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Abstract

To examine the relative contributions of molecular mobility and thermodynamic factor, the relationship between glass transition temperature
(T,) and the crystallization rate was examined using amorphous dihydropyridines (nifedipine (NFD), m-nifedipine (m-NFD), nitrendipine (NTR)
and nilvadipine (NLV)) with differing T, values. The time required for 10% crystallization, #y, was calculated from the time course of decreases
in the heat capacity change at T,. The o9 of NLV and NTR decreased with decreases in T, associated with water sorption. The toy versus T,/T
plots almost overlapped for samples of differing water contents, indicating that the crystallization rate is determined by molecular mobility as
indicated by 7. In contrast, differences in the crystallization rate between these four drugs cannot be explained only by molecular mobility, since
the oy values at a given T,/T were in the order: NLV >NTR > NFD ~ m-NFD. A lower rate was obtained for amorphous drugs with lower structural
symmetry and more bulky functional groups, suggesting that these factors are also important. Furthermore, the crystallization rate of NTR in solid
dispersions with poly(vinylpyrrolidone) (PVP) and hydroxypropyl methylcellulose (HPMC) decreased to a greater extent than expected from the

increased T,. This also suggests that factors other than molecular mobility affect the crystallization rate.

© 2006 Elsevier B.V. All rights reserved.
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Preparation of poorly water-soluble pharmaceuticals into
amorphous forms improves their solubility. However, amor-
phous solids are physically unstable because of their high
energy state, and crystallization during storage presents a
problem. The process of crystallization is known to com-
prise two major steps: nucleation and crystal growth, and the
rates are generally governed by molecular mobility affecting
the diffusion rate of molecules and thermodynamic factors
such as the Gibbs free energy and nucleus/amorphous inter-
facial energy (Saleki-Gerhardt and Zografi, 1994; Hancock
and Zografi, 1997; Rodriguez-Hornedo and Murphy, 1999;
Andronis and Zografi, 2000; Ngai et al., 2000). Our previ-
ous studies demonstrated that the overall crystallization rate
of nifedipine (NFD) for both the amorphous pure drug and
solid dispersions with poly(vinylpyrrolidone) (PVP) had similar

* Corresponding author. Tel.: +81 3 3700 1141; fax: +81 3 3707 6950.
E-mail addresses: miyazaki@nihs.go.jp (T. Miyazaki),
yoshioka@nihs.go.jp (S. Yoshioka), aso@nihs.go.jp (Y. Aso),
kawanish@nihs.go.jp (T. Kawanishi).

0378-5173/$ — see front matter © 2006 Elsevier B.V. All rights reserved.
doi:10.1016/j.ijpharm.2006.11.052

temperature dependence as the mean relaxation time calcu-
lated using the Adam-Gibbs-Vogel equation, suggesting that the
molecular mobility of amorphous pharmaceuticals was one of
the important factors affecting the crystallization rate (Aso et
al., 2001, 2004). However, the crystallization rate of amorphous
pharmaceuticals cannot be determined only by molecular mobil-
ity, as it has been reported that the susceptibility to crystallization
of pharmaceuticals possessing quite different thermodynamic
properties does not follow the order of the decrease in the glass
transition temperature (7g) (Zhou et al., 2002).

The purpose of the present study is to discuss the relative
contributions of the molecular mobility and thermodynamic
factors to the crystallization rates of dihydropyridines with
different substituents, including NFD, m-nifedipine (m-NFD),
nitrendipine (NTR) and nilvadipine (NLV) (Fig. 1). The overall
crystallization rates of these drugs in the pure amorphous solids
were measured under various relative humidity (RH) conditions
to elucidate the effects of the substituents and water content
on the crystallization rate. The crystallization rate of NTR was
also determined in solid dispersions containing polymers (PVP
and hydroxypropyl methylcellulose (HPMC)). Although some
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abbreviation R, R, R, R, H
H;C N R,
nifedipine [NFD] CH; CH; NO, H | |
m-nifedipine [m-NFD] CH; CH; H NO, CH;00C COOR,
nitrendipine [NTR] CH, C,Hs H NO, R,
nilvadipine [NLV] CN (CH;3;),CH H NO,
R4

Fig. 1. Chemical structures of dihydropyridines.

papers have dealt with the crystallization of NTR and NLV in
solid dispersions (Hirasawa et al., 2003a,b, 2004; Wang et al.,
2005, 2006), few data are available that allow quantitative dis-
cussion about the relationship between molecular mobility and
crystallization rates.

