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Abstract

Crystallization behavior of amorphous chenodeoxycholic acid (CDCA) was studied using X-ray diffraction (XRD), infrared
(IR) spectroscopy and differential scanning calorimetry (DSC). The two polymorphs of Cio8nA] (mp 166°C) andform
Il (mp 119°C), were ground with a vibrational mill. The ground samples of both crystal forms showed halo X-ray diffraction
patterns. DSC curves of the amorphous samples derived from the form | and form 11l showed exothermic peaks due to the
crystallization to the form | at 120 and 14, respectively. When the grourfiorm 111 was mixed with the grountbrm I, the
crystallization temperature shifted to a lower temperature as the content of the fwourndncreased. In the case of co-ground
sample oform| andform 11, the crystallization tdorm| crystals proceeded by two different modes. These results indicate that
the physicochemical state was different among the ground samplesfofttneandform 111, and that the crystal nuclei played
an important role on the crystallization process of the amorphous CDCA.
© 2002 Elsevier Science B.V. All rights reserved.
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1. Introduction to have low aqueous solubilitySeérajuddin, 1999
Thus, the enhancement of drug solubility is often an
Since dissolution properties of organic drug pow- important step to be considered in pharmaceutical
ders usually determine the rate of gastrointestinal manufacturing. Amorphization had been attempted
absorption, the poor solubility of a drug may re- to improve drug solubility together with other meth-
sult in low bioavailability after oral administration. ods such as solid dispersion using water-soluble
Many novel drugs developed recently were found polymers Chutimaworapan et al., 20pladsorption
onto porous materialsTzuka et al., 2000 com-
"+ Corresponding author, Tel+81-43-290-2037: plt_exatu_)n ywth cyclodextrins L@trofa et al., 200},
fax: +81.43-290-2939. micronization Reverchon et al., 2001 Amorphous
E-mail address: yamamotk@p.chiba-u.ac.jp (K. Yamamoto). solids can commonly be prepared by condensation
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Fig. 1. Chemical structure of chenodeoxycholic acid (CDCA).

from the vapor state, quenching of the mélt(and
Zografi, 1997, mechanical milling of a crystalline
mass QOhta et al.,, 2000 freeze-drying and spray
drying Ueno et al., 1998 Amorphous solids of
ursodeoxycholic acid (UDCA) prepared by melt
guenching and milling methods showed a different
thermal behaviorYonemochi et al., 1997
Chenodeoxycholic acid (37«-dihydroxy-53-cho-
lanoic acid, CDCAFig. 1) is a %x-hydroxyl epimer

of UDCA and has been used as a cholesterol gallstone

dissolving agent. The dissolution rate of cholesterol

increased proportionally with the increased concentra-

tion of CDCA (Tateyama and Matsushiro, 198dnd
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2. Materials and methods
2.1. Materials

Chenodeoxycholic acid (CDCA) dbrm | crystals
(mp 165-166C) andform Il crystals (mp 119C)
were purchased from Wako Pure Chemical Industries
(Osaka, Japan) and Nacalai Tesque (Kyoto, Japan),
respectively. All chemicals were of analytical reagent
grade and used without further purification.

2.2. Preparation of amorphous samples

Amorphous CDCA samples were prepared by
grinding 4.0g of CDCA with a TI-200 vibrational
rod mill (CMT Co., Japan) for 45min. The ground
form | and groundorm I1l were physically mixed at
various weight ratios to prepare different amorphous
mixtures. For the preparation of the co-ground sam-
ples, the CDCA crystals were mixed at various weight
ratios and then ground using the vibrational rod mill.

2.3. Powder X-ray diffraction
Powder X-ray diffraction patterns were determined

with Cu Ka radiation at ambient temperature using a
Rigaku Miniflex diffractometer (Tokyo, Japan). The

therefore the solubility of CDCA can be considered as measurement conditions were as follows: voltage

an important factor to control the dissolution rate of
cholesterol.Guiseppetti and Paciotti (1978gported
the three polymorphic forms of CDCAorm I, form

Il andform IIl, whose melting points were 168, 138
and 119 C, respectively. The stable polymorpHasm

I. Form I1l, a low melting point polymorph, was ob-

30kV, current 15mA, scanning speefmin~! and
range (2) 4-40.

