinding time. Naproxen (NAP), a
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scarcely water soluble (about 27 mg L™! at 25 °C) non-steroidal
antiinflammatory drug, which is not easily transformable into
the amorphous state by frecze-drying or spray-drying, can be
brought to a noncrystalline state in solid combination with
intrinsically amorphous additives such as randomly substituted
methyl, hydroxypropyl, and hydroxyethyl derivatives of B-
cyclodextrin (BCd) (2-5). Previous studies with BCd showed
the physical state of the additive, crystalline, or amorphous,
did not significantly influence the decrease in NAP crystallinity,
which was relatively more pronounced by cogrinding with the
intrinsically amorphous noncyclic analog of BCd, maltohep-
taose (6). [n this paper our investigations have been extended
to both crystalline and amorphous a-cyclodextrin (aCd) and to
maltohexaose (M6), the intrinsically amorphous linear oligomer
composed of six glucose units linked by a-1,4 bonds (i.c. the
noncyclic analog of aCd). Differential scanning calorimetry
(DSC) supported by X-ray powder diffractometry (XRD) was
used to follow the decrease in crystallinity of NAP in solid
combinations with each additive with the progress of grinding
time. The NAP-aCd and NAP-M6 systems were also investi-
gated in aqueous solution by means of fluorescence spectros-
copy and phase-solubility analysis supported by the molecular
graphics approach. The results in terms of the extent of both
amorphization and solubilization of NAP are discussed to shed
light on a possible role of the cyclic structure of the additive
in its interactions with the drug.

MATERIALS AND METHODS

Materials

Naproxen (NAP) purchased from Sigma Chemical Com-
pany (St. Louis, Missouri, USA) was recrystallized from etha-
nol. Wacker Chemie GmbH (Miinchen 70, FRG) kindly
provided a-cyclodextrin (aCd, water content 7.2 * 0.2% as
mass fraction). Maltohexaose (M6) was kindly provided by
Nihon Shokuhin Kako Company Ltd. (Tokyo, Japan).

Preparation of Amorphous aCd

Amorphous aCd (water content 5.1 = 0.4% as mass frac-
tion) was obtained from aCd by thorough grinding (2 h for 10
g sample) in a laboratory mortar grinder (Retsch, Mod. RM 0)
equipped with a mortar and pestle of sintered aluminum (7).

Preparation of Drug-Additive Mixtures

Physical mixtures of NAP (75-250 pwm sieve granulome-
tric fraction) with aCd, amorphous aCd, and M6 at 0.30, 0.18,
and 0.10 NAP mass fraction of were prepared by simple
homogenization of the powders by turbula mixing for 10 min.
The total weight of each specimen varied from 50 to 130 mg.
The homogeneity of blending was checked by DSC measure-
ments (see below) of three samples for each preparation. The
physical mixtures were manually ground using an agate mortar
with a pestle and the effect of mechanical treatment on drug
crystallinity was evaluated by DSC and XRD after grinding
times of 0, 10, 20, and 30 min. Grinding was also performed
on crystals of pure NAP for control purposes. The chemical
stability of NAP in the ground samples was checked by thin
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layer chromatography (TLC) on TLC aluminium sheets coated
with silica 60 (F»ss Merck) which were developed in a mobile
phase of acetic acid:tetrathydrofuran:ioluenc  1:3:30  (by
volume).

Thermal Analysis

Temperature and enthalpy values were measured with a
METTLER STAR® system cquipped with a DSC821° Module
and a Mettler TA 4000 apparatus equipped with a DSC 25 cell
using open aluminium pans at a heating rate of 10 K min™'
under static air atmosphere, respectively on 3-5 mg or 6-10
mg samples and in the 30-300°C or 30-180°C temperature
ranges. The relative degree of crystallinity of NAP in ground
samples at a prescribed grinding time (1, min) as percent of the
NAP mass fraction in the starting sample, NAPgrpco i, was
estimated by Eq. (1):

AH,,
—0 o0 (1)

NAPgpeaa = AH
st

where AH ., and AH,, are the heats of fusion of NAP calculated
in the ground samples after t min of mechanical treaiment
and in the starting physical mixture (or pure NAP sample),
respectively (8). Heat of fusion measurements were carried out
in duplicate and the relative deviation standard of crystallinity
data was =6%.