NFD and HPMC (USP grade) were purchased from Sigma
Chemical Co. NTR, m-NFD and PVP (weight average molecu-
lar weight of 40000) were obtained from Wako Pure Chemical
Industries Ltd. NLV was kindly supplied by Astellas Pharma
Inc. The amorphous NFD, m-NFD, NTR, NLV and NTR solid
dispersions with PVP and HPMC were prepared by melt quench-
ing in the cell of a differential scanning calorimeter (DSC2920,
TA Instruments). The crystalline drug or mixture of NTR and
polymer (5mg) was melted at a temperature approximately
20 °C above its melting point and then cooled to approximately
100 °C below the T, at a cooling rate of 40 °C/min. Thermal
and photo degradation of the drugs was checked by HPLC,
and no change in the chromatograms was observed after the
preparation in comparison with that before. Fig. 2 shows typical
DSC thermograms for the four amorphous drugs immediately
after preparation and after subsequent storage. The T, val-
ues for the amorphous drugs were: NLV, 48.6 0.3 °C; NFD,
46.2£0.2°C; m-NFD, 41.3+£0.1°C; NTR, 324+ 0.3°C. As
shown in Fig. 2(b), freshly prepared amorphous NFD exhib-
ited two endothermic peaks at around 161 °C and 168 °C. The
two melting points of the peaks agreed well with that for the
metastable form II and stable form I, respectively (Burger and
Koller, 1996). As shown in Fig. 2(c), the NFD sample, retain-
ing an amorphous portion after 5Sh storage at 60 °C, showed
exothermic peaks due to crystallization of the amorphous phase
and its transformation into a stable crystal, and melted at 168 °C,
which is approximately the same temperature as the melting
point of the intact crystal. As shown in Fig. 2(d), the sample
stored at 60 °C for 46h showed the exothermic peak around
120-140 °C due to transformation into a stable crystal, although
change in the heat capacity (AC}) at Ty was not significant.
The exothermic peak around 120-140°C due to transforma-
tion into a stable crystal was also observed during storage at
50°C and 70 °C (thermogram not shown). These DSC thermo-
grams suggested that amorphous NFD initially crystallized into
a metastable form. Crystallization into the metastable form was
also observed during storage at 50 °C and 70 °C (thermogram
not shown). Amorphous m-NFD showed an exothermic peak
due to crystallization but no obvious peak due to transforma-
tion into a stable form like that shown by the NFD samples, and
melted at 206 °C, which is approximately the same temperature
as the melting point of intact m-NFD (Fig. 2(f) and (g)). It is

not clear from the DSC thermograms whether transition to a
stable or a metastable crystalline form occurred during storage.
Fig. 2(j) and (k) show the DSC thermograms of the partially crys-
tallized NTR samples showing one melting peak at 128 °C. The
observed melting point was lower than that of the stable crystal
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Fig. 2. Typical DSC thermograms: (a) NFD crystalline in the stable form, (b)
freshly prepared amorphous NFD, (c) amorphous NFD after Sh-storage at 60 °C
(d) amorphous NFD after 46 h-storage at 60 °C, (e) m-NFD crystalline in the sta-
ble form, (f) freshly prepared amorphous m-NFD, (g) amorphous m-NFD after
15 h-storage at 50 °C, (h) NTR crystalline in the stable form, (i) freshly prepared
amorphous NTR, (j) amorphous NTR after 2 h-storage at 60 °C, (k) amorphous
NTR after 9.75 h-storage at 60 °C, (1) NLV crystalline in the stable form, (m)
freshly prepared amorphous NLV, (n) amorphous NLV after 48 h-storage at
80 °C, (0) amorphous NLV after 168 h-storage at 80 °C. Heating rate: 20 °C/min.
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Fig. 3. Time profiles of crystallization for four dihydropyridines at 60 °C and
0%RH. The ratio of the amorphous form remaining at time ¢ was calculated from
the ACp value assuming that the amount of amorphous phase is proportional to
the AC,. ACyo and ACy, are changes in AC,, at time 0 and ¢, respectively. Solid
lines denote the fitting to the Avrami equation (x(f) = exp[—k#"], n=3).

(158 °C) and consistent with that reported for a metastable crys-
tal (Kuhnert-Brandstitter and Vollenklee, 1986; Burger et al.,
1997). As shown in Fig. 2(n) and (0), the partially crystallized
NLV samples showed one melting peak at 148 °C. The observed
melting point was lower than that for a stable crystal (168 °C)
and similar to that for the dehydrated form of the monohydrate
(Hirayama et al., 2000). Both amorphous NTR and NLV sam-
ples were considered to crystallize to their metastable crystalline
forms under the conditions studied.

Fig. 3 shows the time profiles of crystallization of NFD, m-
NFD, NTR, NLV at 60 °C and 0%RH. The crystallization rate
was in the order: NLV < NTR =NFD < m-NFD. Fig. 4 shows the
temperature dependence of the time required for 10% crystal-
lization (#9g). Although NFD and NLV have approximately the
same Ty, their values of 199 at the same temperature differed by
more than two orders of magnitude (Fig. 4(A)). As shown in
Fig. 4(B), the value of f99 at a given T,/T (T being storage tem-
perature) was in the order: NLV > NTR > NFD & m-NFD within
the whole range of temperature studied. As shown in Fig. 1,
the four dihydropyridines have various alkyl groups at one of
the carbonylester positions (R), and differ in the substitution
position of the nitro group in the phenyl moiety (R3 or R4). The
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Table 1
T, values of amorphous NLV and NTR
RH (%) Ty (°O)