2.4. Temperature-controlled powder X-ray diffraction

Powder X-ray diffraction patterns were determined

tained by crystallization of CDCA from a chloroform  with Cu Ka radiation using a Philips X'Pert-MPD

solution followed by the removal of chloroform from

PW3050 diffractometer (Tokyo, Japan) with a TKK

solvate crystals and should be regarded as a “desol-model type temperature controllable attachment.

vated solvate” $tephenson et al., 19p4The crystal
structures were determined fform | (Lindley et al.,
1980 andformlll (Rizkallah et al., 1990polymorphs
but no information could be found fdorm Il poly-
morph.

There are only a few reported studies on the char-

Measurements were preformed after maintaining the
sample for 1min at each temperature. The mea-
surement conditions were as follows: voltage 40KkV,
current 50 mA, scanning speed 02681, heating rate
2°Cmin ! and range (@) 4-40.

acteristics of amorphized polymorph drugs prepared 2.5. Infrared spectroscopy

by the grinding methodGrowley and Zografi, 2002

In this paper, we report the characteristics and crys-

tallization behavior of two amorphous CDCA forms
prepared by the grinding method.

Infrared (IR) spectra were determined using JASCO
230 FT-IR spectrometer (Tokyo, Japan). The measure-
ments were carried out using the KBr method.
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2.6. Differential scanning calorimetry (DSC)

A Perkin-Elmer Pyris 1 differential scanning

a halo pattern. In the case of tiierm Il crystals,
small X-ray diffraction peaks were observed even af-
ter the grinding for 15 min. After grinding for 45 min,

calorimeter (Connecticut, USA) was used. A sam- these X-ray diffraction peaks of crystals disappeared
ple, accurately weighed, of approximately 3mg was and the diffraction patterns showed a broad hump at
loaded in a crimped aluminum pan and measured ataround 2 = 15°. These results indicate that CDCA

a heating rate of 2C min~! under nitrogen gas flow

(20 mimin1).

3. Results and discussion

The two polymorphs of CDCAform| andform I,
were individually ground for 45 mirfzig. 2 shows the
powder X-ray diffraction patterns of the unprocessed tion band at 1714cm'. In the spectrum of the
and ground samples for each CDCA polymorph. With form IIl, OH-stretching vibrations were observed at
regard to the unprocessed samples, clear differences3455 and 3305cm' and G=O stretching vibrations
in the diffraction patterns were observed between the at 1703 cntl. The crystal structures dbrm | and
form | andform I1l. When theform | crystals were
ground for 15 min, the diffraction patterns revealed (1980)andRizkallah et al. (199Q)respectively. The

was changed from the crystalline state into an amor-
phous state by the grinding process.

To investigate the molecular state of the unpro-
cessed and ground CDCAs, FT-IR spectroscopy was
carried out, and the results are shownFig. 3. In
the IR spectrum of théorm | crystals, OH-stretching
vibrations were observed as sharp bands at 3579,
3545 and 3393cm' and a GO stretching vibra-

form Il samples had been reported bindley et al.
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Fig. 2. Powder X-ray diffraction (XRD) patterns of the intact and ground CDCAFgain | crystals, (b) ground sample érm | (ground
for 15min), (c) ground sample dorm | (ground for 45 min), (dform Il crystals, (e) ground sample &rm Il (ground for 15 min), (f)
ground sample oform Il (ground for 45 min).
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Fig. 3. IR spectra of the intact and ground CDCA. f@rm | .
crystals, (b)form I1l crystals, (c) ground sample &rm | (ground Rizkallah et al. (1990)eported that the structure of

for 45min), (d) ground sample dbrm |11 (ground for 45 min). the form | crystals was like a double sheet struc-
ture with well-packing, while theform 11l crystals
bore a hexagonal canal-type structure with channels
form | crystals contained two non-equivalent CDCA (Rizkallah et al., 1990 The crystal densities were
molecules of A and B in the crystal lattice and these reported as 1.16 and 0.89 g cinfor form | andform
molecules were approximately perpendicular to one Il crystals, respectively. This significant difference
another. Hydrogen bonds existed between adjacentin the crystal structure could explain the large differ-
molecules A, between adjacent molecules B and also ence in the melting points of the two polymorphs. On

between molecules of A and Riadley et al., 198). the other hand, the ground samplefafm | crystals
In contrast, for case dbrm 1l crystals, the hydrogen  showed an exothermic peak at about 120as well
bond network was not as well developed as th&dim as an endothermic peak at 164G while the ground