X-Ray Diffraction Measurements

XRD patierns were taken with a computer-controtied Phil-
ips PW 1800/10 apparatus cquipped with a specific PC-APD
software. Wavelengths: CuK,, | = 1.54060 /o\:CuK(,_g = 1.54439
A; scan range: 2—50°26; scan speed: 0.02°20 s '; monochroma-
tor: graphite crystal. The relative degree of crystallinity of NAP
in mixtures ground for 30 min as percent of the NAP mass
fraction in the starting physical mixture, NAPgpco 30, Was esti-
mated by Eq. (2):

HWHM,,

NAPgoc oy = o
RDCY (3h HWHMK,‘N,

x100 (2)

where HWHM,, and HWHM,, 5, are the hall width at half
maximum values of a selected diffraction peak of NAP in the
starting physical mixturc and in the corresponding mixture
ground for 30 min, respectively. The strongest diffractions pcaks
at 19.0°20 (011 reflection) and 6.7°26 (100 reflection) of NAP
(reference pattern No. 40-1555 (1994) of ICDD (International
Centre for Diffraction Data)) were chosen. HWHM measure-
ments were carricd out in duplicate and crystallinity data (rela-
tive standard deviation *5%) are collected in Table 1.

Solubility Studies

Solubility measurements of NAP were carried out in dupli-
cate by adding 50 mg of drug to 30 mL of water or agqucous
solution of cither aCd or M6 in the 5.0 to 20.0 mmol L '
concentration range o a scaled glass container which was clec-
tromagnetically stirred at a constant temperature (25 * 0.5°C)
until equilibrium was achicved (72 h). An aliquot was with-
drawn and the NAP concentration was determined as described
previously (3,9). The apparent binding constant of the NAP-
M6 complex was calculated from the slope and inicreept of
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the straight linc of the phase-solubility diagram, in terms of
Eq. (3) (10).
slope

Koy = 3
D intercept(1 —slope) (3)

Fluorescence Spectra

Mecasurements were carried out using a Perkin Elmer Mod.
650-10 S spectrofluorimeter. The fluorescence intensities of the
0.03 mM NAP agucous solution in the presence of aCd or M6
in the 2.0-5.0 mmol L ' concentration ranges were measured
at 25 * 0.5°C, at excitation and emisston maxima of 330 and
358 nm, respectively. The apparent binding constants of the
NAP-M6 and NAP-aCd complexes were calculated by Eq. (4)
boe Koty

Ky + ——— 4
Puly fn

1—- (f()/“m) _
C

where €, and €, are the molar absorptivitics of the drug and
the complex at the wavelength of excitation; &, and ¢, are the
quantum yiclds of the drug and the complex; f;, and f,, are the
intensities of fluorescence of NAP in the absence and in the
presence of M6 at concentration C (11).

Molecular Modelling

M6 is a hincar oligomer composed of six glucose units
linked by «-1.4 hnkages, which can be considered the
noncyclic analog of «Cd (i.c. the “open” aCd). Short-chain
amyloses of precise chain lengths are potential supermolecules
since a guest molecule can enter the intrahelicat channel and
form a pscudo-inclusion complex (12). M6 in particular is
reported o gain in helical stability upon complexation (13).
Analysis and modeliing of the structures of «Cd, M6, and their
complexes with NAP were carried out using the INSIGHT 1
95.0 program (14). NAP molccule was built-up directly using
the builder routine of the INSIGHT Il program. M6 molccule
was built-up by opening the macrocycle of aCd, in a left-
handed amylose single helix conformation similar to that of
maltoheptaose (6). The molecular structure of aCd (15) was
obtained from crystallographic parameters provided by the
Cambridge Crystallographic Data Centre (Cambridge, Great
Britain). Each structure was subjected to a simulated anncaling
process from 900 to 0 K (AMBER force ficld, DISCOVER
2.9.7 program (14), with Homans’ forceficld for oligosaccha-
rides (16)), performing iterations untif the lowest-energy confor-
mation was found.

RESULTS AND DISCUSSION

Interaction in the Solid State

The thermal behaviour of the single components is shown
in Fig. 1. A sharp endothermal cffect (T, = 153.4 £ 0.3°C,
Tyear = 156.7 £ 0.4°C. fusion enthalpy 140 £ 5J ¢ ' (4 runs))
was associated with melting of anhydrous crystals of pure NAP
(Fig. 1a). Three well defined DSC endothermic eftects, peaked
at about 65, 98, and 120°C and duc to dehydration (7.2 = 0.2%
overall mass loss by TG (3 runs)), were recorded for aCd (Fig.
Ib), whilst a broad, single endotherm (5.1 * 0.4% mass loss
by TG (3 runs)) with a shoulder at about 100°C was
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Table I. Effect of 30 min of Grinding on the HWHM of the Diffraction Peaks at 19.0° and 6.7° 26 of NAP in Combinations with Crystalline
aCd, Amorphous aCd, and M6 (Standard Deviations in Parentheses Refer to Last Decimal Digit)