NLV NTR

0 (P20s5) 48.6 £ 0.3 324 +£03
12 (LiCl-2H,0) 48.1 £ 0.7 30.5 £ 04
25 (CH3COOK) 464 +£ 0.5 29.0 £ 0.3
43 (K,CO3-2H,0) 434 £ 04 258 +03

For water absorption, the samples were kept at 5 °C for approximately 50h in a
desiccator containing saturated salt solutions. No crystallization was observed
during the water absorption, as indicated by no endothermic melting peak in
DSC thermograms.

bulkiness of Ry shows the order: NFD, m-NFD (methyl) < NTR
(ethyl) < NLV (isopropyl). Furthermore, the substituent at Ry
is a cyano group in NLV, whereas it is a methyl group in the
other three drugs; thus, the structural symmetry of NLV is lower.
Since the plots for NFD and m-NFD in Fig. 4(B) almost over-
lapped each other, the difference in the crystallization rate may
be attributed to the difference in molecular mobility. In contrast,
differences in the crystallization rate between NLV, NTR and
NFD cannot be explained only by the difference in molecular
mobility. The differences in structural symmetry and bulkiness
of functional group may cause differences in the Gibbs free
energy and nucleus/amorphous interfacial energy, resulting in
the differing crystallization rates between these drugs.

The crystallization rate of amorphous NLV and NTR solids
with differing T, values due to differing water content was
measured to elucidate the effect of T on the crystallization
rate (Table 1). The partially crystallized NLV and NTR in
the presence of water showed an endothermic melting peak at
approximately 150 °C and 130 °C, respectively. This suggests
that amorphous NLV and NTR containing water also crystal-
lize into their metastable forms in a similar manner as shown
for dry samples. Fig. 5(A) shows the temperature dependence
of the #9y obtained for NLV and NTR in the presence of water.
When compared at the same temperature, the #9g value decreased
with increasing RH. As shown in Fig. 5(B), the t9g versus To/T
plots for each drug overlapped with those obtained under dry
conditions, suggesting that the effect of water on the f9g value
was explainable by the plasticizing effect of absorbed water,
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Fig. 4. Relationship between 9o for crystallization of drugs and storage temperature under dry conditions.
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Fig. 5. Effect of absorbed water on the 9 of crystallization for NLV (circles) and NTR (triangles). The 799 values were measured at the early stage of crystallization

at which no marked change in Tg was evident.

Table 2
Ty values of NTR-polymer solid dispersions
Polymer (%) Ty (°C)
PVP HPMC
0 324403
3 332 +0.2 324 £ 0.1
5 341 +£03 329 £04
6 341 +£03 328 £0.2
11 36.6 £0.3 334+£03
20 - 33.7£0.7
23 434 +£ 0.8 -

similarly to that reported for NFD crystallization (Aso et al.,
1995).

The effect of T, on the crystallization rate of NTR was also
investigated in solid dispersions with PVP and HPMC. A single
T, was observed for amorphous NTR-polymer solid dispersions
prepared with 2.7-23% polymer excipients, indicating that NTR
and polymer are miscible within the sensitivity limit of the DSC
method. The value of T, tended to increase with the amount of
polymer, and the extent of increase was greater for NTR-PVP
dispersions than for NTR-HPMC dispersions (Table 2). As the
partially crystallized NTR-polymer dispersions showed a melt-
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Fig. 6. Effect of polymer content on crystallization of NTR in solid dispersions
with PVP and HPMC at 60 °C and 0%RH.
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Fig. 7. Relationship between T,/T and 9y of crystallization for NTR in the pure amorphous form and solid dispersions with PVP and HPMC. Numbers in percentage

terms in figure (B) denote polymer contents.
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ing peak at approximately 130 °C, the crystallization of NTR
in the presence of the polymers was considered to be transition
into a metastable form in a similar manner as that observed for
pure amorphous NTR. Fig. 6 shows the effect of polymer excip-
ients on the f9¢ values. Both PVP and HPMC increased f9g as
the amount of polymer increased, but PVP was more effective
in stabilizing amorphous NTR within the range of content stud-
ied. Fig. 7(A) shows the temperature dependence of #9 for solid
dispersions containing 5% polymer. The 9o value compared at
the same T,/T was longer for both NTR-polymer dispersions
than for pure NTR. Furthermore, the f99 versus To/T plots for
solid dispersions containing various amounts of polymers did
not overlap with that for pure NTR (Fig. 7(B)), indicating that
crystallization of NTR was inhibited by the addition of PVP
and HPMC to a greater extent than expected from the increased
T,. The present results imply that the drug-polymer interac-
tion as well as an antiplasticizing effect of polymer excipients
retarded the crystallization of the amorphous solid (Hirasawa et
al., 2003a,b, 2004; Aso et al., 2004; Miyazaki et al., 2004, 2006;
Wang et al., 20006).
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