| crystals Rizkallah et al., 1990 The differences in ~ form I1l showed exothermic and endothermic peaks
IR spectra betweeform | andform |1l crystals were at about 147 and 164, respectively. Clearly, DSC
considered to reflect such hydrogen-bonding modes in measurements differentiated the amorphous samples
their respective crystal structures. With regard to the originated inform | and form 1ll crystals although
ground samples of tHierm| and offormIl, the sharp no significant difference was observed in powder
OH-stretching vibration peaks disappeared and a new X-ray diffraction nor IR spectroscopy between the
broad band appeared around 3445¢émThere was two amorphous samples as described above.
no significant difference between the ground samples. To investigate the exothermic peaks observed in
The DSC curves of théorm | andform Il crys- the amorphous samples, temperature-controlled pow-
tals and their 45min ground samples are shown in der X-ray diffraction was employed. The results for
Fig. 4 Theform | crystals showed an endothermic the ground samples derived froiorm | andform I11
peak due to melting at 166°&, while theform Il crystals are shown iRigs. 5 and 6respectively. After
crystals showed an endothermic peak at 118.7 the ground samples dbrm | and form Il crystals



T. Oguchi et al./International Journal of Pharmaceutics 253 (2003) 81-88

165 °C

Wit "

) ’ ‘l\ i
1?._2 C ,U\L‘Jv-\)‘u"JJ‘\'f‘vMLwWWW*W‘

}
) I3 1
! %_OWMSWJJ*“U "MMW‘ U\Wwwwwww
110°C )

ReN——_

T i AN,
W
100°C s o %'MMWMMM
Awmmw‘f“"w m———tve

0 ey,
49-»5»\«‘«"'/“ WWWM"“W*W»”MWWW

LL 1 1

10

1 1 1 I

30 40

20
2)

Fig. 5. Powder XRD patterns of the ground sample of fttren |
(ground for 45 min) measured at various temperatures.
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to theform | crystals. The endothermic peak which
appeared around 16€ was considered to be due to
the melting of theform | crystals.

Yonemochi et al. (1999adeported that the amor-
phous samples prepared by the grinding process
caused the loss of the long range order of molecu-
lar arrangements but from microscopic observations,
crystal-like ordering still remained even after grind-
ing. Therefore, it should be reasonable to consider
that the groundorm | and groundform I11 included
crystalline nuclei which were too small to be de-
tectable by powder X-ray diffraction. In the case of
the groundform I, the crystal nuclei acted as seeds
and promoted crystallization téorm | crystals at
around 120C. This result also suggests that CDCA
molecules acquired mobility for crystal growth when
the temperature reached 120D. In case of the ground
form 11, potential nuclei of théorm 111 crystals could
exist in the ground sample and the necessary tempera-
ture for the crystal growth could be around TZDas

were heated to the temperature at which each exother-well. The crystal nuclei should melt at a temperature

mic peak was observed, the powder X-ray diffraction
patterns showed identical patterns to thatfaim |
crystals (2 = 17.1, 19.0). This indicated that the

below the melting point oform Il crystals (118C)
and thus, promotion of the crystallization foirm 111
crystals no longer existed at 120. Alternatively,

exothermic peaks observed on the DSC curves of when form Il crystals was in a desolvated solvate

both ground samples (at 119.9 and 14TC3for the
groundform | and the groundorm 11, respectively)
were due to the crystallization of amorphous CDCAs
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Fig. 6. Powder XRD patterns of the ground sample of fibren
111 (ground for 45 min) measured at various temperatures.

state, it may be more appropriate to consider that the
crystal structure oform Il could not be developed
by thermal activation in the solid state. The crystal-
lization into form Il crystals could not take place at
120°C and the amorphous state lasted until the nucle-
ation process for the stablerm | crystals occurred at

a higher temperature of 14 accompanied by the
prompt crystallization to théorm | crystals.