HWHM (° 26) NAP crystallinity
(% of NAP mass
19.0° 20 6.7° 20 fraction)
Mass
fraction Physical Ground Physical Ground 19.0° 20 6.7° 20
Sample of NAP mix. mix. mix. mix.
NAP/crystalline aCd 030 0.34(1) 0.39(1) 0.205(6) 0.225(8) 87 91
0.18 0.35(1) 0.37(1) 0.156(6) 0.194(7) 95 80
0.10 0.23(1) 0.34(1) 0.164(7) 0.205(6) 68 80
NAP/amorphous aCd 0.30 0.212(7) 0.24(1) 0.157(5) 0.187(7) 88 84
0.18 0.26(1) 0.28(1) 0.1234) 0.171(5) 93 72
0.10 0.225(7) 0.27(1) 0.164(6) 0.204(7) 83 80
NAP/M6 0.30 0.206(6) 0.235(8) 0.164(5) 0.21(1) 88 78
0.10 0.172(6) 0.25(1) 0.167(6) 0.186(8) 69 90

shown by amorphous aCd (7) (Fig. l¢). M6 dehydrated simi-
larly to amorphous aCd (7.7 * 0.2% mass loss by TG (3 runs))
and then displayed a glass transition (17) (T, = 1844 *
0.3, Tonigpoine = 187.9 £ 0.2°C (3 runs)) before beginning decom-
position (Fig. 1d). The results of DSC analysis of NAP-aCd,
NAP-amorphous aCd and NAP-M6 combinations are presented
in Fig. 2. The melting peak of NAP was substantially unaffected
in its shape and area by blending with each additive, and hence,
the drug maintained its original crystallinity in the physical
mixtures. Drug crystallinity was also unaffected by grinding
crystals of the pure drug. Instead in coground mixtures the
crystallinity of NAP decreased and the relative enthalpy change
with respect to the starting physical mixture was considered to
be a measure of the amount of NAP transformed to a
noncrystalline state by grinding (see Materials). Quantitative
data for NAP crystallinity extracted from DSC curves in Figs.
1 and 2 showed less than 10% of the mass fraction of NAP
was brought to a noncrystalline state in each combination with
amorphous aCd, which was the poorest amorphizing agent for
NAP. The intrinsically amorphous hydroxypropyl aCd MS 0.6,
which has been previously tested in this respect, exhibited a
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Fig. 1. DSC (A) and TG and derivative thermogravimetric (DTG) (B)
curves of NAP (a), aCd (b), amorphous aCd (c), and M6 (d).
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Fig. 2. DSC curves of blended and ground mixtures of NAP with «Cd

(A), amorphous «Cd (B), and M6 (C) at 0.30 (a), 0.18 (b) and 0.10

(c) mass fractions of NAP (grinding times (min) on the curves).
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more pronounced amorphizing capacity and led to 46%
noncrystalline NAP by grinding under the same experimental
conditions (5). Crystalline aCd was more effective than the
amorphous counterpart when considering the amorphizing
properties, particularly in the combinations at the lower mass
fractions of drug (amorphous NAP content 10, 31, and 24%
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Fig. 3. X-ray powder diffraction patterns in the 5-30° 20 range of NAP-additive (top: aCd;
middle: amorphous aCd; bottom: M6) combinations at 0.10 mass fraction of NAP as physical
mixtures (Ph. Mix.) and mixtures ground for 30 min (Gr. Mix.).

after 30 min of grinding in the combinations at 0.30, 0.18, and
0.10 mass fraction of NAP, respectively), but less effective than
M6. Actually the amorphous NAP content after 30 min of
grinding was 17, 55, and 27% in the NAP-M6 combinations
respectively at 0.30, 0.18, and 0.10 mass fraction of drug.
The equimolar drug-to-additive ratio was therefore the ideal
composition as concerns the optimal amorphizing properties of
the carrier. Maltopentaose, maltotetraose, and maltotriose (18),
as well as maltoheptaose (6), showed the same feature as M6
in the respective combinations with NAP, with a linear increase
in the amorphizing capacity from maltotriose to maltoheptaose.
In the equimolar NAP-M6 mixture the asymmetry of the melting
peak after 30 min of grinding was evident at a glance and
clearly demonstrated by the lower peak onset temperature value
(see Fig. 2a). Since TLC indicated each combination of the
drug was not subject to chemical decomposition under the
grinding conditions, this effect can be attributed to the melting
of very fine NAP crystals embedded in a M6 matrix as a result
of cogrinding (19).

X-ray powder diffraction patterns in the 5-30°20 range of
the NAP-additive combinations at 0.10 mass fraction of NAP

(which corresponds to 0.33 mole fraction of the drug) after 0
and 30 min of grinding are shown in Fig. 3. In the NAP-
amorphous aCd and NAP-M6 mixtures the diffraction peaks
of NAP emerged on the diffuse background of the amorphous
additive, while in the combinations with aCd aiso the diffraction
peaks of the additive were evident. In each NAP-additive com-
bination the decrease in crystallinity of NAP estimated by the
relative broadening of the diffraction peaks at both 19.0° and
6.7°20 after 30 min of grinding (see Materials) (Table 1) was
in reasonable agreement with that obtained from the relative
decrease in heat of fusion. Better agreement with DSC data
was shown by XRD data from HWHM measurements of the
peak at 19.0°20 for the mixtures with amorphous aCd or M6
and of the peak at 6.7°20 for the mixtures with crystalline aCd.