In addition, the physical mixture of the two ground
samples derived fronform | and form Il crystals,
which will be referred as “amorphous mixtures” here-
after, and the co-ground samples were prepared and
characterized by thermal analysisig. 7 shows the
DSC curves for the amorphous mixtures at various
weight ratios of groundorm | and groundform 111
crystals. The amorphous mixtures showed a single
exothermic peak due to crystallizationform | crys-
tals. When 1% of the grountbrm | was added to
ground form 11, the exothermic peak shifted from
147 to 138C (a, b). With the increase of the ground
form| content, the exothermic peak shifted to a lower
temperature (c, d). In the case of amorphous mixtures
including small amount of grounfbrm I, the crystal
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nuclei of form | crystals were assumed to promote
crystallization of the groundorm I11 to form | crys-
tals. Similar phenomenon was observed when 1% of
form | crystals was added to grouridrm IlI. That

is, the exothermic peak due to the crystallization of
groundform IIl to form | crystals was observed at

. . |
136°C which was lower enough compared to intact . “ n i‘ A
groundform 111 crystallization temperature. 150°C SV '\}v“f{rﬁbwﬂrlwmbwd
Fig. 8shows the DSC curves of the co-ground sam- |: \ P “
I d at vari ight ratiosfofm I/f 0 Bl Iy
ples prepared at various weight ratiosfofm I/form 140 °C #J:\J,U:Uv M M,i i MM

[1l. Amorphization in all the co-ground samples
was confirmed by powder X-ray diffraction. When | J |
99-95% of theform 111 crystals were co-ground with 130°C Jw'«‘ VAV IA A it
1-5% ofform | crystals, two exothermic peaks at ca.

|

120 and 140C were observed on the DSC curves (b, s AIH b,

c). The exothermic peak at 14Q became small as the 120°C ;,Jv*vbwﬁw‘-i\mwwm
content ofform | crystals increased. In order to char-

acterize the two exothermic peaks observed at a low 0 .

mixing ratio ofform/formlIl, temperature-controlled : IWWWWW
powder X-ray diffraction was carried out for the L T ——
ground mixture of a mixing ratio of 5:95drm |:form 10 ig - 30 40

[11). The results are shown iRig. 9. The powder
X-ray diffraction pattern indicates that crystallization Fig. 9. Powder XRD patterns of the ground sample of the ground
of theform | crystals when heat treatment at TZD mixtures (ground for 45min) measured at various temperatures:
was attempted. It should be noted that diffraction mixing weight ratio ofform Il1/form I = 95/5.
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peaks due tdorm | crystals increased in intensities tal forms,form | andform Ill were compared. Both
when the temperature was increased to 2X20The powder X-ray diffraction and FT-IR spectroscopy
results indicate that both the exothermic peaks on the were not able to distinguish between grouiedm |

DSC curves resulted from the crystallizationfofm from groundform |1l but significant differences in
| crystals. Interestingly, crystallization was found to the crystallization behavior were observed when DSC
proceed independently at different temperatures. thermograms were studied.

As described above, no significant difference be-  The thermal crystallization from amorphous CDCA
tween the amorphous mixture and co-ground sampleto form | crystals was considered to proceed by
was observed using powder X-ray diffractometry but two methods which were clearly distinguished by
differences were seen in DSC curves. In the case of the crystallizing temperature. From the studies us-
amorphous mixtures, the existence of crystal nuclei ing amorphous mixtures and co-ground samples of
of form | crystals did not induce the grouridrm 11 the two polymorphs, we believed that these crystal-
to crystallize agorm | crystals at 120C. This could lization behaviors can be explained by assuming the
be explained by assuming that almost all fraction following: (1) crystal growth in which theform |
of the amorphous CDCA in the amorphous mixture crystallites in the ground sample act as crystal nuclei,
is contacted with thdorm | nuclei not at the mi- and (2) crystallization in which nucleation process is
croscopic (molecular) level but only in the physical intrinsically necessary in the absence of fioem |
level. When the amorphous mixture was heated up crystallites. The crystallization from the groufaim|
to 135-140C, the groundorm Il would crystallize and groundorm 11 were assumed to take place in the
via the nucleation process &rm | crystals which former and latter processes, respectively. The higher
would be affected to some extent by the existence mobility of CDCA molecules is required for the nu-
of form | nuclei even when not in contact. In the cleation process because of the activation energy to be
case of the co-ground samples, the microscopic con- overcome, in comparison with “spontaneous” crystal
tact should be achieved between tleem | nuclei growth process. This proposed mechanism can also
and amorphous CDCA. The crystallizationftwm I explain the difference in crystallization temperatures
crystals was considered to occur by the two different between groundorm | and groundorm I11.
modes. One mode was when the fraction of ground
form 111 powder closely surrounded ttierm | crystal

nuclei and was transformed by crystal growtHdom Acknowledgements
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