Interaction in Aqueous Solution
The formation of a pseudo-inclusion compound between

M6 and NAP in aqueous solution can be assumed by the A, -
type phase-solubility diagram i.e., by the linear relationship
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Fig. 4. Phase-solubility diagram of NAP and M6 in water at 25 °C.
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between dissolved drug concentration and amount of solubiliz-
ing agent (Fig. 4). The “strength” of complexation of M6 with
NAP in terms of binding constant at 25°C (K,,, = 49 * 9%
L mol™') was substantially the same as that of aCd (K, =
41 = 11% L mol~! (9)). Complex forming abilities of
aCd > 1000- and > 4500- fold higher than those of the corres-
ponding open form for the same guest molecule have been
reported (20) and attributed to the cyclic structure which pro-
vides three-dimensional recognition of guest compound. The
lipophilic cavity of aCd, which is too small to inciude deeply
the NAP molecule and to form an equimolar inclusion complex
as stable as that between NAP and oCd (21), is therefore not
essential for preferential binding of NAP. The binding constant
values for the NAP-aCd (K., = 83 = 12% L mol™!) and
NAP-M6 (K., = 95 = 10% L mol™') interaction obtained by
fluorescence analysis (9) (Fig. S) are very close, though binding
of maitodextrins with hydrophobic fluorescence probes in water
has been reported to be generally weaker and less selective
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Fig. 5. A: effect of aCd and M6 on the fluorescence spectrum of 0.03
mM NAP aqueous solution (NAP alone, (a); NAP in 3.0 mM aqueous
solution of aCd, (b); NAP in 3.0 mM aqueous solution of M6, (c)).
B: plot derived by the Mataga-Tsuno equation (9) for NAP-aCd and
NAP-M6 interactions.
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than that with the preexisting cyclic counterparts (22). The
results provide further experimental evidence that NAP-aCd
interactions occur through insertion of a small portion of the
guest into the cavity of the host (21).

Molecular modelling shiowed the linear analogue of aCd
may have the feature of a supermolecule for NAP and accounted
for the complex formed in aqueous solution, since M6 can wrap
up NAP favourably taking a quasi-cyclic conformation with no
large strains in the bonds between the glucoside residues (Fig.
6). Interaction energy values indicate that the NAP-M6 and
NAP-aCd interactions were similar (—87.9 kJ mol ™' and —83.7
kJ mol~! at 0 K, respectively), confirming that the “pseudo”
inclusion complex of NAP with the acyclic hexamer was about
as stable as the true one with the cyclic counterpart in the
conformation taken from crystal structure data (23). On the
other hand, the complex forming ability of M6 toward NAP in
terms of interaction energy was sharply lower than that found
for the higher homologue maltoheptaose (6) but distinctly
higher than that of lower homologues maltopentaose, maltote-
traose and maltotriose, which however still show some weak
complexing properties (24). These results suggest flexible, lin-
ear maltodextrins with 3 to 7 glucose units can undergo an
induced-fit type adjustment to the NAP molecule, thus provid-
ing a sort of hydrophobic environment very similar to the cavity
of aCd and BCd for the terms at 6 and 7 glucose units.

Fig. 6. Molecular model of the “pseudo” inclusion complex between
NAP and M6 at 0 K: lateral view (A) and frontal view (B).



694

CONCLUSIONS

Malto-oligosaccharides are commonly employed as food
additives, fermentation feedstocks, substrates for amylases,
standards for carbohydrate analysis, etc. (25). Provided they will
be available at a reasonable price, maltohexaose, maltoheptaose,
and maltooctaose could be used respectively as a-, B-, and y-
cyclodextrin substitutes in the pharmaceutical applications as
both solubilizing and specific amorphism-inducing agents of
crystalline drugs, in case where the guest is too large to fit in the
cyclodextrin cavity or the solubility of cyclodextrin is limiting.
Drug-to-additive equimolar ratios are optimal in this respect and
suggest a specific character of the NAP-linecar maltooligomer
interactions in the solid state. Cogrinding of NAP with crystal-
line aCd is more effective than cogrinding with aCd previously
amorphized by grinding. Intrinsically amorphous hydroxypro-
py! aCd MS 0.6 exhibits however a more pronounced amorphiz-
ing capacity than crystalline aCd. A comparative study of the
interactions of a drug with cyclodextrins and the corresponding
linear maltooligomers can be of theoretical interest to support
the formation of a true inclusion complex.
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